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Résumé

La leishmaniose est une maladie zoonotique vectorielle, causée par le parasite protozoaire
Leishmania, affectant des millions de personnes dans le monde. Il n'existe pas de vaccin pour la
forme humaine, et les médicaments actuels, y compris la miltéfosine (MF), rencontrent une
résistance croissante. Des découvertes récentes montrent que les vésicules extracellulaires (VEs)
de Leishmania contribuent a la propagation des genes de résistance aux médicaments in vitro. ||
est donc crucial d'explorer de nouvelles méthodes pour lutter contre cette résistance,

notamment a la MF.

Nous avons étudié la capacité de Leishmania génétiquement sensibilisée, par la surexpression du
complexe de transport d'internalisation de la MF (MT-Ros3), a produire des VEs et a moduler la
sensibilité du parasite aprés un contact in vitro. La co-inoculation de parasites et de VEs de
différentes souches a été évaluée a travers quatre approches différentes. Les analyses
physiologique, protéomique et génomique des VEs ont caractérisé leur profil et guidé

I'interprétation de la sensibilité aux médicaments.

Les résultats montrent que les VEs sensibilisent la souche résistante (Li MF200.5) a la MF aprées
un contact in vitro, surtout lorsqu'elles sont produites et transférées physiologiquement via la
méthode Membrane semi-perméable. Ainsi, lorsque les VEs sont pré-incubées avec la MF
pendant 3 jours, la sensibilité au médicament augmente significativement. Nous démontrons,
pour la premiéere fois, le role de "cheval de Troie" des VEs dans la réduction de la résistance a la
MF, ouvrant ainsi la voie a de nouvelles stratégies pour combattre la résistance aux médicaments

chez Leishmania et d'autres microorganismes.

Mots-clés : Leishmania infantum, Résistance aux médicaments, Miltéfosine, Vésicules

Extracellulaires (VEs), Re-sensibilisation, Complexe de Transport MT-Ros3



Abstract

Leishmaniasis is a vector-borne zoonotic disease caused by the protozoan parasite Leishmania,
affecting millions of people worldwide. There is no vaccine for the human form, and current
drugs, including miltefosine (MF), are facing increasing resistance. Recent discoveries show that
Leishmania extracellular vesicles (EVs) contribute to the spread of drug resistance genes in vitro.

Therefore, it is crucial to explore new methods to combat this resistance, particularly to MF.

We studied the ability of genetically sensitized Leishmania, through the overexpression of the MF
internalization transport complex (MT-Ros3), to produce EVs and modulate the parasite's
sensitivity after in vitro contact. The co-inoculation of parasites and EVs from different strains was
evaluated through four different approaches. Physiological, proteomic, and genomic analyses of

the EVs characterized their profile and guided the interpretation of drug sensitivity.

The results show that EVs sensitize the resistant strain (Li MF200.5) to MF after in vitro contact,
especially when they are produced and transferred physiologically via the Transwell method, a
method involving the passage of EVs through a semi-permeable membrane. Additionally, when
EVs are pre-incubated with MF for 3 days, sensitivity to the drug significantly increases. For the
first time, we demonstrate the "Trojan horse" role of EVs in reducing MF resistance, thus paving

the way for new strategies to combat drug resistance in Leishmania and other microorganisms.

Keywords: Leishmania infantum, Drug Resistance, Miltefosine, Extracellular Vesicles (EVs),

Resensitization, MT-Ros3 Transport Complex
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Section 1: Literature Review

Chapter | — Leishmaniasis

1.1. Clinical signs

Leishmaniasis is a vector-borne infectious disease caused by multiple Leishmania (L.) species
(Protozoa, Kinetoplastida, Trypanosomatidae) with diverse clinical manifestations (1) ranging
from asymptomatic infections to lesions at cutaneous sites, mucosal sites or in visceral organs,

depending on the species and host characteristics (2).
1.1.1. Human leishmaniasis

1.1.1.1. Cutaneous leishmaniasis (CL)

CLis divided into two categories, Old World and New World, based on geographic regions. In both
cases, the infection typically starts as a small papule at the inoculation site, often on exposed
body parts. The papule enlarges into a nodular lesion that eventually ulcerates, and the
characteristic CL ulcer self-heals over 3 to 18 months, with up to 10% of cases progressing to
chronic and more severe clinical features (3). The lesions may vary in size and shape and can be

localized or disseminated. The incubation period is typically a few weeks to months (4).

CL is the most common form of leishmaniasis, and the ten countries of Afghanistan, Algeria,
Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa Rica, and Peru together account for 70%

to 75% of the global estimated CL incidence (5).

1.1.1.2. Visceral leishmaniasis (VL)

Also known as kala-azar, VL affects internal organs, particularly the spleen, liver, and bone
marrow. Symptoms include fever, weight loss, enlarged spleen and liver, anemia, and a
compromised immune system (6). Untreated visceral leishmaniasis is fatal in over 95% of cases,
usually within 2 years due to sepsis, multisystem disease, or severe anemia (3). VL is
predominantly prevalent in seven countries: Brazil, Ethiopia, India, Kenya, Somalia, South Sudan,
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and Sudan, contributing to over 90% of global VL cases. The annual incidence is estimated at
500,000 new cases, with approximately 50,000 deaths, though these numbers are believed to be

underestimated (7).

1.1.1.3. Muco-Cutaneous leishmaniasis (MCL)
MCL occurs when the infection spreads from the skin to mucous membranes. It can lead to
destructive lesions in the nose, mouth, and throat, causing disfigurement and severe

complications (8).

Predominantly found in Bolivia, Brazil, Ethiopia, and Peru, this form of leishmaniasis is caused by
species in the Viannia subgenus, particularly within the L. braziliensis complex. With the potential
for permanent disfigurement and disability, MCL poses a threat to life due to extensive tissue loss

in the oropharynx, nose, and lips (3).

1.1.1.4. Post-kala-azar dermal leishmaniasis (PKDL)
PKDL is considered an immunologically mediated sequela of VL primarily seen in the Sudan and
India (3). It is characterized by skin lesions, typically macules, papules, or nodules, and can occur

months to years after the initial infection (9).

1.1.2. Canine leishmaniasis (CanL)

Domestic dogs serve as the primary reservoirs for L. infantum, playing a crucial role in the
epidemiology of VL in humans (10) posing significant veterinary and public health concerns in
endemic regions. Dogs are key contributors to the transmission of the parasite to humans through
sandfly bites (11). The parasite exhibits an extensive distribution throughout various organs in
dogs, including the spleen, liver, lymph glands, bone marrow, kidneys, and skin. This contrasts
with the limited distribution observed in humans, where the parasite is typically confined to the

bone marrow, spleen, and liver (12).

In dogs, infections with L. infantum can either be asymptomatic or lead to manifestations such as

cutaneous lesions, lymph adenomegaly, lethargy, and loss of body condition (13).
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1.2. Epidemiology

Leishmaniasis demonstrates unique epidemiological patterns in the Old and New World. For
instance, in the Old World (Europe, Asia, and Africa), VL is primarily caused by L. infantum, with
dogs as the primary reservoir hosts. In the New World (the Americas), various Leishmania species

contribute to diverse disease forms, and wild animals function as reservoir hosts (14).
1.2.1. History

1.2.1.1. Origin

Leishmaniasis, caused by the Leishmania parasite, has a rich historical legacy spanning ancient
civilization. The first fossil evidence of Leishmania, referred to as "Paleo-leishmania", was
unearthed in Burmese amber from the Cretaceous period, preserved in the proboscis and
digestive tract of the sandfly vector Palaeomyia burbiti (15). The roots of leishmaniasis extend
back to the 7t century BCE, with references found in Assyrian tablets and the Ebers Papyrus from
ancient Egypt (16). Around 2,500 years ago, distinct lesions resembling present-day CL were
observed, known as the "Nile Pimple" (17). An intriguing study of Egyptian mummies (2050-1650
BCE) revealed L. donovani DNA, suggesting the historical presence of VL. Ancient Arabic societies,
recognizing healed sores as protective, practiced active immunization by inoculating exudates
into children's buttocks or exposing them to sandflies (16). This showcases the impact of

leishmaniasis on diverse civilizations and early efforts to understand and combat the disease.

1.2.1.2. Evolution

As illustrated in Figure 1, the evolution and spread of Leishmania involve a precursor of the L.
donovani group and L. major, emerging from monoxenous parasites (requiring a single host
during their entire life cycle) in South America around 46-36 million years ago (Mya).
Subsequently, they migrated to Asia via the Bering land bridge (depicted by the yellow line). The
ancestor of the L. donovani complex diverged from other Leishmania species around 14-24 Mya
(red line). This precursor reached central Asia and split approximately 1 million years ago into

European L. infantum, African L. donovani, and Indian/Kenyan L. donovani. L. infantum later
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entered South America through European settlers, while L. donovani likely transferred between

India and Kenya through immigrants/slaves (18).
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Figure 1: Origin and dispersal of Leishmania (Lukes et al., 2007)

Table 1: Remarkable historic advances on Leishmania characterization (Akhoundi et al., 2016)

Year
1756
1756

1764

1898

1901

1901

1904
1904
1904
1905

1908

1911
1913

1942

Scientist(s)
Russell

Indian physicians

Cosme Bueno

Borovsky

Leishman

Donovan

Leishman and Rogers
Rogers
Laveran and Chatoin

Sergent and colleagues

Nicolle

Wenyon
Migone

Swaminath and colleagues

Contribution
First detailed clinical description of the disease
Description of “kala azar” (black fever) clinical signs

First suspicions reporting the probable role of phlebotomine sandflies in disease
transmission in the New World

First accurate description of the causative agent of the oriental sore, reference
to Protozoa

Identification of organisms, as "trypanosomes," in smears from the spleen of an
Indian patient

Confirms the presence of what became known as Leishman-Donovan bodies in
the smears from Indian patients.

Demonstrated oval intracellular amastigotes can differentiate into flagellated
promastigotes.

First successful in vitro cultivation of the flagellated forms
First case of VL in the Mediterranean region
First report of CL transmitted by sandflies of the Phlebotomus genus.

Isolation of Leishmania parasites from a child or "infant," leading to the name
Leishmania infantum

Incrimination of Phlebotomus as the probable vector of diseases caused by
Leishmania in the Old World

First report of VL in the Americas

Demonstrated the process of Leishmania transmission to humans by sandflies
using a group of volunteers.
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Year Scientist(s) Contribution

Classification of Leishmania according to their morphology, culture
1949  Kirk characteristics, clinical and epidemiological aspects

1.2.2. Current situation

Leishmaniasis is endemic in many regions of the world, including parts of Africa, Asia, Europe, and
the Americas. The prevalence of the disease is influenced by a variety of factors, including climate,
environment, and socioeconomic conditions (19). In 2018, 92 countries had reported cases of CL,
and 83 countries or territories had reported cases of VL. Currently, over 1 billion people live in
leishmaniasis-endemic areas, facing a risk of infection. The annual estimates include 30,000 new
cases of VL and over 1 million new cases of CL (20). According to a report released by the World
Health Organization (WHO) in 2014, the DALYs (disability-adjusted life years) lost due to

leishmaniasis are close to 2.4 million (21).

Visceral Leishmaniasis
M Endemic Countries

Cutaneous Leishmaniasis
M Endemic Countries

¥
[
e

Figure 2: a) Status of VL in the world. b) Status of CL in the world. 2020 (Sasidharan & Saudagar,
2021)
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1.3. Diagnostic

Diagnosis is based on the clinical and congruent epidemiological context. Depending on the type

of leishmaniasis, the diagnostic procedures will be slightly different (19).

In general, it exists three main diagnostic methods for leishmaniasis: parasitological examination,
serology, and molecular diagnostics. Parasitological methods, as direct examination of
amastigotes, while considered the gold standard, face challenges in field diagnosis. Serological
tests, like the rk39 strip test, are cost-effective but may stay positive post-cure. Molecular
diagnostics offer high sensitivity but are hindered by cost and technical expertise limitations,
especially in resource-poor settings. There is a need for efforts to improve the accessibility and

cost-effectiveness of diagnostic methods, particularly in endemic remote areas (22).

1.3.1. Cutaneous and Muco-Cutaneous leishmaniasis

In the laboratory, leishmaniasis diagnosis involves microscopic identification of amastigotes in
Giemsa-stained lesion smears. Amastigotes, circular or oval bodies (2—4 um), are observed in
biopsies, scrapings, or impression smears. The highest diagnostic yield is typically from the ulcer
base. Three to five aspirates from different lesion parts are recommended, using the first for
microscopy and the last for culture, achieving diagnostic sensitivity over 85%. Serological tests for
antileishmanial antibodies are less common due to low titers and poor humoral response. While

sensitive, culture and PCR detection are currently impractical in developing countries (23).

1.3.2. Visceral leishmaniasis

In non-prevalent areas, well-equipped laboratory facilities enable effective disease follow-up,
particularly with molecular methods (PCR). However, in developing countries, particularly in rural
regions with a high patient burden, field-friendly diagnostic tools are essential like serological or

antigen detection (23).

1.4. Treatment

It is crucial to emphasize that leishmaniasis falls under the category of Neglected Tropical Disease

(NTD) and is a vector-borne iliness. NTDs collectively constitute a group of infectious diseases that
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disproportionately impact the most vulnerable populations, particularly those with limited access
to healthcare. This primarily affects impoverished individuals residing in remote rural areas and
urban shantytowns (24). Among the issues complicating treatment of leishmaniasis, one of the
foremost is that available chemotherapy drugs are few and far between, and cases of treatment

failure are increasing in certain regions (i.e., SSG for treatment of CL in Sri Lanka) (25).

1.4.1. Available medication

Currently, six antileishmanial agents are indicated in the WHO Model List of Essential Medicines
(26) for the treatment of human leishmaniasis: pentavalent antimony derivatives (SbV), including
sodium stibogluconate (SSG) and meglumine antimoniate (MA), miltefosine (MF), amphotericin
B (AmB), paromomycin (PMM) and pentamidine (PTD) (26). Additionally, for CanL, there is
Allopurinol, a purine analog, which is exclusively used for dogs in the context of leishmaniasis and

is the primary treatment (27).

Despite the growing resistance to this antileishmanial, antimonials are the first line of

antileishmanial drugs used all over the world since 1930 for all the clinical forms (28,29).

1.4.2. Side effects

Antileishmanial medications, crucial for treating leishmaniasis, encompass various drugs with
associated adverse effects. SbY, like SSG and MA, exhibit common side effects such as myalgia
and gastrointestinal disturbances, with potential severe toxicities (30). AmB, known for its
efficacy, may cause infusion-related reactions and nephrotoxicity (31). PMM, while effective, may
lead to local pain and ototoxicity (32). PTD, another treatment option, poses risks of hypoglycemia
and respiratory complications (30). Considering MF, side effects include gastrointestinal
symptoms such as nausea, vomiting, and diarrhea. Additionally, MF may lead to reproductive and
teratogenic effects, making it contraindicated in pregnant women. Other reported adverse effects

include elevated liver enzymes, headache, and skin-related issues (33,34).

Though these medications play a vital role globally, advancements are needed to minimize side

effects and enhance patient safety.
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1.4.3. Miltefosine
Miltefosine (MF) is an alkyl phospholipid (Hexadecyl phosphocholine) originally developed for the

treatment of cutaneous metastasis of breast carcinomas (35). It is the first and, as of now, the
only oral treatment available for VL, providing a convenient alternative to parenteral treatments
(36). Even if its considered mainly for VL, MF demonstrates efficacy against various Leishmania
species, including L. donovani and L. infantum, responsible for VL, and L. braziliensis and L.

panamensis, causing CL and MCL (33).

