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ABSTRACT: Recent efforts in the study of vector-borne parasitic diseases (VBPDs) have emphasized an increased consideration
for preventing drug resistance and promoting the environmental safety of drugs, from the beginning of the drug discovery pipeline.
The intensive use of the few available antileishmanial drugs has led to the spreading of hyper-resistant Leishmania infantum strains,
resulting in a chronic burden of the disease. In the present work, we have investigated the biochemical mechanisms of resistance to
antimonials, paromomycin, and miltefosine in three drug-resistant parasitic strains from human clinical isolates, using a whole-cell
mass spectrometry proteomics approach. We identified 14 differentially expressed proteins that were validated with their transcripts.
Next, we employed functional association networks to identify parasite-specific proteins as potential targets for novel drug discovery
studies. We used SeqAPASS analysis to predict susceptibility based on the evolutionary conservation of protein drug targets across
species. MATH-domain-containing protein, adenosine triphosphate (ATP)-binding cassette B2, histone H4, calpain-like cysteine
peptidase, and trypanothione reductase emerged as top candidates. Overall, this work identifies new biological targets for designing
drugs to prevent the development of Leishmania drug resistance, while aligning with One Health principles that emphasize the
interconnected health of people, animals, and ecosystems.
KEYWORDS: ecotoxicology, Leishmania infantum, drug resistance, one health, proteomics, mass spectrometry

Leishmaniasis is a prevalent vector-borne parasitic disease
(VBPD) and represents the second most widespread

category of neglected tropical diseases (NTDs).1,2 These
diseases, sustained by parasites of the Leishmania genus
(Trypanosomatidae family), necessitate two hosts to complete
their life cycle: a vertebrate host (mammals) acting as a disease
reservoir and an invertebrate host (sand flies) serving as the
vector.3 The nonflagellated promastigote form of the parasite
infects the immune cells of vertebrates.4 Following the
establishment of a parasitic guest−host crosstalk with infected
macrophages or monocytes, the promastigote transforms into
an amastigote, multiplies, and ultimately causes cell lysis and
systemic infection.5 Therapeutic options vary depending on

the Leishmania strain and endemic region, and include
liposomal amphotericin B (Visceral Leishmaniases, VL),
miltefosine (VL and cutaneous infection), and drug combina-
tions like paromomycin administered with antimonials
(African Leishmania strains).6,7 The mechanisms of action of
these drugs remain poorly understood and are believed to
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target a pool of proteins, rather than individual hits.8

Antimonials, for instance, act by binding to thiol groups of
mitochondrial proteins and inhibiting the formation of
adenosine triphosphate (ATP) molecules and their precur-
sors.9,10 Paromomycin inhibits parasite metabolism and
mitochondrial respiration,10,11 while miltefosine, by mimicking
membrane phosphocholine, weakens the integrity of the cell
and mitochondrial membrane and causes parasite osmotic
lysis.12,13

The unsupervised, excessive use of a limited array of
available drugs has led to the selection of specific hyper-
resistant strains, resulting in the rapid onset of drug
resistance.14 Moreover, the drugs themselves or their
metabolites can disperse into the environment, which
contributes to this issue.15,16 These instances collectively lead
to the limited therapeutic success of currently marketed
drugs.17,18 Investigating the mechanism of action through
modulation of the genome and proteome of parasites makes
the omics field a suitable platform to investigate drug
resistance.18

To date, only a few genes and proteins have been validated
as contributing to Leishmania drug resistance, including ABC
membrane transporter proteins, which mediate drug influx and
efflux across the plasma membrane. Overexpression of the
MRPA gene may be associated with intracellular thiol
accumulation in the antimony resistance phenotype, along
with trypanothione reductase.19 These proteins belong to the
ATPases family and are the primary contributors to Sb(III),
Sb(V), and paromomycin resistance, due to the sequestration
of metal−thiol adducts into vesicular membranes.20,21 Other
active transporters, like aquaporins (AQP), have been
associated with a reduced cytosolic concentration of chemo-
therapeutics.22 Another resistance mechanism involves the up-
regulation of cytosolic oxidoreductases from the trypanothione
synthesis pathways (e.g., tryparedoxin peroxidase and perox-
yredoxin), inducing metal ion chelation through free reduced
thiols.23 Additionally, it has been demonstrated that chronic
parasite exposure to metals like arsenic, often found in low, but
biologically meaningful, levels in aquatic and terrestrial
matrices (10−100 ppb), can induce cross-resistance to
antimony, as they belong to the same chemical group.24 The
close relationship between the environment and the spread of
drug resistance highlights the need for implementing a One
Health approach.25 Such an approach acknowledges the
interdependence between healthy people, healthy animals,
and healthy environments,26 and is increasingly recognized as a
critical strategy toward more sustainable drug development.27

Until now, most studies on parasite resistance mechanisms
have focused on promastigotes, but characterizing the
amastigote proteome within actual immune cells would more
directly reveal the guest−host crosstalk.21 To overcome and
prevent drug-resistance development, a preventive strategy
known as guest−host-directed therapy has been imple-
mented.28 Examples of this approach include various natural
compounds with immunomodulating activity that upregulate
nitric oxide synthesis and IL-12 expression while down-
regulating IL-10 in macrophages infected with Leishmania
spp.29 In addition, the use of specific PI3K inhibitors halts the
reorganization of the actin cytoskeleton induced by parasite
infection, thereby reducing the occurrence of resistance in
murine models.30 In these instances, understanding the
biochemistry of resistance mechanisms has supported ther-
apeutic design strategies in which certain up-regulated proteins

involved in drug-resistance mechanisms are targeted and
down-regulated to prevent resistance development. Balancing
the development of new therapeutics with reduced drug
resistance susceptibility and decreased environmental im-
pacts,31 requires the implementation of the principles of
sustainable molecular design. This approach will guide the
design of pharmaceuticals and other substances with desired
functional characteristics while lowering environmental side
effects.32,33

Over the past decade, the availability of genetic information
across a wide array of species and the development and
application of in silico (computational) tools have grown
substantially. These advancements help increase our under-
standing of cross-species susceptibility to chemical exposure
and support the extrapolation of molecular initiation events
linked to adverse outcomes from environmental contami-
nants.33 Furthermore, these tools can help with identifying
alternative, less hazardous chemicals that could substitute
existing products and/or designing de novo chemicals that are
less hazardous. This approach aligns with key principles of
green chemistry and aims to reduce the environmental impacts
of chemicals.32−36

In a prior study, we identified a set of differentially expressed
proteins (DEPs) in THP-1 macrophages that were altered by
drug-resistant L. infantum parasites.37 These strains originated
from human clinical isolates taken from HIV-immunocompro-
mised patients, resulting in disease recrudescence due to drug
resistance against antimony, paromomycin, and miltefosine.38

