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ABSTRACT

Leishmaniasis is a neglected tropical disease affecting approximately a million people yearly. The
disease is caused by intracellular protozoan parasites that belong to the genus Leishmania.
Different Leishmania species cause different clinical forms of the disease, which can present as
self-healing cutaneous lesions or often fatal visceral disease that affects the liver, spleen and
bone marrow. Unfortunately, there is yet no approved vaccine against human leishmaniasis.
Although some drugs are effective, treatment often results in serious drug-mediated toxicity and
side effects, and there is increasing evidence of drug resistance. However, vaccination is possible
because people who recover from the disease are immune to reinfection. Knowledge of the
antigens that induce protective immunity in infected hosts is critical for designing effective
vaccines and therapeutic strategies against the disease. Dihydrolipoyl dehydrogenase (DLD) and
Phosphoenolpyruvate carboxykinase (PEPCK) are key metabolic enzymes in numerous eukaryotic
cells, including Leishmania and play critical roles in metabolism. This present study aims to assess
the impact of DLD and PEPCK deficiency on parasite virulence and host immune response. Using
the CRISPR-Cas 9 gene editing tool DLD and PEPCK gene in L. major and L. donovani, respectively,
were deleted. The impact of deficiency of these enzymes on parasite survival, infectivity and host
immune response were assessed. The gene-deficient parasites demonstrated reduced
proliferation in axenic cultures and inside infected macrophages in vitro.

Mice infected with DLD-deficient parasites had no observable lesions and harboured significantly
lower parasite burden compared to their WT or complementary add-back control-infected
animals. Interestingly, DLD deficient L. major infected mice mounted blunted immune responses

compared to their WT and complementary addback infected control counterpart mice.



Vaccination with DLD deficient parasites induced strong protective responses upon virulent L.
major rechallenge, and this was associated with strong IFN-y response.

The ability for PEPCK-deficient L. donovani to differentiate into their infective forms was not
compromised in vitro. Although their infectivity in macrophages were compromised in vitro,
these parasites maintained their virulence and pathology in vivo. In mice infected with PEPCK
deficient L. donovani, immune responses in the liver and spleens were relatively unaltered apart
from increased TNF production in the liver. Interestingly, the infectivity of PEPCK KO parasites in
Kupffer cells in vitro was compromised compared to their WT or AB parasite controls, suggesting
that the in vivo microenvironments may predispose PEPCK-deficient parasites to a compensatory
mechanism that enables their proliferation.

Collectively, these findings show that DLD is a critical metabolic enzyme for intracellular survival
of L. major and targeting this molecule could be a viable option for controlling the disease.
Although PEPCK-deficient L. donovani is attenuated in vitro but not in vivo, they may not be a

suitable live attenuated vaccine candidate against visceral leishmaniasis.
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1. CHAPTER 1: Introduction

1.1 Leishmaniasis and Global Epidemiology Status

Leishmaniasis is a disease caused by the flagellated intracellular protozoan belonging to the
genus Leishmania of the order Kinetoplastida and family Trypanosomatidae (1). Transmission can
be through the bite of a Leishmania-infected sandfly and can be anthroponotic or zoonotic (2).
There are about 93 known Leishmania sandfly vectors (3). Leishmania is known to have a complex
lifecycle because there are two life forms of the parasites: promastigotes and amastigotes. The
promastigotes and amastigotes are established in their respective hosts: invertebrate (sandfly)
or vertebrate (human or animal) host, respectively (4). About 54 identified Leishmania species
present varying clinical manifestations, with 31 species parasitic to mammals and 20 species
uniquely pathogenic to humans (3).

Leishmania causes four primary clinical diseases: Cutaneous Leishmaniasis (CL), Visceral
Leishmaniasis (VL), Mucocutaneous Leishmaniasis (ML) and diffuse cutaneous Leishmaniasis
(DCL). CL causes skin ulcers, while VL is usually fatal if left untreated and affects the liver, spleen,
and bone marrow. The mucosal membranes of the mouth, nose, and throat are the target of ML.
Another form of Leishmaniasis, Post-kala-azar dermal Leishmaniasis (PKDL), develops in about 5-
15% of patients treated for VL (5). Leishmania infects over 70 animal species, including humans
(6). The heterogenicity of Leishmania species and the resulting ability to infect multiple hosts
leading to different forms of clinical symptoms, impact the mode of disease control because
strategies will be targeted at both the host and vector levels to reduce disease transmission.
According to the World Health Organization (WHO), Leishmaniasis has been classified as a

neglected tropical disease of significant public health importance. The main reason for the
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negligence of the illness is that less attention is given to ensuring the speedy development of a
permanent cure and elimination of the disease, even when millions of people are affected every
year (5). Recent reports from the 14" meeting of the WHO’s Strategic and Technical Advisory
Group for Neglected Tropical Diseases provided a framework to ensure the prompt management
of Leishmaniasis and diagnostic outcomes (7). Leishmaniasis is known to affect the world’s
poorest populations, where there are limited elimination programs, less interest from
participating pharmaceutical industries, and poorly maintained healthcare facilities (8).
Leishmania is classified into the Leishmania, SauroLeishmania, Mundinia and Viannia subgenera.
Each species has its preferred host and characteristic symptoms obtainable during infection (9).
Leishmania is also classified into New and Old World groups because it helps public health
professionals effectively map the epidemiological trends and diversity of the parasites. Old World
Leishmania, for instance, is primarily found in regions like Asia, Europe, and Africa, as these
regions have had a long history of Leishmaniasis and have been impacted by the disease since
2,500 B.C (3). Some Old World Leishmania species are subdivided into complexes such as the
Leishmania donovani complex (L. donovani, L. infantum and L. chagasi) and the L. major complex
(L. major, L. tropica).

Meanwhile, a New World classification of Leishmania refers to species of Leishmania identified
in the New World, such as in the Americas after the Europeans first migrated there, thus
establishing leishmaniasis. Some of the new world Leishmania species include Leishmania
braziliensis complex (Leishmania braziliensis, Leishmania panamensis, and Leishmania
guyanensis), and Leishmania mexicana complex (Leishmania mexicana, Leishmania pifanoi,

Leishmania amazonensis). Interestingly, the sandfly vectors that transmit the new or old world
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Leishmania species can be distinguished into different groups. For instance, New World sandflies
include the genera Lutzomyia, Warileya, and Brumptomyia, found commonly in the Nearctic and
neotropical regions, including countries in the Americas, the US and Canada. In contrast, the Old
World sandflies belong to the genera Phlebotomus, Sergentomyia, and Chinius, found mostly in

the Palaearctic, Afrotropical, Malagasy, Oriental, and Australian regions.

With over 1 billion people estimated to be at risk of being infected with Leishmania, there is a
great need for increased public health research efforts necessary to curb these risks. An
estimated 50,000 to 90,000 new cases of VL occur annually, mainly in Brazil, East Africa, and India
(10,11). However, only 25 to 45% of these cases get reported to the WHO. Although the milder
form of Leishmaniasis, CL, causes skin lesions that can heal spontaneously, it can leave
permanent scars and can cause degenerating stigma and disability. It is estimated that 600,000
to 1 million new cases of CL occur every year, mainly in the Americas, the Mediterranean basin,
the Middle East and Central Asia. Only 200,000 of these cases are reported to the WHO (7,12).
ML leads to the destruction of the nasal tissues, and over 90% of ML cases occur in Bolivia, Brazil,

Ethiopia, and Peru (World Health Organization, 2022).

Leishmaniasis is more commonly presented as CL, ML and VL. According to the WHO, in 2020,
out of all the cases of leishmaniasis that occurred in 7 countries; Brazil, Ethiopia, India, Kenya,
Somalia, South Sudan, and Sudan, VL accounted for 90% of them (11). In contrast, it was reported
in 2016 that amongst the incidences of leishmaniasis in 10 countries: Afghanistan, Algeria, Brazil,
Colombia, Iraq, Pakistan, Peru, the Syrian Arab Republic, Tunisia, and Yemen, 84% were

associated with CL (11). Interestingly, according to the WHO repository from 2020, CL and VL
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were highly prevalent in the same regions and areas (Figure 1). Although the exposure rate may
be high, only a small number of infected individuals develop the disease, and approximately
30,000 eventually die (13). Leishmaniasis is projected to be the ninth-largest disease burden than
other infectious diseases (14). Coincidentally, it is also considered in the top 20 list of neglected
tropical diseases by the CDC because it grossly affects people with low incomes and historically
has not received as much attention as other diseases due to several factors ranging from the
complexities associated with the parasites’ biology to the underreported incidences in endemic

areas (15).
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Figure 1. Global epidemiology status of leishmaniasis.

Created with gGIS using information from the WHO repository on Leishmaniasis 2020
(https://www.who.int/data/gho/)
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1.2 Vector and transmission

The main vectors of Leishmania are the Sandfly insects of the genus Phlebotomus or Lutzomyia,
which are the most studied genera because they bear great importance for human infection.
Other Sandfly genera includes Warileya, Sergentomyia, Brumptomyia and Chinius. Leishmania
parasites are transmitted from sandfly to the human or other mammalian hosts by the bite of an
infected sandfly. Leishmania parasites undergo morphological and physiological changes in the
sandfly hosts to be ‘fit’ to infect their human or mammalian hosts. Between the subgenera
Leishmania and Viannia, the exact location by which the parasites enter the sandfly differs. The
parasites in the Viannia genera, for instance, Leishmania braziliensis, would first enter the
hindgut of the sandfly before settling in their midgut. They are referred to as the peripylarian
parasites (16). The Leishmania parasites in the Leishmania genera are called suprapylarians
because they mostly first migrate and develop in the midgut (16). Usually, most studies on vector-
parasite interactions focus on the mode of development of the suprapylarians in the sandfly.
The early stages of parasites' development in sandfly begin when amastigotes from a blood meal
containing macrophages start their journey to the midgut. Once they are taken up by sandfly,
these parasites are immotile and rounded. Still, as the midgut of the sandfly’s physiology
changes, such as a decrease in temperature and increased pH, these parasites are transformed
into a procyclic promastigote that is weakly motile and has a slightly protruding flagella beating
at their exterior bodies. This form of the parasite replicates extensively in the peritrophic matric

that is distal to the midgut. In approximately 72 hours, their replication slows down as time

22



passes, and the parasites are differentiated into robust and motile nectomonad (17). They move
towards the midgut lumen and develop into short nectomonads, also called leptomonads, where
they enter another proliferation cycle (18). Eventually, they are detached from midgut and begin
an onward journey into the stomodeal valve, and their location here is critical for transmission
(17). In this stage, the parasites become metacyclic promastigotes and can be injected into skin
of vertebrate host in the sandfly’s next blood meal (17).

With the help of extensive molecular studies on sandfly such as Lutzomyia longipalpis,
Phlebotomus papatasi and Phlebotomus perniciosus, it has been shown that specific molecules
expressed in the sandfly host enable parasites to survive in the fly midgut (19,20). There are
natural barriers to successful establishment and survival of Leishmania in sandfly, including
proteolytic enzymes, formation of peritrophic matrix, and sandfly immune responses (9). Despite
these defences, parasites are able to overcome them and become established in the sandfly (9).
Indeed, reports have indicated that there is usually an increasing activity of proteolytic enzymes
the moment amastigotes enter the sandfly, which was detected as early as 6 hours post blood
meal. The activity of the enzymes peaks around 48 hours after blood meal (21,22). Some of these
enzymes are trypsin and trypsin-like enzymes, and they have been known to affect the
development of Leishmania in sandflies. Parasite numbers are reported to be reduced in the early
phase of the parasite colonization in the sandfly (23). Studies demonstrated that over 50% of the
parasites taken up by the sandfly after a blood feeding were killed within the first day (17,24).
Even though half of the parasites are lost by the degradative action of the digestive enzymes, the
parasites that escape the enzymatic pressure develop an enhanced ability to inhibit the

proteolytic attack. One identified mechanism is that Leishmania parasites express an array of
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glycoconjugate molecules, including phospohogylcans (PG) which have repeating units (Gal-
ManPO4) attached to lipid anchors, lipophosphoglycans and the proteophosphoglycans. These
Glycoconjugate molecules are also found in the secreted forms (secreted phosphoglycans) or
secreted acid phosphatase (9). These molecules are generally resistant to the action of
proteolytic and digestive enzymes (25). Evidence suggests that L. major lacking either secreted
or anchored forms of the PGs were more susceptible to killing when exposed to blood-fed sandfly
midgut lysates (26). This killing was reversible when exogenous PG or trypsin inhibitor was added
(26). Thus, targeting proteolytic enzyme in the sandfly, especially in endemic regions, may be an
attractive strategy for controlling vector-based transmission of Leishmania.

The peritrophic matrix (PM) is another structure in sandfly that impedes successful colonization
of Leishmania parasites in the midgut. This matrix separates the gut lumen from midgut
epithelium. It comprises of an extracellular chitin envelope whose complex structures become
rearranged when the sandfly blood meal digestion begins. The PM is thinly formed around the
blood bolus a few hours after a blood meal; however, after about two days, the matrix thickens
and breaks down (27,28). The PM plays dual functions regarding the establishment of
Leishmania; it can protect the parasite against proteolytic damage and prevent it from escaping
when mature. Pimenta et al. suggested that thickened PM is a barrier to the influx of digestive
enzymes and also prevents exposure of parasites to these enzymes (24).

On the other hand, the parasites are expected to leave the PM so that they are not passed along
with the rest of digested blood meal. Walter et al. reported that Leishmania panamensis was
trapped within the endo peritrophic space of Phlebotomus papatasi (28). Another study showed

that thickening of the PM reinforces the continued entrapment of L. major within the peritrophic
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space in Phlebotomus papatasi (24). However, the eventual release of the parasites from the PM
to the midgut occurs in about five days post blood meal, where the parasites take advantage of
the host chitinolytic activities on the PM (9,29,30).

Like other insect vectors, sandfly has immune responses that help to control the survival of either
bacterial or parasitic infection in the midgut (31). Leishmania infection in P. duboscqi induced the
expression of an insect defensin. The recombinant defensin peptide inhibited Leishmania major
in in vitro cultures (32). It has been described that plasmodium parasites were cleared in
mosquitoes when immune genes such as the immune deficiency pathway, toll pathway and the
JAK/STAT pathway were induced (33), Meanwhile the presence of Leishmania parasites in the
sandfly vector does not significantly modulate the immune genes of the sandfly (30,34).
However, the modulation of the immune genes in the sandfly is strongly associated with
hemoglobin from the blood meal and the bacterial species present in the sandfly's gut (35).
Interestingly, when an essential immune component of the sandfly, Caspar, was deleted, there
was a concomitant reduction in the survival of L. mexicana and L. infantum (36). Also, when the
immune component, TGF-beta, is removed in Lu. Longipalpis there was a concomitant reduction
in the number of L. infantum found in the midgut (37). All of these suggest that activatingimmune
responses in the sandfly contributes to parasite development (38). There is speculation that a
direct regulation of the sandfly’s host immune response by Leishmania may be non-existent. Yet,
there is a link between the sandfly immune response and the gut microbiota (38), which will need
further investigation.

Parasites escape from the PM to the midgut, which occurs as the blood digestion progresses. Still,

the parasites firmly attach to the midgut epithelium with their flagella enwrapped around the
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epithelial microvilli (39). This prevents the parasites from being eliminated by defecation
depending on the stage-specific development of the parasites in the gut, restricted to the
leptomonads and nectomonads. For instance, the procyclic and metacyclic forms of the parasites
do not attach to the sandfly’s midgut (40). Also, the expression of the abundant surface glycolipid,
lipophosphoglycan (LPG) covering the entire surface of the parasite enables attachment in the
midgut epithelium (9). It is interesting to note that some sandfly vectors are permissive to the
attachment of the parasites to the midgut epithelia, while others are not. Most sandflies
generally support the development of multiple Leishmania species and are called ‘permissive’
vectors. There are instances where specific sandfly vectors have been identified to allow for
better survival of Leishmania parasites. For example, L. major will attach better to P. papatasi
and P. duboscqi than other Leishmania species. Also, L. tropica appears to survive better in P.
sergenti only (41).

The transmissible form of Leishmania (metacyclic) will no longer be able to attach to the gut
epithelium as their LPG are constantly modified due to increasing PG motifs, side chain galactose
residues and arabinose capping the LPG molecule (42,43). The development of metacyclic
parasites, which are small and rapidly motile forms with more elongated flagella, was observed
in vitro at low pH or nutrient limitation (39). Although there is little knowledge on what cues drive
metacyclic differentiation in sandflies, V-ATPase was identified to be responsible for gut
acidification, which was probably a cue for Leptomonads to detach from midgut and begin
differentiation into metacyclic forms (20). Although metacyclics were found in salivary gland of
sandfly just before a blood meal (44), they were also found excreted in urine of the insects (45).

Two mechanisms for transmission of metacyclics have been described. Metacyclics would either
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be deposited in the host skin or that the sandfly takes up a blood meal through its proboscis and
regurgitates metacyclics that reside in the stomodeal valve through a backflow of ingested blood
(46). Whatever the mechanism may be, these parasites, having undergone numerous
developmental cycles in sandfly, and become deposited on the skin of vertebrate host during
blood feeding.

1.3 Leishmania lifecycle

The lifecycle of Leishmania is digenetic because different life forms alternate between the sandfly
and mammalian host. The sandfly vector that transmits Old World Leishmania species is mainly
of Phlebotomus (P) genera, while the New World Leishmania species is of the genus, Lutzomyia
(Lu). These vectors feed on carbohydrates from plant juices. However, female sandflies mainly
bite mammals to get a blood meal, which is required to complete their egg development (47).
Sandflies obtain blood meals from vertebrates such as canids or rodents. However, they mainly
feed on humans, but human transmission of leishmaniasis can be animal or human-induced (48).
The non-mammalian hosts usually serve as ‘reservoirs’ of parasites and do not directly transmit
parasites to humans (49). Leishmania undergoes morphological changes within their respective
hosts into two forms: amastigotes (in mammalian host) and promastigotes (in sandfly host). Once
sandfly takes up a blood meal from a Leishmania-infected host, amastigotes first differentiate
into procyclic promastigotes, which are highly motile, possessing a flagellum about 15-28 um
long at their exterior body. They have a slender body of 15-20 um in length and 1.5-3.5 um in
width. The parasite differentiates in the sandfly's gut to eventually develop into the metacyclic

promastigotes, which move to the sandfly’s proboscis in preparation for transmission to their
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mammalian host. The transition to becoming metacyclic promastigotes occurs in 7-10 days, and
this can be transmitted to their mammalian host through a bite by the sandfly (50) (51).

Furthermore, the parasites stealthily enter several phagocytic cells in their mammalian hosts,
especially macrophages, to become encapsulated within the parasitophorous vacuole (PV). At
this point, promastigotes morph into amastigotes, which are oval, about 2-4 um wide and
replicate extensively. At some point, the phagocytic cell ruptures to release the amastigotes
which enters other bystander cells thus spreading the infection leading to either the CL, VL or ML
manifestations (49). However, suppose a sandfly happens to be within the vicinity of the infected
mammalian host, the insect can take up the amastigote in blood feeding, and the parasites' life

continues in the sandfly (Figure 2).
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Figure 2 Life cycle of Leishmania.

Leishmania parasites alternates between two life forms; Amastigotes in the mammalian host and
promastigotes in the sandfly hosts.
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1.4 Forms of Leishmaniasis

Due to the numerous species of Leishmania, leishmaniasis presents in 3 forms previously
mentioned: Cutaneous, Mucocutaneous, and Visceral. Cutaneous Leishmaniasis (CL) is the more
common and mild form affecting the skin, resulting in sores or ulcers. The skin lesions vary in
appearance from simple, painless sores to more severe forms with raised edges and a central
crater. Some Leishmania species that cause cutaneous leishmaniasis include L. major, L. tropica,
L. braziliensis, and L. donovani (in some cases). Mucocutaneous Leishmaniasis (MCL) is a more
severe form involving the skin and mucous membranes of the mouth, nose, and throat. It is
known to have started as a cutaneous sore before progressing to affect the mucous membranes.
Some organisms that cause MCL are L. braziliensis, L. panamensis, and L. guyanensis. Visceral
Leishmaniasis (VL) is the most fatal form of leishmaniasis, especially if left untreated. It affects
internal organs such as the liver, spleen, and bone marrow. VL is characterized majorly by the
enlargement of the liver and spleen. L. infantum and L. donovani, or their hybrids, are the main

Leishmania species causing VL.

1.5 Cutaneous Leishmaniasis CL

The WHO reports 1 million new CL cases annually, which can be attributed to increased migration
of people into endemic areas (52). As previously described, the organisms that cause Old World
(L. major, L. tropica and L. aethiopica) and New World Leishmaniasis (L. mexicana, L. braziliensis,
L. amazonensis and L. guyanensis) present as CL. CL is characterized first as a minor rash

developing at an exposed body site such as the head, hands, or skin. This progresses to a rash

29



that ulcerates, forming a nodule. The nodular ulcer formed in CL is characteristic of the disease,
and it self-heals in 3 to 18 months, depending on the Leishmania species. The variability in the
clinical outcomes of CL is such that in the New World, solitary lesions are formed, but multiple
lesions characterize the Old World disease (53). However, up to 10% of CL cases progress to more
chronic and debilitating forms (10,54). CL s called the ‘great imitator’ because it presents in forms
associated with other skin-related diseases like leprosy or dermatitis. It often goes misdiagnosed,
especially in non-endemic areas (55). One of the rare manifestations of CL is leishmaniasis
recidivans, which is characterized by the appearance of a new lesion around the area of a healed
lesion (Figure 3). The more unique nodular lesions formed are usually around the borders of the
old lesions. The newer lesions may persist and become enlarged as the years progresses. The
postulated mechanism is thought to be the resuscitation of dormant strains due to changes in
immune status or the coincidental reinfection of exogenous parasites (56).

