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Resumen

La tripanosomiasis es una enfermedad parasitaria con un devastador impacto
socio-econémico en el Africa subsahariana a través de la infeccion directa del hombre
y el ganado. La tripanosomiasis Africana Humana es causada por el parasito
protozoario Trypanosoma brucei gambiense y Trypanosoma brucei rhodesiense,
siendo una enfermedad mortal si no se trata. Actualmente, la quimioterapia usada para
su tratamiento se basa en el uso de cinco medicamentos que presentan limitaciones
que abarcan desde problemas con la absorcion oral y toxicidad, hasta la aparicién de
resistencias, que es la mayor causa de preocupacion unida a la ausencia de una
vacuna o alternativas terapéuticas. Todos los mecanismos de resistencia conocidos a
los farmacos ftripanocidas se asocian con la pérdida de funcionalidad de

transportadores de superficie, excepto en el caso del nifurtimox.

En este trabajo se presenta la actividad tripanocida de la nicotinamida (NAM), un
compuesto soluble de la vitamina B3. El tratamiento con nicotinamida produce en T.
brucei, la inhibicién del crecimiento celular y el dimorfismo de la bolsa flagelar, lugar
donde se producen los procesos endocitosis y exocitosis. La medida de la actividad
proteasa muestra que la nicotinamida inhibe de forma directa a la proteasa lisosomal
catepsina B y posteriormente bloquea la endocitosis causando muerte celular
programada. Por ultimo, un estudio in vivo demuestra que la nicotinamida tiene un
efecto aliviador de la enfermedad en ratones infecciosos. Todos estos resultados
presentados en esta memoria apoyan el posible uso de la nicotinamida en la terapia

de la tripanosomiasis Africana Humana.

Nuevos enfoques en las quimioterapias actuales se centran en el uso de
sistemas de administracion de farmacos o herramientas inmunoldgicas. Los
nanobodies (Nbs) son pequeinos fragmentos de anticuerpos, con propiedades unicas
de reconocimiento de antigenos, derivados de anticuerpos de cadena pesada de
camélidos a través de tecnologia genética recombinante. Los nanobodies pueden ser
utilizados para dirigirlos contra componentes bioldgicos activos. En este contexto,
hemos elaborado nanoparticulas (NP) del polimero chitosan funcionalizadas con
polietilenglicol (PEG) cargadas de pentamidina y recubiertas por un nanobody dirigido
contra la superficie de T. brucei. Las nanoparticulas cargadas de pentamidina y
recubiertas de nanobodies se unen a la superficie del tripanosoma y entran por
endocitosis, introduciendo al farmaco por este mecanismo en lugar de por los clasicos
transportadores de membrana. El uso de la nueva formulacién presentada fue
significativamente mas eficaz que la pentamidina sola, matando a los tripanosomas a
dosis inferiores. Estudios in vitro revelaron que la concentracion media inhibitoria
(IC50) de nanoparticulas de chitosan funcionalizadas con polietilenglicol (PEG)
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Resumen

cargadas de pentamidina y recubiertas de nanobodies fue 14 veces menor que la IC50
de la pentamidina sola. Experimentos in vivo en modelo murino de la fase aguda de la
tripanosomiasis africana determiné que la dosis curativa de la nueva formulacién es
100 veces menor que la dosis de pentamidina sola. Por otra parte, en el laboratorio se
establecid una linea celular resistente a pentamidina, la cual se obtuvo mediante el
cultivo de los parasitos en concentraciones crecientes de pentamidina. Estudios
genéticos y funcionales revelaron que el mecanismo de resistencia a la pentamidina
de esta linea celular era debido a una mutacion en el gen de la aquagliceroporina 2, un
transportador de superficie celular localizado en la bolsa flagelar. Un estudio in vitro
demostré que esta linea celular no presentaba resistencia a las nanoparticulas de
chitosan funcionalizadas con polietilenglicol (PEG) cargadas de pentamidina y

recubiertas de nanobodies.

El desarrollo de nanoparticulas de chitosan cargadas con los actuales farmacos
tripanocidas y recubiertas por nanobodies especificos contra antigenos invariantes de
la superficie del tripanosoma podria reducir la dosis minima curativa minima de éstos,
minimizando la toxicidad y evitando las resistencias. Por otra parte, las posibilidades
que ofrece este sistema basado en nanoparticulas recubiertas de nanobodies son
enormes y podria adaptarse para transportar cualquier sustancia con una accién
tripanocida testada, como por ejemplo, la nicotinamida. Por ultimo, los prometedores
resultados obtenidos con esta nueva formulacion abren un abanico de nuevas terapias

potenciales para su aplicacién a otras enfermedades.
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Summary

Trypanosomiasis is a parasitic disease with a devastating socio-economic impact
in Sub-Saharan Africa through the direct infection of humans and livestock. Human
African trypanosomiasis is caused by the protozoan parasite Trypanosoma brucei
gambiense and Trypanosoma brucei rhodesiense. The disease is fatal if left untreated.
Current chemotherapy relies only on five drugs that have many limitations, ranging
from problems with oral absorption, acute toxicities and the emergence of
trypanosomal resistance, which is a major concern owing to the absence of a vaccine
or therapeutic alternatives. All the resistance mechanisms known are associated with

loss of surface transporters except nifurtimox.

Here we report the trypanocidal activity of nicotinamide (NAM), a soluble
analogue of vitamin B3. Nicotinamide treatment results in T. brucei cell growth
inhibition and dimorphism of the flagellar pocket, the site for both endocytosis and
exocitosis and the subjacent endocytic compartment. Protease assays shows that
nicotinamide inhibits directly the lysosomal protease cathepsin B and subsequently
blocks endocytosis causing programmed cell death. Finally, an in vivo study shows that
nicotinamide has an alleviating effect on Trypanosoma brucei-infected mice. The

results presented here support the possible use of NAM in HAT therapy.

New approaches in currents chemotherapies are focused on the use of drug
delivery systems or immune tools. Nanobodies (Nbs) are small antibody fragments,
with unique antigen recognition properties, derived from heavy chain camelids
antibodies through recombinant gene technology. These can be used to target
biologically active components. In this context, we have prepared pentamidine-loaded
nanoparticles of chitosan polymer coated by a specific nanobody that target the surface
of Trypanosoma brucei. The nanobody-coated pentamidine-loaded chitosan
nanoparticles bind to the trypanosome surface and the drug is taken up by endocytosis
instead of its classical membrane transporters. The new formulation was significantly
more efficient than pentamidine alone in killing trypanosomes. In vitro studies revealed
that the half-inhibitory concentration (IC50) of pentamidine-loaded in nanobody-coated
PEGlycated chitosan nanoparticles was 14 fold lower than pentamidine alone. An in
vivo experiment in murine model of the acute phase of African trypanosomiasis
determined that the curative dose of pentamidine-loaded in nanobody-chitosan
nanoparticles was 100 fold lower than pentamidine alone. Moreover, a pentamidine
resistant cell line was obtained by growing the parasites in increasing concentration.
Genetic and functional assays revealed that the resistance mechanism to pentamidine

of this cell line was due to mutation in aquaglyceroporin 2, a cell surface transporter.
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An in vitro study showed that this cell line was not resistant to pentamidine-loaded

nanobody-coated chitosan nanoparticles.

The development of trypanocidal drugs loaded in chitosan nanoparticles coated
by specific nanobodies against trypanosome invariant surface antigens may reduce the
minimal curative dose of all these drugs, minimize drug toxicity and circumvent drug
resistance. Furthermore, the possibilities offered by this nanobody-based system are
enormous and could be adapted to load any substance with a reported trypanocidal
action, for instance nicotinamide. Finally, the promising results obtained with this new

formulation open a range of new potential therapies with application to other diseases
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Introduction

1. Sleeping sickness.

African trypanosomiasis is a disease with a devastating socio-economic impact in
Sub-Saharan Africa through the direct infection of humans and livestock. Human
African Trypanosomiasis (HAT), also known as sleeping sickness, and nagana in
cattle, is a vector-borne disease caused by Trypanosoma brucei spp. which is
transmitted by tsetse flies bites of the genus Glossina between humans or domestic-
wild animals [1,2,3]. In humans, the disease is caused by two sub-species of T. brucei,
T. brucei gambiense and T. brucei rhodesiense. T. b. gambiense is responsible for

around 95% of all cases of the disease.

1.1. Clinical features.

The disease presents two stages, the early stage or haemolymphatic phase and
the late stage or neurological phase which is characterized by the invasion of the
central nervous system (CNS). After tsetse fly bite, where usually appears a painful
sore known as chancre, trypanosomes multiply in bloodstream and lymphatic nodes
producing fever, swollen lymph glands, aching muscles and joints, weight loss,
weakness, headaches and irritability, typical symptoms of early stage. After a time,
trypanosomes cross the blood-brain barrier (BBB) invading CNS producing the
neurological stage, characterized by changes of behavior, confusion, sensory
disturbances, poor coordination and disorder of the sleep cycle, which gives the

disease its name.

The disease can be chronic or acute depending on the subspecie responsible for
the infection. T. b. gambiense infection leads to a disease that follows a chronic course
which can take months or even years without appearance of major signs or symptoms.
However, T. b. rhodesiense causes an acute infection, which develops rapidly
producing the appearance of signs and symptoms a few weeks after infection, and

death occurring within weeks to months [4,5,6] .

1.2. Epidemiology.

Sleeping sickness is a neglected tropical disease that prospers in impoverished
rural parts of sub-Saharian Africa. The disease is endemic in 36 countries (tsetse flies
area) where millions of people are at risk of infection [7]. However, the presence of
tsetse flies does not necessarily means that the disease is present. The control of

sleeping sickness is based on reducing of the reservoirs of infection, access to
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diagnosis, access to treatment and control of tsetse flies, but these strategies have
been inadequate [8,9]. The prevalence has been variable during the twentieth century,
coinciding the re-emergence of the number of cases with famine and war times [10,11].
In 2000, World Health Organization (WHO) began a HAT control program in 24
endemic countries supporting them in technical assistance, access to diagnosis and
treatment [12]. As consequence, in 2009 the WHO reported, for first time in 50 years, a
drop of cases below 10,000 and this tendency was maintained in 2010 (registering
7139 new cases; 155 cases of infection by T. b. rhodesiense and 6984 cases of T. b.
Gambiense; ) [12]. However, the impact of the
disease is still enormous with an estimated burden of 1.3 million Disability Adjusted Life
Years (DALYs) and economic losses in excess of $1 billion due to human and animal

trypanosomiasis [13,14] .

However, the demonstrated capacity of HAT to recur after periods of time, where
the disease has been kept under control, shows the need for more research and

development in diagnosis and treatment.

1.3. Treatment.

Trypanosomes have developed an antigenic variation strategy consisted in a
continuous change of the variant surface glycoproteins (VSGs), allowing the parasites
to evade the host immune response hampering the generation of conventional
vaccines [15]. Therefore, this neglected tropical disease has to be combated with

chemotherapy (http://www.who.int/trypanosomiasis african/diagnosis/en/index.html).

Current treatment of HAT is based on the use of 5 chemotherapeutic agents:
pentamidine, suramine, melarsoprol, eflornithine and nifurtimox (included in "essential
medicine list" in 2009). All drugs are donated to WHO by producers (Bayer and Sanofi).
However, these drugs have many limitations, ranging from problems with oral
absorption, poor efficacy, acute toxicity and increase drug resistances that together

with absence of vaccines or other therapeutic alternatives, is the main clinical problem.

The use of either chemotherapics agents varies depending on the causative
agent and on the stage of the disease. The structures of the following drugs have been
extracted from “Chemotherapy of human African trypanosomiasis: current and future
prospects” Alan H. Fairlamb. TRENDS in Parasitology Vol.19 No.11 November
2003.
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e Pentamidine (pentamidine isethionate):

Pentamidine isethionate is the drug of choice since the 30’s for the treatment of
early stage of infection caused by T. b. gambiense. Pentamidine is a water-soluble
aromatic diamidine with antiprotozoal effect which is not yet fully understood.
Pentamidine activity is speculated to be multi-factorial due to the rapid accumulation in
millimolar levels inside the parasites [16]. It is ineffective in the late stage of T. b.
gambiense because does not enter to the spinal fluid and in any stage of T. b.
rhodesiense infections [17,18]. The routes of administration are parenteral or
intramuscular, due to poor absorption when is administered orally. Many side effects
have been described, but the most important is the pancreas injury which results in
hypoglycaemia due to the massive release of insulin. In areas where pentamidine
resistance occurs, suramin may be used as an alternative drug. Pentamidine is also
used against leishmaniasis and Pneumocystis carinii infections (www.kompendium.ch;
Pentacarinat, 2008).

Although the mode of action is unclear, the uptake is well understood.
Pentamidine uptake is mediated by the trypanosome adenosine P2 transporter
(TbAT1/P2) in combination with two other transport activities: a high-capacity low
affinity pentamidine transporter (LAPT1) and a low-capacity high affinity pentamidine
transporter (HAPT1) [19,20]. Besides, two new T. brucei transporters (nucleoside
transporters NT11.1 and NT11.2) have implicated in pentamidine transport and were

expressed in a heterologous system [21].

Pentamidine resistance mechanisms are classically associated with the loss of
function of classical surface transporters (TbAT1/P2 and HAPT1) and are related with
melaminophenyl arsenical (as melarsoprol) cross resistance, which is the most
important resistance in the field [22,23,24,25,26,27]. However a recently study has
linked pentamidine/melarsoprol cross resistance to aquaglyceroporins (AQPSs),
specifically to AQP2 which controls the susceptibility to both drugs [28,29]. Three AQPs
have been identified in T. brucei [30]. AQPs are channels permeable for water, glycerol

and other small uncharged solutes [31]. AQP1 is exclusively localized in the flagellar
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membrane, AQP3 in the plasma membrane [32] and AQP2, is restricted to flagellar

pocket [29,32].

e Suramin:
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Suramin is a colourless polyanionic sulfonated naphthylamine that is chemically

related with trypan red and to other dyes with in vivo trypanocidal activity. Suramin is,

since the 20’s, the drug of choice for the treatment of the early stage of infection by T.

b. rhodesiense, and T. b. gambiense in cases of pentamidine resistance. Owing to its

highly ionic nature, suramin does not cross the BBB and it is not utilized in the last

stage of the disease. It is administered by intravenous injection as a result of its high

solubility in water and its poor gastrointestinal absorption. The uptake of suramin is

through fluid-phase endocytosis but the mode of action is unknown [33]. Side effects

are frequent but mild and reversible such as thrombocytopenia, peripheral neuropathy,

nephrotoxicity, jaundice and severe diarrhoea. Suramin is also used to treat

onchocerciasis [34]. No significant clinical resistant has been described to suramine.

o Melarsoprol:

Melarsoprol is an organic arsenical compound that is used

in African

trypanosomiasis when the CNS is invaded. This arsenical-derived is employed since

the 40’s to treat the late stage of T. b. gambiense and T. b. rhodesiense African
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trypanosomiasis. Melarsoprol crosses the BBB reaching high levels in the CNS, being
able to kill the parasites. Due to poor gastrointestinal absorption and high toxicity that
produces its solvent (propylene glycol) when is administered intramuscularly; the route
of administration is intravenous. Melarsoprol is a pro-drug that in patients is rapidly
converted into melarsen oxide which binds reversibly to serum proteins [35,36].
Melarsen oxide uptake is through TbAT1/P2 [37]. Once into parasites, melarsen oxide
forms a toxic adduct with trypanothione, known as Mel T, which is a competitive
inhibitor of trypanothione reductase, essential enzyme for maintaining the correct
intracellular thiol-redox balance [38,39]. This inhibition is enough to kill parasites. One
of the most important problems concerning melarsoprol chemotherapy is resistances
emergence which are due to the lack of this adenosine transporter [37]. However, as
mentioned before, melanophenyarsenical resistances are related to pentamidine

resistances.

Melarsoprol is the most toxic drug used to treat HAT. 1-5% of patients do not
overcome the treatment due to a severe encephalopathy. Other symptoms are
vomiting, abdominal colic, peripheral neuropathy, arthralgia and thrombophlebitis. This

high toxicity recommends its exclusive management in hospitals.

e Eflornithine (diethylfluoromethylornitihine-DMFO):

HOOC  CHF:
H2N
NH2

DMFO is the only new drug registered since the 40’s. DMFO inhibits, irreversibly,
ornithine decarboxylase, an enzyme essential for polyamine biosynthetic pathway
[40,41]. DMFO readily crosses the BBB and enter in cerebrospinal fluid. It is the drug of
choice to treat the late stage of T. b. gambiense African trypanosomiasis. However, it is
not effective for the treatment of T. b. rhodesiense infections. The major disadvantage
is the mode of administration, requiring a slow infusion every 6 hours (h) for 14 days
(56 infusions in total), a regimen imposed by its short half-life of 1.5-5 h. The difficulty
in administering DMFO in resource-poor settings explains why melarsoprol continues
to be the first-line treatment. The most common adverse effects include: diarrhoea,
anaemia, leukopenia, thrombocytopenia and convulsions. These are reversible on
withdrawal of the drug. Given the increase in DMFO use, the risk of resistance is

becoming a problem. Resistance mechanism of DMFO-adapted strains has been
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associated with the loss of the amino acid transporter TbATT6 which control its uptake

[42]. Nowadays, DMFO is used in combination with nifurtimox as alternative therapy.

e Nifurmitox:
— O
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Nifutimox is a synthetic trypanocidal nitrofuran compound which is efficiently
absorbed from the gastrointestinal tract. It is used in the treatment of acute American
trypanosomiasis (Chagas disease). Nifurtimox alters the redox equilibrium in the
parasite, forming superoxide ion which damage the DNA [43]. Adverse effects are
frequent, dose-related and reversible. They include anorexia, nausea, vomiting, gastric
pain, insomnia, headache, vertigo, excitability, myalgia, arthralgia and convulsions.
Nifurtimox is a pro-drug activated by a NADH-dependent, mitochondrially localized,
bacterial-like, type | nitroreductase. The down-regulation or loss of a single copy of the
gene, which encode the enzyme, is enough to produce nifurtimox resistance [44]. The
combination of DMFO+nifurtimox allows a reduction of DMFO regimen, obtaining an
improved effect and a reduction of its side effects [45,46,47]. Nowadays the
combination of DMFO+nifurtimox is the treatment of choice in the late stage of infection

by T. b. gambiense.

