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Resumo

Mais de 98 paises e territorios notificam casos de leishmaniose, uma doenga que afeta quase um
milhdo de pessoas anualmente, e contra a qual ndo ha tratamento e controle eficazes. Nosso objetivo
foi estudar a fungdo do componente transcriptase reversa da telomerase (TERT) em Leishmania
major (LmTERT) e verificar se a LmTERT podera ser considerada alvo para o desenvolvimento
de novos medicamentos para tratar a leishmaniose. O componente TERT contém o nticleo catalitico
da telomerase, a enzima responsavel pelo alongamento dos teldmeros e pela manutengdo da
estabilidade do genoma. Neste estudo utilizamos um sistema CRISPR-Cas9 ja padronizado, para
induzir o nocaute total e por substitui¢do do gene TERT e inibi¢cdo da telomerase em L. major.
Southern blot usando sondas especificas, PCR e sequenciamento Sanger do tipo “primer-walking”
confirmaram que as duas metodologias induziram a delecao eficiente dos dois alelos do gene TERT
em L. major. O nocaute do gene TERT teve efeitos no crescimento do parasito, induzindo parada
do ciclo celular e problemas na proliferagdo. O encurtamento progressivo dos telomeros, a marca
registrada da auséncia de TERT, foi observado tanto de forma qualitativa por Southern TRF como
quantitativa por Flow-FISH. Além disso, as linhagens mutantes apresentavam aumento de danos
ao DNA e problemas de replicagdo. As estruturas subcelulares das células nocaute LmTERT
comparadas ao tipo selvagem por microscopia eletronica e de varredura, evidenciaram
modificagdes incomuns no citoplasma e uma abundancia de autofagossomos, sugerindo um
mecanismo autofagico pro-sobrevivéncia. Um mecanismo altruista utilizado pelos parasitas foi
abolido, e a analise protedmica demonstrou a existéncia de alteragdes na constitui¢do do
lipofosfoglicano (LPG) de superficie com expressdes significativamente alteradas de
leishmanolisina Gp63. Alteragdes nas proteinas do dominio META (expressas principalmente nas
formas metaciclicas) € um numero superior ao normal de parasitos de fase estacionaria que
aglutinam lectina de amendoim, foram igualmente observadas nas linhagens nocaute. Os resultados
cumulativos que sugerem um comprometimento do potencial infeccioso do parasita foram
confirmados pelo estudo in vivo de infeccdo em camundongos BALB/c e infecgdo in vitro usando
macrofagos derivados da medula 6ssea de camundongos BALB/c. Foi observado desenvolvimento
significativo de lesdes nos camundongos infectados com parasitos controle contra aqueles
infectados com as linhagens nocaute. Um indice de infectividade consistentemente mais alto foi
observado para linhagens controle versus nocaute 48 horas pos-inoculagdo. Testes preliminares
usando um inibidor ndo-nucleosidico da telomerase, o BIBR1532, resultou em telémeros mais
curtos e diminuicdo do crescimento do parasito. Juntos, esses efeitos pleiotropicos causados pela
auséncia ou inibi¢do da LmTERT sugerem fortemente que ela apresenta grande potencial para ser
explorada como alvo para o desenvolvimento de medicamentos contra a leishmaniose.

Palavras-chave: TERT, leishmaniose, encurtamento de telomeros, CRISPR-Cas9, autofagia,
parada do ciclo celular, alteracdes de crescimento e ultraestruturais, proliferagdo celular
comprometida, danos ao DNA, perda de infectividade, inibicao da telomerase por BIBR1532
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Abstract

Over 98 countries and territories have reported cases of leishmaniasis, a disease affecting nearly
a million individuals annually but with ineffective remedies. Our goal was to study the function of
the telomerase reverse transcriptase (TERT) in Leishmania major (LmTERT) and leverage this
knowledge in developing new drugs. The TERT component contains the catalytic core of
telomerase, the enzyme responsible for elongating telomeres and maintaining genome stability. A
loss of function study using CRISPR-Cas9 and inhibition of the telomerase in L. major was
conducted. Probe-specific Southern blot, PCR, and primer walk Sanger sequencing confirmed the
efficient deletion of the TERT gene in L. major. The knockout of the TERT gene resulted in parasite
growth defects, DNA fragmentation, cell cycle arrest, and problematic replication measured by
flow cytometry. Progressive telomere shortening, the hallmark of TERT absence, was observed by
Southern TRF and Flow-FISH assessments. We also assessed the subcellular structures of the
LmTERT knockout cells against a wild type using scanning and electron microscopy and found
unusual modifications in the cytoplasm, and an abundance of autophagosomes, suggesting a pro-
survival autophagic mechanism. Changes in the metacyclic domain proteins were seen equally in
the knockout lines. An altruistic mechanism used by the parasites was abolished. The cumulative
results suggesting a compromise on parasite infective potential was confirmed by in vivo BALB/c
mice infection study and in vitro bone-marrow derived macrophage infection. Significant lesion
development was observed in the mice infected with control parasites against those infected with
the knockout lineage. A consistently higher infectivity index was observed for control versus
knockout lineages at 48 h post-inoculation. Consistent with the growth challenges and telomere
shortening, preliminary tests of the inhibition of the telomerase using BIBR1532, a non-nucleoside
small molecule, resulted in shorter telomeres and poor parasite growth. These results together
suggest the usefulness of LmTERT to the parasite, putting the protein in a space to be explored for
drug development against leishmaniasis.

Keywords: TERT, Leishmaniasis, telomere shortening, CRISPR-Cas9, Autophagy, Cell cycle
arrest, growth, and ultrastructural changes, compromised cell proliferation, DNA damage, loss of
infectivity, BIBR1532 inhibition.
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THESIS ARRANGEMENT:

This thesis begins with a general introduction, followed by a section on the objectives, followed
by a section entitled Introduction to the Chapters where the materials, methods, and results for the
project are presented as two separate Chapters. Each chapter is presented as an article and begins
with an introduction followed by a conclusion and references. A brief general conclusion section
ends the chapters followed by a reference section referring specifically to citations from the general
introduction.

To aid clarity, the lists of figures and tables are divided into various sections: e.g., a list of figures

for the general introduction, a list of figures for Chapter 1, and a list of figures for Chapter 2.
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1. Introduction

The search for an alternative therapeutic strategy in treating leishmaniasis caused by protozoan
parasites from the Leishmania genus is a matter of global public health interest [1]. Leishmania
parasites have a digenetic lifecycle that involves living inside a mammalian host and a
phlebotomine insect vector. This lifecycle imposes on the parasite a need to develop strategies to
survive two different extreme environments using two major developmental phases: intracellular
amastigotes and extracellular promastigotes, with observable differences but shared basic
molecular and cellular characteristics [1-4].

Over 20 species of Leishmania can cause the disease and may manifest in different clinical
forms depending on the parasite species and host immune system. The three main clinical forms of
leishmaniasis are Cutaneous, Mucocutaneous, and Visceral [5,6]. Most of the cutaneous forms are
self-healed in contrast to the dilacerating and mutilating mucocutaneous and the lethal visceral
forms [6-9].

Over a million new leishmaniasis cases are reported annually [10]. According to the World
Health Organization, 94% of leishmaniasis cases reported in 2017 were recorded in 7 countries,

including Brazil (www.who.int/leishmaniasis/burden/en). In the last two decades, a great number

of HIV/leishmaniasis coinfections have also been reported (Figure 1) [11,12]. Due to the challenges
associated with existing treatment and control methods against the disease, an alternative
therapeutic target has become necessary [13].

The WHO outlines a road map for tackling leishmaniasis by looking at the data from different
perspectives, including mortalities from vector-disease transmission from 2021 to 2030. Efforts are

still being made to combat the spread of leishmaniasis through several health interventions,



http://www.who.int/leishmaniasis/burden/en

including  the  Elimination = Programme  of  Kala-azar in  Southeast  Asia
(https://www.who.int/publications-detail-redirect/who-wer9635-401-419). The 200 territories and
countries that reported cases of leishmaniasis to the WHO show nearly 50% of these regions still

have endemic cases of leishmaniasis (Figure 2 and Figure 3) [11].

Global distribution of leishmaniasis and countries reporting HIV/Leishmania coinfection
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Figure 1. Distribution of leishmaniasis co-infection with HIV across the globe. The 2020 report on the global
distribution of countries reporting cases of leishmaniasis co-infection with HIV. WHO classification of countries within
the boundaries of Middle East and the Americas seems to have an increased incidence of co-infection cases. Source of
image: WHO website.




Status of endemicity of visceral leishmaniasis worldwide, 2020
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Figure 2. Visceral leishmaniasis distribution. The burden of visceral leishmaniasis across the globe. Some regions
in Africa including Ghana, report no cases of Visceral leishmaniasis. Source: World Health Organization.




Status of endemicity of cutaneous leishmaniasis worldwide, 2020
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Figure 3. Cutaneous leishmaniasis global assessment. The global burden of cutaneous leishmaniasis in different
countries described according to their impact in the various regions. Source: World Health Organization.

1.1 Leishmaniasis, a Neglected Tropical Disease and a quest for new

remedies

The WHO classifies 20 conditions mainly identified in tropical regions under the umbrella name
‘Neglected Tropical Diseases’ (NTDs). Leishmaniasis is one such condition. A disease under the
NTD classification like leishmaniasis affects largely impoverished communities where women and

children are unduly affected (https://www.who.int/health-topics/neglected-tropical-

diseases#tab=tab 1).

Even though there has been some progress in getting countries to fight these diseases, there is

still little attention being paid to the development of new and effective remedies. Also, there is little
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funding for studies involving these diseases and the social stigma associated with the disease has
not gotten any better hence, its classification as ‘neglected’ remains [14]. The global public health
menace of NTDs which includes leishmaniasis led the WHO to formulate a roadmap for the combat
of these diseases under the title “Ending the neglect to attain the Sustainable Development Goals:
a road map for neglected tropical diseases 2021—2030” [14].

As earlier stated, there is little attention for NTDs and thus, there are currently no vaccines
available [12]. The Centres for Disease Control and Prevention (CDC), recommends the use of
insecticide-treated nets, body covering dress, and the use of repellents as some measures one can
take to prevent the bites of the invertebrate-vector-sandflies

(https://www.cdc.gov/parasites/leishmaniasis/prevent.html). Due to the challenges with existing

treatments, the CDC cautions medical practitioners in administering any treatment. Some of these
challenges include highly toxic drugs such as the pentavalent antimonial and the high cost of others
such as Amphotericin B. Liposomal amphotericin B and miltefosine can replace the antimonies
and are recommended for the treatment of visceral and cutaneous leishmaniasis respectively. While
miltefosine is also used in treating visceral leishmaniasis, it induces parasite drug-resistance and is
not recommended for pregnant women due to its teratogenic effect. These existing treatments and
control methods still do not satisfy the needs of the already impoverished communities, hence, the

need to find new drug targets.

1.2 Biology of Leishmania parasites

Leishmania parasites have two life cycle stages: promastigote and amastigote. Being digenetic
requires that they adapt and live in two host species as a heteroxenous organism (Figure 4) [4].
Sandflies, of the phlebotomine order, have been identified as key host agents and vectors for the

spread of the parasite [2,3]. Inside the insect vector, the parasite exists as a highly proliferative
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form named promastigote, which is elongate and displays an apparent flagellum that helps the
parasite to migrate and survive through the digestive tract of the insect. Through the feeding of the
insect on blood meal, the parasite is transferred to the mammals as metacyclic promastigotes, the
non-proliferative but highly infectious developmental stage. The long metacyclic flagellum is
believed to be the first point of contact with the host cells, as the parasites move anteriorly in the
direction of the flagellum [4] Inside the mammalian host, metacyclics are engulfed by the host
macrophages. While being engulfed, the parasite undergoes morphological changes and transform
into amastigotes, a highly proliferative and rounded form with an imperceptible flagellum [2,4].
Several rounds of cell division inside the macrophages leads to alterations in the composition of
the parasitophorous vacuole, which compromises the plasma membrane integrity and eventually
overwhelms the macrophage defence system [4,15]. These activities disrupt the cells and leads to
lysosomal exocytosis thereby releasing amastigotes to infect nearby macrophages [15]. This cycle
reinitiates when other sandfly is infected during the feeding process [1]. Figure 4 contains a
summary of the Leishmania spp. developmental cycle in both hosts.

This challenge of being exposed to different environments and extreme osmolarity changes,

adds to the complexities of the parasites’ survival mechanisms [16].
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Figure 4. Life cycle of the Leishmania parasite. The parasite lives inside of the mammalian host as an amastigote
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host, the amastigote form is picked up and then undergoes several transitions inside of the invertebrate insect to become
a promastigote. These two different environments stress the parasite and have mechanisms that threaten their survival.
Image was designed with tools from Biorender.

1.2.1 The Cell morphology and link to pathogenicity

The changes that take place inside the macrophage where the highly infective metacyclic
promastigote transitions into an amastigote, leads to a reduction in the cell surface to volume ratio
and a reduction in the length of the once protruding flagellum [4]. Among the other trypanosomes,
Leishmania seems to be the only parasite that conserves its flagellum after changing states or
environments [4]. This ostensibly suggests a level of relevance of this structure to the parasite.
Host-parasite interaction, morphogenesis, virulence, cell division and mitochondrial DNA
segregation are some of the few importance ascribed to the flagellum, whose motility is linked to

the paraflagellar rod [4,15].