On the other hand, some patients with CL have lesions that do not follow the typical timeline for
healing. Usually resistant to treatment, these lesions are considered chronic and remain for
several years following the initial onset—chronic lupoid Leishmaniasis (Figure 3) (55). Chronic
Lupoid Leishmaniasis resembles lupus vulgaris or cutaneous tuberculosis, which often results in
misdiagnosis in different settings (57).

Although CL is not fatal, the outcome of the disease usually results in facial disfiguration and
stigmatization with imposed psychological effects (58,59). Generally, patients with CL are
systematically well and occasionally feel an itch around the lesions, but the lesions do not result
in any body pain (10). Lesions caused by L. major and L. tropica heal in a year but leave permanent

scars. Meanwhile, lesions by L. aethiopica take years to heal and progresses to severe
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mucocutaneous leishmaniasis and diffused forms of CL. Interestingly, the new world Leishmania
species, such as L. mexicana, cause lesions that heal very quickly, unlike the new world Viannia
species, which can result in more severe ulcerating lesions and progress to MCL forms (10,60).

Diffuse and disseminated CL are other rare variants of CL that are hinged on the difference in the
spectrum of the immune responses (61). Diffused CL is characterized as having poor T cell-
mediated immunity, poor reaction to the Leishman skin test, wide-spreading nodules, and lesions
that resemble leprosy with massive parasites (62). On the other hand, disseminated CL has a
strong T cell sensitivity and response to the Leishman skin test; the lesions are usually mixed and
present in two or more parts of the body with fewer parasites in them (62). They are known to
be caused by the Viannia species of the new world leishmaniasis, L. braziliensis. At the same time,
Diffused CL is caused by L. amazonensis L. aethiopica, or L. mexicana (10). For both diffused and
disseminated CL, immunosuppression is a risk factor (63). The presentation of CL in diffuse and
disseminated forms indicates that different immune responses can depict various clinical

manifestations.
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Figure 3 Clinical variations in the manifestation of cutaneous leishmaniasis

(A) Leishmania recidivans (B) Chronic Lupus Leishmaniasis (C) Diffuse Leishmaniasis (D)
Disseminated Leishmaniasis

1.6 Visceral Leishmaniasis VL

Unlike CL, VL is a more systemic and lethal form of leishmaniasis. It is usually characterized by
non-dousing fever, hypergammaglobulinemia, unintended weight loss, enlargement of the
spleen and liver, and anemia (10). Upon the transmission of the parasite from a sandfly, the
amastigotes transverse through multiple internal organs like the bone marrow, spleen, and liver,
where they settle down to cause clinical manifestations (5). The Old World visceralizing
Leishmania species are L. donovani and L. infantum. L. chagasi (a variant of L. infantum) causes

the new world VL. Some CL-causing species, such as L. amazonensis and L. tropica, have been
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implicated in causing VL (64,65). Humans are the main reservoir of VL due to L. donovani, while
domestic dogs are the primary reservoir for L. infantum, especially in Latin America. Usually, an
outbreak of VL occurs in rural areas where houses have earthen floors that are housed with
livestock. Whereas, urban outbreaks associated with a wild hare reservoir have also been
reported (66).

The incubation period for the development of VL is two weeks to 8 months, and if two years lapse
without treatment, it is often fatal (67). Patients who do not become treated for VL experience
extensive bleeding, resulting in leukocytopenia, thus degenerating to immunosuppressive or
immunocompromised states (5). Immunocompromised patients are predisposed to other
infections, such as HIV and bacteria. While there appears to be a global decrease in the incidence
of VL, from about 200,000 to 400,000 new cases in 2012 to about 50,000 and 90,000 in 2017 (15),
there is still the co-infection risk with other diseases. In the late 1990s, HIV was responsible for
the re-emergence of VL in some parts of Europe, and currently, there is about 6% of HIV-VL co-
infection cases reported in Brazil and India (68,69). In Ethiopia, about 18% of VL patients are co-
infected with HIV (70). Although the risk of co-infection with malaria is low, there is still potential
for a re-emergence of VL in malaria-infected patients, particularly in endemic areas (71). Some
cases of VL-pulmonary tuberculosis (TB) coinfection have been reported (72-74). Although
minimal information on the prevalence of TB-VL coinfection has been provided, studies show

that TB contributes to up to 25% of mortality in VL-HIV coinfected cases (75).

Post-kala-azar dermal Leishmaniasis (PKDL) occurs after treatment for VL due to L. donovani. It
only occurs in patients previously infected with L. infantum inimmunocompromised settings (10).

The symptoms of patients with PKDL include a hyperpigmented rash or an erythematous
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maculopapular rash around the head that spreads throughout the body (Figure 4). In Asia, PKDL
appears after about two years of VL treatment in about 5-10% of VL cases. In contrast, in East

Africa, it appears only after one year of treatment in about 50% of VL cases (76).

Moreover, in East Africa, PKDL lesions would heal within a year in about 80% of cases but may
pose facial disfiguration and stigmatization (76). Although PKDL appears in patients that
previously had VL, it is not clear why approximately 5% of patients in India with post-kala-azar
dermal leishmaniasis never had VL in their lifetime (76). In these patients, the lesions were
observed to contain a pool of parasites that can be quickly taken up by a sandfly in a blood meal
and could become a reservoir of infection for the duration of the disease (77). Thus, becoming a
source of transmission during interepidemic periods. The onset of PKDL is an ongoing battle of
the host’s immune response to generate a systemic interferon-gamma against the onslaught of
an existing pool of dermal parasites, inducing a T-helper 2 cell response with a robust production
of anti-inflammatory cytokine, interleukin, IL-10 (10). Incomplete VL treatment and exposure to

ultraviolet light necessitate PKDL, but specific treatments can also increase PKDL cases (78).

Figure 4 Clinical presentation of Visceral leishmaniasis
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(A) Characteristic VL presentation: enlargement of the spleen and the liver, (B &C) PKDL in a
woman and a child, respectively, with a maculopapular rash, (D) PKDL in a patient with a
hypopigmented macula.

1.7 Mucocutaneous Leishmaniasis (ML)

Mucocutaneous Leishmaniasis is another severe form of the leishmaniasis caused by L.
braziliensis, L. panamensis, and L. guyanensis majorly affecting mucosal membrane. ML is known
to first develop as a cutaneous sore before progressing to ulcerous lesions in mucosal regions
such as the mouth, nose, or tracheal mucosa. People suffering from ML are at risk of a disability
and a life-long scar. Also 600,000 to 1,000,000 new incidences of ML globally occur every year
(23).

1.8 Diagnosis of Leishmaniasis (all the different methods of diagnosis)

The availability of a rapid and accurate tool in diagnosing leishmaniasis will greatly help global
intervention strategies to reduce mortality and morbidity rates of the disease. An excellent
method for detecting leishmaniasis should be capable of identifying the exact form of the
disease, asymptomatic or co-infective cases, and clearly distinguished from those with similar
parasitic diseases (10,79). Some conventional methods for detecting leishmaniasis are
parasitological, molecular, and immunological. However, the traditional methods of detecting
Leishmaniasis are marred by numerous challenges, such as the existence of different clinical
manifestations of the disease, the existence of multiple species even within the same genera for
the same or different disease symptoms, increasing incidences of co-infection cases, conflict with
other infections with similar leishmaniasis symptoms (Kumari et al., 2021). Hence, in recent

years, there has been a wealth of vested interest in developing specific methods to address some
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of the challenges in diagnosing leishmaniasis. Some of these advances in diagnosing leishmaniasis
involve nano diagnostic tools, advanced molecular methods, Fluorescent-activated cell sorting
and proteomics (Table 1). A thorough understanding of the advantages and disadvantages of the
available diagnostic tools will enable researchers to develop more targeted alternatives,
especially in detecting the early onset of leishmaniasis. Below are some of the conventional and

advanced diagnostic tools available to date.

1.8.1 Parasitological methods
These methods refer to procedures for visibly detecting the Leishmania parasites through direct
microscopy, histopathology, or culturing. Direct microscopy in CL and MCL patients involves
taking a scrape of the dermal lesion ulcers and visualizing the amastigotes, which is very common
(80). In VL patients, aspirates from the lymph node, spleen or bone marrow are smeared onto a
glass slide (81) , and further staining using Giemsa, wright or panoptic is made to enable
visualization of the amastigotes under a microscope (79). Extracting aspirate samples from
patients for parasitological diagnosis is invasive; a more straightforward approach for sampling
is to use a press-imprint-smear or tape-strip disc method which is non-invasive. Press-imprint-
smear involves stamping tissues on the clean side of a slide; by doing so, some cells become stuck
to the slides, and further analysis is carried out on the cells (82). The tape strip disc approach
involves sticking a disc with an adhesive side to the dermal site of the ulcers, and components of
the lesion are attached to the disc once it is removed. Also, the print-imprint-smear method
demonstrated positivity in more than 80% of CL cases compared to the conventional

histopathology methods of sampling, which resulted in over 44% positivity—suggesting that the
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print-imprint smear is a more sensitive detection method. In addition, sampling using filter paper
cards is less invasive for CL and MCL diagnosis (83).

In VL, even though invasive, aspirate sampling is known to be 100% accurate depending on what
organ the aspirate is coming from (84). Splenic aspiration is the gold standard for VL cases (85),
but bleeding can occur when non-specialized persons perform this procedure (86). Collecting
bone marrow aspirates will be a preferred option because there is no risk of hemorrhage,
although patients must endure the painful process of extracting the samples (87). Aspirates from
lymph nodes would have been the best sampling choice, but sensitivity with this method is very
low (about 50%) compared to those obtained from bone marrow or spleen (80,84). Circulating
blood in VL may be another less invasive sampling method than aspirates, but the sensitivity is
very low, especially for people with a lower parasite burden (81).

Samples from the respective tissues and sites of dermal ulcers can be further cultured in an
enriched medium like Schneider's insect media or a diphasic medium containing 10 -20% Fetal
bovine serum (FBS) (88). Here, the goal is to convert the amastigotes in tissues to promastigotes
in a controlled laboratory environment to depict what is obtainable when parasites live inside
the Sandfly vector. Further identification of parasites can be made molecularly for species
identification, or the parasites can be used for determining a target antigen, animal injection, or
screening for potential drug candidates. The downside to parasite culture is that it takes time
(days to months), is monotonous, and there is always a risk of parasite contamination. It is also
not feasible for field diagnosis because of the level of sophistication and need for a state-of-the-
art facility, which may not be readily available in endemic and rural areas. Recent studies showed

that culturing parasites using non-invasive sampling methods such as tape strips have more
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sensitivity (100%) than those from biopsies, about 51% (89). Thus, non-invasive sampling
methods in diagnosing leishmaniasis are a more advantageous tool due to higher sensitivity rate,
reduced need for needles used, reduced need for a highly trained professional and efficient

monitoring in treatment.

1.8.2 Immunological methods:

These methods refer to tools used to detect current or past Leishmania infection by assessing
numerous immune parameters. It is a rapid and non-invasive method to detect Leishmania in
humans. The Leishmania skin test or Montenegro test measures type IV hypersensitivity or
delayed hypersensitivity responses when suspensions of attenuated parasites are injected into
the skin layers (90). This is more commonly used for MCL and CL cases, and the outcome is used
to determine the patients’ pre-exposure to Leishmania by the cellular reaction on the skin. This
reaction is in the form of induration, and if it is greater than 5 mm for 48 hours post-injection,
then that patient has either been infected with the parasite or has healed from a previous
infection. This method is known to have a high sensitivity (86-100%) with a > 90% specificity (79).
VL patients usually test negative for Leishmania skin test at the early onset of infection, but after
treatment, they become positive (91). It suggests that the sensitivity or specificity of this method
for diagnosis is limited to the dermal forms of Leishmaniasis but that they can also be used as an
indication of successful treatment. The major disadvantage of this method is that it cannot
differentiate a previous exposure from an active one, which is critical to reinforce a suitable
treatment strategy.

Direct agglutination tests (DATs) are another immunological method of detecting Leishmania

antibody titres in patients' serums. This method involves assessing the antigen-antibody
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reactions by mixing trypsinized Leishmania promastigotes with patients' serum/blood/plasma,
and specific agglutination of the antibodies with the antigen in the microtitre plates is assessed
for exposure to the parasite (92). A positive result will indicate that the patient has a high
antibody titre above the stated threshold (92). DATs are rapid, cost-effective, semi-quantitative,
and highly sensitive for VL, which makes them valuable tools for diagnosis in fieldwork and
laboratory settings (87). It was reported that the sensitivity and specificity rates were 96% and
95%, respectively (93). Although the previous heat-sensitive antigen used for DAT was known to
have a shorter life span, mainly when used in tropical regions lacking access to adequate storage
facilities, the use of resistant and freeze-dried forms that are stable at room temperatures for up
to two years has been developed (81). One questionable problem with DAT is that patients still
are positive for DAT even up to 1 year after treatment. While this may be an excellent thing to
ascertain the efficacy of the treatment, it is unable to ascertain whether this occurrence of
positivity is due to a disease relapse (94). One disadvantage of this method is that it requires
multiple rounds of pipetting in serial dilutions and a long incubation period (12-18h). However,
this was overcome by a fast agglutination procedure that involved a single serial dilution with a
reduced incubation time of 3 hours (95). This upgraded agglutination test had a sensitivity and
specificity of 91-95% and 70-88%, respectively, and it is recommended to detect the disease in
multiple patient samples at once (96).

Another form of the agglutination test is the indirect hemagglutination assay, wherein the host
or patient erythrocytes' reaction to heat-stable Leishmania antigen is assessed (91). The
sensitivity and specificity are reported to be 96-100% and 86%, respectively, but vary amongst

human host immune responses (88). This assay was very useful in detecting VL in non-endemic
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areas (97). However, it is suggested that they should not be the only diagnostic tool used because
people who recovered years later came out with higher titres (98).

The fluorescent antibody or immuno-fluorescence assay is a precise and rapid method that
depends on using a fluorescent probe bound to an antibody specific to Leishmania. A signal is
detected once it binds to its target (usually in the patient’s serum). The sensitivity and specificity
of this method were reported to be 91% and 81%, respectively, especially in CL (99). In VL, this
method helps assess low antibody titres in the treatment relapse (91). This method can allow the
probe to bind to the antigen or antibody target directly or indirectly where the secondary labelled
probe binds to the target antigen or antibody (100). One major drawback of using this method,
especially in resource-deprived settings, is that you need a fluorescence microscope to detect
the signals, usually unavailable in low-income or developing countries.

Enzyme-linked immunosorbent assay (ELISA) is used to diagnose various pathogenic diseases,
and this involves detecting a Leishmania-specific antibody from a patient’s serum in the presence
of a known Leishmania antigen. The Leishmania antigen commonly used is usually freeze-thawed
in phosphate-buffered saline. The sensitivity and specificity are relatively high, 80-100% and 82-
95%, respectively (98). The advantage of ELISA is that one can screen for multiple antigens in a
single patient, which can help to direct specific drug treatments (101). However, it poses a
problem when the Leishmania antigen used is similar to those from other closely related
parasites or bacteria species as it generates similar antibody specificities. This cross-reactivity of
the antibody detected in leishmaniasis by ELISA has been observed in other infections like
toxoplasmosis, trypanosomiasis, and tuberculosis (81,98). Despite its high sensitivity, ELISA as a

diagnostic tool requires expensive equipment for detection, such as a mass spectrometer in a
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laboratory with highly trained professionals. There is also the fact that it does not help distinguish
a present from a past infection.

Immune chromatographic test (ICT) makes use of the recombinant Kinesin-39 antigen (rk39)
from Leishmania chagasi is embedded into a strip, and antibody from a patient’s serum or blood
will react with it and give a colour change in minutes (102). Just like other serodiagnostic tools,
it is very rapid and non-invasive. This is very useful for mainly detecting VL. Although there are
several schools of thought regarding the sensitivity of ICT, in one Mediterranean region, the
sensitivity was around 78%, but in endemic areas of Colombia, it was 91.5%. However, when
another study compared ICT with Florescence antibody or ELISA, ICT appeared to have the
highest sensitivity of 95.5% (103). A rKE16 antigen from L. donovani was used for VL detection by
ICT in an Indian community with a sensitivity of 92-100% but around a wide range of 36-90%
sensitivity in the East African and Brazilian communities (104). Other antigens from L. donovani
or L. infantum have been proposed for VL diagnosis with ICT. However, WHO recommends rk39
as the most effective (98). Although there is a wide variability in the sensitivity of ICT in detecting
VL in different regions, it can also not distinguish between active and resolved cases.

Latex agglutination test is a test that detects VL in patients' urine by measuring the thermal
resistance and molecular weight of a specific Leishmania molecule after the urine is boiled. It is
also non-invasive and can be used as an alternative diagnostic tool for patients with low or
undetectable antibody titres, especially in HIV and Leishmania co-infection settings (105). There
is a wide range of sensitivity with this test, 47 -95%, but immunocompromised individuals had a
sensitivity of 85-100%. This method monitors the progress in VL treatments as antigens can be

detected from 1 to 6 months after treatment and can also detect preclinical stages of infection
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(106). This method is cheap, does not have cross-reactivity issues, and distinguishes present
infection and early detection. However, its sensitivity could be higher and false detection is
achievable when urine is not boiled. (81,106)
1.8.3 Molecular methods

The introduction of molecular biology revolutionized the diagnosis of leishmaniasis as there
appeared to be numerous challenges with the immunological detection of leishmaniasis, such as
the wide range of sensitivities, inability to detect active infection from a relapsing one, low
antibody titres, etc. Clinicians and scientists recommend polymerase chain reaction (PCR) as the
gold standard in molecular detection of antigens (107). The blood samples were more sensitive
to molecular methods than invasive bone marrow samples (108). There are numerous molecular
methods of detecting a pathogen, but the polymerase chain reaction (PCR) is usually the mother
of all. The Conventional PCR method involves identifying the target antigen in a patient's sample
by amplifying numerous copies of a genetic fragment of that antigen. The availability of most
Leishmania species' whole genome sequencing data in an open domain has made it easier to
utilize molecular technologies to identify them (86). A comparison of PCR with other
parasitological methods suggests that PCR has a higher sensitivity (84.6%) than when observing
parasites in culture or under a microscope (109). Despite its high sensitivity, the conventional
PCR methods cannot distinguish an acute Leishmania infection from a relapsing one, especially
in VL. There is also a risk of contamination and the expertise of a skilled professional, which may
limit the sensitivity of this method (88).

Semi-nested and nested PCR is an improvement from the conventional PCR methods, where

multiple regions of the target genes are amplified using multiple primer sets. This is critical to
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identify parasites in a sample in low amounts (101). The nested PCR was determined to have a
sensitivity and specificity of 94% and 100%, respectively, primarily for VL diagnosis (110).
Unfortunately, there is still a high contamination risk with this method (87).

Real-time PCR (RT-PCR) would amplify the target genetic fragment and help quantify it on the go.
It uses a fluorescent probe or dye which binds to the target fragment and then gives off a signal.
Another type of reporter probe called Tagman will bind to a specific sequence, and when it
becomes degraded, a report is released to give a signal (111). In the PKDL endemic region of
Bangladesh, the sensitivity of this method for diagnosis was significantly higher (91.2%)
compared to the parasitology methods, which had a sensitivity of 50.6% (112). Even though the
overall sensitivity and specificity of the RT-PCR methods are 98 and 100%, respectively, (113) it
still does not help identify Leishmania species (114). However, this method is an improvement
from the nested PCR and conventional PCR methods because of its high sensitivity and reduced
contamination (114).

The multiplex PCR method assesses multiple genetic fragments analyzed on gel electrophoreses
in a given sample using multiple primer pairs at a go (115). This method is known to have a high
sensitivity but may not be recommended for routine diagnosis of leishmaniasis because of the
high cost (86).

Nucleic acid sequence-based amplification (NASBA) is used to identify a genetic fragment using
RNA polymerase and reverse transcriptase to generate RNA and DNA, respectively. The products
are assessed calorimetrically using fluorochrome probes and gel electrophoresis (116). Although
there are two forms of NASBA, quantitative NASBA and oligo-chromatography-NASBA,

qguantitative NASBA is known to have a higher sensitivity than conventional PCR and a higher
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specificity (95%) than oligo-chromatography NASBA (117,118). Generally, NASBA cannot identify
the Leishmania species in the infected host (87).

Randomly amplified polymorphic DNA (RAPD) relies on the amplification of random segments of
genomic DNA using short primers by PCR. Although this method can distinguish Leishmania
species as it was able to identify L. major in the case of CL, it is considered unsuitable for diagnosis
in the field studies due to difficulties with reproducibility (107). On the other hand, a technique
closely similar to RAPD, restriction fragment length polymorphism (RFLP), is reproducible and can
distinguish between Leishmania species effectively (119,120). The RFLP method digests the
genetic fragments using restriction endonucleases, and the broken fragments are put together
in a gel electrophoresis system to identify the Leishmania species in the sample (121). Amongst
all the parasitological methods for detecting Leishmania infection, this technique is known to be
very sensitive, especially in patients with low parasitemia (122). Another form of RFLP is the
Amplified fragment length polymorphism (AFLP), which is reproducible and helps distinguish
between Leishmania species (123,124). AFLP will amplify the fragments that have been digested
using a specific primer set (100). These amplified products will be assessed on gel electrophoresis
to check for polymorphisms.

1.8.4 Flow cytometry:

This is one of the recent advances in diagnosing VL. Flow cytometry is a technique that helps
assess protein expression in cells, cell viability, and cell-to-cell interactions (125). This method
analyses single cells in solution using a combination of their light scattering and fluorescent
signals which can be detected by photodiodes or photomultiplier tubes. The signals are further

analysed on the computer and stored as a data file (.fcs). A study compared flow cytometry with
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ELISA methods to assess Immunoglobulin G (IgG) in a CL case and found that the flow cytometry

method has a higher sensitivity but lower specificity than the ELISA method (126).