2. Trypanosoma brucei.

Kinetoplastids (order Kinetoplastida) are a group of single-cell flagellated
protozoans that are characterized by the presence of a DNA-containing granule, known
as “kinetoplast,” in their large single mitochondrion. They divide by binary fission during
which their nucleus does not undergo membrane dissolution or chromosome
condensation. Trypanosomatids include several of the most serious vector-borne
protist parasites of numerous vertebrates, insects, other invertebrates and plants. The
major human parasites include a number of species in the genera Leishmania and
Trypanosoma. In Trypanosoma, the two major human parasites are T. cruzi, the
causative agent of Chagas’ disease, and T. brucei, the causative agent of African

Trypanosomiasis (http://www.ncbi.nlm.nih.gov/genome?term=txid5691[orgn]).
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T. brucei brucei is agent responsible for the nanaga, the cattle disease. This
animal-pathogenic non-human infective subspecie shares many features with human
infective variants being almost identical to T. brucei rhodesiense with the sole
exception of absence of serum-resistance associated gene, which offer resistance to
normal human serum (NHS) [48]. Due to this homology that shares with these variants

is used as model of human infections in laboratory.

2.1. Lifecycle.

T. brucei exhibit a complex life cycle which involves alternation between two very
different environments, the mammalian host and the tsetse fly host. Due to the large
differences between these two hosts, the trypanosome undergoes complex changes in

cell morphology, gene expression and metabolism to allow the survival of the parasite
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Figure 1. Life cycle diagram. “The trypanosome flagellar pocket” Mark C. Field and Mark
Carrington Nature Reviews Microbiology volume 7 November 2009 | 775

The life cycle begins when a tsetse fly feeds on an infected mammalian host.
During blood meal, tsetse flies ingest non-proliferative stumpy forms (Fig. 1). Stumpy

forms are pre-adapted for their subsequent transformation, in the midgut of the fly, into

-20 -




Introduction

proliferative procyclic trypomastigotes. After proliferation, procyclic forms migrate from
the fly’s midgut to the salivary gland where they finally differentiate to the infective non-
proliferative metacyclic forms, which are transmitted by injection during the next blood
meal into the mammalian host. The metacyclic forms rapidly transform into proliferative
long slender bloodstream forms which multiply and invade the bloodstream, lymphatic
system and interstitial spaces. In mammals, the parasite survives free in the
bloodstream, being able to evade host immune responses through antigenic variation
strategy [15]. These forms have an inactive mitochondrion and utilize the glucose from
the blood of the host, by glycolysis, as their primary energy source. Long slender
bloodstream forms eventually differentiate into a non-dividing short stumpy
bloodstream forms. These forms are preadapted for survival in the tsetse midgut by
partial activation of the mitochondrion, which allows some metabolism of the major
tsetse metabolite, proline. After a fly bite, the stumpy are ingested and the cycle is
closed [3,49,50,51].

2.2. Cellular structure.

Trypanosomes have eukaryotic cell organization. Trypanosome cell shape is
derived from and defined by a highly ordered microtubule cytoskeleton that forms a
tightly arrayed cage directly beneath the pelicullar membrane. The single flagellum
exits the cell near the posterior pole and extends towards the anterior following a
defined left-handed helical path [52]. It follows the canonical eukaryotic 9+2
microtubule axonemal arrangement with an additional extra-axonemal complex known
as the paraflagellar rod. For most of its length is physically attached to the cell body via
the flagellum attachment zone (FAZ). The basal body is a centriole-like structure

located at the base of the flagellum.

Flagellar Golgi Nucleus ER Flagellum

Basal body

Kinetoplast Endosomes Lysosome Mitochondrion VSG coat

Figure 2. Schematic illustration of T. brucei Bloodstream forms. Extracted from “Endocytosis,
membrane recycling and sorting of GPIl-anchored proteins: Trypanosoma brucei as a model
system”. Peter Overath and Markus Engstler. Molecular Microbiology. 2004 May; 53 (3),
735-744
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T. brucei contains a number of single copy organelles and structures: a single
nucleus; a single flagellum which emerges from an invagination of the cell membrane
known as the flagellar pocket; a single Golgi; a basal body associated a pro-basal body
(immature); a single large and unique mitochondrion with the DNA mitochondrial
referred as kinetoplast and four filamentous associated with the structures
compromising the FAZ. All these structures organelles must be accurately duplicated
and segregated if cell division is going to generate viable progeny [52]. As shown in
figure 2, most of these organelles are concentrated between the centre and the

posterior end of the cell [51].

The flagellar pocket is the only site of the cell membrane where endocytosis and
exocytosis can occur. This peculiarity is due to the absence of cytoskeletal structure in
this region [53,54]. Endosomes, lysosome and endoplasmic reticulum (ER), which
compromised the whole cell, constitute the rest of organelles involved in vesicular
trafficking [54].

The cell membrane is surrounded by a dense surface protein coat which varies in
composition depending on the host where are living. In bloodstream forms is composed
mostly by monolayer coat of VSGs which protect the parasites from host immune
responses. This VSG coat is replaced by procyclin when the parasite differentiates to
procyclic form and epimastigote form in tsetse fly (several isoforms of two different
variants, one characterized for EP repeats and other for GPEET repeats; glutamic acid
(E), proline (P), glycin (G), threonine (T)) [55]. Surface includes other proteins such as
invariant surface glycoprotein (ISG65 and 1SG75), transferrin receptor (TfR, two
subunits ESAG6 and ESAG7-expression sites associated genes) [56,57,58], serum
resistance-associated protein (SRA) [59], haptoglobin (Hp)-haemoglobin (Hb) receptor
(HpHpR) [60], low-density lipoprotein (LDL) receptor [61], and cystein-rich acidic
integral membrane (CRAM) protein [62,63].

2.3. Cell cycle.

In eukaryotic, the cell cycle consists in four phases: Go/G4 phase (Gap0/Gapl), S
phase (synthesis), G, phase (Gap2 o interphase) and M phase (mitosis). In the Gy
phase, the cell is growing, replicating cytoplasmic organelles and also preparing DNA
replication by synthesizing the enzymes necessary to make the copies. DNA is
replicated during S phase. In G, phase cells increase the biosynthesis process
replicating and preparing cell division. Finally, in M the DNA is partitioned into two

daughter cells. In mammalian cells, M phase is tightly coupled with cytokinesis which
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starts just before chromosome segregation is completed. The activation of each phase
is dependent on the proper progression and completion of the previous one. Cells that
have temporarily or reversibly stopped dividing are said to have entered in a state of

quiescence called Gy phase [64].

In T. brucei Gy phase, is characterized for cells having one nucleus, one
kinetoplast, one flagellum and one Golgi apparatus (Figure 3) [52]. The first
morphological event observed in the cell cycle progression is the elongation and
maturation of the pro-basal body to a basal body and the nucleation of a new flagellum.
This is followed by Golgi replication [64]. Kinetoplast S phase starts just before nuclear
S phase, ending long before. During nuclear G, phase, kinetoplast segregation is
produced. Then, the nucleus undergoes mitosis causing a cell with double genetic

content which ends after cytokinesis in two identical daughter cells.

M » cytokinesis {

G1

(Fo

Key
O Nucleus @ Golgi /’ Old flagellum o Old FAZ
< Kinetoplast .
. Basal body/ / Mitotic spindle /" New flagellum \ New FAZ

pro-basal body

Figure 3. Schematic representation of the cell cycle phases, extracted from “Cell cycle
regulation in Trypanosoma brucei”. Hammarton TC. Molecular Biochemical Parasitology.
2007 May; 153(1):1-8.

2.4.  Antigenic variation

T. brucei unlike to other protozoan parasites such as T. cruzi and Leishmania,
lives and multiplies extracellularly in the bloodstream of the host being continuously
exposed to antibody challenge. The dense surface protein coat offers to parasite a
protective role against the host defense mechanisms as complement-mediated lysis.
When the parasite lives in the mammalian host, presents in all its stages a monolayer

coat composed of variant surface VSG [65].
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A basic mechanism in the parasite ability to evade the host immune responses is
called antigenic variation. Trypanosomes vary their surface coat, which consists of a
single, tightly packed and highly immunogenic protein species (VSG) that covers their
entire cellular surface [15]. In the mammalian-infective stage, trypanosomes express
around 10" molecules anchored to the membrane through a
glycosylphosphathidylinositol molecule (GPIl) [66]. This dense coat prevents host
recognition of conserved invariants proteins of the parasite membrane. The immune
system has only access to the amine (N)-terminal region of the VSG, which is
recognized as foreign antigen by specific B- and T-cell receptors. Generally a highly
specific B-cell mediated antibody immune response is generated against to VSG
epitopes. The antibody-mediated adaptive immune response eliminates most of the

parasites.

However, some parasites spontaneously change the VSG coat and survive to this
antibody-mediated response against the primary VSG. These parasites have
undergone antigenic variation process. Due to different VSGs are distinct, this switcher
parasite with a new VSG becomes a different antigenically parasite and has to be
recognized as 'new' pathogen by the immune system. A new primary adaptive immune
response must be generated to clear the parasites with new VSGs. The time required
to generate this response, allows the parasite to proliferate and generate a new peak of
parasitemia, and occasionally, change its VSG surface again. This mechanism permits
the establishment of chronic cycles of infection in the mammalian hosts, thereby

enhancing transmission to a new host.

Antibodies bind to VGS inducing fragment cristallizable (Fc) receptor-mediated
phagocytosis by macrophages. However, the parasites remove efficiently immune
surface-bound factors through capping and internalization (endocytosis)
[67,68,69,70,71]. This process helps parasites to evade Fc-receptor-mediated

phagocytosis but this is not enough.

The trypanosome genome contains hundreds of VSG genes but only one of
which is expressed at a time. The VSG gene transcription only occurs in one of several
polycistronic transcription telomeric VSG expression sites (VSG-ES). Thus, antigenic
variation occurs either by gene conversion as consequence of VSG gene exchange
from silent loci to the active expression site, or transcriptional switching between
different VSG-ES (in situ activation) [15].
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2.5. VSG structure.

As decribed above, the persistence of infection depends on VSG antigenic
variation. VSGs have less than 25 % of amino acid sequence homology with each
other. VSGs are GPIl-anchored polypeptide of 400-500 amino acids which are made up
for two domains. A highly variable N-terminal domain (300-400 amino acids) and a
conserved carboxi (C)-terminal domain (100 amino acids) [72,73,74]. The C-terminal
domain is attached to GPI anchor in the outer of the plasma membrane (Fig. 4) [66].
This conserved domain is a potential immune target, but it is masked by the N-terminal
region when the maturated VSG is expressed on the surface. For this reason the
conserved C-terminal domain does not compromise antigenic variation as the epitopes
that can be recognized by the host antibodies are in the N-terminal domain. The VSGs
have conserved cystein residues that do not affect of the antigenic variation [75]. In
addition, T. brucei, has a N-glycosilation site, the asparagine-linked high mannose
(Mansg) oligosaccharide that is common to all VSGs but it is inaccessible to
conventional antibodies [76]. All these conserved structures are potential targets for the

therapy of African trypanosomiasis.

N-terminal domain

0000 0000

Figure 4. Schematic VSG structure, extracted from “Intracellular Membrane Transport Systems
in Trypanosoma brucei”. Mark C. Field and Mark Carrington. Traffic. Aug 2004 ; 5: 905-913

3. Endocytosis.

Survival of trypanosomes depends on the uptake of nutrients from their

environment (tsetse fly or mammalian host) [63]. In T. brucei, endocytosis and
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exocytosis are restricted to the flagellar pocket. Endocytosis is closely related to
homeostasis of cell surface composition and with the evasion of immune response,
because parasites remove host proteins and antibodies from the cell surface through
capping and GIP-anchored VSG internalization-recycling process. Additional processes
include: restriction of invariant receptors in the flagellar pocket, rendering them
inaccessible to host immune effectors, and expression of receptors that can sequester
innate immune factors [60,77,78,79]. In T. brucei receptor mediated endocytosis is a
clathrin dependent mechanism [80,81]. RNAI directed against the clathrin heavy chain,
causes rapid death of cells after massive enlargement of the flagellar pocket, resulting
in what is known as big eye phenotype [80]. A similar phenotype is seen when actin is
depleted by RNAI in bloodstream forms, implicating this protein in endocytosis and
intracellular trafficking [53]. Endocytosis occurs in procyclic cells at a lower rate, and
also is clathrin dependent [80,81]. Interestingly, directed RNAI is not lethal against actin

in this life cycle stage [53].

Figure 5. Schematic illustration of T. b. brucei Bloodstream endocytic and recycling trafficking.
SC, surface coat. VSG, variant surface glycoprotein. Ax, axoneme. FL, flagellum. FP, flagellar
pocket. FAZ, flagellar attachment zone. ER, endoplasmic reticulum. PFR, paraflagellar rod.
PMT, pelicullar microtubule. BB, basal body. G, Golgi apparatus. K, kinetoplast. L, lysosome.
Mt, mitochondrion. N, nucleus. CCV I, class | clathrin-coated vesicles EE, early endosome. LE,
late endosome. CCV Il class Il clathrin-coated vesicles. EXC, exocytic carrier. RE, recycling
endosome. CCV-G, clathrin-coated vesicles budding from the Golgi apparatus. Extracted from
“Endocytosis, membrane recycling and sorting of GPl-anchored proteins: Trypanosoma brucei
as a model system”. Peter Overath and Markus Engstler. Molecular Microbiology. 2004
May. 53 (3), 735-744

Trypanosomes have a highly polarized endocytic and recycling trafficking.
Membrane proteins or flagellar pocket receptors are internalized by clathrin-coated

vesicles (CCV-I, class | clathrin-coated vesicles) and delivered to a tubular endosome
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network, the endomembrane system. Both, fluid phase and receptor-mediated
endocytic cargo enter into an early endosomal compartment which is characterized for
the presence of RABS5A/B [69,82]. Rab proteins are small GTPases (hidrolize
guanosine triphosphate-GTP) that regulate vesicular transport in the eukaryotic
endomembrane system [83,84,85]. After early endosome, the endocytic cargo is
separated into small clathrin vesicles (CCV-Il, class Il clathrin-coated vesicles) for
delivery into late endosomes; and in recycling endosomes, characterized for RAB11
[86], where cell surface proteins as VSG or TfR are recycled to the flagellar pocket.
Late endosomes that transport soluble proteins as transferrin, IGS65 or IGS75, deliver
the cargo into the lysosomal compartment to be degraded by acid hydrolase enzymes
(peptidases). This trafficking until the lysosome is regulated by RAB4 and RAB7
[70,87]. The lysosome is characterized by the presence of p67 [88], a type |
transmembrane glycoprotein which is essential in the function and structure of the

lysosome [89].

4. Serum-resistant associated.

African trypanosomes, in addition to evade host immune responses through
antibody endocytosis or antigenic variation, need to resist an efficient innate
trypanolytic factor which is present in normal human serum (NHS). Humans are
resistant to infection by the African trypanosome T. brucei brucei, but the subspecies T.
b. gambiense and T. b. rhodesiense can avoid this innate immunity and cause the

disease.

The innate human resistance to T. brucei brucei is due to two serum proteins, the
specific Bcl-2 like protein apolipoprotein L-I (ApoL1) and haptoglobin-related protein
(Hpr) [90]. These proteins are both associated with two serum complexes, a
subfraction high densitiy lipoproteins (HDL) (specifically HLD3) and an
IgM/apolipoprotein A-l (ApoA1) complex, respectively, termed trypanosome lytic factor
(TLF) 1 and TLF2 [91,92]. The uptake mechanism of TLF1 is well characterized.
Parasites have a trypanosome haptoglobin-hemoglobin receptor (TbHpHbR) required
for parasite survival. In blood, hemoglobin (Hb) binds to the Hpr of the FL1. This
formed complex binds to trypanosome HpHbR, undergoing the subsequent uptake by
endocytosis. Once into parasite, produces parasite lysis [60]. Hpr acts as TLF1 ligand
but the lytic activity is due to ApoL1 which form a protein pore [90]. The TLF2 uptake
mechanism is not well understood but is proposed to be based on low affinity/high
capacity interaction with the VSG coat explaining the trypanolitic effect by the rapid

turnover of the VSG coat. Both factors can uptake by lipoprotein receptor pathway due
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to TFL1 has HDL particles and TFL2 has some lipids and ApoA1. Uptake can occur
through fluid-phase endocytosis [79].

T. b. gambiense and T. b. rhodesiense unlike to T. b. brucei, escape from NHS
trypanolytic activity, being resistant. T. b. gambiense is permanently resistant to NHS.
However, T. b. rhodesiense loses resistance when is inoculated in other animal but
recover the resistance after injection of NHS [79]. The mechanism for the resistance
recovery was associated with antigenic variation process. At the beginning was though
that the VSG variant known as ETat 1.10 was the responsible of the resistance
behavior. However, this was discarded because resistant clones expressed other VSG,
including VSG expressed by NHS-sensitive clones. The selection of these
trypanosomes in NHS implicated the switch of a specific VSG-ES, named resistant (R)-
ES. This expression site enclosed the VSG variant ETat1.10; however the substitution
of this gene kept the resistant mechanism showing that the VSG gene was not the
responsible of the resistance. As every VSG-ES, R-ES contains several genes (ESAG)
and one of them was identified as serum-resistance associated (SRA) which is
selected for transcription in NHS [48,93]. This was confirmed after transfection of SRA
into T. b. brucei (which is sensitive to NHS) acquiring the strain resistance to NHS [48].
SRA encodes a truncated VSG which has not surface-exposed loops. The product of
SRA is a truncated VSG which accumulates in lysosomal compartment. The amino-
terminal a-helix of SRA interacts with the carboxy-terminal a-helix of the apoL-l,

neutralizing its activity within the lysosome [90].

