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Three types of Leishmania
mexicana amastigotes:
Proteome comparison by
quantitative proteomic analysis
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Department of Parasitology, Charles University, Prague, Czechia, ?Biotechnology and Biomedicine
Centre of the Academy of Sciences and Charles University (BIOCEV), Vestec u Prahy, Czechia,
SProteomics Core Facility, Faculty of Science, Charles University, Prague, Czechia

Leishmania is the unicellular parasite transmitted by phlebotomine sand fly bite.
It exists in two different forms; extracellular promastigotes, occurring in the gut
of sand flies, and intracellular, round-shaped amastigotes residing mainly in
vertebrate macrophages. As amastigotes originating from infected animals are
often present in insufficient quality and quantity, two alternative types of
amastigotes were introduced for laboratory experiments: axenic amastigotes
and amastigotes from macrophages infected in vitro. Nevertheless, there is
very little information about the degree of similarity/difference among these
three types of amastigotes on proteomic level, whose comparison is crucial for
assessing the suitability of using alternative types of amastigotes in
experiments. In this study, L. mexicana amastigotes obtained from lesion of
infected BALB/c mice were proteomically compared with alternatively
cultivated amastigotes (axenic and macrophage-derived ones). Amastigotes
of all three types were isolated, individually treated and analysed by LC-MS/MS
proteomic analysis with quantification using TMT°-plex isobaric labeling.
Significant differences were observed in the abundance of metabolic
enzymes, virulence factors and proteins involved in translation and
condensation of DNA. The most pronounced differences were observed
between axenic amastigotes and lesion-derived amastigotes, macrophage-
derived amastigotes were mostly intermediate between axenic and lesion-
derived ones.

KEYWORDS

proteome, Leishmania (L) mexicana, amastigote, axenic, macrophage, lesion, tandem
mass tags labeling

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1022448/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1022448/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1022448/full
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1022448/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2022.1022448&domain=pdf&date_stamp=2022-11-09
mailto:pacakovl@natur.cuni.cz
mailto:tereza.kratochvilova@natur.cuni.cz
https://doi.org/10.3389/fcimb.2022.1022448
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2022.1022448
https://www.frontiersin.org/journals/cellular-and-infection-microbiology

Pacakova et al.

Introduction

Leishmania spp. are protozoan parasites from the
trypanosomatid family and causative agents of wide spectrum
of diseases called leishmaniases. More than 1 billion people are
living in areas of risk, with an estimated 0.7-1million new cases
annually (Burza et al.,, 2018; Ruiz-Postigo and Grout, 2020).

The manifestation and severity of the diseases varies
depending on the species and strain of Leishmania parasites as
well as on the genetic background and the state of host immune
system (Loeuillet et al., 2016). New World species Leishmania
mexicana, used in this study, is typically associated with
cutaneous leishmaniasis, the most common form of this
disease, usually manifested by an ulcer that develops at the site
of inoculation. While lesion is usually self-healing, it leaves life-
long stigmatizing scar (Steverding, 2017; Maxfield and
Crane, 2019).

The life cycle of Leishmania is digenetic; it alternates
between a vertebrate host and an insect vector, a female
phlebotomine sand fly of the genera Phlebotomus (Old World)
or Lutzomyia (New World) (Maroli et al., 2013). After transition
from the insect vector to the mammalian host, the extracellular
elongated motile promastigotes transform into round,
aflagelated, non-motile intracellular amastigotes that reside in
phagolysosome of a mammalian macrophage. This
differentiation is triggered by temperature, pH, availability of
nutrients and results in changes in gene expression including
virulence factors and metabolism (Coombs et al., 1982; Hart and
Coombs, 1982; Nugent et al., 2004; Paape et al., 2008;
McConville et al., 2015).

Transformation to amastigote form is associated with
changes in carbon source utilization. Fatty acids, glucose and
amino acids in particular are important sources of carbon for
amastigotes (Hart and Coombs, 1982). Despite the necessity of
these nutrients, their intake is reduced in amastigotes compared
to promastigotes (Saunders et al., 2014). In amastigotes living
naturally in sugar-poor conditions, the glycolysis is
downregulated while gluconeogenesis is upregulated and
remains active even when the sugar is available (Rodriguez-
Contreras and Landfear, 2006). Catabolic pathways like B-
oxidation of fatty acids, oxidative phosphorylation,
tricarboxylic acid cycle (TCA) and amino acid oxidation are
also upregulated in amastigotes (Mottram and Coombs, 1985;
Nugent et al., 2004; Lahav et al.,, 2011). Inhibition of TCA or
glutamine synthase leads to growth arrest in both axenic and
macrophage-derived amastigotes (Saunders et al., 2014).

These inter-stage changes in metabolism are not exclusively
due to the availability of different nutrients, but this effect is
rather tied to various signals. Amastigotes cultivated axenically
in vitro possessed the same pattern of changes as lesion-derived
amastigotes despite the abundance of nutrients in medium
(Saunders et al., 2014).
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While the cultivation of promastigotes is relatively simple
and easily performed in an appropriate medium, a study of
amastigote form lags behind due to complicated isolation from
the host tissue resulting in low numbers of parasite and massive
host tissue contamination. Therefore, a method of axenic
cultivation has been developed for some Leishmania species
including L. mexicana used in present study (Bates et al., 1992;
Pan et al., 1993; Debrabant et al, 2004).

Axenic amastigotes of L. mexicana are prepared by imitating
the environment of phagolysosome by lowering pH and
subsequent cultivation in higher temperatures (Bates et al,
1992; Bates and Tetley, 1993). Advantage of this method is
that it reduces the use of laboratory animals and the
contamination by host tissue and it provides high numbers of
amastigotes. Axenic amastigotes are criticized because they are
not equal to lesion-derived amastigotes most likely because the
process in vitro is not exactly reflecting what happens in
macrophages (Holzer et al., 2006; Pescher et al, 2011). For
this reason, amastigotes isolated from in vitro infected
macrophages have been used in some studies with
experimentally infected sand flies (Sadlova et al., 2017;
Pruzinova et al., 2018). This type of amastigote undergoes
selective pressure of a macrophage, but still is not exposed to
any other component of host immunity.

Studies comparing alternative sources of amastigotes with
natural ones, isolated from infected hosts, are very limited,
focused either only on its external features (morphology,
ultrastructure) (Pan and Pan, 1986; Eperon and Mcmahon-
Pratt, 1989; Bates et al., 1992; Pral et al., 1993; Ueda-
Nakamura et al., 2007), or on their transcriptomes (Holzer
et al, 2006; Fiebig et al., 2015). Nevertheless, regulation of
protein expression in trypanosomatids is mediated largely
post-transcriptionally (Ivens et al., 2005; Peacock et al., 2007;
Lahav et al, 2011; De Pablos et al., 2019) and therefore, it is
essential to compare proteomes rather than genomes and
transcriptomes to understand complex processes such as
cellular function or disease outcome.

We applied quantitative proteomics with isobaric labeling to
compare the protein levels from axenically cultivated
amastigotes, macrophage-derived and lesion-derived
amastigotes and revealed differences in virulence factors and
metabolic pathways like glycolysis, fatty acid or amino acid
metabolism and other cellular processes like vesicular trafficking.

Materials and methods
Ethics statement
BALB/c mice were maintained and handled in the animal

facility of Charles University in Prague in accordance with
institutional guidelines and Czech legislation (Act No. 246/
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1992 and 359/2012 coll. on Protection of Animals against
Cruelty in present statutes at large), which complies with all
relevant European Union and international guidelines for
experimental animals.

The animal study was reviewed and approved by The
Committee on Ethics of Laboratory Experiments, Faculty of
Science, Charles University, Czech Republic.

Investigators are certificated for experimentation with
animals by the Ministry of Agriculture of the Czech Republic
(certificate no. CZ 03744). All efforts were made to minimize the
number and suffering of experimental animals during the study.

Leishmania cell culture and amastigotes

L. mexicana (MNYC/BZ/62/M379) promastigotes were
cultured in RPMI 1640 HEPES (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 0.1%
amikin (Sigma-Aldrich), 1% BME vitamins (Sigma-Aldrich)
and 0.5% sterile human urine. For mice and macrophage
infections low passage of parasites was used (maximally P4)
due to its decreasing virulence caused by long-term passaging
(Ali et al., 2013).

Macrophage-derived amastigotes were obtained as described
previously (Pruzinova et al, 2018). Macrophages were
differentiated from precursor cells of mouse bone marrow by
adding macrophage colony stimulating factor (M-CSF)
contained in L929 fibroblast supernatant. Cells were
stimulated to transformation in 37°C and 5% CO, for 7-10
days in RPMI 1640 HEPES supplemented with 20% M-CSF
medium, 10% FBS, 50 mM mercaptoethanol, mixture of
antibiotics and amino acids (L-glutamine 200 mM-peniciline
10 000 U-streptomycine 10 mg/ml), (Sigma-Aldrich).

Macrophages were infected with stationary phase of
promastigotes in a ratio of 6 parasites per 1 macrophage. After
72h macrophages were disrupted by lysis buffer (M199 (Sigma-
Aldrich) +0,016% SDS for maximum of 7 minutes) and lysis was
stopped by M199 medium supplemented with 20% FBS.
Disruption was completed mechanically by rubbing a syringe
plunger and amastigotes were released by repeated aspiration
into a 1 ml insulin syringe and washed three times by
centrifugation at 3010 x g for 10 min.

Axenic amastigotes were established from amastigotes
obtained from in vitro infected macrophages. Macrophage-
derived amastigotes were passaged into RPMI medium
(described above) and cultivated at 23°C for reverse
transformation to flagellated promastigotes. After 72h,
promastigotes were kept in medium composed of Grace’s
insect medium (Sigma-Aldrich) supplemented with 20% FBS
(Sigma-Aldrich), amikin (0.1%) (Sigma-Aldrich), at pH 5.4 and
temperature of 25°C for 6 days to induce metacyclogenesis
(Bates and Tetley, 1993). Subsequently, metacyclic
promastigotes were transferred into fresh ,,amastigote RPMI”

Frontiers in Cellular and Infection Microbiology

03

10.3389/fcimb.2022.1022448

medium and cultivated in 33°C (Bates, 1994). First passage of
axenic amastigotes was collected after nine days and further
subpassaged every 7-10 days.

Lesion-derived amastigotes were obtained from BALB/c
mice infected with 1x107 of promastigotes from a culture in
stationary phase of growth and injected subcutaneously to the
base of tail in 50 pl sterile saline.