1.8.5 Proteomics:

Proteomics helps analyze the whole protein composition expressed in an organism, cell, or tissue
in the presence of the defined conditions. It measures protein-protein interactions, post-
translational modification, and protein abundance by extracting, separating, quantifying, and
identifying. A sample specimen will undergo numerous steps of tissue disassociation. After
separation of the proteins, the ions in the sample are trapped through a laser beam, which is
then desorbed onto a matrix to pass through a vacuum flight tube whose mechanistic levels of
detecting the ions by measuring the time of flight compared alongside an existing mass spectra
database. The ionization of the samples to detect specific Leishmania proteins is called matric-
assisted laser desorption ionization. Time-of-flight mass spectrometry has been extensively used
to detect different clinical cases of Leishmaniasis (127,128). Liquid chromatography allowed the
detection of plasminogen and vitronectin, key biomarkers for PKDL diagnosis using liquid
chromatography-mass spectrometry (129).

Immuno-proteomics is a type of proteomics that detects specific immune responses to a
particular infection. The process involves protein separation, western blotting, and mass
spectrometry (MS) detection. Here, proteins separated from a cell are embedded on a
nitrocellulose membrane in a western blotting technique; the patient serum, which is the primary
antibody, is applied to the blot, and if there is a specific reaction of the patient serum with the
protein on the blot, a secondary antibody that is enzyme labelled will be able to detect the

interaction. Specific proteases cut the bound spots to enable the detection of the peptide
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fragments by MS for immunogenic fingerprints (130). This method was used to identify specific
biomarkers for VL (131). Generally, proteomics methods are highly sophisticated techniques and
may require well-trained professionals and established laboratories for analysis. Thus, it is not
feasible for use in fieldwork settings.
1.8.6 Advanced molecular methods:

One of the advanced methods for the molecular diagnosis of Leishmania infection is Loop-
mediated isothermal amplification (LAMP), which makes use of about 4-6 primers to amplify six
distinct sequences on the target genetic fragment to form products that look like a Loop of
nucleotide sequences (132). Amplified fragments can be detected visually by colour change,
viscosity and fluorescence (133). Unlike the conventional PCR methods that use thermocyclers
to regulate the temperature of cycles, LAMP uses isothermal conditions like water baths and heat
blocks, making them a cheaper option for Leishmaniasis diagnosis. Indeed, LAMP is considered
the best tool for a point of care in the fight against Leishmaniasis. Compared to parasitological
and conventional methods of detecting Leishmaniasis, LAMPS has the highest sensitivity (>90%)
in blood samples in CL and VL cases (134). In an endemic area in India, LAMP was seen to have a
96.9% sensitivity for VL (135). With LAMP, immune-compromised individuals reported a
relatively high sensitivity (60-100%) and specificity (85-100%) for LAMP (136). Challenges that
limit the use of LAMP are inefficient temperature control associated with isothermal systems and
the formation of secondary nucleotide structures (107).

The multilocus enzyme electrophoresis is a non-DNA method of assessing species variants by
measuring the electrostatic mobilities of intracellular enzymes during electrophoresis. The

mobility pattern is usually strain and species-specific, and their profiles can be used to identify
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the particular variant under investigation (137). Although the WHO recommends this method for
Leishmania species typing (138), it is limited for use, especially in resource-deprived settings,
because of the requirement for a highly skilled professional, high cost and need for a large
amount of isoenzymes (139).

The multilocus sequence typing will enable the identification of a specific species or subgenera
in a target sample by amplifying about 6-8 housekeeping genes, and these genes are further
sequenced (107). This method could differentiate between the genetic diversity of L. braziliensis
and L. panamensis (140) and showed the variability in L. major and L. tropica that was identified
in the lesions of patients with CL in Iran (141). The drawback of using this is the high cost and
need for a skilled professional in an established laboratory. Further advances in molecular
methods will enable researchers to develop alternative diagnostics and treatments for
Leishmaniasis readily.

1.8.7 Nano-diagnosis:

The use of nanoscience has revolutionized the diagnostic outcomes of Leishmaniasis. The nano
diagnostic methods involve using nanoparticles (NP), nanodiscs, quantum dots, stable lipid NPs,
and polymer NPs to identify promastigotes in vivo and in vitro. A DNA, RNA or protein-based
nano-diagnosis has been developed to diagnose leishmaniasis. In the DNA-based nano diagnostic
approach, a specific kinetoplast DNA in the target sample was amplified, and nucleic acid
biosensor probes were infused with an NP detector such that the hybridization of the amplified
product in the target sample with the oligos in the NP gives off a colour that confirms positivity
(142). The RNA approach is a method where a subunit of ribosomal RNA from L. donovani was

packaged in an NP salt aggregated probe; once the isolated target RNA binds with the NP
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packaged RNA probe, it triggers a colour change indicating positivity in the target sample (143).
In the protein nano diagnostic tool, the crude antigen of Leishmania infantum is embedded in
the gold NP screen-printed carbon electrode probe. On contact with the sera from a patient, the
antibody-antigen interaction is detected by signals from an indirect ELISA assessment (144). This
method has been reported to be used in diagnosing canine leishmaniasis (145). Depending on
the type of nano-diagnostic tool, the sensitivity and specificity are high and within the range of
98-100% compared with other parasitological or serological methods (146,147). However, the
challenge with nano diagnostic measures is that there have been reports of false positivity, as
some of the NPs are known to interact chemically with the test samples (148). Nonetheless, with
the increased advancement in Nanotechnology, nano-based diagnostic measures have great
potential to become the gold standard for detecting Leishmaniasis.

Table 1 Pros and Cons of the Diagnostic tools used in Leishmaniasis

Diagnostic method | Pros Cons
Parasitological Visualizing amastigote | 1. Invasive sampling
2. Time intensive
3. Risk of parasite
contamination
4, Not suitable for
field diagnosis
Immunological (Type | 1. Non-invasive Unable to distinguish
IV hypersensitivity) 2. High prior exposure from
sensitivity active infection
Immunological 1. High Error prone due to
(Direct Agglutination sensitivity and | multiple pipetting
Tests, DAT) specificity
2. Easily
detected in
multiple
patients
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Traditional

Immunological
(Flourescent
antibody or
immunoflorescent

High sensitivity

Sophistication required

Immunological Allows for multiple 1. Expensive
(ELISA) screen of samples at a 2. Does not
time distinguish
current from past
infection
Immunological 1. Rapid and | Does not distinguish

(Immune
chromatographic
test, ICT)

non-invasive
2. Useful for VL
3. More sensitive

than ELISA

current from past
infection

Immunological
(Latex agglutination)

1. Non-invasive
2. Alternative for
patients with
low antibody

titres

3. Wide
sensitivity
range

4. distinguish

current from
past infection

False detection is
possible

Molecular
(conventional PCR)

Increased sensitivity
when blood samples
are used

1. Contamination
risk

2. Professional
expertise
required

3. Does not
distinguish
current from past
infection

Molecular (semi
nested/nested PCR)

Higher sensitivity and
specificity

High contamination risk

Molecular (RT-PCR)

1. Sensitivity
higher  than
parasitological

2. Reduced

contamination

Does not identify
Leishmania species

Molecular (multiplex
PCR)

High sensitivity

High cost
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Molecular (Nucleic | Higher sensitivity than | Does not identify
acid sequence-based | conventional PCR Leishmania species
amplification,
NASBA)
Molecular Distinguishes Poor reproducibility
(Randomly amplified | between Leishmania
polymorphic  DNA, | species
RAPD)
Flow cytometry Higher sensitivity than | Lower specificity
ELISA
Proteomics Used to identify | Sophisticated trained
specific biomarker in | professionals required
disease
Advanced Loop-mediated Higher sensitivity 1. Formation of
isothermal secondary
amplification (LAMP) nucleotide
structures
2. Inefficient
temperature
control
Multilocus enzyme | Recommended for 1. Requires a large
electrophoresis parasite typing amount of
isoenzyme
2. Sophisticated
trained
professionals
required
Nano diagnosis High specificity and | False positivity
sensitivity

1.9 Treatment and control of VL and CL

The current treatment measures for leishmaniasis have employed chemotherapeutic strategies
such as pentavalent antimonial, liposomal amphotericin B, miltefosine, and paromomycin (Table
2). However, these treatments need to be improved due to their toxicities, the rise in co-infection

cases, and the emergence of drug resistance. Some strategies to overcome the current challenges
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with chemotherapy against leishmaniasis have been combination therapy, host-directed therapy,
drug repurposing, anti-microbial peptides, and nano-based treatments. Some of these are
discussed briefly below.
1.9.1 Pentavalent antimonial:

Pentavalent antimonials such as meglumine antimonate (Glucantime) or sodium stibogluconate
(Pentostam) have been the oldest drugs used to treat leishmaniasis (since 1945) (149). These
drugs are inactive before ingestion, but after they are absorbed, they become reduced to an
active trivalent form in their host (150). There have been several schools of thought on the
mechanism of action for this drug: a) A reduction to the trivalent form could occur when the
pentavalent form reacts with a known virulence factor in the parasite (Trypanothione) to form
thiols that create oxidative stress and continuous efflux of thiols into the cells is orchestrated by
an ABC transporter (151) b) trivalent forms are formed when pentavalent compounds undergo
reductions associated with ADP and GDP (152) c) Pentavalent forms directly inhibits metabolism
pathways such as glycolysis, fatty acid B oxidation, glycolysis, and ADP phosphorylation d) it can
also damage DNA and cause cell death (153). It has been regarded as the gold standard for
treatment in both old and new world countries, and people diagnosed with VL were given the
drug either intravenously or intramuscularly. In contrast, for those with CL, the drug is injected
within the lesions (154). In a clinical trial in Brazil, CL patients given the meglumine antimoniate
had a cure rate of 87% (155). In comparison, another study showed a cure rate of >90 % among
the participants (156). However, in India, there is minimal use of antimonials due to toxicity and

resistance issues. Its resistance could be due to inactivation of the trivalent forms, reduced

51



uptake due to the overexpression of aquaglyceroporin, and downregulation of calcineurin critical
for cellular functions (150).
1.9.2 Liposomal amphotericin B (amp B):
Amp B deoxycholate is an antifungal drug that is efficacious in anti-leishmanial treatment and
was introduced in the early 1960s (157). Since the emergence of antimonial resistance, Amp B
has been used as an alternative drug, and it has been reported to cure VL. The mechanism of
action is that they interact with sterols to create a pore within the cells, leading to cell death and
inducing cells to go into oxidative stress, releasing reactive oxygen species, which makes parasites
unable to survive (150). Amp B deoxycholate appeared to show improvements in patients
resistant to antimonials, but there were other side effects, such as nephrotoxicity and
hypokalemia. To improve this, amp B was packaged in liposomes (AmBisome, Amp B lipid
complex and AmB cholesterol) and delivered to the lipid bilayers (158). This helped to reduce
toxicities with improved pharmacokinetics and dynamics (159). Patients in Ethiopia who took
liposomal Amp B had a cure rate of >85% for VL (160), and in another study in India, an increased
cure rate of 96% was observed when amp B was combined with amBisome (161). Resistance with
ampB has been associated with faulty membranes, increased expression of a known MDR1 gene
for drug mutation, and increased trypanothione biosynthetic pathways. However, combining
either doxorubicin (an anti-parasitic drug) or liposomal amp B appears to induce better efficacies
(162).
1.9.3 Miltefosine:
Miltefosine (hexadecyl-phosphocholine) was given for breast cancer treatments as far back as

the 1980s and was also seen to be efficacious in anti-Leishmanial treatments. It is administered
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orally and has been demonstrated efficacious for both CL and VL (163). Miltefosine is known to
a) inhibit phospholipid and alkyl lipid metabolism, thereby disrupting cell membrane (164), p b)
affect mitochondria by obstructing cytochrome c oxidase, leading to cell death (151), c)
Upregulates expression of inducible nitric oxide synthase, a critical enzyme that produces nitric
oxide critical for killing Leishmania (165). With just 28 days of administration of miltefosine, >90%
of patients were effectively cured of VL (159,166). The cure rates of miltefosine on CL were
reported to be between 87 and 100% (163). Despite the improved efficacy, there has been
resistance to miltefosine, which was due to inadequate use and extended shelf life and has led
to relapsing cases in Bangladesh, India and Nepal (163). Another reason for the resistance may
be that miltefosine intercepts the transporter protein LdRos3, which may have affected the
uptake of the drug (167,168). In females, miltefosine is known to affect the developing fetus, and
its use is limited (169). Combined with other drugs, such as Lopinavir, reduced the parasite
burden in Leishmania-infected mice compared with miltefosine alone, suggesting that
combination therapy will enhance treatment outcomes.
1.9.4 Paromomycin:

Paromomycin is a broad-spectrum antibiotic used to treat both eukaryotic and prokaryotic
pathogens, but in the 1960s, it was shown to be effective against CL and VL (170). Its action is to
intercept protein machinery by destabilizing the 30S ribosomal subunit. It also affects cell
membrane potential by affecting lipid metabolism (152). Paromomycin was approved for VL
treatments in India and administered intramuscularly with a cure rate of 94% (166). The
application is topical for CL, and the cure rate is about 80% (171). Paromomycin is preferred for

VL treatment in resource-limited settings and in India because it is cheaper (172). Although
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resistance has been reported in Paromomycin treatments for VL, combination therapy is

recommended in these cases (173).

1.9.5 Combination therapy:

Due to the increasing cases of resistance and toxicity associated with the conventional therapy
against Leishmaniasis, generally, multiple drug administration was the proposed alternative. It
was necessary to do this to reduce the dosage duration with single drug usage and thus reduce
the time frame for drug toxicity to become established. It was also vital to reduce relapses and
resistance issues (154). The reason for exploring this in leishmaniasis was because combination
therapy has been reported successful in treating HIV, malaria, and TB (174-176). Combining an
antifungal drug such as itraconazole alongside a hypercholesteremic drug, ezetimibe, with
miltefosine in VL model mice drastically reduced the parasite burdens in the liver and spleen of
the animals (177). The efficacy of tamoxifen with antimonials also showed anti-Leishmania
efficacies in vivo and in vitro models of L. amazonensis infection (177). In another study, a single
therapy drug, liposomal Amp B, was used for skin abrasions associated with L. major in mice,
which took 64 days to clear. However, when Liposomal Amp B was combined with tretazicar, it
cured in 18 days (178). All these mice studies suggested the potential use of a combinatorial
approach to anti-Leishmanial treatments.

When antimonial resistance was developed, combining two drugs to treat infected individuals
was already getting attention in India and the African Continent (150,179). The cure rate of
miltefosine and liposomal amp B was >95% in India, while in Sudan or Kenya, this combinatorial
drug had a cure rate of 87%. They suggest that the effective use of a multiple-drug combination

may depend on the existing resistant strain in the endemic region. The administration of
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amBisome and miltefosine in HIV patients co-infected with VL was reported to be safe, tolerable
and efficacious in reducing the VL relapse rate (180). In another study, a combination of
miltefosine with liposomal amp B over three months in patients suffering from PKDL had a cure
rate of 100%. However, relapses were observed 18 months after recovery, whereas in a
miltefosine monotherapy, relapses occurred 3 to 4 weeks post-recovery (181). All of these
suggest the expansive outcomes from multiple drug administrations in anti-Leishmania
treatment.
1.9.6 Drug repurposing:

This refers to an alternative drug used to treat an ailment originally manufactured for another
medical cure. This approach was established to save costs and time associated with developing
new drugs, mainly because these drugs have gone through the required regulatory checks and
preclinical/clinical trials (182). When a drug is to be repurposed, in silico approaches are used to
assess the potential interactions of the drug with the Leishmania parasite of interest to be sure
that the drug will be directly targeting the parasite (183). Most conventional anti-Leishmania
treatment drugs, like paromomycin, amp B, and azoles (itraconazole, fluconazole, and
Posaconazole), were repurposed. An anti-depressant like sertraline was recommended to be
valuable for anti-Leishmania treatment. It was reported to inhibit Leishmania infantum parasites
directly by decreasing ATP synthesis and mitochondrial membrane potential, suggesting they
may be suitable drug candidates against VL (184). Multiple studies have estimated the efficacy of
repurposed drugs in anti-Leishmania treatments (183,185-189). Repurposing drugs is an

innovative way to develop valuable therapy against Leishmaniasis in the future.
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1.9.7 Nanoscience therapy:
Nanomedicine allows one to optimize the use of nanoscale to design suitable drugs and toxic-
free delivery outcomes. One of the primary reasons for resistance and toxicity with conventional
drugs against Leishmania is that these drugs damage cellular compartments when they are
administered (87). NPs are suitable for drug delivery options because they are usually biologically
compatible, deliver to the organ of interest, improve drug solubility, and can be exploited to
provide multiple administration routes (190). NPs used for drug delivery are usually made from
metal, carbon, liposomes, organic and inorganic polymers, dendrimers and micelles; however,
because the significant target of Leishmania is usually in the phagocytic cell, most of the drugs
for anti-Leishmania treatments are packaged in liposomes and polymers (191,192). Drugs
administered with NPs produce practical leishmanicidal effects such as enhanced immune
responses, increased ROS production, damaged DNA and mitochondrial functions, and inhibited
synthetic pathways (193). Even though numerous studies outline the efficacy of Nanomedicine
in anti-Leishmania therapy, there is a considerable systemic toxicity that has been reported (194)
and preparing drugs in NP packaging is expensive and requires a technical skill set (195). With the
advancement of science in this era, these challenges will soon be overcome.
1.9.8 Host-directed therapy:

Host-directed therapy (HDT) targets the immune responses rather than the pathogen for a
clinical cure. HDT involves using either a drug or molecule that can modulate inflammatory
responses or the body’s immune system to induce a cure and reduce relapses (196). One such

molecule is the Oleuropein from an olive plant that stimulates ROS and NO production, elevated
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IL-12, IFN- vy and transcription factors responsible for generating Th1 cellular immunity against

Leishmania donovani infection in mice (197).

Table 2 Modes of action and challenges in the Drugs used to treat Leishmaniasis

Drug

Mode of action

Downside

Reference

Pentavalent
antimonial

Forms an active
trivalent form that
interacts with
parasite to create
oxidative stress

Toxicity, Resistance

(151), (150)

Liposomal
amphotericin
(ampB)

Interacts with sterols
to create a poreinthe
cells resulting in
oxidative stress

Resistance

(150)

Miltefosine

1. Distupts cell
membrane

2. Inhibits
cytochrome ¢
oxidase

3. Upregulate
iNOS to Kkill
parasites

Resistance

(151), (164)

Paromomycin

Destabilizes 30s
ribosomal subunit
and affects lipid
metabolism

Resistance

(152)

1.10 Vaccination strategies against VL and CL

Due to the increasing challenges associated with chemotherapy, such as drug toxicity and

resistance, there is an increasing need for an alternative therapy that will prevent the initial onset
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of leishmaniasis through prior exposure to some form or components of the parasite, thus
reducing morbidity and mortality associated with the disease. This strategy is referred to as
vaccination. Interestingly, an old vaccination rule postulates that a vaccine must induce
protection similar to what is obtainable following recovery from the natural disease (198).
Vaccination is adoptable in leishmaniasis because recovering patients develop immunity against
re-infection (199). While human vaccination against leishmaniasis has been increasingly
disappointing, some vaccines have been approved to treat the disease in animals (200).
Leishmanization has been the only effective vaccination strategy against cutaneous leishmaniasis
but has been discontinued due to safety concerns. Leishmania subunit vaccine is a popular
vaccination strategy that has received numerous accolades for its inexpensive cost and
reproducibility, such that a couple of these vaccines are approved for animal use (201). However,
the immune responses from the subunit vaccines do not produce long-lasting protection and
require occasional boosts. Thus the need to generate a vaccine candidate that will induce long-
lasting protection against leishmaniasis is critical. Some of the previous and recent vaccination

strategies are outlined below.

1.10.1 Leishmanization:
Leishmanization refers to conferring immunity on an individual against leishmaniasis by
intradermal injection of live virulent Leishmania in an unexposed body part to prevent
development of a natural disease. It was noticed in those days that individuals living in CL-
endemic areas of the Middle East, only got CL lesions once in their lifetime, indicating that

immunity was conferred to these individuals (202,203). A sharp object would be used to scrap
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out exudates in lesion and inject them into a covered body part of a CL naive individual. Once the
person develops lesions and is healed, they are immune for life against natural disease (204).
This practice has been the norm since the 19th century when promastigotes were harvested from
culture media and inoculated in humans (204,205). As a result of this, mass immunization of
military recruits was enforced in Israel, Uzbekistan and Turkmenistan between 1959 and 1967
and by 1977, leishmanization program was in full effect in Iran (206). The risk assessment of
leishmanization reduced the incidence rate of disease to about 69% (207) , and at the time, it
was a last resort in the control of CL as other measures were failing. Attempts at reducing the
risk associated with leishmanization began with developing an L. major stabilates generated by
good manufacturing practices (GMP). Participants were vaccinated, and lesions developed in
some individuals, but natural CL lesions did not develop even after ten years, suggesting this
method induced protective responses. Using these stabilates, there were cases of vaccinated
individuals developing non-healing lesions, but it has been known that natural CL can induce non-
healing lesions as well. However, this has been the major drawback using these L. major stabilates
(208).

Since VL is very fatal, vaccination is highly needed. However, recovery after timely treatment is
possible, but individuals are at risk of severe complications from either the treatment or
developing relapsing conditions. In Sri Lanka, it was reported that a naturally attenuated L.
donovani isolate protected against VL, which was associated with a Th1/Th2 response (209). This
isolate was obtained from an individual who presented cutaneous lesions but did not develop
visceralizing disease. Other studies have shown that vaccinating mice with either a low dose of L.

infantum or sustained levels of L. infantum in the spleen protects against virulent challenges
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(210,211). Notwithstanding, leishmanization is a cheaper tool to control leishmaniasis. Aside
from the risk of reverting to virulence and developing non-healing lesions or severe
consequences, the rate at which lesions develop after vaccination with these live parasites is not
uniform even when using the same protocols and media growth conditions because individuals
respond differently to the immunization (207). Thus, generating non-pathogenic variants of

Leishmania species became an alternative vaccination strategy to explore.

