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Abstract: Leishmania parasites are a group of kinetoplastid pathogens that cause a variety of clinical
forms while maintaining cell communication by secreting extracellular vesicles. Emerging
technologies have been adapted for the studies of Leishmania-host-cell interactions to enable broad
scale analysis of parasite extracellular vesicles. Leishmania extracellular vesicles (LEVS) are naturally
released spheroidal nanoparticles of polydispersed suspensions surrounded by a lipid layer of
membrane. Although LEVs have increasingly gained in importance, much is still unexplained,
including bioavailability and function in the complex molecular mechanisms of pathogenesis.
Considering the importance of LEVs in the parasite-host interaction and in the parasite-parasite
relationships emerged during evolution, the current review aims at giving an overview of
Leishmania summarizing knowledge and formulating guidelines for LEVs research. In the end, we
report, direct methods for specific isolation of LEVs from promastigotes and amastigotes culture
supernatant suitable for a range of different downstream applications increasing the compatibility
and reproducibility to establish optimal and comparable isolation conditions and full LEVs
characterization, and crucial immunomodulatory events triggered by this important group of
parasites.

Keywords: Exosome isolation and characterization; Exosomal research guidelines; Intercellular
communication and host manipulation; Leishmania extracellular vesicles cargo; Leishmaniases.

1. Introduction

Leishmaniases are zoonotic vector borne diseases that are found in parts of the tropics, subtropics
and southern Europe, with new epidemiological scenarios emerging in endemic areas and the
diseases spread to previously free areas because of human population displacement, continuing to
pose major public health problems worldwide [1-2-3-4-5] [Figure 1]. In 2018, according to the World
Health Organization (WHO), more than 95% of new cases reported to WHO occurred in 10 countries:
Brazil, China, Ethiopia, India, Iraq, Kenya, Nepal, Somalia, South Sudan and Sudan, affecting mostly
people living in the most impoverished areas of low-income countries furthering their economic
stress [2-6-7-8-9]. Current estimates show an annual global incidence of 700 000 to 1 million new
cases of these diseases and disability-adjusted life years (DALYs) lost due to leishmaniasis closer of
2.4 million, affecting approximately 12 million people in 98 countries with 350 million people at risk
of infection [2-3-10-11-12]. The infection in humans, as well as other vertebrates, are caused by
clinically significant kinetoplastid hemoflagellates and intracellular parasites from over twenty
species of the genus Leishmania belonging to the two subgenera Leishmania and Viannia [4-10-11]
[Table 1]. Over ninety sand fly species (Diptera, Psychodidae, Phlebotominae) are known to direct
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transmit metacyclic promastigotes forms of Leishmania parasites to vertebrate hosts by the bite of
naturally infected female during its opportunistic and eclectic feeding [2-3-4-5-8]. In the New
World, Leishmania infected sand flies belongs to the genus Lutzomyia, which have evolved in isolation
of the Old World vector genus Phlebotomus (from ca. 200 000 000 years) [2-3-4-5-8]. Leishmaniasis
comprises a variety of clinical syndromes reported in three main ways: visceral leishmaniasis (VL),
cutaneous leishmaniasis (CL) and mucocutaneous leishmaniasis (MCL), depending greatly on the
parasite subspecies and the genetic and immunologic factors of the host under complex evolutionary
interactions [2-3-4-12]. VL, also known as kala-azar, is typically fatal if left untreated in over 95% of
advanced cases, around 20 000 to 30 000 deaths per year [2-3-4-12-13]. Findings of different studies
identified those children under 5 years old are at higher risk of premature death being relevant for
planning interventions aimed at reduction of VL lethality in countries like Brazil [2-3-4-12].
Annually, estimated 200 000 to 400 000 VL cases and estimated numbers of new cases worldwide at
50 000 to 90 000 are reported, however only 58 000 effectively communicated to WHO [2-3-4-12].
Moreover, VL emerging pattern in human immunodeficiency virus (HIV) infected individuals [2-3—
12]. Currently, under the context of the COVID-19 pandemic impacts and its consequences, several
studies become to consider the aggravating potential risk for vector borne diseases like visceral and
cutaneous Leishmaniasis, following the serious global health crisis and unprecedented
socioeconomic crisis caused by the viral spreading worldwide [14-15-16]. In addition, in countries
like Afghanistan, one amongst the poorest countries in the world, increasing economic impact for CL
patients, mostly affect women, certainly related to the gender social roles leading to productivity loss,
work absences and inability to perform housework [14-15-17]. Estimated 5 to 10% of VL cases, a
potential source of Leishmania infection, develop post-kala-azar dermal leishmaniasis (PKDL), that
emerges as a new disease entity representing more than 50% successfully VL recovered patients in
some African countries, where pentavalent antimonial compounds such as meglumine antimoniate
(Glucantime®) and sodium stibogluconate (Pentostam®) are prescribed routinely for leishmaniasis
treatment [2-18-19-20]. CL is the more common form of the Leishmaniases affecting approximately
1 000 000 to 1500 000 human beings, where 66 941 CL cases per year reported in the Americas,
presenting high incidence mainly in areas with lack of economic resources, insufficient trained health
professionals and low awareness for the health issue of leishmaniasis [2-3—-4-21-22]. Roughly, 3-5%
of CL infections can progress to the mutilating MCL form of the disease that has a significant negative
effect on the decreased quality of life (QoL) and mental health [1-2-10-13-21]. Over 90% of MCL
infections occur in Ethiopia, Bolivia, Brazil and Peru, where studies are being advanced, but the
pathogenesis of MCL is still unclear [2-3-4-13-21]. Results based on epidemiological surveillance
have shown that the incidence of CL diseases continues to increase worldwide, this is largely due to
the rise of several risk factors, e.g., poverty, poor nutrition, population mobility (behavioural), climate
changes (climate-sensitive infections) and environmental changes such as deforestation, intrusion
into primary forest, building of dams, irrigation schemes, and urbanization [1-2-4-22].
Leishmania parasites exhibit rapid adaptation and epidemic expansion after environmental changes,
so besides the risk factors, the increase of positive cases can be mainly attributed for the no effective
and efficient vaccines or drugs to prevent Leishmania infections [1-2-18-19-23]. According to these
premises, in this review we present an approach to action representation that is based on the
importance of the study of Leishmania extracellular production in the general context of
Leishmaniases and which may serve as a basis for future researches.