Using a mass spectrometry (MS) bottom-up proteomic
approach, we mapped the primary biochemical networks
involved in drug resistance. Transferrin receptor C (TFRC)
and nucleoside diphosphate kinase 3 (NDK3) were notably
overexpressed in miltefosine and paromomycin samples,
respectively.37 These findings were confirmed using both
protein immunoblot and transcriptomics, thereby proposing
TFRC and NDK3 as drug targets for a dual guest−host
medicinal chemistry program.37 To apply the guest−host
approach, it is necessary to identify specific/overexpressed
proteins in the Leishmania parasite hosted by THP-1 human
cells. In the present study, using whole-cell proteomics MS
analysis, of various drug-resistant Leishmania infantum strains
upon in vitro infection of THP-1 cells, we identify DEPs and
highlight the metabolic pathways that are significantly up/
down-regulated compared to nonresistant strains. Then, we
compared L. infantum and their infected THP-1 to identify and
exclude proteins belonging to the same metabolic pathways.
This selection process enables the identification of proteins
uniquely present in the Leishmania parasites and the THP-1
host. We further examine the evolutionary conservation of
these putative protein targets across species to gauge the
potential environmental impacts of these new antiparasitic
agents. Specifically, we use SeqAPASS, an online FDA-
approved screening tool to examine protein sequence/
structural similarity among taxonomic groups and to identify
species with heightened sensitivity to specific chemicals.35,39

The liquid chromatography−mass spectrometry (LC−MS)/
MS characterization of new mechanisms of parasitic drug
resistance stands as a useful effort in disease control, paving the
way for the development of new target-based medicinal
chemistry programs.
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■ RESULTS AND DISCUSSION
Design of the Experiment. In a previous study, we

conducted a mass spectrometry (MS) proteomic analysis on
THP-1 cells infected with L. infantum parasites. The samples
were obtained from HIV-immunocompromised patients
affected by recrudescent visceral leishmaniasis (VL).40 These
samples are designated as Sb-RES (LEM3323, antimony
resistant), PAR-RES (LEM2126, paromomycin resistant),
and MIL-RES (LEM5159, miltefosine resistant) and were
obtained as clinical isolates. We have used the same biological
samples, in technical replicates for all the experiments, i.e., each
biological specimen was analyzed in MS proteomics (human
and L. infantum proteins detected) and in transcriptomics. The
MS proteomic analysis identified human proteins that were up-
or down-regulated in THP-1 cells due to the presence of drug-
resistant parasites. In the present work, the same MS method is
adopted to recognize proteins and pathways that are important
for L. infantum to survive within THP-1 cells and to resist
treatment with miltefosine, paromomycin, or antimonial
cytotoxicity.37 The differentially expressed proteins (DEPs)
in L. infantum strains were subsequently subjected to STRING
enrichment analysis to better understand the cellular metabolic
networks.41,42 The generation of enriched networks using
dedicated bioinformatic tools (Gene Ontologies and REAC-
TOME43,44) facilitated the identification of the most
significant pathways expected to be involved in the resistance
mechanisms. Subsequently, the pathways from both parasite
and human networks enrichment from THP-1 analysis were
compared to identify mutual (shared between human and
Leishmania cells) and nonmutual (i.e., biochemically inde-
pendent) pathways. In parallel, results from transcriptomics
analysis from the same samples were used to confirm the
differentially expressed proteins. Proteins whose biochemical
pathways do not overlap between human and parasite origin,
i.e., proteins belonging to nonmutual pathways, were
investigated for their presence in non-target organisms,
relevant from an ecotoxicological perspective, using the
SeqAPASS tool, level 1 and 2 analyses. The highest-scored
proteins serve as a starting point for investigating potential

pharmaceutical targets in a drug discovery program. The
SeqAPASS tool analysis was performed to verify whether the
proteins might have homologues in other organisms in the
environment because inhibiting them (off-targets) could
potentially lead to environmental hazards. The experimental
workflow is presented in Figure 1.
Label-Free Analysis of L. infantum Drug-Resistant

Strain Proteome. The L. infantum drug-resistant samples
were processed following LC−MS/MS, and the results were
analyzed using Mascot and Progenesis software for peptide
identification and quantification. The MS proteome lists from
each parasite drug-resistant strain were compared with those
obtained from the nonresistant strains. In total, 155 differ-
entially expressed proteins emerged from Sb-RES, 186 from
PAR-RES, and 166 from MIL-RES. A t-test was used to
discriminate DEPs (p < 0.05) as shown in the volcano plots in
Figure 2 and the heatmap in Figure 3a. Eight DEPs emerged
from sample Sb-RES, and six from samples PAR-RES and
MIL-RES, two of which were mutual between Sb-RES and
MIL-RES (malate dehydrogenase and ATP-binding cassette,
ABC protein, subfamily B), one between Sb-RES and PAR-
RES (MATH-domain-containing protein), and one mutual
and overexpressed among the three samples versus control
(peroxiredoxin), as in Figure 3b. The complete list of the DEPs
for each strain, including their UniProt and STRING accession
codes, their fold changes (FC)/p-values, and a brief
description of their functions are included in Tables S1−S3.
Mutual DEPs among Leishmania Drug-Resistant

Strains. The proteins identified as significantly differentially
up- or down-regulated in the comparison among at least two
different drug-resistant Leishmania strains are described below.
As shown in Figure 3a,b, peroxiredoxin is shared among all
three strains, while malate dehydrogenase, ATP-binding
cassette protein subfamily B member 2, and malate
dehydrogenase belong to Sb- and MIL-RES strains. The
MATH-domain-containing protein and peroxiredoxin are
shared between PAR- and MIL-RES. Specifically, peroxiredox-
in (UniProt gene: mTXNPx-tryparedoxin peroxidase, 226 aa.
Abbreviation: TXNPx) belongs to a family of highly conserved
enzymes found across the tree of life, from bacteria to humans,

Figure 1. Workflow of the process of sample analysis leading to the identification of selected proteins through an MS/ecotoxicology integrated
approach.
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including Leishmania parasites.45 These enzymes are charac-
terized by a redox-active cysteine (peroxidative cysteine),
which oxidizes to sulfenic acid.46 Hosts are known to
overexpress these enzymes to detoxify their cytoplasmatic
environment from reactive oxygen species, such as H2O2 and
alkyl hydroperoxides.47 In particular, the pair tryparedoxin/
tryparedoxin peroxidase uses the electrons from trypanothione
to reduce the hydrogen peroxide and alkyl hydroperoxide to
water and alcohol, respectively.48 Tryparedoxin peroxidases are
known to be overexpressed by Leishmania parasites infecting
macrophages to neutralize the host’s free radicals and succeed

in the infection.49 Interestingly, TXNPs have previously been
linked to drug resistance to antimony in L. braziliensis and L.
infantum lines, which exhibited increased tolerance to mild
hydrogen peroxide administration in vitro. Earlier studies
suggest that TXNPx overexpression may be attributed to more
stable mRNA stability induced by acquired resistance to
antimony.50,51 Additionally, the authors proposed that TXNPx
overexpression itself could be the cause of drug resistance by
directly sequestering SbIII along with the enzyme trypano-
thione S-transferase.47 These considerations suggest that L.
infantum cytosolic tryparedoxin peroxidase could be inves-