1.4.3.1. Mechanism of action
While the exact mode of action remains incompletely understood, it appears to involve multiple
mechanisms, such as interference with lipid metabolism and induction of apoptosis-like death

(Fig. 3) (37).

MF reduces membrane phosphocholine levels by inhibiting the cytidine-5-diphosphocholine
pathway and enhancing phosphatidylethanolamine (38). It also induces apoptosis-like death by
inhibiting cytochrome-c oxidase in the parasite's mitochondria consequently reducing oxygen
consumption and ATP levels. MF promotes a pro-inflammatory Th1l response in the host,
enhancing macrophage responsiveness to IFN-y (38,39). Additionally, MF opens the sphingosine-

activated plasma membrane Ca2+ channel resulting in large intracellular Ca2+ accumulation and
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Figure 3: Schematic overview of mechanisms of action for miltefosine in Leishmania. Possible
resistance mechanisms are shown in red (Wijnant et al., 2022)
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apoptosis-like death in Leishmania parasites (37,38). Although phenotypic resistance to MF is

infrequent, isolates from relapse patients often display heightened tolerability to the drug (38).

1.4.3.2. MT-Ros3 Transport Complex

The MT-Ros3 complex in Leishmania exemplifies a crucial phospholipid translocation machinery.
Comprising MT, a member of the P4 subfamily of P-type ATPases, and its associated B-subunit
Ros3, a representative of the Lem3/CDC50 family, this complex orchestrates the transport of
phospholipids across the parasite's plasma membrane. The close association between MT and
Ros3 highlights their collaborative role in maintaining lipid homeostasis and membrane integrity
(40,41). It has been demonstrated that as MF is also a short-chain phospholipid derivative, it

requires the Ros3-MT complex to translocate into the cytoplasm (41).

1.5. Prevention

The adage "prevention is better than cure" is applicable to leishmaniasis, benefiting not only the
individual patient but also the broader community. Primary prevention involves interventions
targeting infected vector bites and should be extended to key populations like farmers, hunters,
military personnel, and mining laborers in endemic areas (42). In terms of vaccination, attempts
have been made to utilize live, inactivated, or attenuated forms of Leishmania, but these
endeavors have proven unsuccessful. Similarly, efforts to develop peptide, DNA, or protein
vaccines have shown promise in animal models but have yet to demonstrate effectiveness in

humans (43).

1.5.1. Vaccination

Four CanlL vaccines, Leishmune® (discontinued), Leish-Tec® (Brazil), CanilLeish®, and LetiFend®
(Europe), have demonstrated reported efficacy ranging from 68.4% to 80% against active
infection and 92.7% to 95% protection against clinical disease. However, retrospective studies
reveal efficacy issues in specific endemic areas, and concerns arise regarding the negative impact
on diagnostic methods, hindering differentiation between infected and vaccinated dogs. This
highlights the need for stringent vaccine manufacturing and marketing, coupled with robust, long-

term pharmacological surveillance for appropriate evaluations (44,45).
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Currently, licensed vaccines for human leishmaniasis are unavailable due to the complex
interaction between Leishmania parasites and the host immune system. However, natural
recovery often provides life-long immunity, offering hope for vaccination. “Leishmanization”
(using live parasites for immunization) historically protected against CL, but its use has declined
due to safety concerns. That is why exploring live attenuated vaccines, inducing a protective Thl
response, is under consideration. Some researchers also support DNA vaccines for their potential

protective efficacy against VL and even CL (42,46).

1.5.2. Antivectorial fight

In a 2021 meta-review, various vector control methods and their effectiveness against CL and VL
were examined. Despite variations in data sources, settings, evaluation methods, and timelines,
similar approaches to vector control were identified for preventing the transmission of parasites
causing both CL and VL. These methods include indoor residual spraying (IRS), insecticide-treated
nets (ITNs), insecticide-treated clothing (ITCs), insecticide-treated surfaces (ITSs and ITFs), durable
wall lining treated with insecticides, and other environmental measures to safeguard households
(47). Some of the active principles included in these insecticides are pyrethroid,
organophosphate, carbamate, organochlorine, Bacillus thuringiensis and insect growth

regulators (48).
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Chapter Il - Leishmania

Leishmania spp. are unicellular zoonotic protozoan parasites belonging to the Trypanosomatida

order (19).

2.1. Taxonomy

Leishmania parasites are classified within the Kingdom Protista (Haeckel, 1866), Class
Kinetoplastea (Honigberg, 1963 emend. Vickerman, 1976), Subclass Metakinetoplastina
(Vickerman, 2004), Order Trypanosomatida (Kent, 1880), Family Trypanosomatidae (Do6flein,
1901), Subfamily Leishmaniinae (Maslov and Luke$ 2012), and Genus Leishmania (Ross, 1903) (5).

The classification, evolution, and dispersion of Leishmania parasites and their vectors, sandflies,
have been extensively explored in the scientific literature. Leishmania is categorized into four
primary  subgenera: Leishmania (Leishmania), Leishmania (Viannia), Leishmania
(Sauroleishmania), and Leishmania (Mundinia). Each subgenus represents a distinct evolutionary

lineage, crucial for understanding the broader taxonomy of the genus (16).

Old World Leishmania species, prevalent in Europe, Africa, and Asia, are mainly associated with
Leishmania (Leishmania), Leishmania (Sauroleishmania) and Leishmania (Mundinia) subgenera
while the New World is characterized by Leishmania (Viannia) species (5,16). Advanced molecular
techniques, such as high-resolution melt analysis, aid in accurate detection and identification,

revealing insights into the genetic diversity of these species (72).

Within the Leishmania (Leishmania) subgenus, one notable species is L. infantum for reasons
mentioned previously: it serves as the primary causative agent of VL, with a predominant impact

on regions in the Mediterranean, the Middle East, and parts of Latin America. L. infantum raises
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substantial public health concerns due to its capability to infect both humans and animals,

particularly canids.
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Figure 4: Taxonomic categorization of Leishmania species, distinguishing between Old World
(depicted in blue) and New World (depicted in red) (Akhoundi et al., 2016)

2.2. Life Cycle

The life cycle of Leishmania is heteroxenous, requiring both a female phlebotomine vector and a
mammalian definitive host, typically humans or dogs (Fig. 4). This dimorphic parasite alternates
between flagellated motile promastigotes measuring between 12 to 20 um, found in the vector's
intestine, and non-flagellated intracellular amastigotes that measures from 2.5 to 3.5 um, residing

in the macrophages of the definitive host (19,49).
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The biological cycle of Leishmania begins with the bite of a female insect vector, such as
Phlebotomus or Lutzomyia, transferring the parasites to the definitive host during blood feeding.
Metacyclic promastigotes (infective stage), stored in the insect's anterior digestive tract, are
released into the host's skin along with immunomodulatory agents present in the vector's saliva,
providing protection and triggering the complement cascade. Throughout the life cycle,
Leishmania undergoes complex morphological and metabolic changes in response to
environmental stimuli, ensuring its survival and transmission between hosts (19,50,51).
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Figure 5: Life Cycle of Leishmania (CDC, 2017)

2.2.1. Reservoir and hosts

Effective surveillance and public health interventions necessitate the identification of infection
reservoirs to prevent the transmission of Leishmania parasites and mitigate disease outbreaks
(52). Leishmania parasites exhibit diverse reservoirs, encompassing over 70 known hosts, such as
humans, marsupials, sloths, rodents, cats, and horses (52-54). Notably, as mentioned before,
dogs serve as the primary reservoir for Leishmaniasis, particularly VL caused mainly by L.
infantum. In urban areas, domestic and stray dogs, especially in the Mediterranean, South
American, and Chinese regions, play a critical role as reservoirs (55,56). Depending on the type of
cycle (peridomestic, rural, and sylvatic) and Leishmania species, the hosts identified as the main
reservoirs will vary in different endemic areas worldwide (57). For instance, in rural regions of

South America, wild animals such as foxes and didelphis marsupials may emerge as the primary
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reservoirs (55). In African rural regions, rodents and hyraxes could play this role, while in South

American sylvatic areas, examples include porcupines, sloths, and anteaters (57).

2.2.2. Vectors

Leishmania is transmitted by infected female sandflies. The established vectors for human disease
are Phlebotomus species in the Old World and Lutzomyia species in the New World (58). That’s
because female sand flies require a blood meal for the development and laying of eggs, and the
genera Lutzomyia and Phlebotomus, housing anthropophagous species (with some Sergentomyia
possibly feeding on humans), are crucial for the transmission of human diseases. Although sand
flies are primarily recognized as vectors for Leishmania, they also transmit other pathogens such
as bacteria and viruses. For example, they can transmit Bartonella bacilliformis, causing Carrion’s
disease, or Toscana Virus (Phenuiviridae), which induces neurological symptoms (57).
Generally, these vectors primarily inhabit warm, humid, tropical climates, and semi-desert
vegetation habitats. However, their distribution is expected to expand due to global warming,

creating new suitable habitats (59).

2.2.3. Parasitic stages
As mentioned before, Leishmania is a dimorphic organism that undergoes a complex life cycle

involving morphological transitions and distinct developmental stages within the sand fly vector

and mammal host.

2.2.3.1. Promastigote

In the vector, upon ingestion during a bloodmeal, amastigotes transform into promastigotes, the
flagellated motile form with procyclic promastigotes developing in the abdominal midgut. After a
few days, some transform into nectomonads, migrating to the thoracic midgut, eventually
reaching leptomonad and haptomonad forms. Some of the leptomonads will also differentiate
into metacyclic promastigotes, the infective form that is transmitted to the mammalian host (60—
62). The two subgenera Leishmania (Viannia) and Leishmania (Leishmania) exhibit different
vector-specific development patterns (60). Promastigote stages play various roles in maintaining

infection, with metacyclic promastigotes being crucial for transmission to mammals.
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Metacyclogenesis involves changes in morphology, gene expression, and biochemical structure
of surface protein lipophosphoglycan (LPG), enhancing resistance to complement-mediated lysis
(63). Infection is initiated when an infected sand fly bites a mammalian host, activating the host
immune response and defining the infection's course. This process, crucial for parasite infectivity,

takes approximately 1-2 weeks, and the sand fly remains infective for its lifespan (60,64).

2.2.3.2. Amastigote
Amastigotes exhibit a smaller and more spherical cell body with a short and rudimentary
flagellum. This transformation occurs when an infected sand fly takes a blood meal in the

definitive host (65,66).

This form is contained within phagocytic cells, starting with neutrophils, acting as “Trojan horses”.
Neutrophils phagocytose the parasites but do not eliminate them. They secrete the chemokine
MIP-1R8/CCL4 (macrophage inflammatory protein-1 beta), attracting macrophages to the
infection site (67,68). Upon arrival, macrophages phagocytose apoptotic neutrophils containing
promastigote-form parasites. This process avoids direct interaction with macrophage surface
receptors, thereby precluding the activation of macrophage function. Additionally, the ingestion
of apoptotic neutrophils has been postulated to establish an anti-inflammatory milieu by

modulating the expression of specific chemokines (67).

Within macrophages, the parasite is internalized within phagolysosomal vacuoles characterized
by an acidic pH and elevated temperature. This environment induces the transformation of
promastigotes into amastigotes (69,70). Amastigotes internalized by macrophages have the
capability to replicate, resulting in persistent, long-term latent infections and the possibility of
disease reactivation. Leishmania parasites exhibit the ability to modify the parasitophorous
vacuole environment, avoiding macrophage defenses and immune responses. Cell rupture

enables the re-invasion of uninfected monocytes and macrophages (70,71).

2.3. Genomics Characteristics

The Leishmania genome spans approximately 32 Mb, containing over 8,300 coding genes,

organized into 36 chromosomes in Old World species and 34 or 35 chromosomes in New World
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species. It exhibits distinct nuclear (chromosomal and episomal) and mitochondrial (kinetoplast)
genomes, with the kinetoplast featuring independently replicating DNA molecules (73,74). The
nucleus employs polycistronic transcription units, coordinating the expression of hundreds of
genes, even when they are not functionally related (73,75). In response to challenging conditions
like drug pressure, Leishmania frequently employs DNA copy number variations (CNVs), involving
aneuploidy, gene amplification, or gene deletion. This adaptive strategy also includes the
generation of extrachromosomal DNA and the accumulation of point mutations. These variations
play a crucial role in regulating the expression of drug targets and transporters, as well as
responding to environmental changes (74-76). These genomic traits highlight the parasite's

adaptability and complexity in the context of leishmaniasis research and control.

2.3.1. Aneuploidy

Aneuploidy, indicating an imbalance in chromosome dosage within a cell, is primarily recognized
for its detrimental effects, disrupting stoichiometric balances in transcripts, proteins, and
metabolites on a broad scale resulting in oxidative stress, proteotoxicity, and metabolic stress at
the cellular level. In multicellular organisms, characterized by close cellular coordination,

aneuploidy often leads to growth defects or lethality (77).

In recent decades, Leishmania parasites were initially thought to be primarily diploid. However,
recent data indicate that aneuploidy is prevalent. Within Leishmania populations, individual cells

exhibit distinct patterns of aneuploidy, termed mosaic aneuploidy (74).

In natural settings, environmental shifts are typically sudden rather than gradual. Consequently,
there is a need for mechanisms enabling parasite populations to rapidly adapt to new
environments. This abrupt environmental change is also a hallmark of drug treatment like MF. In
a study conducted in 2023, it was revealed that the modulation of aneuploidy under drug pressure
conditions is primarily influenced by the increasing drug concentration (Fig. 6), rather than the

duration of exposure to a constant drug concentration (75).
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2.3.2.  Polycistronic transcription

The Leishmania genome displays constitutive transcriptional activity, with minimal variations in
MRNA expression levels across different life stages (78). While constitutive expression imposes a
continuous metabolic burden, it offers an immediate advantage by ensuring the availability of
proteins when needed (79). This process is facilitated by polycistronic transcription, a mechanism
commonly found in prokaryotes, certain viruses, and lower eukaryotes, including protists like

Leishmania (80,81).

Polycistronic transcription entails the simultaneous transcription of multiple genes as a single
unit, resulting in polycistronic mMRNA molecules (precursor mRNA) that can be exceedingly long,
up to 100,000 bases, and lack introns (78). This transcriptional mechanism involves grouping
genes into unidirectional clusters (red and green clusters in figure 7), which are transcribed
together as extensive polycistronic units. The initiation of transcription occurs bidirectionally from
specific regions known as divergent strand switch regions (dSSRs) located on opposite DNA
strands (82). However, since most mRNAs are synthesized at a constant rate, trypanosomatids

rely on post-transcriptional mechanisms to regulate transcript abundance (83).
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Figure 6: Aneuploidy profiles of L. donovani populations (MePOP1-4) maintained under various
miltefosine concentrations at passages 1 (upper panel) and passage 9 (bottom panel). Adapted
from (Negreira et al., 2023)
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2.3.3.  Post-transcriptional regulation

Due to the absence of conventional RNA synthesis regulation, Leishmania primarily depends on
RNA processing and stability mechanisms for gene expression regulation (81). In terms of RNA
processing, to convert precursor mRNA into mature monocistronic mMRNA molecules, processes
known as trans-splicing and polyadenylation are employed (81,84). As shown in figure 7, this
involves the attachment of a 39-nucleotide spliced leader (SL) RNA which carries a trimethyl cap
(serving to protect against degradation, aid in transport from the nucleus to the cytoplasm, and

participate in subsequent translation), followed by an addition of a poly(A) tail (81,85).

It is widely believed that under conditions of constant transcription, fluctuations in mRNA levels
result from mRNA stabilization or destabilization processes (86). Leishmania features a unique set
of short interspersed degenerate retroposons (SIDERs) located primarily in 3'UTRs, particularly
the SIDER2 subfamily, which initiates mRNA decay through endonucleolytic cleavage, significantly

impacting post-transcriptional regulation (87).