T. b. rhodesiense is likely to have arisen as a clone of T. b. brucei that differs
sole by its ability to express SRA on selection in human serum. R-ES is not active
when the parasite is present in non-human sera [94]. T. b. gambiense does not carry
SRA gene, despite its constitutive resistance to human serum [95]. Therefore, the
resistance mechanism to lysis must be different from that of T. b. rhodesiense, and this

mechanism is under investigation at present.

5. Peptidases.

Peptidases are a group of enzymes whose catalytic function is to hydrolyze
peptide bonds of proteins. They are also named as proteolytic enzymes, proteinases,
peptide hydrolases or more usually proteases. Peptidases participate in several
physiological reactions ranging from simple digestion of proteins to highly regulated

cascades.
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The enzyme commission number (EC number), which identify peptidases, is EC
3.4. The first number defines the enzyme type, and the second, the target substrate
(Nomenclature Committee of the International Union of Biochemistry and Molecular
Biology). There are two sets of peptidases subclasses: the exopeptidases, enzymes
that cleave peptide bonds at the amino- or carboxy-terminus, and the endopeptidases,
which cleave peptide bonds internally in a polypeptide. The majority of peptidases are
endopeptidases and these, in turn, are classified based on their catalytic mechanism
into six groups: serin endopeptidase; cystein endopeptidase; aspartic endopeptidases;
metalloendopeptidases, threonine endopeptidases and the last group enclosed those
whose reaction mechanism has not been completely elucidated. By contrast, the
MEROPS nomenclature is a structure-based classification where peptidases are

grouped in families and the homologous families into clans.

5.1. Peptidases in African trypanosomes.

Peptidases in protozoan are considered virulence factors and are implicated in
pathogenesis: immune evasion, absorption, penetration, infectivity, proliferation,
nutrients uptake, etc...[96]. Currently are studied as candidates to be future therapeutic
targets. The first evidences of peptidase activities in T. brucei were found during
1980’s. The peptidase activities were identified in parasite extracts by their ability to
cleave fluorescent peptide substrates and by the appearance on polyacrilamide gel
containing protein substrate [97,98]. Nowadays, the major groups of T. brucei
peptidases are metallopeptidases, threonine peptidase, serine peptidases and cysteine
peptidases. The development of a new generation of drug to overcome
trypanosomiasis is completely necessary; being peptidases suitable targets to focus

the research.

e T. brucei has three zinc-metallopeptidases (TOMSP) genes: TOMSP-A, -B and —C,
whose expression varies according to life cycle stage [99]. TbMSP-B is surface
protein detected in procyclic trypanosomes and during differentiation of
bloodstream trypanosomes to the procyclic form, but is not present in bloodstream
trypanosomes. This zinc-metallopeptidase TbMSP-B and a phospholipase C, which
cleave GPl-anchored proteins act in concert to remove native VSG during
differentiation of short stumpy bloodstream trypanosomes to procyclic forms
[100,101]

o Threonine peptidases are present in the proteasome which plays a major role in the
degradation of many proteins involved in cell cycle, proliferation and apoptosis.

Proteasomes also breakdown abnormal proteins that result from oxidative stress
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6.

and mutations that might otherwise disrupt normal cellular homeostasis. T. brucei
proteasome has substrate specificity different to mammalian proteasome.
Trypanosome proteasome exhibits high trypsin-like but low chymotrypsin-like
activities which is the opposite that occurs in mammalian proteasome [102,103].
Proteasome inhibitors have reported trypanocidal activity by blocking cell

proliferation due to the interruption of trypsin-like activity [104].

Cysteine peptidases are characterized by the presence of a catalytic cysteine
residue. All cysteine peptidase are grouped in the clan CA (MEROPS data base).
Among them, the C1 family, that includes the lysosomal cathepsin L-like and
cathepsin B-like peptidases, is the most studied in trypanosomatids The major
group of lysosome cathepsins L-like are referred as evansain in T. evansi ; two
congopain (CP1 and CP2) or trypanopain-Tc in T. congolense [105]; rhodesain in
T. brucei rhodesiense and brucipain, also known as trypanopain—Tb, in T. brucei
brucei [106,107]. T. brucei have an important cathepsin B-like enzyme, TbCatB,
which is located in endosomal-lysosomal vesicles. Treatment of parasites with the
cysteine protease inhibitor, benzyloxycarbonyl-phenylalanyl-alanyl diazomethane
(Z-Phe-Ala-CHN,), was lethal in vitro and in vivo to T. brucei [108]. Parasites
treated with this inhibitor exhibited altered cell morphology, were unable to undergo
cytokinesis and were defective in host protein degradation [109] . Knockdown of
ThCatB expression by RNAi was lethal in T. brucei, causing phenotypic defects
similar to those seen with the inhibitor [110]. In contrast, knockdown of rhodesain
expression produced no abnormal phenotype in cultured parasites [110].
Furthermore, RNAi of TbCatB was able to rescue mice from a lethal T. brucei
infection [111]. These results indicate that among the two cystein proteases of the
Clan CA family present in T. brucei cathepsin B is a key target of the protease

inhibitor.

Serine peptidases: T. b. brucei African trypanosomes also contain a serine
oligopeptidase, Oligopeptidase B (TbOPB) [112]. It is a serine peptidase released
into the plasma of infected animals that has been postulated to participate in the
pathogenesis of the disease [113]. It has been reported trypanocidal activity of
serine peptidases inhibitors and this peptidase has been identified as target of

several trypanocidal drugs as pentamidine, suramine and diminazene [114,115].

Nicotinamide.

Nicotinamide (NAM), the amide form of vitamin B3 (niacin), serves to rapidly

synthesize NAD through the salvage pathway once taken up by cells [116,117]. It has
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been shown to positively affect cell survival in a variety of cell types. NAM promotes
maturation of foetal cells [118] and induces proliferation and differentiation of
embryonic stem cells to yield insulin-producing cells [119]. It also enhances an
adaptive response to physical and chemical damage [120], protects brain cells from
oxidative damage caused by reperfusion after ischemic infarction [121,122,123], and
prevents injury of pancreatic islet cells during free radical exposure [124]. During
disorders that include immune system dysfunction, diabetes, and aging-related
diseases, nicotinamide is a robust cytoprotectant that blocks cellular inflammatory cell
activation, early apoptotic phosphatidylserine exposure, and late nuclear DNA
degradation. NAM is a soluble vitamin that is taken orally and cross the BBB. In fact, it

is considered as a broad-spectrum neuroprotector.

NAM has also anti-microbial activity at millimolar concentrations against
Mycobacterium tuberculosis [125], HIV [125,126], Leishmania [127,128], T. cruzi [129]
and Plasmodium [130] but the mechanism of action has not yet been elucidated. As a
general feature, nicotinamide inhibits ADP ribosylation reactions. Protein ADP
ribosylation can occur in the nucleus, in the cytoplasm, and on the cell surface of
lymphocytes. The activity of Poly (ADP-ribose) polymerase (PARP) is critical to the
integration of foreign DNA, including proviral DNA as HIV case. The inhibition or
absence of this enzyme interrupts the HIV life cycle [131], therefore NAM may be
involved in this mechanism. The antimicrobial action of nicotinamide might also work
through the modulation of certain sirtuins protein. Family of enzyme which catalyze with
double deacetilase and ribosyl enzymatic activity that use NAD and nicotinamide is a
product of reactions which catalyze. In Plasmodium falciparum the inhibition of the
sirtuin known as PfSir2 delayed significantly in vitro parasite growth [130]. In the cases
of Leishmania [127] and T. cruzi [129] the NAM inhibitory effect on growth is related
which their specific sirtuins. This anti-microbicidal effect linked to toxicity absence,
orally available, and inexpensive cost may help to use NAM as adjuvant in several
infectious diseases. All of these microbicidal effects are associated to inhibition of

rybosil tranferase enzymes

7. Nanobodies.

The typical functional antibodies (immunoglobulins) of all vertebrates are
heteromeric molecules composed of two identical heavy (H) and two identical light (L)
chains [132,133]. In 1993, in Vrije University of Brussels (Belgium), Hamers-Casterman
et al. published [134] that Camelidae species (Lama glama, Lama guanicoe; Vicugna

pacos, Vicugna vicugna; Camelus bactrianus and Camelus dromedarius) contained a
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fraction of functional antibodies composed solely of H-chains (Fig. 6A). These
immunoglobulins are referred as heavy-chain antibodies (abbreviated HcAbs). The
HcAbs are not exclusive of camelids, cartilaginous fishes (sharks, skates, rays, and
chimeras) have an unusual heavy chain homodimeric immunoglobulin isotype called

IgNAR (Immunoglobulin new antigen receptor) [135,136].

Camelidae HcAbs are homodimers where each monomer unit (H-chain) has an
antigen-binding fragment (Fab fragment) reduced to one single variable domain (VHH
or nanobody® Ablynx) in contrast to conventional antibodies where the fragment Fab
fragment is composed of one constant (C) and one variable (V) domain from each
antibody’s H and L-chain (Fig. 6A) [134,137,138]. In 1997, Vu et al [139] analyzed the
sequence of the cDNA, obtained from peripheral blood mononuclear cells (PBMC)
RNA isolated from dromedary and llama. They found the absence of the entire
constant domain 1 (CH1) in HcAbs; reporting the direct join of the maturated VHH-DJ
with the hinge region followed by the fragment crystallizable region (Fc). The sequence
of CH1 domain is present in the camelids genome, however is spliced out during the
messenger RNA processing due to a single mutation of the canonical splicing site at
the 3° CH1/intron border [140,141].

Hence, the H-chain of HcAbs is composed, instead of four globular domains, of
three globular domains: the VHH, a hinge region and two constant domains of the Fc
(CH2 and CH3) (Fig. 6A). These Fc domains are highly homologous to the Fc domains
of conventional antibodies although in camelids are encoded in different gene sets
[140]. The organization, among VH (H-chain’s variable domain of conventional
antibody) and VHH is remarkably similar. Both are composed of four conserved
sequences, the framework regions, surrounding for three hypervariable regions, the

complementarity determining regions (CDR).

However, some differences are clear in the alignment of the VH and VHH amino
acid sequences. First, CDR1 and CDR3 of the VHH are more extended than those of
VH (Fig. 6B) [141]. Second, the VHH sequence carries important substitutions of highly
conserved amino acids located in the framework-2 region which in conventional
antibodies interact with the variable domain of the light chain [30] [142]. The
hydrophobic residues Val42, Gly49, Leu50 and Trp52 in VH of conventional antibodies
are substituted in the VHH of heavy-chain antibodies by the hydrophilic residues
Phe/Tyr42, Glu49, Arg/Cys50 and Leu/Gly52 [137,143] (Numbering of the international

ImMunoGeneTics-IMGT information system http://www.imgt.org corresponding to

positions 37, 44, 45 and 47 in Kabat numbering, http://www.kabatdatabase.com). The

presence of more hydrophilic amino acids in VHH explains the absence of association
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with VL and the soluble behavior of VHH as a single-domain entity [137,142,143,144].
In addition, the hypervariable region loops of the VHH are substantially different in
conformation, length and repertoire to those loops in human/mouse VH, being a
mechanism to compensate the absence of the VH-VL combinatorial diversification in
the HcAb [145,146,147].

The nanobodies (Nbs) are the smallest (2.5 nm of diameter and 4 nm of length)
antigen-binding fragments (VHH) of camelids HcAbs that can be obtained. The
isolation of Nbs of camelids HcAbs offers the possibility to generate fully active, stable,
soluble, specific and high-affinity antibody entities without the common drawbacks of

single domains fragments isolated from conventional antibodies.

A

VH CDR1 CDR2

VHH

Figure 6. (A) From left to right the composition of a classical antibody (left), a heavy-chain
antibody (middle) and a single-domain antigen-binding entity derived from a heavy-chain
antibody, the VHH or nanobody (right). The domain structure within the H-chain and L-chains
shown. (B) The sequence organization of the VH and VHH with framework and CDR’s is
schematically represented at the top of this panel. The hallmark amino acids in framework-2
within the VHH are given, as well as the inter-CDR disulfide bond occurring in the dromedary
VHH. Below is the folded structure of the VH (left) and VHH domain (right with its four b-
stranded sheet (back) and the five b-stranded sheet in front). The hallmark VHH residues in
framework-2 are shown as squares. Extracted with some modifications from “Camelid
immunoglobulins and nanobody technology” S. Muyldermans. Veterinary Immunology and
Immunopathology. 2009. 178-183.
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Recombinant gene technology allows a high yield in the isolation of the genes
encoding the antigen-specific Nb repertoire. The method consists of cloning, in phage
display vectors, the Nb repertoire produced by peripheral blood lymphocytes of an
immunized camelid and to select by biopanning antigen-specific Nbs [148,149]. The
optimized protocol is fast and straightforward, and far superior to the selection of
antigen binders from conventional antibodies avoiding the hybridoma technology.
Moreover, Nbs are economically produced in bacterial, fungal or plant expression
systems. Nbs are very stable and highly soluble, and bind their cognate antigen with
high affinity and specificity. Nbs are expected to produce a low immunogenicity [150],
however in order to reduce the possible immune response of Nbs when are injected
into non-camelids host, they can be customized by altering specific amino acid
sequences. In humans, Nbs can be humanized changing specific positions of the
framework-2 reducing the risk of the induction of anti-nanobody antibodies in the

circulatory system [151].

8. Alternatives therapies.

Resistant HAT can not be treated by increasing drug concentration due to acute
side effects associated with chemotherapy. However, modifying the drug entrance
route into the parasites could be a means to circumvent drug resistance mechanism

associated to surface transporters. Some news alternatives could be used:

¢ Nanobodies: Nanobodies can be used to target biological active components
[152,153]. For instance, the identified nanobody NbAn33, binds specifically to the
conserved N-linked Mans_g (oligomannose) carbohydrate of the VSG of T. brucei,
making it an excellent candidate to target Trypanosomes [154,155]. A genetic
fusion of NbAn33 to a truncated form of human apolL1 generated an immunotoxin
with lytic activity against a wide range of trypanosomes [155]. Moreover, the
internalisation of NbAn33 bound to its VSG specific epitope offers an alternative
pathway to introduce trypanocidal agents into parasites avoiding the classical
uptake mediated by cell surface transporters [71,156]. Nevertheless, direct
conjugation between the nanobody and drug does not guarantee overcoming of
biodistribution problems (mainly metabolization and elimination) and therapy

toxicity.

e Nanoparticles: New therapeutic approaches for chemotherapy treatment have
been focussed on the design of polymeric nanostructures as drug delivery systems.
The polymers used include natural and synthetic materials and the main
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characteristics required are biodegradability and biocompatibility. Nanoparticles are
solid, colloidal particles consisting of macromolecular substances varying in size
from 10 to 1000 nanometres. A drug can be dissolved, entrapped, adsorbed,
attached or encapsulated into a nanoparticle. The advantage of using polymeric
nanoparticles as colloidal carriers for advanced drug delivery is mainly their small
size, which allows nanoparticles to penetrate even small capillaries and be taken
up within cells, allowing efficient drug accumulation at targeted sites in the body.
Also, the biodegradable polymers used for their preparation allow for sustained
drug release at the targeted site over a period of days or even weeks after
administration [157]. These carriers of chemotherapeutic agents enhance the
effectiveness of the treatment, minimizing toxicity and preventing the biological
metabolization and elimination [158]. Nanoparticles can also enhance drug
transport and distribution by offering the possibility of drug targeting by modification
of surface charge with inserted ligands, such as antibodies, surfactants, polymers
and others [159]. Antiparasitic drug loaded nanoparticles have been used to
combat parasitic infections such as leishmaniasis and animal African
trypanosomiasis, even NPs are being postulated as carriers of anti-Leishmania
vaccines [160,161,162].
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OBJECTIVE A: NICOTINAMIDE.

Trypanocidal effect of nicotinamide in T. brucei: phenotype and target

identification.

OBJECTIVE B: NANOBODY LIBRARY.

Generation of nanobody phage display library constructed against

recombinant T. brucei Oligopeptidase B.

OBJECTIVE C: NANOBODY-COATED NANOPARTICLES

Preparation and evaluation of pentamidine-loaded functionalized
PEGlycated-chitosan nanoparticles coated by a nanobody that target the

surface of T. brucei.
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Materials & methods Nicotinamide: Objective A

Objective A: Trypanocidal effect of nicotinamide in T. brucei: phenotype and

target identification.

A.1. Ethics statement.

Animal studies were conducted in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Experimental protocols were approved by the Ethics Committee of the Spanish Council
of Scientific Research (CSIC).

A.2. Cell culture.

Wild type 427 bloodstream form trypanosomes were grown in axenic culture at
37° C and 5% CO; in HMI-9 media supplemented with 10% heat-inactivated foetal
bovine serum (Gibco). Pleomorphic bloodstream T. brucei AnTat1.1 (Institute of

Tropical Medicine, Belgium) was used throughout the in vivo experiments.

A.3. Trypanotoxicity assays.

The growth of bloodstream form trypanosomes was monitorized during three
days under axenic culture conditions in medium with or without nicotinamide. Each
subculture was initiated at an initial density of 1 x 10* parasites/ mL. Parasites were
maintained at 37° C with 5% CO, in supplemented HMI-9 medium. Nicotinamide was
added at the appropriate concentration dissolved in the same medium and the mean
number of viable parasites was determined daily by counting the cells with an optical

microscope with Neubauer chamber.

Nicotinamide (NAM) susceptibility was assessed using resarzurin sodium salt,
modifying the procedure developed by Raz et al. [163]. Bloodstream trypanosome
forms at an initial density of 1 x 10* parasites/mL were placed into 96-well tissue culture
plates containing 100 pyL supplemented HMI-9. Cells were incubated with different
concentrations of NAM for 72 h at 37° C and 5% CO,. Then, 20 uL of 0.5 mM
resarzurin dye (Sigma, R7017) was added to each well and plates were incubated for a
further 4 h. The reaction was stopped by adding 50 pL of sodium dodecyl sulfate (SDS)
3% and then read on a Tecan Infinite F200 reader (Tecan Austria GmbH, Austria)
using an excitation wavelength of 535 nm and an emission wavelength of 590 nm

[164]. Each test was set up in triplicate and repeated six times. Half-inhibitory
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concentration (IC50) values were calculated using GraphPad Prism5 Software and

defined as the concentration of drug required to diminish fluorescence output by 50%.