Mice were sacrificed 20 weeks after infection. Lesion area
was sterilized by 70% ethanol, excised under sterile conditions
and homogenized using glass Potter homogenizer in saline.
Larger pieces of tissue were removed by filtering through
sterile monofile into polypropylene tube (Thermo Fisher
Scientific) kept on ice. Homogenate was washed twice by
centrifugation at 3010 x g for 10 min, 4°C and after second
washing step, the pelett was resuspended in 2-4 ml of erythrocyte
lysis buffer (155 mM NH,Cl, 10 mM KHCO, 3.1 mM EDTA, pH
7.4) for 2 min to eliminate red blood cells responsible for the
host hemoglobin contamination (de Rezende et al, 2017). Lysis
was stopped by repeated washing in sterile saline. Between
individual washing steps, amastigotes were released by
repeated aspiration to insulin syringe. Pellet was kept in -80°C
until use.

Each amastigote type was analysed in triplicates during
single measurement. Each sample of lesion amastigotes was
isolated from different mouse. Axenic amastigotes were
collected at three consecutive passages. Macrophage-derived
amastigotes were obtained by using three consecutive passages
of promastigote culture to initiate macrophage infection.
Cultivation of each particular type of amastigote was
performed under the same cultivation and isolation
conditions. Each of the 9 samples was labeled with different
isotopic variant of the label TMT 10-plex (Figure 1).

Proteomic analysis

Cell pellets were lysed in 100 mM TEAB containing 2% SDC,
10 mM TCEP, and 40 mM chloroacetamide and boiled at 95°C
for 5 min. Protein concentration was determined using BCA
protein assay kit (Thermo) and 20 pg of protein per sample was
used for MS sample preparation. Samples were digested with
trypsine (trypsin/protein ratio 1:20) at 37°C overnight. After
digestion, samples were acidified with TFA to 1% final
concentration. SDC was removed by extraction to ethylacetate
(Masuda et al, 2008) and peptides were desalted using in-house
made stage tips packed with C18 discs (Empore) according to
(Ishihama et al., 2006).

Samples were measured by LC/MS Orbitrap Fusion with
protein label-free quantification with MaxQuant software (Cox
et al., 2014). Ratios of the sum of intensities for mice proteins
and L. mexicana proteins were determined for each sample to
allow for subsequent normalization based on the amount of L.
mexicana proteins. Tandem mass tag (TMT) reagents were
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Experimental workflow. (A) Biologic triplicates of axenic, macrophage-derived and lesion-derived amastigotes were homogenized. (B) Extracted
proteins from each sample were digested with trypsin and subjected to label free analysis to determine the percentage of Leishmania protein in
each sample. (C) Each sample was labeled with a unique TMT10-plex reagent. (D) Resulting peptides were combined at equal ratios of parasite

protein. (E) Peptides were fractionated via basic RP-HPLC separation. (E) Reversed-phase HPLC was performed prior to tandem MS analysis

(F) Identification and quantification of the proteins were performed using bioinformatics and statistical analysis.

added to each sample, according to the manufacturer’s protocol
(Thermo Scientific Pierce), and after 60 min, the reaction was
stopped by the addition of 0.5% hydroxylamine. Labeled samples
were pooled in ratios determined from label-free quantification
runs; as a result, the pooled sample contained equal amounts of
L. mexicana proteins from each individual sample.

100 pg of peptides of pooled sample were injected on to C18
column (YMC 1.9 um, C18, 300x0.3 mm) and separated with
linear gradient from 0% A (of 20 mM ammonium formate, 2%
acetonitrile pH 10) to 50% B (of 20 mM ammonium formate,
80% acetonitrile pH 10) in 60 minutes, flow 3ul/min. 64
Fractions were collected and pooled in to 8 fractions (Kulak
etal, 2017). The resulting fractions were dried and resuspended
in 20l of 1% TFA.

Peptides were separated and analyzed by an UltiMate 3000
RSLC nano system coupled to an Orbitrap Fusion Tribrid mass
spectrometer (both from Thermo Scientific). Peptides were
firstly loaded onto an Acclaim PepMap300 trap column (300
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um x 5 mm) packed with C18 (5 um, 300 A) in loading buffer
(0.1% trifluoroacetic acid in 2% acetonitrile) for 4 min at 15 puL/
min and then separated in an EASY-Spray column (75 pm x
50 cm) packed with C18 (2 pum, 100 A, Thermo Scientific) at a
flow rate of 300 nL/min. Mobile phase A (0.1% formic acid in
water) and mobile phase B (0.1% formic acid in acetonitrile)
were used to establish a 60-min gradient from 4% to 35% B.
Eluted peptides were ionized by electrospray.

Spectra were acquired by Orbitrap Fusion mass
spectrometer (Thermo Scientific) with 3 seconds duty cycle.
Full MS spectra were acquired in orbitrap within mass range
350- 1400 m/z with resolution 120 000 at 200 m/z and maximum
injection time 50 ms. Most intense precursors were isolated by
quadrupole with 1.6 m/z isolation window and fragmented using
collision induced dissociation (CID) with collision energy set to
30%. Fragment ions were detected in ion trap with scan range
mode set to normal and scan rate set to rapid with maximum
injection time 50 ms. Fragmented precursors were excluded
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from fragmentation for 60 seconds. For quantificative
information of TMT label, 10 most intense fragments were
isolated (simultaneous precursor selection) and fragmented in
higher-energy C-trap dissociation (HCD) on 65% energy, max
accumulation time 140 ms, and fragments were measured in
orbitrap on 60 K resolution (McAlister et al., 2014).

Raw data were processed in Max Quant 2.1. TMT reporter ions
ratios were used for estimation of relative amount of each protein.
The search was done against Mus musculus (Uniprot, 16981
entries), L. mexicana protein database (NCBI, 16299 entries), and
common contaminant database. Modification was set: peptide N
terminus, lysine (unimod nr:737) and cysteine (unimod nr:39) as
static, and methionine oxidation (unimod: 1384), and protein N
terminus acetylation (unimod: 1) as a variable. FDR threshold for
peptide and protein identification was set to 1%. Proteins from mice
and common contaminants were filtered off from the results. After
filtering data were normalized to the median and transferred into
binary logarithm. The differences between the individual samples
(axenic - lesion-derived, axenic - macrophage-derived,
macrophage-derived - lesion-derived) were investigated.
Furthermore, only proteins whose content in the samples differed
significantly by at least two-fold were selected. As a statistical test we
used permutation-based false discovery rate analysis (FDR), FDR
0.05. Significance was considered as p < 0.05. Proteins without
annotation or without known function were searched with BlastP
on NCBI site https://blast.ncbinlm.nih.gov.

Proteins were divided into several functional groups
(virulence factors, glycolysis, lipid metabolism, oxidative
phosphorylation, amino acid metabolism, oxidative stress
response, molecular motors, vesicular transport, cytoskeleton,

transmembrane transport).

Results
Isobaric tag proteomic analysis

The proportions of L. mexicana, mouse and common
contaminant proteins were determined in all samples by label
free proteomic analysis. Leishmania peptides represent 70 to
90% and 30% of the total protein extract in axenic and
macrophage-derived amastigotes, respectively. The percentage
of peptides from lesion-derived amastigotes ranges from 9 to
14%, depending on the quality of the lesion and the accuracy of
excision. The minimal content of Leishmania peptides in
samples selected for our experiments was 10%.

A total of 3797 proteins were detected by proteomic analysis
using isobaric tags. After filtering off common contaminants, mouse
proteins and proteins assigned to both Leishmania and mouse
identification, 1479 proteins of L. mexicana origin were obtained
[Leishmania mexicana MHOM/GT/2001/U1103]. Hierarchical
clustering of significantly altered proteins in at least one pairwise
comparison was performed in ANOVA test and top 50 most altered
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proteins were represented as a heatmap using a platform
MetaboAnalyst 5.0 (Pang et al, 2022). A heat map with
clusterization shows that both alternative amastigotes are closer to
each other than to lesion amastigotes (Figure 2A). Overlap between
differentially expressed proteins between amastigote types is
presented as Venn diagram (Figure 2B). The difference of various
amastigote types was evaluated by Jaccard similarity index for each
comparison (axenic-les-der = 72.01%, axenic-mac-der = 22.97%,
mac-der-les-der = 54.42%. Reproducibility and uniformity of
biological replicates preparation is demonstrated by principal
component analysis (PCA) (Figure 3).

Proteins showing fold changes > 2 and p-value < 0.05 for
each set of comparison were considered and displayed by
volcano plots (Figure 4). Compared to axenic amastigotes 296
and 130 proteins were at least 2-fold more and less abundant in
lesion-derived amastigotes (Figure 4A). In macrophage-derived
amastigotes, 106 proteins were more abundant and 69 showed
reduced abundance when compared to axenic amastigotes
(Figure 4B). In lesion-derived amastigotes, 241 proteins were
more abundant while 103 were decreasing compared to
macrophage-derived amastigotes (Figure 4C).

Basic functional groups of proteins

The 194 proteins quantified in our proteomic comparison
were classified in functional groups (Tables 1-10) and revealed
significant differences in protein abundance for several
functions. Because the protein database [Leishmania mexicana
MHOM/GT/2001/U1103] (Rogers et al., 2011) is relatively
poorly annotated, several unassigned peptides had to be traced
based on sequence similarity via https://blast.ncbinlm.nih.gov.
We highlight those with known or expected function. The
proteomic analysis revealed us some significant differences in
protein expression among individual types of amastigotes.

Virulence factors

Higher expression of amastins, glucose transporter 3 (GT3),
cysteine proteinases (CP) and propyl oligopeptidase family
proteins was observed in lesion-derived amastigotes compared
to axenic and macrophage-derived ones. Conversely, the highest
expression of gp63 was shown in axenic amastigotes and lowest
in lesion-derived amastigotes. Protein A600-3, showed higher
expression in lesion-derived amastigotes than in axenic
amastigotes (Table 1).

Glycolysis

Generally, the most pronounced expression of glycolytic
enzymes was observed in axenic amastigotes and amastigotes
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(A) Hierarchical Clustering Heat map representing the top 50 differentially expressed proteins in different amastigote type with biological
triplicate. The protein abundance was normalized to enable the comparison of data obtained from LC-MS/MS. The MetaboAnalyst 5.0 website
was used for data normalization and to generate the figure. The lines in the heatmap represent the relative abundance of metabolites across the
samples of the three compared groups (lesion-derived, macrophage-derived, and axenic amastiogtes); each protein ID is indicated on the right
side of the figure. The columns corresponding to the amastigote type are indicated at the top by color (blue for les-derived amastigotes, green
for macrophage-derived amastigotes, and blue for axenic amastigotes). Each of the nine columns corresponds to one biological replicate (three
per amastigote type). On the upper right side of the figure is a scale indicating the color code relative to the normalized protein abundance
(ranging from -1.5 to 1.5). (B) Venn diagram indicates the overlap of differentially expressed proteins between amastigote types.
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isolated from macrophages (e.g., enolase, phosphoglycerate
kinase). An exception was found among some glycolytic
enzymes located in glycosomes that were more expressed in
amastigotes from the lesion compared to axenic and
macrophage-derived ones (e.g., glucose-6-phosphate isomerase,
glycerol-3-phosphate dehydrogenase). Expression of 2,3-
phosphoglycerate mutase was significantly higher in axenic
amastigotes compared to macrophage-derived amastigotes.
Aldose 1-epimerase was upregulated in macrophage-derived
amastigotes compared to lesion-derived and axenic
amastigotes (Table 2).