Figure 2. Volcano plots representing the DEPs identified from the analysis between Sb-RES parasites and nonresistant controls (a), PAR-RES
parasites and nonresistant controls (b), and MIL-RES parasites and nonresistant controls (c). On the X-axis, FC (fold change) is represented as the
log(2) of the ratios, and the Y-axis represents the −log(10) of the p-value. Red dots represent the up-regulated proteins (p-value <0.05, FC ≥ 1),
blue dots represent the down-regulated proteins (p-value < 0.05, FC ≤ −1), gray dots represent nondifferentially expressed proteins (either with a
p-value >0.05 and/or −1 < FC < 1). (d) Workflow employed for protein identification, quantification, and DEP obtainment.
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tigated as a potential candidate for drug targeting in SbIII-
sensitive lines. ATP-binding cassette (ABC) transporters
represent an important family of membrane proteins, primarily

located in the parasite plasma membrane and involved in
transporting phosphatidylcholine analogues to the lipid
layer.20,52 In our experiments, both Sb-RES and MIL-RES

Figure 3. (a) Heatmap representing the DEPs of the three strains of THP1 cells infected with L. infantum with their respective fold changes in a
color scale. Green indicates significantly down-regulated proteins, and red indicates up-regulated proteins. All the proteins with an FC < −1 and >1
and/or an associated p-value ≤0.05 were reported as not significant. (b) Venn’s diagram representing the mutual DEPs between the three resistant
strains.
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Figure 4. Functional and physical association networks of MIL-RES (a), PAR-RES (b), and Sb-RES (c). Different line colors represent the type of
interaction and association (thin, light gray lines represent confidence >0.400 and <0.700, medium size lines represent confidence >0.700 and
<0.900, and thick, darker lines represent confidence >0.900). Association parameters include i. experiments, ii. databases, iii. co-occurrence, and iv.
coexpression). Nodes are colored by GO Biological Process enriched proteins. For these networks, the DEPs do not show significant conserved
neighborhood (transferred by homology in other species) or significant coexpression (as gene place) with their predictive partners, but their
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samples exhibited overexpression of subfamily B, member 2 of
the ABC transporter, with FC values of 2.03 and 1.28,
respectively. The overexpression of ABCB2 (also referred to as
TAP1) was initially reported by Campos-Salinas et al.52 as one
of the ATP-binding cassettes conferring resistance to
miltefosine and other alkyl glycerophospholipids by reducing
their cytosolic bioaccumulation.53,54 The up-regulation of its
protein was confirmed through MS analysis.37 Additionally,
excessive metal uptake in Leishmania ssp induces multiple
ABCs overexpression and this confers resistance to anti-
monials.55,56 For this reason, a proposed strategy to mitigate
drug resistance to SbIII involves minimizing parasite thiol levels
in both the macrophage and the parasite through a dual guest−
host strategy.57

During DEP′s analysis, a few proteins were associated with
drug resistance (Table 1). Malate dehydrogenase (EC:1.1.1.37,
mMDH) showed significant downregulation in both Sb-RES
and MIL-RES. This mitochondrial constitutive enzyme
catalyzes the oxidation of malate to oxalacetate by reducing
NAD+ to NADH, and is a key enzyme of the tricarboxylic acid
cycle.58 The MATH domain is a shared motif between two
seemingly functionally unrelated proteins, TRAFs (TNF
receptor-associated factors) and meprins.59 TRAF6, the most
abundant TRAF isoform, positively regulates the inflamma-
some complex by recruiting the NLRP3 inflammasome in
macrophages. Upon NFkB (nuclear factor kappa-light-chain-
enhancer of activated B cells) and DAMPs (Damage-associated
molecular patterns) activation, the inflammasome complex is
formed, leading to the activation of caspase-1, release of IL-1β
and IL-18, and pyroptosis.60 Leishmania infection triggers the
activation of the NLRP3 inflammasome in macrophages,61

although recent studies involving Leishmania amazonensis and
Leishmania donovani, have demonstrated downregulation of
components of the inflammasome in infected macrophages.62

The role and downregulation of MATH-domain-containing
proteins in Leishmania-resistant lines remain to be clarified. A
brief description of the DEPs found in individual drug-resistant
strains is provided in Table 1.
Functional and Physical Protein Associations of the

L. infantum Strain in the Enrichment Analysis. After
identifying the DEPs in the Leishmania parasite to show the
interacting proteins and define the metabolic pathways, the
DEPs of Sb-RES, PAR-RES, and MIL-RES, were analyzed
with, STRINGprotein enrichment tool.42 This process
facilitates the identification of protein pathways, providing
insights into deeper interactions among proteins not identified
directly in the above-described MS experiment but potentially
important for understanding the functional metabolic roles of
the proteins. The identified pathways are reported for each
strain in Figure 4. Protein resulting from Sb-RES enrichment
process are biologically connected as a group, suggested by the
clustering coefficient of 0.636 (a measure of the degree to
which proteins cluster together) and a PPI (protein−protein
interaction) enrichment p-value of 0.0325 (threshold p < 0.05)
(Figure 4a). The network enrichment of the initial eight

parasitic DEPs (FDR 1 × 10−16, confidence level 0.400) for Sb-
RES identified 42 enriched significant GO-terms (p < 0.05)
across eight categories. For PAR-RES, the analysis of the four
DEPs resulted in 16 proteins (knots) with 66 connections
(edges). The clustering coefficient from the enrichment
analysis was 0.756, and the PPI enrichment p-value indicated
high significance (p < 1.0 × 10−16) (Figure 4b). For MIL-RES,
the analysis found 16 nodes and 56 edges (Figure 3c). The
overall outcome of this analysis suggests that paromomycin
and antimony resistances are characterized by an over-
representation of the tricarboxylic acid (TCA) energetic
metabolism, along with malate dehydrogenase enzyme activity.
On the other hand, miltefosine resistance lacks this up-
regulated pathways and is instead characterized by an over-
representation of parasite redox activity (Figure 4c). This
observation suggests that paromomycin and antimonials share
similar patterns associated with the parasite’s resistance
mechanisms, while miltefosine induces a stress-like response
in the cell.
Comparison between Differentially Expressed Pro-

teins and Genes (DEGs) in L. infantum Amastigotes. To
cross-validate the biological significance of the DEPs identified
in the proteomics experiments, the corresponding DEGs from
previously performed transcriptomics on the same biological
replicates were considered. Previously conducted transcrip-
tomics experiments investigated mRNA levels in THP-1
human cells infected with the same three drug-resistant L.
infantum strains considered in the current study.78 The authors
identified >50 significantly up- or down-regulated transcripts
per sample, that were compared with the present DEPs.
However, a match between proteins and associated transcripts
was not achieved, therefore our approach was focused on the
identification of shared pathways for both transcripts and
proteins using STRING and the corresponding GOs methods.
The following transcript clusters: transport, uptake, and efflux
across cellular membranes, energy and redox metabolism, and
detoxification were compared with all the GOs identified for
the proteins of the present study. The matching items (DEGs/
DEPs) for these clusters are reported in Table 2, and the GOs
entry lists for transcripts and proteins are in Tables S5 and S6.