Morphological phenotype and different phases of the cell cycle were analyzed by
fluorescence and optical microscopy (DIC -Differential Interference Contrast-). After
different times of NAM treatment, parasites were fixed in 4% paraformaldehyde (PFA).
Then, trypanosomes were washed three times and spread on poly-L-lysine-coated
slides and mounted in DAPI-containing Vectashield medium (Vector Laboratories,
Burlingame, CA, USA). Image acquisition was performed with an inverted Olympus
IX81 microscope equipped with 3%/100x objectives and CCD camera (Orca CCD;
Hamamatsu), and Cell R IX81 software. Two-hundred cells were counted per different
time point. Parasites were classified according to the number of nuclei (N) and

kinetoplast (K).
A.4. Cell cycle and DNA degradation by fluorescence-activated cell sorting.

DNA content was assed as described previously [165]. Treated and non treated
T. brucei bloodstream forms (2.5-10° cells, from each time point) were fixed in 900 uL
of ice cool ethanol 70% and incubated on ice for at least 5 min, then washed with PBS
and incubated with propidium iodide (PI) staining solution (PBS containing Pl 40 pg/
mL and ribonuclease A -RNAse A- 100 pg/ mL) for at least 30 min. The analysis was
performed with a FACScalibur flow cytometer (Becton Dickinson & Co., NJ, USA).
Estimation of number of cells at G4, S and G./M phases of the cell cycle was done with
the BD CellQuest software. Percentage of DNA degradation was quantified base on
the Sub Gy subpopulation. Dot plots were performed using the FlowJo software. The

experiment was done in triplicate and repeated at least three times.
A.5. Transmission electron microscopy.

Sample preparation for transmission electron microscopy was done as previously
described [53]. Briefly, bloodstream trypanosomes (10°) were fixed in 2.5% (vol/vol)
glutaraldehyde 2% paraformaldehyde in 0.1 M sodium cacodylate buffer pH 7.2 for 24
h at 4° C and postfixed in 2% osmium tetroxide in the same buffer. Then, the samples
were stained in 2% uranyl acetate for 2 h in the dark. After dehydratation in enreasing
ethanol concentrations and clearing in propylene oxide, the samples were embedded in
Embed 812 resin for 2 h and left to polymerize for 4 days at 60° C. Ultrathin sections
(50 to 70 nm thick) were collected in Formvar-carbon-coated copper grids by using a

Leica Ultracut R ultramicrotome and stained with uranyl acetate and lead citrate.
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Observations were made on a TEM Libra 120 plus (Zeiss), and images were captured
with a SSCCD 2K x K MegaView Il camera and processed with AnalySIS and Adobe

sofwares.

A.6. Acidic organelles staining.

Bloodstream-forms (10°) treated with NAM at different time points were incubated
in HMI-9 complete medium with 100 nM the acidotropic dye LysoTracker Green DND-
26 (invitrogen) for 10 min at 37° C. Afterwards, the parasites were washed and
resuspended in PBS. The fluorescence signal was measured by flow cytometry in a
FACScalibur flow cytometer (excitation at 488 nm; emission between 515 and 545 nm)

and the data analyzed with BD CellQuest software.

A.7. Fluid phase endocytosis assay.

The kinetics of fluid-phase endocytosis was measured as previously described
[70]. Endocytosis was measured using fluorescein isothiocyanate-dextran average mol
MW 10,000 (FD10S, Sigma). Bloodstream trypanosomes were treated with 50 mM
NAM for 3 h and 6 h and untreated, used as control, were washed and resuspended in
0.5% BSA/ HMI-9 medium with FITC-dextran at 0.5 mg/ mL. Then, cells were
incubated for 1 h at 37° C and fixed in 4% PFA. Fixed parasites were analyzed
mounted onto poly-L-lysine slides and processed for immunofluorescence microscopy

analysis.

A.8. Indirect immunofluorescence microscopy.

Immunofluorescence was performed as previously described by Landeira et al
with some modifications [166]. Parasites were fixed in 4% PFA and permeabilized with
0.2% Triton X-100 in washing solution (PBS /1% Bovine serum Albumin-BSA-). Cells
were then blocked with 1% BSA and incubated with the corresponding primary
antibodies against p67 protein (mouse anti trypanosome) and BIP protein (rabbit anti
trypanosome) both kindly provided by J. D. Bangs (University of Wisconsin-Madison,
Madison, USA). Then, were washed and incubated with Alexa-488-labeled goat anti-
mouse and Alexa-572-labeled goat anti-rabbit (Invitrogen). Finally, trypanosomes were
washed three times and spread on poly-L-lysine-coated slides and mounted in DAPI-
containing Vectashield medium (Vector Laboratories, Burlingame, CA, USA). Image
acquisition was performed with an inverted Olympus 1X81 microscope equipped with

3x/100x objectives and CCD camera (Orca CCD; Hamamatsu), and Cell R 1X81
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software. Deconvolution of 3D images was performed using Huygens Essential

software (version 2.9; Scientific Volume Imaging).

A.9. Cloning, expression and purification of recombinant T. brucei cathepsin

B-like in Pichia pastoris.

TbCatB construction was kindly provided by Dr. Zachary B. Mackey (University of
California, USA). Methods for TbCatB cloning and expression of the recombinant
TbCatB in P. pastoris have been described previously [167]. Briefly, the sequence
encoding the ThCatB zymogen (pro and mature regions of the protease) was amplified
from a cDNA vector that contained the entire open reading frame of TbCatB [110] with
specific pair of primers forward (5-GAG TAA ACG CCG CCC TCG TTG CT-3) and
reverse (5-CGC CGT GTT GGG TGC AAG AGG-3’). The amplified DNA was purified
and ligated into expression vector pPICZaB (Invitrogen) and subsequent transfection
and expression techniques were modified from those given by the manufacturer as

previously described [107].

After 48 h of methanol induction, P. pastoris cultures were centrifuged at 3000 g
for 10 min and the resulting supernatant containing recombinant TbCatB was
lyophilized. The crude lyophilized protein was resuspended in 10% of the original
volume in 50 mM sodium citrate buffer (pH 5.5) and desalted using PD-10 columns
(GE Healthcare/Amersham Biosciences) by equilibrating in the same buffer. The
solution was loaded onto a Mono Q 5/50 anion exchange column using an Akta
Purifier-900 chromatography system (both GE Healthcare/Amersham Biosciences). A
50 mM MES (pH 6.5) buffer was used for column equilibration, sample loading, and
protein elution, with a flow rate of 1 mL/min. Protein was eluted with a linear gradient of
0 to 1 M sodium chloride concentration over 20 min. Fractions of 0.5 mL were collected

and subsequently checked for purity by SDS-PAGE.

A.10. Protease activity assay.

Protease activity was measured using the fluorogenic peptide substrate Z-
Arginine-Arginine 7-amido-4-methylcoumarin hydrochloride (Z-Arg-Arg-AMC or Z-RR-
AMC) which is cleaved by the protease to release free AMC fluorogenic leaving group.
Briefly, T. brucei bloodstream forms (10" cells) were centrifuged, washed once in PBS
containing 1% glucose and resuspended in a buffer containing 150 mM sodium
phosphate, 200 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA) and 5 mM
dithiothreitol (DTT), pH 6.0. Then, CHAPS at final concentration of 1% was added and

incubated on ice 1 h [168]. The lysate was cleared by centrifugation at 13000 r.p.m. for
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15 min at 4° C. A volume of 100 pL of supernatant containing the enzyme was
preactivated in 1.8 mL of the same buffer (without CHAPS) for 10 min at 37° C and the
reaction started by adding Z-RR-AMC substrate (bachem [-1135) at 10 yM final
concentration. The release of AMC was measured at an excitation and emission
wavelength of 350 nm and 460 nm respectively in a luminescence spectrometer
(AMICO-BOWMAN). Three experiments were performed.

One-hundred nanograms of recombinant TbCatB were preincubated at 25° C for
10 min in sodium citrate buffer (50 mM, pH 5.5) containing 4 mM DTT, using different
concentrations of NAM, giving a total volume of 100 uL. Following the preincubation
period, 100 uL of dilute sustrate Z-RR-AMC (20 uM, prepared in the same buffer) was
added to the enzyme solution to give a final concentration 10 uM and a final volume of
200 pL. Hydrolysis was measured each minute during 30 minutes at 25° C using an
automated microtiter plate spectrofluorimeter (Perkin Elmer). Excitation and emission
wavelengths were 350 and 460 nm, respectively. Each test was set up in repeated
twelve times. IC50 values were calculated using GraphPad Prism5 Software and

defined as the concentration of drug required to diminish fluorescence output by 50%.

A.11. Kinetics of transferrin uptake and degradation.

Bloodstream-forms were incubated in HMI-9 complete medium for 10 min at 37°
C in presence of NAM. Non-treated parasites, as control, and parasites pre-treated with
the specific inhibitor of TbCatB, Z-Phe-Ala-CHN, (Bachem, Heidelberg, Germany) at 10
MM, were assessed at the same conditions. Afterwards, the parasites were washed
twice and resuspended in prewarmed trypanosome dilution burffer (TDB, 5 mM KClI, 80
mM NaCl, 1 mM MgSOQO,, 20 mM Na,HPQO,4, 2 mM NaH,PO,, 20 mM glucose, and pH
7.4) at density of 8:10° parasites/mL. Transferrin from human serum Alexa Fluor-488
conjugated (molecular probes) was added to the suspension and the parasites were
incubated at 37° C. At different times, samples of 250 uL were taken and fixed in 250
ML of ice-cool 5% PFA. The fluorescence was measured by flow cytometry in a
FACScalibur flow cytometer (excitation at 495 nm; emission 519 nm). Relative
fluorescence was calculated respect to the fluorescence value at time zero. Data are

the means + SD from three independent experiments.

A.12. Determination of ATP levels.

ATP was measured using a CellTiter-Glo luminescent assay (Promega), which

generates a luminescent signal proportional to the amount of ATP present.
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Bloodstream forms (10° per mL) were incubated with 50 mM NAM at the specified
intervals. Aliquots of 90 uL parasites were then transferred to a white 96-well
microplate, mixed with 45 pL of CellTiter-Glo reagent and incubated in the dark for 10
min at room temperature. Bioluminescence was measured using a Tecan® Infinite F200

reader (Tecan Austria GmbH, Austria).
A.13. Pyruvate flux measure (Glycolisis).

Bloodstream forms (10%), washed twice with phosphate buffered saline (PBS),
were resuspended in a buffer containing 44 mM NacCl, 57 mM K;HPO,4, 3 mM KH,PO,,
and 10 mM glucose. After 5 minutes at 37° C were centrifuged to remove the
supernatant and resuspended in prewarmed buffer which contained 135 mM NacCl, 5
mM KCI, 5 mM, 1 mM CaCl,, 1 mM MgCl, and 10 mM HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)/Tris. Immediately, 1M glucose, 20 mM nicotinamide
adenine dinucleotide (NADH) and lactate dehydrogenase (LDH) enzyme were added
and the absorbance at 340 nm was started to be monitorized. The resulting pyruvate is
subsequently converted to lactate by lactate dehydrogenase at the expense of
oxidation of NADH and this oxidation of NADH to NAD" is monitorized as a decrease in
absorbance at 340 nm. Five minutes after starting, NAM was added. The slope was

used to check the piruvate flux.

A.14. Plasma membrane permeabilization.

Plasma membrane integrity was assessed by the entry of the vital dye SYTOX
Green modifying the protocol described by Luque-Ortega and Rivas [169]. Briefly, the
parasites were resuspended at a density of 4 x 10° parasites/mL in supplemented HMI-
9 medium with 1 uM SYTOX Green at final concentration. A total of 100 pL of the cell
suspension were transferred to 96-well microplate and incubated for 10 min at 37° C.
The volume of each well was completed to 200 pyL with prewarmed complete HMI-9
medium or with the same medium supplemented with NAM. The fluorescence, due to
the binding of the dye to intracellular nucleic acids, was measured during 2.5 hat 37° C
using 485-nm excitation and 520-nm emission, with an Infinite F200 microplate reader
(Tecan Austria GmbH, Austria). Control for maximum fluorescence was achieved by
addition of 0.1% Triton X-100.

A.15. Phosphatidylserine exposure assay.

Harvested control and NAM treated T. brucei bloodstream forms (2-5-10°

cells/mL) were washed with annexin V binding buffer (10 mM HEPES, 140 mM NacCl,
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3.3 mM CaCl,) and resuspended in 100 pL. Five yL commercially available annexin V-
FITC solution (Bender MedSystems) were added to each sample followed by
incubation for 15 min in the dark at room temperature. After a final wash, the pellet was
redissolved in annexin V binding buffer plus 10 uL Pl (20 pg/ mL). Stained samples
were immediately analyzed by flow cytometry using a FACSCalibur flow cytometer.

Data were analyzed with FlowJo software.

A.16. In vivo therapy experiments.

Female C57BL/6J mice (8-week-old; Jackson Laboratories) were intra peritoneal
injected with 5000 parasites of T. brucei pleomorphic strain AnTat1.1. NAM (12.2
mg/mouse) were i.p. administered every day starting 1 day after infection. Control mice
received PBS. Survival was monitored every day. Parasitemia was determined daily by
counting the number of trypanosomes in tail-vein blood with an optical microscope with

Neubauer chamber.
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Objective B: Generation of nanobody phage display library constructed against

recombinant T. brucei Oligopeptidase B.
B.1. Camelid immunization.

An alpaca (Vicugna pacos) received six injections of 1 mg of recombinant T.
brucei Oligopeptidase B (TbOPB) at weekly intervals. Serum was collected prior to
each injection to follow the immune response against the immunogen. Forty-five days
after the first injection, 50 mL of anti-coagulated peripheral blood was collected from

the alpaca.

B.2. Isolation of peripheral blood mononuclear cells by density gradient

centrifugation.

Anti-coagulated peripheral blood was diluted with sterile normal saline solution.
The PMBCs were isolated by Ficoll-hystopaque density gradient centrifugation
(dentisity 1,007 g/L, Sigma-Aldrich). Briefly, the diluted blood was loaded onto the
gradient solution. After centrifugation at 800 g for 20 minutes without brake at room
temperature, four layers were obtained. From the top: 1% plasma, 2" PBMCs, 3™ Ficoll-
hystopaque and 4™ granulocytes and erythrocytes. The PBMCs layer was carefully
collected and washed-twice with PBS at 200 g to remove the platelets. The PBMCs

pellet was resuspended in 5 mL of PBS and counted in Neubauer camera.

B.3. Heavy chain’s variable domain (VHH) of H-chain antibodies library

construction.

B.3.1. RNA extraction and retrotranscription.

Total RNA from 10" of PBMCs was extracted using TRIZOL Reagent (Invitrogen)
according manufacturing specifications. In the subsequence step, the first strand cDNA
was synthesized from 40 ug total RNA using SuperScript Ill Reverse Transcriptase
(Invitrogen) and Oligo-dT,, primer. Cycling parameters were: 1 cycle at 42° C for 60

min; 1 cycle at 70° C for 20 min.

B.3.2. Amplification of VHH sequences (Nbs repertoire).

Gene fragments encoding the variable regions (VH and VHH) up to the constant

domain 2 of the heavy chains of all camelids immunoglobulins were amplified from
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cDNA with the specific primers CALL0O01 (5’-GTC CTG GCT GCT CTT CTA CAA GG-
3’) and CALLO02 (5-GGT ACG TGC TGT TGA ACT GTT CC-3’). Polymerase chain
reaction (PCR) was performed with FastStart Taq DNA polymerase (Roche) and the
followings PCR parameters: 32 cycles at 94° C, 1 min; 55° C, 1 min; 72° C, 1 min. The
PCR product of 700 base pair (bp) corresponding to the VHH-CH2 exon was purified
and used as template in a second PCR. In order to amplify specifically the VHH
sequences (Nanobodies repertoire). The nested primers were AGE (5°-GAT GTG CAG
CTG CAG GAG TCT GGR GGA GG-3’) and 38 (5-GGA CTA GTG CGG CCG CTG
GAG ACG GTG ACC TGG GT-3’) which anneal to the framework-1 and framework-4
regions of the variable domains. These primers carried restriction sites (Pst | at the 5’
end and Eco91l (Bst Ell) at the end 3’) to facilitate the next cloning step. PCR was
performed with Fast Start Tag DNA polymerase (Roche) and the cycling parameters
were: 20 cycles at 94° C, 1 min; 55° C, 1 min; 72° C, 1 min.

B.3.3. Cloning of Nbs repertoire into the phagemid vector pMESA4.

First, 100 ug of the purified Nbs repertoire fragment and 60 ug of the phagemid
vector pMES4 (GenBank: GQ907248.1) were double digested with Pst | (Fermentas)
and Eco91l (Bst Ell) (Fermentas). Ligation reaction was performed at 16° C, overnight,
using T4 ligase (Roche). Ligation product was transformed by electroporation in fresh
electrocompetent Escherichia coli TG1 cells (amber-TAG suppressor strain). Then,
transformed cells were plated on big square (24 x 24 cm) LB-agar/ampicillin/glucose
plates. To know the size of our library, ten-fold serial dilutions of the original
transformed cells were made and 100 pL of dilutions 10, 10 and 10° were plated on
90 mm diameter LB-agar/ ampicillin/glucose plates. After overnight incubation at 37° C,
the library size was calculated multiplying the number of colonies obtained in each
plate by the dilution factor and by the total of millilitres of transformed cells. All colonies
from the big plates were collected and stored in LB/ampicillin with 20% glycerol at -80°
C.

The percentage of colonies with the right insert size was determined by direct
PCR on bacterial colonies (colony PCR). The primers used were MP57 (5-TTA TGC
TTC CGG CTC GTA TG-3’) and GllI (5°-CCA CAG ACA GCC CTC ATA G-3’) which
anneal to Lac UV5' promoter and M13 gene Il present in the flaking region of the
pMES4 vector multiple cloning site. PCR was performed with Taqg DNA polymerase
(Roche) and cycling parameters were: 20 cycles at 94° C, 45 s; 55° C, 45 s; 72° C, 45

S.
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B.4. Selection by biopanning of antigen-specific Nbs from phage display
library.