Lipid metabolism

Expression of enzymes involved in lipid metabolism was
mostly higher in lesion-derived amastigotes compared to both
alternative types of amastigotes. An example is in basic beta-
oxidation enzymes (e.g. enoyl-CoA hydratase/isomerase, 3,2-
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trans-enoyl-CoA isomerase, acyl-CoA dehydrogenase) as well as
in other enzymes involved in 3-oxidation indirectly (lipase, acyl
CoA synthetase, acyltransferase, C-14 sterol reductase,
propionyl-CoA carboxylase and long-chain-fatty-acid-CoA
ligase). Furthermore, some anabolic enzymes (e.g. glycerol
kinase) were upregulated in lesion-derived amastigotes
compared to axenic and macrophage-derived ones (Table 3).

Oxidative phosphorylation

Enzymes of respiratory chain were generally more expressed
in lesion-derived amastigotes compared to other types of
amastigotes. This applies for example to ATP synthase,
succinate dehydrogenase, cytochrome ¢ reductase. Interestingly
most peptides identified as cytochrome c oxidase subunits
showed downregulation in macrophage-derived amastigotes in
comparison to axenic amastigotes and lesion-derived ones.
Axenic amastigotes expressed the highest amount of the
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FIGURE 3

Clustering of samples after isobaric quantitative proteomics. Principal component analysis of axenic (green dots), macrophage-derived (blue
dots) and lesion-derived (red dots) amastigotes prepared from 3 biological replicates.

electron carrier protein cytochrome ¢ and ubiquinone
biosynthesis methyltransferase (Table 4).

Amino acid metabolism

The most of detected enzymes of amino acid catabolism was
upregulated in lesion-derived amastigotes in comparison to axenic
and macrophage-derived ones. In general, expression of catabolic
enzymes was lowest in axenic amastigotes. Detected enzymes
involved in amino acid catabolism are e. g. serine hydroxymethyl
transferase, methylmalonyl CoA mutase, dihydrolipoamide

branched chain transacylase, 2-oxoisovalerate dehydrogenase,
delta-1-pyrroline-5-carboxylate dehydrogenase, glutamate
dehydrogenase, methylthioadenosin phosphorylase, lysine
decarboxylase. The most upregulated anabolic enzyme of lesion-
derived amastigotes was methionine synthase. In macrophage-
derived amastigotes, anabolic cystathione gamma lyase and
5-methyltetrahydropteroyltriglutamate-homocysteine
methyltransferase involved in methionin metabolism and catabolic
N-acyl-L-amino acid amidohydrolase were upregulated. In axenic
amastigotes, mostly anabolic enzymes such as glutamine synthetase,
asparagine synthetase and S-adenylmethionine synthetase were
upregulated (Table 5).
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FIGURE 4

Quantitative proteomic analysis. Volcano plot visualization of differentially expressed proteins between (A) lesion-derived amastigotes vs. axenic.
(B) macrophage-derived vs. axenic amastigotes. (C) macrophage-derived vs. lesion-derived amastigotes. Green dots correspond to proteins
showing increased or reduced abundance (fold change >2, p-value < 0.05). Blue dots represent proteins that didn't differ in each comparison
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TABLE 1 Virulence factors identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual amastigote types.

Virulence factors

Protein ID’s Protein name ax-les ax-mo mo-les
XP_003872640.1 putative amastin-like protein

XP_003874986.1 glucose transporter, Imgt3

XP_003872328.1 cysteine peptidase, Clan CA, family C19, putative

XP_003877237.1 putative surface protein amastin

XP_003872630.1 putative amastin-like protein B5

XP_003874822.1 Prolyl oligopeptidase family protein [L. donovani]

XP_003872658.1 putative cathepsin L-like protease

XP_003886592.1 amastin-like surface protein, putative [L. donovani]

XP_003873649.1 cysteine peptidase, Clan CA, family C19,putative

XP_003878921.1 A600-3

XP_003872625.1 Amastin surface glycoprotein, putative [L. donovani]

XP_003878670.1 elongation factor 1-beta 2,2 1,2 1,9
XP_003876071.1 cysteine peptidase, Clan CA, family C12,putative 2,2 1,7 1,3
XP_003876623.1 putative calpain-like cysteine peptidase, partial 2,8 1,4 2,0

XP_003873458.1 putative calpain-like cysteine peptidase 3.2 -1,2 _
XP_003872882.1 GP63, leishmanolysin _ 1,9 2,3

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.

TABLE 2 Glycolytic proteins identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual amastigote types.

Glycolysis

Protein ID's Protein name ax-les ax-mo mo-les
XP_003873158.1 glucose-6-phosphate isomerase 1,1 _
XP_003872889.1 glycerol-3-phosphate dehydrogenase [NAD+],glycosomal/mitochondrial -1,3 -1,7
XP_003875668.1 aldose 1-epimerase-like protein 14 2,4 -1,7
XP_003875025.1 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 1,8 2,3 -1,3
XP_003873490.1 enolase 2,2 1,2 18
XP_003875074.1 phosphoglycerate kinase C, glycosomal 3,7 1,2 3,1

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.

Oxidative stress response lesion-derived amastigotes, while dynein was least expressed in

axenic amastigotes. Kinesin was least expressed in macrophage-

Gamma-glutamylcysteine synthetase was upregulated in derived amastigotes (Table 7). Generally, the highest expression

lesion-derived amastigotes and least expressed in axenic of proteins associated with vesicle transport was observed in

amastigotes. The same pattern of expression shows lesion-derived amastigotes (Table 8). A similar trend was seen in
dihydrolipoamide dehydrogenase. Tryparedoxin, thioredoxin, cytoskeleton-associated proteins (Table 9).

type II (glutathione peroxidase-like) tryparedoxin peroxidase
and ascorbate-dependent peroxidase manifested upregulation in
axenic amastigotes. Macrophage-derived amastigotes possessed Transmembrane transport
very similar expression pattern as axenic amastigotes (Table 6).
Expression of most proteins associated with transmembrane

Molecular motors, vesicular transport transport was upregulated in lesion-derived amastigotes. The most

and cyt oskeleton abundant proteins found upregulated in lesion-derived amastigotes
were ATP binding cassette (ABC) transporters (Table 10).

Molecular motors were highly expressed in lesion-derived For a better clarity and comprehensive insight, differences in

amastigotes. Dynein and kinesin were both upregulated in energy metabolism have been shown in a metabolic map (Figure 5).
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TABLE 3 Proteins involved in lipid metabolism identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual

amastigote types.
Lipid metabolism

Protein ID’s Protein name

ax-les ax-mo mo-les

XP_003877335.1
XP_003876034.1
XP_003877379.1
XP_003876021.1
XP_003874641.1
XP_003872327.1
XP_003877753.1
XP_003878080.1
XP_003875417.1
XP_003876882.1
XP_003877631.1
XP_003874681.1
XP_003879304.1
XP_003873444.1
XP_003872330.1
XP_003877766.1
XP_003877159.1
XP_003875399.1
XP_003871679.1
XP_003877464.1
XP_003874072.1
XP_003877746.1
XP_003873231.1
XP_003876456.1
XP_003878332.1
XP_003871572.1
XP_003875783.1
XP_003873926.1

sphingosine phosphate lyase-like protein,putative
3-oxoacyl-(acyl-carrier protein) reductase,putative
putative ATP-binding cassette protein

enoyl-CoA hydratase/isomerase-like protein

putative C-14 sterol reductase

choline dehydrogenase, like protein

putative propionyl-coa carboxylase beta chain
putative monoglyceride lipase

Enoyl-CoA hydratase/isomerase family [L. donovani]
putative glycerol kinase, glycosomal

putative fatty acid elongase

Acyltransferase, putative [L. donovani]

putative lipase

alkyl dihydroxyacetonephosphate synthase
glycerol-3-phosphate acyl transferase
3-hydroxy-3-methylglutaryl-CoA reductase,putative
putative peroxisomal enoyl-coa hydratase

Lipase_(class_3)_-_putative [L. infantum]

putative 2,4-dienoyl-coa reductase fadh1

putative fatty acyl CoA syntetase 1

acyl-CoA-binding protein, putative [L. panamensis)

succinyl-coa:3-ketoacid-coenzyme a transferase-like protein

Glycerophosphoryl diester phosphodiesterase family protein [L. donovani]

putative 3,2-trans-enoyl-CoA isomerase, mitochondrial precursor

2-oxoisovalerate dehydrogenase alpha subunit, putative

putative 3,2-trans-enoyl-CoA isomerase, mitochondrial precursor

trifunctional enzyme alpha subunit, mitochondrial precursor-like protein

DHHC palmitoyltransferase family protein [L. donovani]

1,2

-1,6 1,6
1,1 2,6
12 2yl -1,7

I 17

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non

differing proteins.

Discussion

Previous comparative studies on Leishmania stages were
mostly based on genomic and transcriptomic methods (Peacock
etal.,, 2007; Fiebig et al., 2015; De Pablos et al., 2019). Nevertheless,
proteomic studies in kinetoplastids are essential because
regulation of gene expression occurs mainly post-
transcriptionally (Karamysheva et al, 2020; Piel et al, 2022).
First proteomic studies were focused especially on comparison
of promastigote and amastigote stages and were based on 2 DE-gel
and subsequent mass spectrometer analysis (Walker et al., 2006;
Paape et al, 2008). However, this method allows only comparison
of proteins with high abundancy while membrane proteins are
highly underrepresented. Advances in proteomic methods
allowed comparison of relative protein abundances and isobaric

Frontiers in Cellular and Infection Microbiology

labeling used in this manuscript started to be used for protein
quantification. A big advantage of this ,shotgun” proteomic
method is that it allows parallel detection of thousands of
peptides in a single mass spectrometry run. Quantification via
tandem mass tags benefits from sample multiplexing, it allows to
detect fewer missing values compared to label free methods as well
as detection of peptides with low abundancy in a cell (Thompson
et al, 2003). This method has been previously used in order to
compare differential expression of proteins in membranes of
promastigote and amastigote or changes in protein expression
in different time points of promastigote to amastigote
transformation (Rosenzweig et al.,, 2008; Lynn et al,, 2013). We
used this proteomic approach to evaluate differences in proteome
of lesion-derived amastigotes in comparison to axenic and
macrophage-derived ones widely used in experimental assays.
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TABLE 4 Proteins of oxidative phosphorylation identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual

amastigote types.
Oxidative phosphorylation

Protein ID’s Protein name

ax-les ax-mo mo-les

XP_003875391.1 putative ATP synthase -1,1
XP_003877677.1 putative cytochrome ¢ oxidase VIII (COX VIII) 1,6
XP_003872264.1 ATP synthase subunit C family protein [L. donovani] -1,1
XP_003876168.1 putative cytochrome ¢ oxidase VII 1,6
XP_003876210.1 putative ATPase of the ABC class family protein [L. donovani] -1,4
XP_003875445.1 putative ATP synthase F1 subunit gamma protein -1,1
XP_003873529.1 putative cytochrome-b5 reductase -1,4
XP_003872150.1 putative cytochrome cl, heme protein, mitochondrial precursor -1,7 2,0
XP_003879149.1 putative reiske iron-sulfur protein precursor -1,2 2,0
XP_003875062.1 cytochrome ¢ oxidase subunit I _ 2,3
XP_003873171.1 cytochrome ¢ oxidase subunit IV -1,6 2,1
XP_003876472.1 putative cytochrome ¢ oxidase subunit V -1,3 2,2
XP_003875663.1 putative cytochrome c oxidase subunit 10 [L. braziliensis] -1,2 2,2
XP_003875439.1 putative cytochrome ¢ oxidase subunit VI -1,2 2,7
XP_003872832.1 putative cytochrome b5-like protein 1,5 3,1
XP_003877776.1 ubiquinol-cytochrome-c reductase-like protein 2,2 2,3 -1,0

XP_003874894.1
XP_003873820.1

ubiquinone biosynthesis methyltransferase,putative

putative cytochrome ¢

2,1 2,0

|

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non

differing proteins.