However, alterations in mRNA abundance may not directly correlate with changes in protein
synthesis rates or abundance, underscoring the importance of translation efficiency and protein

half-life as additional regulatory targets (81).
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Figure 7: Polycistronic transcription and RNA processing in Leishmania (Griinebast & Clos,
2020)
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Chapter Il — Extracellular Vesicles (EVs)

3.1. Overview

Extracellular vesicles (EVs) refer to membrane-enclosed vesicles derived from cells that transport
bioactive molecules and transfer them to recipient cells. These vesicles include exosomes,
microvesicles (MVs), and apoptotic bodies (88). Over the past two decades, the field of EVs has
expanded significantly, as they are recognized not anymore as a cellular waste disposal system

but as a sophisticated mechanism for intercellular communication (89).

3.1.1. Discovery

As depicted in figure 8, the discovery of EVs dates to the 1940s when Chargaff and West, during
blood clotting studies in New York, unintentionally isolated EVs (89). In 1967, Wolf visualized
these structures as 'platelet dust' using electron microscopy. Subsequent studies in the mid-1960s

to early 1980s further described EV-like structures consistent with their sub-micron size (89).

The early 1980s marked a turning point with seminal papers by Johnstone and Stahl (89), laying
the groundwork for understanding EVs. Over the next three decades, research on platelet-derived
microparticles, MVs, and exosomes dominated, offering insights into EVs' fundamental nature.
Early studies revealed the lateral diffusion of lipids and proteins in vesicle membranes, unveiling

structural properties (89).
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Figure 8: Chronology of significant milestones in the field of EVs (Couch et al., 2021)
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The early 2000s saw the rise of organized EV meetings, leading to the formation of the
International Society for Extracellular Vesicles (ISEV). ISEV now hosts regular conferences uniting
researchers worldwide, fostering collaboration and advancing EV research with a shared purpose

(89).

3.1.2. Roles and functions
EVs primarily function by delivering proteins, metabolites, and nucleic acids, with diverse

applications explored across cell types and fields, notably in cancer research (90).

For example, EVs released by cancer cells play a crucial role in intercellular communication,
influencing the tumor microenvironment and impacting invasive capabilities (91). Additionally,
specific microRNAs carried by EVs, such as miR-21 and miR-4527, have been identified as potential
cancer biomarkers. Studies have shown increased miR-21 expression in exosomes from
glioblastoma patients, distinguishing them from healthy individuals (92). In other fields such as
plant-microbe interactions, microbial EVs induce immune responses, inhibit plant defenses, and

contribute to pathogen colonization, while plant EVs aid in disease resistance (93).

Regarding therapeutic applications, EVs come with natural targeting abilities that can be
augmented through engineering, enhancing therapeutic efficiency. For example, cortical neuron
secreted EVs show selective absorption by neurons, indicating intrinsic tissue tropism. Both
superficial and integral EV cargos influence innate tissue tropism and selective uptake through
interactions with complementary receptors on the surface of target cells, providing avenues for
direct or indirect engineering to modify recipient cell targeting, allowing tailored delivery to

specific cell types and optimizing therapeutic outcomes (94).

3.1.3. Classification

There are three main subtypes of EVs: exosomes, MVs, and apoptotic bodies. These are
distinguished by their biogenesis, release pathways, size, content, and function (95). As depicted
in figure 9, exosomes typically range from 50 to 120 nm, MVs from 0.1 to 0.35 um, and apoptotic
bodies from 0.8 to 5 um. Exosomes are nano-sized vesicles released via exocytosis pathways from

multivesicular bodies (MVBs) within late endosomal structures, MVs are formed through outer
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membrane budding, and apoptotic bodies are linked to programmed cell death. Each subtype

possesses unique properties and functions (96).
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Figure 9: EVs Classification: (A) Exosomes, (B) Microvesicles, (C) Apoptotic Bodies (Hadizadeh
etal., 2022)

3.1.3.1. Exosomes

Exosomes, or small extracellular vesicles, are single-membrane vesicles secreted by all cell types
and present in bodily fluids such as plasma, urine, and semen, etc. (95). Their biogenesis begins
with early endosome formation through cellular membrane invagination, transforming into late
endosomes (MVBs) containing nanoparticles. Two potential outcomes exist: degradation through
lysosome fusion or release of nanoparticles (exosomes) into the extracellular space (96). The
endosomal sorting complexes required for transport (ESCRT) pathway governs MVB formation

and exosome release, responding to cellular needs, potentially stimulated by growth factors (95).

Over the past decade, exosomes have attracted significant research attention due to their
therapeutic properties and delivery potential, attributed to their small size which is believed to
enhance cellular uptake. Moreover, the surface membrane protein CD47 in exosomes can bind
to SIRP-a, potentially preventing phagocytosis by immune cells and promoting good

biocompatibility and stability (97,98).

3.1.3.2.  Microvesicles
Microvesicles are characterized by their larger diameter, ranging from 50 nm to 1000 nm, which

is greater than that of exosomes (95). These vesicles are formed when the plasma membrane
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buds and undergoes fission, releasing them into the extracellular space. This mechanism involves
the outward bulging and subsequent detachment of portions of the plasma membrane,
facilitating the transfer of proteins, lipids, and nucleic acids between cells and enabling cellular

communication with the external environment (96,99).

3.1.3.3. Apoptotic Bodies

As their name suggests, apoptotic bodies are formed during cell death by apoptosis, also called
ApoEVs. They typically range in diameter from 1 um to 5 um, making them the largest EVs (100).
The formation process of apoptotic bodies can be divided into three main stages: the blebbing of
the plasma membrane, the generation of long membrane protrusions composed of multiple
blebs, and the subsequent separation of these protrusions into individual apoptotic bodies
(96,101). Initially noted long ago, apoptotic vesicles have garnered less attention compared to
other types of extracellular vesicles. Currently, their applications are primarily focused on four
areas: direct therapeutic use, engineering as carriers, development as vaccines, and incorporation

into diagnostic tools (101).

3.1.4. Composition

The functional role of EVs is intricately linked to their cargo, which includes nucleic acids, lipids,
and proteins. These components exhibit specific associations with the plasma membrane, cytosol,
and lipid metabolism of the parent cell (102). Recent investigations into the molecular
composition of EVs have revealed a comprehensive profile, encompassing up to 9,769 proteins,
1,116 lipids, 3,408 mRNAs, and 2,838 miRNAs. This molecular content offers insights into both EV
biogenesis and the cell type of origin. For instance, exosomes demonstrate enrichment in major
histocompatibility complex Il (MHC-II) and tetraspanins (CD63, CD81, Annexin A5) compared to
MVs (103). In exosomes, proteins constitute the most diverse cargo, which are predominantly
derived from the cytoplasm, with less frequent contributions from the Golgi apparatus,

endoplasmic reticulum, mitochondria, and nucleus (104).
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Figure 10: Composition of EVs (Almeria et al., 2022)

3.2. Leishmania & Extracellular Vesicles

The role of EVs in Leishmania-host interactions has gained attention in recent years. A 2015 study
revealed Leishmania exosome production in vivo within the sand fly midgut. These exosomes
were shown to be part of the sand fly inoculum, co-egested with the parasite during bites,
potentially influencing the host's infectious process (105). It has also been demonstrated that the
peak of Leishmania exosome production occurs following a temperature shift, simulating the
parasite's entry into its mammalian host. These vesicles significantly impact macrophage cell
signaling, exhibiting pro-inflammatory properties that recruit neutrophils and exacerbate

pathology (106).

3.2.1. Immune modulation

The interaction between Leishmania and its host immune cells triggers an inflammatory response
crucial for parasite control (106), with Leishmania modulating both innate and adaptive
responses. It employs sophisticated strategies to resist complement-mediated lysis, including
expression of protein kinases and surface molecules like LPG and GP63 (107). These are some
examples of virulence factors, a set of components that aid Leishmania pathogenesis, facilitating

the parasite's invasion and establishment of infection within the mammalian host (108). Recent
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research highlights the crucial role of EVs, and particularly exosomes in transporting virulence
factors, such as GP63, Cysteine Peptidase, Enolase, etc., contributing to the modulation of the

host immune response (Fig. 11) (109,110).

This modulation involves disrupting cell signaling, altering cytokine release, and inhibiting
microbicidal functions, including Nitric Oxid (NO) production (109). Additionally, it has been
demonstrated that exosomes can carry an endosymbiotic dsRNA Leishmania (Viannia) virus

named LRV1, leading to distinctive Leishmania (Viannia) immunopathology in MCL forms (109).

3.2.2. Horizontal Gene Transfer (HGT)

In a groundbreaking study conducted in 2022, Douanne et al. unraveled a unique mechanism of
HGT mediated by EVs within and between Leishmania species (111). This discovery marked the
first documentation of such genetic exchange in parasites. The study emphasized that EVs,
particularly exosomes, function as carriers of genetic material, with the DNA content of these

vesicles faithfully reflecting the genetic background of the source parasite (111).

Through three distinct methods—Transwell (indirect and physiologic EV transfer), direct EV
transfer, and nucleofection (forced EV transfer)—they showed that EVs derived from drug-
resistant parasites efficiently alter the drug sensitivity of recipient parasites after a single
exposure (making them more resistant). This alteration was achieved by transmitting natural
amplicons or artificial plasmids, ultimately enhancing the growth and fitness of the recipient

parasites, especially in challenging environments (111).

These results emphasize the critical significance of EVs in facilitating genetic exchange and

adaptation within populations of Leishmania parasites.
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Figure 11: Leishmania EVs modulation of the host immune response (Dong et al., 2021)
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Chapter IV — Treatment Failure (TF) and Drug Resistance (DR)

4.1. Generalities

In literature, TF and DR are frequently treated as synonymous, although they represent distinct
phenomena. In leishmaniasis, TFs occur when pharmacological interventions fail to effectively
reduce the infection, resulting in an unsuccessful cure (112). DR is often considered a primary
pathogen-related factor contributing to TF in patients (113). As depicted in figure 12, other factors
related to the host (immunity, nutritional status), parasite, environment, and drug

(subtherapeutic dosage, or inappropriate storage) may also influence TF (114).
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Figure 12: Factors influencing TF and DR in Leishmania (Ponte-Sucre et al., 2017)

4.1.1. First notifications and propagation

The first reports of DR emerged in Northeastern India during the early 1980s, with approximately
30% of patients not responding to the prevalent Sb¥regimen (115). The widespread SbY resistance
in the Indian Subcontinent (ISC) has been attributed to the high contamination of local freshwater
with arsenic, an element sharing comparable properties with Sb and often found in bedrock (38).

By the year 2000, the percentage of TF cases in the region had surged to 60—70% (116).
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To revert this and since its registration in India in 2002, MF replaced antimonial as the first-line
treatment in the ISC, boasting cure rates exceeding 94%. However, ten years after, its efficacy
showed a decline, with relapse rates reaching up to 10-20% in ISC after a 12-month follow-up
(114). In other affected regions such as Brazil, reports from 2019 indicate low efficacy against VL
in humans, with cure rates ranging between 42% and 68% (117). However, there are still clinical

studies reporting good efficacy in CanL, with a cure rate around 94% (118).

AmB, initially employed as an antifungal agent, also became a primary treatment for VL in specific
regions globally (119). Despite demonstrating high cure rates, an outbreak of autochthonous
canine VL in Uruguay in 2017 unveiled clinical isolates with 3 to 4-fold reduced susceptibility to
AmB. Comparable variations in susceptibility to AmB were noted in a non-endemic region in India

in 2011 and among patients with CL in Colombia in 2018 (120).

4.1.2. Risk Factors

As mentioned before, leishmaniasis is classified as a NTD, which primarily impacts individuals
facing conditions associated with poverty, malnutrition, population displacement, inadequate

housing, weakened immune systems, and limited resources (121).

As illustrated in figure 12, these factors, among others, contribute to TF in leishmaniasis,
consequently promoting DR as well. For instance, drug related factors such as inadequate dosing
(whether due to inexperienced health workers or self-administration as observed with oral drug
MF), can result in subtherapeutic levels and the potential emergence of drug-resistant parasites
(114,122). Difficulties in administering drugs in challenging environments, including incorrect
application or exposure to unsuitable storage conditions, pose additional obstacles to treatment

success and contribute to the development of DR (114).

Specific to MF, its extended elimination half-life (approximately 120 hours) results in
subtherapeutic levels persisting for several weeks after a standard treatment course, prompting

predictions of rapid emergence of resistance in regions where it is extensively used (114).

Additionally, factors associated with the reservoir host also contribute to DR. The extensive use

of a limited range of antileishmanial drugs in both human and canine populations exacerbates the
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problem, particularly since dogs lack complete parasitological cure, increasing the risk of
developing DR (123,124). The host immune response also plays a crucial role, significantly
influencing the efficacy of antileishmanial drugs. Immunodeficient patients may face challenges
in achieving a cure due to their compromised immune system and thus increasing also the risk of
developing DR. Children, with immature cell-mediated immune systems, and older individuals,

susceptible due to senescence, are often more affected (114,125).

4.2. Resistance mechanisms

In response to drug pressure, Leishmania exhibits adaptive strategies through its genomic
plasticity, as outlined in Section 2.3. These strategies involve DNA CNVs, as well as single-
nucleotide polymorphisms (SNPs), and the generation of extrachromosomal DNA (often observed
in the form of circular or linear amplicons) (74-76). The stability of these amplifications varies,
with some persisting and others fluctuating upon the removal of pressure. Indeed, DNA
amplifications display stochastic behavior, indicating that while parasites in a population share a

conserved core genome, individual extrachromosomal amplicons exhibit variation (126,127).

This adaptive mechanism enhances the population's resilience and survival potential in diverse

environmental conditions.

4.2.1. Overview

This significant genomic plasticity enables Leishmania to undergo genetic modifications and
develop resistance mechanisms when exposed to drug pressure. While many of these
mechanisms involve mutations or altered expression of membrane transporters, resulting in
decreased drug uptake or increased efflux, others include drug sequestration, enzymatic drug
inactivation, improved cellular stress response, or alterations in drug target expression or affinity
(Fig. 13) (38,128,129). These changes may impact not only the parasite's susceptibility to drugs

but also its overall fithess and virulence (38).

ATP-Binding Cassettes (ABC) transporters play a pivotal role in DR mechanisms, particularly
through drug efflux, making them a crucial protein family. Some members of this family, known

as multidrug resistance proteins (MRPs), are also involved in metal resistance using thiol
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metabolism and drug sequestration (such as MRPA with PTD and antimonials). Leishmania's
genome contains 42 ABC genes distributed across different chromosomes which will be amplified

or mutated as key mechanisms in its involvement in DR (128,130).
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Figure 13: DR mechanisms in Leishmania (Bharadava et al., 2024)

4.2.2. MF-associated mechanisms

MF-resistant Leishmania strains, whether clinically derived (rare) or laboratory-selected, exhibit
common genetic and biological traits. Although the precise resistance mechanism remains
unclear, a consistent feature is reduced drug accumulation intracellularly, potentially influenced
by factors such as decreased absorption, increased efflux, accelerated metabolism, and altered

cell membrane permeability (128).

4.2.2.1. Low influx

The predominant MF-resistance mechanism described in the available literature, in both
amastigotes and promastigotes forms, is often associated with a decreased influx of the drug,
resulting from genetic alterations in the transport complex proteins MT and/or Ros3

(35,38,40,114,131).
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These mutations mainly include SNPs and deletions in MT and/or Ros3 genes (40,114), that can
perhaps also be associated to cross-resistance with other drugs such as AmB (131). Moreover,
the expression of MT can also be influenced by various mechanisms, such as a reduction in
chromosome 13 somy, subtelomeric deletions involving the MT gene (on chromosome 13), indels
causing premature stop codons, and transcriptional reduction without detected genomic changes

(132)

Supporting these findings, a proteomics study affirmed the concept of decreased translation

within the MT-Ros3 transport complex in MF-resistant strains (35).