Interestingly, the transcriptomics experiments successfully
identified genes coding for subfamily A and C of the ATP-
binding cassette, while our proteomics experiment identified
isoform B. Notably, both data sets revealed significant
overexpression of the ABC transporter for the MIL-RES
sample. Additionally, there was a distinct up-regulation in
amino acid biosynthetic processes, particularly supported by
the overexpression of Dimethylargininase (DEP) and
Arginosuccinate synthase (DEG). These two enzymes play
an important role in arginine metabolism and degradation, as
parasites encounter arginine deprivation during host infection,
which must be taken up by the monocytes.79,80 The up-
regulation of acetyl-coenzyme A synthetase (AMP forming) in
the proteome is corroborated by the overexpression of fatty-
acyl-CoA synthetase 2 (FAS-2). The former, also known as

Figure 4. continued

putative homologues are neighbors or coexpressed in other organisms. The main GOs (Molecular Functions) for Sb-RES are citrate synthase
activity (GO:0036440, TCA), and malate dehydrogenase (decarboxylating) (GO:0004473, TCA). The main GO′s (Molecular Functions) for
PAR-RES are citrate synthase activity (GO:0036440, TCA), and malate dehydrogenase (decarboxylating) (GO:0004473, TCA). The main GO′s
(Molecular Functions) for MIL-RES are peroxiredoxin activity (GO:0051920) and ribonucleoside-diphosphate reductase activity (GO:0004748).
The outcome and parameters of STRING-enriched networks are reported in Table S4.
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Acetate CoA ligase (EC 6.2.1.1) is the exclusive cellular source
of acetyl-CoA, while the latter (FAS-2) consumes an acetyl-
CoA and seven malonyl-CoA molecules to produce palmitoyl-
CoA, thus belonging to the same metabolic pathway
(biosynthesis of fatty acids).81 Lastly, the up-regulation of
tryparedoxin peroxidase (DEG in the PAR-RES line) aligns
with the overexpression of the trypanothione reductase protein
in the same strain. Exploiting cytosolic NADP(H), they
cooperatively reduce free oxygen radicals and hydroperoxides
to alcohols in a cascade of redox reactions.50 Trypanothione
reductase is strictly related to tryparedoxin peroxidase, since
the first reduces trypanothione used by the latter to neutralize
hydrogen peroxide molecules during Leishmania infection.91

This has already been related to a physiological oxidative stress
response of the parasite to maintain its homeostasis under the
administration of toxic xenobiotics and antiparasitic agents.
The identified DEPs emerged as belonging to the same
pathways discovered in the transcriptomic analysis. Therefore,
we proceeded with host-target protein analysis.
Host−Guest Crosstalk for Homo sapiens THP-1 and L.

infantum. With the aim to identify pathways specific to the
parasite and not shared with the human host, a bioinformatic
analysis was developed on the DEPs previously selected from
the MS analysis of the L. infantum samples (Table 1). The
biological pathways from the human host and from the
Leishmania parasite are compared by using GOs and
REACTOME methods. Those pathways belonging to both
systems are recognized and excluded from the final list of
host−guest crosstalk analyzed in the subsequent chapter for
the SeqAPASS study. Consequently, only pathways that are
quantitatively and selectively regulated in the THP-1 host and
L. infantum parasite are involved in the selective host−guest
crosstalk. The approach considers pathways rather than
individual proteins, providing a more global view of biological
interactions. For this, the 14 identified DEPs (Table 1) were
elaborated with the STRING tool, and five main metabolic
pathways from the REACTOME database were identified as
significant (p < 0.05). The pathways include glyoxylate and
dicarboxylate metabolism, carbon metabolism, citrate cycle
(TCA cycle), glutathione metabolism, and pyruvate metabo-
lism (p < 0.05). The results highlight a strong involvement of
cellular sugar/lipid metabolism and redox metabolism. The
nonenriched STRING network and its associated REAC-
TOME terms are presented in Figure S1. After network
enrichment, the cellular metabolism emerges as the main
pathway for L. infantum-resistant strains (Figure S2). The
corresponding GOs and their REACTOME pathways (p <
0.05) are detailed in Tables S7 and S8. The same process was
applied to the THP-1 DEPs (Figure S3, Tables S9 and S10).
The comparison between parasitic and THP-1 GO pathways
revealed the sharing of three mutual Biological Process (BP),
namely: Metabolic Processes (MP) (GO:0044237), Cellular
Metabolic Processes (CMP) (GO:0008152), and Cellular
Processes (CP) (GO:0009987) (Figure 5a). Similarly, the
comparison between L. infantum and THP-1 REACTOME
Pathways identified four mutual pathways: metabolism of
amino acid and derivatives (HSA-71291/MAP-71291), pyr-
uvate metabolism (HAS-00620/MAP-70268), cell metabolism
(MAP-1430728/HSA-1430728) and citric acid cycle (TCA
cycle) (MAP-71403/HSA-1428517) (Figure 5b). The final
proteins selection workflow for SeqAPASS analysis is reported
in Figure 5c. The complete pathway lists are detailed in Tables
S11 and S12.T

ab
le

2.
D
iff
er
en
tia

lly
Ex

pr
es
se
d
G
en
es

(D
EG

s,
fr
om

T
ra
ns
cr
ip
to
m
ic
s)

an
d
Pr
ot
ei
ns

(D
EP

s,
fr
om

Pr
ot
eo
m
ic
s)
,w

hi
ch

Sh
ar
e
th
e
Sa
m
e
Fu

nc
tio

na
lP

at
hw

ay

D
EG

s
D
EP

s
ST

RA
IN

G
O
s

AT
P-
bi
nd

in
g
ca
ss
et
te

pr
ot
ei
n

su
bf
am

ily
B,

m
em

be
r
2,

pu
ta
tiv

e
Sb

-R
ES

tr
an

sp
or
t,
up

ta
ke
,e

ffl
ux

ac
ro
ss

ce
llu

la
r
m
em

br
an

es
(G

O
:0
09

06
62

,G
O
:0
09

04
84

,G
O
:0
04

31
91

)
M
IL
-R

ES
AT

P-
bi
nd

in
g
ca
ss
et
te

pr
ot
ei
n

su
bf
am

ily
C
,m

em
be

r
1,

pu
ta
tiv

e
M
IL
-R

ES

AT
P-
bi
nd

in
g
ca
ss
et
te

pr
ot
ei
n

su
bf
am

ily
C
,m

em
be

r
2,

pu
ta
tiv

e
M
IL
-R

ES

ac
et
yl
-c
oe

nz
ym

e
A

sy
nt
he

ta
se

(A
M
P

fo
rm

in
g)