Although the level of protein doesn’t systematically reflect
the mRNA abundance, study made by Fiebig et al. (2015)
presented transcriptomic data suggesting closer resemblance of
axenic amastigotes to promastigotes rather than to macrophage-
derived amastigotes. Another transcriptomic study showed that
lesion-derived amastigotes significantly differ in expression of
proteins compared to promastigotes and, importantly, axenic
amastigotes were again closer to promastigotes (Holzer
et al., 2006).

In our study, lesion-derived amastigotes showed
upregulation of some important virulence factors and
metabolic pathways typical for amastigote stage, particularly
amastins, GT3 and A600-3 protein and CP’s. The highest
GT3 expression in amastigotes from an infected animal can be
considered as an adaptation to lower sugar levels in the
environment, to cover necessary sugar intake for the
amastigote stage. This was supported by Feng et al. (2011),
suggesting that the expression of GT3 and other similar proteins
is regulated by the availability of glucose in the environment.
A600-3 protein, a potential virulence factor (Murray et al., 2010),
showed significantly higher expression in these amastigotes
compared to axenic amastigotes. Higher expression of cysteine
proteinases was also observed in amastigotes from the lesion.
This is consistent with the fact that most CPs had higher
expression in amastigotes compared to promastigotes
(Mottram et al., 1992; Souza et al., 1992); increased expression
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is probably required for modulation of the host cellular response
(Cameron et al., 2004). CPB inhibits Thl protective immune
response in mice (Buxbaum et al., 2003) and its function is also
associated with autophagy, a process that is required for
transformation to amastigote form (Denise et al., 2003;
Williams et al, 2006). A higher CPB expression in lesion-
derived amastigotes could be also related to larger megasome
volumes in amastigotes from the infected animal (Ueda-
Nakamura et al., 2007). Prolyl oligopeptidase family protein is
another potential virulence factor upregulated in lesion-derived
amastigotes compared to axenic and macrophage-derived ones,
it seems to be involved in macrophage invasion process as found
in L. infantum (Lasse et al., 2020).

As a carbon source, amastigotes prefer sugars, if available
(McConville et al,, 2015). Due to lower availability of sugars in
parasitophorous vacuole, their supply to the amastigote cell is
significantly reduced. In our comparative study, lower
expression of glycolytic enzymes was generally observed in
lesion-derived amastigotes compared to axenic and
macrophage-derived ones, as expected by the higher
availability of sugars in media supplemented with bovine
serum compared to host environments where sugar intake
may fluctuate. As an exception, some glycolytic enzymes
located in glycosomes were more expressed in amastigotes
from the lesion (e. g. glucose-6-phosphate isomerase). This is
consistent with a study of Rosenzweig et al. (2008), where
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TABLE 5 Amino acid metabolism enzymes identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual
amastigote types.

Amino acid metabolism

Protein ID’s Protein name ax-les ax-mo mo-les
XP_003875729.1 cytosolic leucyl aminopeptidase

XP_003877079.1 serine hydroxymethyltransferase

XP_003873031.1 3-methylcrotonoyl-CoA carboxylase beta subunit,putative

XP_003876604.1 putative methylmalonyl-coenzyme a mutase

XP_003871691.1 delta-1-pyrroline-5-carboxylate dehydrogenase, putative

XP_003871906.1 dihydrolipoamide branched chain transacylase, putative

XP_003873627.1 glutamate dehydrogenase

XP_003878903.1 amidinotransferase, putative [L. panamensis]

XP_003877832.1 methylcrotonoyl-coa carboxylase biotinylated subunitprotein-like protein

XP_003871917.1 putative protein tyrosine phosphatase

XP_003873824.1 Amidase, putative [L. donovani]

XP_003878177.1 putative glucosamine-6-phosphate deaminase

XP_003871973.1 putative methylthioadenosine phosphorylase

XP_003875991.1 Aminomethyltransferase folate-binding domain, putative [L. donovani]

XP_003872153.1 cobalamin-dependent methionine synthase, putative

XP_003876680.1 putative cysteine desulfurase

XP_003877095.1 putative acyl-CoA dehydrogenase

XP_003878111.1 putative cystathionine beta-lyase

XP_003879269.1 putative acyl-CoA dehydrogenase

XP_003879010.1 putative 2-oxoisovalerate dehydrogenase beta subunit, mitochondrial precursor
XP_003872473.1 putative guanine deaminase

XP_003879319.1 putative cystathione gamma lyase 14
XP_003877520.1 putative 5-methyltetrahydropteroyltriglutamate—homocystein emethyltransferase 1,6
XP_003877630.1 putative N-acyl-L-amino acid amidohydrolase 2,3
XP_003872049.1 putative glutamine synthetase 3,6 1,9 1,9

XP_003876383.1 putative asparagine synthetase a - 1.3

XP_003877497.1 S-adenosylmethionine synthetase 2,3 1,9

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.

TABLE 6 Oxidative stress response enzymes identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual
amastigote types.

Oxidative stress response

Protein ID’s Protein name ax-les ax-mo mo-les
XP_003874178.1 putative gamma-glutamylcysteine synthetase

XP_003872375.1 putative dihydrolipoamide dehydrogenase -1,7

XP_003872443.1 tryparedoxin-like protein -1,1

XP_003872441.1 tryparedoxin Al 1,7 1,3
XP_003876381.1 type II (glutathione peroxidase-like) tryparedoxin peroxidase 31 1,3 2,4
XP_003876382.1 type II (glutathione peroxidase-like) tryparedoxin peroxidase 38 1,5 2,6
XP_003878590.1 putative ascorbate-dependent peroxidase _ -1,0

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.
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TABLE 7 Molecular motors identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual amastigote types.

Molecular motors

Protein ID’s Protein name ax-les ax-mo mo-les
XP_003879287.1 dynein light chain, putative [L. panamensis]

XP_003876894.1 putative dynein heavy chain

XP_003874247.1 putative kinesin

XP_003874115.1 putative dynein light chain 2B, cytoplasmic -1,8
XP_003878689.1 putative myosin IB heavy chain -1,5
XP_003876152.1 putative dynein heavy chain 1,0 3,6
XP_003873485.1 putative kinesin K39 39 1,8 27
XP_003886543.1 putative kinesin [L. major] 3,9 2,1 1,8

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.

TABLE 8 Vesicular transport proteins identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual
amastigote types.

Vesicular transport

Protein ID’s Protein name ax-les ax-mo mo-les
XP_003879239.1 putative phosphoinositide-binding protein

XP_003875197.1 putative coatomer beta subunit

XP_003878817.1 putative adaptor complex subunit medium chain 3 -1,9

XP_003878137.1 putative SNAP protein [L. major] 1,1

XP_003872565.1 putative Qc-SNARE protein -1,5 -1,5
XP_003876120.1 putative epsin 2,7 189 25
XP_003875036.1 putative beta-adaptin 3,0 -1,2 3,6
XP_003878067.1 COP?9 signalosome, subunit CSN8 family protein [L. donovani] 2,9 1,5 1,9

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.

TABLE 9 Cytoskeleton proteins identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual amastigote types.

Cytoskeleton

Protein ID’s Protein name ax-les ax-mo mo-les
XP_003875956.1 LIM domain family protein [L. donovani]

XP_003875419.1 microtubule-binding protein, putative [L. panamensis]

XP_003879352.1 CRAL/TRIO domain family protein [L. donovani] -1,1

XP_003878744.1 p25-alpha, putative [L. donovani] 1,3

XP_003872679.1 beta tubulin 2,6 =ILe)

XP_003878782.1 putative G-actin binding protein 2,9 -1,6

XP_003878811.1 flagellar_attachment_zone_protein_putative|GeneDB : LmjF.34.2530 [L. donovani] 2,2 1,6 1,4

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non
differing proteins.
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TABLE 10 Transmembrane transport proteins identified in all 3 comparisons that differ by at least 2-fold (T-test significant) between individual

amastigote types.
Transmembrane transport

Protein ID’s Protein name

ax-les ax-mo mo-les

XP_003872500.1
XP_003878160.1
XP_003873076.1
XP_003874210.1
XP_003877640.1
XP_003875636.1
XP_003871665.1
XP_003872210.1
XP_003872932.1
XP_003879439.1
XP_003876106.1
XP_003871558.1
XP_003875664.1
XP_003874875.1
XP_003871644.1
XP_003874566.1

putative ABC transporter
putative ABC transporter
SEC61-like (pretranslocation process) protein,putative

intraflagellar transport protein component, putative

putative vacuolar type h+ ATPase subunit
putative mitochondrial carrier protein

putative vacuolar-type Ca2+-ATPase

putative mitochondrial phosphate transporter
putative ABC transporter

putative poly(A) export protein

ABC transporter-like protein

vacuolar protein sorting-associated protein-like protein

ER-golgi transport protein erv25 precursor, putative

putative vacuolar-type proton translocating pyrophosphatase 1

Archaic_translocase_of_outer_membrane_12_kDa_subunit [L. braziliensis|

voltage-dependent anion-selective channel, putative [L. panamensis]

-1,9

157
-1,3
=13 1,7
1,8 -1,1 2,0
1,9 21 =11
2,2 1,3 1,7

Color shade shows relative protein abundances among individual groups of amastigotes; red/green color represents at least two-fold up-/down-regulated proteins, yellow means non

differing proteins.

expression of glycolytic enzymes located in the glycosome of L.
donovani was increased during transformation into amastigotes,
while the expression of cytosolic glycolytic enzymes was
decreased (e. g. enolase, phosphoglycerate mutase). Enzymes
co-located in glycosomes may be important in the rapid
response to a change in carbon source availability (Rosenzweig
et al., 2008).