B.4.1. Preparation of the phages.

The Nb library was displayed on phage particles after M13K07 helper phage
infection of the transformed E. coli TG1 cells. This method produces virus particles with
the cloned Nbs at their tips due to the M13 gene Il of the phagemid pMES4 vector.
Gene lll encodes the M13 plll protein, a virion surface protein located at one end of
M13 tubular virion structure. It is a relative flexible and accessible molecule composed
of two functional domains: an N-terminal domain that binds to the F pilus of bacteria
during infection and a C-terminal domain buried within the virion that is important for
morphogenesis [170,171,172]. Polypeptides can be inserted between the two domains
of plll [173] or near the N terminus [174] without destroying its functions in

morphogenesis and infection.

Infected E. coli TG1 bacterias containing the library were growth to a mid-
logarithmic in a medium supplemented with glucose which inhibits the Lac UV5
promoter and reduces the expression of the Nanobody-protein (PIIl) fusion protein.
This has two important effects: a reduction of toxicity due to PIlll absence; and the
inability possibility of infecting bacteria with phage because the inhibition of PIlI
expression allows the bacterial F pilus expression. Reached the logarithmic phase,
bacterias were infected with an excess of M13K07 phages (helper phage:bacteria ratio
20:1). Then, glucose was removed from the medium to permit the Nanobody-Plll
protein fusion expression. After overnight incubation, phages particles were isolated
from the supernatant by PEG-precipitation. These phages were identified as phages
from round zero. The concentration of Phage concentration was measured by optical
density at 260 nm (1 O.D. = 3x10' phage particles/ mL). Known phage particle

concentration we proceed to perform the antigen selection.

B.4.2. Panning.

One well of Nunc MaxiSorp® (high protein-binding capacity polystyrene) flat-
bottom 96 well enzyme link immunosorbent assay (ELISA) plate was coated with 5 ug
of recombinant TbOPDB (antigen). After blocking with PBS with 2% of milk powder for
2 h at room temperature, 10"" phage particles from round zero, were added and
incubated to allow specific binding between the antigen (Ag) and Nbs-phages. After
binding, Ag-specific phages were eluted with 100 mM triethylamine (pH 11.0) and
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transferred into a sterile tube and neutralized with 100 pL of 1.0 M Tris—HCI (pH 7.4).
The same protocol was performed in simultaneous on uncoated well to compare the
number of unspecifically bound phage particles. The eluted phages from the coated
well were identified as phages from 1% round of panning. The same protocol was

reproduced from each round of panning.

B.4.3. Amplification of the eluted specific phages for the next round of panning.

Specific antigen phage particles eluted from panning were used in the re-
amplification step to perform new rounds of panning. The eluted phage particles from
the previous round were added to exponential growing E. coli TG1 cells in presence of
glucose. After infection, glucose was removed and the infected cells were incubated
overnight at 37° C at 225 r.p.m. to multiply specific antigen phage particles. Three of

rounds of panning were performed.

B.4.4. Infection of E. coli TG1 cells with eluted phages to calculate the antigen

specific enrichment.

To know the antigen specific enrichment of the round of panning, phage particles
eluted from the Ag coated and uncoated wells were ten-fold serial diluted (0.1-107) and
used to infect E. coli TG1 cells. Infected cells were streaked on a square (10 x 10 cm)
LB-agar/ampicillin/glucose plate. Uninfected E. coli TG1 cells were streaked at the
bottom of the plate (see figure 16). After overnight incubation at 37° C, phage
enrichment was assessed by comparing the number of colonies growth from phages

eluted from Ag coated wells versus uncoated wells [174].

B.4.5. Enrichment phage ELISA.

The antigen specific enrichment after each round of panning (explained above),
was checked by ELISA. As many wells as rounds of panning plus blank were coated
with 100 ng of recombinant TbOPDB in a Nunc MaxiSorp® flat-bottom 96 well ELISA
plate. The same numbers of coated and uncoated wells were blocked with PBS with
2% of milk powder for 2 h at room temperature. From each round of panning, 10"
eluted phages particles were added to the corresponding coated and uncoated wells.
The same procedure was applied to the blank but adding M13K07 helper phages
without Nbs. Detection of bound phage particles was performed with horseradish
peroxidase (HRP) conjugated anti-phage (M13) mouse monoclonal antibody (mAb).

ELISA development was carried out with ABTS (2,2'-azino-di-(3-ethylbenzothiazoline-
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6-sulphonate)) /H,0, solution substrate of HRP. After 5 minutes in the dark, the plate

was read at 405 nm three times each five minutes.
B.5. Identification of good binder nanobodies.
B.5.1. Periplasmic extract (PE) ELISA of the individual colonies.

In each round of panning, the infected cells with phage dilutions from 10 to 107
(section B.4.4.) were used to identify high affinity binders. Several colonies were
induced with Isopropyl B-D-1-thiogalactopyranoside (IPTG) to express soluble Nb. The
isolation of periplasmic extracts containing the expressed Nb was performed by an
osmotic shock. The analysis of the periplasmic fraction (Periplasmic extract-PE) with
the possible Ag-specific Nb was carried out by ELISA. Two controls, consisting in
untransformed TG1 cells and empty pMES4 transformed TG1 cells, were analyzed at
the same time. Wells of four rows of a Nunc MaxiSorp® flat-bottom 96 well ELISA plate
were coated with 100 ng of recombinant TbOPDB and other four rows wells were left
uncoated. After blocking with PBS with 2% of milk powder, 100 yL of PE from each
colony were added to one coated and one uncoated well. The detection of soluble Ag-
specific Nbs in PEs was performed using an anti-hemagglutinin (HA) tag mouse mAb
primary antibody and an alkaline phosphatase (AP) conjugated anti-mouse secondary
antibody. ELISA development was performed with 200 ug of AP-substrate in AP blot

buffer. After 15 min in the dark, the plate was read at 405 nm three times each five min.
B.5.2. Phage ELISA in microtiter plates over positive clones to PE-ELISA.

The positive clones to PE-ELISA were seeded in a flat bottom 96-well microtiter
plate. After growth in presence of glucose, 2x10° M13K07 helper phages were added
to each well to infect the cells. Then, the glucose was removed and the cells were
incubated overnight to multiply specific antigen phage particles. The supernatant with
the particles of phages containing the specific nanobodies on their tips were tested by
ELISA. In this plate were seeded two controls: untransformed TG1 cells and TG1 cells
transformed with empty pMES4 vector (without Nb cloned). The protocol was realized
as describe in section B.4.4. However, the developed was performed using TMB (3,3'-
5,5'-Tetramethylbenzidine) HRP substrate and the reaction was stopped with 2N
H,SO,. After 15 min in the dark, the plate was read at 405 nm, three times each five

min.
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B.6. Sequencing.

The positive colonies tested as binders in the PE-ELISA were analyzed by colony
PCR using the same protocol describe in section B.3.3. PCR products of analyzed
colonies with the correct size (~700 bp) were cleaned up using ExoSAP-IT protocol.
This protocol employs two hydrolytic enzymes: Exonuclease |, which removes residual
single-stranded primers and any irrelevant single-stranded DNA produced in the PCR
reaction; and shrimp alkaline phosphatase (SAP), which removes the remaining
deoxyribonucleotide triphosphate (ANTPs) from the PCR mixture. The sequencing was
perfomed using MP57 primer. The sequence analysis of the sequences was performed
using two softwares: MEGA4 (Molecular Evolutionary Genetics Analysis software

version 4.0.) and Serial Cloner 2.5.
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Objective C: Preparation and evaluation of pentamidine-loaded functionalized
PEGlycated-chitosan nanoparticles coated by a nanobody that target the surface

of T. brucei.

C.1. Preparation of nanobody-coated pentamidine-loaded functionalized

PEGlycated-chitosan nanoparticles.

Synthesis of copolymer chitosan-g-PEG: Chitosan hydrochloride (80 mg) was
dissolved in 11.5 mL of deionized and filtered water. Methoxy polyethylen glycol
carboxylic acid (MeO-PEG-CH,CO.H) (14.2 mg) and N-hydroxysuccinimide (NHS, 1.6
mg) were then added to the solution. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, 21.7 mg) was then added gradually, and the resulting solution was stirred at

room temperature for 22 h. Finally, the solution was ultrafiltered and lyophilized.

PEGlycated chitosan nanoparticles were prepared by a coacervation method
avoiding the use of toxic organic solvents [175]. Briefly, the copolymer chitosan-g-PEG
(1%, w/v) was dissolved in 10 mL of double distilled water (DDW). Then pluronic F-68
and pentamidine were added to the solution at final concentration 1% (w/v) and 0.01 M,
respectively. About 2.5 mL of a solution of sodium sulphate (20%, w/v) was added
dropwise (0.5 mL/ min) to the chitosan solution under mechanical stirring (2,000 rpm).
The stirring was continued for 1 h to ensure the formation of pentamidine loaded
functionalized PEGlycated-chitosan nanoparticles (pentamidine-chNPs). Then, the
pentamidine-chNPs were cleaned by 3 consecutive cycles of centrifugation (30 min at
11,000 r.p.m. in centrifuge machine Centrikon T-124 high-speed centrifuge; Kontron,
Paris, France) and re-dispersion in DDW, until the conductivity of the supernatant was
< 10 uS/ cm (conductimeter Crison micropH 2001, Spain). Finally, a nanobody
(NbANn33) solution at 1 mg/ mL was added to the pentamidine-NPs suspension. The
reaction was left 3 h at 25 + 0.5° C under mechanical stirring (200 r.p.m.). Then, 10 mL
of physiological serum pH 7.4 were added to the suspension and a unique
centrifugation cycle was performed (30 min at 11,000 r.p.m. in centrifuge machine
Centrikon T-124 high-speed centrifuge; Kontron, Paris, France), obtaining the NbAn33-
coated pentamidine-chNPs (NbAn33-pentamidine-chNPs). Non pentamidine-loaded

nanoparticles were prepared in parallel to use as a blank (NbAn33-chNPs).

C.2. Nanoparticles characterization methods.

The geometry of the obtained NPs (size and shape) was studied by high-

resolution transmission electron microscopy (HRTEM, microscopy STEM PHILIPS
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CM20, Netherlands) and by field emission scanning electron microscopy (FeSEM,
microscopy Zeiss DSM 950, Germany). Mean particle diameter (+SD) was determined
by photon correlation spectroscopy (PCS, Malvern 4700 analyzer, Malvern

Instruments, England).

The superficial electrokinetic properties of the NPs were analyzed by
electrophoresis using a Malvern Zetasizer 2000 electrophoresis device (Malvern
Instruments Ltd.). The electrophoretic mobility (us) measurements can distinguish
qualitatively the type of pentamidine incorporation in the NPs: adsorption into the NP
matrix or adsorption on the NP surface. Briefly, the measurements were executed over
0.1 % (w/v) aqueous suspensions of Nb33-chNPs and NbAn33-pentamidine-chNPs as
a function of pH and ionic strength [110]. These measurements were performed after
24 h of contact of NPs in water under mechanical stirring (50 r.p.m.) at 25 + 0.5° C. The
experimental uncertainty of the measurements was below 5%. The theory of O’Brien
and White was used to convert the electrophoretic mobility (ue) into zeta potential (¢

mV) values.

C.3. Determination of pentamidine loaded into the chitosan nanoparticles.

The ultraviolet-visible spectrophotometry (UV-Vis) technique was used to quantify
of the amount of pentamidine loaded to NPs (wavelength of maximum absorbance 261
nm) (spectrophotometer 8500 UV-Vis, Dinko, Spain). After, Nb33-pentamidine-NPs
synthesis the supernatant was obtained by double centrifugation (30 min at 11,000
r.p.m. in centrifuge machine Centrikon T-124 high-speed centrifuge; Kontron, Paris,
France) and the amount of pentamidine was measured by the described technique.
Drug incorporation to NPs was expressed in terms of pentamidine entrapment
efficiency (%) (Encapsulated drug [mg]/total drug in the NP suspension [mg] x 100)

and pentamidine loading (%) (Encapsulated drug [mg]/carrier [mg] x 100).

C.4. Invitro release studies of pentamidine from chitosan nanoparticles.

The study of pentamidine released was performed using the NbAN33-
pentamidine-NPs with the maximal entrapment efficiency reached. The assay was
performed at 37 + 0.5° C , in triplicate, following the dialysis bag method (Spectrum
Spectra/Por 6, EE.UU.) using NaOH-KH,PO, pH 7.4 + 0.1 buffer as the release
medium. The bags were soaked in water for 12 h before use. The dialysis bag with
2,000 Da of pore size retained the NPs, but allowed the free pentamidine to diffuse
through the membrane into the release medium. Samples from the released medium
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were taken at different times 0.5, 1, 3, 6, 9 and 24 h, and 2, 3, 4 and 5 days, and
analyzed for the pentamidine content using UV-Vis (at 261 nm). An equal volume of
release medium, at the same temperature, was added after taking the samples to

ensure the sink condition.

C.5. Parasites.

Bloodstream-form of T. brucei monomorphic AnTat1.1 strain (Institute of Tropical
Medicine, Belgium) and an in vitro pentamidine-adapted R25 strain derived from T.
brucei AnTat1.1 strain were grown in axenic culture at 37° C and 5% CO, in HMI-9
medium supplemented with 20% heat-inactivated foetal bovine serum (Gibco)
[176,177]. A stable drug resistance strain was developed from T. brucei AnTat1.1 strain

after several months of selection by increasing pentamidine concentrations.

C.6. Immunofluoresce microscopy.

NbANn33 was labelled with Alexa 488 Fluor monoclonal antibody labeling kit
(Molecular Probes) according to manufacturer's instructions. T. brucei AnTat1.1
parasites were harvested and resuspended at 4 x 10° parasites/ mL in TDB and kept in
ice 30 min. An unstained sample was taken and fixed in 4% PFA at final concentration,
before addition of Alexa 488-labelled NbAn33. Once added the Nb, parasites were
incubated at 37° C and aliquots of 50 uL were taken at 0.5, 5 and 10 min and fixed
immediately in 4% PFA at final concentration. Then, the remaining cell suspension was
twice washed with prewarmed TDB by spin at maximal revolutions to remove Nb
excess. Finally, the parasites pellet was resuspended in 150 L of prewarmed TDB and
incubated a 37° C. Immediately, an aliquot was taken and fixed corresponding to
control point 15 min. The rest of the parasites were fixed at control points 20 and 25
min. After fixing, each sample was washed three times and spread on poly-L-lysine-
coated slides. Then, they were mounted in DAPI-containing Vectashield medium
(Vector Laboratories, Burlingame, CA, USA). Image acquisition was performed with an
inverted Olympus 1X81 microscope equipped with 3x/100x objectives and CCD camera
(Orca CCD; Hamamatsu), and Cell R IX81 software. Deconvolution of 3D images was

performed using Huygens Essential software (version 2.9; Scientific Volume Imaging).

C.7. Trypanotoxicity assay.

As described in Materials and methods, objective A, point A.3 with some

modifications. Exponentially growing parasites were harvested and prepared at initial
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density of 2 x 10° trypanosomes per mL to ensure that cells were in logarithmic growth
phase during the entire experiment. Then, 50 uL of trypanosome culture were added to
each well of flat-bottom 96 well plate containing doubling dilutions of the drugs (50 pL),
excepting for two rows which received only media. Eleven dilution points were tested,
ranging from 680 uM to 165 pM in final pentamidine concentration. In the case of
diminazene aceturate the range was between 2 yM and 2 nM. Cultured plates were
incubated at 37° C in an atmosphere of 5% CO, for 20 h, before the addition of 20 uL
of the colorimetric viability indicator resarzurin sodium salt (Sigma, R7017) at 0.5 mM.
After further 4 h incubation, the reaction was stopped by addition of 50 yL of SDS 3%.
The plates were read on a Tecan Infinite F200 reader (Tecan Austria GmbH, Austria)
using an excitation wavelength of 535 nm and an emission wavelength of 590 nm. The
experiment was performed with six replicates per concentration and repeated at least
in three occasions. The results of fluorescence were normalized to the 100% of the
control. The IC50 value was determined by log (inhibitor) vs. normalized response -

Variable slope using the GraphPad Software.

C.8. Invivo therapy experiments.

Animal experimental protocols were approved by the Ethics Committee of the
Spanish Council of Scientific Research (CSIC) as Materials and methods, Objective
A: nicotinamide, point A.1. The drug delivery system NbAn33-pentamidine-chNPs
was tested in vivo against monomorphic AnTat1.1 strain using a modification of the
approach previously described [178,179]. Briefly, five female C57BL/6J mice (8-week-
old; Jackson Laboratories) per group were intraperitoneally infected with 10* parasites.
Once detected parasites in blood, at day 3 after infection, the mice were treated daily
on four consecutive days. The dosages used for each group were pentamidine 2.5
mg-kg™”; pentamidine 0.25 mg-kg™"; pentamidine 0.025 mg-kg™"; NbAn33-pentamidine-
chNPs 0.25 mg-kg™” and NbAn33-pentamidine-chNPs 0.025 mg-kg™'. Control mice were
either left untreated (physiologic serum) or received pentamidine-free NbAn33-chNPs.
We followed the parasitemia by counting the number of trypanosomes in tail-vein blood
with an optical microscope with Neubauer chamber every day during the first week,
and afterwards, a once per week until 60 days post-infection. Mice survival was
monitored and recorded every day until 60 days post-infection. Mice were considered

cured when there was no parasitemia relapse detected in the 60 days period.

58




Material & methods Nanobody-coated nanoparticles: objective C

C.9. Molecular biology.