M
IL
-R

ES
en

er
gy

m
et
ab

ol
ism

an
d
bi
os
yn

th
et
ic

pr
oc

es
se
s

(G
O
:0
01

66
15

,G
O
:0
03

00
60

,G
O
:0
00

41
48

,G
O
:0
03

64
40

,G
O
:0
00

47
75

,G
O
:0
00

47
39

,G
O
:0
00

45
91

,G
O
:0
00

44
73

,G
O
:0
00

44
71

)
fa
tty

-a
cy
l-C

oA
sy
nt
he

ta
se

2
Sb

-R
ES

M
IL
-R

ES
di
m
et
hy

la
rg
in
in
as
e

M
IL
-R

ES
ar
gi
ni
no

su
cc
in
at
e
sy
nt
ha

se
M
IL
-R

ES
PA

R-
RE

S
tr
yp

an
ot
hi
on

e
re
du

ct
as
e

PA
R-

RE
S

re
do

x
m
et
ab

ol
ism

an
d
ce
ll
de

to
xi
fic

at
io
n

(G
O
:0
01

66
24

,G
O
:0
01

69
03

,G
O
:0
01

66
68

,G
O
:0
01

64
91

,G
O
:0
00

46
02

,G
O
:0
00

46
01

,G
O
:0
01

66
16

)
tr
yp

ar
ed

ox
in

pe
ro
xi
da

se
PA

R-
RE

S
di
pe

pt
id
yl

pe
pt
id
as
e
3

PA
R-

RE
S

m
et
al
lo
pe

pt
id
as
e,

cl
an

M
F,

fa
m
ily

M
17

Sb
-R

ES

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.4c00185
ACS Infect. Dis. 2024, 10, 3202−3221

3210

https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.4c00185/suppl_file/id4c00185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.4c00185/suppl_file/id4c00185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.4c00185/suppl_file/id4c00185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.4c00185/suppl_file/id4c00185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.4c00185/suppl_file/id4c00185_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.4c00185/suppl_file/id4c00185_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.4c00185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Then, a network enrichment of the nonmutual parasitic
DEPs from the initial MS analysis was performed (histone H4,
ATP-binding cassette protein subfamily B -member 2- putative,
calpain-like cysteine peptidase and trypanothione reductase)
after performing the exclusion process reported in Figure 5.
The STRING enrichment of the four selected DEPs (p < 1.0 ×
10−16) generated four independent clusters. The most
significant cluster contains proteins involved in transcription
and translation, generated around histone H4. A cluster
represents part of the folate metabolism and redox system; a
two-protein system covers part of the membrane transport
system, as shown in Figure 6.
SeqAPASS Analysis. To understand whether the identified

proteins can be considered for further drug discovery studies, it
is important to consider the evolutionary conservation of
targets across species and the implications for the protection of
biodiversity. In the current study, the seven proteins identified
by proteomic analysis were subjected to a level one SeqAPASS
analysis, which compared the total protein structure of each
query protein at a sequence level. Peroxiredoxin (A0A6L0XF-
C6_LEIIN) and malate dehydrogenase (A4I9I5_LEIIN) were
identified to have a large number of orthologs (1857 and 1065,
respectively) above a susceptibility threshold (34.49%, 25.85%;
Figure 7a,b, Table S14). This observation indicates that
protein targets are highly conserved across taxa, including
species in the Leishmania genus, which are intended to be
targeted by a designed compound in a drug discovery program,
along with species in diverse taxonomic classes such as Insecta,
Actinopteri, Aves, Mammalia, Reptilia, and Amphibia.
However, three target proteins�MATH-domain-containing

protein, A0A6L0XK78_LEIIN; ATP-binding cassette protein
subfamily B member 2, A0A6L0XH07_LEIIN; MATH-
domain-containing protein, A0A6L0XK78_LEIIN; and trypa-
nothione reductase, A0A6L0WLV7_LEIIN�only resulted in
1 ortholog. Additionally, two query proteins, histone H4,
A0A6L0WIT6_LEIIN, and calpain-like cysteine peptidase,
A0A6L0WUS2_LEIIN, resulted in two ortholog candidates.
It is important to note that Kinetoplastea was the only
taxonomic class with a predicted susceptibility for these five
candidate proteins (Figure 7c−g), highlighting a distinct level
of conservation or functional specificity of the new antiparasitic
agents against L. infantum.

Furthermore, calpain-like cysteine peptidase has no ortho-
logues outside of Kinetoplastea, indicating that it is an
excellent candidate for developing targeted pharmaceutical
interventions. While calpain is endogenous to humans, the
structure of this protein did not align with our query protein,
meaning it is structurally dissimilar and not expected to
interact with a drug targeting calpain-like cysteine peptidase in
L. infantum (Figure 7i). Given the specific conservation of
these five proteins in L. infantum, the current analysis implies a
crucial role or a unique function for these proteins in
Kinetoplastea (Figure 7c−g), but not other taxonomic classes.
This suggests that other species are not likely to be susceptible
to the new antiparasitic medicine because they have unique
structures and therefore can be potentially targeted by
compounds that are rationally designed to interact with the
protein. However, note that SeqAPASS is limited by current
data availability. The susceptibility cutoff for these query
proteins was 100% (fewer species) with three target protein

Figure 5. Comparison of the L. infantum and THP-1 pathways in GO/REACTOME. (a) Venn diagram representing the comparison between
parasitic and THP-1 GO pathways revealing the sharing of metabolic processes (MP) (GO:0044237), cellular metabolic processes (CMP)
(GO:0008152), and cellular processes (CP) (GO:0009987). (b) Venn diagram representing the comparison between L. infantum and THP-1
REACTOME pathways revealing the sharing of pyruvate metabolism (HAS-00620/MAP-70268), metabolism of amino acid and derivatives (HSA-
71291/MAP-71291), cell metabolism (MAP-1430728/HSA-1430728), and citric acid cycle (TCA cycle) (MAP-71403/HSA-1428517). (c) Flow
of the analysis leading to the Venn diagram (a) and (b) and final protein selection for the SeqAPASS analysis.
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sequences identified as putative (ATP-binding cassette protein
subfamily B member 2, NCBI: CAC9497987.1, MATH-
domain-containing protein, NCBI: CAC9511396.1, and
calpain-like cysteine peroxidase, NCBI: CAC9469271.1).
Depending on putative sequence information, for which
sequence information is hypothesized to be accurate, the
ability of SeqAPASS to accurately identify potential ortho-
logues via the initial BLASTp analysis may be restricted.
However, SeqAPASS analysis of calpain-like cysteine peptidase
from S. culicis, the most similar, nonhypothetical protein
sequence resulted in similar results, with a lower susceptibility
cutoff (66.34%, Figure 7h). The confirmation of results using
an established primary structure (S9UQJ9_9TRYP) strength-
ens the opportunity for targeting calpain-like cysteine
peptidase in L. infantum. Additionally, a level two SeqAPASS
analysis, which compares sequence information within a
specific domain rather than the total protein sequence,
revealed that there are no susceptible species outside of
Kinetoplastea for the Domain of Unknown Function found on
the calpain-like protein highlighted in this study (Figure S8).
Despite these limitations, knowledge of SeqAPASS could be
expanded as sequencing data is broadened to include
additional species. Moreover, the application of SeqAPASS
facilitates a comprehensive consideration of evolutionary

conservation targets across species, which is essential for
balancing novel drug development to mitigate potential
ecological impacts. Additionally, as sequence information for
nonmodel species becomes more available and accurate, the
capabilities of SeqAPASS will parallel these advancements. To
further our understanding of potential ecological risks,
additional information must be considered, including internal
disposition within and among species, which influences
delivery to target sites, as demonstrated by ivermectin, a
common antiparasitic drug that does not cross the blood−
brain barrier in mammals. Future studies are needed to
advance comparative pharmacokinetics across non-target
species of ecological importance.82