Another key important feature of these parasites that distinguishes them from most other
eukaryotes is the possession of kinetoplast DNA which exist as catenated minicircles and
maxicircles; with the minicircles being highly abundant in the 100s as compared to a dozen of
maxicircles [3]. During parasite morphogenesis in the insect host, the flagellar pocket, which serves
as the major interface for the parasite and the host, also undergoes changes. This change helps
prevent the acidic and protease-rich parasitophorous vacuole to attack the susceptible regions of
the parasite [4]. This phenomenon of parasite defence mechanism may explain why the trypanolytic
factor in the parasitophorous vacuole is unable to act against amastigotes but immobilizes
metacyclics [4,15,17].

The adaptation of the parasite to its host is quite interesting. Amastigotes have been found to
exhibit slower growth than promastigotes. This seems to be an adaptation to not exceedingly
overwhelm the host immune mechanisms so the host can survive for a longer time and thus,
increases the chances of transmission [15].

Consequently, cell morphology has been ruled out as a major contributor to the spectrum of
diseases observed, but it is without a doubt a key influencer on cell survival [4]. There are about 5
developmental morphologies under which the Leishmania parasite can be described. Procyclic
promastigotes is the stage within the blood-meal, the parasite has a basal length between 6.5 to 11.5
um and has a shorter flagellum than the cell body length [15]. Nectomonad promastigote arise from
procyclic forms and has a basal length of about 12 pm [1]. During the migration within the midgut
of the insect, Nectomonads transform into Leptomonad promastigote with a body length of 6.5-11
um and, unlike the procyclic stage, the flagellum length exceeds the cell body [1,4]. Leptomonads
give rise to metacyclic promastigotes which is considered to be the most infective stage.

Metacyclics have a body length less than 8 pm but a very long flagellum [1,2,4]. Another form that




has been described but debated is the Haptomonads. This stage of the parasite has been described
as probably slow dividing or aberrant cells [15].

Promastigotes half their cell length during cell division or population doubling such that
different daughter cells result from the division; one maintains the old structures/morphology while

the other takes a new shorter flagellum [1,4].

1.3 Telomeres, End replication problem and Hayflick limit

Telomeres are ribonucleoprotein structures found mostly at the ends of eukaryotic chromosomes
as hexameric nucleotide repeats [18]. It was first discovered in the protozoan, Tetrahymena
thermophilia ribosomal DNA (rDNA) as a short tandemly repeated sequence and later found to be
present at the chromosome ends of other organisms [19,21-23]. Telomere sequence is usually rich
in guanine, (i.e., human telomeric repeat 5'-TTAGGG-3') with slight variations in sequence and
length among organisms [19]. Telomeres are an essential part of most eukaryotic chromosomes
and crucial to genome stability and the survival of most eukaryotic organisms [18].

In normal cells that lack telomerase activity, for example, the adult somatic cells, cells
undergoing cell division lose segments of their chromosome ends at each round of the cell division.
This phenomenon is what was first described by Olovnikov and Watson as the end replication
problem (Figure 5). The bidirectional replication in eukaryotes proceeds in a manner where there
is the leading strand synthesis and the lagging strand synthesis. The leading strand synthesis,
although requiring an RNA primer to initiate synthesis, proceeds uninterrupted in a 5' to 3' direction
following the replication fork direction. The lagging-strand synthesis contrastingly requires several
RNA primers to initiate each replication due to the inverse directionality to the replication fork
relative to the 5'-3' direction of the strand. The RNA primers are removed during replication by an

exonuclease and replaced by DNA sequences, resulting in the formation of Okazaki fragments,




which are ligated at the end of the process to give the full strand [19,24]. During the exonuclease
activity, the removal of the last primer on the lagging strand results in a terminal gap that cannot
be replicated by conventional DNA polymerases because of the lack of a free 3° hydroxyl group (-
OH) to which a nucleotide could be added, generating a 3’ G-overhang at the terminus of the newly
synthesized strand [19,24,25]. In addition, the nucleases Apollo and Exo 1 promote a resection at
the leading strand ends generating also a 3’ G-overhang [25].

Repetitive rounds of DNA replication without telomere elongation induces progressive
telomeres shortening, which continue until the telomeres reach a critical limit, signalling cells to
stop dividing [19,24]. When cells get to the point where they are unable to further replicate, they
are said to have reached their Hayflick limit; the maximal number of cell divisions a cell is allowed
to undergo. From this point on, cells experience increased telomere shortening, lose some cell cycle
checkpoints and can enter into replicative senescence, and cell cycle arrest (Figure 7) [19]. Some
cells can escape senescence and enter crisis, dying by apoptosis; just a few cells escape crisis and
with an unstable genome and short telomeres, reactivate telomere elongation by telomerase (see
Topic 1.4) and immortalize. With the aid of other genomic instability effects, such as the expression
of anti-apoptotic signals and the inability to repair damaged DNA, and in some specific cases, after
virus infection, cells acquire tumorigenic profiles. It is widely known that 85-90% of somatic
cancer cells can proliferate indefinitely and maintain short telomeres [25].

As mentioned earlier, protected telomeres evade DNA damage responses (DDR), telomere
fusions, and recombination events. They also play a role in chromosome stability and genome
integrity. One mechanism utilized by telomeres is the formation of telomere and displacement loops
(T-loop and D-loop, respectively), where the 3'-G overhang invades the duplex DNA to form a
lariat structure (Figure 6A) [18,26]. The overhang can also be folded in a different conformation to

give the G-quadruplex structure (Figure 6B). Here, four guanines associate with each other by

e
10




overpowering kinetic barriers to achieve intramolecular folding [19]. G-quadruplexes are held
together by the Hoogsteen base pairing rules [27]. These abilities hinge on, among other factors,
the six members of the shelterin complex and their functions [26,28-30]. Both t-loops and G-
overhangs are maintained by the association of protein complexes and telomeric DNA forming a
high order structure that protect telomeres from fusion and degradation [29].

Additionally, adjacent to telomeres are the subtelomeric regions, which in most eukaryotes are
transcriptionally active and reported to be sources of the transcription of telomeric repeats
containing RNAs (TERRA); long non-coding RNAs involved in the regulation of telomere length

by its association with telomeric proteins and formation of telomeric R-loops [19,25].
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Figure 5. A cartoon of the end replication problem. In semiconservative DNA replication, the leading strand is
replicated continuously without any hindrance by the DNA polymerase Pola and Pole after the primase synthesizes the
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first RNA primer. There is the synthesis of several RNA primers in replicating the lagging strand, which then get
elongated. In both cases the replication proceeds in the 5' to 3' direction. The individual fragments formed from the
replication of the lagging strand is termed as Okazaki fragments. Degradation of the RNA primers leaves a gap at the
5" end which remains unfilled and becomes a substrate for the telomerase activity in telomerase positive cells. Image
source: [19]
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Figure 6. Schematic representation of the 3'-G overhang structural conformations. The formation of T and D
loops represented in (A). The folding of the telomere ends on itself and invasion of the duplex DNA results in this
conformation. In (B) G-quadruplex structure formation from the intramolecular interactions of guanines at the
telomeres overhang. These structures function to protect the chromosome end. Source: [25].

1.3.1 The Shelterin complex

The shelterin complex, also sometimes referred to as the telosome, is a sextuple-telomere-
specific protein complex, which is constitutively expressed in the cells and collaborates among its
member proteins as well as with other factors to regulate the activities of telomerase in the

maintenance of telomere length [28,29,31,32].
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Telomeric Repeat-binding Factor 1 (TRF1), Telomeric Repeat-binding Factor 2 (TRF2),
Adrenocortical dysplasia homolog (ACD) also referred to as TINT1/PTOP/PIP1 (TPPI1),
Protection of Telomeres 1 (POT1), Repressor/Activator Protein 1 (RAP1), and TRF1 Interacting
Nuclear factor 2 (TIN2) are the distinct proteins that constitute the shelterin complex in humans
and some other mammalian species [28,33,34].

While telomeres are considered a common denominator of most eukaryotic chromosomes, the
shelterin complex itself is not. The shelterin-like complex in certain species has components
orthologous to that of the human while others lack the shelterin complex completely [31,32]. The
fission yeast, as an example, has orthologues that differ slightly in structure and function from the
human shelterin complex but fulfil the core function of ensuring homeostasis at the telomere region
[35]. Budding yeast, unlike fission yeast, lack the shelterin complex but possess the RAPI
component which together with Rifl-2 proteins and the telomere-end binding protein CDC13,

engages in organizing telomere events in the organism [36].
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Figure 7. The association of telomeres with the shelterin complex. The shelterin complex is composed of six
proteins that act to ‘shelter’ the telomeres. They act to regulate the length of telomeres and trigger of other cell events.
The absence of any of these proteins has consequences on the integrity of the genome. Some cellular events that could
be associated with the absence of the shelterin complex include senescence, apoptosis, DNA damage, and cell cycle
arrest. The CST complex, made up of the Conserved telomere protection component 1 (CTC1), Suppressor of cdc13a
(STN1), and telomeric pathway with STN1 (TEN1), is also depicted here. These proteins, together with the shelterin
complex, control events at the telomeres. The CST complex resolves replication forks and can unfold the G-quadruplex
conformation. Image Source: [25]

1.3.2 Features of telomeres in Leishmania spp.

Leishmania spp. telomeres possess a conserved TTAGGG sequence [37]. Conte, and Cano [37],
showed that the telomeres in Leishmania amazonensis are polymorphic in nature and suggested it
is regulated at the chromosome level. A key characteristic of telomeric regions in trypanosomes is
the presence of a modified thymine referred to as Base J (B-D-glucosyl-hydroxymethyl uracil),
which is considered an epigenetic marker and an RNA polymerase II transcription terminator. In
most Leishmania spp. such as L. major, 98% of base J is found at the telomeres, which locally
inhibits DNA cleavage by frequently cutting restriction enzymes [3]. Leishmania spp. chromosome
ends also contain at the subtelomeric region, the Leishmania conserved telomere associated

sequence (LCTAS); the organization of these sites differs between species, but differently from 7.
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brucei and T. cruzi, they do not contain sequences of genes encoding virulent antigens, such as the
Variant Surface Glycoproteins (VSG) in 7. brucei [16,38]. In Leishmania spp. the subtelomeric
regions are part of LCTAS, they harbor a plethora of housekeeping genes which may be
functionally relevant to the parasite biology [39].

The LCTAS sequences in Leishmania also vary from species to species. In L. major and L.
amazonensis, LCTAS are organized as tandemly repeated sequences of about 100bp repeated two
to three times; this is not the case in the multicopy chromosome of L. braziliensis, which has been
termed as minichromosome telomere associated sequence of about 1.6kb length [37,40]. Also, at
the ends of all chromosome sequences comprising the LCTAS are two conserved sequence boxes
(CSB1 and CSB2) (Figure 8) intercalated by CCCTAA sequences similar to the structure found in
Saccharomyces cerevisiae [40]. These sequences vary from chromosome to chromosome in

distribution and organization [37].
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Figure 8. L. major and L. amazonensis chromosome termini. The organization of chromosome termini in both
Leishmania species shows the sites for frequent cutting restriction enzymes at LCTAS and intercalating the CSB1 and
CSB2. The G-rich overhang is also depicted along with mean nucleotide lengths. The average size of parasites
telomeres and LCTAs are shown in kb. Image adapted and modified from [37].
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1.4 The telomerase enzyme

Germinative, and embryonic mammalian cells contrary to adult somatic cells, have their
telomeres not restricted by a Hayflick limit. This is due to the activity of a ribonucleoprotein
enzyme known as telomerase, which can elongate telomeres [23,41-44]. Telomerase is a
ribonucleoprotein complex minimally composed by a specialized reverse transcriptase (TERT) and
a long non-coding RNA which bears the template sequence copied by TERT at the end of the
chromosomes to elongate telomeres [43—45]. The telomerase enzyme is responsible for ensuring
proper telomere maintenance using its core subunit, the TERT component, and other accessory
proteins [46,47]. Cano et al. [23], and Giardini et al. [48—50]), both reported the existence of
telomerase activity and the TERT component in different Leishmania species. They showed that
the parasite’s enzyme is conserved, although there are some genus-specific amino acid substitutions
present [48].

The TERT subunit serves as the catalytic subunit of the telomerase enzyme and contains four
conserved structural domains: the telomerase essential N-terminal (TEN), telomerase RNA
binding domain (TRBD), the reverse transcriptase (RT), and the C-terminal extension (CTE)
(Figure 9) [48,51].

The TERT in metazoans has 11 motifs showing moderate variations and high synteny in its
TERT sequence with humans. For protozoa, sequence analysis of the key domains between
Leishmania and humans has inconsistent reports [48,52]. Giardini and colleagues in 2006 reported
a finding that suggested that the TERT in Leishmania possessed all the canonical domains (TEN,
TRBD, RT and CTE) and the 11 motifs, but in a 2017 report by Lai and colleagues, they disagree
with this position, citing the number of identical amino acids at the N terminal to be insufficient

proof of a GQ motif at the TEN domain in Leishmania [48,52]. However, in the Telomerase
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Database (https://telomerase.asu.edu/sequences-tert) the GQ motif remains annotated in the

Leishmania TERT amino acid sequence. The GQ motif is reported to be essential for the telomere
maintenance mechanism of the TERT gene and its manipulation can potentially influence cell
growth and telomerase activity [41,45]. Nonetheless, a well-established fact about the GQ motif is
its absence in 7. brucei, which may partly explain why the 2005 study by Dreesen and colleagues
on parasite’s TERT knockdown did not show any impact on cell growth besides the possible
existence of alternative compensating mechanism [26,45,52]. The GQ motif is also reported to aid
in the multimerization of the telomerase as well as the dissociate activity when bound to the
telomerase RNA (TER) [53]. Whilst the RT domain serves the catalytic role of the protein, the
TRBD domain facilitates binding with the telomerase RNA [45].