2. Leishmania (Kinetoplastida: Trypanosomatidae)

Leishmania is the genus of a very successful group of parasitic protozoans divided into Old and New
World species adapted to different reservoir hosts such as dogs, rodents, and other vertebrates,
presenting a large host range that could often be infected by more than one parasite species [Figure
2] [4-10-24-25-26]. In this context, progress of models studies parameterized at geographical
concepts may be more sensitive to project substantial future changes on global extent of
Leishmaniases under perspective of human socio-economic status and of the increase in risk factors,
considering Leishmania phenotypic diversity distribution as well as facilitate vector and geographic
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range expansion for diseases control [27-28-29-30-31]. Different species of Leishmania are multi-host
pathogens that cause parasitic disease in humans and other mammals like dogs, being associated to
specific pathology and respective histopathological and clinical features [Figure 3 and Figure 4]
[Table 1] [4-32-33-34-35]. Leishmania parasites developed efficient strategies to overcome protective
mechanisms, modulating the physiological condition of different host immune responses by using
genes, signaling pathways and mechanisms for the secretion of virulence factors [32-33-34-35-
36]. The Leishmania virulence factors (lipophosphoglycan LPG, surface acid proteinase GP63,
glycoinositolphospholipids GIPLs, proteophosphoglycan PPG, A2 protein, kinetoplastid membrane
protein KMP-11, nucleotidases, heat-shock proteins HSPs, transmembrane transporters and other
proteins), promote parasites survival and propagation into the host cells [32-33-34-35-
36]. Leishmania parasites exhibit on external surface of the plasma membrane a dense glycocalyx
composed of several molecules LPGs, PPGs glycoproteins 63 and glycosylinositolphospholipids
(GIPLS), anchored by means of a glycosylphosphatidylinositol (GPI) [32-33-34-35-36]. Specifically,
biochemistry and cell biology of Leishmania are similar to that of other kinetoplastids, presenting
distinctive phases of genetic population proliferation and differentiation associated with each
proliferative cell types and transmission cell types [37-38-39-40-41]. These parasites exhibit a
digenetic life cycle involving a variety of cellular morphologies adapted to the hosts and vectors and
a number of developmental forms defined by cross-linked sub-pellicular corset microtubules, so cell
division relies on the insertion and elongation of these microtubules into the existing array [11-41-
42-43-44]. Leishmania have two main forms during their development: extracellular promastigote
morphology in the sand fly (length 16+40 um and wide 1.5+3 um) and intracellular amastigote
morphology in the mammalian host (1.5-3 um x 3-6.5 um diameter) [41-42-43-44-45]. The
amastigotes are smaller and spherical cell body with a short immotile flagellum for sensory functions,
and promastigotes are highly motile elongated ovoid cells body with a long flagellum to provide
propulsive force to traverse through the invertebrate vector digestive tract [41-42-43-44-45]. After
sand fly ingestion, following the combination of the change in temperature and pH akin and
adaptations to the intracellular or extracellular lifestyle in different hosts, amastigote Leishmania
released from the macrophage begins to differentiate into a motile promastigote form with potential
sensory functions to escape the peritrophic matrix and migrate to the invertebrate foregut [41-42-43-
44-45]. In other way, studies in  wvitro differentiation  of Leishmania  (Leishmania)
amazonensis amastigotes into promastigotes has been detailed by electron microscopy, gaining
a greater knowledge of these important parasite mechanisms [44]. Currently, for high care and
caution when defining cell types solely based on cell morphology, exist few molecular markers to
identify life cycle forms [36-39-45-46]. Specifically, shape and cell form of Leishmania are intricately
linked to their pathogenicity and ecological niches, needing to be accurately transmitted from one
generation to the next during subsequent mitotic divisions, however recent studies has shown that
sexual strategy as meiosis-like in Leishmania, and other sexual processes are possible [8—47-48-49—
50]. Both evolutive forms conserve basic cellular architecture and their ultrastructural features during
the life cycle, presenting the kinetoplast anterior to the nucleus [43-44-46-49-50]. These cells present
an enlarged portion of the single branched mitochondrion containing mitochondrial DNA (kDNA)
that is directly connected to the basal body from which a single flagellum extends from the Flagelar
Pocket (FP) attached by a cytoskeletal structure called flagellum attachment zone (FAZ) [Figure 5]
[41-42-43-44-45]. Until now, Leishmania FP is identified as the only site of endocytosis and exocytosis
[Figure 5], thus a critical interface on inter-specific parasite interactions between parasites and
parasite intra-host interactions, playing an important role in the resolution of cell membrane
organization and morphogenetic resolution during successful Leishmania cell division from two flagella
initially occupying the same zone [42-43-45]. In addition, morphological parameters in vitro highlight
Leishmania developmental forms definition overarching different promastigote and amastigote
morphologies play specific cell-extracellular matrix (ECM) interactions to keep vital functions and