■ CONCLUSIONS
By exploiting an LC−MS/MS proteomics pipeline, we
identified 14 differentially expressed proteins (DEPs) from
three different drug-resistant L. infantum strains from clinical
isolates. Samples resistant to antimonials, paromomycin, and
miltefosine demonstrated a peculiar biochemical pattern
compared to nonresistant L. infantum samples. Peroxiredoxin
is the only significant protein overexpressed in all three strains,
while other proteins are up- or down-regulated in more than
one sample vs. control. These proteins or similar ones were

Figure 6. Enriched STRING Network of the four parasite DEPs. The red cluster represents the RNA and DNA mediated transcription cluster
(GO:0006351 p = 9.10 × 10−9 and GO:0006383 p = 0.011), the green cluster represents oxidoreductase activity (GO:0016624, p = 0.018), and the
blue cluster represents the ABC transporters (CL:8031, p = 0.0068). Network parameters: number of nodes: 24. number of edges: 51. average node
degree: 5.37. avg. local clustering coefficient: 0.744. expected number of edges: 18. PPI enrichment p-value: < 6.6 × 10−11.
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found during the RTqPCR transcriptomics experiments
performed previously, suggesting an important role in drug-
resistance mechanisms. Using bioinformatics tools such as
REACTOME, GO’s of the biological networks linked to these
proteins were identified. On these bases it is suggested that
resistance to the above-mentioned drugs may lead to an
imbalance of the Kreb’s cycle for antimony and paromomycin
resistance and of trypanothione redox metabolic pathway in
the case of miltefosine resistance. A further comparison

performed between the parasites’ transitory host proteome,
from H. sapiens THP-1 monocytes, and the parasite, allowed
the identification of the biological networks involved in a
crosstalk mechanism that on one side is exploited by the
parasite to root the infection, and on the other is induced onto
the host to endorse drug-resistance processes (e.g., the up-
regulation of the iron uptake machinery). Five relevant
proteins were identified including calpain-like cysteine
peptidase, trypanothione reductase, histone H4, MATH-

Figure 7. SeqAPASS Level 1 analysis demonstrating the similarity of orthologs for each respective protein in L. infantum (a−g) and Strigomonas
culicis (h). Parenthetical numbers indicate the number of individual species analyzed. Red horizontal lines indicate susceptibility cutoffs: (a)
34.49%, (b) 25.85%, (c) 100%, (d) 100%. (e) 100%, (f) 100%, (g) 100%, and (h) 66.34%. (* Putative Protein Sequence). (i) Amino acid
alignment of calpain-like cysteine peptidase orthologs from L. infantum (A0A6L0WUS2_LEIIN) and S. culicis (S9UQJ9_9TRYP). Text in red
indicates total alignment (strong conservation), whereas cyan indicates conservation between groups of strongly similar properties as below,
roughly equivalent to scoring >0.5 in the Gonnet PAM 250 matrix. The panel was generated using BioEdit Sequence Alignment Editor software.
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domain-containing protein, and the ATP-binding cassette B2.
From the perspective of integrating One Health principles into
the drug discovery pipeline considering the health of patients
alongside that of animals and the natural environment, the
differentially expressed proteins from L. infantum strains were
submitted to an ecotoxicological screening to predict their
species-specificity and guide the preliminary target identifica-
tion process by considering the homology level in a
comparative analysis with species of interest. The SeqAPASS
analysis has selected calpain-like cysteine peptidase, trypano-
thione reductase, histone H4, MATH-domain-containing
protein, and the ATP-binding cassette B2 as the best hits in
terms of sequence homology, ranking the calpain-like cysteine
peptidase as the best one, presenting <25% of homology with
other organisms. In higher organisms, the calpain-like cysteine
peptidase is a peptidase known also as a target for antiparasitic
drugs. It shows a high molecular weight and a catalytic
peptidase active site. In the Leishmania species studied in the
present work, the identified short-length calpain-like cysteine
peptidase protein does not show any enzymatic activity, no
catalytic site is present, and no crystal structure was solved.
The short-length calpain-like cysteine peptidase shares 47%
homology sequence, including the flagellum binding motif,
with the parasitic small myristoilated proteins (SMPs) from
Leishmania major. The SMP structure was solved using NMR
studies.83,84 The calpain-like peptidases are associated with
structural functions, mainly as flagellum and microtubule-

stabilizing agents with crucial roles in trypanosome morphol-
ogy transitions, as well as immunogenicity and macrophage
recognition66,85 Indeed, this protein family has been
considered for epitope-based vaccine design, against L. major
infection in vivo.86,87 By targeting the parasitic calpain-like
function and the host’s TFRC or NDK3 previously related to
the drug-resistance mechanism, it is expected to lower the drug
resistance development in the Leishmania strains. A repre-
sentation of the localization of the studied proteins within the
amastigote L. infantum infecting the THP-1 cells is shown in
Figure 8.

The guest−host therapeutic concept has recently been
consolidated for the treatment of different infectious diseases,
for instance hepatitis, ebolavirus, tuberculosis, and pneumonia.
New drug discovery programs based on X-ray crystals of the
investigated proteins, and knockout models of L. infantum
amastigotes to demonstrate first the importance of calpains in
the context of parasite survival should be developed.

■ MATERIALS AND METHODS
Experimental Design and Workflow. Based on the

premise that drug-resistance mechanisms involve complex
remodulation of genes and functional protein expressions, the
primary objective of this study is to identify the differentially
expressed proteins (DEPs) synthesized by three distinct
clinical isolates of Leishmania when undergoing phagocytosis
by THP-1 myelomonocytic cells in vitro. The investigated