1.10.2 Genetically modified and live attenuated vaccine:
Genetically modified and live attenuated vaccine strategies have been regarded as second-
generation vaccines, where a gene (s) in the parasite responsible for survival and virulence is
deleted (212). These parasites do not pose any danger and are preferred because they induce
immune responses similar to what can be obtained in a natural infection (213). Non-pathogenic
or genetically engineered parasites are the most promising vaccine against the more fatal forms,
such as VL. Numerous live attenuated forms of the Leishmania parasites have been generated by
removing essential genes. These genes include the biopterin transporter and A2-Rel in L.
donovani, SIR2, heat shock protein Hsp70-II, and KHI in L. infantum—the deletion of these genes
in the parasites induced protective responses in mice (214-217). We have also shown that the
absence of a metabolic enzyme critical for gluconeogenesis in Leishmania major induced
moderate protective responses (218). The protective responses obtained from centrin-deficient
parasites were due to the increased influx of MHCIl-expressing macrophages, which resulted in

increased production of IFN-y from CD4" Thl cells and reduced the levels of IL-10 and IL-4
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cytokine-producing CD4* Th2 cells (219,220). The absence of the abundant surface molecule in
Leishmania parasites, LPG, in L. major and L. infantum was attenuated in mice and induced long-
term protection against virulent Leishmania challenge (221,222). However, LPG deficiency in L.
mexicana was not attenuated inside macrophages or mice and perhaps not a valuable vaccine
target against L. mexicana infections (223). Essentially, the most favourable vaccine candidate
that is genetically modified but live will be one that will be protective against all forms of
leishmaniasis, including VL and CL.
1.10.3 Subunit vaccine:

Subunit vaccines refer to a subunit or recombinant form of the parasites that upon injection,
could induce protective responses in preventing a wild-type Leishmania challenge. Some of the
components in the parasite that have been used as a vaccine in Leishmania include LeiF, gp63,
p36/LACK, A-2, PSA-2/gp46/M-2, FMK, LCR1, OEFF, KMP11, LmSTI1, TSA, HASPB1, protein Q,
cysteine protease B (CPB), and A (CPA) (12). When Leishmania’s surface glycoprotein Gp63 was
packaged in a cationic liposome, or the DNA forms were used as a vaccine, they were shown to
increase the frequency of IFN-y-producing CD4* T cells and confer protection (224). Also,
promastigote surface protein PSA-2/gp46/M-2 that was packaged in virus induced protective
responses against L. amazonensis (225) The more notable subunit vaccines are the LEISH-F1,
LEISH-F2, LEISH-F3 which show promising potentials as a vaccine candidate as they have advance
to Phase Il clinical trials (226—228). LEISH-F1 is a subunit derived form the kinetoplastid
membrane protein-11 (KMP-11) conserved in all Leishmania species, LEISH-F2 is derived from
Leishmania stress inducible protein 1 (LmSTI1) and LEISH-F3 is a combination of multiple

immunogenic proteins including LmST1. LEISH-F1 and LEISH-F2 are packaged in a structure that
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stimulates toll-like receptors, while LEISH-F3 is contained in a stable oil-in-water emulsion, all
showing promising results to protect against Leishmania infection (226—-228). One advantage of
using subunit vaccines is that there is no risk of reverting to natural infection in their host because
only a parasite component is used to induce protection. The challenge, however, is that these
vaccines could not generate long-term protective immunity because the presence of parasites is
vital for lifelong immunity (229).
1.10.4 Third-generation vaccines and recent advances:

The third generation vaccines refer to vaccines that involve naked DNA (230). The DNA of one or
multiple specific components in Leishmania is usually packaged in a virus and injected
intradermally or intramuscularly. They are used because they induce robust IFN-y production
and CD4*/CD8* T cells and activate dendritic cells, which are crucial for protection against
Leishmania infection (231,232). DNA vaccines comprise DNA from one or multiple antigens in
Leishmania, such as gp63, LACK, PSA-2 TSA, KMP11, A-2, NH36, LmST11, cysteine proteases and
histones (230). Current studies are underway to understand the clinical impact of a DNA vaccine
comprised of 2 antigens, Leishmania KMP11 and HASPB, in patients with PKDL (233). The
advantage of DNA vaccines is that there is no potential to revert to virulence in the vaccinated
individual, and they are stable and do not require adjuvants. However, the downside is the risk
of these vaccines becoming reintegrated into the host genes, resulting in autoimmune disease
and/or cancer (219).

Aside from DNA vaccines, there have been recent advances in developing more efficacious
vaccines. It was important to improve the vaccine delivery to control antigen release, prevent the

degradation, and ensure that the antigen is delivered to the target organ.
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The use of nanoparticle carriers has enabled the progression of studies demonstrating the
efficacy of these vaccines (234). For instance, when cationic solid nanoparticles delivered a fusion
gene from Leishmania, there was a protective cellularimmune response (235). In addition, when
the poly D, L-lactide-co-glycolide nanoparticle delivered soluble Leishmania antigen or
monophosphoryl lipid A, protection against L. infantum infection was obtained (236). Another
exciting advancement is chimeric vaccines, where two or more gene fragments in different
chromosomes or loci from Leishmania are linked and expressed together to generate a more
robust and improved immune response. ChimeraT comprises antigens from Leishmania
prohibitin, elongation initiation factor 5a, and hypothetical LiHyp1 and LiHyp2, induced a Typel
immune response upon vaccination against L. infantum (237). Vaccination with the F1F3 chimeric
protein gotten from Leishmania’s nucleoside hydrolase NH36, cause reduced lesion
developments following challenge with L. braziliensis, which was associated with higher IL-2, TNF-
o, and IFN-y-producing CD4* and CD8* T cells (238). L. tarentolae is a non-pathogenic Leishmania
species that infects humans. The idea of using them as a vaccine is that they activate DCs,
increasing IFN-y Th1l type responses, and they are known to mimic the immune response one
would find in a natural infection setting (234,239,240). It has been established that L. tarentolae
injected intraperitoneally induced protective immune responses against L. donovani infections in
BALB/c mice (241). The use of virus-like particles is another strategy in vaccine developments
that has the potential to generate cellular and humoral responses similar to native viruses but is
unable to replicate (242). L. tarentolae are known to be a vehicle or antigen that produces viral-
like particles or proteins (243). Viral-like particles derived from L. tarentolae, were seen to induce

neutralizing antibodies during a virulent Leishmania infection (242).
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RNA vaccines direct the synthesis of the antigen in the host for that can elicit an immune

response. The F2-RNA, RNA vaccine administered alongside LEISH-F2 in a VL model significantly

reduced the liver parasite burden upon challenge (244). RNA vaccines have the potential to

revolutionize vaccine developments against leishmaniasis.

Table 3 Common vaccination strategies used against Leishmaniasis

Vaccine strategy Pros Cons Reference
Leishmanization eg 1. Cheaper 1. High risk to | (208)
low dose parasite, L. 2. Protection reverse to
major stabilates and long term virulence

immunity 2. Risk to

guaranteed developing non-

healing lesions

Genetically modified 1. Protection 1. Low risk to|(219,220).
or Live attenuated eg and long term reversal to
LPG2 KO parasites, immunity virulence (at
centrin deficient may or may least not as high
parasites not be as

guaranteed leishmanization)
Subunit eg LeishF1, 1. No risk to 1. Long term | (226-228)
Leish F3 revert to immunity  not

virulence or guaranteed

natural 2. Adjuvants

infection required
DNA vaccines eg 1. No risk to 1. Risk of | (219)
KMP+HASPB revert to reintegration

virulence or into host

natural genome

infection

2. Stable and
requires an
adjuvant
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1.11 Experimental models of CL and VL

To develop drugs for CL and VL, specific models for the disease are required so that the efficacy
of the therapeutics can be assessed. There are available in vitro studies that examine the efficacy
of drugs using techniques such as reporter gene assays and high content/high throughput screens
with either promastigote and amastigotes or their components (245,246). In the recent systemic
review by Vander Ende and Scahalling, it was noted that hamsters and mice are the more
frequently used animal models, and L. major and L. amazonensis were the species mostly used
to induce infection in these animals (247). However, in vivo models are popularly known to
recapitulate what is closely obtainable in humans. So animal models of CL and VL are preferred

and will be explained below.

1.11.1 Mouse model:
Mice are often used because they are inbred with similar genetic makeup within each strain,
transferring phenotypic characteristics to offspring consistently (248). Generally, the BALB/c
strain of mice has been associated with susceptibility, and the C57BL/6 strain is associated with
resistance to Leishmania infection (249). Susceptibility is related to the development of a non-
healing lesion in L. major infection. It correlates with a Th2 immune response that produces IL-
10 and IL-4, which promotes upregulation production of arginase that enables parasite survival
in macrophages. On the other hand, resistance is associated with the resolution of lesions in L.
major infected in C57BL/6 and C3H mice. This is due to induction of IFN-y and TNF-a production
in CD4* T cells, which stimulate the upregulation of inducible nitric oxide synthase (iNOS) and

production of nitric oxide to initiate the clearance of the parasites in macrophages (250-252).
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Studies attempt to recapitulate natural infection in these mice models by inoculating 10°-10°
parasites in the footpad, ear, or tail without including the salivary gland components from the
sandfly. Natural infection however is described as one where low-dose parasites (100-1000) are
deposited by the sandfly with accompanying salivary gland components (253). Studies by Belkaid
et al, showed that intradermal low-dose infections rather than subcutaneous infections with high
dose parasites (10°-10°) leads to development of lesions slowly in mice that is less extensive
compared to what is observed in natural settings (254). Some mice models show distinctions in
their responses to different Leishmania species. For instance, the C57BL/6 and C3H mice, which
are resistant to L. major, are susceptible to L. mexicana and L. amazonensis (255). It is thought
that this susceptibility of C57BL/6 mice to L. amazonensis infection is not dependent on a Th2
response or IL-10 expression but on the predominance of M2 macrophages (256,257). Still, the
control of the infection was dependent on IFN-y and STAT-4 (258,259). Even when exogenous IL-
12 was administered to these mice, there was a delayed resolution to the lesion compared to L.
major infection (260). If using only the L. major mouse infection mice model, one is bound to miss
exciting dynamics in immune responses associated with other species and thus may limit vaccine
discovery or therapeutic outcomes.

For VL caused by either L. infantum or L. donovani, the BALB/c, DBA/1, C57BL/6, and NMRI mice
models are used to determine pathogenesis and test therapeutic agents (261,262). BALB/c
depicts an organ-specific immune response to visceralizing disease. After the first few weeks, the
parasites will multiply rapidly in the liver. Afterwards, the onset of a Thl response at 4 weeks
post-infection ensures the clearance of the parasites resulting in the development of an organ-

resistant phenotype. On the other hand, parasites in the spleen replicate extensively but are
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eventually controlled and maintained for a long time as they never get cleared. The persistence
of the parasites in the spleen of mice is due to unsuccessful granuloma formation leading to
splenomegaly (263). It has also been noted the Natural Resistance Associated Macrophage
Protein-1 (NRAMP-1) locus has been identified to play a role in delayed expansion of parasites in
the liver and spleen in BALB/c mice compared to the DBA mice (264,265). It is important to note
that in BALB/c mice, VL is chronic but not fatal making it a good model for subclinical or self-
healing studies. Although the use of BALB/c mice for VL does not quite recapitulate what is
observed in humans, it is beneficial for underpinning the effect of specific parasite genes on host
immune responses (266).
1.11.2 Hamster model:

The Syrian golden hamster completely reproduces the clinical pathologies of VL disease as seen
in humans and thus is the best animal to study L. donovani and L. infantum infections. However,
there are limitations to using this animal model because the reagents required to investigate the
specific immune responses are not readily available (245,267,268). Hamsters infected with L.
donovani develop increased Th1l type cytokine expressions, basal IL-4 and TNF-a. expressions as
infection progresses, and a potent increase in IL-10 expression within the spleen. In this model,
there is uncontrolled parasite replication in the spleen, bone marrow and liver, even in the
presence of a strong Thl response, which was thought to be due to increased proliferation of
immune cells producing suppressive cytokines associated with the active disease. This
suppressive environment was due to the fact that APCs could not present antigens to T cells; so
tolerogenic cells began producing TgFf resulting in the apoptosis of lymphocytes and decreased

expression of protein kinase C, which is critical for proliferative cellular responses (267).
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Interestingly, in the hamster model, fatal and progressive disease has been associated with an
unresponsive macrophage which is incapable of upregulating inducible nitric oxide synthase
(iNOS), the main component that ensured killing of parasites despite having a strong Thl
presence (267). It was noted that the undetectable level of iNOS in these animals was due to
significantly lowered (basal) NOS2 gene promoter activity compared to that obtained in infected
mice (269). Although a good progressive disease model, the disease in hamsters is achieved by
intracardial or intraperitoneal injection, which does not quite depict the natural infection
dynamics where the parasites are deposited in the mammalian skin by the sandfly vectors.
Interestingly, hamsters are also valuable for maintaining the virulence of Leishmania species that
cause VL (270). Once the parasites are isolated from the hamsters, they can only be grown for a
few weeks before they lose virulence, so using cryopreserved parasites will decrease the constant
need to maintain virulence in the animals (270).
1.11.3 Dog model:

Domestic and wild dogs are the main zoonotic reservoirs of VL caused by L infantum in the Middle
East, Latin America and Asia (271). In China, dogs infected with L. chagasi are predominant (272).
The fact that dogs were reservoirs for VL led to intensive research to understand the cellular
mechanisms that promote protective responses in order to develop new therapeutics and
control measures that can apply to the human forms of the disease (15,273). Interestingly, dogs
are not known to be reservoirs for parasites causing CL (274,275). However, natural infection of
dogs with L. (V.) braziliensis, L. (V.) peruviana, L. (V.) panamentsis, L. (V.) colombiensis and L. (L.)
mexicana has been observed (276). Dogs infected with VL-causing parasites bear similar

presentation of symptoms observed in humans, such as long periods of asymptomatic infections,
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anemia, enlarged spleen, weight loss and fever. The dogs mostly used for cannie VL studies are

German shepherds, beagles or mixed breeds (277-279).

1.11.4 Non-human primate model:
Non-human primate models are valuable because they closely resemble human anatomy,
immunology, and physiology. However, using non-human primates for research is expensive and
difficult to handle. One non-human primate, the Asian rhesus macaques, is susceptible to
Leishmania infection, develops human-like disease, produces Leishmania-specific antibodies and
T cell-mediated responses and is also seen to be protected by numerous vaccination strategies
(280). Macaques were also seen to build resistance against a re-infection similar to what is
obtainable in humans, indicating the development of infection-induced immunity (281). New
world primates such as owl monkeys, squirrel monkeys and marmosets are potential hosts for
VL. Owl monkeys will develop fatal VL disease and are usually unable to recover (282) , but
squirrel monkeys will develop deadly disease, recover and become resistant to reinfection (283).
The occurrence of different phenotypes in these monkey species makes the development of
vaccines against VL a possibility. Due to cost limitation in using non-primates for leishmaniasis,
they are only an option when trying to resolve a hypothesis that cannot be easily solved using

other animal models. If this is the case, most times, monkeys will be preferred (245).

1.11.5 Wild Rodent model:
Although inbred mice have been helpful so far for immunology and oncology research studies,
they are limited in their polymorphic diversity. Hence, using wild rodents became an alternative
approach to studying host-parasite relationships in rodents since they are genetically

polymorphic, just like humans (248). Several rodents have been identified as reservoirs of
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Leishmania species, such as Sigmodon hispidus, Thrichomys Laurentius, and Peromyscus
yucatanicus, demonstrating unique manifestations of both CL and VL (284-287). However, few
studies have followed up on the type of host-parasite relationships in these animals due to the

difficulties encountered when managing wild animals.

1.12 Host immune response against CL and VL

The differences in clinical presentations and outcomes of leishmaniasis represent the divergent
immune responses following Leishmania infection. Patients who mount a Thl immune response
are believed to effectively clear the infection and eliminate the parasites, which is characteristics
of mild and localized CL. Hence, the inability to mount an efficient immune response is associated
with severe and chronic infections such as those described in DCL and VL. It is assumed that a
certain proportion of the parasites can be cleared in characteristic chronic infections. Still, a
growing pathology allows for the persistence of some parasites, leading to an exaggerated
inflammatory response. This is seen in MCL pathologies (288). These differences in clinical
outcomes and immune responses have led to the classification of leishmaniasis as a spectral
disease similar to Tuberculosis and Leprosy (289). The immune responses are, therefore, critical
in determining the clinical manifestations of the disease. The innate and adaptive immune
systems are the major players in the outcome of the disease. The innate immune system is the
first responder to any resulting insult or injury on the host, and it usually alerts other components
of the immune system, such as the adaptative immune system. The adaptive immune system
would usually step up to resolve the ongoing inflammation and tissue damage, especially where

the innate defence mechanisms fail to do so. The chronicity in leishmaniasis arises because of the
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inability of both innate and adaptive immune responses to eliminate the inflammation and the

disease effectively.

1.12.1 Innate immune response (DCs, Macrophages Neutrophils, NK cells, Complement,

pentraxin)
The innate defences include dendritic cells, Macrophages, Neutrophils, and Natural Killer (NK)
cells. Other host molecules involved in innate host defences include complements and
pentraxins. The significant cells that first internalize the Leishmania promastigotes the minute
they penetrate the dermis of the host are the phagocytic cells (DCs, Macrophages, Neutrophils).
These cells have a specific sensory pattern, such as the pattern recognition receptors (PRRs) and
the complement receptors (CRs), that detects the presence of these parasites. Some PRRs include
toll-like receptors like TLR 2, TLR3, TLR4, TLR7 and TLR9 (290-293) and CR3 (294), which
contributes to sensing Leishmania-specific molecules during infection by the innate immune
cells. The activation of these receptors initiates downstream signalling activities that set the tone
for the initiation of inflammatory responses and parasite proliferation in these cells (294,295).

Some key players in the induction of innate immune responses are depicted in Figure 5.
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Figure 5: Key players in the induction of innate and adaptive immune response during
Leishmania infection.

Parasitized macrophages assume either an M1 or M2 phenotype depending on the signals
received. IL-12 from DCs or macrophages favours the induction of IFN- » from either Th1 or NK
cells, leading to the upregulation of iNOS, which is critical for releasing nitric oxide to clear the
parasites in the M1 macrophages. IL-4 from different cell types induces Th2 cell development,
producing anti-inflammatory cytokines to promote Arginase upregulation in infected
macrophages. Arginases inhibit iNOS to assume an M2 phenotype, metabolizing arginine to
polyamines that promote parasite survival.

Dendritic cells:
DCs develop from the hematopoietic stem cells in the bone marrow and are evenly distributed

throughout the body. They are critical for activating the adaptive immune system and specialize
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in the uptake, processing and presentation of antigens to T cells, which has earned them the title
‘professional antigen-presenting cells’ (296,297). Different types of DCs induce different immune
responses during the activation of the adaptive immune response. For instance, the dermal DCs
promote the induction of Thl immune response, but the epidermal DCs induce the activation of
parasite-specific regulatory T cells (298). DCs produce IL-12, which is critical for activating naive
CD4* T cells to differentiate to a Thl subset and that produces IFN-y essential for parasite killing
(296,299). However, different DC subsets drive varying levels of IL-12 production. These
differences are believed to be the reason for the distinct dominating T-helper responses found
in the BALB/c and C57BL/6 mice infected with Leishmania (300). Failure to produce IL-12 in DCs
results in the expansion of Th2 cells that produce IL-4 and IL-10 to upregulate arginase
expression, which promotes parasite proliferation in macrophages (301,302). The expression of
co-stimulatory molecules, especially CD40 in DCs, is critical to influence the quality and
robustness of IL-12 production. Inhibiting CD40 expression in DCs using an anti-CD40 antibody
reduced IL-12 and IFN-y production, increasing susceptibility to L. major infection (303). DCs
express other co-stimulatory molecules like CD80 (B7-1) and CD86 (B7-2), which act as the second
signal required to activate naive CD4* T cells to differentiate into various CD4* T cell subsets.
These costimulatory molecules play vital roles in the outcome of Leishmania infection. It has been
reported that the Th2 response responsible for susceptibility to Leishmania infection in BALB/c
mice is dependent on CD86 expression and that the early Thl response in C57BL/6 mice is also
dependent on CD86. Similarly, CD80 expression on DCs was upregulated in mice infected with L.
major, and it influenced the production of IL-4 and IFN-y from Th2 and Th1 cells, respectively

(304).
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Macrophages:

Macrophages are best described as monocytes from blood circulation but resident in tissues and
organs. Although it was shown that monocytes originated from the bone marrow, they are now
known to be derived from the yolk sac, which is the leading site for hematopoiesis during
embryonic development (305). Unlike DCs, macrophages and neutrophils have better
phagocytosing and engulfing capabilities (306). However, macrophages are the definitive hosts
for Leishmania parasite replication. Neutrophils and macrophages are usually the first cells to
migrate to where the Sandfly deposited Leishmania promastigotes. After engulfment and
eventual establishment, the phagolysosome formation encloses the parasites, which become
converted to non-flagellated amastigotes. However, the establishment of amastigotes in
neutrophils is usually short-lived, making macrophages the host cell where continuous parasite
replication occurs before they are eventually released to infect other cells or taken up by a sandfly
during another blood meal (61). Macrophages are the host cells that ensure the killing of the
parasites, and for this to happen, the macrophages need to receive specific signals that activate
their macrophage-killing abilities. There are two types of states macrophages assume when
activated: classically (M1) and alternatively (M2) activated macrophages. IFN-y produced by CD4*
T cells, CD8* T cells and NK cells, activates macrophages classically to induce the upregulation of
inducible nitric oxide synthase (iNOS) that act on L-arginine to produce nitric oxide, critical for
parasite killing (307). Interestingly, C57BL/6 mice that could not induce iNOS became susceptible
to L. major despite having a robust IFN—y response (308). In addition to IFN-y, TNF-a, IL-1, and

IFNP also activate M1 macrophages (309).
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On the other hand, alternatively activated macrophages receive signals such as anti-
inflammatory cytokines, IL-4 and IL-10, which downregulate iNOS to enhance arginase
expression. Arginase converts L. arginine to polyamines. Leishmania parasites manipulate
macrophages to maintain the M2 phenotype because it favours their continued survival. Since
IL-12 production is critical for the induction of IFN-y-producing CD4* T cells, Leishmania
suppresses IL-12 production in macrophages. For instance, bone marrow-derived macrophages
from BALB/c and C57BL/6 mice infected with L. major do not produce IL-12, whereas other pro-
inflammatory cytokines produced in the cultures remained unaffected (310). Leishmania induces
an immunosuppressive state to evade host immune responses, producing anti-inflammatory

cytokines such as IL-10 and TGFf (311).