Since glyoxylate cycle is absent in Leishmania parasites, they are
unable to switch to the utilization of fatty acids as a sole carbon
source (Saunders et al., 2014; McConville et al,, 2015). Amastigotes,
contrary to promastigotes, overexpress enzymes involved in
metabolism of fatty acids, which are the second preferred source
of carbon (Hart and Coombs, 1982; Paape et al., 2010; Saunders
et al,, 2011; Saunders et al., 2014). Results of this study indicate the
most pronounced expression of B-oxidation enzymes in
amastigotes from the host lesion in comparison with the
remaining types of amastigotes, which is in accordance with
Rosenzweig et al, (Rosenzweig et al, 2008). The expression of
other enzymes involved in B-oxidation indirectly (lipase, acyl CoA
synthetase) was also increased in lesion-derived amastigotes
compared to alternatively cultured amastigotes. Expression of
glycerol kinase was increased in lesion amastigotes, suggesting
that glycerol produced by lipases is further processed in
gluconeogenesis (Opperdoes and Coombs, 2007; Rodriguez-
Contreras and Hamilton, 2014), which is essential in amastigote
stage living in sugar depleted conditions (Naderer et al., 2006).

Amastigotes proliferate in amino acid rich environment
(Naderer and McConville, 2008) and therefore catabolism of
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some amino acids is increased compared to promastigote stages
(Rosenzweig et al., 2008). This fact was reflected in lesion-
derived amastigotes, where expression of most enzymes
connected with amino acid catabolism was increased. An
example is glutamate dehydrogenase, where increased
expression has been measured in L. donovani amastigotes
(Rosenzweig et al., 2008).

Furthermore, the fact that enzymes of oxidative
phosphorylation and enzymes of energetic metabolism were
more highly expressed in lesion-derived amastigotes compared
to other types of amastigotes is in accordance with previously
done studies (Rosenzweig et al., 2008; Saunders et al., 2014). The
pathways of oxidative phosphorylation and B-oxidation are
essential for the virulence of amastigotes, and when they are
disrupted, virulence is lost (Dey et al, 2010; Gannavaram
et al., 2012).

Overall higher expression of proteins involved in
signalization, vesicular trafficking and membranous transport
was observed in lesion-derived amastigotes in comparison to
alternative types. Vesicular transport has been shown to be very
important for survival in the intracellular environment due to
the extraction of nutrients from the extracellular environment,
the release of virulence factors, metabolites and drug resistance
molecules in pathogens generally as well as hijacking the
immune response (Silverman et al., 2010; Atayde et al., 2015;
Bouvy et al,, 2017; Coakley et al, 2017). In a study comparing
protein expression of promastigote vs. amastigote, an increased
expression of dynein was observed in amastigote form (Biyani
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FIGURE 5

Metabolic map of central carbon metabolism and oxidative phosphorylation. Arrows indicates at least two-fold up- or downregulation (T-test
significant) of enzyme in lesion-derived amastigotes compared to axenic amastigotes (macrophage-derived amastigotes are usually
intermediate between the two). 1) glucose-6-phosphate isomerase 2) glycerol-3-phosphate dehydrogenase 3) glyceraldehyde-3-phosphate
dehydrogenase 4) fumarate reductase 5) phosphoglycerate kinase 6) phosphoglycerate mutase 7) enolase 8) succinate dehydrogenase 9) ATP

synthase 10) cytochrome c.

and Madhubala, 2012). Also in our study, most peptides
identified as dynein were more expressed in lesion-
derived amastigotes.

In contrast to lesion-derived amastigotes, axenically
cultivated amastigotes had downregulated some virulence
factors specific for amastigote stage. Good examples are
amastins with proven function in mediation of contact with
the membrane of parasitophorous vacuole which is absent in
axenic amastigotes (de Paiva et al., 2015). Lower expression of
A600 protein family in axenic amastigotes may indicate their
closer resemblance to promastigotes as A600 protein family is
typically expressed in amastigote stage (Bellatin et al,, 2002). In
axenic amastigotes, there is no interaction with the host, and in
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amastigotes isolated from macrophages ex vivo, the environment
is depleted of interaction with other immune cell types which
could be the reason for the lowest expression of CPB. Other
cysteine proteinases (e. g. the CA clan) were also identified in our
samples, whose expression was higher alternately in all types of
amastigotes, but whose function in Leishmania parasites is not
yet well known (Siqueira-Neto et al., 2018) and therefore cannot
be further evaluated with respect to these results.

CPB regulates the expression of another virulence factor -
gp63 (Casgrain et al., 2016). Gp63 is present in both amastigotes
and promastigotes. It is known that the expression of surface
form of gp63 is higher in promastigotes compared to
amastigotes of L. mexicana (Medina-Acosta et al, 1989).
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Along with a function as a virulence factor gp63 plays a role in
evasion of complement-mediated lysis, induction of
phagocytosis by host macrophage, degradation of extracellular
matrix, inhibition of natural killer cellular functions,
degradation of macrophage cytosolic proteins and it helps
intracellular amastigotes to survive within parasitophorous
vacuole (Russell and Wilhelm, 1986; Chaudhuri and Chang,
1988; Chaudhuri et al., 1989; Brittingham et al., 1995; Seay et al.,
1996; Brittingham et al., 1999; McGwire et al., 2003; Kulkarni
et al., 2006; Hallé et al., 2009; Contreras et al, 2010). In our study,
the highest expression of gp63 was recorded in axenic
amastigotes. However, part of our experiments did not
determine the location of the identified proteins, so it is not
possible to say with certainty whether the overall higher
expression of gp63 is an indicator of the similarity of axenic
amastigotes with promastigotes. Elongation factor alpha found
in exosomes possesses immunosuppressive properties and also
plays a role in activation of host cells for invasion (Nandan et al.,
2002). We observed highest expression of elongation factor
alpha in macrophage-derived amastigotes. This protein has a
role in translation, apoptosis and regulation of ubiquitine-
mediated lysis (Gonen et al., 1996). It has been shown to
interact with host SHP-1 which leads to downregulation of
inducible nitric oxide synthase in activated macrophage
(Nandan et al, 2002). Compared to amastigotes from the
lesion, macrophage-derived amastigotes may have more active
translation and generally higher expression of translation
factors, that may explain their faster multiplication.

Some metabolic pathways are considered therapeutic targets
for potential antileishmanial drugs (Sundar and Singh, 2018).
Differential expression of proteins in alternative amastigotes’
metabolism may cause various reactions to the drug when
compared to natural conditions. The functional mechanism of
some drugs is based on the modulation of macrophage function,
supporting the need of intracellular amastigotes (Da-Silva et al.,
1999). Also, higher expression of ABC proteins in amastigotes
found in hosts can cause a different reaction to some drug
compounds (e.g. by a higher degree of resistance) compared to
alternative forms (Leprohon et al., 2006).

In conclusion, this study suggests that alternative methods of
obtaining amastigotes do not result in a complete conversion
equal to amastigotes developed in the host lesion. Expression
patterns of macrophage-derived amastigotes were mostly
between lesion-derived amastigotes and axenic amastigotes
which suggests that they may be closer to natural model of
infection and therefore more relevant model for experimental
studies than axenic amastigotes.

Data availability statement

The data presented in the study are deposited in the PRIDE
repository (Perez-Riverol et al., 2019), accession number PXD036664.

Frontiers in Cellular and Infection Microbiology

15

10.3389/fcimb.2022.1022448

Ethics statement

The animal study was reviewed and approved by The
Committee on Ethics of Laboratory Experiments, Faculty of
Science, Charles University, Czech Republic.

Author contributions

TL, LP, and KH contributed to conception and design of the
study. PV acquired funding. LP, TL, and KH performed the
experiments. KH performed the statistical analysis. LP wrote
the first draft of the manuscript and prepared all tables. LP and
KH prepared the figures. All authors reviewed and edited the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

LP, PV, and TL are supported by the Ministry of Education
of the Czech Republic through the ERD Fund, project CePaViP
(project CZ.02.1.01/0.0/0.0/16_019/0000759) and by Research
center UNCE (project no. 204072). The funders had no role in
the study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Acknowledgments

We are grateful to Pavel Talacko from the Laboratory of Mass
Spectrometry, Biocev, Charles University, for the assistance with
sample preparation for mass spectrometry analyses. We would like
to thank Vit Dvorak for language revision. We would also like to
thank to Pascal Pescher who helped to improve the quality of
presented work.

Conflict of interest

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

Publisher’s note

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

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1022448
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Pacakova et al.

References

Ali, K. S, Rees, R. C., Terrell-Nield, C., and Ali, S. A. (2013). Virulence loss and
amastigote transformation failure determine host cell responses to 1 eishmania
mexicana. Parasite. Immunol. 35 (12), 441-456. doi: 10.1111/pim.12056

Atayde, V. D., Aslan, H., Townsend, S., Hassani, K., Kamhawi, S., and Olivier, M.
(2015). Exosome secretion by the parasitic protozoan leishmania within the sand
fly midgut. Cell Rep. 13 (5), 957-967. doi: 10.1016/j.celrep.2015.09.058

Bates, P. A. (1994). Complete developmental cycle of leishmania mexicana in
axenic culture. Parasitology. 108 (1), 1-9. doi: 10.1017/s0031182000078458

Bates, P. A., Robertson, C. D., Tetley, L., and Coombs, G. H. (1992). Axenic
cultivation and characterization of leishmania mexicana amastigote-like forms.
Parasitology. 105 (2), 193-202. doi: 10.1017/S0031182000074102

Bates, P. A., and Tetley, L. (1993). Leishmania mexicana: induction of
metacyclogenesis by cultivation of promastigotes at acidic pH. Exp. Parasitol. 76
(4), 412-423. doi: 10.1006/expr.1993.1050

Bellatin, J. A., Murray, A. S., Zhao, M., and McMaster, W. R. (2002). Leishmania
mexicana: identification of genes that are preferentially expressed in amastigotes.
Exp. Parasitol. 100 (1), 44-53. doi: 10.1006/expr.2001.4677

Biyani, N., and Madhubala, R. (2012). Quantitative proteomic profiling of the
promastigotes and the intracellular amastigotes of leishmania donovani isolates
identifies novel proteins having a role in leishmania differentiation and intracellular
survival. Biochim. Biophys. Acta (BBA)-Proteins. Proteomics. 1824 (12), 1342-1350.
doi: 10.1016/j.bbapap.2012.07.010

Bouvy, C., Wannez, A., Laloy, J., Chatelain, C., and Dogne, J.-M. (2017).
Transfer of multidrug resistance among acute myeloid leukemia cells via
extracellular vesicles and their microRNA cargo. Leuk. Res. 62, 70-76. doi:
10.1016/j.leukres.2017.09.014