Trypanosomes bloodstream forms were harvested from culture. RNA was
extracted using TRIzol reagent (Invitrogen Life Technologies), according to the
manufacturer’s protocol. For first strand cDNA synthesis, SuperScript Ill Reverse
Transcriptase (Invitrogen) was used with Oligo-dT,, primer. Genomic DNA was
extracted using DNAzol reagent (Invitrogen), according to the manufacturer’s protocol.
The TbP2/AT1 (adenosine transporter 1) complete genomic sequence (TriTrypDB
Tb927.5.286b) was amplified by PCR using the specific primers AT1F (5° ATG CTC
GGG TTT GAC TCA GC 3’) and AT1R (5’ CTA CTT GGG AAG CCC CTC AT 3’) [180].
The PCR was performed with AccuTherm™ DNA polymerase (Genecraft Germany)
with the followings parameters: 1 cycle of 95° C for 2 min and 35 cycles of (95° C, 50 s;
50° C, 50 s; 72° C, 2.5 min). To determine the expression of ThbAT1/P2 a RT-PCR,
using the synthesized cDNA, was performed using the AT1F primer and AT1seq2 (5’
CAT ACT TGT AGT ACT CGA TG 3). Thermal cycling was carried out as follows: 1
cycle of 95° C for 10 min and 35 cycles of (95° C, 50 s; 47° C, 50 s; 72° C, 2.5 min).
The PCR products were purified and sequenced. The AQP2 (Aquaglyceroporin 2)
(TriTrypDB Tb927.10.14170) and AQP3 (Aquaglyceroporin 3) complete genomic
sequences (TriTrypDB Tb927.10.14160) were amplified with AccuTherm™ DNA
polymerase (Genecraft Germany) using the forward primer AQP2/3F (5 GCT CCA
GAA AAT CAG AAT GC 3') and the reverse primers AQP2R (5' GCG AAG GGT ATT
GAC GGT TA 3') and AQP3R (5'- GTG CCA CAC TAA TCT GCA TG -3'), respectively.
The PCR conditions were: 1 cycle of 95° C for 2 min and 35 cycles of (95° C, 50 s; 47°
C, 50 s; 72° C, 2.5 min). The PCR products were purified and sequenced. Two internal
forward primers were designed to confirm the chimeric AQP2/AQP3 sequence; AQP2Fi
(5' GAG CGG TGG GAT GCA GAT G 3') and AQP3Fi (5' CGC CAC GGT TAT CAT
TGATGG G 3').
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Objective A: Trypanocidal effect of nicotinamide in T. brucei: phenotype and

target identification.

A.l. Results.

A.1.1. NAM inhibits cell growth and induces morphological changes in

bloodstream forms of T. brucei.

The trypanocidal effect of NAM on T. brucei bloodstream cells was evaluated by

measuring parasite mediated reduction of resarzurin sodium dye.
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Figure 7. (A) Bloodstream forms growth curve after NAM treatment at different
concentrations. Results are expressed as mean of three different experiments. (B) Curve
dose response (cell viability percent versus NAM concentration). The IC50 value was
determined by log (inhibitor) vs. normalized response - Variable slope using the GraphPad
Software (C) Analysis of the morphological phenotype after different times of treatment. Fixed
parasites DAPI-stained were observed by DIC -Differential Interference Contrast- (bottom line)
and fluorescence microscopy (top line) (DAPI fluorescence is shown in white). (D)
Quantification of abnormal cells. The percent of abnormal cells were determined by counting
at least 200 cells. Statistical significance, P < 0.0001, was determined by a Chi-square test
using the GraphPad Software.

NAM showed a dose dependent effect on cell proliferation and completely

inhibited cell growth at 25-50 mM concentration range (Fig. 7A). Half-maximal inhibitory
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concentration (IC50) and 95% inhibitory concentration (IC95) were 9.541 mM
(Standard deviation [SD] £ 1.015) and 49.412 mM (SD * 3.15) respectively (Fig. 7B). At
these concentrations non effect on growth was observed in the 293T human renal
epithelial cell line (data not shown). The IC50 in this human cell line was significantly
higher (175 mM, SD + 4.45) compare to that on T. brucei bloodstream forms.
Moreover, similar range of concentrations (mM range) has been previously shown to
exert non undesired effect on mammalian cell viability [181,182]. The 1C95 (50 mM)

was chosen to carry out the rest of this study.

Morphological changes in T. brucei treated cells were monitored by light
microscopy. NAM induced an enlargement of the posterior end of the cell and this
morphological abnormality was evolving with time (Fig. 7C). After six hours of
incubation about 40% of the cell presented swollen flagellar pocket/endosomal

compartment and by 24 hour 84% of the parasites had this morphology (Fig. 7D).

A.1.2. NAM causes cytokinesis defect, cell-cycle arrest at G2 phase and cell
death.

In African trypanosomes the different phases of the cell cycle can be monitored
by the configuration of the mitochondrial DNA, named kinetoplast (K), and the nucleus
(N). Cell containing a single nucleus and kinetoplast (1N1K) are in G1 phase. A
configuration of two kinetoplasts and one nucleus encloses cells in S phase and
mitosis. Post-mitotic cells are those with two nucleus and two kinetoplasts (2K2N). Cell
counts using DAPI-stained bloodstream cells (Fig. 8A) showed that the ratio of cells
with one kinetoplast and one nucleus (1K1N) decreased from 83.8 % (Standard
deviation [SD] £ 3.29, n = 200) in control cells to 59.9% (SD * 8.76%, n = 200) and
46.6 % (SD % 7.96%, n = 200) after 6 and 24 h of NAM treatment respectively. Cells
with two kinetoplasts and two nuclei (2K2N) increased from 5.3% (SD £ 0.63%, n =
200) in the control cells to 9% (SD £ 3.36%, n = 200) after 24 h of incubation with NAM.
Finally, aberrant cells containing several nuclei and kinetoplasts increased from 0.7%
(SD £ 0.93, n = 200) to 10.2% (SD * 0.33, n = 200) indicating that treated population of
parasites was arrested in cytokinesis after completing several rounds of DNA synthesis

and mitosis.

The increment in the number of aberrant cells suggested that the cell cycle was
affected by NAM treatment. To further analyze this effect bloodstream forms were
incubated in the presence of NAM and their DNA content was determined by

measuring propidium iodide incorporation and flow cytometry analysis. Like previous
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analyses of trypanosome populations [183,184], the percentage of cells at the different
cell cycle phases in untreated cells presented a classical cell cycle distribution for
bloodstream trypanosomes (Fig. 8B), having a major Go/G; population (2C; 48.38%,
SD + 4.93), with small S phase (active DNA synthesis; 17.22%, SD + 3.26) and G,/M
populations (4C; 34.37%, SD % 4.75). However, the percentage of cells at Go/M phase
clearly increased to 64.42% (SD % 6.60) and 75.42% (SD £ 9.55) after 6 and 24 h of
NAM incubation respectively. Finally, this analysis also provided the proportion of dead
cells represented by SubG, population (Fig. 8C). After 6 h of treatment with NAM the
percentage of dead cells was 16.04% (SD + 0.93) reaching up to 49.59% (SD * 8.55)
at 24 h of treatment and about 100% after 72 h.

The results indicate that NAM induces cell cycle arrest at Go/M phase and

interferes with cytokinesis in T. brucei bloodstream forms.
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Figure 8. (A) Paraformaldehyde fixed parasites were counterstained with DAPI to determine the
number of cells containing one nucleus (N) and one kinetoplast (K), 1N2K, 2N2K and nNnK
(Aberrant cells). NAM treated (6 h and 24 h) and untreated parasites were analyzed. Results are
expressed as mean = SD of three experiments. Below graph are shown the three normal types:
1N1K, 1N2K and 2N2K (top panel); and three examples of aberrant cells: nNnK (bottom panel).
(B) Percentages of cells in G4, S, and G, phases at 0, 6 and 24 h. Percentages were determined
using the CellQuest software (relative to the 100% of live cells, avoiding SubG4) and represent
the mean £ SD of three independent experiments. (C) FACS analysis of bloodstream forms
stained with Pl as describe in materials and methods to analyze the DNA degradation (SubG1
percent) after NAM treatment. Data are showed as mean + SEM of three different experiments.
The percentages were determined using the CellQuest software. Statistical significance (***, P <
0.001 99.9% Confidence interval) was determined by a Tukey's multiples comparison test
between treated versus control (untreated).
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A.1.3. NAM inhibits endocytosis.

We have shown that NAM induces enlargement of the flagellar pocket/endosomal
region. Transmission electron microscopy was used to further delineate the

ultrastructural alterations induced by NAM in bloodstream T. brucei.
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Figure 9. (A) T.E.M. (Transmission electronic microscopy) analysis of bloodstream forms after
NAM treatment. N, nucleus; K, kinetoplast; F, flagellum; FP, flagellar pocket. Scale bars: 1um.
(B) FACS analysis to compare the increase of acid organelles after NAM treatment.
Bloodstream forms after different times of NAM treatment were stained with acidotropic dye
LysoTracker Green DND-26. (C) Dextran-FITC accumulation. Untreated trypanosomes as well
as NAM pre-treated parasites were incubated for 1 hour with Dextran-FITC particles, fixed and
analyzed by fluorescence microscopy.

Significantly, in many sections taken after 3-6 hours of NAM treatment the
flagellar pocket was grossly enlarged, as revealed by the relative size of the flagellum
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compare to the lumen of the pocket (Fig. 9A). Furthermore, multiple flagella within the
flagellar pocket were also observed in some sections supporting the failure to complete
the process of cell division. The enlargement of the flagellar pocket observed in
electron micrographs correlated well with the presence of the enlarged vacuole
observed by light microscopy in Fig. 7C. Moreover, accumulation of membranous
structures, probably endosomes, to form multivesicular bodies could be detected in
some cross sections after 3h and 6h of incubation with NAM (Fig. 9A). This increase in
the number of intracellular acidic organelles was confirmed by FACS analysis after

staining with acidotropic dye LysoTracker Green DND-26 (Fig. 9B).

In bloodstream trypanosomes enlarged flagellar pocket morphology, known as
the “big eye” phenotype, is associated with the inhibition of the endocytosis process
[80]. We next tested whether NAM affects endocytosis by measuring FITC-dextran
(MW 10,000) uptake by bloodstream trypanosomes treated with NAM for 3 and 6
hours. A decrease of 75% and 95% in the uptake of FITC-dextran uptake respectively
was observed (Fig. 9C). These data indicate that at mid-term NAM treatment interferes

with the endocytosis process in bloodstream forms of T. brucei.

A.1.4. NAM induces lysosome disruption and cathepsin B-like (TbCatB)

inhibition.

In order to identify perturbations in trafficking and pocket targeting systems we
probed NAM treated cells with an antiserum to p67, a T. brucei lysosomal type |
membrane glycoprotein [88]. In untreated bloodstream trypanosomes p67 stained a
discrete organelle between the kinetoplast and the nucleus (Fig. 10A). In contrast, in
treated cells p67 labeled several smaller vesicles (Fig. 10A) suggesting that NAM

promoted disruption of the lysosome integrity in bloodstream trypanosomes.

We next analyzed whether NAM alters lysosomal function. For this purpose,
protease activity was measure in total cellular extracts from control and treated cells
using the fluorogenic peptide substrate Z-RR-AMC at pH 6.0. Surprisingly, cathepsin B
activity dropped immediately after NAM addition, reaching 27.10% (SDz 4.07) with
respect to control cells within the first minute of incubation (Fig. 10B). After 30 minutes
of treatment protease activity was 12.93% (SDzx 5) with respect to control and then
remained constant (Fig. 10B). These results indicate that NAM inhibits cathepsin b

protease in bloodstream trypanosomes.
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Cathepsin B-like is a lysosomal protease responsible of transferrin degradation in
bloodstream form of T. brucei. Transferrin is the unique source of iron for the parasite
and is internalized from the host through receptor mediated endocytosis. The host

transferrin is then rapidly degraded in the lysosome.
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Figure 10. (A) Localization of p67. Untreated (Control) and NAM-treated (3 and 6 hours).
Green, p67. Red, BIP. Blue, DAPI (N, nucleus; K, kinetoplast). (B) Cathepsin B activity in
parasites extracts was monitorized using the fluorogenic peptide substrate Z-RR-AMC. AMC
release was measured at an excitation wavelength of 350 nm and emission wavelength of 460
nm. The data were normalized to the 100% of activity of the control. Three different experiments
were performed. Values are mean = SD standard deviations of all experiments. Statistical
significance (***, P < 0.001 99.9% Confidence interval) was determined by a Bonferroni's
multiples comparison test treated versus control. (C) Transferrin Alexa 488 uptake and

accumulation analyzed by FACS. Results are expressed at mean + SEM of three independent
experiments.

In order to confirm the inhibitory effect of NAM on cathepsin B-like protease,
bloodstream forms were incubated with Alexa 488-labeled transferrin in a time course
endocytosis assay and analyzed by flow cytometry. As expected, in the presence of the
cathepsin B inhibitor Z-Phe-Ala-CHN, the intracellular fluorescent signal rose within the
first 10 minutes indicating Alexa 488-transferring uptake and then remained constant
due to accumulation of undegraded transferrin. In the absence of a cathepsin B
inhibitor there was an increase in the intracellular fluorescent signal within the first 5

minutes and then declined indicating an initial intracellular accumulation of Alexa 488-
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transferrin followed by a rapid protein degradation (Fig. 10C). Finally, in bloodstream
trypanosomes incubated with NAM a slower but continuous increase in the fluorescent
signal was observed over the time course experiment suggesting an inhibitory effect on
transferrin uptake and degradation (Fig. 10C). These results suggest that the inhibition
of endocytosis observed in bloodstream form of T. brucei treated with NAM is not due

to TbCatB protease inhibition.

Finally, in order to determine whether NAM exerts its inhibitory effect directly on
Cathepsin B protease or this is an indirect effect we expressed and purified
recombinant TbCatB. As previously reported [167], expression of the TbCatB zymogen
leads to secretion of both zymogen and mature forms of TbCatB (42 and 31 kDa,
respectively) from P. pastoris (Fig. 11A). Protease activity was monitored using the
fluorogenic peptide substrate Z-RR-AMC at different NAM concentrations. IC50 value
on recombinant protein was 2.14 mM (SD + 0.09). As shown in Fig. 11B, TbCatB

protease activity was completely inhibited at 25 mM.
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Figure 11. (A) SDS-PAGE gel of purified recombinant TbCatB. Crude protein was desalted,
concentrated, and purified by anion exchange chromatography. Crude protein (lane 1), column
flow-through (lane 2), and fractions (lanes 3-5) were resolved by SDS-PAGE and visualized by
silver stain. Note both the zymogen at 42 kDa and more abundant mature form at 31 kDa (lane
4). (B) Purified recombinant TbCatB activity was monitorized using the release of AMC after
hydrolysis of the specific substrate Z-RR-AMC. Data are mean + SD of six replicates in three
different experiments. Control: non-treated. NAM: 25 mM. Blank: Z-RR-AMC without protein.

A.1.5. NAM treatment and cell death markers in bloodstream trypanosomes.

In order to gain insight into the trypanocidal effect of NAM, several classical cell
death markers were analyzed. We first set out an experiment to study the effect of
NAM on the bioenergetic state of the cell by monitoring total ATP levels. Intracellular

ATP content was measured using CellTiter-Glo luminescent assay (Promega).
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Figure 12. (A) Relative ATP levels after NAM treatment. The bars represent the mean + SD of
three independent experiments. (B) Time course of intracellular ATP drops after NAM treatment.
ATP levels were calculated relative to 100% of the control. Data are the means + SD from three
independent experiments. (C) Relative fluorescence percent of SYTOX Green. The
fluorescence of the nuclei acid dye was used to measure parasites with compromised
membranes. The values were normalized to the 100% for maximum fluorescence achieved by
addition of 0.1% Triton X-100. (D) Pyruvate efflux measure. Pyruvate production was quantified
by monitoring the kinetics of NADH oxidation (absorbance at 340 nm). (E) Analysis of
phospatidilserin exposition. FACS analysis of bloodstream forms stained with Annexin V-FITC
and Pl as describe in materials and methods. Bars represent the mean + SD of three
independent experiments. The percentages were determined using the CellQuest® software.
Statistical significance (***, P < 0.0001 99.9% Confidence interval) was determined by a
Bonferroni’s multiples comparison test between treated versus control (untreated). A
representative overlay dot plot, performed with FlowJo software, to compare the difference of
populations among NAM-treated and untreated.
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As shown in Fig. 12A, ATP declined about 28 % (SD % 0.01), 31% (SD £ 0.08)
and 69% (SD % 0.05) after 3, 6 and 24 hours of treatment with NAM, respectively. Next,
a time course experiment was conducted to determine the kinetics of the ATP fall.
Bloodstream trypanosomes were incubated in the presence of NAM and samples were
taken at different time points as indicated in Fig. 12B. A progressive decrease in
intracellular ATP levels was observed within the first 60 minutes and then remained
constant until the end of the experiment (120 minutes). The results show that in T.
brucei bloodstream forms the intracellular ATP drop is an early event within the

programmed cell death triggers by NAM.

Glycolisis is the sole source ATP production in bloodstream trypanosomes. We
investigated whether the ATP fall induced by NAM was due to an inhibitory effect on
glycolisis. For this purpose, pyruvate production was quantified by monitoring the
kinetics of NADH oxidation produced during pyruvate efflux. No changes in pyruvate
efflux rate was observed after NAM addition indicating that glycolisis was not inhibited
(Fig. 12C).

Next cell death marker analyzed was cellular membrane integrity. Plasma
membrane disruption was assay with SYTOX green, a high affinity nucleic acids stain
that is impermeant to live cells but penetrates compromised cell surface membranes
[185,186]. The plasma membrane of bloodstream forms appeared unharmed during
the first 60 minutes of incubation with NAM. After this time point, the SYTOX green
fluorescence signal was increasing slowly for 90 minutes, reaching a 40% of the
maximal permeabilization obtained by the addition of detergent (Fig. 12D). These
results suggest that NAM compromised bloodstream membrane integrity after a

relative short period of incubation.