Neutrophils:

Neutrophils are one of the foremost cells that traffic towards the site where the sandfly vector
deposits the promastigotes before the infiltration of macrophages (312). They phagocytose
parasites like macrophages, but neutrophils can directly kill them by releasing toxic granules and
releasing extracellular traps called neutrophil extracellular traps (NETs). NETS contain DNA
materials and other neutrophilic granular proteins such as elastase and myeloperoxidase, which
immobilize and kill pathogenic organisms (313). Leishmania is known to induce NET formation in
neutrophils (314). However, some parasite strains resist NETs, while others do not. For instance,
L. amazonensis would be killed in the presence of NETs, but L. donovani, L. mexicana and L.
infantum have mechanisms to evade being killed by NETs (314). L. donovani can resist neutrophil

killing by inhibiting oxidative burst, escaping confinement around the neutrophil's lytic organelle,
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and speedy induction of NETs to ease the entry into macrophages (315). The process of
macrophages taking up parasites from neutrophil debris is called a ‘trojan horse’ infection (316).
Macrophages that engulf parasites in this way have low levels of IL-12 and robust IL-10
production, which is favourable for parasite proliferation and survival (317). Indeed, it has been
shown in real time using intravital microscopy that neutrophils are usually the first to arrive at
the scene of either a sandfly or needle Leishmania infection and that the absence of neutrophils
significantly reduces parasite burden (318). This indicates that neutrophils are critical drivers of
disease severity in leishmaniasis. However, whether neutrophils contribute to disease resolution
or progression in leishmaniasis has been debated. Interestingly, increased parasite burden was
observed in L. braziliensis infected in mice whose neutrophil was depleted (319). Reintroducing
exogenous neutrophils reduced parasite burden at the site of infection and draining lymph nodes
(319). In a model of VL, the absence of neutrophils was seen to reduce parasite burden in the
spleen early on but not the liver (320). It is believed that the absence of neutrophils allowed for
the expansion of Th2 responses, which was marked by the increase in IL-10 and IL-4 as well as in
L. donovani-specific immunoglobulin 1gG1/1gG2 levels (320). In canine leishmaniasis, severe
disease is associated with reduced neutrophilic infiltrations, increased apoptosis and decreased
oxidative bursts. However, in a mild or moderate disease, the neutrophils had no loss of viability
(321). Thus, whether neutrophils are protective or harmful during Leishmania infection may
depend on the Leishmania species, host, and stage of disease progression.

Natural killer (NK) cells:

NK cells are a component of innate-like lymphocytes and they make up about 10% of the

peripheral blood mononuclear cells and 0.4% of the secondary lymphoid organs (322). They
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produce proinflammatory cytokines and perform cytolytic activities. Exposure of purified NK cells
to Leishmania antigen induced a robust IFN-y production (323,324). The absence of NK cells in a
mice model of cutaneous Leishmaniasis resulted in reduced IFN-y production. This leads to
increased parasite burden, suggesting that NK cells are critical for anti-Leishmania immunity
(323,324). It was reported that in the resistant C3H mice, NK cells were responsible for driving
resistance toward L. major infection. However, in the susceptible BALB/c mice, there was a
reduced NK activity. This was because the production of necessary stimulants for NK activity,
such as CXCL10 and CCL3, were diminished (325). NK cells exercise their cytolytic functions by
directly lysing Leishmania-infected macrophages. This cytolytic function was thought to be due
to the release of perforin and granzyme B from NK cells (326). Recent studies indicate
Leishmania’s LPG suppresses NK cell activation by inhibiting IL-12 synthesis in infected
macrophages (327), revealing dimensional approaches through which Leishmania parasite
molecules hijack host immune responses.

Complement:

Complement proteins in the serum play a sequential role in eliminating invading pathogens.
Different Complement proteins play specific roles in phagocytosis (C1qg, C3b and iC3b), immune
cell sequestration, Induction of inflammatory responses (C3a, C5a), the formation of membrane
attack complex (MAC) orchestrated by C6-C9 proteins which ultimately ensures the lysis of the
pathogen (328). Leishmania evades MAC lysis by LPG molecule inhibition of the complex
(329,329). The original aim of the breakdown of C3 to C3a and C3b is to aid opsonization and
facilitate phagocytosis (by C3b). However, Leishmania parasites bind to C3b and penetrate host

cells such as macrophages and neutrophils with the complement receptors CR1 and CR3.
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Interestingly, Leishmania’s metalloprotease GP63 cleaves C3b to an inactivated form iC3b,
preventing the completion of the complement activation process (330). Similarly, another
Leishmania molecule, GP46, from L. infantum, L. braziliensis and L. amazonensis, was seen to
interact with the Factor H (FH) proteins (which is a regulator of complement proteins) to
inactivate C3b (331). The interaction of Leishmania with CR3 on macrophages resulted in reduced
IL-12 production, which is critical for the induction of IFN-y -producing CD4* T cells (331).
Pentraxin:

It is becoming clear that host molecules contribute to either susceptibility or resistance during
Leishmania infection (332,333). One of these host molecules is Pentraxin, a group of
evolutionarily conserved proteins with known polymorphisms in their genetic loci within introns,
suggesting their critical role in complex organisms (334). There are different classes of pentraxin,
including the long pentraxin 3 (PTX3) and the short pentraxins, such as C-reactive proteins (CRP)
and Serum Amyloid Protein (SAP). PTX3 has been shown to bind strongly to pathogenic ligands,
and is expressed primarily by myeloid cells such as neutrophils, DCs, and macrophages upon TLR
activation (335,336). The role of PTX3 in cutaneous leishmaniasis was not previously known.
However, we have shown that PTX3 expression was elevated in skin biopsies from humans with
active skin lesions and in cutaneous lesions during mouse models of experimental CL (332). Mice
lacking PTX3 displayed enhanced resistant to L. major infection, which was associated with
enhanced differentiation of naive CD4* T cells to Th17 subsets (332). This suggests that PTX3
expressed in myeloid cells, particularly DCs during Leishmania infections, downregulates the
Th17 cell differentiation, resulting in disease progression during leishmaniasis. Interestingly, it

was shown that the short pentraxins, CRP and SAP bind to either promastigotes secretory gel or
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LPGs and induce complement activation (337). However, more studies must evaluate the
implications of this during leishmaniasis.
1.12.2 Adaptive immune response (Subsets of CD4* T cells [Th1, Th2, Th17], CD8"* cells,
Tregs, B cells)
The adaptive immune response becomes necessary when the innate immune system fails to
eliminate the invading pathogen or clear the impending inflammatory response. T and B cells are
the major cell types that make up the adaptative immune response. Unlike innate immune
responses, adaptive immune responses particularly target specific antigens. They also generate
immunological memory, which is vital for faster and more precise responses when the host
encounters the same antigen. Some of the cells that play a role in the induction of the adaptive
immune response during leishmaniasis are depicted in Figure 5.
T cells
T cells are immune cells produced in the bone marrow but undergo maturation and development
in the thymus. There are two main subsets of T cells, CD4* and CD8* T cells, and they are
characterized because in addition to the expression of the CD3 ligand, they express the CD4 and
the CD8 ligands, respectively. They perform numerous functions: inducing signals that permit the
sequestration of other immune cells, producing signals that initiate specific effector function and
cell activation, and helping B cells to make antibodies. T cells recognize short sequences
(peptides) derived from pathogen using their T cell receptors. The peptides from pathogens are
processed and presented to T cells by antigen-presenting cells (APCs) such as macrophages, DCs
and B cells. The major histocompatibility class | and Il (MHC | &Il) molecules are expressed on

somatic cells or APCs, respectively, and present peptides from various pathogens to T cells. While
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MHC | is expressed solely in somatic cells, MHC | and Il are expressed in APCs (338). MHC I-
containing peptides would be present in cytotoxic T cells, for instance, CD8* T cells, while MHC Il
presents peptides to TCR from CD4* T cells. T cells make up cellular immunity, which is invaluable
for anti-Leishmania immunity. It has been reported that the absence of T cells in a mouse
resistant to Leishmania made it susceptible, and the re-introduction of adoptively transferred T
cells abolished the susceptibilities (339).

CD4 + T-helper 1 and T-helper 2 cells

Naive CD4* T cells receive signals to differentiate into various T cell subsets, and these signals are
dependent on the quality of TCR and MHC ll-peptide interaction. IFN-y and IL-12 are the signals
required for the induction of differentiation of naive CD4* T cells to a T helper 1 (Th1) subsets,
which produce IFN-y and TNF-a critical for the control of invading intracellular pathogens (340).
IL-12 made from the APCs, such as DCs and macrophages, will induce the expansion of Th1 cells
through STAT-4 and the expression of T-bet. The induction of expression of Tbet, which is the
master Th1 signature transcription factor in Thl cells, is mediated via IFN-y -induced STAT-1
expression (341). On the other hand, CD4 T helper 2(Th2) cells subsets are the product of
differentiation of naive CD4* T cells when cytokines such as IL-4 and IL-10 are received. GATA-3,
the signature transcription factor of Th2 cells, is usually expressed in response to these signals,
and these cells produce anti-inflammatory cytokines such as IL-4 and 1L-13 (342). In addition to
cytokine signals received by naive CD4* T cells, differentiation would not occur unless a strong
interaction is achieved between the costimulatory molecules expressed on APCs, such as CD86,
CD80 and CD40 and their ligands on the naive T cells, CD28 and CD40L (343). Macrophages are

the most parasitized cells during Leishmania infection. Thus, they are the target for Th2 and Th1l
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cells, which determines the activation status of these macrophages to an M2 or M1 phenotype,
respectively (344). Thus, it is critical for either parasite’s survival or elimination. The C57BL/6 mice
are resistant to Leishmania major due to a solid IFN y -producing Th1 cell, while BALB/c mice are
susceptible due to a robust IL-4-producing Th2 cell composition (250-252). It has been reported
that IL-1 was critical in inducing an enhanced Th1 response in Leishmania infected BALB/c mice
(345). When exogenous IL-1a was administered to L. major infected mice, there was a marked
increase in IFN y-producing Th1l cells and a reduced lesion development (345). IL-12 was also
valuable in initiating this response (345).

IFN- v produced from Th1 cells binds to the IFN-y receptor on Leishmania-infected macrophages,
resulting in the upregulation of iINOS, which converts L-arginine to nitric oxide. Nitric oxide is toxic
to the parasites, and ends up killing them (302,339,346). IL-4 production from mast cells,
basophils, eosinophils and NKT cells induces the differentiation of Th2 subsets (347). IL-4
produced within the vicinity of Leishmania-infected macrophages induces the expression of
arginases, which compete with iNOS for L-arginine. If arginases successfully catabolize L-arginine,
they produce polyamines that are favourable for parasite proliferation (302,339,346).
Neutrophils may be the source for the enhanced production of IL-4 in BALB/c mice because the
depletion of neutrophils in mice infected with Leishmania resulted in a significant reduction in IL-
4 and in Th2 cell developments (348). Another indication that Th2 cells drive susceptibility during
Leishmania infection is that in SCID mice lacking T cell response are generally susceptible to
Leishmania, and exogenous administration of Thl or Th2 cells rendered the mice resistant or
promoted gross disease progression, respectively (349). Interestingly, the inoculating doses of

Leishmania determine the development of the Th1l and Th2 cells. It has been noted that when
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C57BL/6 mice were infected with low doses of Leishmania, Th2 responses were initiated early
on. Meanwhile, in the high doses, Th1 responses were favoured (350). At both doses (high and
low), healing lesions still developed. The Th2 response was only transient because, later, the
induction of IFN- y produced from CD8* T cells drove protection against the disease. Uzonna et al
suggested that CD8* T cells regulate the Th2 and Th1 responses (350). Further studies need to
establish dynamics and origin of Th2 responses in Leishmania infection, as targeting this will
result in better disease resolution and outcomes.

CD4* T helper 17

CD4*T helper 17 (Th17) cells are subsets of CD4* T cells generated when naive CD4* T cells are
differentiated in the presence of IL-6, IL-23, IL-13 and TGF-f (351). These cells produce IL-17,
which affects macrophages and neutrophils, increasing their production of proinflammatory
cytokines and chemotaxis (352). The signature Th17 transcription factor, RORy—T, is noted to
cause an inhibitory effect on the Foxp3, the transcription factor for T regulatory cells (another
subset of CD4* T cells) and vice versa (353). In L. panamensis infection in mice, anti-inflammatory
cytokines suppressed Thl and Th1l7 cell responses. However, when these cytokines were
neutralized, it led to an enhanced Th1l and Th17 response, resulting in protection and disease
resolution (354). This suggests that anti-inflammatory cytokines regulate the induction of Th17
responses, so the presence of IL-10 would dampen Th17 immune responses during Leishmania
infection. Whether Th17 generally contributes to protection or susceptibility during Leishmania
infection is debatable. In the absence of IL-10 regulation, L. major infection in mice resulted in
an expansive induction of Th17 and Th1l cells, leading to disease progression (355). It was

reported that the expansive induction of Th17 cells correlated with an increase in the infiltration
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of neutrophils, while Th1 cells correlated with an increase in the infiltration of monocytes (355).
This suggests that susceptibility during Leishmania infection can be mediated by Th17 cells when
the measures for controlling the inflammatory responses are defective.

On the other hand, Th17 was associated with protection against L. donovani (356) or L. infantum
(357) infections. It was reported that low levels of IL-10 and reduced frequency of Foxp3* CD4* T
cells allowed IL-17 from Th17 cells to synergize with IFN-y, resulting in enhanced nitric oxide
production from the infected macrophages, thereby leading to disease resistance (357). In
another study, we showed that the absence of a host molecule Pentraxin3, Leishmania infected
mice induced strong Th17 and IL-17 response with IFN-y remaining unchanged resulting in
resistance to CL (332). From all indications, Leishmania species may regulate the induction of
Th17 cells differently leading either pathogenic or protective response.

CD8" T cells

CD8* T cells develop in the thymus and are also known as cytotoxic lymphocytes because they
demonstrate effector functions such as releasing granzyme, perforin, and IFN-y, which are critical
for eliminating invasive pathogens (358). They become activated in the presence of MHC |
presenting peptides expressed on the surface of either somatic cells or APCs. In the case of
viruses, CD8* T cells are protective; however, in Leishmania infections, there are conflicting
reports on whether they contribute to a protective response even when they produce IFN-y.
Although Leishmania-specific CD8* T cells were identified (359), the absence of CD8+ T cells or
MHC | in mice infected with Leishmania resulted in disease control (360). However, CD8* T cells
may only be valuable for protective responses in low-dose inoculum challenges because the

absence of CD8" T cells correlated with an enhanced Th2 response, and the introduction of IL-12
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or neutralization with IL-4 resulted in the induction of Th1 responses (350,359). The role of CD8*
T cells in Leishmania infections became more complicated when it was reported that CD8* T cells
contribute to disease pathogenesis because MHC | deficient mice infected with L. amazonensis
developed reduced lesions compared to the WT controls (361). Without T or B cells, RAG KO mice
produce small lesions with uncontrollable parasite burden following L. major infection but
increased lesions were observed when CD8* T cells were introduced in these animals (362). This
observation suggest that CD8" T cells may contribute to disease progression in the absence of
CD4+ T cells; thus, CD8* T cells may be a regulator of Thl responses. Despite the controversies
surrounding CD8* T cells in primary infections, CD8* T cells have been implicated in playing a role
in protective responses during infection-induced immunity (363,364).

Regulatory T cells

Regulatory T cells (Tregs) are known to restore homeostasis upon the induction of an
inflammatory response and ensure that tolerance amongst immune cells is sustained. There are
broadly two classes of Tregs: naturally occurring T regs (nTregs) and inducible T regs. The onset
of any infection produces an outburst of inflammatory cytokines and immune cell infiltration,
leading to tissue damage. Tregs assume a different T cell subtype; they can either become a Thl
or Th17 (365,366). This plasticity observed with the Tregs makes them able to respond to invasive
pathogens as the need arises. In layman's terms, Tregs put a break in the exaggeration of the
inflammatory microenvironment to resolve a growing disease pathology and repair damaged
tissues. They can do this through multiple mechanisms: by releasing anti-inflammatory cytokines
such as IL-10 and TGFp, through cell-to-cell contact, expression of inhibitory receptors such as

CTLA4 and LAG-3 and by competition for IL-2 with other T cells, as increased CD25 expression will
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result in reduced CD4* T cell effector activities (367). The chemokine receptor, CCR5, permits the
infiltration of nTregs, and they are maintained around the site of L. major infection due to the
expression of CD103 (368). The maintenance of nTregs around the site of infection necessitates
the induction of a growing population of parasites through IL-10 dependent or independent
mechanisms, which were not killed during active inflammatory responses but remain non-
proliferative (369). The persistence of parasites allows the induction of lifelong immunity,
representing a beneficial host-parasite relationship (370). In L. infantum infection, increased
levels of Tregs producing TGFf in the spleen and dLN reduced Th1 and Th2 responses (371). CD40
was seen to regulate Treg expansion in L. donovani infection. Enhanced CD40 expression in DCs
induced Th1l effector function, whereas poor expression of CD40 in DCs leads to enhanced Treg
expansion (372). We previously showed that inactivating the P110 isoform of the P13kinase in
mice impaired the expansion and effector function of Tregs during Leishmania infection, resulting
in enhanced resistance to susceptible animals (373). In VL patients, increased antigen-driven
expansion of Tregs was observed and even present after successful treatment (374).

B cells

B cells develop in the bursa of Fabricius in chicken and the bone marrow of other mammals. B
cells induce humoral immunity by producing antibodies that neutralize extracellular pathogens.
Like DCs and macrophages, B cells are APCs and present antigens to naive CD4* T cells to
differentiate them into different T cell subsets. Activation of B cells makes them become
antibody-producing plasma cells (375). In Leishmania, B cells were initially not seen to play a role
in protection against leishmaniasis (376), and this is because there is already a preconceived

notion that antibodies cannot neutralize intracellular pathogens. Indeed, CD4* T cells but not B
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cells transferred to an irradiated mice model of leishmaniasis-induced protective responses
(377). There was no protection when serum from a healed mice was transferred (378). Later on,
it was discovered that high Leishmania-specific antibodies were observed in infected susceptlbe
BALB/c model of CL (379), and parasite-specific IgG antibodies enhanced the secretion of IL-10
to result in disease susceptibility (380). Indications that B cells may induce protective responses
were shown in L. panamensis infected individuals, where co-cultures of T and B cells from these
individuals resulted in increased IFN-y and TNF-a production (381). In addition, B cells infected
with L. panamensis had higher CD86 expression than those from DC-activated B cells, which
enhanced antigen presentation abilities of DCs. Leishmania infected mice that lacked B cells had
significantly reduced IFN-y production which was restored when IgG-coated parasites were
administered (382). In this study, the B-cell deficiency resulted in enhanced parasite burdens and

lesion sizes (382).

1.12.3 Cytokines and Chemokines (IL-4, IL-10, IL-12, IL-17, IFN-y, TNF-c)

Cytokine secretory signals determine the effector responses from the innate and adaptive
immune cells. They are the driving forces in determining the outcome of Leishmania infections.
Numerous cytokines have been proposed to play a role in disease progression or resistance.

Interleukin-12 (IL-12) is one cytokine known to induce protective responses during leishmaniasis.
When IL-12 was depleted, it led to a deficit in the induction of Thl responses during L. major
infection in resistant C57BL/6 mice, resulting in susceptibility (383). In line with this, treatment
of susceptible BALB/c mice with recombinant IL-12 during infection with L. major leads to a
resistant phenotype which was associated with the induction of a Thl immune response (383).

IL-12 was seen to be the driver of this resistance because the administration of only recombinant
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IFN-y in the BALB/c mice did not induce protective responses during the infection (384). This
suggests that IL-12 is the signal needed to induce Th1 responses. IL-12 (IL-12p70) comprises two
subunits, p35 and p40; a defect in any unit abolishes resistance during Leishmania infection (385),
supporting the idea that IL-12 is critical for pathogen control. Although IL-12 is produced by
macrophages and DCs, Leishmania suppresses the production of IL-12 in macrophages (386),
suggesting that DC-derived IL-12 may be the critical pathway for resistance. Infected DCs,
especially from resistant mice, produce IL-12, which activates naive CD4* T cells to differentiate
into IFN-y -producing cells that influence anti-Leishmania immunity (296).