4.2.2.2. High Efflux

As mentioned earlier, drug efflux is a crucial mechanism in DR, mainly facilitated by ABC
transporters. LMDR1/LABCB4, a member of the Leishmania ABC family and resembling a P-
glycoprotein transporter, was the first identified molecule involved in experimental MF
resistance. Its role includes actively expelling MF from the parasite, resulting in a decrease in its
intracellular accumulation (133,134). Since then, other transporters such as ABCG4 and ABCG6

have also been implicated in DR when they are upregulated (128).

The upregulation of these transporters, such as MDR1, is also associated with cross-resistance to

AmB (38).

4.2.2.3. Other mechanisms

Concerning lipid metabolism, it has been shown that MF-resistant parasites exhibit a decreased
level of unsaturated phospholipids, signifying reduced membrane fluidity and thereby adversely
affecting the interaction between the drug and the parasite (135). Additionally, MF resistance has
been linked to alterations in other lipid pathways, such as fatty acid elongation and C-24-

alkylation of sterols, influencing modifications in sterol biosynthesis (128,135).

Studies have also shown that MF-resistant parasites can develop mechanisms to better tolerate

oxidative stress (measured by ROS levels); therefore, preventing apoptosis (136,137).
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4.2.2.3.1. New avenues for leishmaniasis control

Over the past three decades, MF has stood as the sole approved medication for treating
leishmaniasis. The primary emphasis has shifted towards screening innovative combinations of
existing drugs to replace monotherapy, aimed at curbing the emergence of DR. Additionally,
existing treatments are plagued by cytotoxicity, highlighting the pressing necessity for the

development of new, more effective, and less toxic drug regimens (138).

Two primary approaches exist for identifying compounds, phenotypic and target-based methods.
The phenotypic approach involves screening entire organisms against drugs without specific
knowledge of their targets, while the target-based approach focuses on identifying molecular
targets and designing drugs to interfere with them. Although both offer distinct advantages and
drawback, striking the right balance between these approaches holds promise for successful drug

discovery endeavors (139).

In addition to implementing new chemotherapy for combatting leishmaniasis, the WHQO's 2021—-
2030 roadmap for NTDs included various other measures such as WASH (Water, Sanitation,
Hygiene), vector control, veterinary public health initiatives (including rodent control and dog

vaccinations), case management, and early diagnosis and treatment (140).

4.2.2.3.2. Nucleoside Analogs and Purine Salvage Pathway Enzymes

The purine salvage pathway in Leishmania relies on transporters to acquire purine bases from the
host, serving as crucial targets for drug development despite challenges in selectivity. Enzymes
like phosphoribosyl transferases are also potential targets, with drugs like allopurinol showing
efficacy but raising safety concerns. Nucleoside analogs such as immucillins have shown promise
in reducing L. infantum amastigotes, indicating their therapeutic potential against leishmaniasis

(139,141).

4.2.2.3.3. Kinetoplastid Specific Proteasome Inhibition (KSPI)

The proteasome is essential for removing abnormal proteins in fast-growing parasites like
Leishmania, making it an attractive target for drug development (142). Thus, KSPIs (such as
LXE408 and GSK3494245) are showing promise as next-generation drugs that are orally active and

compliant with patient use (143,144).
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4.2.2.34. Resistance Reversal Agent

Sitamaquine, an 8-aminoquinoline derivative initially developed as an antimalarial prototype,
demonstrated effectiveness as a reversal agent against MF and Sb resistance mediated by ABC
transporters (LMDR1 and MRPA, respectively) in Leishmania parasites (128,133). However,
despite its potential, the development of sitamaquine as an oral treatment option for
leishmaniasis faced challenges due to severe side effects such as vomiting, cyanosis, and nephritic
syndrome dyspepsia, leading to the interruption of its clinical trials in 2017 (138). Nonetheless, it

demonstrated that overcoming DR in Leishmania may be feasible.
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Section 2: Description of M.Sc. project

1- Rationale

Leishmaniasis is a parasitic disease transmitted through the bites of infected female sandflies.
This vector-borne and zoonotic disease can lead to severe forms, including cutaneous, mucosal,
and visceral manifestations, often resulting in mortality. Besides, leishmaniasis meets the criteria
of a Neglected Tropical Disease (NTD) due to its prevalence in impoverished settings (Tropical and
Sub-Tropical regions), limited research focus, vector-borne transmission, complexity in clinical
manifestations, social impact, and the overall neglect in global health priorities. The primary hosts
affected are dogs and humans. Currently, there is no available vaccine to prevent this disease,
and control measures rely on a limited number of nonspecific leishmaniasis drugs, such as
antimony, miltefosine, and amphotericin B. A major concern is the growing resistance to these

drugs observed on several continents in recent years.

Our research team has recently published on the crucial role of extracellular vesicles (EVs) in the
development of antimicrobial resistance by facilitating horizontal gene transfer of drug resistance

genes (111).

2- Research hypothesis

Building on this discovery, we hypothesize that, like the transmission of resistance genes, EVs
could be used to transmit sensitivity genes for drugs. In this way, we could try to genetically
modify EVs to incorporate sensitivity genes encoding drug transporters, aiming to enhance the
parasites' ability to internalize these drugs and consequently increase their sensitivity to them. In
this work, our focus is on miltefosine, the only oral drug available worldwide against human

leishmaniasis.

3- Objectives
Our main objective is to assess the viability of reversing miltefosine resistance in Leishmania

infantum using genetically modified EVs.
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1. Creating two plasmids, each containing one of the two genes that form the miltefosine
transporter complex (MT-Ros3) and transfecting them into the Leishmania genome,

followed by testing the sensitivity of these Leishmania strains to miltefosine.

2. Producing and characterizing EVs emitted by these genetically modified parasites using
techniques such as nanoparticle tracking analysis (NTA), MicroBCA and analysis of protein

and genetic content.
3. Evaluating the impact of these EVs on miltefosine-resistant parasites in terms of drug

sensitivity

4- Perspectives

This innovative approach in managing antimicrobial resistance holds significant potential to curb
its progression and extend the efficacy of existing antimicrobial drugs. It opens promising new

perspectives in the fight against leishmaniasis and similar parasitic diseases.
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Section 3: Materials and methods

1. Biological Material

1.1. Bacterial strains
The 5-alpha Competent Escherichia coli (derivative of the popular DH5a) was employed in
transformation experiments for plasmid amplification. It was obtained from New England Biolabs,
USA. The genotype of NEB® 5-alpha includes endAl and recAl mutations. The endAl mutation
helps to maintain the quality of DNA during plasmid preparations, and the recAl mutation

reduces recombination in plasmid DNA.

In terms of storage, they were kept at 4 2C on Petri dishes with their respective LB agar medium

(section 3.1).

1.2. L. infantum strains
Two strains of L. infantum were used in the project, with which new genetically modified strains

were developed (refer to section 5):

- L. infantum (MHOM/MA/67/ITMAP-263) wild-type (WT) strain: Li WT
- L. infantum in vitro-generated resistant mutant MF200.5, resistant to 200 uM MF
(Miltefosine, Cayman Chem.): Li MF200.5

In terms of growing, they were kept at 25°C in pH 7.0 M199 medium supplemented with 10%
fetal bovine serum (FBS) and 5 pg/mL of hemin in non-ventilated 25 cm? culture flasks (Corning,
USA). Cultures were maintained in the presence of varying concentrations of MF depending on
the strain (WT, 0 vs MF-resistant, 200 uM). In terms of storage, they were kept at -802C in the
same M199 medium but supplemented additionally with DMSO at 10% (v/v) in 2 mL cryogenic
vials (Corning, USA).
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Figure 14: Image of a 5-day culture of Li WT promastigotes. They are observed in a free state,
with occasional rosettes. Captured using an inverted microscope (CKX, Opus, Japan) at 400x
magnification.

2. Vectors

Three different vectors were used during the project for the molecular cloning stages and for the

subsequent nucleofection stage (refer to section 5.9):

2.1. pGEM T-easy vector (Promega, USA)
This vector is characterized by 3’-T overhangs at the insertion site, providing compatibility with
PCR products that possess 3'-A overhangs. This design facilitates the ligation of PCR products into
the vector, a critical step in the molecular cloning process. It has a size of 3015 bp and contains a
gene conferring ampicillin resistance (amp"). Insertional inactivation of the a-peptide (coding
region for B-galactosidase) facilitates the direct identification of recombinant clones through
blue/white screening on agar plates. The vector enables the preparation of single-stranded DNA

thanks to its f1 origin of replication.
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Figure 15: Map of the pGEM®-T Easy vector (Source: www.promega.com)

2.2. pSP72ahyga (Promega, USA)

This vector facilitates the nucleofection of the PCR-amplified product into L. infantum. With a size
of 5119 bp, it incorporates enzymatic restriction sites, such as those for Xbal and Hindlll enzymes,
facilitating the insertion of the PCR product flanked by these specific enzymes. Additionally, it
harbors the hygromycin phosphotransferase gene (hyg), serving as a selectable marker in

Leishmania.

2.3. pSP72apuroa (Promega, USA)

This vector also enables the nucleofection of the amplified PCR product into L. infantum. It has a
size of 4638 bp and contains enzymatic restriction sites, including sites for Xbal and Hindlll
enzymes, allowing the insertion of the PCR product flanked by these same enzymes. It also
includes the puromycin N-acetyl-transferase gene (PAC), another selectable marker in

Leishmania.

3. Culture Media

3.1. Luria-Bertani Medium (LB)

It is the standard culture medium for the growth of E. coli strains used in the study. It was

prepared by dissolving 10 g of tryptone, 5 g of yeast extract, and 10 g of NaCl in 1 L of distilled

52



water, with a final pH of 7.0. For use as a solid medium, 20 g of agar per liter of culture medium

was added. In terms of storage, both liquid and solid medium were kept at 4 2C.

3.2. M199 Medium
This medium is a conventional choice for cultivating Leishmania promastigotes. It is prepared by
dissolving 53.15g of M199 (Gibco, USA) in 1L of distilled water (H20) and adding HEPES to achieve
a final concentration of 25mM. The pH is adjusted to 6.9 and then filtered through a 0.22 uM
filter to eliminate debris. For parasite culture, the M199, prepared at a 5X concentration, is
diluted to a 1X concentration, and supplemented with 10% fetal bovine serum (FBS) and 5%

hemin. In terms of storage, it was kept at 4 ¢C.

4. Genes of interest

4.1. MT
This gene encodes for a phospholipid-transporting ATPase 1-like protein in Leishmania, with its
primary function being the transport of phospholipids from the extracellular environment
through the cell membrane (40,41). Here, we used the MT gene of 3294 bp located on
chromosome 13 (LINF_130020800) of L. infantum.

4.2. Ros3

This gene encodes for the MT beta subunit in Leishmania which is primarily responsible for
transporting phospholipids across the cell membrane (41). It belongs to the Lem3p/CDC50 family.
Here, we used the Ros3 gene of 1092 bp located on chromosome 32 (LdBPK_320540.1) of L.

donovani.

4.3. MT-Ros3 Complex

Together, they form the MT-Ros3 complex, and both are indispensable for its functionality. The
complex plays a crucial role in the transport of phospholipids and the entry of MF into Leishmania

parasites, as MF is an alkyl phospholipid (41).
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5. Generation of the L. infantum Ros3-MT strain

5.1. Isolation of Genomic DNA from L. infantum
Genomic DNA (gDNA) was extracted from mid-log phase clonal cultures of promastigotes for each
strain of L. infantum using DNAzol reagent (Invitrogen, USA), following the manufacturer's
recommendations. DNAzol reagent disrupts cellular structures, denatures proteins, and allows
the separation of DNA from other cellular components (145). Purified gDNAs were quantified by
absorbance (A260/280) on a Take 3 platform (BioTek, USA). The stored DNA at -20 °C was

subsequently utilized in PCR experiments.

5.2. DNA amplification
The amplification of different DNA genes (Ros3 and MT) was carried out through polymerase
chain reaction (PCR). To achieve this, distinct primer oligonucleotides were created for each gene,
and their details are outlined in Table 1, with assistance from TritrypDB (EuPathDB: The Eukaryotic
Pathogen Genomics Database Resource) (146). The amplification was carried out in a ProFlex PCR

System (Applied Biosystems, USA).

To facilitate the subsequent cloning of these fragments, it was ensured that the ends of both the
insert and the vector were cohesive and compatible in pairs, and in this case, they were identical.
This approach allowed for directing the orientation of the insert and minimizing the vector's self-
ligation frequency. To achieve this, the sequences of specific restriction enzymes were

incorporated into the ends of the different primers (Table 1).
The standard PCR reaction used for the amplification of most fragments is described below:

9 200 ng of gDNA

10 uM Forward Primer
1 10 uM Reverse Primer
1 10 mM dNTPs

9 1X Buffer GC 5X

1 3% DMSO
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9 Sterile water to complete a final volume of 50 pl

9 1.0 U/50 pL Phusion DNA Polymerase
The PCR reactions were conducted with the following cycling conditions:

9 Denaturation phase: 982C for 10 s
9 Annealing phase: [622C to 65.29C] for [20 to 28 s]
i Extension phase: 722C for [30 to 60 s]

A total of twenty-eight cycles were performed, commencing with an initial denaturation phase at

989C for 30 s. The final cycle concluded with an extension phase at 729C for 10 min.

Table 2: Primers used in PCR validation tests

Target Restriction Primers sequences (5’-3’) Product Length
Enzyme
sequence
Ros3 Xbal FW: GCTCTAGAGCATGGCGCCTCTACC 1092 bp
Hindlll RV: CCCAAGCTTGGGCTACTCTGTATAGACTGG
MT Xbal FW: GCTCTAGAGCATGCCCAACCAACCG 3294 bp
HindllI RV: CCCAAGCTTGGGTCACAGCTTTCCA
Ros3 - FW: ATGGCGCCTCTACCCCCTAAG 1092 bp
- RV: CTACTCTGTATAGACTGGCATGATCAAGTATTTCACTGA
MT - FW: ATGCCCAACCAACCGCCGTG 3294 bp
- RV: TCACAGCTTTCCACCGTTTTGAACAGCGTA

5.3. DNA Visualization

Subsequently, for visualization, PCR products were separated by electrophoresis in 1x TBE (a
buffer solution containing a mixture of Tris base, boric acid and EDTA), 1% agarose gels stained
with SYBR™ Safe DNA Gel Stain (Invitrogen, USA). The samples were mixed with 20% (v/v) of
loading buffer (Gel Loading Dye, Purple (6X), New England Biolabs, USA) and applied to the gel
wells. Electrophoresis was conducted in submerged chambers with 1x TBE buffer, applying a
voltage difference of 90 V. The Quick-Load® 1 kb DNA Ladder (New England Biolabs, USA) was

used as a molecular weight standard, featuring bands ranging from 0.5 to 10.0 kbp. DNA bands
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were visualized by exposing the gel to a UV transilluminator. Finally, the capturing of gel images

was performed using a ChemiDoc MP Imaging System (BioRad, USA).
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Figure 16: DNA electrophoresis regarding the size of DNA fragments and the distance
migrated through the agarose gel (Wikipedia, 2017)

5.4. DNA Purification
It was performed directly from the DNA fragments present in agarose gels after electrophoresis.
DNA purification was carried out using the Monarch® DNA Gel Extraction Kit (New England
Biolabs, USA), employing a bind/wash/elute workflow designed for minimal incubation and spin
times. Purified DNAs were then quantified by absorbance (A260/280) on a Take 3 platform

(BioTek, USA). The stored DNA at —20 °C was subsequently utilized in cloning experiments.