The telomerase RNA, as earlier stated, provides the template sequence for the de novo synthesis
of telomeric repeats to chromosome termini. Unlike the TERT, the telomerase RNA (TER) seems
more divergent, showing no conservation at the sequence level, although some maintain a more
conserved secondary structure [45,54,55]. The TER can be described as having a template region
used in the synthesis and a non-template region whose function has been linked to the telomerase
enzyme activity and seem to be conserved between organisms [54]. The non-template region
comprises of the template boundary element (TBE) that associates with the TERT RBD domain, a
pseudoknot, and the stem terminus element (STE) [45]. An important and well conserved domain
of the TER is the CR4/5 domain, which in flagellates is termed Helix IV [45,56].

The Leishmania telomerase RNA component described by our group is one of the largest TERs
described; about 2,100 nucleotides in length; being 100 nucleotides shy of the Plasmodium
falciparum TER and it contains a 12-nucleotide-long template sequence and other structural and
functional domains shared with some TER described in ciliates and the ThTER (Vasconcelos et al.,

2014). The TbTER, however, has been found to lack a pseudoknot component structure [51]. Figure
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https://telomerase.asu.edu/sequences-tert

10 summarizes the differences and similarities in the TER structure from evolutionarily distant

eukaryotes.

Figure 9. Graphic representation of TERT domains and motifs. The telomerase essential N-terminal (TEN),
telomerase RNA binding domain (TRBD), the reverse transcriptase (RT), and the C-terminal extension (CTE) are the
protein core domains. The TEN and TRBD domains are connected via a linker. TEN domain (PDB ID: 2b2a) and
TRBD domain (PDB ID: 3r4g) from Tetrahymena thermophila, RT domain (PDB ID: 3du5) from Tribolium castaneum
and CTE/thumb domain (PDB ID: 5ugw) from Homo sapiens. Image reproduced from [51]
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Figure 10. Secondary Structure of Telomerase RNA (TER) in different organisms. Different organisms and their
telomere RNA structure. (a) Depiction and comparison of the structure of Human TER to important parasites. The
image features the predicted TER structure in L. major and P. falciparum, and the authenticated TER of T. brucei. The
template boundary element and the highly conserved Helix IV domain is also represented along with the vertebrate
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homologue CR4/5. (b) Cladogram depicting the homology in CR4/5 domain to the Helix IV of the other class of
organisms. Image processed from [45].

1.5 Alternative mechanisms in telomere maintenance: ALT

pathways

Some cells are able to continue proliferation without telomerase. The phenomenon of cells to
survive without telomerase have been elucidated in cancer cells, yeast and trypanosoma [47,57,58].
The ability of these cells to continuously proliferate against the Hayflick limit was traced to the
presence of other mechanisms that they utilize in maintaining their telomeres in the absence of the
telomerase enzyme activity. These mechanisms are collectively called alternative lengthening of
telomeres (ALT) and are independent of telomerase activity although some can coexist with the
telomerase without any impact on their activity [59-62]. Cells with ALT show some peculiar
characteristics including the display of ALT associated PML bodies (APBs), heterogeneous
telomere length, abundant extrachromosomal telomere repeat (ECTR) and telomere sister
chromatid exchange (T-SCE) [63,64]. The ALT pathway uses telomeric DNA as a copy template
for the replication of other telomeres to elongate them via recombination. In a chromosome
orientation fluorescent in situ hybridization (CO-FISH) experiment, ALT cells give off more than
one signal per chromosome extremity instead of one due to the exchange between telomere and a
repeat sequence. Also, in ALT cells one can find telomeres with no detectable signals in the FISH
[62]. Londofio-Vallejo et al., [62], found that in the presence of telomerase activity, ALT activity
is even higher than in ‘solo-ALT’ cells and they have all chromosome extremities displaying
signals in CO-FISH. ALT cells have high levels of DNA damage proteins at the telomeres due to
the uncapping of the telomeres [62,64] Good evidence of ALT is observing extremely long

telomeres in the absence of telomerase [59,60].
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1.6 Justification: Telomerase as a drug target in Leishmania

As stated earlier, leishmaniasis affects millions globally, nevertheless there are no satisfactory
remedies, thus the need to find new therapeutics. Knowledge about telomerase involvement in
cancer progression and immortalization, its silence in somatic cells, and the dominant negative role
of TERT in cancer cells has gained it the reputation as a universal drug target. A number of
telomerase inhibitors are under consideration for use as therapeutics against cancer. Many of these
drugs are yielding results with promising signs of anti-cancer properties [47].

The knockout of TERT in other eukaryotic cells such as human cells, yeast, and mice has been
shown to result in a decline in cell proliferation, telomere shortening, and failure in tissue renewal,
besides the replicative senescence and other cell phenotypes [69—72]. Some of these studies further
report on the anti-apoptotic role of TERT and the haploinsufficiency of the TERT and TER
components when heterozygotes cell lines were generated [70-72]. However, in the study of
telomerase-negative cells with excessively long telomeres, researchers found a mechanism that
used different route to elongate telomeres; an alternative lengthening of telomeres mechanism
(ALT) [64]. The presence of ALT in cancer cells has brought a new challenge for therapeutics that
target only the core telomerase pathway. Thus, new methods of abolishing ALT in cancers has been
proposed [59,64].

Telomerase activity is highly correlated to the roles of the TERT in conjunction with other
accessory proteins of the ribonucleoprotein complex such as the chaperone HSP90 [66]. In humans,
HSP90 acts as a chaperone for the proper conformation and activity of telomerase [45]. In a recent
report from our group on L. amazonensis, inhibition of LHSP90 resulted in cells presenting
telomere shortening, inhibition of telomerase activity and growth defects, strongly suggesting that

the TERT in Leishmania shares some similar function with other organisms [67].
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There is little data on the function of telomerase in Leishmania biology. But Campelo and
colleagues [68], showed that in the presence of hydrogen peroxide, LmTERT was found to be
redistributed among cellular components outside the L. major nucleus. The authors argued that this
observation points to the possible roles of the parasite’s TERT beyond its canonical function in
telomere maintenance. They also showed that the overexpression of the LmTERT increased
parasite growth rate and protected cells from oxidative stress [68]. Together, these results point to
the relevance of TERT in telomere synthesis and parasite biology.

Dreesen and colleagues showed dissenting data in cell proliferation and phenotype in TERT
knockout strains of 7. brucei [26] . The authors reported no significant effect on cell viability after
several months of culture, even though their result on the impact on telomere length corroborates
with telomere shortening reported in other studies [26]. They observed the average rate of telomere
shortening in their cells to be about 4.5 bp per population doubling. They also found the telomeric
regions harbouring VSG sites to shorten in the absence of the TERT gene. Dreesen and co-authors
conclude by raising questions on the usefulness of the TERT as a drug target due to the slow rate
of telomere shortening and non-retardation in growth after several months of cultivation [26].
Despite, the results obtained by Dreesen and colleagues, we find the evidence by other studies of
therapeutic value of telomerase in Leishmania to be convincing [68].

To this end, my thesis work focused on understanding the functional roles of TERT in Leishmania

major, and to provide insights on its usefulness as a drug target against leishmaniasis.
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2. Objectives

2.1 Main objective

The main objective is to perform functional studies on the TERT component of Leishmania
major telomerase, using three different methodologies: treatment with BIBR 1532 specific inhibitor
of telomerase, knockout by gene replacement of the TERT component, using CRISPR-Cas9, and

overexpression of the TERT gene.

2.2 Specific Objectives

After these perturbations, we specifically aimed to:

1) Evaluate the cell proliferation of promastigote forms of L. major using growth curves
2) Analyse the cell cycle profile of promastigote forms

3) To test the ability of promastigotes to transform into metacyclic forms

4) Perform in vitro test of telomerase activity

5) Assess changes in telomere length

6) Evaluate cell death induction

7) Assess the alterations in cell and organelle morphology

8) Assess DNA damage signalling

9) Estimate the infective potential on macrophage cultures and Balb/c mice.




3. Materials, Methods, Results, and Discussion : Introduction

to the chapters

This section is organised into two chapters. Each chapter is presented in the format of independent
scientific articles that touch on the main objective of the thesis. Based on this, each chapter has its

own short introduction, succinct materials and methods, discussion and references.

Chapter 1: Ablation of telomerase reverse transcriptase in Leishmania major results in a
senescent-like phenotype and loss of infectivity. This chapter deals with the deletion of the TERT
in Leishmania major using a well-established CRISPR-Cas9 system for trypanosomatids. It goes
on to evaluate the various effects of the absence of TERT on the parasite biology and highlights
the possibility of the TERT gene as a useful drug target. The information presented in this chapter
is already published as a preprint under the doi: https://doi.org/10.1101/2023.11.10.566596 and

submitted for peer-review, and publication in traditional journal.

Chapter 2: A brief report on the consequences of BIBR1532 inhibition of telomerase in
Leishmania major. This chapter section predominantly discusses preliminary results from the
inhibition of telomerase using a small molecule (BIBR1532) specific for telomerase inhibition.

This work is still ongoing in the lab.
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Abstract

The lack of efficient human vaccines and effective nontoxic drugs for leishmaniasis necessitates a
search for new therapeutic targets. The telomere environment could provide potential targets
against leishmaniasis. TERT, the telomerase reverse transcriptase component, has been on the radar
for new therapeutic options against several diseases for more than two decades. In this study, we
constructed a full deletion (LmTERT-/-) and an ORF disruption (LmN420) of the gene encoding
the TERT component of Leishmania major. LmTERT-/- and LmN420 parasites showed replicative
and proliferative defects, growth impairment, cell cycle alterations, increased DNA damage, and
progressive telomere shortening. Blockage of parasite altruism and the presence of
autophagosomes characteristic of a senescent-like phenotype were also detected. LmTERT-/- and
LmN420 parasites caused either micro lesion development or no visible lesions in mouse footpads
and reduced infectivity in macrophages. While our checks to see if telomere erosion had reached
the SCG genes involved in lipophosphoglycan modification showed no changes, our proteomic
assessment revealed a downregulation of a metacyclic-associated protein. Complementation of the
knockout lineages using the WT LmTERT restored some of the lost phenotypes. Therefore, we
speculate that the pleiotropic effects of the loss of LmTERT advance the case for using it as a drug

target against the parasite.

Keywords: Leishmania spp.; DNA replication; TERT knockout; growth impairment; cell cycle

arrest; DNA damage; telomere shortening; autophagy; loss of infectivity; senescence
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Author Summary

Leishmaniasis affects several impoverished communities, but there are no effective drugs for
treatment. The ones that exist are too expensive for the demographic affected. We decided to study
a protein component (LmTERT) that maintains the integrity of most eukaryotic genomes. We tried
to understand how the absence of this protein in Leishmania affects the parasite. We found that
LmTERT absence causes DNA damage and telomere shortening. Also, we found the depletion of
LmTERT promotes proliferative and other defects reminiscent of senescence. We further showed
that inactivating LmTERT abolishes parasite altruism and infectivity while causing protein
deregulation. Our study provides insights into how useful TERT is to the parasite and can serve as

a possible target for drug design.
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Introduction

Over a million new cases of leishmaniasis are reported annually across 98 territories and
countries [1-4]. New therapeutics are crucial due to the absence of licensed vaccines and the
inefficiency of currently available disease control and treatment methods [5—8]. The search for an
alternative therapeutic strategy in treating leishmaniasis is thus a matter of global public health
concern [1,5,9,10].

Telomeres are essential to most eukaryotic chromosomes, including Leishmania spp., and are
crucial to genome stability and survival [11-16]. A proper understanding of the mechanisms and
roles of telomeres in parasite survival would provide answers in the search for new and parasite-
specific drug targets [17-20]. Leishmania spp. telomeres comprise the conserved tandem
'"TTAGGG' sequence elongated by telomerase [21-23]. The telomerase component of Leishmania
is mainly composed of telomerase RNA (TER) and telomerase reverse transcriptase (TERT) [24—
29]. Leishmania TERT conserves all the canonical structural and functional domains found in most
TERT but presents amino acid substitutions specific to the genus [24,26,30-33]. An active TERT
adds new telomeric repeats to the chromosome ends. This activity of TERT helps to prevent the
incidence of genomic instability, apoptosis, and cell senescence, among many other cell defects
due to TERT inactivity [27,34-38].