Figure 8. Representation of L. infantum amastigote (pale brown) infecting a human THP-1 monocyte (green). The macrophage vacuole is darker
green, and the most significant proteins that emerged from this study for the proposed dual guest−host targeting strategy are represented. The
crystal structure of the 6 proteins are taken from the PDB. The protein represented in the cartoons are the DEPs from L. infantum (peroxiredoxin,
calpain-like protein, ATP-binding cassette domain, histone H4) and THP-1 monocytes (nucleoside diphosphate kinase 3, and transferrin receptor
C) and are the best MS proteins identified, not shared between the parasite and the human proteome. Referring to host protein targeting, the green
arrow indicates the inhibition of human NDK3 leading to a reduction in nucleotide synthesis in the amastigote; the green arrow indicates the
inhibition of the human transferrin receptor C (THP-1 cell membrane) leads to a reduction of bioavailable F2II levels. Both inhibition processes are
reported with the red “no entry” sign. The cartoon was generated with the BioRender Suite.
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strains are, respectively, Sb-RES (antimony resistant), PAR-
RES (paromomycin resistant), and MIL-RES (miltefosine
resistant). The nonresistant strain Hi-LJPC served as a
negative control. Results were obtained by ultra-high perform-
ance liquid chromatography-high-resolution mass spectrometry
(UHPLC-HRMS) analysis, coupled with metadata integration,
biochemical-based functional network enrichment, and other
bioinformatic tools. Then, a comparative analysis was
conducted between the identified DEPs and the differentially
expressed genes obtained from the same samples, as reported
by Garciá-Hernańdez et al., to corroborate the identification of
target proteins.87 The DEPs from the three parasitic strains
were further investigated and their associated GO′s and
REACTOME pathways were compared to the GOs and
REACTOME pathways from THP-1 hosts.37 This analysis
resulted in the identification of mutually shared and nonmutual
biochemical pathways. The proteins associated with the former
were then scrutinized from an ecotoxicological point of view,
while those in the latter category were studied for medicinal
chemistry purposes and putative new drug targets.
L. infantum Strain Description and Cell Preparation.

Human THP-1 myelomonocytic cells were grown at 37 °C and
5% CO 2 in RPMI-1640 medium supplemented with 10%
hiFBS, 2 mM glutamate, 100 U/mL penicillin, and 100 mg/
mL streptomycin, as described in Perea-Martińez et al.88

Briefly, THP-1 cells (30 × 106 cells in 175 cm 2 flasks)
underwent differentiation into macrophages through a 48 h
treatment with 20 ng/mL of PMA, followed by 24 h of
incubation in fresh medium. All L. infantum lines were
cultivated as described in Raquel Garciá-Hernańdez et al.
prior to the infection process.87 L. infantum stationary phase
promastigotes were incubated for 72 h in acid medium plus
10% heat-inactivated fetal bovine serum (hiFBS) at a
macrophage/parasite ratio of 1:10. Infected macrophages
were then incubated in RPMI-1640 medium plus 10% hiFBS
at 37 °C and 5% CO2 for 96 h. Thus, the infections of the
different L. infantum lines were very similar. To determine the
percentage of infection and the average of amastigotes by cell,
macrophages were infected with the L. infantum lines treated in
parallel under the same conditions as those employed for RNA
extraction and visualized by microscopy. The following L.
infantum lines were used for cell infections: i. Hi-L3323, an
antimony-resistant line isolated from an immunocompromised
patient with visceral leishmaniasis (VL), with a Resistance
Index (RI) vs Hi-LJPC line in amastigotes >1.6-fold; ii. Hi-
L2126, a paromomycin-resistant line isolated from another
immunocompromised patient with VL, with a RI vs Hi-LJPC
in amastigotes >3.9- fold; L. infantum Hi-L5159, a miltefosine
resistant, with a measured RI vs Hi-LJPC in amastigotes higher
than 13.7-fold. The Hi-LJPC nonresistant line served as the
negative control. The drug resistance phenotype of the L.
infantum lines was maintained throughout the time they were
in in vitro culture.
Sample Treatment and LC−MS/MS Analysis. Infected

THP-1 cells were detached and resuspended in lysis buffer
containing 7 M urea, 2 M thiourea, 40 mM Tris, and 4%
CHAPS (Sigma-Aldrich, Saint Louis, MO), supplemented with
a Complete Mini EDTA-free Protease Inhibitor cocktail 2x
(Roche, Basel, Switzerland). Following three freeze−thaw
cycles, 150 μL of rehydration buffer (7 M urea, 2 M thiourea,
1% DTT) was added. The lysates were homogenized for 30
min and centrifuged at 20.000g at 4 °C for 45 min to remove
debris. A filter-aided sample preparation (FASP) protocol was

implemented for tryptic digestion before LC−MS analysis.
Briefly, 200 μg of protein lysate (supernatant) was loaded onto
30 kDa MWCO filters (Millipore, Burlington, Massachusetts),
denatured, reduced, alkylated, and digested with trypsin
overnight.42 The recovered peptides were desalted with C-18
SPE 7 mm/3 mL extraction columns (Empore, CDS analytical,
Oxford, PA) and dried in a SpeedVac evaporator (Eppendorf
Corporation, Hamburg, Germany). Samples were reconsti-
tuted in mobile phase with 2% FA at a final concentration of 1
mg/mL and analyzed on an UltiMate 3000 UHPLC coupled
to an Orbitrap Q-Exactive Ultra High Resolution Mass
Spectrometer in a 3hour run in MS/MS data-dependent
acquisition, as previously described.37 The assays were
performed using two biological replicates on the same samples
used for transcriptomic analysis.
Preliminary Protein Identification. Raw files were

analyzed with Mascot (Matrix Science, U.K.) for peptide
identification,89 and with Progenesis QI for Proteomics suite
(Nonlinear, Waters Corp) for protein quantitation. Peptides
were searched against a FASTA database built with
annotations from SwissProt and UniProt/TrEMBL,90,91 with
the L. infantum proteome (generated on 6th October 2022),
27318 annotations from SwissProt exclusively belonging to H.
sapiens, and 115 entries from the Common Repository of
Adventitious Proteins database (cRAP) for contaminants
identification.92 A p = 0.05 was used for peptide matching
on Mascot, including decoy-database research (percolator,
<1% FDR). Significant peptide-to-spectrum maps were
imported into the Progenesis suite for alignment and
normalization against L. infantum proteins between runs.
Protein abundances were quantified based on their non-
conflicting peptides, each having at least one unique peptide.
The t-test was used between the JPC control and Sb-RES,
PAR-RES, and Sb-RES lines to assess the degree of expression
and its associated p-value per each protein. Proteins with a FC
≥ 1 (ratio of 2-fold expression vs control)/FC ≤ 1 (ratio of
0.5-fold expression vs control), and p-value < 0.05 were
considered as differentially expressed (DEPs).
STRING Analysis, Enrichment, and GO′s Clustering.

We conducted a Functional and Physical Protein association
analysis on STRING (v11.5) using the DEPs from each
strain.42 For each strain, we submitted its DEPs to STRING
using their sequence under the Multiple sequences query. The
network settings included edges indicating both functional and
physical protein associations, with the line color indicating the
type of interaction evidence. The minimum required
interaction score was set to an average confidence of 0.400,
and the maximum number of interactors shown was set to no
more than 10 in the first shell and no more than 10 in the
second shell. Furthermore, the network was clustered into a
specified number of clusters (three) using k-mean clustering,
with the line thickness representing the strength of the data
support. Finally, we identified the common enriched terms
between Sb-RES, PAR-RES, and Sb-RES to gain insights into
which pathways could be associated with drug resistance.
Comparison of DEPs with Their Corresponding