5.5. DNA fragments ligation
The PCR gene Ros3 was initially incorporated into a pGEM T-easy vector (Promega, USA) to assess
the quality of the inserted DNA through Sanger sequencing. Specifically, after isolating the gene,
it underwent polyadenylation to facilitate its optimal integration into the pGEM-T Easy plasmid
(Promega, USA; refer to section 2.1). Prior to this, the Monarch® Genomic DNA Purification Kit
(Monarch, USA) was employed to purify the product by eliminating impurities following the
polyadenylation process. Subsequently, ligation with the plasmid vector was carried out using T4

bacteriophage DNA ligase (Promega, USA) during a 2-hour incubation at room temperature.
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Notably, this step is exclusively applied to the Ros3 gene (1092 bp) since its size allows seamLess
ligation with the pGEM T-easy vector (Promega, USA) (3015 bp). Conversely, the MT gene (3294
bp), being larger than the vector, skips this step and directly proceeds to ligation with the

pSP72apuroa (Promega, USA) vector for subsequent nucleofection step (refer to section 5.9).

5.6. Cellular Transformation
To achieve plasmid amplification, and consequently amplify our genes, cellular transformation
was conducted following the manufacturer's guidelines for 5-alpha Competent E. coli cells.
Briefly, 25 ul of competent E. coli cells were thawed in an ice bath, and 5 pl of DNA was added.
After a 30-minute incubation on ice, the cells underwent a heat shock at 422C for 30 seconds,
followed by rapid cooling on ice for 5 minutes. Subsequently, 950 uL of Super Optimal broth with
Catabolite repression (SOC) was added, and the mixture was incubated for 1 hour at 372C and

200 rpm.

In this process, cells successfully integrating the plasmid expressed an antibiotic resistance gene,
serving as a selection marker (here ampicillin). Transformants were plated on LB agar plates
containing the antibiotic, Ampicilin sodium salt (Fisher Bioreagents, USA) at 50 ug/mL.The
insertional inactivation of the a-peptide aided in identifying recombinant clones (refer to section
2.1). Plates were supplemented with IGPT (isopropyl B-D-1-thiogalactopyranoside) and X-GAL (5-
bromo-4-chloro-3-indolyl-B-D-galactopyranoside), facilitating B-galactosidase expression and

providing a color indicator for visualizing recombinant colonies.

Once identified, five colonies were selected and subjected to the GenelET Plasmid Miniprep Kit
(Thermo Scientific™, USA) for efficient plasmid DNA purification. Purified plasmid DNAs were
quantified using absorbance (A260/280) on a Take 3 platform (BioTek, USA), and stored plasmid

DNA at -20 °C was utilized in subsequent enzymatic digestion experiments.

5.7. DNA enzymatic digestion

Enzymatic digestion is employed to precisely cleave DNA at specific sites using restriction

endonucleases, facilitating the fragmentation of plasmids into smaller, more manageable
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fragments. In our case, Xbal and Hindlll were consistently used as the restriction enzymes to serve

two primary purposes:

1. Isolation of target genes: Enzymatic digestion is utilized to separate our genes of interest

(ROS3/MT) from the plasmids to which they were initially attached (refer to Table 2).

2. Linearization of Plasmids: Plasmids are linearized through enzymatic digestion, enabling

subsequent ligation with our target genes

Afterisolating our plasmid from competent E. Coli cells, enzymatic digestion is employed primarily
to isolate ROS3 from the pGEM-T Easy plasmid. The Ros3 gene is then recovered through gel
electrophoresis, where two bands are observed, one corresponding to Ros3 (1092 bp) and the
other to pGEM-T Easy plasmid (3015 bp). Gel extraction is carried out as mentioned before, using
the Monarch® DNA Gel Extraction Kit (New England Biolabs, USA). Finally, purified DNAs are
quantified using absorbance (A260/280) on a Take 3 platform (BioTek, USA). Stored DNA at -20

°C is utilized in subsequent cloning and nucleofection experiments.

5.8. New DNA Ligation, Transformation and Digestion
The recovered gene, Ros3, and the MT gene were inserted into new plasmids, pSP72ahyga and
pSP72apuroa, respectively. These plasmids contained a hygromycin and puromycin resistance
gene, respectively. The ligation to these second plasmids was achieved using Xbal and Hindlll
restriction enzymes to linearize both plasmids, as mentioned earlier, since both contain

sequences for these same restriction enzymes (refer to section 2.2 and 2.3).

For the ligation of the plasmid vector with insert DNA, T4 bacteriophage DNA ligase (Promega,
USA) was again utilized. This time, the NEB BioCalculator (New England Biolabs, USA) Ligation
Calculator was employed to determine the required amounts of vector and insert DNA for optimal
ligation (147). Subsequently, the newly generated molecules from the ligation process were
transformed into suitable competent E. coli cells using the same protocol mentioned earlier (refer

to section 5.5).

In this process, cells that successfully integrated the plasmid expressed an antibiotic resistance

gene, serving as a selection marker (ampicillin). Transformants were plated on LB agar plates
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containing the antibiotic. Unlike the transformation with the pGEM T-easy vector (Promega, USA),
pSP72ahyga and pSP72apuroa do not possess the insertional inactivation of the a-peptide, which
aided in identifying recombinant clones (refer to section 2). So, as a limitation, we could not

recognize the colonies that had integrated the recombinant plasmid.

We randomlLy picked 5 colonies, performed the GenelET Plasmid Miniprep Kit (Thermo
Scientific™, USA) for efficient plasmid DNA purification as mentioned before. Then, we quantified
the plasmid DNA using absorbance (A260/280) on a Take 3 platform (BioTek, USA), and stored

the plasmid DNA at —-20 °C for subsequent enzymatic digestion and nucleofection experiments.

To verify if the plasmid contained the insert DNA, we performed the subsequent enzymatic
digestion. If two bands were observed for each plasmid, pSP72ahyga (5119 pb) and Ros3 (1092
pb); pSP72apuroa (4638 pb) & MT (3294 pb), it meant that the purified plasmid DNAs were

recombinant and ready for the nucleofection.

5.9. Nucleofection

The mutant overexpressing Ros3-MT was created by introducing the pSP72ahyga-Ros3 and
pSP72apuroa-MT plasmids into the L. infantum WT strain background, following a previously
described method (148). In summary, for episomal expression, 15 pg of the circular pSP72ahyga
and pSP72apuroa empty or containing our genes of interest (Ros3 and MT respectively) were
transfected into L. infantum WT parasites using nucleofection with the Amaxa Nucleofector
System (Lonza), customized for the Human T cell Nucleofector Kit (U-033 pre-set program).
Selection of the mutant was performed in the presence of 600 pg/mL Hygromycin (Hygromycin

B, Wisent) and 100 pg/mL Puromycin (Puromycin dihydrochloride, Wisent).

Initially, we nucleofected each plasmid individually into populations of L. infantum WT.
Subsequently, we obtained the strains L. infantum WT + Ros3 and L. infantum WT + MT. Finally,
we took one of these strains and introduced the other plasmid to obtain a strain containing both

plasmids, L. infantum WT Ros3-MT.

59



6. Acquisition of baseline values

These experiments were conducted throughout the project and involved almost all the strains
used in the study. They allowed for the comparison of strains based on various parameters,

facilitating the extraction of results and conclusions afterward.
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Figure 17: A hemocytometer counting chamber. Adapted from (‘Using a Counting Chamber’
created by David R. Caprette from Rice University)

6.1. Growth Curves
Growth curves were conducted in 25 cm? cell culture flasks (Corning, USA), starting with a seeding
density of 1 x 10°® parasites/mL. Parasite growth was monitored daily over a 7-day period using
two methods: (1) Assessment of absorbance at 600 nm using a Cytation 5 machine (BioTek, USA),
and (2) parasite counting with a Neubauer chamber (BioTek, USA). In the first method, 200 pL of
the culture was pipetted into a well of a 96-well culture plates (Sarstedt, Germany) each day, and
its absorbance was measured as mentioned earlier. For the second method, a 1:100 dilution in
PBS was prepared each day, and the number of parasites was counted with the aid of a Neubauer
chamber and an inverted microscope (CKX53, OLYMPUS, Japan). The growth assays were
replicated with a minimum of two biological replicates, each comprising independent cultures,

and each culture involved two technical replicates.

6.2. Drug-sensitivity assays
For drug susceptibility assays, we measured the ECsg, or the half-maximal effective concentration.
It represents the concentration of a drug at which a response (e.g., inhibition of parasite growth)
is halfway between the baseline (no effect) and the maximum (complete inhibition) response. It

is a valuable parameter for assessing the effectiveness of a drug and comparing the potency of
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different compounds or treatments. The lower the ECso, the more potent the substance is in

achieving the desired effect (149).

Here, promastigotes at a concentration of 1 x 10° parasites/mL in mid-log phase growth were
seeded in 24-well culture plates (Sarstedt, Germany) containing 1.5 mL of M199. The cultures
were then incubated at 25 °C with varying concentrations of MF. For Li WT and its derivatives,
concentrations of 0, 2.5, 5, 10, 15, 20, 25, 30, 40, and 80 uM were employed. For Li MF200.5 and
its derivatives, concentrations of 0, 25, 50, 75, 100, 125, 150, and 200 uM were employed. Growth
was monitored by measuring A600 using a Cytation 5 machine (BioTek, USA) until untreated wells
reached an optical density (OD) of 0.400-0.500, approximately within 3-5 days. Each drug-
susceptibility assay was conducted with at least 3 technical replicates for each sample. ECso values
were calculated from dose-response curves analyzed by non-linear regression with GraphPad
Prism 8.0 software (GraphPad Software, La Jolla, California, USA). Each determination was based

on an average of at least three independent biological replicates.
6.3. Gene expression/abundance measurement

6.3.1. RNA isolation from L. infantum
Total RNA was extracted from log-phase promastigotes of L. infantum using the RNEasy® mini kit
(Qiagen®, Germany) in accordance with the manufacturer's specifications. Purified RNAs were
quantified by absorbance (A260/280) on a Take 3 platform (BioTek, USA). The stored RNA at -20
°C was subsequently utilized in RT-qPCR experiments. Three independent purifications were

conducted for each strain/condition.

6.3.2. cDNA preparation and amplification
The complementary DNA (cDNA) was generated utilizing the iScript™ Reverse Transcription

Supermix (Bio-Rad, USA) as is described below:

9 300 ng/uL of RNA
9 4 uL of 5x iScript™ reaction mix

9 Nuclease free water to complete a final volume of 20 pl.
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The standard reverse transcription reactions were conducted with the following cycling

conditions:

9 Primer annealing: 25.02Cfor5m 00 s
1 DNA polymerization: 46.02C for 20 m 00 s

1 Enzyme deactivation: 95.02Cfor 1 m 00 s

6.3.3. Reverse transcription-quantitative PCR (RT-qPCR)
It is employed for the quantitative analysis of gene expression and abundance levels. Unlike
traditional PCR, RT-gPCR allows real-time monitoring of DNA amplification during the PCR
reaction. This method is particularly valuable for investigating gene expression from cDNA and

studying gene abundance from gDNA.

For this study, the previously synthesized cDNA and purified gDNA from EVs (refer to section 7.3)
underwent amplification using the iTaqg™ Universal SYBR® Green Supermix Kit (Bio-Rad, USA) with
a CFX Opus 96 Real-Time PCR System™ (Bio-Rad, USA), following the manufacturer's protocol
(150).

The determination of Ros3 and MT expression and abundance levels utilized compatible primer
pairs (Table 3). The obtained values were normalized to the expression or abundance of a
reference gene in Leishmania, the constitutively expressed mRNA encoding glyceraldehyde-3-

phosphate dehydrogenase (GAPDH).

In our study, we validated primer designs tailored for analyzing Ros3 and MT expression in
Leishmania. Initially, primer compatibility was confirmed through a temperature gradient
experiment, establishing 58°C as the optimal annealing/extension temperature for subsequent
gPCR cycling. Standard curves were then generated using 10-fold dilutions of cDNA for Ros3, MT,
and the reference gene GAPDH, demonstrating robust amplification efficiencies nearing 100%
(Table 3), which underscored the reliability and quality of our gPCR assays. The thermal profile
comprised an initial denaturation step at 95°C for 30 seconds (cDNA) and 3 minutes (gDNA),
followed by 40 cycles of denaturation at 95°C for 5 seconds and annealing/extension at 58°C for

25 seconds. Post-gPCR melt curve analysis confirmed the specificity of amplification, facilitating
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precise quantification of qPCR products based on threshold cycle (Ct) values. Employing the 2724¢
method, we assessed the gene expression and abundance levels of MT and Ros3 in our L.
infantum strains relative to GAPDH expression and abundance levels. The determinations were
conducted with a minimum of three biological replicates from independent cultures, each

including three technical replicates.

Table 3: Primers used in RT-qPCR and qPCR validation tests.

Target Primers sequences (5’-3’) Primers’ efficiency (%)

Ros3 FW: AAGTCAGCCACTGATCCATATC 122

RV: CGAGCCACACTATCAAATCCT

MT FW: CGAGGAAGGACAGGCATTTAT 109

RV: GCAGTACGGCTGTGCTATT

GAPDH FW: GTTCGTGTGCTTGGTTGCAT 95

RV: GTACGGAGCGGCGATTGATA

7. Extracellular Vesicles (EVs)

7.1. Purification
The purification of Leishmania EVs followed established protocols (151). In summary, Leishmania
parasites (2.5-5.0 x 10’ parasites/mL) were cultured in 0.8 L of drug-free M199 at 25°C,
supplemented with 10% FBS and 5 pug/mL hemin at pH 7.0. The parasites were allowed to reach
late-log phase in 8 non-ventilated 75 cm? culture flasks (Corning, USA). Following two washes in
PBS, the parasites were resuspended in 80 mL RPMI-1640 medium without FBS and phenol red
(Wisent, Canada) in 50 mL centrifuge tubes at 37°C. After a 4-hour incubation at 37°C to stimulate
EV release. Post-incubation, samples underwent two centrifugation steps to remove parasites
and clear debris (5 min at 1,000 g), followed by filtration through 0.45 um and 0.22 um syringe
filters. EVs were then collected via a 1-hour centrifugation at 100,000 g and resuspended in EVs
buffer (137 mM NacCl, 20 mM Hepes, pH 7.5). The aliquoted EVs were stored at -80°C for
subsequent analyses, with a slow thawing process on ice before use. Refreezing of thawed EVs

was avoided. Three independent purifications were, at least, conducted for each strain.
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7.2. Characterization

7.2.1. Size and concentration
The ZetaView Nanoparticle Tracking Analyzer (NTA) from Particle Metrix, USA, was utilized for
size and concentration measurements of the purified EV samples. The analysis was conducted at
25°C, employing 0.22 um filtered EVs buffer as a diluent. Video acquisition parameters included
a shutter frame rate of 45, and the sensitivity was set at 85, following the guidance algorithms of
the system's software. To ensure accuracy, the ZetaView was validated using 100 nm standard
beads before measurements. Sample dilution was performed in EVs buffer with a dilution factor

ranging from 1:1,000 to 1:10,000 to achieve a particle count within the range of 1,000-2,000.

7.2.2. Protein quantification
The protein content in EVs samples was quantified using the MicroBCA™ Protein Assay Kit
(Thermo Scientific, USA) following the manufacturer's instructions. Subsequently, A560 was
measured using a Cytation 5 machine (BioTek, USA) in 96-well culture plates (Sarstedt, Germany).