In this study, we set out to inactivate the TERT in Leishmania major, a causative agent of
tegumentary leishmaniasis, and assess the impact of this manipulation on the parasite's biology.
We generated two distinct TERT mutants, one bearing the full knockout of both TERT alleles
(denoted LmTERT-/-) and the other, an endogenous deletion of portions of the open reading frame
(ORF) of the TERT alleles (denoted LmN420). We generated both mutants using the CRISPR-Cas9

approach outlined by Beneke and colleagues [39]. The results presented here undoubtedly show
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that TERT ablation significantly influenced several biological processes in the parasite, including
cell proliferation, telomere shortening, blockage of parasite altruism, and autophagy, leading to a
senescence-like phenotype and loss of in vivo and in vitro infectivity capacity [40,41]. We assessed
whether progressive telomere shortening would affect the telomeric copies of SCG genes involved
in lipophosphoglycan modifications [42,43]. However, our preliminary results showed that most
of the SCG genes were unaffected. Interestingly, we found differential expression in proteins,
including downregulation of a META domain protein. Together, our results advance the case for

using LmTERT as a therapeutic target.
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Results

Deletion of whole and parts of LmTERT is deleterious to Leishmania
major

Given the role of TERT in other eukaryotes and the recommended checklist for essential genes
provided by Wang and colleagues [44], we hypothesized that deleting the entire TERT gene may
lead to the immediate death of the parasite. Hence, the strategy was to attempt a complete and
partial deletion of the L. major TERT gene using the CRISPR—Cas9 knockout system (S1 and S2
Figs) [39,45,46]. We used the Lm007 lineage (SIA-S1C Figs) to generate both knockout lineages
(S2A Fig). In both deletion strategies, we selected different clones and expanded them into clonal-
population lineages. We phenotypically studied the different clonal lineages and chose one of each
to continue the experiments since they showed similar growth and telomere length profiles.
Successful LmTERT deletion was confirmed using PCR, Southern blotting, and Sanger sequencing
(S2B-S2C Figs).

We checked for phenotypic changes and found that the depletion of LmTERT induced growth
defects in the parasite. Compared to the control (Lm007), LmTERT-/- and LmN420 promastigotes
at passages 7 and 20 showed lower cell density in the logarithmic and early stationary growth phase.
This growth defect was particularly evident in the delayed time for the knockout parasites to reach
the stationary growth phase (Fig 1A). The growth defect was permanent even after 20 passages.
Between passages 7 and 20, the parasites showed a consistent and significant difference in growth
on days 2, 3, and 4 (Fig 1A). We further evaluated the proliferative capacity of the parasites by
incubating log-phase parasite cultures with EQU (5-ethynyl-2’-deoxyuridine). After EQU labelling,

most knockout lineages were identified as not committed to replication (Fig 1B, right panel). Under
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50% of LmTERT-/- and LmN420 promastigotes at passages 7 and 20 were proliferating after EQU
incorporation, against approximately 80% of proliferating cells in the control, Lm007 (Fig 1B, left
panel).

Considering the importance of the surveillance system in cell growth [20,47-49], it was
necessary to see how much of an influence the ablation of LmTERT has on the cell-cycle
progression of the parasites, which may also explain the observed growth and replication
impairments. We processed promastigote forms with propidium iodide. Data obtained on the DNA
content at the log and stationary phases (Fig 1C) revealed changes in the cell cycle progression
pattern of knockout lines compared to the control. Knockout cells (LmN420 and LmTERT-/-)
showed measurable delays or transient arrest in the GO/G1 phase at the log phase (Fig 1C). At both
P7 and P20, a high number of knockout parasites, LmN420 (50.88% and 58.05%) and LmTERT-/-
(48.06% and 52.26%), were recorded at the log GO/G1 phase versus Lm007 (44.87% and 53.91%)
(Fig 1C, Panel 1). In contrast, lower percentages of cells were recorded for the knockout lineages
at the log G2/M phase, LmN420 (20.50% and 20.22%) and LmTERT-/- (23.18% and 17.75%)
against Lm007 (27.03% and 20.22%) (Fig 1C, Panel 2). These data suggest an interruption in the
cell cycle progression of the knockout parasites and a possible defective transitioning system that
could impact parasite development [48].

In the absence of TERT, we expected an increase in DNA damage. This theory was founded on
the observed telomere attrition (see Fig 4) and the detected delays in cell cycle progression (Fig
1C). At the log phase of growth, the parasites generally had low DNA damage signals averaging
4.5% for Lm007, 0.2% for LmN420, and 3.5% for LmTERT-/-. At the stationary growth phase, this
increased drastically to about 38.16% and 36.24% for the TERT-depleted parasites (LmN420 and

LmTERT-/-, respectively) compared to an average of 22.48% for Lm007 (Fig 1D). Here, we
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establish an association between the observed DNA damage and the recorded delays in cell cycle

progression in the knockout lineages.
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Fig 1. Defective growth, DNA synthesis, and accumulation of DNA damage in TERT-depleted parasites. (A)
Growth curves comparing the growth profile of TERT-depleted parasites and Lm007 at P7 and P20. The following
symbols represent the significant differences between treatments: *, Both edited lines differ from Lm007; & only
LmN420 is significantly different from Lm007; #, only LmTERT-/- is significantly different from Lm007. Statistical
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analysis was performed using the Mann-Whitney test on the means of three parallel experiments for each treatment
group. (B) Parasites’ ability to synthesize DNA was represented by their EQU uptake (left panel) and nonresponsive
parasites to DNA synthesis (right panel). Kruskal-Wallis test was used as the statistical treatment for five technical
replicates from two independent experiments for each group. (C) Graphs from data on parasite challenges in cell cycle
progression (D) TUNEL data showing accumulation of DNA damage in parasites after TERT depletion. Data from a
single experiment with five technical replicates was used in the Kruskal-Wallis statistical test. All data in this Fig is
represented as mean +£SD, and significance was tested at P < 0.05.

TERT-deficient parasites lacked cell death and had an increased
number of stationary phase promastigotes negative for peanut lectin
agglutinin (PNA)

One of the clauses given by the Nomenclature Committee on Cell Death (NCCD) in declaring
cell death is the compromise in the plasma membrane, which symbolizes a point of no return for
such cells [50,51]. We used an Annexin-PI assay to check parasite death by membrane turnover
and permeabilization. The control parasites (Lm007) showed lower viability records (56.78% and
62%) at P7 and P20, respectively, when compared with LmN420 (94.40% and 95.16%) and
LmTERT-/- (91.50% and 94.14%) (Fig 2A). In addition, Lm007, in contrast to the TERT-depleted
parasites (LmN420 and LmTERT-/-), was nearly tenfold more PI/Annexin-positive, showing an
average of 37.72% versus 3.83% and 6.64% in LmN420 and LmTERT-/-, respectively, at P7 (Fig
2B).

We performed a metacyclic selection assay to ascertain the parasites' normal development. We
collected parasites grown for up to 7 days at the stationary phase for P7 and P20 and performed
PNA agglutination [52]. The results presented in Fig 2C show a surprisingly high number of
promastigotes negative for PNA in the knockout lineages. There were differences for LmN420 and
LmTERT-/- against Lm007, as shown in the left and right panels of Fig 2C, respectively.
Additionally, the LmTERT-/- remarkably quadrupled its previous count at P20 and was fourfold

higher than Lm007 at P20 (Fig 2C, right panel). At the stationary phase, Leishmania promastigotes
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cultures should have more Annexin-V-positive cells and fewer parasites negative for PNA [53,54].
The unexpectedly low permeability, Annexin-V binding of the knockout parasites at the stationary
phase, and the increased number of PNA-negative parasites suggest a modification in the parasites'

plasma membranes after TERT ablation.
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Fig 11. Absence of cell death and increased PNA-negative parasites among the TERT-depleted L. major
promastigotes. (A) and (B) Parasites at the stationary phase were stained with Annexin-V and propidium iodide to
determine viability. (A) The graph represents parasites that are positive for both stains, indicative of no cell death
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(quadrant-Q4, Fig. S3C). An FMO control was performed by treating Leishmania parasites with only PBS, and no
staining procedure was conducted on these parasites to represent an intact membrane. (B) The graph shows the
percentages of parasites found in quadrants Q2 and Q3, Fig. S3C. Positive control was performed by treating
Leishmania parasites with 20% formaldehyde for approximately 10 min to cause membrane turnover before being
subjected to a staining procedure. The negative control was parasites with no stain. (C) The graph shows the number
of parasites that are negative for lectin agglutination. Kruskal-Wallis test was used in the statistical treatment of graphs
presented in this Fig to establish significance at P<0.05. Graphs (A) and (B) represent two independent experiments of
at least three technical replicates. Graph (C) is representative of two experiments conducted in parallel.

Ultrastructural analysis of L. major wild-type promastigotes and

TERT-deficient parasites shows senescent-like phenotypes

To check eventual ultrastructural alterations in TERT-depleted promastigotes, wild-type and
mutant parasites of different passages in vitro (PS5 and P20) were processed for scanning and
transmission electron microscopy. Our findings demonstrated a lack of morphological alteration
when L. major promastigotes (with and without TERT deletion) were examined by scanning
electron microscopy (SEM). Parasites presented characteristic morphology in all experimental
conditions, such as elongated shapes and free flagella. At the same time, round and intermediate
forms could also be observed, in addition to dividing promastigotes (Fig 3, SEM panel), showing
a heterogeneous population of cells in culture.

Transmission electron microscopy (TEM) evaluated wild-type promastigotes displaying
typical organelles, such as the nucleus, mitochondrion, kinetoplast, endoplasmic reticulum, and
flagellum (Figs 3A and 3D). In contrast, 100% of the TERT-deficient promastigotes at P5 (Figs.
3B and 3E, TEM panels) and P20 (Figs. 3C and 3F, TEM panels) presented cytosolic vacuolization
(V) and the formation of autophagosomes and blebs in the plasma, flagellar and flagellar pocket
membranes. Also, mitochondrial insults such as organelle swelling and inner concentric membrane
structures characteristic of autophagy were noted (Figs. 3B, 3C, 3E, and 3F, TEM panels). The
features observed here, the prolonged delays in cell cycles, and the replication troubles detailed

earlier are reminiscent of a cell undergoing senescence [40,41,55,56].
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Fig 3. TERT-depleted parasites show a senescent-like phenotype. Left panels (A-F), scanning electron microscopy
(SEM) (bars = 5 um) and Right panels (A-FI), transmission electron microscopy (TEM) (bars = 1 um) of wild-type,
LmTERT-/-, LmN420 promastigotes. In the top and bottom panels, the wild-type parasites (A, D) show typical,
elongated morphology and normal appearance of organelles, including the nucleus (N), mitochondrion (M), kinetoplast
(K), endoplasmic reticulum (ER), and flagellum (F). In the top panel, promastigotes TERT-/- at P5 (B, SEM) and P20
(C, SEM) show classical elongated bodies and flagella. Their analyses by TEM show cytosolic vacuolization (V),
formation of autophagosomes (AP), blebs in the flagellum and flagellar pocket (white arrowheads), mitochondrial
phenotypes such as organelle swelling (*), and the presence of inner concentric membrane structures (black arrows).
In the bottom panel, promastigotes LmN420 showed no morphological alteration by SEM obtained at P5 (C) and P20
(F), with parasites presenting characteristic morphology such as elongated shape and free flagellum. Additionally,
round and intermediate forms were observed, in addition to dividing promastigotes. When evaluated by TEM, LmN420
promastigotes at P5 (E, TEM) and P20 (F, TEM) presented cytosolic vacuolization, blebs in the plasma, flagellar and
flagellar pocket membranes (white arrowheads), and the presence of concentric membrane structures inside
mitochondria (black arrows).

Telomere attrition in TERT-depleted L. major promastigotes and
recovery after complementation reveals the role of TERT in parasite

telomere maintenance

A characteristic feature of most organisms with interrupted TERT activity is a reduction in
telomere length [34,41,57]. TERT is responsible for the polymerization of telomeric ends. Its
ablation leads to an incomplete telomerase holoenzyme and terminates telomere length
maintenance, resulting in continuous attrition of these ends [18,25,58-62]. Whether the TERT in
Leishmania major has similar roles as in other eukaryotes was evaluated here by Southern telomere
restriction fragment (TRF) assessment and Flow-FISH. Telomere attrition was evident in the
TERT-depleted parasites at passages 7 and 20 (Figs. 4A and 4B). Proportional changes in telomere
length, calculated using arbitrary fluorescence units (a.u.) of molecules of equivalent soluble
fluorochrome (MESF) (Table 1), showed an approximately 50% reduction in telomere size after
TERT inactivation.

We performed a complementation strategy by introducing an episomal plasmid carrying wild-
type TERT back into the respective knockout lineages. We denoted the complementation lineages

as NAB and TAB for LmN420 and LmTERT-/-, respectively. The telomere profiles from these
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lineages revealed an average increase in telomere size compared to their respective knockouts (Fig
4B, left panel). Approximately 25-30% of the lost telomeres were recovered (Fig 4B, right panel).

These data point to the critical role of TERT in maintaining chromosomal termini in these parasites.
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passage 20 (middle panel), and after complementation with the episomal expression of wild-type TERT (NAB and
TAB) in the right panel. A WALTER assessment of the TRF was equally done (B) The fluorescent values were
obtained by calculating the MESF for Lm007, LmN420, and LmTERT-/-, as well as NAB and TAB at P7 (left panel)
and P20 (right panel). Significance was obtained after Kruskal-Wallis test was used as treatment of data obtained from
at least three technical replicates of two independent experiments. Graphs are shown with mean = SD data. P<0.05.