success in host infections [41-42-43-44—-45]. Therefore, these variations emphasizes the need for new
independent Leishmania markers for the different life cycle cell types such as the procyclic and
metacyclic promastigotes identified in the sand flies based on the length/ width of the cell body and
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flagellum [42-43-45]. Morphologically, the following promastigotes classification can be applied to
different studies of the Leishmania cultures: procyclic, nectomonad, leptomonad and metacyclic
promastigote forms [40-42]. In vivo, leptomonad promastigotes live in mammals’ phagocytic cells,
replicating within membrane-enclosed compartments and establishing a persistent infection by
inducing macrophage dysfunction through direct manipulation of macrophage signaling, suggesting
it occurs both via flagellum first and predominantly via cell body [40-42-43-45]. Into the infected
macrophages, the promastigotes differentiate to amastigote forms, changing the cell shape and
minimizing cell surface to volume ratio, reducing the area exposed to the harsh environment of
distinct types of parasitophorous vacuole, according the specific requirements of Leishmania species
[51]. Further studies are necessary in order to elucidate the role of cellular components organization
and its relation with molecules cargo and surface receptors used in the target cell recognition in
Leishmania life cycle [52-53]. Therefore, the forms of development of Leishmania are distinguished by
their morphology, environmental and nutritional requirements and stimulus in vitro, its metabolism,
motility, growth rate and multiplication in the host or in medium cultures and, its molecular
expression regulated by extracellular vesicles [54]. Increasing evidence has shown that parasite
persistence seems to be very frequent in Leishmania infected patients, with the development of
immunocompromised and in some cases the immunosuppression, affecting mechanisms of innate
and adaptive immune systems, being highly related to inefficient and polarized immune responses
[4-32-35-42-55]. Classically, CL is described in four categories, presenting different clinical forms:
localized cutaneous leishmaniasis (LCL); mucocutaneous leishmaniasis (MCL), disseminated
leishmaniasis (DL) and anergic diffuse cutaneous leishmaniasis (DCL) [2-4-56-57-58]. In CL
epidemic regions of western Asia, L. fropica infections reported cases advanced to aggressive and
prolonged disease courses, with lesions possibly affecting vital sensory organs function, including
olfactory perception and vision [2-4-59]. Atypical CL, also known as nodular or tuberculoid form of
the leishmaniasis, present diffused papules and nodules in uncovered areas of the body [2-4-13-59].
Conserved parasite genes expression may contribute to the diffuse nature of CL, acrossing multiple
species and immunological conditions of underlying causes less well-understood [2-4-13-56-59].
DCL is a disabling and rare form of leishmaniasis caused by the parasite L. (L.) amazonensis that grows
uncontrollably in diffuse lesions across the skin developed in an anergic host with poor immune
response, being reported DCL patients typically refractory to chemotherapy lacking a DTH response
[2-4-13-56-60]. The majority of CL cases present skin injuries on exposed parts of the body, mainly
severe ulcers, leaving life-long scars and serious disability or unaesthetic stigma by multiple lesions
[56-58-61]. Despite many advances in clinical studies and greater knowledge of leishmaniases, the
spread of these parasitic diseases and the specific host-parasites interactions are still not fully known
and, consequently, making it difficult to entirely understand the dynamics in thgoncalvese course
and severity of Leishmania infection and persistence of host-pathogen relationships throughout the
course of disease [4-6-56-59]. Hence, there the studies in this field of Leishmania-host interactions are
considered excellent models for virulence factors, survival and transmission success of life
cycle forms able to interact with the physiology and function of complex cellular and molecular
mechanisms, modifying the cellular environment establishing niches and modulating with the
histopathological and immune response of different hosts [4-39-62-63]. The knowledge of specific
cargo molecules identified within LEVs suggest that their function as adjuvant-like in the immune
responses, with a possible key advantage for the infection establishment and disease progression,
inducing at the same time quantitative and qualitative changes in the protein content of infected host
cells extracellular vesicles [32]. Thus, both host proteinases (matrix metalloproteinases) and parasite
proteinases (cysteine proteinases, metalloproteinases and serine proteinases) affect the dynamics of
the Leishmania infection [64-65]. These findings and in wvitro advances hint at a previously
unrecognized potential mechanism of Leishmania pathogenesis mediated by LEVs in the complex
study of dynamic molecular mechanisms of Leishmania life cycle suggesting significant roles in the
pathogenesis of different parasite species for future applications of LEVs and therapeutic use of hosts
in vivo [66-67-68]. A thorough understanding of these parasites and its activity in different contexts
of host and disease development reinforce the importance of characterizing specific LEVs pathways.
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3. Leishmania extracellular vesicles (LEVs)