Two technical replicates were conducted for each purified EV sample.

To achieve high purity in small EV preparations, it is essential to maintain a particle-to-
micrograms-of-protein ratio equal to or exceeding 10'°. Preparations with a ratio ranging from
10° to 10'° are deemed to have low purity, while those falling below 10° are considered impure

(151).

7.3. DNA extraction, amplification, and visualization

Once the quality of EVs has been confirmed, an aliquot of the EV sample is used to extract the

DNA. A minimum of 100 pg of EVs is recommended to recover enough EV DNA.

EVs’ DNA extraction was performed using the DNeasy Blood and Tissue Kit (QIAGEN, USA) from
purified EVs. The resulting dried DNA pellets were resuspended in ddH,0 and concentrated using
a Savant DNA SpeedVac Concentrator (Thermo Electron Corporation, USA). Purified DNAs were
quantified by absorbance (A260/280) on a Take 3 platform (BioTek, USA). The stored DNA at -20

°C was subsequently utilized in PCR and gPCR experiments.
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The amplification and visualization procedures were identical to those for gDNA (as detailed in

sections 5.2 and 5.3), employing the same pair of primers (Table 2).

8. EVs Horizontal gene transfer and cargo capacity

Evaluation of EVs ability to transfer DNA to recipient cells and act as a drug-carrier involved four

distinct methods (Figure 18).

8.1. Transwell co-culture
Without direct contact, donor parasites (2 x 107 promastigotes in 1.5 mL) were placed in the inside
chamber with a 0.4 um pore size (Corning, USA), while recipient parasites (5 x 10® promastigotes
in 2.6 mL) were added to the wells, following established procedures (152). Parasites were

cultured in drug-free M199 at 25°C for 7 days.

8.2. Direct Transfer
Particle preparations (a single dose of 20 pug/mL pure small EVs) were introduced to recipient
parasite cultures (10° promastigotes/mL) in drug-free M199 at 25°C for 3 days in 24-well plates
(Corning, USA).

8.3. EV-nucleofection
20 pg of purified small EVs were directly transfected by nucleofection using the Amaxa
Nucleofector System (Lonza) tailored for the Human T cell Nucleofector Kit (U-033 program).
Selection was carried out in the presence of the drug to which the donor parasites were resistant,
600 pg/mL of Hygromycin (Hygromycin B, Wisent), and 100 pg/mL of Puromycin (Puromycin
dihydrochloride, Wisent).

8.4. EV Drug Cargo
Unlike the other experiments, here we assessed whether EVs could function as drug carriers,
potentially inducing a "Trojan horse" effect on the parasites themselves. Two experimental
groups were established: one where EVs would be incubated simultaneously with the drug and

parasites, and another where EVs were pre-incubated with the drug for 3 days at 252C before the
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addition of parasites. Particle preparations (a single dose of 10 ug/mL pure EVs) were used with

parasite cultures (10® promastigotes/mL) in M199 at 25°C in 96-well plates (Sarstedt, Germany).

Across all four experimental approaches, recipient parasites underwent various post-exposure
assessments (drug susceptibility and/or RNA extraction). The experiments were conducted with
minimum of two biological replicates from independent cultures, each including three technical

replicates.

9. Proteomics

Protein extraction from Leishmania parasites and their EVs was conducted to explore their
biology, pathogenicity, and associated content, with a focus on comparing protein profiles

between the different parasite strains and their derived EVs.

9.1. Protein digestion and liquid chromatography—MS/MS (LC-MS/MS)

A protocol was established in the lab to extract proteins for subsequent proteomic analysis.
Initially, Leishmania parasites were collected, washed, and resuspended in 8 M urea/50 mM TRIS-
HCI buffer (pH 8) with a protease inhibitor cocktail. The samples were homogenized using glass
beads and centrifuged to obtain protein-rich homogenates, with the protein concentration
determined using a Bradford assay. Subsequently, 100 ug of proteins were precipitated with ice-
cold acetone, dissolved, and sonicated in TRIS-HCI buffer. Following reduction with dithiothreitol
and alkylation with iodoacetamide, proteomic-grade trypsin was added for digestion. The
reaction was terminated with trifluoroacetic acid, and the resulting supernatant was collected for

analysis.

9.2. Analysis
We conducted high-performance liquid chromatography (HPLC) utilizing the Thermo Scientific
Vanquish FLEX UHPLC system based in San Jose, USA, employing gradient elution on a microbore
column (particle size: 5 um, Thermo Biobasic). Detection in the positive ion mode was facilitated
by the integration of a Thermo Scientific Q Exactive Plus Orbitrap Mass Spectrometer with the
UHPLC system. The TOP-12 Data Dependent Acquisition method was utilized. Rather than

treating each replicate as an individual sample, we chose to amalgamate the data from these
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replicates to construct a comprehensive dataset for each condition. Subsequent data processing
was carried out employing Thermo Proteome Discoverer (version 2.4) in conjunction with
SEQUEST. The analysis incorporated a curated database featuring FASTA sequences from UniProt
specific to L. infantum (TAXON ID 5671). Critical settings comprised an MS1 tolerance of 10 ppm,
MS2 mass tolerance of 0.02 Da for Orbitrap detection, and trypsin specificity with allowance for
two missed cleavages. Fixed modifications involved carbamidomethylation of cysteine and
dimethylation of lysine and N-terminus, while methionine oxidation served as a variable
modification. Peptide identification was restricted to those with a minimum length of six amino
acids, excluding proteins identified by only one peptide. Protein quantification and comparative
analysis relied on peak integration, utilizing the average ion intensity of unique peptides to
ascertain protein abundance. Normalization was performed by setting the protein abundance
value at the lowest examined temperature (37°C) as the baseline, represented by a value of 1. To
generate the Venn Diagrams, we utilized a free online software tool (153), and GraphPad Prism
8.0 software (GraphPad Software, La Jolla California, USA) for the Volcano plots. Data is available

in Raw data proteomics.xlsx

10. Molecular biology-specific reagents

10.1. Nucleic Acids

For the synthesis of oligonucleotides, the services of IDT (USA) were employed. DNA molecular

weight markers were obtained from New England Biolabs (USA).

10.2. Enzymes
The following restriction endonucleases were used for DNA cleavage: Xbal and Hindlll. Other
enzymes, such as T4 bacteriophage ligase, Phusion DNA polymerase, and Reverse Transcriptase,

were employed for various experiments. All these enzymes were procured from New England

Biolabs (USA) and Bio-Rad (USA).

67


https://udemontreal-my.sharepoint.com/:x:/g/personal/max_adria_verdeny_umontreal_ca/ETnUPkx3ZlVHhMN-on2MmGEBlC1aiwuSLoLOf3lDoKeTKg?e=iQhETW

10.3. Antibiotics
Ampicillin was used at a concentration of 50 ug/mL for the selection and maintenance of 5-alpha
Competent E. coli cultures. For the culture of L. infantum ROS3-MT promastigotes, Hygromycin
(Hygromycin B, Wisent) and Puromycin (Puromycin dihydrochloride, Wisent) were utilized at
concentrations of 600 ug/mL and 100 pug/mL, respectively. MF (Cayman Chem; USA) was also used

for the drug-sensibility essays and for maintenance of Li MF200.5.

68



Direct Transfer
Li WT + Ros3-MT LiMF / LiWT
o LN @
Ny )
26ug/ml 10”6parasites/ml

\

EV Drug Cargo

Pre-Incubation Non Pre-Incubation
MF Li WT + Ros3-MT MF Li WT + Ros3-MT

i
it .
. -

@ / S Y 0\_/\@/ »
H”\o W\O

\ ‘/ 16ug/ml Li MF / Li WT \ { S

25°C
3 days MFL L MF :.o"sparasntes/ml
TR Li MF / LiwWT
25°C 25°C
@
10”6parasites/ml
25°C
3days
Transwell Co-Culture EV Nucleofection
Donor parasites ;’ .m\‘?* Positive selection :
f e (A‘ * Hygromycin

« LiWT + Ros3-MT
. LiwT
. LiMF ™

> 0,4 pm filter Li WT + Ros3
—=— EVs

* Puromycin

-_—

e
Recipient parasites f e
P P | =L

e Li MF

; : Nucleofection

Figure 18: Scheme of the experiments conducted to assess the impact of genetically modified EVs on
Leishmania miltefosine resistance.

69



11. Quantification and statistical analysis

To evaluate differences between the studied samples, we first conducted a Shapiro-Wilk test to
assess normality at alpha = 0.05. Statistical analyses were then performed using multiple one-
sided unpaired t-tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). In the different
experiments, each data point represents the average + SD (n = {2; 3}). The data were analyzed
using GraphPad Prism 8.0 software (GraphPad Software, La Jolla California, USA). The results are

representative of at least two independent experiments.
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Section 4: Results

1. Acquisition of Baseline Values in Li WT and Li MF200.5

First, we assessed the fitness of both strains, Li WT and Li MF200.5, through a growth curve (Fig.

19A and B). We observed that Li WT reached the exponential phase before the resistant strain (1

day vs. 2 days, respectively). However, both strains reached the stationary phase at the same time

(4 days). Then, we assessed the MF sensitivity of both strains, Li WT and Li MF200.5, through a

drug-sensitivity assay and calculated their ECso values (Fig. 19C). As expected, we observed that

there were significant differences between the strains (Fig. 19D; p < 0.0001); Li WT exhibited a

much lower ECsp value (20.99 uM) compared to the resistant strain (154.5 uM), (Fig. 19C).
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Figure 19: Baseline values of Li WT and Li MF200.5 in terms of fitness and MF sensitivity

(A-B) Parasite growth curve over 7-9 days in drug-free M199 media. (A) Optical density (Cytation
5; ODeoo) and (B) Neubauer chamber. The results are representative of two biological replicates
with similar data. Each data point represents the average * SD. (C-D) MF sensitivity assays. (C) ECso
values (D) ECso Fold change. The results are representative of three biological replicates with
similar data. Each bar represents the average + SD. The results obtained followed a normal
distribution (alpha = 0.05), and differences were statistically evaluated using a one-tailed unpaired

t-test (*p <0.05, **p < 0.01, ***p <0.001, ****p < 0.0001).

2. Generation of MT-Ros3 Overexpressed Strain in L. infantum

To establish our MT-Ros3 overexpressing strain, we began by isolating gDNA from Li WT. We then
performed PCR amplification using primers specific to the MT and Ros3 genes (Table 2), followed
by electrophoresis to isolate and extract the amplified products. As shown in Figure 20A, the Ros3
gene fragment had a molecular weight of 1092 bp, while the MT gene fragment had a molecular
weight of 3294 bp (Fig. 20B). After purifying the genes from the electrophoresis bands, we ligated
them into the pGEM T-easy vector plasmid (Promega, USA) to assess the quality of the inserted
DNA via Sanger sequencing. Specifically, only Ros3 was ligated to the pGEM T-easy vector, as
previously described. To confirm the insertion of our gene into the pGEM T-easy vector plasmid
and to isolate and purify our gene from it, we performed an enzymatic digestion with Xbal and
Hindlll, followed by electrophoresis (S1 Figure 25). For the generation of the MT-Ros3
overexpressing strain, the Ros3 and MT genes were ligated into two distinct plasmids:
pSP72ahyga and pSP72apuroa, respectively. To confirm successful gene insertion into both
plasmids, we performed enzymatic digestion with Xbal and Hindlll (Figure 20C and D).
Subsequently, these plasmids were introduced into Li WT through nucleofection, facilitating the
integration of our recombinant plasmids into the Li WT nucleus, as previously described. To
ensure proper integration, selection drugs as hygromycin and puromycin were used. All
experimental groups, including the negative control (without plasmid), positive control (empty

plasmid), and treated group (recombinant plasmid), showed successful outcomes. The negative
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control succumbed in the presence of the drugs, whereas both the treated and positive control
groups survived throughout all passages. To ensure consistency, subsequent experiments were
normalized to our positive control (mock), focusing on comparing strains based on the

overexpression of the Ros3, MT, or both genes.

3kb-

1kb -

0,5kb -
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-3 kb -3 kb
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Figure 20: Ros3 and MT genes extraction and ligation into pSP72ahyga and pSP72apuroa

(A-B) Agarose gel (0,8%) electrophoresis results of PCR amplification for the L. infantum Ros3
gene (1092 bp) and MT gene (3294 bp), respectively. (A) Lane 1, dna size marker 100 bp; lane 2-
7, Ros3 fragment. (B) Lane 7, dna size marker 100 bp; lane 1-2 MT fragment. Leishmania PCR was
performed using gDNA extracted from Li WT promastigotes. (C-D) Agarose gel (0,8%)
electrophoresis of isolated plasmids digested by Xbal and Hindlll restriction enzymes. (C)
Recombinant pSP72ahyga plasmid (5119 pb) with Ros3 gene. Lane 7, dna size marker 100 bp;
lane 2-6, pSP72ahyga and Ros3 fragments (D) Recombinant pSP72apuroa plasmid (4638 pb) with
MT gene. Lane 8, dna size marker 100 bp; lane 2, 4, 6, pSP72apuroa and MT fragments.

3. Characterization of Newly Developed Leishmania MT-Ros3 strains

After subjecting the successfully nucleofected strains to five passages, we evaluated their fitness
via growth curve analysis and compared them to the parent strain, Li WT. Remarkably, all strains

exhibited similar growth patterns during both exponential and stationary phases (Fig. 21A and B).

Next, we performed a drug sensitivity assay on these newly developed strains to determine their
ECso values and compared their responses with those of the mock strains (Li WT + empty plasmid)
(Fig. 21C). Interestingly, Li WT+R3 displayed a slight increase in resistance to MF compared to its
mock counterpart (Li WT+Hygro), with ECso values of 19.25 uM and 18.34 uM, respectively (Fig.
21C and D). In contrast, Li WT+MT exhibited a significant (p < 0.001) decrease in resistance
compared to its mock (Li WT+Puro), with ECsp values of 10.45 uM and 19.72 uM, respectively (Fig.
21C and E). Similarly, albeit to a lesser extent, there was a significant (p < 0.01) decrease in
resistance observed in Li WT+R3+MT compared to its mock (Li WT+Hygro+Puro), with ECsp values
of 14.09 uM and 27.93 uM, respectively (Fig. 21C and F). These findings underscore the pivotal

role of MT gene nucleofection in enhancing the sensitivity of Li WT to MF.

Furthermore, gene expression analysis was conducted on the newly developed strains for Ros3
and MT genes, comparing them to mock and WT strains (Fig 21G and H) to confirm whether

nucleofection of recombinant plasmids induced gene overexpression. Besides, two additional
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groups, Li WT+R3(+MF(Ecso)) and Li WT+MT(+MF(Ecso)), were included to represent Li WT+R3 and
Li WT+MT strains with their respective MF ECso values (obtained from Fig. 21C) to assess gene
expression changes under significant drug concentrations. Significant increases in Ros3
expression were observed in Ros3-nucleofected strains (Li WT+R3 and Li WT+R3+MT) compared
to their mocks and WT strains (Fig. 21G). Conversely, no significant differences were noted in MT
gene expression among the tested groups (Fig. 21H). Notably, in the newly introduced groups, Li
WT+R3(+MF(ECsp)) exhibited still a substantial increase in Ros3 expression (Fig. 21G), while Li
WT+MT(+MF(ECs0)) showed negligible variation compared to other groups (Fig. 21H). These
results highlight the notable increase in Ros3 gene expression following nucleofection,
contrasting with the minimal impact on MT expression, perhaps due to fast RNA degradation,

hindering the capture of sufficient RNA for gene expression comparison.