Table 1 Comparative changes in telomere size

Mean MESF (a.u) Proportional change
Parasites groups
P7 P20 P7 P20
Lm007 988.5 868.8 1 1
LmN420 423.8 556.8 0.429 0.641
LmTERT-/- 4353 496.8 0.440 0.572

TERT-depleted parasites showed reduced or no capacity to infect
BALB/c mice models, and bone marrow-derived macrophages from

BALB/c

Due to the low Annexin-positive and high number of PNA-negative promastigotes, we
questioned the infective capacity of the knockout lineages. We conducted concurrent Annexin-V
and in vivo infectivity assays (Figs SA and 5B). An in vitro infectivity assay using bone marrow-
derived macrophages (BMDMs) from BALB/c mice was also performed at 24 h, 48 h, and 72 h
(Figs 5C and 5D). Data from the in vivo infection assay showed a significant difference in lesion
development between the mice infected with the knockout lineages and the Lm007-infected group.
All mice in the LmO007 treatment group developed their first visible lesion at 50 days post-

inoculation. In contrast, mice infected with LmTERT-/- cells had only two out of the three showing
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microlesions 61 days post-infection. None of the three mice infected with the LmN420 cells
presented any lesion development during data collection (61 days post-inoculation). In addition,
one mouse from the LmN420 group was experimentally separated for further monitoring. This
mouse showed no visible lesions up to 70 days post-inoculation.

The sizes of the inoculated and non-inoculated footpads were measured using Vernier calipers,
and the difference was estimated as the swelling size (Fig 5B, graph). At a mean size of
approximately 5 mm, the Lm007-infected mouse paw was about twice the size observed in
LmTERT-/- and that of LmN420. A mean difference of 1.9 mm and 2.5 mm was observed between
Lm007 versus LmTERT-/- and LmN420, respectively (Fig 5B, graph). Concurrently, serological
tests using indirect immunofluorescence (IIFA) reported a negative presence of infection in mice
inoculated with the knockout lineages using different titrations. We only obtained positive signals
from the experiment's positive control and the mouse group infected with Lm007 (Supplementary
Figs 4B and 4C).

In agreement, macrophage infection studies using BMDMs at a parasite-to-macrophage ratio
of 10:1 revealed reduced infection in TERT-deficient lineages. At 24 h, the LmO007-infected
macrophages had less infection compared with the knockout (LmN420 and LmTERT-/-) and
complementation lineages (NAB and TAB) (Fig 5C). However, at 48 h, the percentage of
macrophages infected with Lm007 increased from a mean of 8.357% to 56%. In contrast, the
percentage of cells infected with LmN420 declined from 23.47% at 24 h to 13.33% at 48 h.
Similarly, infection with LmTERT-/- declined from 27.24% to 7.409%. Complementation lineages,
NAB and TAB, progressively increased from 32.18% and 17.33%, respectively, to 57.90% and
19% at 48 h. A continuous increase in the percentage of infected macrophages was recorded for
TAB (39%) at 72 h. In comparison, a continuous decline was recorded for the knockout lineages

(LmN420 and LmTERT-/-). The decline was observed in the controls Lm007 (27.33%) and NAB

e
43




(56%) at 72 h, which were nevertheless higher than the knockout lineages. An infectivity index,
calculated by finding the product of the mean number of amastigotes per macrophage and the
percentage of macrophages infected, also revealed a similar pattern of infection as the percentage
of macrophages infected (Fig 5SD). These results imply that LmTERT influences the infectivity of

Leishmania major parasites and their growth inside the host cells.
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Fig 5. TERT-depleted parasites showed reduced or no capacity to infect BALB/c mouse models and bone
marrow macrophages. (A) The graph shows that Annexin assays were conducted concurrently during inoculation
using the parasites from the same cultures used in mouse inoculation. Positive control was performed by treating
Leishmania parasites with 20% formaldehyde for approximately 10 min to cause membrane turnover before taking
them through a staining procedure. (B) Lesion size determined after 61 days post-inoculation is represented in the
graph. Representative images of mouse footpads infected with Lm007, LmN420, and LmTERT-/- are shown from left
to right. (C) Images showing some macrophages invaded by amastigotes. Arrows point to the number of amastigotes
per macrophage. (D) The graph of macrophage infections performed, including data from complementation parasite
infection. (E) This graph shows the infection index and representative images of macrophage infection. Data from
approximately 300 macrophages per treatment group (three replicates in parallel) were subjected to Kruskal-Wallis

test.
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Telomeric  scp-Galactosyltransferases (SCG  genes) remain

undisturbed

Linking the results observed in the telomere attrition, metacyclic selection assay, and the
infectivity of parasites, we checked for the telomeric scp-Galactosyltransferases (SCG genes)
involved in lipophosphoglycan (LPG) modification in the parasites. We reasoned that the
shortening of telomeres may have impacted these genes, resulting in modifications in their roles as
LPG modulators [42,43,63]. Due to the high sequence identity (>90%) between the SCG genes, we
only designed primers for the sets with less similarity. Performing ordinary PCR with specific
primers, we confirmed that telomeric erosion had not reached the point of completely eroding some

of the genes (S5 Fig).
Mass spectrometry confirms protein deregulation in TERT- depleted

parasites

While the SCGs amplified were still present, our further analysis of the LmTERT-/- and Lm007
proteomes by mass spectrometry showed changes in protein regulation. Differential protein
expression analysis revealed 104 proteins (S7 Fig) being significantly upregulated or
downregulated. Among the downregulated proteins were the stage-regulated metacyclic proteins
(META domain-containing protein) (S7B Fig). META domain proteins are expressed less in the
knockout compared to the Lm007. The proteomic data suggest that the increased PNA-negative
promastigote numbers from the metacyclic selection assay (Fig 2C) may not be true metacyclics.
Instead, they may be promastigotes whose plasma membrane composition has been altered, thereby
affecting the lipophosphoglycan constitution and subsequent agglutination by PNA. Another

interesting result in the proteomics assessment was the upregulation of a TPR-repeat

48



(tetratricopeptide repeat) containing protein (S7CFig). TPR motifs are known facilitators of
protein-protein interactions. They are present in proteins involved in different biological functions,
such as in the orthologues of EST1p (ever-short telomere 1 protein), an evolutionarily conserved

regulator of telomerase activity [64,65].

Discussion

Telomerase reverse transcriptase (TERT) is an essential component of telomerase. Nonetheless,
the extent of its relevance to Leishmania parasite biology and survival has been unexplored.
Consequently, this study sought to understand the effects of TERT deletion on parasite
morphology, cell cycle progression, cell proliferation, cell fate, cell organelle organization,
infectivity, and telomere homeostasis. We show that the absence of TERT does not lead to the
immediate death of parasites as hypothesized but does affect vital parasite biology, including in
vivo and in vitro infectivity and the regulation of parasite surface lipophosphoglycan constitution.

The absence of the TERT in Leishmania major, unlike Trypanosoma brucei,*® shows
detrimental effects on parasite growth, causing the cells to reach the stationary phase later than
LmO007. The delay resulted in the difference in timing where the decline phase for the control
parasites happened earlier than the knockouts, likely due to nutrient depletion and other conditions
associated with stationary phase cultures, such as changes in the culture media pH [66]. The ability
of cells to go through the various stages of development hinges on their transitions across the
distinct phases of the cell cycle. In the presence of genomic perturbations, cells activate checkpoints
to ensure that the integrity of their genome is uncompromised. In addition, cell cycle checkpoints
guarantee that the next generation of cells has the necessary cellular supplies to survive, grow, and
reproduce [20,48,67]. Our data indicate that LmTERT-/- and LmN420 are challenging in

synthesizing DNA. The data also suggests the likely initiation of checkpoints due to DNA damage
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leading to arrest in cell cycle progression. From our data, we posit arole of TERT in DNA synthesis
and cell cycle progression. Interestingly, these challenges do not seem to hinder the continuous
growth of the parasite. Damasceno and colleagues [68] demonstrated that L. major could continue
with other cell cycle processes even with a checkpoint activation. Our data agree with their
observation [68].

The telomere attrition recorded here due to TERT manipulation and a similar report by Dreesen
etal. [58] on T. brucei indicates the significance of TERT in maintaining telomeres in these ancient
eukaryotes. The reduction in telomere length signifies the loss of the protective cap at the end of
the chromosome, triggering a senescent-like state [19,69]. There are reports of telomerase-deficient
cells using alternative telomere maintenance mechanisms for survival [70-73]. These post-
senescence survivors activate alternative lengthening of telomere (ALT) strategies, such as
recombination and chromosome circularization, to maintain short telomeres [74]. Although not
much evidence is provided here, based on the observed phenotypes and concurrent events in other
cell types, we suspect that there is a population of our TERT-deficient parasites that use an ALT
mechanism to continue to proliferate despite having short telomeres. Telomere uncapping led to an
accumulation of DNA damage signals as TERT-deficient parasites grew from the log into the
stationary phase [40,54,75-81]. Similar observations have been reported in Saccharomyces
cerevisiae, whereby telomere uncapping led to the accumulation of DNA damage as cell division
proceeded [82].

While the use of Annexin-V as a marker for apoptosis in Leishmania has been called into
question, some relevant studies have shown a strong relationship between this assay and parasite
infectivity and cell fitness. Annexin-V labeling demonstrates changes to the parasite plasma
membrane [51,53,83—-89]. Based on this, we declare cells as either dead or alive without stressing

the type of death [90]. The low levels of Annexin-V-positive cells recorded for LmN420 and
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LmTERT-/- indicate intact membranes and, thus, viable parasites. The presence of Annexin-V-
positive cells in culture has been reported to serve as an altruist, helping in manipulating host cell
defences to facilitate the intracellular survival of the fittest parasite [91]. We suspected abolished
infectivity in TERT-ablated parasites based on the Annexin data. This suspicion was confirmed by
the in vivo and in vitro infectivity results. The absence of infection in mice inoculated with
LmTERT-/- revealed by the indirect immunofluorescence assay suggests that the microlesion
observed in the footpad likely did not develop from infection with the knockout Leishmania
parasites. While indirect immunofluorescence detection of Leishmania is a qualitative measure
with the disadvantage of false-negative or positive results, it is an effective method for detecting
cutaneous leishmaniasis [92,93]. Furthermore, the controls used in our study show high robustness
in the sensitivity and specificity of the tests (S4 Fig). The infectivity index recorded after infecting
BMDMs corroborates these observations and incontrovertibly indicates that TERT is involved in
parasite infectivity.

In addition, the formation of autophagosomes revealed by electron microscopy results points to
the initiation of cellular control by autophagy [90]. Autophagy is a molecular pathway described
in Leishmania as a cell control mechanism directly involved in survival and infectivity [50,68,90].
Basmaciyan and colleagues [94] have shown that autophagic Leishmania parasites have lower
Annexin-positive signals, a phenomenon corroborated by our results here. Therefore, it is likely
that in the absence of TERT, Leishmania parasites use an autophagic mechanism similar to
macroautophagy in mammalian cells. Macroautophagy allows cells to break down their cytosolic
materials and organelles to produce energy for survival under adverse conditions [94,95]. Given
this information, we propose a suggestive role of TERT in parasite pro-survival-autophagy.

Another question is whether the selected metacyclic parasites are actual metacyclics or

metacyclic-like' parasites. Metacyclics are considered a key determinant of Leishmania virulence,
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but the data obtained here are contrary [96]. Despite this observation, Zandbergen and colleagues
[54] reported a positive correlation between virulence and Annexin-positive Leishmania parasites.
The authors consider the presence of Annexin-positive parasites as a better determinant of infection
than the number of metacyclic parasites. Our Annexin, infectivity, and METAs results corroborate
their report [54]. As a result of the modifications in the plasma membrane and the protein
deregulation observed, we believe the promastigotes obtained from TERT-depleted lineages are
parasites lacking the necessary potential for PNA binding. Leishmania parasites are known to have
specific lipophosphoglycan (LPG) at each growth phase. Although our results from the
amplification of SCG genes do not conclusively suggest that telomeric erosion has affected them,
it is impossible to confirm whether their protein expression or function was compromised.
Additionally, it is unclear to what extent the other unamplified members of the SCG gene family
influence the LPGs [42,43].

In conclusion, our study has revealed evidence of TERT involvement in maintaining and
regulating L. major telomeres, parasite infectivity, the cell cycle, surface protein expression,
metacyclogenesis, DNA damage machinery, and prosurvival autophagy. We provide several lines
of evidence on how the absence of LmTERT leads to pleiotropic effects that can be likened to
senescence in yeast and other cells. We propose a model in which the absence of LmTERT leads
to telomere shortening, thereby triggering cell cycle arrest and DNA damage responses that cause
cells to enter a replicative senescent state. We suspect these cells survive using prosurvival
autophagic mechanisms and maintain short telomeres using an unknown ALT mechanism. Future
studies will try to elucidate the exact ALT mechanism utilized by these parasites. On the other
hand, the TPR-containing protein overexpressed by the TERT-/- parasites can be a starting point
by determining its relatedness and relevance in comparison with that of the EST1-TPR in S.

cerevisiae, which was found to be relevant in telomere homeostasis [65]. The consistent results
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from the full-gene knockout and the ORF-disrupted knockout, along with the complementation
results, further strengthen the notion that the absence of TERT was responsible for the observed

pleiotropic defects. As such, LmTERT can serve as a drug target against leishmaniasis.
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Materials and methods

Resource availability statements

Materials availability

Leishmania mutant lines and oligonucleotides generated in this project are available upon

request to the lead contact.

Data availability

All data reported in this paper can be found at doi: 10.5281/zenod0.10148737, along with the
respective statistical treatments and results obtained. Proteomic data are available via

ProteomeXchange with identifier PXD046289.