Brittingham, A., Chen, G., McGwire, B. S., Chang, K.-P., and Mosser, D. M.
(1999). Interaction of leishmania gp63 with cellular receptors for fibronectin. Infect.
Immun. 67 (9), 4477-4484. doi: 10.1128/IA1.67.9.4477-4484.1999

Brittingham, A., Morrison, C. J., McMaster, W. R., McGwire, B. S., Chang, K.-P.,
and Mosser, D. M. (1995). Role of the leishmania surface protease gp63 in
complement fixation, cell adhesion, and resistance to complement-mediated
lysis. J. Immunol. 155 (6), 3102-3111. doi: 10.1016/0169-4758(95)80054-9

Burza, S., Croft, S. L., and Boelaert, M. (2018). Leishmaniasis. Lancet. 392
(10151), 951-970. doi: 10.1016/S0140-6736(18)31204-2

Buxbaum, L. U., Denise, H., Coombs, G. H., Alexander, J., Mottram, J. C., and
Scott, P. (2003). Cysteine protease b of leishmania mexicana inhibits host Thl
responses and protective immunity. J. Immunol. 171 (7), 3711-3717. doi: 10.4049/
jimmunol.171.7.3711

Cameron, P., McGachy, A., Anderson, M., Paul, A., Coombs, G. H., Mottram, J.
C., et al. (2004). Inhibition of lipopolysaccharide-induced macrophage IL-12
production by leishmania mexicana amastigotes: the role of cysteine peptidases
and the NF-«B signaling pathway. J. Immunol. 173 (5), 3297-3304. doi: 10.4049/
jimmunol.173.5.3297

Casgrain, P.-A., Martel, C., McMaster, W. R., Mottram, J. C., Olivier, M., and
Descoteaux, A. (2016). Cysteine peptidase b regulates leishmania mexicana
virulence through the modulation of GP63 expression. PloS Pathog. 12 (5),
€1005658. doi: 10.1371/journal.ppat.1005658

Chaudhuri, G., and Chang, K.-P. (1988). Acid protease activity of a major
surface membrane glycoprotein (gp63) from leishmania mexicana promastigotes.
Mol. Biochem. Parasitol. 27 (1), 43-52. doi: 10.1016/0166-6851(88)90023-0

Chaudhuri, G., Chaudhuri, M., Pan, A., and Chang, K. P. (1989). Surface acid
proteinase (gp63) of leishmania mexicana: A metalloenzyme capable of protecting
liposome-encapsulated proteins from phagolysosomal degradation by
macrophages. J. Biol. Chem. 264 (13), 7483-7489. doi: 10.1016/S0021-9258(18)
83260-4

Coakley, G., McCaskill, J. L., Borger, J. G., Simbari, F., Robertson, E., Millar, M.,
et al. (2017). Extracellular vesicles from a helminth parasite suppress macrophage
activation and constitute an effective vaccine for protective immunity. Cell Rep. 19
(8), 1545-1557. doi: 10.1016/j.celrep.2017.05.001

Contreras, I., Gomez, M. A., Nguyen, O., Shio, M. T., McMaster, R. W., and
Olivier, M. (2010). Leishmania-induced inactivation of the macrophage
transcription factor AP-1 is mediated by the parasite metalloprotease GP63. PloS
Pathog. 6 (10), 1-14. doi: 10.1371/journal.ppat.1001148

Coombs, G. H,, Craft, J. A, and Hart, D. T. (1982). A comparative study of
leishmania mexicana amastigotes and promastigotes, enzyme activities and
subcellular locations. Mol. Biochem. Parasitol. 5 (3), 199-211. doi: 10.1016/0166-
6851(82)90021-4

Cox, J., Hein, M. Y., Luber, C. A., Paron, L, Nagaraj, N., and Mann, M. (2014).
Accurate proteome-wide label-free quantification by delayed normalization and

Frontiers in Cellular and Infection Microbiology

16

10.3389/fcimb.2022.1022448

maximal peptide ratio extraction, termed MaxLFQ. Mol. Cell proteomics. 13 (9),
2513-2526. doi: 10.1074/mcp.M113.031591

Da-Silva, S. A. G., Costa, S. S., and Rossi-Bergmann, B. (1999). The anti-
leishmanial effect of kalanchoe is mediated by nitric oxide intermediates.
Parasitology. 118 (6), 575-582. doi: 10.1017/S0031182099004357

Debrabant, A., Joshi, M. B., Pimenta, P. F. P., and Dwyer, D. M. (2004).
Generation of leishmania donovani axenic amastigotes: Their growth and
biological characteristics. Int. J. Parasitol. 34 (2), 205-217. doi: 10.1016/
j.ijpara.2003.10.011

Denise, H., McNeil, K., Brooks, D. R., Alexander, J., Coombs, G. H., and
Mottram, J. C. (2003). Expression of multiple CPB genes encoding cysteine
proteases is required for leishmania mexicana virulence in vivo. Infect. Immun.
71 (6), 3190-3195. doi: 10.1128/IA1.71.6.3190-3195.2003

De Pablos, L. M., Ferreira, T. R,, Dowle, A. A,, Forrester, S., Parry, E., Newling,
K., et al. (2019). The mRNA-bound proteome of leishmania mexicana: novel
genetic insight into an ancient parasite. Mol. Cell Proteomics. 18 (7), 1271-1284.
doi: 10.1074/mcp.RA118.001307

de Paiva, R. M. C,, Grazielle-Silva, V., Cardoso, M. S., Nakagaki, B. N,
Mendonca-Neto, R. P., Canavaci, A. M. C,, et al. (2015). Amastin knockdown in
leishmania braziliensis affects parasite-macrophage interaction and results in
impaired viability of intracellular amastigotes. PloS Pathog. 11 (12), €1005296.
doi: 10.1371/journal.ppat.1005296

de Rezende, E., Kawahara, R,, Pefia, M. S., Palmisano, G., and Stolf, B. S. (2017).
Quantitative proteomic analysis of amastigotes from leishmania (L.) amazonensis
LV79 and PHS8 strains reveals molecular traits associated with the virulence
phenotype. PloS Negl. Trop. Dis. 11 (11), e0006090. doi: 10.1371/
journal.pntd.0006090

Dey, R, Meneses, C., Salotra, P., Kamhawi, S., Nakhasi, H. L., and Duncan, R.
(2010). Characterization of a leishmania stage-specific mitochondrial membrane
protein that enhances the activity of cytochrome ¢ oxidase and its role in virulence.
Mol. Microbiol. 77 (2), 399-414. doi: 10.1111/§.1365-2958.2010.07214.x

Eperon, S., and Mcmahon-Pratt, D. 1. (1989). Extracellular cultivation and
morphological characterization of amastigote-like forms of leishmania panamensis
and 1. braziliensis. J. Protozool. 36 (5), 502-510. doi: 10.1111/j.1550-
7408.1989.tb01086.x

Feng, X., Feistel, T., Buffalo, C., McCormack, A., Kruvand, E., Rodriguez-
Contreras, D., et al. (2011). Remodeling of protein and mRNA expression in
leishmania mexicana induced by deletion of glucose transporter genes. Mol.
Biochem. Parasitol. 175 (1), 39-48. doi: 10.1016/j.molbiopara.2010.08.008

Fiebig, M., Kelly, S., and Gluenz, E. (2015). Comparative life cycle
transcriptomics revises leishmania mexicana genome annotation and links a
chromosome duplication with parasitism of vertebrates. PloS Pathog. 11 (10),
€1005186. doi: 10.1371/journal.ppat.1005186

Gannavaram, S., Connelly, P. S., Daniels, M. P., Duncan, R,, Salotra, P., and
Nakhasi, H. L. (2012). Deletion of mitochondrial associated ubiquitin fold modifier
protein Ufm1 in leishmania donovani results in loss of B-oxidation of fatty acids
and blocks cell division in the amastigote stage. Mol. Microbiol. 86 (1), 187-198.
doi: 10.1111/j.1365-2958.2012.08183.x

Gonen, H., Dickman, D., Schwartz, A. L., and Ciechanover, A. (1996). “Protein
synthesis elongation factor EF-1o. is an isopeptidase essential for ubiquitin-
dependent degradation of certain proteolytic substrates,” in Intracellular protein
catabolism (Boston, MA: Springer), 209-219.

Halle, M., Gomez, M. A., Stuible, M., Shimizu, H., McMaster, W. R., Olivier, M.,
et al. (2009). The leishmania surface protease GP63 cleaves multiple intracellular
proteins and actively participates in p38 mitogen-activated protein kinase
inactivation. J. Biol. Chem. 284 (11), 6893-6908. doi: 10.1074/jbc.M805861200

Hart, D. T., and Coombs, G. H. (1982). Leishmania mexicana: Energy
metabolism of amastigotes and promastigotes. Exp. Parasitol. 54 (3), 397-409.
doi: 10.1016/0014-4894(82)90049-2

Holzer, T. R., McMaster, W. R., and Forney, J. D. (2006). Expression profiling by
whole-genome interspecies microarray hybridization reveals differential gene
expression in procyclic promastigotes, lesion-derived amastigotes, and axenic
amastigotes in leishmania mexicana. Mol. Biochem. Parasitol. 146 (2), 198-218.
doi: 10.1016/j.molbiopara.2005.12.009

Ishihama, Y., Rappsilber, J., and Mann, M. (2006). Modular stop and go
extraction tips with stacked disks for parallel and multidimensional peptide
fractionation in proteomics. J. Proteome Res. 5 (4), 988-994. doi: 10.1021/
pr050385q