The externalization of phosphatidyl serine was next analyzed. In mammalian
cells, during the early stages of apoptosis, phosphatidyl serine becomes exposed on
the outside of the cell membrane. In vivo, this is a signal to phagocytes to engulf the
dying cell before it loses its plasma membrane integrity and releases inflammatory
mediators into the surroundings. This early stage of apoptosis can be specifically
detected by phosphatidyl serine binding proteins, like annexin V. During the early stage
of apoptosis, the cell membrane is intact and the cells exclude propidium iodide. Later,
during the apoptotic process in vitro, the membrane becomes porous and propidium
iodide becomes associated with DNA in the nucleus. The uptake of propidium iodide is
an indication of necrosis. Therefore, annexin V/PI double staining was performed (Fig.

12E). T. brucei bloodstream forms were incubated for 24 hours with NAM and then
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phospatidyl serine exposure was quantified by flow cytometry. After 24 h, about 44% of
treated cells were annexin V positive/Pl negative (early apoptotic) (Fig. 12E). In
addition, 25.35% (SD % 3.60) of annexin V-positive/Pl-positive (late apoptotic) and
17.2% (SD % 2.26) annexin V-negative/Pl-positive (early necrotic) bloodstream forms
could be detected after incubation with NAM for 24 h (Fig. 12E).

Altogether, theses results suggest that cell death induced by NAM treatment in
bloodstream trypanosomes shares some biochemical characteristics of programmed

cell death by apoptosis in mammalian cell.

A.1.6. Effects of NAM on T. brucei parasitemia in mice.

The potential in vivo activity of NAM was tested in a murine model of chronic
trypanosomiasis [187]. Mice were inoculated with pleomorphic AnTat 1.1 strain and
NAM was daily administrated starting one day after infection. NAM treatment reduced
and delayed the first peak of parasitemia compared with the control group (Fig. 13A).
The second peak of parasitemia in NAM treated group coincided with the end of the
second peak in control mice. All the infected mice in the control group died before day
40 after infection, while the NAM treated group survived until day 48 (Fig. 13B). NAM
administration reduced the number of parasites in blood and in organs (data not
shown); however the survival was only delayed eight days. No visible adverse effects

were noticed for the administration of high dose of NAM.
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Figure 13. Effects of Nicotinamide in experimental model of chronic trypanosomiasis. Female
C57BL/6J mice were infected with the pleomorphic AnTat1.1 strain of T. brucei. NAM treated
mice (12.2 mg/mouse) were i.p. injected everyday from day 1 after infection. (A) Number of
parasites in the blood of infected animals was counted daily, n=7-10 mice/group. Bars represent
mean * SD. ** P < 0.01 untreated versus NAM-treated. Open circles, NAM-treated. Filled
triangles, untreated. (B) Survival was monitored daily n=7—10 mice/group. Open circles, NAM-
treated. Filled squares, untreated.
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A.2. Discussion.

NAM exhibits antimicrobial activity towards different microorganisms ranging from
bacteria to parasite protozoa, fungi and virus. These studies indicate that NAM has the
potential to be used against different diseases however the antimicrobial mechanism of

action of NAM remains largely unknown.

We have identified cathepsin B-like of T. brucei (TbCatB) as a new target of NAM.
Both, in vitro and in vivo studies have previously shown that TbCatB activity is essential
for T. brucei. Here we report that NAM has an inhibitory effect on bloodstream
trypanosomes cell growth and induces morphological changes clearly detectable by
light microscopy. Electron transmission studies revealed an increase of electrodense
vacuoles in the cytoplasm of treated cells and a gross enlargement of the flagellar
pocket (Fig. 9A). Theses morphological abnormalities are similar to those observed in
studies using cystein protease inhibitors. Treatment of bloodstream trypanosomes with
Z-Phe-Ala-CHN; led to an enlargement of the lysosomal/endosomal region [108,109].
A similar phenotype was observed in cathepsin B-like depleted parasites by RNAi
[110].

Moreover, like in cathepsin depletion, NAM treatment also induced miss
localization of the lysosomal protein p67 suggesting a negative effect on lysosome
function (Fig. 10A). Subsequent transferrin uptake experiments demonstrated that
NAM inhibits host protein degradation, specifically host transferrin. Furthermore, unlike
Z-Phe-Ala-CHN, inhibitor, NAM also interferes with endocytosis in bloodstream
trypanosomes. Both, receptor mediated and fluid phase endocytosis, were affected by
NAM Fig. 9C and 10A.

This observation is in agreement with the gross enlargement of the flagellar
pocket detected by electron transmission analysis. However, as shown in Fig. 10C,
incubation of bloodstream trypanosome with Z-Phe-Ala-CHN, inhibitor did not affected
transferrin endocytosis. In contrast, treatment with cystein protease inhibitors and
cathepsin depletion also induced the swelling of the flagellar pocket [109,167]. Such
enlargement was associated to the accumulation of undegraded protein and the
osmotic consequents that this accumulation might exert on intracellular trafficking
between the flagellar pocket and the endosomal/lysosomal compartment. On the other
hand, several studies have previously shown that the big-eye phenotype is always
associated to failures in the endocytosis process [80]. Thus, our results suggest that

NAM is also targeting unidentified components of the endocytic machinery.
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NAM treatment induced a cell cycle arrest at G, phase and a block in cytokinesis.
Both phenomena have been also described in ThCatB RNAI cells and are likely to be
due to a downstream effect of inhibition of lysosomal function (protein degradation).
Cathepsin B depleted and NAM treated parasites were able to complete several rounds
of genomic and kinetoplast replication and mitosis as evidenced by the appearance of
multiple kinetoplasts and nuclei but were not able to carry out cytokinesis. It was
proposed that TbCatB might be involved in microtubule regulation or alternatively cell
cycle arrest and lack of cytokinesis are both an indirect effect of iron depletion because

the incapacity of the parasites to degrade transferrin.

In order to further analyze the mechanism of cell death induced by NAM several
cell death markers have been analyzed. The drop of ATP level is an early event in cell
death induced by NAM (Fig. 12B). However, glycolisis, the unique source of ATP
production in bloodstream trypanosomes, was not affected by NAM treatment. No
change in the rate of pyruvate production was observed after NAM addition (Fig. 12C).
Thus, this might be a consequence of the inhibition of transferrin degradation

considering that iron is important for viability of T. brucei.

The cellular consequences of iron depletion in T. brucei are not fully understood.
Four iron dependent enzymes have been identified so far in African trypanosomes,
alternative oxidase [188,189], superoxide dismutase [190], aconitase [191]and
ribonucleotidereductase [192,193]. Aconitase is a dispensable enzyme since deletion
of both alleles of the single copy gene does not alter cell viability in culture
trypanosomes [194]. Alternative oxidase is an essential enzyme responsible for the
reoxidation of NAM adenine dinucleotide produced during glycolisis.
Ribonucleotidereductase is involved in the reduction of ribonucleotides to
deoxyribonucleotides required for DNA synthesis. Finally, superoxide dismutase
eliminates superoxide radicals which, for instance, are released during generation of
the tyrosyl radical in the R2 subunit of ribonucleotidereductase. Therefore, the
programmed cell death produced by NAM may be due to the indirect effect exerted by
iron deprivation in the activity of these iron dependent enzymes present in bloodstream

trypanosomes.

On the other hand, NAM inhibits several enzymes in which NAM are one of the
end reaction products. For instances, sirtuins proteins, a family of NAD dependent
deacetilase and/or mono ADP ribosyltransferase are inhibited by nM concentration of
NAM. In T. brucei there are three members of the sirtuin family and all of them are

dispensable. The first one characterized is a nuclear protein associated to
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chromosomes and involved in DNA repair [195]. The rest, Tbsir2rp2 and Tbsir2rp3 are
mitochondrial and their function is not known. NAM also inhibits poly ADP
ribosyltransferase, an enzyme involved in DNA repair. A poly ADP ribosyltranferase
activity has been reported in T. brucei [196]. However, the protein has not been
identified so far nor functional characterized. Therefore nothing is known about its

inhibition effect on T. brucei.

Finally, NAM applied intraperitoneally to T. brucei-infected mice at a daily dosage
of 12.2 mg/mouse from days 1 to 26 postinfection had only a slight effect on the course
of parasitemia compared with infected control mice injected with PBS alone. The failure
of NAM to clear the parasites from the blood of the host is probably due to its short
half-life in vivo. From human blood NAM disappears with a half-life of 5 hours [197].
Future work should focus on the development of NAM derivated compounds with
prolonged biological half-lives and selectivity for parasite uptake. Such compounds
may provide a new class of antitrypanosomal drugs specifically interfering with the iron

metabolism of the parasite.

Although NAM exhibits trypanocidal activity a high concentrations this vitamin is
well tolerated and high-dose treatment and it is being used as medication for certain
pathologies [198]. NAM is particularly cheap to produce, to distribute and to deliver to
human. It can be orally administered and cross the blood brain barrier. Thus,
nicotinamide may be a valuable and rational candidate for combination therapy in
areas where African trypanosomiasis are endemic as well as to serve as a lead

compound for drug development.
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Objective B: Generation of nanobody phage display library constructed against

recombinant T. brucei Oligopeptidase B.
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Schematic illustration of generation of Nb library. Flor La Greca, unpublished.

B.1. Results.

B.1.1. PCR amplification of alpaca Nbs repertoire.

Nbs repertoire was isolated by performing PCR amplification on cDNA prepared
from peripheral blood mononuclear cells RNA isolated from an alpaca immunized with
recombinant TbOPB. The primers employed (CALL001/ CALL002) anneal to the leader
sequence and to CH2 exon of camelids immunoglobulins, respectively. Two fragments
were amplified: one fragment of ~900 bp, encoding part of the CH2 exon, the CH1
exon, the hinge region and the variable region of the heavy chain of the conventional
antibodies (VHs); and a second fragment of ~700 bp, encompassing part of the CH2
exon (CH1 exon is absent in HcAbs), the hinge region and the variable region of the
heavy-chain antibodies (VHHs or Nbs) (Fig. 14A). After electrophoresis separation, the
700 bp PCR fragment was used as a template in a second PCR to amplify the specific
sequence of the Nbs repertoire (VHHs sequences).
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Figure 14. (A) Agarose electrophoresis of first PCR. Five different cDNA input concentrations
were assessed (0.5, 1, 2, 3 and 4 yL of cDNA). MW, molecular weight (base pair, bp). (B)
Agarose electrophoresis of second PCR. Three different sets were performed (3 sets: 1, 2 and
3 pL of purified 1% PCR). MW, molecular weight (bp) (C) Agarose electrophoresis of the
digested phagemid pMES4 vector and the digested Nbs repertoire.

The reamplification was performed using a nested pair of primers (AGE/ 38) which
anneal to framework-1 and framework-4 regions of the variable domains, respectively,
leading to the specific amplification of the Nbs sequences repertoire (~ 450 bp
fragments) (Fig. 14B).

B.1.2. Construction of nanobody library.

pelB  Pstl (305)
RBS | Xbal (310)
Bst Ell (325)

Ampicillin resistance

f1 ori

Figure 15. pMES4 map and reference sequence points (GenBank: GQ907248.1). Lac UV5
promoter: bases 143-198; RBS (Ribosome binding site): bases 211-215; pelB (signal peptide):
bases 225-290; Multiple cloning site (Pst I, Xba I, Bst Ell): bases 305-325; His-tag (six histidins
in tandem): bases 340-357; HA-tag (hemagglutinin): bases 361-385; M13 gene lll: bases 391-
1623; f1 ori: bases 1859-2314; ampicillin resistance: bases 2701-3558; rep (pMB1): bases
3721-4335.
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The Nbs repertoire was cloned between the PelB leader sequence (5 end), and
HA (hemagglutinin) and 6His tags (at the 3’ end) present in phage displayed pMES4
vector, to generate Nbs chimeras with PelB leader sequence at the N-terminus and a
6His-tag at the C-terminus (Fig. 15). Cloning in pMES4 vector offers the advantage
that PelB leader sequence leads the Nb to the periplasmic space of the E. coli, where
the sequence is removed by a signal peptidase, facilitating the purification of the Nb.
The HA tags is used for detection when the Nb is expressed in the amber suppressor
strain of E. coli TG1. pMES4 vector contains a stop codon TAG between 6His and HA
tags that is not recognize by TG1 cells. Therefore, Nanobodies expressed in this
bacterial carry both 6His and HA tags at their carboxi-terminal end. However when a
Nb is expressed in a non suppressor E. coli strain, the protein end with the 6His tag
facilitating protein purification. The Nb library was transformed in fresh
electrocompetent E. coli TG1 cells (amber-TAG suppressor strain) and a library of 1.7 x
10® colonies was obtained. A PCR screening on randomly picked colonies showed that
the 74.2 % of the checked colonies contained a plasmid with the expected size of
insert. Only libraries with a size = 10" transformants and with a percentage of right
insert size = 70% are suitable to perform the next step. Moreover, the little differences
in the fragment size between positive colonies gave us information about the diversity

(heterogeneity) of the library (Fig. 16).
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Figure 16. Agarose electrophoresis of colony PCR. White “+” symbol: colonies with correct size
~700 bp (Nb sequence cloned). D: colonies with two copies of Nb sequence (size ~1050 bp).
E: colonies with empty plasmid (size ~350 bp). N: non transformed (no band). MW, molecular
weight (bp).

B.1.3. Phage selection (biopanning).

To perform the biopanning selection, the E. coli TG1 cells harbouring the Nb
library were infected with M13K07 phages to produce virus particles with the cloned Nb
at their tips due to the fusion to M13 gene lll. After overnight amplification, the phages
particles isolated from the supernatant were used to perform serial rounds of panning.
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The enrichment obtained in each round, calculated by comparing the number of
colonies from cells infected with different dilutions of Ag-specific phages versus
unspecific phages, was of 88.4-times, 1030.3-times and 2338.5-times after the first,
second and third round (Fig. 17A) of panning, respectively. As example the enrichment
was calculated comparing the number of colonies counting at the dilution 10 from the
Ag + lane versus the colonies at the dilution 10 from the Ag - lane. Calculation: 152
colonies in dilution 10° lane Ag +; 65 colonies at dilution 10 lane Ag -; enrichment=
(152x10°)/(65x10%)=2338.5 times (Fig. 17A).
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Figure 17. (A) Plate showing the antigen specific Nb enrichment of the third round of panning.
Ag+: cells infected with phages eluted from Ag coated well. Ag-: cells infected with phages
eluted from uncoated well. Blank: uninfected TG1 cells. (B) Phage ELISA. The results from
each round of panning were represented with the ratio of the O.D. 405 nm coated well/ O.D.
405 nm un-coated well compared with the same ratio of the blank (1010 M13K07 phages
without Nbs). Round zero: phages after infection of the library before first panning. Rests of
rounds are phages after pannings.

The enrichment of phages was also visualized by ELISA against recombinant
TbOPB (Fig. 17B). In the first round is expected to identify high number of different Nbs
(high diversity) but with low affinity, however in the third round is expected to identify

less number of different Nbs but with high affinity.

B.1.4. Identification of specific nanobodies.

Randomly selected colonies were tested to identify high affinity binders Nbs for
recombinant TbOPB. After IPTG induction of the colonies, these amber suppressor
cells expressed, in the periplasmic space, a soluble chimera protein made up for the
Nb fused to (6His tag)—-(HA tag)—(plll). The detection of antigen specific Nbs in each
colony was tested by ELISA over the periplasmic extract (PE) using an anti-

hemaglutinin (HA) tag mouse mAb.
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Figure 18. Periplasmic Extract (PE)-ELISA of clones with highest signal. The results were
represented with the ratio of the O.D. 405 nm coated well/ O.D. 405 nm un-coated well
compared with ratio of the blank (untransformed TG1) and with the ratio of the TG1 cells
transformed with empty pMES4

Periplasmic extract (PE)-ELISA performed over 95 different colonies from the first
round of panning showed 65 positive clones; this number was increased in the third
round up to 127 positive clones were identified over 140 colonies tested. After
identification of positive clones in the rounds of panning tested, the 94 clones with the
highest signals (good binders) in PE-ELISA where screened by colony PCR to check
the presence of expected size of insert. The 100% of the clones were positive by PCR
(data not shown) and the sequencing analysis confirmed the heterogeneity of the PCR
amplicons. This analysis put these clones sequences into 33 groups; some of them
were composed of only one clone, other by a couple of clones and others for high
numbers of clones. Checking the positions 42, 49, 50 and 52 (IMGT numbering) of the
Framework-2, and the position 118 of the Framework-4, were identified 30 groups as
Nbs and 3 groups (VH 8, VH 33 and VH 95) were classified as variable domains (VH)
of the conventional antibodies, see supplementary fig. 1 (Amino acids sequences of the
selected Nbs). Within of these 30 groups were selected those clones into with the

highest signal in the PE-ELISA (Fig. 18).
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Phage ELISA
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Figure 19. Phage ELISA in microtiter plates over positive clones to PE-ELISA. The results
were represented with the ratio of the O.D. 405 nm coated well/ O.D. 405 nm un-coated well
compared with the same ratio of the blank (untransformed TG1) and with the same ratio of the
TG1 cells transformed with empty pMES4.

These 33 selected clones, including the VH clones, were growth in a microtiter
plate and, after helper phage infection, were re-checked by a new phage-ELISA. Only
two clones had a weak signal in the new phage ELISA, the clone 33 and 95, both
identified above as VH in the sequencing. All the rest of clones were positive in this
new phage ELISA, including the clone VH 8 (Fig. 19). However the clones with the
highest signal in both ELISAs were Nbs and not VH.

B.2. Discussion.

In the generation of an anti-recombinant TbOPB Nb library we have obtained 30
positive clones good binders Nbs which amino acids sequences consistent with the
camelids VHHs sequence. These good binders Nbs selected and identified by
biopanning have to be characterised in antigen-binding and epitope recognition in their
soluble form. The selected clones have to be transformed into non-suppressor strains
of E. coli WK6 cells to obtain an optimal production of soluble binders. One of the

advantages of the phagemid pMES4 vector versus others phagemid vectors is the
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presence of Hisg-tag sequence. The nanobody sequences, in pMES4, are cloned like a
chimera protein where the nanobody is fused to Hise-tag tail, which is used to purify
directly the Nb by Immobilized Metal Affinity Chromatography (IMAC).