In this review article, the term “Leishmania extracellular vesicles” (LEVs) is used to refer to these
naturally released spheroidal nanoparticles of polydispersed suspensions surrounded by alipid layer
of membrane [69-70] [Figure 6]. Extracellular vesicles are heterogeneous, membrane-limited
structures playing important roles in numerous biological processes, both pathophysiological and
physiological, and specific intercellular crosstalk between cells, transferring information through
cargo and modulating the immune system of the host [71-72-73-74-75]. Similar, to other
trypanosomatids, Tritryps (the major human pathogens Trypanosoma (Schizotrypanum) cruzi, T.
(Trypanozoon) brucei and L. (L.) major) may produce extracellular vesicles, thus including exosomes/
exosome-like vesicles and secrete proteins transported in vesicles by selective and efficient pathway
from the endoplasmic reticulum (RE) to the Golgi apparatus and FP [23-43-70]. In vitro, temperature
shift has noticeable effects on increase of proteins secretion via exosome-like vesicles on the surface
of the Leishmania parasites cultured during their replication and development into metacyclic
promastigotes [11-75-76]. Emerging technologies have been adapted for the studies of extracellular
vesicles from cells and for the study of parasites in vitro, in the way to growth the knowledge about
Leishmania-host-cell interactions and how enabling broad scale analysis the cargo of their production
of extracellular molecules [77-78-79-80-81]. Several approaches can help in better understanding the
role of parasite extracellular vesicles [74-78] [Figure 7]. LEVs are exported by classical or non-classical
molecular mechanisms and are involved in the transfer of biologically active molecules, including
lipids, metabolites, miRNAs, nucleic acids and proteins [79-82-83]. Extracellular vesicles effector
cargo can be delivered into the host target cells, stimulating both pro- and anti-inflammatory immune
responses [32-41-84-85-86]. These vesicles have been implicated in phenotypic cellular changes and
in intracellular communication, such as antigen deliver and transport of macromolecular messages
of proteins and acid nucleic with regulatory potential [87-88-89-90-91]. In recent years, research
efforts have been made by the scientific community in developing experimental approaches to study
the parasitic extracellular vesicles in response to the recent expansion of interest in the knowledge-
based role of LEVs in the pathogenesis of leishmaniasis [92-93-94-95-96]. However, underlying
reports of described functions attributed to LEVs include the export of proteins, the relation with
environmental changes and the modulation of cytokine responses [41-77-97-98-99]. Although its
role in infectivity and development of parasitic infection still poorly understood, there are irrefutable
evidences that LEVs have important functions, needing more studies to clarify research gaps [32—
100-101-102-103]. Available data on LEVs strongly suggest that these vesicles may represent the
future of biomarkers in medicine or be the vectors of information able to modify the range of genes
expressed within recipient cells [55-58-104-105-106]. Considering the Leishmania morphological
forms, we expect that further studies shed light on the molecular factors involved in Leishmania
pathogenesis, exploring the effect of LEVs on the recipient host immune response [32-74-88-96-97].
Advances in mass spectrometry (MS) in parallel are contributing for complex proteins identification
and the accurate analysis of the secretome segregating by living cells (microscopic unicellular and
multicellular organisms) into the extracellular space including adhesion molecules, chemokines,
cytokines, enzymes and factors, being successfully applied for the discovery of protein biomarkers
in extracellular vesicles [32-65-108-109-110]. Thereby, after 2007, there are a growing
number of several experimental studies in vitro and in silico over the last decade regarding the role
of LEVs, as well as studies on extracellular vesicles from others pathogenic unicellular eukaryotes,
including microaerophilic extracellular protozoan parasites, in their biogenesis pathway and
infectious strategy [32-74-92-102-111]. These studies have been focused on the following points: how
mechanisms the parasites generate extracellular vesicles transferring a wide range of molecules; how
they use the extracellular vesicles as vehicles for cell signaling and host immune system manipulation
and how they elicit the pro-inflammatory response and cause disease, playing a key role in
macrophage modulation [92-113-114-115-116]. Exosomes from procyclic and stationary phase
(metacyclic-like) L. (L.) infantum chagasi display discrete protein profiles with approximately 50
known virulence factors detected, including molecules for immunomodulation and evasion (GP63,
EF1la, Oligopeptidase), increased pathogenicity (Casein kinase, KMP-11, Cysteine Peptidase and BiP)
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and parasite protection (Peroxidoxin) [36]. It is known that GP63 is significantly down regulated and
changes its location in the parasite as promastigotes transform to the amastigote form within infected
macrophages [93-58]. Considering this change in the localization of GP63 within the parasite, it is not
known whether later stage macrophage infections, that harbor amastigotes forms, would continue to
release GP63 in exosomes [35-41-93-94-99]. Therefore, it remains unknown whether parasite
molecules that are synthesized in amastigote forms within macrophages in long-term infections are
released in exosomes [36—-41-53-54]. The great majority of LEVs studies using different species have
shown that a low percentage (5-9%) of exosomal proteins have signal peptide found, striking
resemblance to higher eukaryotes and their ancient universal origins, suggesting that a great part of
proteins belonging to the secretome are non-conventionally secreted without signal peptide [32-75-
77-88-60-117]. In addition, studies reveal differences in the intramembranous particles (integral
proteins) distribution, where particle aggregation on specialized regions of the Leishmania membrane
reflect their composition, function, density, also according to the parasitic evolutionary form:
promastigote membrane richer in whole proteins than the amastigote membrane [35-40-42-53-118].
The FP is an invagination of the cell membrane at the base of the flagellum, and the flagellum
membrane have a smaller amount of intramembranous particles when compared to the parasite body
[42-45]. However, in the region of the membrane around the FP is possible to find specialized
domains with a high concentration of these proteins, forming zones of flagellar adhesion [42-45-119].
The overall outcomes from the in vitro study will contribute to evaluate the immune modulation of
host cells by LEVs [32-36-79-97-99]. The fully understanding of the cargo profile of LEVs promoting
macrophage and lymphocyte activation, or by contrary, inducing cell deactivation will allow a better
appreciation at the interactions established between the parasites and the host cell [32-41-54-66-92].
It knowledge can be a significant contribution for development of efficient prophylactic and
therapeutic approaches, as LEVs are the most biomimetic nanovectors for a variety of molecules,
including proteins, nucleic acids and chemicals in unexplored parasite molecular mechanisms [73-
74-78-120]. Take into account the high biological similarity between Leishmania and other pathogens
within the family Trypanosomatidae [73-74-78]. In addition, some insights of LEVs biology might
have relevance to parallel studies applied for other prot ozoan parasites such as Toxoplasma and
Plasmodium [73-74-78]. While LEVs were found to play an active role in the mammalian host, little is
understood about their effects on the sand fly, or how they might affect the insect infection by the
parasite [32—-41-73-74-78]. For this reason, the LEVs isolation from different developmental stages has
suggesting possible alterations they undergo into the parasites life cycle [32-41-73-74-78]. Exosomal
proteins within both parasite phases can be the focus to structure original studies by which to examine
potential target for intercellular modulation [32-41-73-74-78]. These findings regarding the
composition of the LEVs proteome raise many questions regarding their function and provide
compelling evidence that LEVs play an active molecular role in the parasite's development within the
vertebrate and invertebrate hosts in their specificities pathways [32-41-73-74-78]. Currently, the
knowledge of LEVs biogenesis, subtypes, cargo and molecular mechanisms of shuttling remains
incomplete being placed on broad fields of study including the standardization and the experimental
model validation in the comparison of results to broaden expertise in exosomal production of
Leishmania.