Interferon y (IFN-y) is the cytokine believed to be primary in mediating parasite killing in
macrophages by the induction of iNOS, whose by-product is nitric oxide (250). IFN-y can be
secreted by the CD4* T cells (Boyton & Altmann, 2002), NK cells (323,324), and CD8* T cells (358).
Indeed, neutralizing IFN-y in resistant mice enhanced Th2 response and thus enhanced their
susceptibility (387). Similarly, the administration of recombinant IFN-y in BALB/c mice infected
with L. major reversed susceptibility as these mice had reduced lesion developments (388).
Interestingly, resistant mice that could not produce IFN-y were susceptible. Still, when they
lacked the IFN-y receptor, they could not induce NO killing of the parasitized macrophages
despite the secretion of IFN-y (389). Thus, disease resolution is contingent on an intact IFN-y

signalling.

Tumour necrosis factor -alpha (TNF-a) is a vital cytokine that macrophages and T cells produce.
TNF-o and IFN-y synergize to induce nitric oxide production for killing the parasites inside

macrophages (250). Indeed, the administration of recombinant TNF-a. in a mice model of
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cutaneous leishmaniasis resulted in a reduced lesion and parasite burden. The neutralization of
TNF-a in these mice reversed this (390). Although TNF-o. contributes to protective immune
responses, the receptors TNFR1 and TNFR2 may not directly regulate Th1 and, by extension, nitric
oxide production. Mice that lacked both TNF -a receptors did not have impaired nitric oxide
production and successfully killed the parasites upon infection (391). This suggests that there is
a mechanism for parasite killing that does not require TNF-a receptor signalling, and thus, TNF-
o. may be acting independently of their receptor to initiate parasite killing (392). Interestingly,
infected TNFR1 KO mice successfully eliminated the parasites, but they had developing lesions
suggesting that the TNF-o receptors may play a role in the inflammatory responses (393).
Furthermore, it was reported that TNFR1 plays a role in the apoptosis of cells at the lesion sites
(394). The dynamics in the interplay of TNF-a and their receptor during Leishmania infection is

fascinating and may hold promise for future therapeutic anti-Leishmania application.

Interleukin 4 (IL-4) is an anti-inflammatory cytokine that majorly comes from CD4* Th2 cells, but
mast cells, basophils, eosinophils, and NKT cells may produce some amounts of the cytokine
(347). Interestingly, IL-4 inhibits IFN-y production from Th1 cells, a classical balancing act between
the Th1 and Th2 subsets to sustain inflammation or restore homeostasis, respectively (395). One
of the explanations for the susceptibility of BALB/c to Leishmania infections is that they produce
a robust amount of IL-4, which inhibits IFN-y expression. Consequently, Th1-mediated infection
resolution process is thwarted (396). As expected, suppressing IL-4 secretion using a neutralizing
antibody in these mice enhanced the resistance (397). Surprisingly, deleting the /IL-4 gene in mice

did not affect their susceptibility to L. major (sub strain LV39) as the animals still displayed
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comparable lesion developments to the WT controls (398). In contrast, IL-4 receptor a (IL-4Ra)
deficient BALB/c mice developed resistance to L. major substrain IR173 (399). This indicated that
aside from IL-4, other cytokines that signal through IL-4Ra may contribute to susceptibilities

during Leishmania infection.

Interleukin 13 (IL-13) is an anti-inflammatory cytokine produced by CD4* Th2 cells, mast cells and
eosinophils, and play a role in the elimination of intracellular pathogens, expelling worms and
regulating airway inflammatory responses (400). Elevated levels of IL-13 mRNA were observed in
patients with VL and CL (401). C57BL/6 mice manipulated to express IL-13 were seen to develop
non-healing lesions and uncontrolled parasite burdens during primary Leishmania infection,
which correlated positively to the secretion of IL-4 (402); suggesting that IL-4 and IL-13
synergistically affect disease susceptibilities. How IL-13 was seen to induce gross disease in acute
infection (403), but protection during chronic disease (404) is not very clear. However, this
suggests that IL-13 may regulate stage-specific disease outcomes. Indeed, IL-13 inhibits several
functions in parasitized macrophages, including IL-12 (405), TNF-a. (406) and iNOS expression

(407).

Interleukin 10 (IL-10) was previously referred to as a cytokine synthesis inhibitory factor because
it was initially thought to be produced by Th1l cells to inhibit cytokine production by Th2 cells
(408). It is now known to inhibit both Th2 and Th1 cells and have anti-inflammatory effects on
DCs and macrophages, suppressing the release of proinflammatory mediators like TNF-o. and IL-

12 (409). In addition, IL-10 is made from multiple cells like Tregs, mast cells, B cells, macrophages,
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neutrophils, NK cells and eosinophils (410). BALB/c mice deficient in IL-10 were protected against
Leishmania major infection, suggesting that IL-10 modulates disease susceptibility (311).
Interestingly, while wound healing is associated with persistence of the parasites in CL (411), IL-
10 deficient mice lost their ability to harbour persistent parasites due in part to absence of IL-10-
producing Tregs (369). This suggested that IL-10 may be the critical driver of parasite persistence
that maintains infection-induced immunity. Interestingly, IL-10 regulates immune response
differently among Leishmania species and in different hosts. For instance, BALB/c mice lacking
the ability to secrete IL-10 were still susceptible to L. amazonensis and L. mexicana infection

(311).

CD4*Th17, CD8* T cells, neutrophils and mast cells produce interleukin 17 (IL-17), a cytokine that
is critical for regulating pro- and anti-inflammatory responses and inducing recruitment of
neutrophils during Leishmania infection (412). Patients with VL (413) and CL had elevated levels
of IL-17 (412). The most widely studied member of the IL-17 cytokine family is IL-17A, which
functions by inducing neutrophil chemotaxis, regulating IFN-y secretion from CD4* Th1 cells (357)
and enhancing the production of antimicrobial peptides (414). In the case of VLin humans, it was
reported that IL-17 was protective because it enhanced the secretion of chemokines, which are
vital for the sequestration of neutrophils and Th1 cells (356). Infection of BALB/c mice with L.
donovani leads to increased IL-17, IFN-y and IL-23 production these cytokines mediate parasite
killing. Neutralization of IL-17 and IL-23 resulted in uncontrollable parasite replication in the
spleen and liver. In line with this, administration of recombinant IL-17 to CL, ML and VL patients

led to a drastic increase in IFN-y and nitric oxide, which enhanced parasite clearance (415-417).
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In contrast, it has been reported that increased secretion of IFN-y and IL-17 in infected IL-10
deficient mice leads to exacerbating disease pathologies. Interestingly, when IFN-y was inhibited,
there was an increase in IL-17 levels (355), suggesting the existence of a regulatory network
between IL-17, IL-10 and IFN-y.

Chemokines determine immune cells' exact flavours and composition at an inflammatory site.
They are chemotactic cytokines that play a role in migrating leucocytes to maintain homeostasis
and regulate the innate and adaptive immune responses during pathogenesis of leishmaniasis
(418,419). The expression of chemokines during an active Leishmania infection has been well
documented (420-422). The surface glycolipid, LPG, in Leishmania promastigotes inhibited the
induction of CCL2 in endothelial cells, which limited the expansion and recruitment of monocytes
(423). Infection of human macrophage with L. infantum led to the downregulation of the
chemokine receptor CCR1, which was associated with restriction of the macrophage's
sequestration to affected organs (424). Thus, Leishmania can modulate both the secretion of host
chemokines and the expression of their cognate receptor to limit recruitment of effector cells
capable of inducing parasite elimination. In a resistant model of cutaneous disease, a Th1 profile
is associated with a strong expression of chemokines like CCL2, CXCL9 and CXCL10 (422), while in
a susceptible model, Th2 profile is enriched with CCL3 and CCL7 expression (422,425). CCL2 is
also known as monocyte chemoattractant protein-1 or MCP-1. In Leishmania, MCP-1 plays a
protective role in the early onset of cutaneous leishmaniasis by recruiting macrophages,
monocytes, NK cells and other CCR2-expressing leukocytes critical for anti-Leishmania responses
(426,427). CCL2 was reported to induce protective responses during CL by mediating the

oxidative burst (428,429) and synergizing with IFN-y to induce macrophage activation, an effect
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that was abolished in the presence of IL-4 (427). Conversely, it was reported that CCL2-deficient
mice were resistant to L. major (430). This is because CCL2 also has a Th2 polarizing effect, and
other cytokines, such as CCL7 and CCL12, compensate for the absence of CCL2 (431,432).
Although evidence suggests that Leishmania induces chemokines associated with anti-
Leishmania immunity and exacerbates disease conditions, it is an oversimplification to pin the
control of the disease solely on the chemokines. However, these are exciting fields for future
exploration.
1.12.4 Tissues and Vasculature

In ML and CL, the skin undergoes complex damage due to lesion developments, which require a
structured repair and regeneration process. In VL, due to the gross pathology in the spleen,
extensive remodelling of the splenic architecture occurs in a compartmentalized manner, even
in the growing presence of proinflammatory cytokines (433). The extracellular matrix (ECM)
proteins, which are usually secreted and regulated by immune cells, are critical for initiating
tissue repair processes, and they comprise cytokines, protease growth factors, and ECM
components (434). One significant component of ECM in the skin is collagen |, which is produced
by fibroblasts. Other extracellular matrix (ECM) proteins include collagen IV and laminin. The
initial onset of Leishmania infection in the dermis triggers the induction and expression of ECM
proteins and components, leading to a colossal inflammatory milieu with areas undergoing
necrosis (435,436). For instance, Laminin expressions are recognized as danger-associated
molecular patterns (DAMPs), collagen induces the secretion of IL-1f3 in monocytes, elastin is seen
to recruit immune cells, and fibronectin induces TLR signalling (437). There are three stages in

the tissue repair processes: acute, proliferative, and remodelling. The acute stage is usually
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characterized as having a high influx of immune cells and secretion of inflammatory cytokines
with no pathological damage on the epidermis, lasting from a few days to a month (435).
However, once the parasites proliferate extensively, the proliferative stages commence with
massive recruitment of immune cells, which invoke inflammatory reactions. This results in visible
necrotizing tissues comprising layers of dead keratinocytes, apoptosed cell debris and live and
dead amastigotes (253). As healing progresses, remodelling of the epithelium occurs by forming
new epithelia to replace the necrotizing ones (438). This leads to the final stages, where IL-10
and TGFp are vital. This stage comprises the resolution of inflammation, degradation of the
invading pathogen, angiogenesis (new blood vessels), and new collagen formation from
fibroblasts with improved tensile strength (439).

During L. amazonensis infection, collagen | was highly expressed in early lesions (440) and the
parasites extravasated within the collagen structures (441). Parasite-specific proteinases were
indicated to break down about 20% of the collagen scaffolds to improve migration and increase
recruitment of target host cells like macrophages, DCs and neutrophils. Interestingly, as the
expression of collagen | decreased, type Ill collagen increased in the BALB/c model of L.
amazonensis infection. This collagen Il was found deposited around macrophages infected with
the parasites (440). Increased deposition of collagen Il was associated with a softer tissue matrix
and is believed to help facilitate the ease of parasite migration (441). Deposition of collagen Il
was also observed in the livers of mice infected with L. donovani and was thought to restrict
access to T cells (442). The ability of animals infected with L. major to develop resistance is

associated with wound healing in the lesions (443).
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1.13 Metabolism in Leishmania

The sole purpose of metabolism is to provide energy from numerous available nutrient sources
to undertake multiple cellular processes. These cellular processes are vital for growth, structural
adaptations, development, and replication. The metabolic process is orchestrated in sequential
chemical reactionary pathways where complex nutrients are broken down into simpler
metabolites, releasing molecules critical for maintaining homeostasis (444). These pathways are
catabolic (energy generating) or anabolic (biosynthetic). Strategies made by Leishmania
parasites have evolved numerous strategies to modulate host functions in order to increase their
survival in their vector, mammalian host or reservoir host (445). The parasites' energy is obtained
by sequestration of nutrients found within their surrounding environment (446), followed by the
catabolism or anabolism of these nutrients in multiple pathways to generate metabolites capable
of performing essential functions within their respective niches. These pathways include carbon
dioxide metabolism, B oxidation of fatty acid, ether phospholipid synthesis, carbon dioxide
fixation, purine salvage, and pyrimidine synthesis (447). The breakdown and synthesis of
essential nutrients require specific and specialized enzymes, and in Leishmania, there are
multiple metabolic enzymes conserved in glycosomes and the mitochondrion. The glycosomes
are unique organelles in Leishmania that harbour peroxisomal and glycolytic enzymes (448). The
mitochondrion is an organelle representing the parasite's major powerhouse and key for
determining whether the parasites will be viable or dead (449).

Interestingly, over 400 genes in Leishmania major were seen to code for metabolic enzymes
critical for the parasites' major metabolic pathways (450). The focus of numerous research

activities today is to understand how the different metabolic pathways could enable parasite
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adaptation in their respective niches (444). Thus, targeting the various metabolic enzymes in
these niches could be a viable alternative therapeutic approach to controlling the disease (451).
Leishmania parasites have a digenetic life cycle, with promastigotes capable of flourishing in the
sandfly gut and amastigotes in the parasitophorous vacuole of the mammalian host cells. Whole
genome sequencing in Leishmania has provided a valuable understanding of the exact genes
driving the selective adaptation of the parasite throughout its life stages (452). While many of
the genes do not have a prescribed function in both the amastigote and promastigote life forms,
next-generation transcription and proteomic profiles are critical to gaining insights into the
functions of some of these genes (453,454). However, more of the answers into the exact
functions of these enzymes, especially those required for parasite metabolism, will take a while
to fully understand. One way to gain knowledge of metabolism in these parasite forms is to study
the environments in which they reside. The parasitophorous vacuoles (PVs) where the
amastigotes live have a very low pH, whereas the promastigotes reside within the gut of sandflies
with a neutral pH. In addition to the pH requirements, amastigotes and promastigotes respond
differently to the availability of carbon dioxide and oxygen (455,456). It was reported that
differentiating amastigotes had a low glycolytic capacity and elevated gluconeogenesis (457)
compared to the promastigotes with a high glycolytic flux (458). This suggests that the
metabolism of these different stage forms of the parasites will differ based on their
environments.

The PVs are characterized as refurbished phagolysosomes with characteristic features like low
pH, lysosome-associated proteins, proteases, lipases and glycosidases containing endosomes,

autophagosomes and endoplasmic reticulum markers (459,460). The exact nutrient composition
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of the PV is yet to be completely elucidated. However, the composition is expected to be similar
to what is observed in other lysosomal compartments containing sugars, amino acids,
nucleotides and lipids generated from the catabolism of complex molecules like glycolipids, DNA,
lipoproteins and proteins (461). Host nutrient transporters are critical to mediating the nutrients'
two-way extravasation within and outside the PVs (461). It has been reported that the levels of
nutrients in the PVs are regulated by the host signaling molecule, mTOR, which has been
suggested to play a vital role in the parasite’s intracellular proliferation (461,462). Sugars and
fatty acids are the primary carbon sources of amastigotes, which are critical for metabolic
pathways such as glycolysis, pentose-phosphate pathways, glycosomal succinate fermentation,
fatty acid 3 oxidation, tricarboxylic acid (TCA) cycle and the mannogen cycle (463).

Analysis of amastigote in lesions demonstrated that despite the nutrient abundance within the
PVs, amastigotes grew slowly (doubled in 12 days) compared to the metabolically active
logarithmic and stationary phased promastigotes (doubled every 8-12hours) (464,465). The
transition of promastigote to amastigote results in the parasite’s acquisition of this metabolically
stringent response in PVs, which is associated with (1) decreased macromolecule synthesis, (2)
decreased expression of sugar or amino acid transporters heavily impacting glycolysis, oxidative
phosphorylation and PPP, (3) switch to TCA as a source of amino acid, and increased fatty acid 3
oxidation, and (4) increased formation of mannogen reserves and lipid bodies (463,465,466). It
should be noted that this stage of parasite metabolism is not a shutdown but a physiological
phenomenon undertaken to encourage continuous parasite survival. Indeed, the expression of
transporters that take up carbon and non-essential nutrients is decreased in amastigotes (467).

Still, those that take up essential nutrients like arginine and iron were elevated (467). Some of
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the speculated reasons why amastigotes assume this supposedly quiescent metabolic role is to
focus on the synthesis of stress response proteins, minimize dependence on pathways (such as
TCA and electron transport chains) that are prone to anti-microbial targeting by the host and
conserve nutrients in the PV (463). Amastigotes aim to ensure prolonged survival by inducing
these stringent metabolic responses. At the same time, they activate host immune and
inflammatory responses, leading to disease pathologies in the host. Given the strategic
mechanisms by which Leishmania stealthily survives within the PVs, increased focus should be
geared towards understanding the metabolism of the parasites in this environment, as this holds
great promise for developing anti-Leishmania targets.
1.13.1 Energy Metabolism in Leishmania

Studies on metabolism in Leishmania focus on the promastigotes because they can be easily
cultured in vitro (450). Thus, many metabolic changes in the amastigote form may be missed if
one focuses solely on the promastigote forms. Trypanosomatids, including Leishmania, depend
on carbon sources to produce energy by releasing ATP, which is critical for proliferation and
growth. The major metabolic pathways for energy metabolism in Leishmania are glycolysis and
mitochondrial respiration (468). While hexoses are the primary substrates for glycolysis and are
readily taken up by promastigotes, nutrient starvation makes the parasites dependent on amino
acids, which are converted to glucose in a de novo synthesis. This process is called
gluconeogenesis. Gluconeogenesis is a critical metabolic pathway for energy metabolism in
Leishmania; it is beneficial for generating metabolites that are valuable for synthesizing
macromolecules like DNA and RNA and accumulating mannogen reserves (469). Enzymes that

mediate gluconeogenesis, such as phosphoenolpyruvate carboxykinase (PEPCK), glycerol kinase
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(GK) and pyruvate phosphate dikinase (PPDK), were found highly expressed in the glycosomes of
amastigotes (470).

Moreover, it was reported that the Fatty acid B oxidation pathway was more frequently utilized
than glycolysis for amastigotes in lesions, suggesting that they have reduced dependence on the
uptake of hexoses (471). This further implies that gluconeogenesis pathway would be preferred
if energy metabolism may be required. Mitochondrial respiration involves energy generation in
the presence of oxygen in oxidative phosphorylation, which often terminates in the electron
transport chain. The main metabolic pathway that initiates mitochondrial respiration is the
Tricarboxylic acid cycle (TCA), and TCA-type enzymes have been found to be expressed in
Leishmania promastigotes. Still, evidence suggests that the cycle is not vital in amastigotes (472).
Yet, inhibition of oxidative phosphorylation in Leishmania halted metabolism similar to the
metabolic quiescence previously described (473). In contrast, inhibition of oxidative
phosphorylation in African trypanosomes results in rapid death because of inability to generate
energy other than those from oxidative processes (474). The ability of Leishmania parasites to
undergo metabolic quiescence may have been a survival hack they developed in the sandfly
(473). All these metabolic processes involved in energy generation are further discussed in detail
below.

1.13.2 Glycolysis

Glycolysis is a process whereby glucose is broken down into substantial metabolites such as ATP
and pyruvate. In the presence of oxygen, pyruvate become substrate for the TCA occurring in the
mitochondria. However, in the absence of oxygen, pyruvate undergoes anaerobic glycolysis to

produce lactate (475). The glycosome is the central organelle where glycolysis occur in
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Leishmania. It comprises a double membrane with transporters that permit the regular inflow of
nutrients (448). Glycolytic enzymes are mainly concentrated in the glycosomes, although
gluconeogenetic enzymes and enzymes involved in fatty acid 3 oxidation are expressed in small
amounts (476). The closed compartmentalization of glycolytic enzymes in the glycosomes is
thought to sustain a balance of the ATP/ADP and NAD+/NADH and acts as a metabolite reserve
(477). Interestingly, glycolytic enzymes are poorly expressed in amastigotes than in
promastigotes, suggesting that intracellular proliferation of amastigotes is not highly dependent
on energy generation from glycolysis or glucose uptake (457). This reduced dependence on
glucose uptake may be associated with metabolic quiescence of differentiated amastigotes,
where metabolic programming significantly differs from what is obtainable in promastigotes
(450).

Central carbon metabolism is a significant component of parasite metabolism that enables the
parasite to escape host oxidative and microbicidal responses (478). Glucose uptake is
indispensable for amastigote and promastigote proliferation, although amastigotes have
reduced glucose uptake compared to promastigotes (479,480). Inhibition of glucose transporters
in L. mexicana significantly impaired parasite proliferation in axenic culture, and proliferation of
the mutant parasites was compromised in macrophages (480). Similarly, inhibiting the uptake of
critical amino acids, glutamine and glutamate, led to impaired parasite growth in macrophages,
indicating that amastigotes depend on hexose or amino acid metabolism for their survival in
macrophages (481). It is known that Leishmania has well-developed mitochondria (482), but they
do not always fully metabolize glucose to produce CO. (a by-product of oxidative

phosphorylation). Instead, glucose metabolism is majorly associated with metabolites such as
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succinate, L-alanine, pyruvate, ethanol, L. lactate, or D-lactate (482). When these metabolites are
produced, they proceed into anaerobic metabolic biosynthetic pathways. For instance, when L.
mexicana took up glucose, it did not go through the glycolytic pathway but synthesized glutamine
via a-ketoglutarate in the TCA pathway (Saunders et al., 2014; McConville et al., 2015). An
offshoot of the glycolytic pathway produces mannogen through glucose-6 phosphate flux (Figure
6), which is used as a carbohydrate storage reserve just like starch or glycogen in other
eukaryotes. In addition, accumulation of mannogen helps to regulate increased temperatures
and limit glucose toxicity in Leishmania by lowering sugar uptake and its subsequent utilization
in other pathways, such as PPP and nucleotide biosynthesis, which is critical to enable

amastigotes to assume the metabolic quiescence in the PVs (463).