Experimental model and subject details

WT Leishmania major Friedlin strain (MHOM/IL/1980/FRIEDLIN) was used to generate the
Lm007 lineage, which was used to generate knockout lineages. Knockout lineages served as
background lines for the respective complementation lineages. Experiments were conducted at two
key passages, passage 7 and passage 20. Depending on the assay, these experiments used
logarithmically growing parasites and stationary phase parasites. All parasites were cultivated with
the M199 (Cultilab) culture medium supplemented with 10% Foetal Bovine Serum, 41.75 mM
Hepes (Amresco), 0.35 g/l NaHCO3 (Sigma), 104.38 um Adenine (Sigma), 0.001% Biotin (Sigma),
10000 U/mL penicillin/streptomycin solution and kept at 26 °C [97]. For the selection of single,
independent clones, promastigotes were plated on solid M199 media in the presence of 20% FBS
mixed 1:1 with 2% Agar (bacteriological grade) supplemented with specific antibiotics. The

resistance gene carried by the parasite lineage determined the choice of antibiotics. Female Balb/c
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mice at six weeks old were also used in the experiment. Mice were fed ad libitum and housed in an

authorized facility.

Gene editing

Design and synthesis of oligonucleotides

SgRNAs were obtained following similar strategies described by Beneke et al. [45] and
Yagoubat et al. [98]. A set of oligonucleotide sequences for the gene ID LmjF.36.3930 (LmTERT
component) was designed using information from the LeishGEdit

(http://www.leishgedit.net/mysql/primersearch.php). Another oligonucleotide set was designed

using the Eukaryotic Pathogen CRISPR guide RNA/DNA Design Tool (EuPaGDT)

(http://grna.ctegd.uga.edu/), maintaining default parameters. Whereas LeishGEdit sgRNA targeted

the UTR regions of the gene, the EuPaGDT-designed sgRNAs targeted the endogenous region of
the gene, 420bp and 4022bp from the start codon for the 5' and 3' cut, respectively. Two sets of

oligonucleotides were designed from the LeishGEdit site to amplify a DNA fragment from a

pTplasmid [39]. Two fragments of plasmids that confer resistance to different selection drugs
(neomycin and puromycin) were used to amplify a donor template (DT). Puromycin and Neomycin
donor templates were used in the full TERT knockout replacement, whereas only the Neomycin

donor template was used in the LmN420 deletion.

Parasite transfections and clonal lineage selection
The Cytomix buffer, composed of 120 mM KCl, 0.15 mM CaCl, 10 mM KoHPO4, 25 mM
HEPES, 2 mM EDTA, and 2 mM MgCl,, was used in the deletion procedures. Briefly, 2x10# cells

were centrifuged at 1000 g for 10 min, washed with the buffer at a similar speed, and the pellet

resuspended in 500 pL of the buffer. To generate LmN420, NAB, Lm007, and TAB, two pulses
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from the Bio-Rad gene pulser system were used with the following conditions: 25 pF and 1500
Volts (3.75 kV), with 10 s wait period between the pulses [97]. The Amaxa nucleofector system
(Lonza) generated the LmTERT-/-; a single pulse of the X-001 program was used [45,68]. Clonal
lineages were selected by plating in the presence of specific antibiotics. Using two different systems
to generate knockout lineages increased the confidence in attributing observed phenotypes to the

gene manipulation rather than a possible confounding effect of the system.

Flow cytometry techniques

Assessment of DNA content

A total of 5 x 10 cells were harvested from log phase and stationary phase cultures followed by
resuspension in 90% methanol, incubated at -20 °C for 30 min. Two PBS washes were performed
on permeabilized cells before staining with 40 pg/mL propidium iodide and 100 pg/mL RNAse A
(Amresco). Stained cells were incubated at 37 °C for 30 min, then at 4 °C for at least 30 min before
collection with a flow cytometer (BD Biosciences C6 Acuri). 20-30,000 events were collected in
specific PE-A and PE-H gates for further deconvolution or data analysis using FlowJo vX 10.0.7r2
(Tree Star, Inc., Ashland, OR). During analysis, events between treatments were maintained within
a difference of 1,000 events. The same gating strategy with adjustments to capture an equal number

of events in each instance [99-101].

EdU labelling of parasites

20 uM of EdU (Sigma) was added to the culture medium at the exponential growth phase [102].
Cells were incubated for 10.2 h in the EdU before collection for processing. Cells were
permeabilized and incubated in the click-IT reaction cocktail for 30-45 min, then were washed and

resuspended in 200 pl of propidium iodide buffer before, incubated at 37 °C for 30 min and later 4
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°C for 30 min. A similar procedure for collection and analysis was followed, as in DNA content

analysis above [103—106].

Annexin-V and cell membrane integrity assessment

1 x 10 stationary phase parasites were collected, washed with PBS, and resuspended in 100 pl
of Binding buffer, 2 ul of Annexin V, and 100 pug/mL of Propidium Iodide (Bio-Rad). The mix was
incubated at room temperature for 15 min before analysis. Channels FITC-A and PE-H were used
because this Annexin-V is conjugated to FITC 20,000-30,000 single events were collected using
the Flow cytometer, and data analysis was performed using FlowJo vX 10.0.7r2 (Tree Star, Inc.,

Ashland OR) [53].

Flow-FISH telomere length assessment

2 x 107 cells were collected and then permeabilized with 90% Methanol at -20 °C overnight.
Hybridization buffer was added to controls for non-detection, and for the treatment, 300 pl of
Hybridization buffer containing TelC probe (1:10,000) was added. The cells are flickered and
incubated at 85 °C for 15 min, followed by overnight room-temperature incubation. Cells were
washed and incubated at 40 °C, followed by resuspension in PI solution and incubated at 37 °C for
30 min before being transferred to 4 °C for 30 min. 10,000 to 20,000 events were collected for

analysis. MESF values were calculated using the manufacturer-recommended program.

Tunel evaluation of DNA damage

2 x 107 parasites were fixed with 4% paraformaldehyde (Sigma) and 0.2% Triton X-100
permeabilization. Permeabilized cells were equilibrated and incubated with the nucleotide mix and
Terminal Deoxynucleotidyl Transferase, Recombinant (rTdT) enzyme (Promega). Cells were then

incubated at 37 °C for 60 min, protected from direct light, followed by treatment with 0.1% Triton
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(Bio-Rad) containing 5Smg/mL BSA(Promega) dissolved in PBS. Procedures for staining cells for
the assessment of DNA content were followed. Finally, 10,000-20,000 events were collected by

flow cytometry.
Transmission (TEM) and scanning electron microscopy (SEM)

analysis

Leishmania major procyclic promastigotes of Lm007, LmN420, and LmTERT-/- each at
passages 7 and 20 were washed twice with 0.1 M phosphate buffer saline (PBS) and fixed at 4 °C
for 40 min with 2.5% glutaraldehyde (GA) diluted in 0.1 M Na-cacodylate buffer (pH 7.2). For
TEM analysis, the parasites were washed three times with 0.1M sodium cacodylate buffer and post-
fixed for 15 min with 1% osmium tetroxide (OsO4), 0.8% potassium ferricyanide and 5 mM CaCl,
in 0.1 M cacodylate buffer, pH 7.2. Then, samples were washed with the same buffer, dehydrated
in an ascending acetone series, and embedded in PolyBed 812 resin as previously described [107].
Ultrathin sections were stained with uranyl acetate and lead citrate and examined under a Jeol 1200
EX transmission electron microscope (Tokyo, Japan) at Centro Nacional de Biologia Estrutural e
Bioimagem (CENABIO). Alternatively, for SEM analysis, fixed parasites adhered on glass
coverslips coated with 0.1% poly-L-lysine and post-fixed as described above. Then, samples were
dehydrated in a crescent ethanol series (30-100 %), dried using the critical point method with CO2,
mounted on aluminium stubs coated with a 20 nm gold layer, and examined with a Jeol
JSM6390LV scanning electron microscope (Tokyo, Japan) Platform Rudolf Barth in Instituto

Oswaldo Cruz, FIOCRUZ [108].
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Metacyclic selection

Approximately 1 x 10® cells of stationary phase parasite culture were centrifuged at 2,300 x g
for 5 min and washed twice with PBS 1X. The supernatant was discarded, and metacyclic solution
(PBS1X, 0.1 mg/mL of lectin PNA (Sigma), and 5 mM EDTA) was added to the samples. The
mixture was allowed to incubate at room temperature for 1 h, and the supernatant was collected as

metacyclics by low-speed centrifugation [52,96].

Bacterial transformation and confirmation of LmTERT presence

Thermo-competent XL-1 blue bacteria were incubated with 10 ng of plasmid for 30 min. After
the incubation period, the sample was transferred to a prewarmed incubator at 42 °C for 2 min and
set on ice for 5 min. SOB media was supplemented with 100 pul of 1 M MgCl,, 100 pl of 1 M
MgSOs, and 900 ul was added to the samples before setting to incubate rotating at 37 °C for an
hour. A solid plate of LB agar was prepared, and aliquots of the transformed bacteria were cultured
overnight. A single colony from the overnight incubation was selected and expanded in LB broth
by overnight incubation at 37 °C. After the overnight expansion, the protocol for Midi-Prep
extraction of DNA was followed as directed by the manufacturer to extract the DNA of the plasmid.
Restriction fragment analysis was done using Clal and Pst1 restriction enzymes to confirm the

extracts.

DNA and RNA extraction

DNA extraction was performed using the Qiagen kit and following the protocol provided by the
manufacturer. About 1 x 108 parasites from passages 7 and 20 were taken through the protocol. The
final elute of the DNA was RNase-treated before quantification. Proteinase K and RNase treatment

were performed at 56 °C and 37 °C, respectively. For RNA extraction, about 1 x 108 cells were
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treated with Trizol (Invitrogen) to extract the RNA. RNA and DNA were quantified by BioTek
Epoch Microplate Spectrophotometer (BioTek), and quality checks were done by EtBr-stained

agarose gel electrophoresis.

PCR, Sanger sequencing, and RT-qPCR

PCRs were performed using either the Taq polymerase (Invitrogen) in reactions requiring
downstream usage of PCR products or the GoTaq green master mix (Promega), where downstream
application was not required. A primer walk strategy was designed along the edited regions using
SnapGene V.3.2.1. We amplified the edited regions of the genome. PCR products were purified
using the PureLink™ Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen). The
purified PCR products were Sanger sequenced at a core facility (IBTEC). Assembly of contigs
from fragments and further analysis were done using Geneious V.7.1.3.

To perform RT-qPCR, 1pg of extracted RNA from passage 7 was DNase (Thermo scientific)
treated and converted to cDNA using the iScript™ c¢cDNA Synthesis Kit (Bio-Rad). Primers for
LmTERT (target) and RPN8 (reference) were used to check the expression of the reintroduced,
wildtype LmTERT in knockout lineages by qPCR. The primer sequences are listed in the S1 Table.
qPCR reactions were performed using a StepOnePlus™ Real-Time PCR System (Applied
Biosystems). Each reaction contained a 2.5 ng cDNA template, 100 nM of forward and reverse
primers, 5 ul SYBR Green PCR Master Mix (Bio-Rad), and nuclease-free water. The qPCR cycling
conditions consisted of an initial denaturation at 95 °C for 10 min, followed by 40 cycles of
denaturation at 95 °C for 15 sec, annealing at 60 °C for 30 sec, and extension at 72 °C for 30 sec.
The threshold cycle (Ct) values were determined for each sample, and relative gene expression

levels were calculated using the 2*-AACt method, with normalization to the reference genes
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(RPNS8). All gPCR experiments were performed in triplicate, and the results are presented as mean

+SD.
Terminal restriction fragments profile obtained by telomeric

Southern blot

Genomic DNA extracted from the parasites at passages 7 and 20 were digested with 5 U Rsal
(Roche) at 37 °C overnight. Terminal restriction fragments (TRF) were fractionated in a 0.8% EtBr-
stained agarose gel and transferred to the Hybond N+ nylon membrane (Cytivia) overnight. The
membrane was crosslinked after the transfer and taken through stringent washes before being
hybridized with a 5’-DIG-labelled telomeric probe (TELC) (5°-DIG-
CCCTAACCCTAACCCTAACCCTAACCCTAA). The hybridization signals were developed

with an anti-DIG-HRP conjugate antibody and CSPD-Star (Roche).

Protein studies

Protein extraction and western blot

Whole-cell lysates from parasites at P7 were obtained by washing twice with phosphate-
buffered saline (PBS) at 3500 x g for 5 min. 1 mL of Buffer A (20 mM Tris-HCI, 1 mM EGTA, 1
mM EDTA, 15 mM NaCl) supplemented with 1 mM spermidine, 0.3 mM spermine, and 1 mM
DTT was added to cells and incubated in liquid nitrogen for 1 min. Tubes were recovered from
liquid nitrogen and placed on ice to defrost. 0.5 % Nonydet p-40 and protease inhibitor were added
to the extract and centrifuged at maximum speed for 20 min. The supernatant was recovered as
total protein extract, and the pellet was discarded. 10 % SDS-polyacrylamide gel was prepared, and
samples were loaded into wells in the gel and subjected to electrophoresis to separate the bands in

two steps. Samples were run against a standard molecular weight marker at 80 V, 400 mA, and 400
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W for 1 h in the first step, then at 120 V, 400 mA, and 400 W for another hour in the second step.
Transfer to Immun-Blot® PVDF membrane for protein blotting (Bio-Rad) was done in a Tris-
glycine transfer buffer (25 mM tris and 192 mM Glycine) overnight at 90 mA and 120 V at 4 °C
evenly cooled temperature. A blocking solution was prepared using a blotting-grade blocker (Bio-
Rad) at a 1% (w/v) concentration with PBS/TWEEN 20 (PBST) solution. Primary antibodies were
prepared in the blocking solution at appropriate dilutions. Following the manufacturer's
instructions, the ECL™ western blotting analysis system (GE Healthcare) was used on the

membrane to generate signals (Genesys V.1.7.2.0).