4. Guidelines in terms of producing exosomes from parasite cells grown in culture media (serum-
exofree media)

Molecular and morphological evidence indicates that microbial secreted- extracellular vesicles
transport a plethora of lipids, metabolites, nucleic acids and proteins cargoes, they play a prominent
role in modulating immunity during their biogenesis to capture cell-specific proteins and that host-
derived extracellular vesicles control distinct infection levels [32-71-91-106]. Despite this,
extracellular vesicles mechanisms of such selective packaging remain unknown [32-71-72].
Methodological advances in differential extracellular vesicles isolation have allowed the extracellular
vesicles subtypes characterization, connecting to origins, sizes, constituents and their complex and
diverse/ specific functions [32-81-91-118]. According to “Minimal Information for Studies of
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Extracellular Vesicles” (MISEV2018), extracellular vesicles is a heterogenous group of vesicles which
can be defined as apoptotic bodies, exosomes and microvesicles [72-80-81]. The International Society
for Extracellular Vesicles (ISEV) implemented a gold standard for extracellular vesicles isolation and
analysis [72-80-81]. However, Medical Parasitology studies still has no consensus on ultrasensitive
detection of extracellular vesicles-subtypes specific biomarkers, originating in endosomes, exosomes,
and derivatives of plasma membrane or ectosomes, defaulting to attribute their specific biogenesis
pathways [83-106]. In this regard, towards criteria for padronizing research can be considered in
future studies [Table 2] [72-80-81-83]. These criteria represent an initial guidelines in terms of
producing exosomes from parasite cells grown in culture media (serum-free media) [80-81-83]. On
a complementary basis, such criteria may be applied in order to follow up the next steps: 1. a.
optimization of the cell culture conditions and the harvest conditions; b. cell culture and exosome
production and culture adherent cells to confluence (e.g. RPMI 1640 media w/ 10% ultrapure FBS that
provides the highest level of exosome depletion, 1 mM sodium-pyruvat in cell culture bottles 225
cm?2 in 37°C w/ 5% CQO2); c. removal of medium form confluent cells with addition of 50 mL of fresh
medium; d. after 3 days the cell-conditioned medium is removed and two centrifugation steps are
performed on the pre conditioned medium prior to pre-enrichment (300 x g for 10 min at 2-8°C and
2000 x g for 30 min 2-8°C) [80]. 2. a. test for exosome release; b. depending on the cell type and their
exosome production efficiency it is possible to pull out exosomes from the solution directly without
any pre-enrichment step and perform (e.g. flow analysis); c. this is very useful in order to check the
status of the cells exosome release efficiency and find the correct time for exosome harvest; d.
Dynabeads™ CD9, Dynabeads™ CD63 or Dynabeads™ CD81 for exosomes do contain exosomal
markers, host cell first and then LEVs (e.g. flow analysis [80]. 3. a. confirmation of the vesicle nature
using multiple methods - NA and protein detection, Electron Microscopy (EM), specific markers
found in non-exosome vesicles such as markers found in intracellular compartments (e.g. ER, Golgi
or others) [80-81-83-118]. 4. a. key questions asked by the extracellular research community; b.
current recommendations: estimation of size distribution using e.g. nano tracking analsysis (NTA);
c. combine NTA with Transmission Electron Microscopy (TEM); d. verify the presence of
miRNA/mRNA; d. Western blotting (WB) targeting lipid bound targets such as tetraspanins (3
different), cytosolic proteins such as TSG101, annexins, rabs etc. absence or under-representation of
ER (e.g. hsp90B1, calnexin), Golgi (GM130), mitoch (cytC) or nucleus (histones); e. flow cytometry
may easily be performed to support the WB data (membrane anchored targets such as tetraspanins)
using Dynabeads™ as solid support which can be introduced and detected in the flow instrument
[80]. 5. a. consider the question “can the exosome harvest be used directly or do I need to pre-enrich?”;
b. the flow signal you will get might vary from very low/ nothing or up to signals that are actually
sufficient for further detailed analysis - depending on this signal the researcher may decide to
continue to do direct isolation with the Dynabeads™ as they are compatible with many different
downstream [80]. These steps can contribute to ascribe specific functions to LEVs, or to subtypes of
LEVs, and report specific information beyond description of function in a crude, potentially
contaminated and heterogeneous isolates [80-81-83].

5. Discussion

Extracellular vesicles are naturally secreted by all cells, including Leishmania species, and can be
found in all body fluids and are involved in a variety of mechanisms such as the obsolete molecules
eradication, dissemination of oncogenes from cancer cells and cell-to-cell communications including
the spread of pathogens [74-120-122]. The importance of extracellular vesicles have sparked great
interest among the research community owing to their prominent potential in diagnostics and
therapeutic approaches, including those determining the interaction outcome between cells [71-72—
123-124]. The overall research has mainly focused on characterization of LEVs in different clinical
forms especially in visceral strains and in L. (L.) mexicana proteomics under the same conditions,

providing valuable information on how polymorphisms in the LEVs protein could affect biological
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cell-to-cell interactions between parasites and host-parasite or the leishmanicidal activity [32-36-99-
125-126]. Despite this, comparative analysis of reproducible isolation and characterization of LEVs
from procyclic and metacyclic-like cultured in vitro of a wider panel of Leishmania species stills scarce
[74-120-122]. Therefore, LEVs are effective macrophage immunomodulators of early host
inflammatory responses, but the exact mechanisms behind this are yet to be characterized [36-78-94-
126-127]. The presence of LEVs released from L. (L) donovani modify IFNy-induced pro-
inflammatory or anti-inflammatory cytokine-production by human monocytes cultured [66-85-97-
128]. B-1 cells may produce a high quantity of IL-10 contributing for parasite persistence and
maintenance of memory cells; in vivo analysis of LEVs released from L. (L.) amazonensis and L. (L.)
infantum chagasi incite pro-inflammatory activity increasing parasite burden by B-1 cells [87-97-98].
In this way, LEVs released from promastigote forms modulate murine B-1 cells” responses against
Leishmania in vivo and in vitro but remain poorly characterized [97]. In vitro studies reported LEVs
released from L. (L.) infantum chagasi and Leishmania (Viannia) braziliensis induced IL-10, but they were
not able to induce significant levels of pro-inflammatory cytokines in the same way that LEVs
released from L. (L.) amazonensis can elicit IL-6, NO and TNF-a production [35-87-97-98-99].
Mouse model reports has shown the display of CD4+ lymphocytes inoculated with LEVs presented
exacerbated pathology expressing immunosuppressive cytokines IL-4 and IL-10 [71-75-78-97-129].
IL-17A promotes progression of cutaneous leishmaniasis during the course of L. (L.) major infection
in murine models (i.e. neutrophil recruitment) and susceptibility during experimental visceral
leishmaniasis caused by L. (L.) donovani [41-66-85-97-129]. While in macrophages infected with L.
(L.) amazonensis EV-mechanisms, induce pro-inflammatory cytokines IL-12, IL-1p and TNF-a
production by others macrophages to control Leishmania infection by Th1 immune response [87-97—
98]. In addition, egestion experiments of LEVs from sand fly infectious inoculum reported IL-1p
induction via inflammasome by neutrophils is important for L. (L.) donovani visceralization remaining
an unexplored field in its entirety [77-82-130]. Proteomics has increased the knowledge about
virulence factors differentially expressed in the different parasite stages and its functional activity
induced by LEVs released from L. (L.) infantum chagasi, though comparative proteomics of LEVs
production during the parasite cycle in vivo are still necessary [35-36-77-79-99]. Promastigotes from
L. (L)) infantum chagasi and L. (L.) major infected sand fly midgut secrete LEVs sand fly-egested via
different routes containing different amounts of virulence factor GP63 [75]. Virulence factors
hypothesized may then become a part of the specific LEVs molecular signatures during the parasite
evolution affecting the host immune system, far no significant differences between strains in the
number of proteins from the secretome [77-117]. LEVs contains both proteins and nucleic acids with
no ability to replicate, expressing a higher number of virulence factors and some differentially protein
expression in evolutive stage to increase virulence induced by LEVs from drug-resistant parasites
[77-97]. The drug-resistant LEVs are secreted by parasite and from a nucleosome with the human
histones in the host chromatin during the disease evolution [77]. Drug-resistance mechanisms can
induce changes in the morphology, size, and distribution of LEVs, remaining far from being
completely elucidated, and some may be non-specific adaptations that provide a general fitness gain
allowing the parasite to survive in stressful conditions [77]. Comparative studies of LEVs released
from L. (L.) donovani, L. (L.) major, L. (L.) infantum chagasi strains had shown resistance to antimony,
miltefosine and amphotericin B, contributing for future analyses with larger sets of strains and