Ivens, A. C., Peacock, C. S., Worthey, E. A., Murphy, L., Aggarwal, G., Berriman,
M,, et al. (2005). The genome of the kinetoplastid parasite, leishmania major. Sci.
(80-. ). 309 (5733), 436-442. doi: 10.1126/science.1112680

frontiersin.org


https://doi.org/10.1111/pim.12056
https://doi.org/10.1016/j.celrep.2015.09.058
https://doi.org/10.1017/s0031182000078458
https://doi.org/10.1017/S0031182000074102
https://doi.org/10.1006/expr.1993.1050
https://doi.org/10.1006/expr.2001.4677
https://doi.org/10.1016/j.bbapap.2012.07.010
https://doi.org/10.1016/j.leukres.2017.09.014
https://doi.org/10.1128/IAI.67.9.4477-4484.1999
https://doi.org/10.1016/0169-4758(95)80054-9
https://doi.org/10.1016/S0140-6736(18)31204-2
https://doi.org/10.4049/jimmunol.171.7.3711
https://doi.org/10.4049/jimmunol.171.7.3711
https://doi.org/10.4049/jimmunol.173.5.3297
https://doi.org/10.4049/jimmunol.173.5.3297
https://doi.org/10.1371/journal.ppat.1005658
https://doi.org/10.1016/0166-6851(88)90023-0
https://doi.org/10.1016/S0021-9258(18)83260-4
https://doi.org/10.1016/S0021-9258(18)83260-4
https://doi.org/10.1016/j.celrep.2017.05.001
https://doi.org/10.1371/journal.ppat.1001148
https://doi.org/10.1016/0166-6851(82)90021-4
https://doi.org/10.1016/0166-6851(82)90021-4
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1017/S0031182099004357
https://doi.org/10.1016/j.ijpara.2003.10.011
https://doi.org/10.1016/j.ijpara.2003.10.011
https://doi.org/10.1128/IAI.71.6.3190-3195.2003
https://doi.org/10.1074/mcp.RA118.001307
https://doi.org/10.1371/journal.ppat.1005296
https://doi.org/10.1371/journal.pntd.0006090
https://doi.org/10.1371/journal.pntd.0006090
https://doi.org/10.1111/j.1365-2958.2010.07214.x
https://doi.org/10.1111/j.1550-7408.1989.tb01086.x
https://doi.org/10.1111/j.1550-7408.1989.tb01086.x
https://doi.org/10.1016/j.molbiopara.2010.08.008
https://doi.org/10.1371/journal.ppat.1005186
https://doi.org/10.1111/j.1365-2958.2012.08183.x
https://doi.org/10.1074/jbc.M805861200
https://doi.org/10.1016/0014-4894(82)90049-2
https://doi.org/10.1016/j.molbiopara.2005.12.009
https://doi.org/10.1021/pr050385q
https://doi.org/10.1021/pr050385q
https://doi.org/10.1126/science.1112680
https://doi.org/10.3389/fcimb.2022.1022448
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Pacakova et al.

Karamysheva, Z. N., Gutierrez Guarnizo, S. A., and Karamyshev, A. L. (2020).
Regulation of translation in the protozoan parasite leishmania. Int. J. Mol. Sci. 21
(8), 2981. doi: 10.3390/ijms21082981

Kulak, N. A, Geyer, P. E., and Mann, M. (2017). Loss-less nano-fractionator for
high sensitivity, high coverage proteomics. Mol. Cell Proteomics. 16 (4), 694-705.
doi: 10.1074/mcp.0116.065136

Kulkarni, M. M., McMaster, W. R., Kamysz, E., Kamysz, W., Engman, D. M.,
and McGwire, B. S. (2006). The major surface-metalloprotease of the parasitic
protozoan, leishmania, protects against antimicrobial peptide-induced apoptotic
killing. Mol. Microbiol 62 (5), 1484-97. doi: 10.1111/§.1365-2958.2006.05459.x

Lahav, T., Sivam, D., Volpin, H., Ronen, M., Tsigankov, P., Green, A., et al.
(2011). Multiple levels of gene regulation mediate differentiation of the intracellular
pathogen leishmania. FASEB J. 25 (2), 515-525. doi: 10.1096/fj.10-157529

Lasse, C., Azevedo, C. S, de Aratjo, C. N., Motta, F. N., Andrade, M. A., Rocha,
A. P, et al. (2020). Prolyl oligopeptidase from leishmania infantum: Biochemical
characterization and involvement in macrophage infection. Front. Microbiol. 11, 1-
12. doi: 10.3389/fmicb.2020.01060

Leprohon, P., Legare, D., Girard, L., Papadopoulou, B., and Ouellette, M. (2006).
Modulation of leishmania ABC protein gene expression through life stages and
among drug-resistant parasites. Eukaryot. Cell. 5 (10), 1713-1725. doi: 10.1128/
EC.00152-06

Loeuillet, C., Bafuls, A.-L., and Hide, M. (2016). Study of leishmania
pathogenesis in mice: experimental considerations. Parasit. Vectors. 9 (1), 1-12.
doi: 10.1186/513071-016-1413-9

Lynn, M. A,, Marr, A. K., and McMaster, W. R. (2013). Differential quantitative
proteomic profiling of leishmania infantum and leishmania mexicana density
gradient separated membranous fractions. J. Proteomics. 82, 179-192. doi:
10.1016/j.jprot.2013.02.010

Maroli, M., Feliciangeli, M. D., Bichaud, L., Charrel, R. N., and Gradoni, L.
(2013). Phlebotomine sandflies and the spreading of leishmaniases and other
diseases of public health concern. Med. Vet. Entomol. 27 (2), 123-147. doi: 10.1111/
j.1365-2915.2012.01034.x

Masuda, T., Tomita, M., and Ishihama, Y. (2008). Phase transfer surfactant-
aided trypsin digestion for membrane proteome analysis. J. Proteome Res. 7 (2),
731-740. doi: 10.1021/pr700658q

Maxfield, L., and Crane, J. S. (2019). Leishmaniasis. treasure island (FL)
(Treasure island, FL: Stat Pearls Publishing).

McAlister, G. C., Nusinow, D. P., Jedrychowski, M. P., Whr, M., Huttlin, E. L.,
Erickson, B. K., et al. (2014). MultiNotch MS3 enables accurate, sensitive, and
multiplexed detection of differential expression across cancer cell line proteomes.
Anal. Chem. 86 (14), 7150-7158. doi: 10.1021/ac502040v

McConville, M. J., Saunders, E. C., Kloehn, J., and Dagley, M. J. (2015).
Leishmania carbon metabolism in the macrophage phagolysosome-feast or
famine? FI000Research. 4 (F1000 Faculty Rev), 1-11. doi: 10.12688/
f1000research.6724.1

McGwire, B. S., Chang, K. P., and Engman, D. M. (2003). Migration through the
extracellular matrix by the parasitic protozoan leishmania is enhanced by surface
metalloprotease gp63. Infect. Immun 71(2), 1008-10. doi: 10.1128/IAL71.2.1008-
1010.2003

Medina-Acosta, E., Karess, R. E.,, Schwartz, H., and Russell, D. G. (1989). The
promastigote surface protease (gp63) of leishmania is expressed but differentially
processed and localized in the amastigote stage. Mol. Biochem. Parasitol. 37 (2),
263-273. doi: 10.1016/0166-6851(89)90158-8

Mottram, J. C., and Coombs, G. H. (1985). Leishmania mexicana: enzyme
activities of amastigotes and promastigotes and their inhibition by antimonials and
arsenicals. Exp. Parasitol. 59 (2), 151-160. doi: 10.1016/0014-4894(85)90067-0

Mottram, J. C., Robertson, C. D., Coombs, G. H., and Barry, J. D. (1992). A
developmentally regulated cysteine proteinase gene of leishmania mexicana. Mol.
Microbiol. 6 (14), 1925-1932. doi: 10.1111/j.1365-2958.1992.tb01365.x

Murray, A. S, Lynn, M. A,, and McMaster, W. R. (2010). The leishmania
mexicana A600 genes are functionally required for amastigote replication. Mol.
Biochem. Parasitol. 172 (2), 80-89. doi: 10.1016/j.molbiopara.2010.03.008

Naderer, T., Ellis, M. A., Sernee, M. F., De Souza, D. P., Curtis, ]., Handman, E.,
et al. (2006). Virulence of leishmania major in macrophages and mice requires the
gluconeogenic enzyme fructose-1, 6-bisphosphatase. Proc. Natl. Acad. Sci. 103 (14),
5502-5507. doi: 10.1073/pnas.0509196103

Naderer, T., and McConville, M. J. (2008). The leishmania-macrophage
interaction: a metabolic perspective. Cell Microbiol. 10 (2), 301-308. doi:
10.1111/j.1462-5822.2007.01096.x

Nandan, D., Yi, T., Lopez, M., Lai, C., and Reiner, N. E. (2002). Leishmania EF-1
$ou$ activates the src homology 2 domain containing tyrosine phosphatase SHP-1
leading to macrophage deactivation. J. Biol. Chem. 277 (51), 50190-50197.
doi: 10.1074/jbc.M209210200

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.1022448

Nugent, P. G., Karsani, S. A., Wait, R, Tempero, J., and Smith, D. F. (2004).
Proteomic analysis of leishmania mexicana differentiation. Mol. Biochem. Parasitol.
136 (1), 51-62. doi: 10.1016/j.molbiopara.2004.02.009

Opperdoes, F. R., and Coombs, G. H. (2007). Metabolism of leishmania: proven
and predicted. Trends Parasitol. 23 (4), 149-158. doi: 10.1016/j.pt.2007.02.004

Paape, D., Barrios-Llerena, M. E,, Le Bihan, T., Mackay, L., and Aebischer, T. (2010).
Erratum to gel free analysis of the proteome of intracellular leishmania mexicana. Mol.
Biochem. Parasitol. 169, 108-114. doi: 10.1016/j.molbiopara.2009.10.009

Paape, D., Lippuner, C., Schmid, M., Ackermann, R., Barrios-Llerena, M. E.,
Zimny-Arndt, U, et al. (2008). Transgenic, fluorescent leishmania mexicana allow
direct analysis of the proteome of intracellular amastigotes. Mol. Cell Proteomics. 7
(9), 1688-1701. doi: 10.1074/mcp.M700343-MCP200

Pan, A. A, Duboise, S. M., Eperon, S., Rivas, L., Hodgkinson, V., Traub-Cseko,
Y., et al. (1993). Developmental life cycle of leishmania-cultivation and
characterization of cultured extracellular amastigotes 1. J. Eukaryot. Microbiol.
40 (2), 213-223. doi: 10.1111/j.1550-7408.1993.tb04906.x

Pang, Z., Zhou, G., Ewald, J., Chang, L., Hacariz, O., Basu, N, et al. (2022). Using
MetaboAnalyst 5.0 for LC-HRMS spectra processing, multi-omics integration and
covariate adjustment of global metabolomics data. Nat. Protoc. 17 (8), 1735-1761.
doi: 10.1038/5s41596-022-00710-w

Pan, A. A, and Pan, S. C. (1986). Leishmania mexicana: comparative fine
structure of amastigotes and promastigotes in vitro and in vivo. Exp. Parasitol. 62
(2), 254-265. doi: 10.1016/0014-4894(86)90030-5

Peacock, C. S., Seeger, K., Harris, D., Murphy, L., Ruiz, J. C., Quail, M. A,, et al.
(2007). Comparative genomic analysis of three leishmania species that cause
diverse human disease. Nat. Genet. 39 (7), 839-847. doi: 10.1038/ng2053

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana, S.,
Kundu, D. J., et al. (2019). The PRIDE database and related tools and resources in
2019: Improving support for quantification data. Nucleic Acids Res. 47 (D1), D442—
D450. doi: 10.1093/nar/gky1106

Pescher, P., Blisnick, T., Bastin, P., and Spith, G. F. (2011). Quantitative
proteome profiling informs on phenotypic traits that adapt leishmania donovani
for axenic and intracellular proliferation. Cell Microbiol. 13 (7), 978-991. doi:
10.1111/§.1462-5822.2011.01593.x