1.13.3 Gluconeogenesis
A critical pathway in central carbon metabolism is gluconeogenesis, which represents the
reversal of glycolysis, where glucose is synthesized de novo from non-sugar sources, such as
lactate, amino acid and glycerol (483). Although not a perfect reversal, three specific
gluconeogenetic enzymes (PEPCK, PPDK, fructose, 1, 6 bisphosphatase) are not shared with the
glycolytic pathway (483). However, just like glycolysis, gluconeogenesis occurs in the glycosomes
(Figure 6). The primary gluconeogenesis substrates in Leishmania are amino acids and glycerol
(469,484). Leishmania can take up available glucose and break it down via the glycolytic pathway
(485,486). However, in starvation or a limited glucose environment, the parasites heavily depend
on gluconeogenesis to synthesize glucose to gain their energy requirement and perform cellular
functions (484,487). Leishmania parasites utilize gluconeogenesis despite being present in a

glucose-rich environment (470), and it has also been implicated as critical for amastigotes
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replication in the PVs (469). Indeed, there was an enhanced production of key gluconeogenesis
enzymes such as PEPCK, PPDK and fructose |,6 bisphosphate in differentiating promastigotes
(477,488), suggesting the importance of this pathway for amastigotes adaptation in the PVs.
Gluconeogenesis in Leishmania has facilitated the synthesis of structural surface molecules (such
as LPG and GIPL), DNA/RNA, and mannan (468). Levels of mannan reserves were severely
hampered in the absence of crucial gluconeogenesis enzyme in Leishmania mexicana (470).
Gluconeogenesis stabilizes the redox potential (NADPH/NADP+) in parasites when metabolites,
such as glucose-6-phosphate, are produced and go into the pentose phosphate pathway. An
imbalance in redox potential makes parasites vulnerable to attack by the host cells' oxidative
burst (482,489), re-emphasizing the importance of this pathway to parasite's continued survival

inside macrophages.

1.13.4 Oxidative Phosphorylation
Another critical metabolic pathway in the mitochondria is the TCA cycle, which comprises a chain
of reactions producing CO; through acetyl CoA. The TCA cycle is the central pathway to initiate
oxidative phosphorylation processes. More energy (ATP) is produced from oxidative
phosphorylation than from the TCA cycle and glycolysis combined (490). However, oxidative
phosphorylation is highly dependent on oxygen, and the environment of Leishmania PVs is
microaerophilic, suggesting that amastigotes will have a reduced dependency on oxidative
phosphorylation as their primary energy source. Oxidative phosphorylation involves a series of
steps whereby electrons from electron carriers like NADH and FADH2 produced through different

metabolic pathways are carried to the electron transport chain to synthesize ATP and ADP (490).
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Enzymes involved in the induction of the TCA metabolic pathway are expressed in promastigotes
(491) , and the TCA metabolism is active (492). However, in amastigotes, only the pentose
phosphate pathway (PPP), glycolysis and glutamate biosynthesis were activated, which appears
to yield reduced fluxes and ATP compared to those in the promastigotes (492). However, earlier
studies demonstrated the expression of TCA cycle enzymes in amastigotes (493), and the inactive
TCA may be due to the stringent metabolic responses that differentiating promastigotes develop
(463)—indicating that the activation of the TCA cycle in amastigotes is not entirely inactive but
that oxidative phosphorylation may not occur at the same level as the promastigotes. However,
more studies are needed to investigate oxidative phosphorylation in amastigotes.

The mitochondria are the organelles that host the induction of both TCA pathways and electron
transport chain. Aside from being the powerhouse of the cell, oxidative phosphorylation process
in mitochondria produces reactive oxidation species (ROS) (490). Since ROS production can be
harmful, Trypanosmatids are known to develop defences against this toxicity (494). However, the
capacity of Leishmania parasites to produce ROS is yet to be studied compared to mammalian
cells or other trypanosomatids. Studies have identified sites on electron transport chains critical
for generating ROS in trypanosomatids; the defence mechanisms against ROS have also been
explained (494). Accumulation of Mitochondrial Ca+ in trypanosomatids, including Leishmania,
leads to ROS production within the mitochondrial membrane, which is critical for regulating
oxidative phosphorylation (495). Indeed, a mitochondrial Ca+ uniporter was identified in several
Leishmania species, suggesting that a functional mitochondrial Ca+ deposition occurs in the

parasites (496). Indeed, mitochondrial accumulation in L. mexicana was associated with virulence
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of the parasites (496) , suggesting that increased deposition of the Ca+ harms not only parasites
but also the host.

To protect against toxicity associated with ROS production and, by extension, Ca+ accumulation,
Leishmania parasites express Superoxide dismutases (SOD), ascorbate peroxidases (APx) and
peroxiredoxins (TRyXPx), which neutralize the oxidative species produced. Overexpression of a
form of SOD, SODA, in L. chagasi made them resistant to anti-herbicidal drugs (497). The
expression of SODA in the mitochondria of L. amazonensis protected the parasites from oxidative
stress, and a deletion of only an allele of SODA gene resulted in significantly reduced lesions
compared to the WT control (498). Expression of APx in L. major protected the parasites from
oxidative stress (499). Interestingly, overexpression of Apx in L. braziliensis made the parasite
resistant to routine antimonial drugs (500), suggesting that these enzymes protect against ROS
toxicity and prevent being killed by anti-Leishmania drugs. Also, Xiang et al. showed that mice
infected with APx-deficient L. amazonensis parasites developed reduced lesions and parasite
burden (501). Finally, TryXPs are vital as chaperones against oxidative stress in both L. donovani
(502) and L. infantum (503).

Furthermore, in L. donovani, this TryXP molecule, which was more highly expressed in
amastigotes than promastigotes, protected the parasites from ROS-induced death (502). Taken
together, oxidative phosphorylation is an indispensable metabolic process the parasites require
for survival. Although amastigotes do not highly depend on the TCA cycle for their energy
demands (463,492), the parasites have developed a mechanism to prevent being killed by the
mitochondrial ROS-producing outcomes during oxidative phosphorylation. With increasing

differences between the mammalian cell and Leishmania parasites, more studies are needed to
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better explain the oxidative phosphorylation pathway in Leishmania for effective targeting

against disease progression.

1.14 Metabolic enzymes in Leishmania

Leishmania parasites adapt to host PVs because they utilize available nutrients in multiple
biosynthetic or catabolic pathways to gain nourishment or energy that promotes survival. The
energy metabolism pathways in Leishmania, such as glycolysis, gluconeogenesis, and oxidative
phosphorylation, are critical for the parasites to escape being killed within the toxic environment
of the PVs (476,504). These pathways require enzymes that help replenish depleted nutrients
and allow continuous energy production to ensure structural component production or de novo
synthesis. Indeed, it has been shown that metabolic enzymes in Leishmania are upregulated
without an effective transcriptional and translational control in Leishmania, unlike their other
trypanosomatid counterpart like T. brucei, which is capable of strongly regulating the enzyme
expression (505). This deficiency in regulation allows the parasites to exploit available and
fluctuating nutrients in their host, contributing to parasites' persistence and exacerbating disease
despite a solid immune defence. Several metabolic mutants in Leishmania strains, such as those
lacking enzymes critical for gluconeogenesis (469), iron uptake (506), purine metabolism (507)
and glycoconjugate synthesis, (508) were shown to characteristically survive within their
macrophage hosts, establishing low-level chronic infection without an overblown pathology.
However, it is assumed that low persistence, even in a metabolic deficiency, is an opportunity to

prevent parasites from rapidly expanding and proliferating (509). Thus, targeting the parasite’s
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metabolic enzymes will be essential for anti-Leishmania therapy to limit the parasite's continuous
replication.
An approved vaccine against the human forms of Leishmania infection is challenging because the
antigens that drive protective responses in Leishmania are not entirely understood. Interestingly,
in an attempt to search for these antigens, high throughput proteomic analysis identified
peptides derived from Leishmania’s Dihydrolipoyl dehydrogenase (DLDe3-79) (510,511) and
Phosphoenolpyruvate carboxykinase (PEPCK33s-351) that induced the production of polyfunctional
DLDe3-79 and PEPCKs3s.351 specific CD4* T cells, respectively during L. major infection. During
infection, these antigen-specific CD4* T cells expanded and contracted following parasite
clearance, developing into memory T cells that secreted IFN-y and TNF-a to protect mice against
secondary challenges (510,511). Interestingly, dihydrolipoyl dehydrogenase (DLD) and
Phosphoenolpyruvate carboxykinase (PEPCK) are critical enzymes that play a role in Leishmania’s
energy metabolism (512,513). These enzymes are discussed in detail below.

1.14.1 Phosphoenolpyruvate carboxykinase (PEPCK)
PEPCK is an enzyme in the gluconeogenesis pathway that reversibly catalyzes oxaloacetate and
ADP/ATP to CO; and phosphoenolpyruvate (Figure 6). In Leishmania, PEPCK is expressed in the
glycosome and appears to promote parasite differentiation and survival in a limited glucose
environment through the de novo synthesis of sugars from non-glucose substrates (470).
The gluconeogenic enzyme, PEPCK, is expressed in both promastigotes and amastigotes (510),
and appears to have a 2-fold upregulation in amastigotes than in promastigotes (457). In

Leishmania, PEPCK is critical for aspartate accumulation (470,513) and ferments succinate to
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maintain glycosome ATP pools (514). PEPCK exhibits the highest gluconeogenetic activity (477)

and maintains NADP/NADPH+ pools through the pentose phosphate pathway (489).
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Figure 6 Organization of the core metabolic pathways in Leishmania

The energy metabolism pathways in Leishmania occur in the glycosomes and mitochondria.
Glycolysis and Gluconeogenesis are mostly confined to the glycosomes, while the TCA cycle and
oxidative phosphorylation occur in the mitochondria. Most of these pathways produce
metabolites that shunt into multiple biosynthetic pathways for macromolecule synthesis, such
as mannogen, Leishmania surface coats (LPG, PPG, GIPL and gp63), Phospholipid, and nucleic acid
(DNA and RNA). PEPCK and DLD (orange arrows) are critical components of the gluconeogenetic
pathway and the oxidative phosphorylation process in Leishmania. TCA, Tricarboxylic acid cycle;
OAA, Oxaloacetate; PDH, pyruvate dehydrogenase; PEP, Phosphoenolpyruvate, ATP, Adenosine
triphosphate; ADP, Adenosine diphosphate; CO2, Carbondioxide; 3PG, Glyceraldehyde-3-
phosphate, SFP, Succinate fermentative pathway; F1,6P; Fructose 1,6 bisphosphate; F6P,
Fructose, 6 Phosphate; PPP, Pentose phosphate pathway. Adapted from McConville et al., 2015;
Opperdoes and Coombs, 2007.

The absence of PEPCK in Leishmania resulted in poor de novo glucose synthesis and susceptibility

to oxidative stress (477). Reduced ROS production in PEPCK-deficient L. donovani parasites made
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them vulnerable to killing by macrophage antioxidants (477). It has been demonstrated in L.
donovani that glucose starvation resulted in the upregulation of PEPCK and virulence, which was
reversed when the parasite media was supplemented with amino acid (477). This suggests that
PEPCK not only helps the parasites survive and proliferate but also that they may be associated
with virulence. PEPCK deficient L. major infected mice did not produce any lesions and harbour
significantly reduced parasite burdens at the site of infection (218). In other pathogenic
organisms, such as Mycobacterium bovis (515) and Schistosoma mansoni (516), PEPCK was
associated with virulence. The PEPCK gene shares approximately 80% similarity across all
pathogenic Leishmania, suggesting that targeting PEPCK in anti-Leishmania approaches is
possible for all forms of leishmaniasis. We identified peptides derived from Leishmania
Phosphoenolpyruvate carboxykinase (PEPCK335.351) (510) that induced PEPCK335.351 specific CD4*
T cells during L. major infection. During infection, these antigen-specific CD4* T cells expanded
and contracted, and after parasite clearance, memory T-cells that secreted IFN-y and TNF-a-
protected mice against secondary challenges were developed (510). This indicates that PEPCK
might be a plausible vaccine and drug target for anti-Leishmania approaches.
1.14.2 Dihydrolipoyl dehydrogenase (DLD)

In Leishmania, Dihydrolipoyl Dehydrogenase, DLD is a flavoprotein and usually the third
component of multiple enzyme complexes such as the pyruvate, a-ketoglutarate, branched-
chain amino acid—dehydrogenase complexes, and the glycine cleavage system (GCC). It has
diaphorase activity and helps to oxidize NADH/FADH2, which is critical for carrying electrons for
energy generation via oxidative phosphorylation (512). When DLD is part of the pyruvate

dehydrogenase complex in Leishmania, it is associated with the generation of Lipoic acid that E1
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and E2 components require to produce acetyl-CoA (Figure 6). Although acetyl CoA can be
produced from fatty acid B oxidation, a significant proportion can be produced from the
catabolism of pyruvate through the pyruvate dehydrogenase complex (517). An association of
purified fractions of DLD with drugs originating from nitrofuran derivatives generated free
radicals that could potentially damage the parasite's nucleic acid (512). This suggests that DLD
enzyme complex are promising targets for drug discovery. In Leishmania, DLD was expressed by
both the amastigotes and promastigotes (511); however, during starvation or in nutrient-limiting
environments, acetyl-CoA is highly utilized for mitochondrial-mediated ATP production through
oxidative phosphorylation in the TCA cycle and the electron transport chain (517). This suggests
that the pyruvate dehydrogenase complex and, by extension, DLD is one of the components that
maintain acetyl-CoA levels in Leishmania amastigotes to promote parasite survival in the limiting
nutrient environment of the PVs.

According to the Glycine cleavage (GCV) enzyme classification, DLD belongs to the L protein unit
of GCV system (GCVL, 1.8.1.2). Interestingly, there are 2 GCVL genes in Leishmania, with GCVL-1
found in chromosome 29 and GCVL-2 found in chromosome 32 (512). GCVL-1 shares a 25% amino
acid identity with GCVL-2, which is thought to be less catalytically active than GCVL-2 (512).
Moreover, GCVL-1 and GCVL-2 are known to share the same substrate (512), suggesting that
GCVL-1 and GCVL-2 may be homologs. Interestingly, signal sequences were detected in GCVL-2,
but not GCVL-1 and were found expressed in subcellular mitochondrial fractions of L. infantum
(518). GCVL-2 product DLD, was present in secreted exogenous vesicles in Leishmania, and
exosomes are critical for inducing IL-8 secretion in parasitized macrophages (519). IL-8 is a critical

pro-inflammatory cytokine produced by Leishmania-infected macrophages to recruit neutrophils
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to the site of infection (520). This indicates that DLD in Leishmania modulates host immune
responses during infection, which may be associated with the parasite's virulence.

Furthermore, DLD from taxonomically distinct pathogenic organisms was associated with
virulence and regulated host immune responses. DLD contributed to the virulence of
Streptococcus pneumonia (521), induced protection in Vibro-infected fishes (522) , prevented
phagocytosis, and efficiently killed the fungi Paracoccidioides braziliensis (523). Interestingly, DLD
shares over 90% similarity with other pathogenic Leishmania species (524), suggesting they may
be vaccine or drug targets for all forms of Leishmaniasis. Furthermore, just like PEPCK, we
identified peptides derived from Leishmania’s Dihydrolipoyl dehydrogenase (DLDs3-79) (511) that
induced the production of polyfunctional DLDs3.79 during L. major infection. During infection,
these antigen-specific CD4* T cells expanded, contracted, and, after parasite clearance,
developed into memory T cells that secreted IFN-y and TNF-a to protect mice against secondary
challenges (511). The DLD peptide sequences (DLDe3-79) identified in our lab emanated from the
GCVL-2 on chromosome 32 and not the one from chromosome 29 because the peptide sequence
DLDe3-79 is absent in the DLD located on chromosome 29 (511). In this thesis, the DLD | will refer
to is located on chromosome 32. Although the role of DLD in the virulence and
immunopathogenesis of Leishmania has not been elucidated, some indications point to the fact
that DLD may either be modulating host immune responses or contribute to the virulence of the

parasites.
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1.15 Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) genomic
edits.
Clustered regularly interspaced short palindromic repeats (CRISPR) is a group of repeat DNA
sequences found in bacteria of the eubacteria and archaea phylogenetic lineage that was initially
used to degrade DNA of invading bacteriophages (525-527). Hence, they were the anti-phage
defence mechanisms in bacteria. Over 50% of eubacteria and 90% of Archaea contain CRISPR
sequences (528). CRISPR sequences do not work alone; a group of CRISPR-associated proteins
(Cas) is located on the CRISPR loci that guide the sequences to recognize the target genes (529).
Multiple Cas systems have been identified; Cas9 is the more straightforward and commonly used.
Cas9 is from the Streptococcus pyogenes, and the Cas9 activity depends on two molecules; the
CRISPR RNA (crRNA) and the transactivating crRNA (tracrRNA). In 2012, the Doudna and
Charpentier lab fused the crRNA and the tracrRNA into a single guide RNA so that Cas9 could
conveniently cut the target DNA (530). In 2015, Cas12a, also known as Cpfl from Francisella
novicida, was identified and differed from Cas9 in that it introduced an irregular cut in the DNA
and required only the crRNA, whereas Cas9 made a blunted cut and required both crRNA and
tracrRNA (531). In 2016, Cas13, also known as C2c2 from the bacteria Leptotrichia shahii, was
identified. Cas13 initiates cleavage on single-stranded RNA, and just like Cas12a, Cas13 depends
on the crRNA to create a cut on the target RNA (532). The CRISPR-Cas9 is versatile and more
commonly used, and they are discussed further below.
1.15.1 CRISPR-Cas9 genomic editing in Leishmania
Whole genome sequencing in Leishmania has enabled the identification and function of putative

or hypothetical genes by performing numerous gene editing techniques (452). The more popular
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gene editing strategy involves homologous recombination, but it is marked with limitations such
as being labour- and time-intensive and not permitting point mutations (533). RNA interference
would have been the best alternative option, but this is absent in Leishmania (534). The
development of the CRISPR gene editing tool made it possible to identify the functions of
Leishmania genes for various anti-Leishmania applications. CRISPR-Cas9 is more widely used in
Leishmania and uses the Cas9 and the guide RNA, which comprises 20 nucleotides followed by
the crRNA and tracrRNA fusion sequences and is complementary to the gene of interest. Once
expressed, the guide RNA and Cas9 form a ribonuclear protein complex and cleavage is initiated
that is adjacent to the triple nucleotide NGG sequence (also known as a protospacer-adjacent
motif, PAM), generating a double-stranded break (DSB) (Figure 1.7) (535). Generation of a DSB
activates an internal repair mechanism in Leishmania, such as the microhomology-mediated end
joining (MMEJ) or the single-stranded annealing (SSA), which is error-prone as it permits the
insertion of short homology sequences or random nucleotides within the cleavage site (536,537).
However, a homology-directed repair (HDR) mechanism allows a controlled and error-free
mutation within the cleavage site. This repair mechanism involves inserting a long stretch of
homology sequence of the cleavage site alongside an antibiotic marker or a fluorescent tag into
the site where a DSB was created (538,539). This method allows for a precise and controlled

mutation to generate mutant parasites (Figure 7).
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Figure 7 CRISPR-Cas9 editing in Leishmania

The versatility and simplicity of the CRISPR-Cas9 gene edits are based on the fact that generating
a mutant strain mostly requires altering the 20 nucleotide sequences of the guide RNA. This
makes CRISPR-Cas9 tool useful for point mutation deletion of multiple copy genes and gives
insights on whether a gene in Leishmania is essential (540). In Leishmania, Cas9 and guide RNA
(gRNA) can be expressed in stable or transient systems. Stable systems allow for the constitutive
expression of Cas9 and gRNA using an expression vector and under the control of the U6 or RNA
ribosomal promoter that will target the gene of interest (533,541). However, with the transient

systems, constitutive expression of Cas9 emanates from the genome under the control of the T7
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RNA promoter, and this is followed by a transient expression of the gRNA and donor DNA
containing antibiotic-resistant sequences or a fluorescent tag (542,543). Although the transient
systems are convenient as they do not involve labour-intensive cloning procedures, multiple
gRNA can be introduced simultaneously. However, the process of generating a constitutively
expressed Cas9 and gRNA in the parasite’s genome with transient system is challenging
(542,543). In addition, transient systems have not been used for targeting multicopy families of
genes (542,543). The recent advancement with CRISPR-gene editing tool makes it possible to

develop loss of function mutant parasite critical to assess the basic biology of Leishmania.

1.15.2 CRISPR-Cas9 Off targets and mismatches
CRISPR-Cas systems are unique gene editing systems, but there is often an off-target effect that
occasionally occurs (544,545). Off-targets could occur when Cas9 cleaves unintended target sites
and are usually dependent on the mismatch of the gRNA on the target gene. Multiple sites within
the genome with which the gRNA bears increased similarity can result in Cas9 initiating a cut at
multiple regions. Off targets may also be independent of gRNA mismatches, which need further
detection and assessment (546,547). In silico tools are critical to give insights into the activity of
gRNA before using the prescribed CRISPR-Cas9 technique. CRISPRater (https://crispr.cos.uni-
heidelberg.de/) is one tool initially created for human and mouse genomes, but it can also give
information about the gRNA sequence and its activity (548). The Eukaryotic Pathogen CRISPR
guide RNA Design Tool (EuPaGDT) is highly recommended for designing gRNA that potentially has
no off-target effect in Leishmania (http://grna.ctegd.uga.edu/). This tool gives the designed gRNA

a score, determines the potential off-target sites, and identifies the homology sequences that
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will flank the predicted cleavage sites (549). Aside from in silico methods to detect mismatches
of the gRNA, other methods help to detect off-target effects, and they include cell-free methods,
in vitro (cell base) and in vivo methods (550). However, the development of CRISPR-Cas9
derivatives enabled researchers to develop strategies that prevent off-target occurrence. They
include (a) improving Cas9 efficiencies (544), (b) assessing gRNA activities through in silico
approaches and validated by in vivo or in vitro methods (550), (c) specifically generating single
DNA breaks using Adenine and cytosine base editors(551,552) and (d) the use of electroporation
and liposomal modes of delivering the Cas9 and gRNA (553).