replicates and their variability and robustness of potential biomarkers of Leishmania [77-99]. Future
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studies may explore all of these aspects and shed light on how LEVs, especially those released by
drug-resistant parasites, contribute to the survival of Leishmania during its life cycle, offering
potential developments for diagnosis, follow-up of treatment responses, monitoring disease
progression, determining the prognosis and devising new vaccine targets [77]. In this context,
comparative studies of leishmanicidal activity repurposing existing drugs for new uses can be test
approached as it was proposed by an experimental study of buparvaquone BPQ, a drug used for
veterinary treatment of theileriosis, showed promising activity against Leishmania [67]. The
development, optimization and evaluation of the physical and chemical characteristics of
nanostructured lipid carriers (NLCs) for BPQ encapsulation and solubility evaluation were compared
in vitro reducing by half promastigotes of L. (L.) amazonensis, L. (L.) brasiliensis and L. (L.) infantum
samples [67]. Another very important point for comparative studies of LEVs is the poorly elucidated
L. (V.) guyanensis parasites-LRV1 endovirus mutualistic relationship by extracellular vesicles,
representing a potential way for the proteomics to better understanding how adaptation mechanisms
work on co-evolution Leishmania-virus affecting the parasite pathogenesis [71]. An experiment
conducted for comparative evaluation of the interactions of isolated LEVS released by promastigotes
and amastigotes of cutaneous and visceral Leishmania species with mouse macrophages was
proposed in the original research findings of Gabriel (2017) [92]. LEVs evidenced the capacity to
modulate the activity of the macrophage for the M2 stage, which favors the parasite survival [71].
LEVS from (L. (L.) infantum chagasi, L. (L.) amazonensis, L. (Viannia) shawi and L. (V.) gquyanensis
significantly increased the urea production, with the exception of LEVS of L. (L.) infantum amastigotes
[92]. Conversely, LEVS caused significant nitric oxide (NO) inhibition [92]. These results indicate that
the LEVs of species cutaneous and visceral lesions of Leishmania and both morphological forms of the
parasite drive macrophage for an anti-inflammatory phenotype [92]. LEVs play an important role in
the infectivity and modulate the host’s immune response by the promastigotes and amastigotes forms
of Leishmania [35-71-77]. In this way, the parasites are distinguished following their morphology,
environmental and nutritional requirements and by their stimulus in vitro, metabolism, motility,
growth rate and multiplication in the host or in medium cultures and, more recently, by the molecular
expression of specific LEVs [35-71-77]. Furthermore, parasite morphology associated biological
functions linked with LEVs modulate host immune responses are an important open field to
investigate virulence factors and the mechanisms for survival and their broad immunological roles
inside the cells in vertebrate hosts, attempting to the development of parallel studies with
invertebrate hosts [35-71-77]. This may be the starting point for the development of new preventive
and therapeutic strategies with more efficient pharmacological targets against Leishmania which
continues difficult to prevent, and treat and, whose current available drugs are toxic and not
completely effective [35-71-77]. Therefore, more studies on LEVs are needed, as one of the
fundamental points for the control of endemic parasitic diseases is the understanding of mechanisms

involving the pathogen host interaction [35-71-77].

5. Conclusions

In conclusion, this review brings about evidence suggesting that Leishmania, similarly to other
eukaryotes, use extracellular vesicles to play an important role in the infectivity and in the
modulation of the host’s immune response, with a particular focus on the establishment of infection
in humans and other animals. However, the knowledge in this field still has research gaps to be filled
to understand the mechanisms and conditions of the functional biological aspects for the release of
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LEVs involving the parasite-host interactions [35-77]. At the same time, nano-drug delivery system
based formulations are the innovative approach towards to improve anti-leishmanial therapeutic
[126]. In addition, according pathways analysis, similar approaches could be used to identify the
targets of LEVs in vivo. Therefore, the future molecular Parasitology research in this field is very
important for the control of Leishmaniases worldwide.
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Figure 1. Global map of the occurrence of cutaneous leishmaniasis (highlighted black dots) and visceral
leishmaniasis (red areas). Adapted from WHO [2].
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Figure 2. Genus Leishmania: Tree of Eukaryotes and Taxonomy [24-25].
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Figure 3. Canine leishmaniasis (CanL) caused by zoonotic L. infantum. Submandibular lymph node
photomicrography. Medullary cords presenting numerous forms amastigotes (arrows). Morphology
assessments by hematoxylin and eosin (H&E) stain. Scale-bar 20 pm

Figure 4. Canine leishmaniasis (CanL) in endemic area of Amazonia-Brazil. Dermatitis in facial area with

ulcerations (arrows). Submandibular lymph nodes (SLN) increased in size (lymphodenomegaly).
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Figure 5. Tubular structures and vesicles (arrows) participating in the endocytosis and exocytosis process can
be seen in the flagellar pocket (FP) of L. (L.) amazonensis promastigotes (MHOM/BR/2009/M26361 strain). F =

flagellum; K = kinetoplast; M = mithocondria; N = nucleus. Scale-bar 1 um
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Figure 6. Heterogeneous group of membrane-bound extracellular vesicles secreted by Leishmania.
Representative SEM photomicrograph showing surface membrane vesicular forms (light points, rounded and

amorphous vesicles) of L. (L.) amazonensis promastigotes (MHOM/BR/2009/M26361 strain). Scale-bar 5 pum.


https://doi.org/10.20944/preprints202105.0754.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 May 2021

Parasites intcraction (Levs cargo): Host parasite intcraction (Levs cargo):
Kinases - GP63
Nucleic acid-binding proteins - HSP10
tsRNAs - HSP70 Macrophage
- TRYP1
? i 1L
Monocyte
|
+ INF
| s

Levs released in the sand fly midgut

Leishmania spp.