Piel, L., Rajan, K. S., Bussotti, G., Varet, H., Legendre, R., Proux, C,, et al. (2022).
Experimental evolution links posttranscriptional regulation to leishmania fitness
gain. PloS Pathog. 18 (3), 1-33. doi: 10.1371/journal.ppat.1010375

Pral, E. M. F,, BIJOvSKY, A. T., Balanco, J. M. F., and Alfieri, S. C. (1993).
Leishmania mexicana: Proteinase activities and megasomes in axenically cultivated
amastigote-like forms. Exp. Parasitol. 77 (1), 62-73. doi: 10.1006/expr.1993.1061

Pruzinova, K., Sadlova, J., Myskova, J., Lestinova, T., Janda, J., and Volf, P.
(2018). Leishmania mortality in sand fly blood meal is not species-specific and does
not result from direct effect of proteinases. Parasit. Vectors. 11 (1), 1-9. doi:
10.1186/s13071-018-2613-2

Rodriguez-Contreras, D., and Hamilton, N. (2014). Gluconeogenesis in
leishmania mexicana: contribution of glycerol kinase, phosphoenolpyruvate
carboxykinase, and pyruvate phosphate dikinase. J. Biol. Chem. 289 (47), 32989—
33000. doi: 10.1074/jbc.M114.569434

Rodriguez-Contreras, D., and Landfear, S. M. (2006). Metabolic changes in
glucose transporter-deficient leishmania mexicana and parasite virulence. J. Biol.
Chem. 281 (29), 20068-20076. doi: 10.1074/jbc.M603265200

Rogers, M. B, Hilley, J. D., Dickens, N. J., Wilkes, J., Bates, P. A., Depledge, D. P.,
et al. (2011). Chromosome and gene copy number variation allow major structural
change between species and strains of leishmania. Genome Res. 21 (12), 2129-2142.
doi: 10.1101/gr.122945.111

Rosenzweig, D., Smith, D., Opperdoes, F., Stern, S., Olafson, R. W., and
Zilberstein, D. (2008). Retooling leishmania metabolism: from sand fly gut to
human macrophage. FASEB J. 22 (2), 590-602. doi: 10.1096/fj.07-9254com

Ruiz-Postigo, J. A., and Grout, L. J. S. (2020). Global leishmaniasis surveillance
2017 - 2018, and first report on 5 additional indicators (Geneva: WHO), 265-280.
Available at: https://www.who.int/wer/2020/wer9525/en/.

Russell, D. G., and Wilhelm, H. (1986). The involvement of the major surface
glycoprotein (gp63) of leishmania promastigotes in attachment to macrophages. J.
Immunol. 136 (7), 2613-2620.

Sadlova, J., Myskova, J., Lestinova, T., Votypka, J., Yeo, M., and Volf, P. (2017).
Leishmania donovani development in phlebotomus argentipes: comparison of
promastigote-and amastigote-initiated infections. Parasitology. 144 (4), 403-410.
doi: 10.1017/S0031182016002067

Saunders, E. C., Ng, W. W,, Chambers, J. M., Ng, M., Naderer, T., Kroémer, J. O.,
et al. (2011). Isotopomer profiling of leishmania mexicana promastigotes reveals
important roles for succinate fermentation and aspartate uptake in tricarboxylic
acid cycle (TCA) anaplerosis, glutamate synthesis, and growth. J. Biol. Chem. 286
(31), 27706-27717. doi: 10.1074/jbc.M110.213553

frontiersin.org


https://doi.org/10.3390/ijms21082981
https://doi.org/10.1074/mcp.O116.065136
https://doi.org/10.1111/j.1365-2958.2006.05459.x
https://doi.org/10.1096/fj.10-157529
https://doi.org/10.3389/fmicb.2020.01060
https://doi.org/10.1128/EC.00152-06
https://doi.org/10.1128/EC.00152-06
https://doi.org/10.1186/s13071-016-1413-9
https://doi.org/10.1016/j.jprot.2013.02.010
https://doi.org/10.1111/j.1365-2915.2012.01034.x
https://doi.org/10.1111/j.1365-2915.2012.01034.x
https://doi.org/10.1021/pr700658q
https://doi.org/10.1021/ac502040v
https://doi.org/10.12688/f1000research.6724.1
https://doi.org/10.12688/f1000research.6724.1
https://doi.org/10.1128/IAI.71.2.1008-1010.2003
https://doi.org/10.1128/IAI.71.2.1008-1010.2003
https://doi.org/10.1016/0166-6851(89)90158-8
https://doi.org/10.1016/0014-4894(85)90067-0
https://doi.org/10.1111/j.1365-2958.1992.tb01365.x
https://doi.org/10.1016/j.molbiopara.2010.03.008
https://doi.org/10.1073/pnas.0509196103
https://doi.org/10.1111/j.1462-5822.2007.01096.x
https://doi.org/10.1074/jbc.M209210200
https://doi.org/10.1016/j.molbiopara.2004.02.009
https://doi.org/10.1016/j.pt.2007.02.004
https://doi.org/10.1016/j.molbiopara.2009.10.009
https://doi.org/10.1074/mcp.M700343-MCP200
https://doi.org/10.1111/j.1550-7408.1993.tb04906.x
https://doi.org/10.1038/s41596-022-00710-w
https://doi.org/10.1016/0014-4894(86)90030-5
https://doi.org/10.1038/ng2053
https://doi.org/10.1093/nar/gky1106
https://doi.org/10.1111/j.1462-5822.2011.01593.x
https://doi.org/10.1371/journal.ppat.1010375
https://doi.org/10.1006/expr.1993.1061
https://doi.org/10.1186/s13071-018-2613-2
https://doi.org/10.1074/jbc.M114.569434
https://doi.org/10.1074/jbc.M603265200
https://doi.org/10.1101/gr.122945.111
https://doi.org/10.1096/fj.07-9254com
https://www.who.int/wer/2020/wer9525/en/
https://doi.org/10.1017/S0031182016002067
https://doi.org/10.1074/jbc.M110.213553
https://doi.org/10.3389/fcimb.2022.1022448
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Pacakova et al.

Saunders, E. C., Ng, W. W, Kloehn, J., Chambers, J. M., Ng, M., and McConville,
M. J. (2014). Induction of a stringent metabolic response in intracellular stages of
leishmania mexicana leads to increased dependence on mitochondrial metabolism.
PloS Pathog. 10 (1), €1003888. doi: 10.1371/journal.ppat.1003888

Seay, M. B,, Heard, P. L., and Chaudhuri, G. (1996). Surface zn-proteinase as a
molecule for defense of leishmania mexicana amazonensis promastigotes against
cytolysis inside macrophage phagolysosomes. Infect. Immun. 64 (12), 5129-5137.
doi: 10.1128/iai.64.12.5129-5137.1996

Silverman, J. M., Clos, J., de’Oliveira, C. C., Shirvani, O., Fang, Y., Wang, C,, et al.
(2010). An exosome-based secretion pathway is responsible for protein export from
leishmania and communication with macrophages. J. Cell Sci. 123 (6), 842-852.
doi: 10.1242/jcs.056465

Siqueira-Neto, J. L., Debnath, A., McCall, L.-I., Bernatchez, J. A., Ndao, M., Reed,
S. L, et al. (2018). Cysteine proteases in protozoan parasites. PloS Negl. Trop. Dis.
12 (8), €0006512. doi: 10.1371/journal.pntd.0006512

Souza, A. E., Waugh, S., Coombs, G. H., and Mottram, J. C. (1992).
Characterization of a multi-copy gene for a major stage-specific cysteine
proteinase of leishmania mexicana. FEBS Lett. 311 (2), 124-127. doi: 10.1016/
0014-5793(92)81382-V

Frontiers in Cellular and Infection Microbiology

18

10.3389/fcimb.2022.1022448

Steverding, D. (2017). The history of leishmaniasis. Parasit Vectors 10 (82), 1-
10. doi: 10.1186/s13071-017-2028-5

Sundar, S., and Singh, B. (2018). Emerging therapeutic targets for treatment of
leishmaniasis. Expert Opin. Ther. Targets 22 (6), 467-486. doi: 10.1080/
14728222.2018.1472241

Thompson, A., Schfer, J., Kuhn, K., Kienle, S., Schwarz, J., Schmidt, G., et al. (2003).
Tandem mass tags: a novel quantification strategy for comparative analysis of complex
protein mixtures by MS/MS. Anal. Chem. 75 (8), 1895-1904. doi: 10.1021/ac0262560

Ueda-Nakamura, T., Attias, M., and de Souza, W. (2007). Comparative analysis
of megasomes in members of the leishmania mexicana complex. Res. Microbiol.
158 (5), 456-462. doi: 10.1016/j.resmic.2007.03.003

Walker, J., Vasquez, J.-J., Gomez, M. A., Drummelsmith, J., Burchmore, R., Girard, I,
et al. (2006). Identification of developmentally-regulated proteins in leishmania
panamensis by proteome profiling of promastigotes and axenic amastigotes. Mol.
Biochem. Parasitol. 147 (1), 64-73. doi: 10.1016/j.molbiopara.2006.01.008

Williams, R. A., Tetley, L., Mottram, J. C., and Coombs, G. H. (2006). Cysteine
peptidases CPA and CPB are vital for autophagy and differentiation in leishmania
mexicana. Mol. Microbiol. 61 (3), 655-674. doi: 10.1111/j.1365-2958.2006.05274.x

frontiersin.org


https://doi.org/10.1371/journal.ppat.1003888
https://doi.org/10.1128/iai.64.12.5129-5137.1996
https://doi.org/10.1242/jcs.056465
https://doi.org/10.1371/journal.pntd.0006512
https://doi.org/10.1016/0014-5793(92)81382-V
https://doi.org/10.1016/0014-5793(92)81382-V
https://doi.org/10.1186/s13071-017-2028-5
https://doi.org/10.1080/14728222.2018.1472241
https://doi.org/10.1080/14728222.2018.1472241
https://doi.org/10.1021/ac0262560
https://doi.org/10.1016/j.resmic.2007.03.003
https://doi.org/10.1016/j.molbiopara.2006.01.008
https://doi.org/10.1111/j.1365-2958.2006.05274.x
https://doi.org/10.3389/fcimb.2022.1022448
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Three types of Leishmania mexicana amastigotes: Proteome comparison by quantitative proteomic analysis
	Introduction
	Materials and methods
	Ethics statement
	Leishmania cell culture and amastigotes
	Proteomic analysis

	Results
	Isobaric tag proteomic analysis
	Basic functional groups of proteins
	Virulence factors
	Glycolysis
	Lipid metabolism
	Oxidative phosphorylation
	Amino acid metabolism
	Oxidative stress response
	Molecular motors, vesicular transport and cytoskeleton
	Transmembrane transport

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References



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

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