After observing these results of MT gene expression, we aimed to confirm the integration of the
recombinant plasmid pSP72apuroa-MT into the purportedly nucleofected strains. For that, we
analyzed puromycin gene expression (S2 Fig (26)). Strains with the plasmid showed survival and
significant puromycin expression. Mock 2 had the highest expression, followed by Li WT+R3+Puro,
showing nucleofection with an empty plasmid induced higher puromycin gene expression than

recombinant plasmids.
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Figure 21: Assessment of Fitness, MF Sensitivity, and Expression of MT/Ros3 in Newly Generated

Strains

(A-B) Parasite growth curve over 7 days in drug-free M199 media. (A) Optical density (Cytation 5;
0OD600) and (B) Neubauer chamber. The results are representative of two biological replicates
with similar data. Each data point represents the average + SD. (C-F) MF sensitivity assays
represented by (C) ECso Values and (C-E) ECso Fold changes. The results are representative of three
biological replicates with similar data. Each data point represents the mean = SD. The results
obtained followed a normal distribution (alpha = 0.05), and differences were statistically
evaluated using a one-tailed unpaired t-test (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).
(G-H) Relative gene expression by RT-gPCR, with GAPDH serving as the reference gene. Strains
included WT+R3(+MF(Ecso)) and WT+MT(+MF(Ecso)), which corresponded to WT+R3 and WT+MT
with their respective ECso values (Fig. 21C) applied 24 hours prior to RNA extraction. Data
represent three biological replicates, with each point indicating the mean % SD. The results
obtained followed a normal distribution (alpha = 0.05), and differences were statistically

evaluated using a one-tailed unpaired t-test (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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4. Production and Characterization of Exosomes Derived from

Sensitized Leishmania Strains

After generating the sensitized strains, we induced them to produce EVs for subsequent
experiments. Following EV isolation, our initial step was EV characterization (Fig. 22) to ensure
the quality of the EVs, specifically focusing on exosomes. The particle size distribution across all
strains was notably similar, with the most abundant particles (70-80%) falling within the 101-
200nm range, consistent with the typical size of exosomes (Fig. 22A). Regarding purity
assessment, we evaluated the particle-to-protein ratio of these exosomes and found consistently
high purity levels across all samples (Fig. 22B). These findings confirm that we were indeed
working with high-quality exosomes. Subsequently, we sought to analyze the DNA content of
both the EVs and their promastigote donors, specifically focusing on the presence of the Ros3 and
MT genes. Our objective was twofold: first, to confirm the presence of these genes in the gDNA
of Li WT and Li WT+R3+MT strains, and second, to ascertain any disparities between the EVs Li
WT and EVs Li WT+R3+MT. As expected, PCR analysis conducted on promastigote gDNA revealed
the presence of both genes in both populations, Li WT and Li WT+R3+MT (Fig. 22C). Interestingly,
the PCR results obtained from EVs DNA indicated the presence of both genes exclusively in the Li
WT+R3+MT group, whereas the Li WT group exhibited only the presence of the MT gene (Fig.
22D). This observation suggests that EVs originating from Li WT+R3+MT strain is more likely to

carry the same overexpressed genes in their content.

Then, we aimed to quantify this disparity observed in Figure 22D regarding the relative abundance
of the Ros3 and MT genes in both populations of EVs. We observe there is a significant and
substantial increase in the abundance of the Ros3 gene in Li WT+R3+MT EVs compared to Li WT
EVs (Fig. 22E). However, for the MT gene, no notable difference was observed between the two

populations of EVs (Fig 22F).

These findings are consistent not only with Figure 22D, but also with the gene expression results
illustrated in Figure 21G and H, suggesting that the Ros3 gene abundance and transcription could
be increased through nucleofection. Conversely, while the MT gene appears to exhibit similar

levels of abundance and expression in both groups, its nucleofection triggers the most
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pronounced sensitization in Li WT, indicating the need for further investigation to clarify this

phenomenon.
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Figure 22: Characterization of EVs from different L. infantum strains

(A) Particle size distributions obtained by NTA of Li WT, Li WT+R3, Li WT+MT, Li WT+R3+MT, and
Li MF200.5 strains. Particle size distributions obtained by ZetaView were expressed as
percentages after normalization per 10° parasites. (B) Use of particle-to-protein ratio to quantify
vesicle purity. Results are representative of a minimum of three biological replicates with similar
data, with each bar indicating the mean value + SD. (C-D) Agarose gel (0.8%) electrophoresis
showing PCR amplification of the L. infantum Ros3 gene (1092 bp) and MT gene (3294 bp) from
L. infantum promastigotes and EV’s DNA. (C) Leishmania PCR was conducted using gDNA
extracted from Li WT (lanes 1 and 3) and Li WT+R3+MT (lanes 5 and 7) promastigotes, with lane
8 representing the DNA size marker (100 bp). (D) Leishmania PCR results using DNA from EVs Lj
WT (lanes 3 and 5) and EVs Li WT+R3+MT (lanes 7 and 9), with lane 1 depicting the DNA size
marker (100 bp). (E-F) Relative gene abundance levels of (E) Ros3 and (F) MT in EVs Li WT and EVs
Li WT+R3+MT EVs by gPCR, with GAPDH serving as the house keeping gene. Data represent one
biological replicate with three technical replicates, with each bar indicating the mean = SD. The
results obtained followed a normal distribution (alpha = 0.05), and differences were statistically

evaluated using a one-tailed unpaired t-test (*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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5. Proteomics analysis

After thoroughly characterizing our EVs, our objective was to analyze their protein content and
compare it with the proteome of the promastigote strains (parental cells) using LC-MS/MS
methodology. The primary goal of this analysis was to determine if the overexpression of both
genes was still compatible with a physiological proteomic phenotype, ensuring that the newly

generated strains and their EVs maintained a phenotype like the WT.

As shown in Figure 22A and S5 Fig (25)A, most of the proteins identified in promastigotes are
shared: 94.7% between Li WT and Li WT+R3+MT and 91.3% among all strains. In EVs, while fewer
proteins are shared compared to promastigotes, a significant proportion still overlaps among
different strains: 65.5% between EV Li WT and EV Li WT+R3+MT (Fig 22B) and 51% among all EV
strains (S5 Fig (25)B). These results highlight the proteomic similarity between all promastigote
strains and their EVs, while also showing that EVs exhibit more diverse profiles, likely due to their
size and selective packaging. We then evaluated the percentage of proteins unique to or shared
between a Li strain and its EVs (S5 Fig (25)C-F). We observed that most proteins are either shared
(45-65%) or unique to the promastigote (35-55%), with only 1% unique to EVs. These findings
clearly indicate that EV proteins are derived from the promastigote through packaging, with EVs
strain-derived population being able to contain up to 45-65% of the parental cells’ proteins. These
results suggest that even with the overexpression of Ros3 and MT, the proteomes of all strains

remain physiologically like WT, without causing significant imbalances.

Next, we conducted a descriptive study to identify which proteins were significantly
downregulated and upregulated among the shared proteins of Li WT and Li WT+R3+MT (Fig 22A
and C) and of EVs Li WT and EVs Li WT+R3+MT (Fig 22B and D). For the upregulated proteins, we
identified their specific protein and gene names and analyzed their Gene Ontology (GO) terms
related to biological processes, cellular components, and molecular functions (Fig. 22E). As shown
in Fig 22C, only 21 proteins among the 3084 shared between Li WT and Li WT+R3+MT were
significantly downregulated (blue dots) or upregulated (red dots), and among those 21, only 5
were upregulated (Fig 22E). For the proteins shared and significantly regulated between EVs Li

WT and EVs Li WT+R3+MT, none were found among the 1246 tested (Fig 22D). This indicates a
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high proteomic similarity between these two EV populations, reinforcing the conclusion that the

overexpression of both genes has not induced significant phenotypic changes between the strains

and even less so among their EV products.
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Figure 23: Proteomics analysis of different L. infantum strains and their EVs

(A-B) Venn diagram showing all the proteins identified in L. infantum WT and WT+R3+MT (A)
promastigotes and (B) EVs. The diagram delineates the numbers of proteins within the
overlapping and non-overlapping regions. (C-D) Volcano plot showing the estimated log2 fold
changes (x-axis) versus the —log10 p-values (y-axis) for each shared protein in (C) promastigotes
and (D) EVs. The significance thresholds (two-way ANOVA) were set at p-value < 0.05 and fold
change log2FC > 1.5 for upregulated proteins and log2FC < -1.5 for downregulated proteins. (E)
Table presenting shared proteins that were significantly up regulated (highlighted in red in C and
D) and annotated with Gene Ontology (GO) terms sourced from the UniProt GOA knowledge
base. The GO terms are categorized based on Biological Process, Cellular Component, and
Molecular Function. Data represent two biological replicates with each protein identified at least

in the two replicates and with a False Discovery Rate (FDR) confidence of Medium or High.

6. Evaluation of the Exosomes Role in MF Sensitization of Li MF200.5

strains

After completing the analysis of EVs, we initiated experiments to assess the impact of these
exosomes on drug-resistant parasites (Li MF200.5) in terms of drug sensitivity. The initial
approach involved a Transwell co-culture assay, where two populations of parasites share a
medium for 7 days but are separated by a 0.4 um filter, allowing only particles of this size or

smaller (such as exosomes) to pass through by gravity.

As shown in Figure 23A and B, the Li MF200.5 // Li MF200.5 control group exhibited an ECso value
of 114.2 uM (Fig. 24A). In contrast, the Li WT // Li MF200.5 and Li MT // Li MF200.5 groups showed
a significant decrease in MF ECso values (86.69 uM and 94.51 uM, respectively; Fig. 24A and B).
Additionally, Li WT+R3+MT // Li MF200.5 demonstrated a decrease in ECso value (101.7 uM; Fig.
24A), although this was not statistically significant (Fig. 24B). These results suggest that exposure
to sensitized strains, including Li WT, leads to decreased resistance in the resistant strain, likely

indicating the involvement of exosomes in this phenomenon.
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To further explore the role of EVs in resensitization, we conducted a Direct Transfer by exposing
purified EVs at 20 ug/mL to recipient parasites for 3 days and then assessed their sensitivity to
MF. However, as depicted in Figure 24C and D, no discernible differences were observed. This
suggests that either the purified EVs were insufficient to resensitize both WT and DR strains, or
the experimental conditions were inadequate to induce notable sensitization. Given our prior
observation of increased sensitization in the Li WT+MT strain compared to the Li WT+R3+MT
strain (Fig. 21), we also examined whether EVs from these two groups induced differential
sensitization in Li WT (S6 Fig (28)). No discernible differences were observed, reinforcing the

earlier suggestion.

To further investigate the role of EVs in resensitization, we conducted an experiment aimed at
facilitating the internalization of purified EVs into recipient parasites through nucleofection.
Following one passage with successful selection, we evaluated whether their sensitivity to MF
differed compared to a mock (empty plasmid). Given our previous observation of increased
sensitization in the Li WT+MT strain, we primarily focused on EVs from the Li WT+MT strain (Fig.
21). However, we encountered challenges in achieving successful selection with EVs from Li
WT+MT when exposed to puromycin. In contrast, successful selection was achieved with EVs
coming from Li WT+R3 when selected with hygromycin, indicating the feasibility of genetic
engineering with EVs (S7 Fig (29)). Due to difficulties with EVs containing MT, we proceeded with
classical nucleofection using recombinant plasmids, as performed with Li WT (Fig. 21). As
illustrated in Figures 23A and B, an increase in sensitivity was observed in the Li MF200.5 + MT
strain compared to its mock counterpart (51.87 uM to 113.2 uM, respectively). This finding
reaffirms that MT gene nucleofection is a feasible strategy for resensitizing MF drug-resistant
strains. However, its effectiveness did not reduce sensitivity to WT levels (around 15-20 uM),

suggesting that additional factors may contribute to persistent MF resistance.
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Figure 24: Assessment of MF Sensitivity after EVs exposure

(A-B) Evaluation of MF sensitivity to evaluate the phenotype of recipient parasites (Li MF200.5)
after medium sharing in co-culture Transwell assays with Li MF200.5, Li WT, Li WT+R3+MT, Li
WT+MT. (A) ECso Fold change (B) ECso values. The results are representative of three biological
replicates with similar data. Each bar represents the mean + SD. Differences were statistically
evaluated by a one-tailed unpaired t-test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
(C-D) Evaluation of MF sensitivity to evaluate the phenotype of recipient parasites (Li MF200.5)
following exposure to purified EVs at a concentration of 20 pug/mL. (C) ECso Fold change (D) ECso
values. The data represent findings from two independent biological replicates, with each bar
indicating the mean value + SD. Differences were statistically evaluated by a one-tailed unpaired
t-test (*p < 0.05, **p <£0.01, ***p < 0.001, ****p < 0.0001). (E-F) Evaluation of MF sensitivity to
evaluate the phenotype between two nucleofected strains, the Li MF200.5+Puro (Mock 4) and Li
MF200.5+MT. (E) ECso Fold change (F) ECso changes. The results are representative of three
biological replicates with similar data. Each bar represents the mean + SD. Differences were
statistically evaluated by a one-tailed unpaired t-test (*p < 0.05, **p <0.01, ***p <0.001, ****p
<0.0001).

7. EVs Drug Cargo Capacity or “Trojan Horse” effect

Finally, another approach was employed not only to assess the impact of EVs on DR strains but
also to determine whether EVs could act as drug carriers, potentially inducing a "Trojan horse"
effect on the parasites themselves. Two experimental groups were established: One where EVs
would be simultaneously incubated with the drug and parasites, and another where EVs were
pre-incubated with the drug for 3 days at 259C before the addition of parasites. Li WT was
included in this experiment as recipient parasites to compare the effects with the resistant strain.
Comparative analysis revealed that in Li WT, no differences were observed inside the Non-Pl and
Pl groups. However, when comparing the preincubation effect, a significant decrease in MF

sensitivity was observed in all groups compared to non-preincubated groups (Fig. 25A).
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For Li MF200.5, a similar phenomenon was observed, although no significant differences were
noted (Fig. 25B). These results suggest that EVs can act as "Trojan horses," facilitating the
transport of MF into Leishmania and inducing a greater effect on drug sensitivity. Additionally, no
significant differences were observed between different types of EVs, suggesting that this factor
may not be determinant for resensitizing strains, or at least not with these conditions. It is
noteworthy that Li WT demonstrated a more pronounced sensitization effect compared to the Lj
MF200.5 strain. This observation suggests that the latter may be less responsive to the "Trojan
horse" effect of EVs, potentially due to differences in membrane composition. These variances

could influence not only the internalization of MF but also that of EVs.
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Figure 25: Evaluation of MF sensitivity depending on EV-Cargo capacity

Analysis of MF sensitivity conducted to assess whether EVs could act as drug carriers to
Leishmania at a concentration of 10 pg/mL. Two experimental groups were examined: One with
EVs non-preincubated (Non-Pl) with MF, and the other pre-incubated for 72 hours with MF before
parasite contact. (A) Fold change in ECso values for Li WT (B) Fold change in ECso values for Li
MF200.5. Data are derived from three biological replicates (A) and two biological replicates (B),
with each bar representing the mean * SD. The EVs MT group in (A) consisted of only one
biological replicate, precluding statistical analysis. Results were normalized to each biological
replicate and differences were statistically evaluated by a one-tailed unpaired t-test to EVs

MF200.5 non-Pl in both groups (*p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001).
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Section 4: Discussion

Leishmaniasis, categorized as an NTD, imposes a significant health burden globally. With 1 billion
people at risk of infection across 98 countries, it stands as a substantial public health (154).
Compounded by a lack of effective prevention methods, such as vaccines or vector control
strategies, the disease predominantly affects vulnerable populations in impoverished regions
(24). Treatment options are limited, primarily relying on a short list of drugs, notably MF (26).
However, emerging resistance to these drugs has been growing in the past years reaching relapse
rates of 10-20% and cure rates of 46% for MF in some countries, presenting a challenge that
compromises treatment efficacy and further exacerbates the burden of the disease (114,117). As
efforts to combat leishmaniasis continue, addressing DR and developing innovative prevention

and treatment strategies remain critical priorities in reducing its impact on global health.