Proteomic analysis

The protein extracts of promastigote forms of LmTERT-/- and Lm007 were obtained following
a modified version of the protocol described by Fragaki et al. [109], using 1 x 10° promastigotes on
the last day of the exponential phase. Briefly, the cells were collected by centrifugation at 2500 x
g for 5 min at 4 °C and washed twice with 1 mL of sterile phosphate-buffered saline (PBS) using
the same parameters for the centrifugation steps. The washed cells were resuspended in 500 puL of
lysis buffer 1, which was composed of 10 mM Hepes, 1.5 mM MgCl, 10 mM KCl, 0.5 mM
dithiothreitol (DTT), 0.5% NP40, and 1x protease inhibitors cocktail (Sigma-Fast-
Ethylenediaminetetraacetic acid (EDTA)-free). This first lysis step aimed to release the
cytoplasmatic proteins, and after the cell resuspension by vortex, the microtube was kept on ice for
30 min. The cytoplasmatic proteins in the supernatant were recovered by centrifugation at 2000 x
g for 10 min at 4 °C. The nuclear proteins were further obtained in two steps. First, the pellet was
treated with 50 U of DNAse I (Thermo Scientific) for 20 min at room temperature in 300 mM
Hepes pH 7.5, 8 mM MgCl,, 200 mM KCI, and 1,5 x protease inhibitors cocktail. Then, 50 pL of

lysis buffer 2 (120 mM Hepes pH 7.5, 1.5 M KCI, 500 mM sucrose, 0.4 mM EDTA, and 1 mM
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DTT) was added, and the microtube was incubated on ice for 20 min. Nuclear proteins were
recovered by centrifugation at 16100 x g for 15 min at 4 °C. The protein extracts were quantified
using PierceTM B.C.A. Protein Assay kit (Thermo Fischer Scientific) according to the
manufacturer's instructions. Approximately 300 ug of proteins were submitted to a precipitation
step using acetone/methanol. After resolubilization, 50 pL of 50 mM Hepes pH 7.9 protein
concentrations were obtained using the same B.C.A. procedure mentioned above. For the in-
solution protein digestion procedure, 100 ug of total protein was denatured in 7 M urea. The
disulfide bonds were reduced with 10 mM DTT for 40 min at room temperature, and cysteine
residues were carbamidomethylated by incubation with 40 mM of iodoacetamide for 40 min at
room temperature. The excess of iodoacetamide was consumed following incubation with 10 mM
DTT for 10 min at room temperature. For proteolysis, the protein solutions were diluted to 700 mM
urea with 50 mM Hepes pH 7.5, and aliquots containing 1 pg of proteins were saved as the non-
digested sample for posterior comparison. Trypsin (Sigma) was added in a 1:50 (m/m) ratio, and
the reactions were incubated at 30 °C for 18 h. After proteolysis, the solutions were acidified with
formic acid and concentrated by vacuum centrifugation. Then, the peptides were desalted
employing the Stage Tip approach with C18 membranes (3M) and following the procedure
described by Rappsilber et al. [110]. The desalted peptides were dried by vacuum centrifugation,
dissolved in 30 pL of 0.1% formic acid, and quantified using the Qubit TM Protein Assay kit
(Thermo Fischer Scientific). The volume containing 10 pg of peptides was dried by vacuum
centrifugation and labelled with TMT as described by Zecha et al. [111]. The reactions were split
into cytosolic and nuclear proteins and followed the same labeling scheme: the fractions from

Lm007 were labelled with tag 127N, and those from LmTERT-/- were labelled with tag 128N.
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LC-MS/MS analysis

The peptide fractions (cytosolic and nuclear) were dissolved in 0.1% formic acid (FA), and 100
ng was analysed by LC-MS/MS. Samples were loaded onto a 2 cm precolumn (nanoviper C18, 3
um) in an EASY-nLC 1200 system (Thermo Fischer Scientific). The liquid chromatography was
performed using a 15 cm CI18 analytical column (nanoviper C18, 2 um). The peptide elution
followed a gradient of 0.1% FA as phase A and 100% ACN/0.1% FA as phase B with a constant
flow rate of 300 nL/min. The starting condition was 5% B, reaching 28% B in 80 min, 10 min to
40% B, and finally, the gradient was increased to 95% B in 2 min, remaining in this condition for
12 min. The nLC system was in tandem with an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fischer Scientific) operated in positive mode. The automatic gain control (A.G.C.) was
set to 4 x 10° ions and a maximum fill time of 50 ms, while the mass range was fixed to 400-1600
m/z with high resolution (120,000 full-width half maximum (FWHM) at m/z 200). Data-dependent
acquisition was selected, and a cycle time of 3 seconds was achieved. Higher energy collision-
induced dissociation (H.C.D.) was applied for peptide fragmentation using 38 as normalized
collision energy (N.C.E.). The fragmentation step was performed at high resolution (50,000
FWHM) with an A.G.C. target of 1 x 10° and a maximum injection time of 200 ms using an
isolation window of 0.7 m/z. The MS/MS selection intensity threshold was set to 2.5 x 10* and a

dynamic exclusion of 60 s.

Data analysis

Database search was performed using MaxQuant software (version 2.0.3.0) [112] and in
collaboration with Professor André Zelanis (UNIFESP). All raw files of LC-MS/MS of the two
peptide fractions (cytosolic and nuclear) were submitted to database search against a fasta file of

protein sequences from L. major (Friedlin 2021) available in TriTrypDB [113] (8508 sequences in
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March 2023). Database search was carried out considering the 10plex TMT labeling as the type of
analysis. The reporter ion analysis was specified at the MS2 level, considering a mass tolerance of
0.003 Da, and the 'direct mode' was selected. The precursor ion fraction (P.I.F.) was set to 0.75,
and no normalization method was applied. Trypsin was chosen as the enzyme in a specific mode.
As dynamic modifications, the occurrence of methionine oxidation (+15.9949 Da) and deamidation
of N.Q. (+0.9840), and Protein N-term acetylation (+42.0106) were considered. Cysteine
carbamidomethylation was considered a fixed modification (+57.0215). The search mode "match
between runs" was enabled in all searches. A false discovery rate (F.D.R.) < 1% was set at P.S.M.
(Peptide Spectrum Match) and protein levels. The results were analysed using the Perseus software

(version 2.0.9.0). Only protein groups with two or more peptides were considered as identified.

Infectivity studies

Inoculating mice with Leishmania major

Parasites were cultured until they reached the stationary phase (day 7). BALB/c Female mice at
6 weeks old were brought in from a mice facility and nurtured until 7 weeks 4 days when they were
inoculated with 40 ul of PBS containing about 2 x 10° of parasites from Lm007, LmTERT-/- and
LmN420 in suspension. Inoculation was performed in the right hind footpad of each mouse for all
treatment groups using a needle and syringe. Feeding and water were provided ad libitum, with
regular monitoring and changes in bedding material. Three mice were used per treatment, and
lesion development was followed. Mice were euthanized 61 days post-inoculation. 100 pul of blood
was collected before being euthanized. Both hind footpads were measured, and the size of the
swelling was determined. The study was conducted under the guidelines for the care and use of

laboratory animals.
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Macrophage derivation from bone marrow and infection

Bone marrow-derived macrophages (BMDMSs) were obtained from femurs and tibias of
BALB/c mice. The cells were incubated in RPMI 1640 medium supplemented with penicillin (100
U/mL), streptomycin (100 pg/mL), L-glutamine (2 mM), sodium pyruvate (1 mM), 20% fetal
bovine serum and 20% L929 conditioned medium as macrophage stimulating factor source, for 7
days at 37 °C and 5% CO.. After differentiation, BMDMs were collected by centrifugation at 600
x g for 10 min at 4°C and counted in the Neubauer chamber. 3 x 10° cells were incubated in RPMI
medium, as described in sterile coverslips (Olen) in 24-well plates (Nest) overnight at 37°C and
5% COz. Non-adherent cells were removed, and infection was performed with Lm007, LmN420,
LmTERT-/-, NAB, and TAB promastigotes in the stationary growth phase (MOI 10:1) for 3 h at
34 °C and 5% COa.. After 3 h, the cultures were washed with PBS, and the infection was evaluated
after 24, 48, and 72 h. The infection was evaluated by determining the percentage of infected
macrophages and the number of intracellular amastigotes after counting 300 Panotic-stained

(Laborclin) macrophages. The percentage of infection was determined by the equation

Number of infected macrophages)

(

X 100). The infection index was determined by multiplying the

total number of macrophages
percentage of infected macrophages by the mean of intracellular amastigotes per infected

macrophage [114].

Indirect immunofluorescence assay of Leishmania major infection

Samples from infected mice were tested for antibodies against Leishmania spp. Using the
indirect immunofluorescent assay test (IIFA) [115]. The antigen for sensitization of the slides was
produced using L. major-like antigen promastigotes (international code MHOM/BR/1976/JOF
provided by Osvaldo Cruz Institute, FIOCRUZ, Rio de Janeiro, and maintained at the Zoonosis

Diagnostic Service at FMVZ, UNESP, Botucatu, Sdo Paulo, Brazil) kept in tubes containing 9 mL
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of liver infusion broth and tryptose medium and 5 mL of Novy-McNeal-Nicolle medium. After
drying, the slides were kept at =20 °C until use. The antibodies by Leishmania were studied using
serial serum dilutions of 1:40, 1:80, 1:160, 1:320, and 1:640. The dilution process was performed
in microplates, using 190 puL of phosphate-buffered saline (PBS) (pH 7.2). Serial dilution started
with 10 pl of the serum sample in the first well (1:20). Subsequently, 100 ul of PBS was added into
the next five wells by pipetting a 100 uLL volume from the prior dilution into the next well (after
homogenization) until reaching the fifth well. The last 100 pl volume was discarded. This
procedure was repeated with positive and negative control serum samples. Each serum dilution (10
pL) was pipetted into the slide wells, including the positive and negative controls. The slides were
incubated inside a moist chamber at 37 °C for 30 min. Afterward, they were washed twice with
PBS for 10 min and dried in the incubator at 37 °C. Anti-immunoglobulin G (IgG) specific to mice,
conjugated with the fluorescein isothiocyanate, was diluted according to the manufacturer's
instructions (Bethyl Labs. / Fortis Life Sciences (USA), using Evans Blue solution with PBS (1:5)
and adding 10 pl to each slide dilution. The slides were again incubated for 30 min at 37 °C in a
moist chamber, washed with PBS, dried in the incubator, assembled with buffered glycerol (pH
8.5), and covered with coverslips. The slides were examined using an immunofluorescence
microscope (Magnification of 40%). After reading the controls, the highest dilution of the serum
for which complete fluorescence occurred of the promastigotes was considered the cut-off point,

equal or superior to dilution 40 [116].

Statistical Analysis

Data collected, unless otherwise stated, were from at least two independent experiments with at
least 3 technical replicates in each assay and subjected to statistical treatment using GraphPad Prism

V.9. Statistical analysis was done with either Mann-Whitney test or Kruskal-Wallis test with further
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Dunnett analysis for multi-group comparisons. All graph is represented as mean +SD, and
significance was tested at P<0.05 at all times. Exact P values are shown only where significance

was found.
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S4 Fig. Fluorescent antibody test of Leishmania major infection in experimentally infected mice. Images from the
indirect immunofluorescence of sera were obtained from infected mice in this study. (A) Negative control and (B)
positive control of the technical procedure (C) Results from Lm007. (D) and (E) LmN420 and LmTERT-/-,

respectively.
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S1 Table. List of oligonucleotides used in this study

Primer Tag \ Source | Identifier
Oligonucleotides used in knockout procedure
GO0 (is a primer sequence, common sgRNA primer for amplification) [39] N/A
sgRNA TERT 420 (for generating LmN420): This paper N/A
GGAGGAGTTCTGTCGGTCGG
sgRNA TERT 4022 (for generating LmN420): This paper N/A
GGACCTCTTTAAAAGGGCGG
sgRNA TERT 5'-UTR (for generating LmTERT-/-): This paper N/A
GTACCATGAACGAGGCAAGG
sgRNA TERT 3'-UTR (for generating LmTERT-/-): This paper N/A
TAACCCCAACACTCACAGAG
Donor Primer (Forward): This paper N/A
TCCCCCCTACCAGTACCCCTCGCGTCTCCGgtataatgcagacctgetge
Donor Primer (Reverse): This paper N/A
ACGCGGTAGATACCGAGGCACCGTCAGAGGccaatttgagagacctgtge
Oligonucleotides used in knockout confirmation
PWTF1-(TERT 5' UTR): This paper N/A
GGTACGTCATAGGCACTTGAAAG
PWNeoF2 (NeoR ORF): This paper N/A
CAGACAATCGGCTGCTCTGA
PWNeoR1 (NeoR ORF): This paper N/A
AGGTCGGTCTTGACAAAAAGAACC
PWNeoF3 (NeoR ORF): This paper N/A
TGACGAGTTCTTCAGCTCCG
PWNeoR2 (NeoR ORF): This paper N/A
GAAACATCGCACACGGATGG
PWTR7 (TERT 3' UTR): This paper N/A
TGTGTGTCTGCAATCAGCC
Purol UTR 5' Rv (Puro ORF): This paper N/A
TTCGTGAGAGAAACCTGTAG
Puro2 UTR 3' Fw (Puro ORF): This paper N/A
AATACAGGCACGGTCCT
Primers used in complementation (addbaack) confirmations (RT-qPCR)
LmjTERT2R for Target gene: This paper N/A
CACCCGCTCTTGTGGTAAGT
TERTEF?2 for Target gene: This paper N/A
CAGTTTTTGCGAGGAGGTGC
RPNS8 F for Reference gene: [117] N/A
ATGAACCGCCGCAAGCT
RPNS R for Reference gene: [117] N/A
GGCGCGCGACGACGATCTTTGATT