Transcripts. A comparative analysis between the DEPs
identified in this experiment and the transcripts from Garcia-
Hernandez et al.48 was initially conducted on the same
biological replicates by aligning the gene list to the UniProt
entries representing the proteins. A subsequent analysis was
performed using STRING and AmiGO on the corresponding
GOs from Garciá-Hernańdez et al.87 to assess the shared
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biochemical networks. The GOs from the cluster reported by
Garciá-Hernańdez et al.87 were compared with those emerging
from the DEPs analysis and the proteins concurrently
belonging to the same GOs were listed in Table 2.
Comparison of the Biochemical Pathways Common

to H. sapiens and L. infantum. The DEPs identified in the
three resistant strains were submitted to STRING enrichment,
resulting in a total of 35 proteins. The GOs (Biological
Process, FDR < 0.05) that emerged from this enrichment were
compared to the GOs obtained after STRING enrichment of
the corresponding human proteins from Tagliazucchi et al.37 A
Venn diagram was constructed to illustrate mutual GO′s. The
same procedure was repeated for the Reactome Pathways,
maintaining the same level of significance (<5% FRD).93 The
results of each analysis were compared between H. sapiens and
L. infantum to distinguish mutual and nonmutual pathways.
The Excel function employed for the comparison of Human/
parasitic GOs and Reactome Pathways is as follows: =
COUNTIF (F2:F94;B2) = 1 and IF(ISERROR(MATCHF2;
$B$2:$B$535;0));″″;F2). These formulas identify duplicate
values in the two columns when applied.
SeqAPASS Analysis. We used SeqAPASS (Version 7.0) to

examine potential protein targets of this new antiparasitic
medicine in L. infantum and other species.35 A level one
SeqAPASS analysis was completed to determine whether
orthologues of differentially expressed proteins are susceptible
to this medication. Briefly, the National Centre for
Biotechnology Information accession number for each of the
seven potential target proteins was used individually as the
query protein in level one analysis. An initial BLASTp analysis
identified all potential alignments, regardless of taxa, length, or
function. Alignments were then collated and plotted on a
density plot based on similarity. SeqAPASS then identified
local minimums and found the next ortholog candidate, which
it set as potential susceptibility cutoffs, defined as a percent
similarity. For the current analysis, the default susceptibility
cutoff was employed, which identified the first local minimum
and found the next ortholog candidate.39 Additionally, we
observed results from BLASTp on calpain-like cysteine
peptidase (A0A6L0WUS2_LEIIN), which was designated as
a putative sequence, and identified calpain-like cysteine
peptidase from S. culicis (S9UQJ9_9TRYP) as the most
similar, nonputative protein. This accession was selected for
additional SeqAPASS analysis (Supporting Information S2). A
level two SeqAPASS analysis, which functions identically to a
level one analysis but on a domain-specific level, was also
conducted on domains from the four proteins that displayed a
100% susceptibility cutoff in level 1 analysis. Specifically, we
examined TIGR01423 (trypanothione-disulfide reductase)
from Trypanothione Reductase, COG1132 (MdlB, ABC-type
multidrug transport system, ATPase and permease compo-
nents) from ATP-Binding Cassette Protein Subfamily B
Member 2, COG1196 (Smc, Chromosome segregation
ATPases), and cd99121 (meprin and TRAF-C homology
domain) from MATH-domain-containing Protein, and
pfam09149 (domain of unknown function) from Calpain-like
Cystein Peptidase. (Supporting Information S5−S8).
Statistics. DEPs were identified through a t-test comparing

replicates from the three distinct drug-resistant lines with the
nonresistant line. Significance parameters included a p-value
<0.05 and a fold change (FC) ≥ 1 for the up-regulated
proteins and FC ≤ −1 for the down-regulated proteins,
corresponding to a 2-fold expression ratio. STRING

significance for network generations was set to an FDR
0.400 (medium confidence), whereas STRING clustering
employed a k-mean model with an inflation parameter set to
3. All the GOs and KEGGs reported in this study held a
significance of p < 0.05.

■ ASSOCIATED CONTENT
Data Availability Statement
Raw MS data, including the values of the areas of the proteins
and their associated p-values, are available on the public
repository Fairdom at https://fairdomhub.org/projects/378.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsinfecdis.4c00185.

DEPs identified in LINF 3323 (antimony resistant) vs
control differential analysis (Table S1); DEPs identified
in LINF 2126 (paromomycin resistant) vs control
differential analysis) (Table S2); DEPs identified in
LINF 5159 (miltefosine resistant) vs control differential
analysis (Table S3); parameters associated with the
three STRING networks generated with all the DEPs
from the three resistant lines (Table S4); L. infantum
DEGs from Garciá-Hernańdez et al., 2022 (Table S5);
GO′s obtained from the DEPs analysis for proteins-
transcripts comparison (Table S6); STRING network
generated with all the DEPs from the three resistant
strains and their corresponding KEGGS pathways with
the FDR value before network enrichment (Figure S1);
Leishmania STRING network generated with all the
DEPs from the three resistant strains and their
corresponding GOs (Biological Process) and REAC-
TOME pathways with the FDR value and the associated
FDR after network enrichment (Figure S2); STRING
network generated with all the DEPs from the three
THP-1 Human proteomes infected with the resistant
strains [Tagliazucchi et al.] (Figure S3); GOs (Bio-
logical Process) associated with the enriched STRING
network in Figure 4, main text, with their corresponding
statistics and significance (Table S7); REACTOME
Pathways associated with the enriched STRING network
in Figure 4, main text, with their corresponding statistics
and significance) (Table S8); GOs (Biological Pro-
cesses) emerged from the network represented in Figure
3, Supporting Information, with their associated
statistical parameters (Table S9); REACTOME Path-
ways emerged from the network represented in Figure 3,
Supporting Information, with their associated statistical
parameters (Table S10); GOs terms emerged from
Venn’s diagram generated by the intersection between
GOs from Human and Parasitic biochemical pathways
(Table S11); REACTOME Pathways terms emerged
from the Venn diagram generated by intersection
between GOs from Human and Parasitic biochemical
pathways (Table S12); terms of the enriched STRING
network generated with the DEPs that do not share the
same GOs as the DEPs belonging to the THP-1 cells
(Table S13); results from Level 1 SeqAPASS analysis for
a novel antiparasitic drug (Table S14); boxplot
describing SeqAPASS data illustrating the percent
similarity of (A) all protein sequences across species
compared to the primary amino acid sequences and (B)
functional domain of L. infantum trypanothione
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Reductase (Figure S5); boxplot describing SeqAPASS
data illustrating the percent similarity of (A) all protein
sequences across species compared to the primary amino
acid sequences and (B) functional domain of L. infantum
ATP-Binding cassette protein (Figure S6); boxplot
describing SeqAPASS data illustrating the percent
similarity of (A) all protein sequences across species
compared to the primary amino acid sequences, (B)
functional domain of COG1196 Smc and (C) cd99121
MATH domain of L. infantum MATH-domain-contain-
ing protein (putative) (Figure S7); boxplot describing
SeqAPASS data illustrating the percent similarity of (A)
all protein sequence across species compared to the
primary amino acid sequences and (B) functional
domain of L. infantum Calpain-like cysteine peptidase
(Figure S8) (PDF)
Sequence alignment to predict across species suscepti-
bility (SeqAPASS) raw data (XLSX)
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