In a groundbreaking study published in 2022 by Douanne et al., the identification of HGT
facilitated by EVs within and between Leishmania species revealed a previously unknown
mechanism of genetic exchange in parasites. The research illustrated that EVs derived from DR
parasites effectively modify the drug sensitivity of recipient parasites, rendering them more
resistant. This underscores the pivotal role of EVs in genetic exchange and adaptation within

Leishmania populations (111).

Drawing from these discoveries and recognizing the significant global health challenges posed by
Leishmania, including alarming levels of DR, alongside the potential influence of EVs in
exacerbating and propagating DR, our project set out to explore the capacity of EVs to reverse DR
to MF within resistant strains of L. infantum, which is responsible for the most severe form of the

disease, VL, both in humans and dogs worldwide.

We began our study by developing a re-sensitized strain, termed Li WT+R3+MT, which exhibited
overexpression of the MT-Ros3 transport complex, responsible for both the internalization of MF
and phospholipids (41,155). Our results revealed that the re-sensitization effect primarily arose
from the increased expression of MT, while no significant improvement was noted from Ros3

overexpression alone. Previous studies have corroborated this re-sensitization effect through MT
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transfection, as well as Ros3 transfection, in both laboratory and naturally resistant strains.
Typically, these strains possess mutations in one or both genes, necessitating the restoration of
functional proteins to enable the recovery of MF sensitivity (40,156). In our scenario, both MT
and Ros3 genes are functional in the Li WT strain. However, it is plausible that MT protein is less
abundant than Ros3. Consequently, overexpressing MT facilitates the formation of more

transport complexes, akin to the concept of a limiting reagent.

However, our gene expression analysis revealed a significant increase in Ros3 gene expression in
Li WT+R3 strains and Li WT+R3+MT compared to Li WT, while no difference was observed in MT
gene expression between Li WT and Li WT+MT or Li WT+R3+MT strains. This raises the question
of why MT is not overexpressed in the supposedly overexpressed strain that has the most
sensitized MF phenotype. Considering that the quality of our plasmids was verified, we postulate
that this discrepancy may be attributed to a fast RNA degradation, hindering the capture of
sufficient RNA for gene expression comparison. To delve deeper into these findings, more precise

techniques such as RNA-seq or whole-genome sequencing (WGS) could be employed.

We proceeded to isolate EVs from all our strains to assess their sensitization capacity. Prior to
this, we characterized the EVs, noting consistent size distribution patterns around 100 nm,
indicative of exosome composition, and a satisfactory purity ratio above 10 particles/ug. We
then performed PCR and gPCR analyses on EVs derived from Li WT and Li WT+R3+MT strains,
focusing on the genes of interest, Ros3 and MT. Our results showed that Ros3 abundance was
higher in the Li WT+R3+MT EV population, confirming that overexpressing a gene in the parental
strain leads to its overexpression in the EVs produced by that strain. This demonstrates the
feasibility of EV engineering through parental strain modification. However, the MT gene was
equally represented in both EV populations, suggesting that RNA-seq or WGS could be used again
to accurately determine its expression or abundance in these EV populations. This approach could
be applied not only to the MT gene but also to the puromycin gene to verify if the plasmid can
also be found in EVs. If the plasmid is not present in EVs, it could explain why its effect is not
different from EVs from Li WT. It is important to note that our genes of interest are normally

found and expressed in Leishmania, meaning that many EVs contain these genes. Therefore,
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inducing these genes’ overexpression in a parental strain may not result in a significant difference

in the DNA content of their EVs compared to EVs from a WT strain.

In our study, we also conducted a proteomics analysis on both our overexpressed strains and their
corresponding EVs. We observed that approximately 45-65% of proteins from the parental source
were transmitted to their EVs. Remarkably, this subset of proteins accounted for a 99% of the
EVs' total protein content, indicating that the remaining 1% comprised proteins specific to EVs.
These observations support the notion that EVs reflect their parental cell source, both in terms of
DNA and protein content (95,157). This phenomenon was more remarkably noted in EVs
originating from various DR strains compared to WT strains, wherein the presence of DR genes

was exclusively detected in EVs derived from resistant strains (111).

In our proteomic analysis, we also found that none of our target proteins, Ros3 and MT, were
identified in our samples. This may be attributed to the specificity of the proteomics method used
(LC-MS/MS), which tends to favor cytosolic proteins over membrane proteins that often undergo
denaturation or alteration during this process, particularly those with high hydrophobic regions
(158). Given that our proteins are membrane proteins, and they exhibit multiple hydrophobic
regions, the chosen method may not have been the most suitable for their identification.
Alternative approaches, such as purifying cellular membrane fractions followed by proteomic
analysis, could be more appropriate (159,160). Additionally, techniques involving membrane
labeling to tag specific membrane proteins prior to analysis via mass spectrometry or other
methods may enhance our ability to detect them (161). However, our main goal was to assess the
feasibility of inducing overexpression of the MT and Ros3 genes while maintaining a physiological
proteomic phenotype in the overexpressed strains, as observed. Additionally, we conducted a
descriptive analysis of the proteomic content of both parasites and EVs, revealing a high degree
of similarity among all strains. This consistency aligns with the observation that all strains are

derived from Li WT with either single or double gene amplifications.

Next, we evaluated the potential of EVs to re-sensitize Li MF200.5 strains to drugs. We tested
various methods and found that the Transwell method yielded the most promising results,

sensitizing the Li MF200.5 strain when sensitized strains were placed in the upper well. However,
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when we introduced purified EVs from sensitized strains alone to the Li MF200.5 strain, no effect
was observed, suggesting that either tested conditions were not enough or other factors may be
necessary for sensitization. Our experimental conditions were based on a previous study (111),
but despite increasing the EV concentration (from 10 to 20 ug/mL), no effect was seen. This led
us to hypothesize that additional molecules or factors released by the same Leishmania strain
that produces those EVs are required for effective EV internalization, potentially explaining the
superior results obtained with the Transwell method. Additionally, the Transwell method mimics
the physiological conditions in which parasites are found, suggesting that the results obtained

could pave the way for promising in vivo experiments.

Another notable finding was that Li WT EVs exhibited the same, if not greater, sensitization
capacity compared to EVs from the overexpressed strains. This suggests that the Li WT strain
alone is sufficient to resensitize the Li MF200.5 strain in a Transwell method. This is likely because
the Li WT strain possesses functional MT and Ros3 genes, meaning its EVs also contain these

genes and can transmit them by HGT.

We also attempted to evaluate the sensitization effect through EVs-Nucleofection but
encountered challenges as all parasites died after selection passage, suggesting that EVs failed to
properly integrate or transmit the recombinant plasmid. Notably, this issue was only observed
with the pSP72apuroa&MT plasmid, whereas nucleofection and selection were successful with
the pSP72ahyga&Ros3 plasmid. This led us to hypothesize that the plasmid size may have
hindered its internalization into EVs (6200 bp for pSP72ahyga&Ros3 vs. 8000 bp for
pSP72apuroa&MT). Indeed, other studies have suggested that EVs, particularly exosomes, have
limitations regarding the size of external DNA they can integrate. Linear DNA appears to integrate
more readily into EVs than plasmids, and double-stranded DNA (dsDNA) exceeding 1000 bp or
plasmids surpassing 4.5 kilobases (kb) are poorly loaded into small EVs. Notably, integration

seems to be more efficient in larger particles such as MVs (162).

This observation could potentially explain why our Direct Transfer and EVs-Nucleofection did not
demonstrate clear sensitization and proper EV’s plasmid integration, respectively. To address this,

future studies could benefit from further testing. For instance, fluorescence assays could be used
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to tag the inserted DNA sequences and quantify their abundance in EVs (41). Additionally,
consideration should be given to the size of the plasmids and the genes inserted. Employing
smaller plasmids or shortening the gene sequences to retain phenotypic functionality might
improve integration. Moreover, inserting the DNA directly as linear fragments and loading it into

EVs or even MVs could also be explored to enhance loading efficiency and, thus, EV HGT.

Although we considered performing sensitivity assays with Li MF200.5+EVsRos3, Li MF200.5 had
already been characterized and showed no mutations in the Ros3 gene (only in MT), suggesting
that its Ros3 phenotype should not differ from that of a WT strain, and therefore, the resistance

phenotype should remain unaltered (131).

The field of EVs remains dynamic and continually expanding. Critical parameters such as dosage,
purity, inoculation method, and incubation time require careful adjustment based on specific
experimental goals. Moreover, ongoing investigations explore various aspects including EVs
internalization and the pivotal role of recipient cell membranes in facilitating effective

integration, underscoring the complexity and significance of EV biology (163,164).

The final aspect we investigated was the drug cargo and delivery potential of EVs. EVs have been
extensively studied as drug delivery vehicles due to their low immunogenicity and toxicity, their
ability to protect cargo from degradation, their capacity to cross biological barriers such as the
blood-brain barrier, and their ability to improve cargo half-life (165). While EVs have shown
promise in treating cancer (166) and neurodegenerative diseases (167), their application in
microbiology, particularly in combating DR, remains unexplored. Notably, only one study has
reported using an antileishmanial, AmB, with EVs in this context (168). Our study is the first to

explore the use of MF with EVs in both WT and DR strains.

The findings from our study demonstrate the feasibility of sensitization through EV-mediated drug
delivery MF across both tested strains. While Li WT, as recipient parasites, exhibited more
promising results, Li MF200.5 also exhibited a trend towards sensitization, albeit not statistically
significant. This discrepancy could stem from variances in lipid metabolism and membrane
composition. These factors play pivotal roles in determining the efficacy of EV uptake by recipient

cells, influencing diverse endocytic pathways and the overall success of EV-mediated
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communication and cargo delivery (164,169). Li MF200.5, distinguished by its enrichment in
cyclopropanated fatty acids and increased inositolphosphoceramide species, possesses a distinct
lipid profile compared to Li WT (131). Consequently, these differences may impact the

internalization of EVs and thus modulate their cargo effectiveness.

Another interesting aspect to consider is that no differences were noted among all EV strains
when subjected to the same incubation conditions. This suggests that the "Trojan Horse" capacity
does not depend on the parental strain and that variations in DNA content do not appear to
enhance the sensitization effect on recipient parasites, at least under the conditions tested. This
aligns with the results from Direct Transfer. Before proceeding with further testing, we should
first confirm that EVs from overexpressed strains properly contain the recombinant plasmids.
Otherwise, alternatives should be considered to integrate our genes of interest into them, as

mentioned above.

In optimizing our encapsulation efficiency and drug delivery method, we initially tested an EV
concentration of 5 ug /mL but ultimately used 10 pg /mL with a 3-day incubation at 252C. A recent
study on AmB achieved optimal EV drug uptake efficiency (44%) with just 2 hours of incubation
at RT (168), suggesting that shorter and cooler incubation might suffice for the "Trojan horse"
effect. However, we only assessed drug sensitivity in recipient parasites and did not measure MF
uptake efficiency. Future studies may consider using MF analogue fluorescent molecules to
measure EVs’ uptake and gather more information about EVs’ drug cargo capacity. Although this
similar study conducted experiments for CL using L. major, they also performed in vivo
experiments with mice. They found that EVs-AmB improved the efficacy of AmB in treating mouse
skin lesions and reduced its systemic toxicity for macrophages and the hepatorenal system. These
results, combined with our findings, support the potential of EVs as a promising nanoplatform for

delivering drugs in Leishmania treatment.
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Section 5: Conclusion

Leishmaniases pose a significant global health challenge, complicating both prevention and
treatment efforts. Moreover, dogs serve as the main reservoir species of L. infantum, which is
responsible for the most severe form of the disease, VL, both in humans and dogs worldwide. EVs
have been identified as crucial in the dissemination of DR. In this study, our team has
demonstrated for the first time that DR to MF could be overcome in vitro using genetically
modified EVs although further research is required to fully ascertain it. Additionally, we have
shown that EVs can serve as drug carriers for MF, functioning as "Trojan horses" to enhance drug
internalization and sensitize the parasites. This discovery could potentially mitigate TF in certain
regions, underscoring the need for further in vivo research, as other studies have done with

different drugs.

To effectively combat leishmaniasis, it is essential to deepen our understanding of Leishmania not
only with DR mechanisms but also with the roles of EVs, particularly their therapeutic potential,
especially in in vivo studies and within the sand fly vector. Addressing antimicrobial resistance is
and will remain a paramount concern in public health agendas for the foreseeable future,
extending beyond just Leishmania to encompass numerous other infectious diseases. Given that
these diseases disproportionately impact the most vulnerable regions worldwide, ongoing
research efforts and garnering international support are crucial to enhance global public health

outcomes.
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Supplemental figures

3kb -
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S1 Fig (26): Ros3 gene extraction and ligation into pGEM-T plasmid

Agarose gel (0,8%) electrophoresis of isolated plasmids digested by Xbal and Hindlll restriction
enzymes. Recombinant pGEM T-easy vector plasmid (3015 pb) with Ros3 gene (1092 pb). Lane 1,
dna size marker 100 bp; lane 4, 7, 10, pGEM T-easy vector and Ros3 fragments.

RT - gPCR - Puromycine S2 Fig (27): Relative gene expression of Puromycine in

40— 55 nucleofected strains
g 20 I‘I‘l Relative gene expression levels of puromycine in different L.
g; 10y 5555 infantum promastigote strains by RT-qPCR, with GAPDH
é % 05 | ﬁgéé serving as the reference gene. Data represent one biological
ﬁu ol | | §5 | | G replicate with three technical replicates, with each bar
0.0~ indicating the mean * SD. Differences were statistically

Vo \¥°\> ﬁ’i@ﬁ evaluated by a one-tailed unpaired t-test to Li WT (*p < 0.05,
S ** < 0.01, ***p < 0.001, ****p < 0.0001).
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S3 Fig (28): Shared and unique proteins among Li WT strains and its EVs

(A-B) Venn diagram showing all the proteins identified in four different Li WT strains (A)
promastigotes and (B) EVs. (C-F) Venn diagram showing all the proteins identified among L.
infantum strains promastigotes and their respective EVs. (C) Li WT (D) Li WT+R3 (E) Li WT+MT (F)
Li WT+R3+MT The diagram delineates the numbers of proteins within the overlapping and non-
overlapping regions. Data represent two biological replicates with each protein identified at least

in the two replicates and with a False Discovery Rate (FDR) confidence of Medium or High.
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S6 Fig (29): Assessment of MF Sensitivity of Li WT after EVs exposure in Direct Transfer

(A-B) Evaluation of MF sensitivity to evaluate the phenotype of recipient parasites (Li WT)
following exposure to purified EVs at a concentration of (A) 20 pg/mL and (B) 10 pg/mL. (A-B) ECso
Fold changes. The data represent findings from (A) two and (B) three independent biological
replicates, with each bar indicating the mean value + SD. Differences were statistically evaluated

by a one-tailed unpaired t-test (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).
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S7 Fig (30): Scheme of EVs' Nucleofection outcomes

Three different EV nucleofection strategies were employed to demonstrate the HGT capability of
our recombinant plasmids containing the genes of interest, MT and Ros3, using 20 ug of purified
EVs. Only EVs from Li WT+R3 succeeded in transferring the pSP72ahyga&Ros3 plasmid, as

positive selection with Hygromycin were successful after nucleofection.
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