Primers used for SCG genes
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SCGU3F (Forward primer used in combination with all other reverse | This paper
primers-universal): N/A

CTCGACCCTCTTCAGCTGC

SCG7R1 (Primer for SCG 7 confirmation): This paper N/A

CGCTGTGTAGTCAGAATCC

SCG6R1  (Primer for SCG 6 confirmation): This paper N/A

TTGCTGCGGCGTACTCGA

SCG54R1 (Primer for SCGS and Forward primer for 4): This paper N/A

GAGTCCTCAGAATCATGCTCC

SCGA4F (Primer for SCG4): This paper N/A

ATGCAGCCAAGCGTGTGC

SCG2R1 (Primer for SCG2): This paper N/A

CCAACACGATCAAGTGTCT

SCG3R1 (Primer for SCG 2): This paper N/A

TCGCCAAGGATGACCGCAA
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3.2 Chapter 2

A brief report on the consequences of BIBR1532 inhibition of

telomerase in Leishmania major

Mark Ewusi Shiburah?; Veronica S. Fontes'; Stephanie C. Paiva'; Maria I.N Cano'”

Abstract

There is a need for new therapeutics against leishmaniasis. The telomerase reverse transcriptase
component (TERT) of Leishmania telomerase has been previously shown to be a useful target. Our
goal in this study was to demonstrate the possibility of using small molecules to target Leishmania
major telomerase and evaluate the effect. BIBR1532 is a non-nucleoside inhibitor known to bind a
hydrophobic pocket of the TERT. Its effects on telomerase activity elected it as telomerase-specific
inhibitor in some species. We treated Leishmania major promastigotes with different doses of
BIBR1532 and observed that it causes proliferative decline and telomere attrition. Our results
summarily suggest that it is possible to pharmacologically inhibit the telomerase in Leishmania
major and that the molecule acts in a dose-dependent manner. These findings open the frontiers to

the use of small molecules as specific inhibitors against Leishmania.

Keywords: Telomerase, BIBR1532, telomere shortening, growth decline
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Introduction

The telomerase reverse transcriptase (TERT) is a core component of the telomerase
holoenzyme, along with the telomerase RNA (TER), they both interact to help with genomic
stability and integrity by ensuring telomere homeostasis ([1-4]). For long-lived organisms like
Leishmania and in cancerous cells, the telomerase enzyme has a relatively stable expression
compared to normal human cells [2,5-7]. The question of whether the parasite depends on the
enzyme for longevity as has been reported in other cells is still unanswered. The current data we
have in our lab shows some deficiency in the parasite when the TERT was deleted suggesting that
it has an immense potential to be used as a drug target [8].

TERT has been implicated in cell proliferation, apoptosis, and other cellular survival functions
[7,9-13]. In metazoans, TERT presents four domains consisting of 11 motifs showing some
moderate variations and high synteny in its TERT sequence with humans [14]. Among these motifs,
the GQ is reported to be essential for the telomere maintenance mechanism of the TERT and its
manipulation can potentially influence cell growth [15]. The CTE domain is responsible for the
telomeric DNA positioning, while the TEN facilitates the telomeric DNA and pseudoknot binding.
The polymerization activity is reserved for the RT domain as the TRBD facilitates the binding and
stability of the RNA template from TER [16,17].

The telomerase RNA provides the template sequence for the de novo synthesis of telomeric
repeats to chromosome termini. The non-template region of TER, however, comprises of the
template boundary element (TBE) that associates with the TERT RBD domain, the pseudoknot,
and the stem terminus element (STE) [18]. An important and well-conserved domain of the TER

is the CR4/5 domain, which in flagellates is termed Helix IV domain [18,19]. The association
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between TERT and TER via the TRBD, and thumb domain is considered necessary for telomerase
activity to take place [17,20].

Strategies to inhibit telomerase are underway in the fight against cancer. Chemical molecules
such as 2°-O-MeRNA, 3,11-difluoro-6,8,13-trimethyl-8H-quino[4,3,2-kl]acridinium methosulfate
(RHPS4), and 2-[[(E)-3-naphthalen-2-ylbut-2-enoylJamino]benzoic acid (BIBR1532) are some of
the proposed therapeutics directed at telomerase [21,22]. Advanced in vitro and in vivo studies with
BIBR1532 have shown promising anti-tumor effect [21,23,24].

2-[[(E)-3-naphthalen-2-ylbut-2-enoyl] amino] benzoic acid (BIBR1532), is a small molecule
that is described as a non-nucleoside, and non-competitive inhibitor of telomerase [25]. The activity
of BIBR1532 leads to proliferative defects in leukemia cells but not in normal hematopoietic cells
[26,27]. Annealing omit maps were used to show the structural basis for the inhibitory activity of
TERT in Tribolium castenum is related to the binding of the molecule to a hydrophobic pocket on
the outer surface of the thumb domain adjacent to the TRBD, at a motif denoted FVYL [20].

Our goal in this study was to evaluate the effect of this molecule on the parasite’s proliferation
and telomere length maintenance. Based on the binding site of the molecule, we predicted that the
telomerase activity would be hampered by the presence of the inhibitor. Preliminary results from
the study proved growth impairment in the parasite upon treatment with the inhibitor. The growth

impairment and telomere shortening observed corroborate data presented by Shiburah et al [8].
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Results

BIBR1532 affects the proliferative capacity of L. major in a dose-

dependent manner

A standard growth curve by cell count was mounted to estimate the impact of the inhibitory
activity of BIBR1532 on the growth of L. major promastigotes. In a previous study by our group,
we estimated the IC50 of BIBR1532 as 65 uM (data not shown) for promastigote forms of
Leishmania major. Here we show that the parasite growth reduced with concentrations of the
inhibitor below and above the previously estimated IC50 (Fig 1A). At 24 h of incubation, the
growth of the parasite was showed difference between the control and the BIBR1532-treated
parasites (Fig 1B). We evaluated the percentage of growth at each of these days for the
concentrations tested and found that, at 24 h, 35 uM of BIBR1532 reduced the parasite proliferation
by approximately 40% while 65 pM and 100 uM respectively, reduced about 50% and 60% of the
parasite proliferative capacities (Fig 1B). At 48 h, parasites treated with 100 uM BIBR 1532 showed
about 19% proliferative capacity, which declined further to about 11% at 72 h (Fig 1C and 1D). A
similar result was observed for the lower-concentration treated parasites. At 72 h, the growth
capacity of parasites treated with 35 uM was at 50% and of parasites treated with 65 uM was about
30% (Fig 1D). These results indicate that, the proliferative defect induced by BIBR1532 is dose
dependent, and acts stronger over the duration of treatment. Moreover, the DMSO used as the drug

diluent had no effect on parasite growth (Fig 1A).
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FIG 1. Growth comparisons of BIBR1532 treated and non-treated parasites. (A) Growth comparisons between
untreated parasites and parasites treated with three different concentrations of BIBR1532. (B), (C), (D) comparative
proliferation in percentages of parasites at 24, 48, and 72 h respectively.
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Dose dependent telomere shortening after BIBR1532 treatment

We checked the impact of the BIBR1532 treatment on the telomere size of promastigotes 72 h
after treatment. We found that the telomere sizes reduced with increased concentrations of
BIBR1532 (Fig. 2). The results also revealed that the diluent used (DMSO) had no effect on the
telomere size (Fig. 2). The WALTER assessment of TRF intensities revealed the mean of the
untreated and DMSO-treated, to be approximately, 4638.7 bp and 4652.1 bp. The means obtained
for the treated groups were 4177.9 bp for the 35 uM and 3314.3 bp for the 100 pM, a difference

of about 200 bp and 1300 bp when respectively compared to the untreated.
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FIG 2. Telomere length attrition due to BIBR1532 treatment. (A) Southern blot TRF assessment of the sizes of
telomeres in the parasites 72 h after treatment of BIBR1532. (B) WALTER intensity profiles of the TRF sizes obtained
from the southern blot.
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Discussion

Given the results obtained from the knockout of LmTERT [8], we hypothesised the possibility
of targeting the TERT using small molecules as a means to effectively study the potential of TERT
as a drug target against Leishmania. Our knowledge from the knockout study indicated that the
parasite loses its ability to proliferate and undergoes telomere attrition due to the inactivity of
TERT. Using BIBR1532, a well-established telomerase specific inhibitor, we have shown that
indeed telomerase is essential in the growth of the parasite and the maintenance of telomere length.
We also observed the parasites to be sensitive to the drug at a concentration lower than the estimated
IC50 following prolonged exposure time. Altamura et al. [28] reported differences in cell
responsiveness to varied concentrations. Zhang et al. [26] showed 25 uM to be sufficient to cause
a response in multiple myeloma cell lines. Both studies and other earlier reports have shown that
BIBR1532 acts in a dose dependent manner, with telomerase activity, and drug effect on cells being
profoundly impacted with increasing concentrations [26,28]. Our results corroborates results
presented by studies on the inhibition of telomerase in human cell lines, Tribolium castenum and
others [25-27]. Based on these results it is probable that telomerase could be a good target for drugs
against leishmaniasis. However, efficacy of a drug must consider safety. Telomerase is absent in
normal somatic cells but present in embryonic, hematopoietic, rapidly renewing cells, and germline
cells [29]. Ding et al. [29] showed that longer exposure of such cells to lower concentrations (5-10
uM) of BIBR1532 resulted in telomerase inactivation without affecting proliferation and telomere
length due to residual telomerase. The low concentrations however delimited the cells’ ability to
overcome DNA damage without any other cytotoxic defect detection in male germline cells.

Pandya and colleagues [30] on the other hand reported BIBR1532 concentrations above 1 uM to
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be toxic to feeder-free induced pluripotent stem cells (iPSCs). They go further to show that non-
cytotoxic concentrations were ineffective.

Our experimental design tested the effects of BIBR1532 in vitro and in the insect form of
Leishmania major. But, to cause leishmaniasis in mammals, the parasite transforms into the
intracellular amastigotes, which would probably be a more challenging scenario for drug testing.
Therefore, the above studies leads us to make proposals for further studies to look at the structural
binding, least concentration necessary, and specificity of the BIBR1532 to the parasite’s
telomerase. The possibility of designing LmTERT specific small-molecule inhibitors should also

be considered alongside the treatment duration to achieve results.
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Materials and Methods

Cell culture and pharmacological treatment

Leishmania major (Friedelin strain, MHOM/IL/1980/FRIEDLIN) used in this study was
cultured with M199 medium (Cultilab) supplemented with 10% (v/v) foetal bovine serum (FBS),
41.75mM HEPES, 0.35g/1 NaHCO3, 104.38 uM Adenine, 0.0001% Biotin, 1X antibiotic solution.
Cells were incubated inside a biological oxygen demand (BOD) chamber at 26 °C. Treatment of
parasites with BIBR1532 was done by diluting the BIBR1532 in DMSO (10%). Cells were counted

using Neubauer chamber.
Telomeric Southern blot

Genomic DNA extracted from the parasites at Day 3 were digested with 5 U 4fal (Roche) at 37
°C overnight. Terminal restriction fragments (TRF) were fractionated in a 0.8% EtBr-stained
agarose gel and transferred to the Hybond N+ nylon membrane (Cytivia) overnight. The membrane
was crosslinked after the transfer and taken through stringent washes before being hybridized with
a 5’-DIG-labelled telomeric probe (TELC) (5°-DIG-
CCCTAACCCTAACCCTAACCCTAACCCTAA). The hybridization signals were developed

with an anti-DIG-HRP conjugate antibody and CSPD-Star (Roche).

Statistical Analysis

Data collected, unless otherwise stated, were from at least three replicates conducted in parallel.
Each assay is subjected to statistical treatment using GraphPad Prism V.9. Statistical analysis was
done using one-way ANOVA with further Dunnett post-hoc analysis for multi-comparisons. All
graph is represented as mean £SD, and significance was tested at P<0.05 at all times (specific P

values are stated).
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4. General conclusion and perspectives

Our data on the study of the TERT as a potential drug target against leishmaniasis has provided
useful insights on the possible effects on the biology of the parasite. Particularly, the druggability
of the target was successfully confirmed by the use of BIBR1532. However, there are still lingering
questions on the mechanism of action and whether the BIBR1532 acts in similar ways as in other
tested models. Additionally, the proposed model of action after TERT ablation will need to be
experimentally proven to aid in therapeutic modulation of the target. Future studies may look at the
processivity of the telomerase during the inhibition at different concentrations. Toxicity levels of
the various concentrations can also be tested to avert potential threats to normal cells with
telomerase activity.

Lastly, studying further the infectivity in vitro and in vivo will be an additional benefit to

developing potential therapeutics.
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