Hepatocellular carcinoma ccl

Levs secretion mechanism: )
Dicerl
- Plasma membrane

- Flagellar membrane

- MVB pathway

Leishmania extracellular vesicles
Levs delivery mechanism, receptor involved and effects

T Infectivity (in vivo & in vitro)

Levs-enriched (virulence factors): I pres
GP63 l JAK, MAPK, IRAK
Cysteine peptidase -1INFKB
- EFla - l AP-1
Enolasc
Peroxidoxin

Virus-containing Levs —* TLR3 — Inflammasome —+ I .

Potential translations of Levs:

Vaccines
Diagnostics L. donovani GP63
Therapeutics L. infantum LPG

Drug-resistance surveillance L. mexicana HSP

TLR2 — MAPKs —»

d0i:10.20944/preprints202105.0754.v1

degradation

Inflammatory cytokines

- LPG/TLR2-mediated

GP63-mediated modulation of:
-| signaling
Cytokines/Chemoki -| Microbicidal functions (NOS, ROS)

T Inflammatory cytokines

-l Inflammatory cell recruitment

-1 Inflammatory-mediated pathology

skin hyp

Parasite cvasion by altering complement mediated lysis
and promoting parasite phagocytosis

Figure 7. Leishmania extracellular vesicles LEVs cargo: parasites and host cells interactions [68—74—78].
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Tablel: Old and New World species of Leishmania causing visceral and cutaneous leishmaniasis: geographic

distribution, vectors, hosts and reservoirs [4—9-10].

Geographic Transmission
Species Vectors Hosts Reservoirs
distribution cycle
Complex Predominant Rodents,
Old World  Sergentomyia species Humans
L. (L.) donovani anthroponotic Humans
New and Old  Phlebotomine Sand
L. (L) infantum Zoonotic  Dogs, humans Dogs
World Fly Species
Ph. sergenti, Ph. Rodents, wild
L. (L.) aethiopica Ethiopia Zoonotic Hyraxes
longipes, Ph. pedifer canids, dogs
Phlebotomus papatasi, Small
Small rodents,
L. (L.) major Asia & Africa Ph. duboscqi, Ph. Zoonotic mammals and
dogs, humans
salehi birds
Asia, Africa
Predominant Rodents, wild Humans,
L. (L.) tropica and Ph. sergenti
anthroponotic canids, dogs hyraxes
Mediterranean
Terrestrial forest
Lu. flaviscutellata, Lu. Rodents,
rodents,
L. (L) reducta, Lu. olmeca edentates,
South America Zoonotic ~ marsupials,
amazonensis olmeca, Lu. marsupials,
wild canids,
nuneztovari wild canids
humans
The  opossum
Venezuelan Didelphis
L. (L.) garnhami Lu. youngi Zoonotic Marsupials
Andes marsupialis and
humans
Rodents:
Ototylomys
phyllotis,
Lutzomyia olmeca Nyctomys
olmeca, Lu. diabolica, sumichrasti,
Lu. anthophora, Lu. Heteromys
USA (Texas), Rodents,
columbiana, Lu. desmarestianus,
L. (L.) mexicana Central and Zoonotic edentates,
ayacuchenisis, Lu. Sigmodon
South America marsupials
ylephiletor, Lu. hispidus, Neotoma
cruciata, Lu. albigula,
longipalpis Proechimys  sp.,
Oryzomys  sp.,
Nectomy sp,
Neacomys sp,
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Apparently
Lu. flaviscutellata, Lu.
limited to Zoonotic
L. (L.) pifanoi olmeca bicolor
Venezuela
L. (L.) Venezuela, in Lu. olmeca bicolor, Lu. ~ Zoonotic
venezuelensis the States of rangeliana
Lara and
Yaracuy
Brazilian
L. (L.) shawi Amazon Lu. whitmani complex Zoonotic
Region

Lu. intermedia, Lu.
whitmani, Lu.
wellcomei, Lu.
migonei, Lu. neivae,
Lu. davisi, Lu.
Central ovallesi, Lu. carrerai
L. (V.) braziliensis & South carrerai, Lu.  Zoonotic
America  spinicrassa, Lu.
trapidoi, Lu. gomezi,
Lu. ylephiletor, Lu.
Umbralitis,
flaviscutellata, — Lu.

olmeca

d0i:10.20944/preprints202105.0754.v1

Dasyprocta  sp;
marsupials:

Marmosa sp,
Metachirus  sp,
Didelphis sp.,
Philander sp;
wild canids:
Cerdocyon thous;

humans

Humans. wild

rodents, Rattus Rodents

rattus
Cats and  Rodents:
humans Sigmodon

hispidus, Rattus
rattus

Monkeys: Cebus
apella, Chiropotes
satanas;
edentates:
Choloepus Monkeys,
didactylus, edentates,
Bradypus procyonids
tridactylus;
procyonids:
Nasua nasua;
humans
Rodents:
Oryzomys
concolor, 0.
capito, 0.
nigripes, Akodon

Humans.
arviculoides,

Terrestrial
Proechimys ~ sp.,

rodents and
Sigmodon

some
hispidus, Bolomys
) marsupials

lasiurus,
Rhipidomys
leucodactylus,
Rattus rattus;

Marsupials:
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Colombia,
Panama,
Venezuela,

forests of
Lu. hartmanni, Lu.
L. (V.) Brazil and
gomezi, Lu.
colombiensis Peruvian
panamensis

lowlands,
others Latin
American

countries

Lu. wumbratilis, Lu.

L. (V.) guyanensis South America anduzei, Lu. Ovallesi,

Lu. whitmani

Forested areas
Lu. ubiquitalis, Lu.