The inclusion of this Chapter in this thesis aims to explain the recombinant gene
technology to obtain Nbs derived from camelids heavy chains antibodies that can be
used to target biological active components [153,154]. Nbs have applications as
biosensors and in diagnosis and treatment of diseases such as trypanosomiasis, or
cancer, due to their small size, stability, solubility and because they are able to

recognize their Ag with high affinity and specificity.
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Supplementary 1. The sequencing was realized with the primer MP57. The analysis of the sequence was made using two softwares: MEGA4 (Molecular Evolutionary Genetics
Analysis software version 4.0.) and Serial Cloner 2.5. The differentiation of the CDR and FR was performing using the IMGT numbering. The positions 42, 49, 50 and 55, and the W
in the first position of the FR4 were used to distinguish between Nanobodies and VH.

82




Results and discussion Nanobody-coated nanoparticles: objective C

Objective C: Preparation and evaluation of pentamidine-loaded functionalized
PEGlycated-chitosan nanoparticles coated by a nanobody that target the surface

of T. brucei.

C.1. Results.

C.1.1. Preparation of NbAn33-coated pentamidine-loaded PEGIycated-chitosan
nanoparticles (NbAn33-pentamidine-chNPs).

NbAn33-pentamidine-chNPs were generated by a coacervation method
(entrapment procedure) which allowed to obtain well-stabilized spherical NPs with a
diameter average size of 130 nm (SD % 30) (Fig. 20A). Zeta ({) potential value analysis
showed no significant differences between the surface charge properties of
pentamidine loaded NPs and empty NPs indicating that pentamidine was trapped into
NPs (Fig. 20B, 20C). The maximal pentamidine concentration loaded into NPs,
expressed as encapsulation efficiency and drug loading capacity, was 67% (SD % 4)
and 11.2% (SD £ 0.5), respectively. The in vitro characterization of pentamidine
release showed a bi-phasic profile: 40% of the encapsulated pentamidine was rapidly
released within the first 12 h while the remaining 60% was released in a constant rate
during the following 4.5 days (Fig. 20D).

A B
_ 05 [KNO,J= 10°M
E 20 it
s 10 Py

-
(=1
=]
.

30 ;
=~ |
= 20 fi

s 10

60
401 ¥

| pH4.0
0 b

20 |u
104 104 107

Released
pentamidine (%)

(=]
L]

l’lﬂ - 4-0 - BIU . 8I0 .1(;0-1&0
Time (hours)

o

[KNO,] (M)

Figure 20. NbAn33-coated pentamidine-loaded PEGIlycated-chitosan nanoparticles
characterization. A. High-resolution transmission electron microscopy (a) and field emission
scanning electron microscopy (b). Bar length: 50 nm. B. Potential zeta value ({ mV) of
pentamidine loaded NPs (full circles) and non pentamidine loaded NPs (open circles) as
function of the pH at ionic strength of 10°M KNOs;. C. Potential zeta value ({ mV) of
pentamidine loaded NPs (full circles) and non pentamidine loaded NPs (open circles) as
function of the KNO; concentration at natural pH (=4.0). D. Release of pentamidine from
NbANn33-pentamidine-chNPs as a function of the incubation time in NaOH-KH,PO, pH 7.4+0.1
buffer as the release medium. 83
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C.1.2. NbAn33is internalized and accumulated in the endocytic pathway.

T. brucei AnTat1.1 bloodstream-forms was incubated in the presence of Alexa-
488 labelled NbANn33. As expected, labelled NbAn33 was immediately detected at the

surface of trypanosomes and internalized by endocytosis within 10 min (Fig. 21).
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Figure 21. Alexa 488-laballed NbAn33 accumulates in the FP. Live bloodstream-forms of T.
brucei monomorphic AnTat1.1 strain were incubated in trypanosome dilution buffer (TDB) at 37°
C with Alexa-488 labelled NbAn33. Samples were taken at 0.5, 5 and 10 min. Then, Nb excess
was removed and the following samples were taken at 15, 20 and 25 minutes after the start of
the assay. Alexa-488 labelled NbAn33 is shown in green. Nuclei and Kinetoplast were stained
with DAPI, in blue. N, nuclei. K, kinetoplast. FP, flagellar pocket.

C.1.3. NbANn33-pentamidine-chNPs improves pentamidine efficiency in T. brucei.

The half-inhibitory concentration (IC50) value of pentamidine on bloodstream T.
brucei was 9.58 nM (SD % 0.27) (Fig. 22). The trypanolytic effect of pentamidine was
remarkably improved when loaded into NbAn33-chNPs. The IC50 value was 0.69 nM
(SD % 0.02) which meant 13.93-fold reduction relative to free pentamidine (Fig. 22). To
evaluate the contribution of NbAn33 to the nanoparticles, the inherent effect of
pentamidine-chNPs non-coated by the NbAn33 was tested in parallel. The trypanocidal
activity of non-coated NPs was higher than pentamidine alone showing an IC50 of 1.94

nM (SD * 0.11) (4.93-fold reduction, Fig. 22), but lower than NbAn33-coated
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pentamidine-chNPs. Controls (NbAn33 alone, chNPs empty and NbAn33-chNPs

empty) did not show any effect in parasites.
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C.1.4. NbAn33-pentamidine-chNPs reduces 100-fold the minimal full curative

dose of pentamidine in mouse model of acute trypanosomiasis.

The minimal full curative dose of pentamidine in mouse model of acute infection
of T. brucei was four doses of 2.5 mg-kg™ administrated daily by i.p. injection in four
consecutive days, starting upon detection of parasites in blood (day 3 after infection).
When mice were treated with 10 times lower pentamidine dose (4 x 0.25 mg-kg™) the
parasites disappeared from the peripheral blood after the third dose (Fig. 23A).
However, the infection relapsed and the mice began to die at day 22 after infection,

curing only a 20% of the treated animals (Fig. 23B)

Once established the suboptimal pentamidine curative dose, we treated mice with
equal dose of pentamidine loaded into NbAn33-chNPs. In this group, clearance of
parasites was complete after the first dose and the treatment was successful, curing
100% of the animals (Fig. 23A-B). Next, a dose 100 times lower than the minimal
curative dose of pentamidine was tested. At that low concentration (4 x 0.025 mg-kg™),
free pentamidine did not cure mice from trypanosome infection. While the parasitemia
levels were slowed down relative to untreated mice, the parasites never disappeared
from the blood, dying 100% of treated mice between the days 7-12 after infection (Fig.
23A-B). Remarkably, treatment with 4 doses of NbAn33-pentamidine-chNPs at 0.025
mg-kg” was able to abrogate the parasitemia after the second dose cured all treated
mice (Fig. 23A-B).
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Figure 23. Therapeutic effect of the NbAn33-pentamidine-chNPs in T. brucei mouse model.
Parasitemia (A) and survival (B) (Kaplan-Meier plot) of female C57BL/6J mice infected with T.
brucei AnTat1.1 (inoculum 1X10* parasites). Groups: NbAn33-pentamidine-chNPs, nanobody-
coated pentamidine-loaded PEGIycated chitosan nanoparticles. NbAn33-chNPs empty, empty
nanobody-coated PEGIlycated-chitosan nanoparticles. Pentamidine, free pentamidine. Vehicle;
physiological serum. Errors bars represent SD.

C.1.5. Generation and characterization of a T. brucei pentamidine resistant cell
line.

All known resistances to pentamidine are associated to mutations in the surface
proteins TbAT1/P2-adenosine transporter or aquaglyceroporin 2 (AQP2) channel
[22,23,24,25,26,27,28,29,199]. We reasoned that pentamidine loaded into
nanoparticles coated by nanobody would be endocytosed by the parasite
circumventing drug resistance. To test this hypothesis a T. brucei resistant clone was

selected after in vitro exposure to increasing concentrations of pentamidine. The
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resistant clone, designated TbR25, was genetic and functionally characterized to

determine whether resistance was due to a mutation in one known pentamidine surface

transporter.
A B
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Figure 24. Pentamidine resistant TobR25 cell line characterization. A. TbAT1/P2 genomic PCR
amplification and expression analysis by RT-PCR. B. IC50 value for diminazene aceturate.
Errors bars indicate SD from 3 independent experiments. C. PCR products of AQP2 and AQP3
genes. D. Schematic illustration of the AQP locus, showing the chimeric gene in R25 strain.

TbAT1/P2-adenosine transporter gene was amplified from wild-type and TbR25
genomic DNA. No differences in length or sequence were observed between both PCR
products. Moreover, no significant change in TbAT1/P2 expression profile was noted
by RT-PCR analysis between both wild type and resistant cell lines (Fig. 24A). Finally,
TbR25 and wild type trypanosomes were equally sensitive to diminazene aceturate
(Fig. 24B), another trypanocidal aromatic diamidine whose uptake is partially mediated
by TbAT1/P2 adenosine transporter. These results ruled out the implication of the
TbAT1/P2 in the resistance mechanism of TbR25 cell line to pentamidine (Fig. 24B)
[200].

We next searched for mutations in the genomic locus encoding the closely related
AQP2 and AQP3 surface channels. Interestingly, semiquantitative genomic PCR
analysis of AQP2/3 genes showed differences in the amount of AQP2 amplification

product between wild type and TbR25 cells (Fig. 24C). Sequencing analysis of AQP2/3
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PCR products revealed the presence of an AQP3/AQP2 chimeric gene instead of
AQP2, The first 453 nucleotides corresponded to AQP3 and the rest, 462 nucleotides,
to AQP2 (Fig. 24D). In contrast, AQP3 sequence was intact. These results suggested
that the mechanism of acquired resistance to pentamidine in the TbR25 cell line could
be due predominantly to the replacement of AQP2 by the chimera AQP3/AQP2.

C.1.6. NbAn33-pentamidine-chNPs overcome pentamidine resistance of TbR25

cell line.

Next, we tested whether NbAn33-pentamidine-chNPs were able to circumvent
pentamidine resistance in our trypanosome resistant cell line. Pentamidine IC50 value
for bloodstream TbR25 was 114.77 nM (SD % 5.08) (Fig. 25). Remarkably, NbAn33-
pentamidine-chNPs reduced the pentamidine IC50 to wild type sensitivity levels 9.87
nM (SD + 0.68). The reduction was 11.62-fold, similar to those obtained in wild type T.
brucei (Fig. 22). Uncoated pentamidine-chNPs also reduced 2.06-fold the IC50

compared to free pentamidine (Fig. 25).

11.62-fold reduction

1o edefoldreduction’ Figure 25. R25 sensitive profile. IC50 was
120 | assessed using an adapted version of the
resarzurin sodium salt procedure, see
material and methods. Gray column: IC50
value for pentamidine. Red column: IC50
value for pentamidine-chNPs.  Blue
column: IC50 wvalue for NbAN33-
40 pentamidine-chNPs. Errors bars indicate
SD from 3-9 independent experiments.
Fold reductions are indicated in the graph.

100 4

IC,, (nM)
8

i N
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C.2. Discussion.

New approaches in currents chemotherapies are focused in the use of targeted
drug delivery systems. In this context, we have validated an immunology-targeted
delivery system which improves selectivity and effectiveness of pentamidine, the drug
of choice in the early stage of T. b. gambiense infection. We have prepared
pentamidine-loaded nanoparticles of chitosan polymer coated by a nanobody (NbANn33)
that target the surface of T. brucei. The optimal characteristics in size, shape,

entrapment efficiency and control drug release control make these nanobody-coated
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nanoparticles suitable for parenteral administration and for efficient deliver of drugs to

African trypanosomes.

The new formulation was significantly more efficient than free pentamidine in
killing trypanosomes. In vitro studies revealed that the half-inhibitory concentration
(IC50) of pentamidine-loaded in nanobody-coated PEGIlycated chitosan nanoparticles
was ~14 fold lower than pentamidine alone (Fig. 22). Interestingly, also pentamidine-
loaded into nanobody-uncoated nanoparticles was more effective against T. brucei
than free pentamidine. This improvement might be the consequence of electrostatic
interactions between the slight positive charges of chitosan nanoparticles with negative
charges present on the parasite cell membrane, boosted by the high rate of
endocytosis of T. brucei bloodstream-forms [54,201,202]. Nevertheless, the
antitrypanocidal effect of NbAn33-coated-pentamidine-chNPs was approximately 9-fold
higher than nanobody-uncoated pentamidine-chNPs, highlighting the crucial role of

NbAN33 in the significant improvement of treatment efficiency.

Remarkably, this new immunologically-targeted delivery system reduced 100-fold
the minimal full curative dose of pentamidine in an in vivo model of T. b. brucei
infection (Fig. 23A-B). The administration of pentamidine-loaded into functionalized
PEGlycated-chitosan nanoparticles protected the drug from rapid degradation and
clearance from the bloodstream. This protecting effect, together with the slow release
from the nanoparticles probably exerts a beneficial effect on the pharmacokinetic

profile of pentamidine.

The emergence of resistance is the major concern nowadays together with the
absence of vaccines. Most of trypanocidal drugs do not diffuse freely across parasite
cell membrane, but several transporters are responsible for their uptake. Initially,
resistance mechanisms have been associated to mutations which reduce drug import.
However, it is not well understood if these mutations could involve overexpression of
drug exporters, loss of drug importers or changes in drug transporter-substrate
specificity [203]. A recent genomic-scale up screening has linked main current HAT
drugs, except nifurtimox, to specific genes encoding surface transporters which are
involved in drug uptake [28]. Eflornithine to amino acid transporter family member
AAT6, suramin to invariant surface glycoprotein ISG75, melarsoprol to adenosine
transporter AT1/P2, pentamidine to P-type H*-ATPases and pentamidine/melarsoprol
cross resistant to aquaglyceroporins, specifically to aquaglyceroporin 2 which controls
the susceptibility to both drugs 2 [28,29].
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The association between resistance and mutations in surface proteins would
explain why TbR25 pentamidine-resistant cell lines were not longer resistant to
pentamidine loaded into chitosan nanoparticles and coated by NbAn33. In a resistant
strain, drug uptake is blocked by the loss of functionality of specific transporters.
However, the NbAn33 introduces the nanoparticles by endocytosis taking advantage of
the natural process of VSG recycling and internalization. This alternative uptake route
make possible that a pentamidine resistant strain due to the substitution AQP2 by a
chimeric AQP3/AQP2 is killed at pentamidine wild-type levels using NbANn33-

pentamidine-chNPs.

This new formulation can be used with the current drugs employed in HAT which
a recent high-throughput screening has linked to genes encoding cell surface
transporters [28]. The development of current antitrypanocidal drugs loaded chitosan
nanoparticles coated by a specific nanobody against trypanosomes can reduce the
minimal curative dose of these drugs, enhancing the efficiency, minimizing the toxicity
and circumventing resistance mechanisms associated to mutation in surface
transporters. The possibilities that offer this targeted nanobody-system are enormous
due to its versatility, as it can be adapted to encapsulate any substance with a reported
trypanocidal action. This opens up a plethora of new possible therapies to treat

Trypanosomal and other parasitic infections.
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Conclussions

1. Nicotinamide, a soluble compound of vitamin B3, possesses trypanocidal
activity. Nicotinamide treatment results in T. brucei cell growth inhibition and
dimorphism of the flagellar pocket, the site for both endocytosis and exocitosis
and the subjacent endocytic compartment. Protease assays on cellular extract
shows that nicotinamide inhibits lysosomal protease cathepsin B and
subsequently blocks endocytosis causing programmed cell death. Moreover,
nicotinamide exerts a direct inhibitory effect on recombinant TbCatB. Therefore,
the trypanocidal activity of nicotinamide is due to direct inhibition of cathepsin-
like B protease. Finally, an in vivo study shows that nicotinamide has an
alleviating effect on infective mice. The results presented here support the

possible use of NAM in HAT therapy.

2. Nanobody-coated pentamidine-loaded chitosan nanoparticles are more efficient
than pentamidine alone in killing trypanosomes. In vitro studies revealed a
notably reduction of the IC50 compared with pentamidine alone. Moreover, an
in vivo experiment in murine model of the acute phase of African
trypanosomiasis determined that the curative dose of pentamidine loaded in
Nb-chitosan nanoparticles was 100 fold lower than pentamidine alone,

improving strongly the efficiency of the pentamidine.

3. Nanobody-coated pentamidine-loaded chitosan nanoparticles are able to
circumvent resistance mechanism associated to cell surface transporters
making that a resistant cell line was not resistant to nanobody-coated

pentamidine-loaded nanoparticles.
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1. La nicotinamida, un compuesto soluble de vitamina B3, posee actividad
tripanocida. El tratamiento con nicotinamida produce en T. brucei, la inhibicion
del crecimiento celular y el dimorfismo de la bolsa flagelar, lugar donde se
producen los procesos endocitosis y exocitosis. La medida de la actividad
proteasa realizada sobre extractos celulares demuestran que la nicotinamida
inhibe a la proteasa lisosomal catepsina B (TbCatB) y posteriormente bloquea
la endocitosis causando muerte celular programada. Ademas, la nicotinamida
ejerce un efecto inhibidor directo sobre TbCatB recombinante. Por lo tanto, la
actividad tripanocida de nicotinamida es debido a la inhibicién directa de la
proteasa catepsina B. Por ultimo, un estudio in vivo demuestra que la
nicotinamida tiene un efecto aliviador de la enfermedad en ratones infecciosos.
Los resultados presentados aqui apoyan el posible uso de la nicotinamida en la
terapia de HAT.

2. La nueva formulacién consistente en nanoparticulas de chitosan cargadas de
pentamidina y recubiertas de nanobody contra T. brucei, mejora notablemente
el efecto tripanocida de la pentamidina sola. Los estudios in vitro revelaron una
reduccién importante de IC50 en comparacion con pentamidina solo. Sin
embargo esta mejora fue incrementada en un experimento in vivo en modelo
murino de fase aguda de tripanosomiasis africana donde se determiné que la
dosis curativa de nanoparticulas de chitosan cargadas de pentamidina y
recubiertas de nanobody era 100 veces menor que la dosis de pentamidina

sola.
3. Este nuevo sistema basado en nanoparticulas recubiertas de nanobodies es

capaz de superar, en ensayos in vitro, los mecanismos de resistencia

asociados a transportadores membrana.
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