L. (V.) lainsoni of Brazil, Peru

velascoi
and Bolivia
Degraded
Currently  unknown
forest in

L. (V) lindenbergi Lu. antunesi is highly
Belém, Para,
suspected

Brazil

States of Para

and Amazonas Lu.  ayrozai,  Lu.
L. (V.) naiffi (Brazil), paraensis, Lu.
French squamiventris
Guyana
Lu. trapidoi , Lu.
ylephiletor, Lu.
Central
L. (V.) panamensis gomezi, Lu.
America
panamensis, Lu.
hartmanni
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Zoonotic

Zoonotic

Zoonotic

Zoonotic

Zoonotic

Zoonotic
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Didelphis
marsupialis;
dogs, cats and

horses

Sloth  Choloepus

hoffmanni  and  Edentates
humans
Rodents,
edentates:
Choloepus
Rodents,
didactylus,
edentates,
Tamandua
marsupials
tetradactyla;
marsupials,
humans
Rodents Agouti
Rodents

paca and humans

It is suspected

that the wild
animal
Humans )
reservoirs are
probably
terrestrial
Nine-  banded
armadillo
Dasypus Edentates
novemcinctus,
humans
Rodents: Rodents,
Heteromys  sp.; edentates,
edentates: marsupials,
Choloepus procyonids,
hoffmanni, monkeys
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Bradypus
infuscatus, B.
griseus;
marsupials,
procyonids:
Bassaricyon gabbi,
Nasua nasua,
Potos flavus,
monkeys:  Aotus
trivirgatus,
Saguinus
geoffroyi; hunting
dogs, humans
Humans and

dogs. Rodents:

Phyllotis
Lu. peruensis, Lu. Rodents,
L. (V.) peruviana  South America Zoonotic andinum;
verrucarum marsupials
Marsupials:
Didelphis

marsupialis
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Table 2: EV research checklist for Leishmania extracellular vesicles (LEVs) [80-81].

Parameters.

WMandatory
Generictorm extraceluar veside (EV)

Wandatory i applicable

d0i:10.20944/preprints202105.0754.v1

With demonstration of extracellular (no intact parasites) and vesicular nature per

Encouraged

Nomenclature

Collection and pre-processing Culture Conditioned
medium

these characterization and function guidelines

Generic term extracellular partcle (EP).
No intact parasites but MISEV guidelines not satisfied

Nature and size of cullre vessels, and volume of medium during condiioning

Exact protocol for depletion of EVS/EPs from additives in collection medium

Generi term extracelular vesicle (EV) + speciication (size,
density, other)

Specifc term for subcellular oigin:
Ectosome, microparticle, microvesicle (from plasma
membrane), exosome (from endosomes), with demonstration
of the subellular rigin

Other specific term: with definition of specific criteria

General cell characterization Medium used before
and during collection (aditives, serum, other)

Collection and pre-processing
Storage and recovery

Number of parasites/ml, or /surface area and % of live/ dead cells at time of
collection (or at time of seeding with estimation at time of collection)

Frequency and interval of CM harvest

Storage and recovery (e.g.,thawing) of culture medium, before EV isolation

(treatment, % 02, ...) b d d

g collection

EV separation and concentration

Experimental details of the method

(storage temperature, vessel, time; method of thawing or other sample
preparation)

Storage and recovery of EVs after isolation (temperature, vessel, time,
additve(s)...

EV separation and concentration

bottom- up (sample at bottom, high density) or top

Centrfugation: eference number of ube(s), olor(s), adjusted k facior(s) of each centugation step

(= time+ speed rotor, volumeldensity of centrifugation conditions), temperature, brake settings

Density gradient: nature of marix, method of generating gradient,reference (and size) of tubes,

top, low density),
speed and time (wth brake specifid), method and volume of fraction recovery

Chromatography: matrix (nature, pore size....), loaded sample volume, fraction volume, number
Precipitation: references, ratio volivol or weightivol lid, ime/temperature of incubation,
timelspeedtemperature of centrifugation
Filtration: rference of ier type (=nature of membrane, pore size...), time and speed of

riugati (in case of i

Antibody-based : reference of antibodies, mass Ab/ amount of EVs, nature of Ab cartier (bead,
surface) and amount of Ab/carrier surface

Other. all necessary details to allow replication
Additional step(s) to concentrate

10 wash matrix andlor sample

Specify category of the chosen EV

separation/concentration method

Figh recovery, low specifcty = mixed EVs and non- EV

Intermediate recovery, intermediate specificty = mixed EVs
with limited non-EV components

Low recovery, high specificity = subtype(s) of EVs with as ltle

non-EV as possible
High recovery, high specifiiy = subtype(s) of EVs with as litte

non-EV as possible

EV characterization Volume of fluid, andior cell number, andlor tissue mass used 1o isolate EVs
Quantification by at least 2 methods: prote t, ,lpid
amount, expressed per volume of inial flid or number of producing cells/ mass
of tissue
Ratio ofthe 2 quantifiation figures
EV GPI localized tplasma Presence of prot with ther than endosomes Topology of the relevan functional components
membrane or endosomes
Global characterization Presence of proteins and ther kel
Cytosolic protein with membrane-binding or - association capacity
Assessment of presencelabsence of expected contaminants
EV characterization Images of single EVs by wide-field and close-up: e.g. electron microscopy,
scanning ) Py
Single EV characterization

Non-image-based method analysing large numbers of single EVs: NTA
(Nanopartce tracking analysis), Tunable resistive pulse sensing (TRPS),
cence Correlai S), high-resol

Y.
mult-angle light-scattering, Raman spectroscopy, etc
Functional studies Dose-esponse assessment
Negative medium, 1
applicable
Quanitative comparison of funciional activity of ttal fluid, vs EV-depleted fluid, vs
EVs (atter high recovery/low specificity separation)
Q of EVs vs other EPs/fractions aft
low fcity separation
Reporting ‘Submission of data (proteomic, sequencing, other) to relevant public, curated

databases or open-access repositories

Temper EV-specifc dlaims when MISEV requirements cannot

Quanative comparison of actity of EV subtypes (i subtype-

specific function dlaimed)

Extent of functional activity in the absence of contact between

EV donor and EV recipient

10 EV-TRACK (evtrack org)

with EV-TRACK number provided (strongly encouraged)

Data submission to EV-specifc databases (e, EVpedia,

Vesiclepedia, exRNA atlas)
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