Furthermore, assessing whether the mutant parasites can restore their WT phenotype by
generating a complementary control or add-back strain (AB) is essential. If a restoration in the
WT is not observed with the ABs, it will suggest an off-target effect was created in the CRISPR-
Cas9 methods used. ABs can be generated by episomally expressing the deleted full-length gene

in the mutant parasites or by integrating the gene back into the parasite genome (540).
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2. CHAPTER 2: Rationale Hypothesis, Aims and Objectives

2.1 Rationale

Leishmaniasis, a neglected tropical disease, is a growing public health burden with increasing
mortality and morbidities (5,7). Current treatment regimen is plagued with challenges due to
drug toxicities and the emergence of drug resistance (12). There is no approved vaccine against
human forms of leishmaniasis. However, vaccination is possible because people who recover are
protected from developing disease later in life. Understanding the antigens that drive protective
responses during Leishmania infection will be helpful in generating effective vaccines against
leishmaniasis. Recently we identified peptides derived from two key metabolic enzymes in
Leishmania, Dihydrolipoyl dehydrogenase (DLDe3.79) (511) and Phosphoenolpyruvate
carboxykinase (PEPCKs3s-351) (510) that induced the expansion of polyfunctional DLDe3-79 and
PEPCK33s.351 specific CD4* T cells, respectively, during L. major infection. During infection, these
antigen-specific CD4* T cells significantly expanded and contracted, and following parasite
clearance, developed into memory T cells that secreted IFN-y and TNF, andprotected mice
following secondary challenge (510,511). This suggests that dihydrolipoyl dehydrogenase (DLD)
and phosphoenolpyruvate carboxykinase (PEPCK) are potential drug or vaccine targets.
Furthermore, PEPCK and DLD are critical for Leishmania’s energy metabolism (512,513).
Metabolic enzymes play a crucial role in inducing stringent metabolic response that the parasites
experience in the PVs of macrophages (463). We have shown previously that L. major PEPCK
contributed to the parasite's virulence because its deficiency led to impaired progression of
cutaneous leishmaniasis. However, the role of PEPCK and DLD in visceral and cutaneous

leishmaniasis, respectively, is yet to be elucidated. Here, | aim to uncover the role of PEPCK and
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DLD in the immunopathogenesis of visceral leishmaniasis and cutaneous leishmaniasis,
respectively.

2.2 Global Hypothesis

Deficiency of DLD and PEPCK in Leishmania major and L. donovani, respectively, will lead to loss

of virulence, resulting in reduced disease pathology and altered host immune response during

infection.

2.3 Aims and Objectives

Aim 1: Elucidate the role of DLD in Cutaneous Leishmaniasis

1.1 Generate DLD deficient or knock out (KO) L. major and complementary addbacks (AB)

1.2 Assess the impact of DLD deficiency in parasite proliferation in axenic culture.

1.3 Determine whether deleting DLD affected the infective form of L. major.

1.4 Examine the proliferation of DLD-deficient L. major parasites in the PVs of macrophages.

1.5 Investigate whether DLD-deficient parasites are virulent.

1.6 Assess the impact of DLD-deficient parasites on host immune responses in mice.

1.7 Investigate the potentials of using DLD deficient L. major parasite as a vaccine against
cutaneous Leishmaniasis.

1.8 Assess the impact of DLD deficiency in L. major on mitochondrial respiration and function.

Aim 2: Elucidate the role of PEPCK in Visceral Leishmaniasis

2.1 Generate PEPCK deficient or knock out (KO) L. donovani and complementary addbacks (AB)

2.2 Assess the impact of PEPCK deficiency in L. donovani proliferation in axenic culture.

2.3 Determine whether deleting PEPCK affected the infective form of L. donovani.

2.4 Examine the proliferation of PEPCK-deficient L. donovani parasites in the PVs of macrophages.
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2.5 Investigate whether PEPCK-deficient L. donovani induce pathologies.

2.6 Assess the impact of PEPCK-deficient L. donovani on host immune responses in mice.

2.4 Sex and Gender considerations in leishmaniasis

Like every infectious disease, the susceptibility and or progression of leishmaniasis is dependent
on the sex of the individuals, and it is not only due to the environmental influence or inadequate
healthcare facilities (554-556). Many factors necessitate the induction of sex-related differences
in the onset of leishmaniasis, such as the type of Leishmania species, host, and social and gender
roles (557). Indeed, sex is now characterized as a biological variable that modulates host immune
responses, physiology, drug efficacies and disease progression (556,558). Therefore, research
conducted in disease states must consider how the sex and/or gender affects disease outcomes;
otherwise, the results become skewed and may not result in efficacious therapies.

Higher incidences of VL and CL were associated with males in both new-world and old-world
Leishmania species (559-561). In most of these reports, it was not clear whether these
differences were due to gender-associated roles or biological factors. In Brazil, it was reported
that more males refused to take medications to treat VL caused by L. infantum, and this led to
higher mortality rates among males than females in that area (562). However, the study did not
indicate whether the refusal of male patients to accept treatment was related to gender roles or
that biological sex impacted the disease severity (562). However, sex-disparities depend on the
mice and the Leishmania species in experimental mouse models of leishmaniasis. In the C57BL/6
mice infected with low dose L. major, the female mice developed increased parasite burdens

compared to the male mice. This enhanced parasite burden in the female mice was associated
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with increasing immune cell infiltrations (563). However, in BALB/c and C57BL/6 mice infected
with L. infantum, the males developed higher parasite burdens in the livers than the females
(564). This reduced parasite burdens in the female mice were linked to their enhanced TLR7
expression in the X chromosome, which interacts with Thl-mediated responses, resulting in the
control of the parasites by the granuloma formed (564). It has been known that female tissues in
mice develop more enhanced granulomas during infection (557). However, whether these sex
disparities in inducing granuloma during VL are organ-specific requires further investigations.
Generally, the female mice (BALB/c and C57BL/6) predominantly develop more progressive
diseases than males during experimental CL. However, in the resistant DBA/2 mice models,
females infected with L. mexicana developed slower-growing lesions than the male mice. These
mice's immune responses were associated with a stronger Thl immune response than those
from the male mice (565). These stronger Thlimmune responses in the female mice is associated
with the differential sex hormones. Testosterone and androgens cause immunosuppression,
leading to poor control of parasites in the male mice (566). Considering the sex disparity in the
immune responses and disease control during leishmaniasis, this thesis focused on the use of

only female mice (C57BL/6 and BALB/c).
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3. CHAPTER 3: Materials and Methods

3.1 Mice

BALB/c and C57BL/6 female mice, six to eight weeks old, were obtained from the Central Animal
Care Services (CACS) at the University of Manitoba or the Jackson Laboratory (Maine, US). If
C57BL/6 mice are required, the J substrain was used. All mice were kept in the specific-pathogen
free of CACS facility at the University of Manitoba, and were used following the instructions
outlined by the Canadian Council for Animal Care. Put the protocol number

3.2 Parasites preparation and quantification for infection

The parasites used in this study were Leishmania major (MHOM/80/Friedlin) and Leishmania
donovani (strain LV9). The parasite lines generated were PEPCK KO L. donovani, PEPCK AB L.
donovani, DLD KO L. major and DLD AB L. major. These parasite lines, including the wild types
(WT), were grown in a 25 cm3 or 75 cm? tissue culture flasks in M199 media containing 20% heat-
inactivated fetal bovine serum (FBS) (Cansera, Mississauga, ON, Canada) and 100ug/ml
penicillin/streptomycin (Gibco™). When KO or AB parasite lines were grown, 100ug/ml
Bleomycin (Invivogen, US) or 100ug/ml Hygromycin (Invivogen, US) were included in the
complete M199 media, respectively. All parasite lines were grown in a 28°C incubator for 3 or 7
days, depending on the experiment. If logarithmic phased promastigotes are required, passaged
parasites are grown for three days, and if stationary phased promastigotes are needed, the
parasites are grown for seven days. To prepare the parasites for infection in vitro or in vivo,
stationary phase promastigotes (parasites grown in axenic cultures for 7 days) are used. Briefly
centrifuge promastigote cultures in a tissue culture flask were transferred to a 50ml Falcon tube

and washed twice in sterile PBS at 3000rpm for 15 minutes. Supernatants are discarded and
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resuspended in 10ml of sterile PBS. A 1:40 dilution is made to count the parasites, and 20ul of
this suspension is transferred to the glass slip in a hemocytometer (Fisher Scientific, Whitby) and
counted under an optical microscope. For L. major infections in mice, the parasites lines were
adjusted as 1-5 X 10° parasites per 50ul of sterile PBS which was administered as a subcutaneous
footpad injection, while for L. donovani infection in mice, parasite lines were adjusted as 50 X 10°
parasites per 10ul of sterile PBS administered in the retro-orbital plexus depending on the mice
strain and objective of the experiments. A 1:10 cell-to-parasite ratio was used for in vitro
infections.

3.3 Generation of DLD and PEPCK deficiency in L. major and L. donovani using CRISPR-

Cas9 genome edits

DLD and PEPCK deficient L. major and L. donovani parasites were generated with the CRISPR-
Cas9 gene editing technique. There is only a single copy of the DLD gene in Leishmania (located
on Chromosome 32), and two copies of PEPCK gene in L. donovani on chromosome 27 (524). The
gRNA unique for CRISPR-Cas9 mediated PEPCK and DLD deletion in L. donovani and L. major,
respectively, were designed using the EuPaGDT tool, and they did not have any predicted off-
targets. The gRNAs were synthesized and cloned into the Bbsl sites of the CRISPR vector pLdCN,
which was a gift from Greg Matlashewski (Addgene plasmid #84290) and was used to generate
the CRISPR-Cas9 expressing vectors pLACN-LmPEPCKa&b and pLdCN-LmDLDa&b for specifically
deleting PEPCK and DLD, respectively as previously described (567). L. major and L. donovani
logarithmic phase promastigotes were washed twice in ice-cold cytomix electroporation buffer
(120 mM KCl, 0.15 mM CaCl2, 9.2 mM K2HPO4, 25 mM HEPES, 2 mM EDTA, 4.75 mM MgCl2, 69

mM sucrose, pH 7.6) and counted so that a concentration of 2 x 108 cells/ml is actualized and
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further incubated for 10 minutes on ice. Four hundred microliter (400 pl) of the parasites were
transferred to the electroporation cuvette on ice, and 5-20ug of ice-cold pLdCN-LmPEPCKa&b
or pLdCN-LmDLDa&b was introduced and mixed by pipetting up and down. The cuvette was
placed in the electroporator (BTX ECM830) to initiate electroporation twice at 25 pF, 1500 V
(3.75 kV/cm), pausing 10 s between pulses. Following electroporation, the cells are further
incubated on ice for 10 minutes, transferred to fresh complete M199 media, and incubated at
27°C overnight. The following day, 50ug/ml of G418 antibiotics was added; once the parasites
were stable in 3 to 4 days, the concentration of G418 was increased to 100ug/ml or 150ug/ml.
The parasite's growth was monitored under an optical microscope daily until stable cultures
are established and parasites survived the antibiotic pressures. Following the establishment of
stable cultures, the bleomycin donor templates were generated by PCR using primer sets
(PEPCKBleF/R or DLDBIeF/R) listed in Table 4 from the pSPBle vector a gift from Greg
Matlashewski (Addgene plasmid # 63561). Amplified Bleomycin fragments containing the
homology PEPCK or DLD sequences adjacent to the cleaved sites were introduced into the
CRISPR-Cas9-containing parasites via electroporation as described above. The flanked arms of
the PEPCK or DLD sequences in the donor template allowed for the induction of the homology
directed repair (HDR) mechanism. The cultures containing the bleomycin donor template are
maintained in increasing concentrations of Hygromycin, starting from 50ug/ml up to 150ug/ml.
Following the establishment of stable cultures, limiting dilution was carried out on the parasites
to screen for single parasite clones that lack the PEPCK or DLD genes by PCR using the primer

pairs PEPCKF1R1 or DLDF1R1 in Table 4. Confirmation of the bleomycin donor template in the
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mutant parasite clones was carried out by PCR using the primer pairs PEPCKF2R2 or DLDF2R2

(Table 4) for the PEPCK and DLD mutants, respectively.

Table 4 Primer list for PCR

Primer pairs Primer sequence Amplicon
size
PEPCKBIleF/R | F: 5’GCAACTCAGCGACCGTAAATCTAAAATCTTCATCGGATCGGGTAC 925bp
R: 3" GACTTGTACCAACCTCGTACCGCTATCAGTCCTGCTCCTCGGCCA
DLDBleF/R | F: 5’AAGCACACACCAGCATGTTCCGCAGATCTTCATCGGATCGGGTAC 584bp
R: 3’ACACGCTACCAAGCTCCAGCCCAATTCAGTCCTGCTCCTCGGCCA
DLDF1R1 F: 5" GTCCTACGACGTGACGGTGA 474bp
R: 3’ TTCTCGTCGAAGGGCAGGAA
DLDF2R2 F: 5" AGATCTTCATCGGATCGGGTA 313bp
R: 3’ CTGATGAACAGGGTCACGTC
PEPCKF1R1 | F: 5" GACGACGTCTGTGTCGCTAA 717bp
R: 3" AGCTGCTCGCCATAGAATGT
PEPCKF2R2 | F: 5’ CGTGTCTTTCCTCCACGAAT 925bp
R: 5" CAAACAAGCAGTGAGCCAAA

3.4 Generating Complementary control addbacks

DLD or PEPCK genes were episomally expressed into the DLD KO or PEPCK KO parasites to

generate complementary controls or add-backs (AB). A Leishmania-expressing vector containing

the DLD gene (pLPHygDLD) was generated by subcloning the DLD gene into the Leishmania

expression plasmid (Figure 8). For the re-introduction of the PEPCK gene in PEPCK KO L. donovani,

pLPHygPEPCK was generated as previously described in our lab (218). pLPHygPEPCK and

pLPHygDLD were introduced into the PEPCK KO and DLD KO parasites, respectively, using the

electroporation protocol described in section 3.3. Parasites that receive the Leishmania
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expression vector are maintained in increasing concentrations of hygromycin starting at 50ug/ml
up to 150ug/ml over a period. Once stable cultures were achieved, PEPCK or DLD gene expression
confirmation in the parasites was assessed by PCR using PEPCKF1RI or DLDF1R1 primers (Table

a).

2, Digestion Ligation
743, Xba
Xba bp
¥ Xba1l
N ~
*Xba1

TA-DLD - pu;gé’ggjw
5331bp P

Figure 8 Subcloning strategy to generate pLPHygDLD

3.5 Western blotting

Logarithmic phase promastigotes were harvested and adjusted to a final concentration of
1x108/ml and suspended in 2x Laemmli buffer containing 5% 2-mercaptoethanol (Sigma-Aldrich,
St Louis MO) in 1.5ml Eppendorf tubes. Following lysis by heating at 95 °C for 5 minutes, the tubes
were vortexed vigorously. Afterwards, soluble fractions were recovered in the supernatant
following centrifugation at 3000 rpm for 15 minutes. Parasite proteins in these fractions were
loaded on a 12% SDS-PAGE gel electrophoresis, and separation of the proteins based on sizes was
executed at 100V for 1.5 hour. Separated proteins were transferred to an activated PVDF
membrane using a semi-dry western transfer system (Bio-Rad, Mississauga, ON, Canada) at 20V
for 1 hour. The PVDF membrane was immersed in tris-buffered saline (TBS) solution containing

0.5% tween and 5% non-fat milk (pH 7.4) and incubated for one hour at room temperature.
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Following the incubation of the membrane with a polyclonal rabbit anti-PEPCK antibody (1/1000
dilution) in the blocking solution (TBS supplemented with 3% BSA) overnight at 4°C, the
membrane was washed thrice in TBS solution supplemented with tween 20% (TBS-T) for 15
minutes per wash. Afterwards, the membrane was incubated with the secondary antibody,
mouse anti-rabbit horseradish peroxidase-conjugated (1/10000 dilution) in blocking solution
(TBS supplemented with 3% BSA) for 1 hour at room temperature. Following this, the membrane
was washed three times in TBS-T for 30 minute/wash, and the ECL blocking agent (GE Healthcare,
Mississauga, ON, Canada) was used to visualize the protein bands under a Bio-Rad ChemiDoc™
Imaging System.

3.6 Assessment of parasite growth in axenic cultures

To monitor the growth of parasite lines over time, equal numbers of WT, KO, or AB parasites
were grown in 10 ml of complete M199 media and incubated at 27°C. The parasites were counted
daily using a hemocytometer under a microscope and recorded.

3.7 Bone marrow-derived macrophages and Kupffer cell preparations.

As previously described, bone marrow-derived macrophages were generated in vitro from bone
marrow cells (568). Femur and Tibia from BALB/c or C57BL/6 mice were harvested, and the extra
fleshy tissues were separated in a petri dish using forceps and surgical scissors to reveal bare
bones. The ends of each bone were cut using a sterile razor, and the bone marrow was flushed
out using a needle and syringe containing 5 ml RPMI complete medium into 15 ml polypropylene
tubes. The bone marrow cells in suspension were spun at 1200 rpm for 5 minutes, and red blood
cells in pellets were lysed with ACK buffer (150 mM NH4Cl, 10 mM KHCOs3, 0.1 mM NazEDTA, pH

7.2-7.4) for 3 minutes. The addition of complete RPMi media halts the ACK lysis, and the cells are
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centrifuged at 1200 rpm for five minutes. The cell pellets were resuspended in complete RPMI
medium, and cells were adjusted as 4 X 10°/ml cells to be plated in a 100 x 15 mm?3 Petri dish (BD
Falcon) in 10 ml of complete RPMI media supplemented with 30% L929 cell culture supernatant
at 37°C. After 3 days, 10 ml of RPMI complete media containing 30% L929 culture supernatant
were added to the petri dish, and on the seventh day when the cells were approximately 80-90%
confluent, they were harvested using a cell scraper, washed in complete media, and kept on ice
until ready for use in downstream applications.

Isolation of Kupffer cells was carried out using methods previously described (569). Briefly, naive
C57BL/6 mice were euthanized, and the internal organs were revealed through a tear in the
peritoneum. The liver was perfused through the right atrium by injecting cold PBS to eliminate
circulating blood cells. Following perfusion, the liver was removed and chopped into pieces in
10ml collagenase solution (0.01% DNase, 100mg/ml collagenase in incomplete RPMI media) to
break down the collagenous tissues. Following incubation at 37°C for 20 minutes, the minced
tissues were homogenized in a cell strainer to release the cells. Cells were washed in cold 1X HBSS
twice by spinning at 1200rpm for 5 minutes. Afterwards, the red blood cells were lysed as
described above, and the cell pellets were resuspended in 4ml of complete RPMI media. These
cells were layered on a 25% and 50% Percoll solution gradient in a 15ml Falcon tube. The cells
were centrifuged at 900rpm for 20 minutes with no break. A layer of cells was formed within the
middle of the tube and was collected using a transfer pipette and washed twice in complete

RPMI media. The cells were kept on ice until further use.
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3.8 in vitro infections

Based on the objectives of the experiments, Kupffer cells and BMDMs were counted using a
hemocytometer and were adjusted to cell-to-parasite ratio of 1:10in a 5 ml polypropylene tube.
The tubes containing the cells and parasite were incubated at 37°C for 6 hours. After that,
uninfected parasites were washed off twice using sterile PBS by centrifuging at 500 rpm for 5
minutes. Afterwards, fresh media was added to the infected cells and incubated at 37°C. At the
specified time, infected cells were placed on glass slides by centrifugation at 1200 rpm for 5
minutes in a cytospin machine. The infected cells attached to the glass slide are submerged in
Giemsa stain and viewed under an optical microscope in a 100X objective lens. Images of the

infection were visualized. Parasite quantification and infection rates were assessed.

3.9 Isolation of spleen, liver, Lymph node

Depending on the specified time point, mice infected with the parasite lines were euthanized
using isoflurane and cervical dislocation and the internal organs were revealed by a tear in the
peritoneum. The spleens and draining lymph nodes (dLNs) were dislodged and transferred to 15
ml Falcon tubes containing complete DMEM growth media. Following homogenization of the
organs in a cell strainer, cells were washed in complete DMEM media. For the dLN, the pellets
were resuspended in complete media, counted and left on ice till required for further use. For
the spleens, red blood cells were lysed with ACK buffer for 3 minutes, followed by addition of
complete DMEM media to quench lysis reaction. The cells were spun at 1200rpm for 5 minutes,
and cell pellets were resuspended in complete DMEM media. Cells are kept on ice till further use.
As described in section 3.7, the liver from euthanized mice infected with the parasite lines were

perfused by injecting cold PBS with a syringe into the right atrium. The perfused liver was
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collected and chopped into small pieces using 10 ml of collagenase solution (see section 3.7 for
components). After incubation at 37°C for 20 minutes and homogenization in a cell strainer, the
cells were washed twice in a cold HBSS buffer. Red blood cells were lysed with ACK buffer for 3
minutes, and the addition of complete DMEM media halted the ACK reaction. The cells were spun
at 1200rpm for 5 minute, and the resulting pellets were resuspended in 5 ml of 40% percoll
layered on top of a 70% percoll solution and centrifuged at 750 g for 20 minute without brakes.
Lymphocytes are formed at the interface and are collected. Following a wash in complete DMEM

media, the cells are kept on ice till further use.

3.10 Flow cytometry

Flow cytometry is a multi-parametric tool designed to assess the properties of a cell based on its
light scattering or fluorescent properties (570). This tool was used to characterize cell
populations assessed throughout this thesis. The methods by which flow cytometry was
applicable in this thesis are described in detail below.

3.10.1 Intracellular cytokine staining

Single-cell suspensions from the spleen, dLN and liver from infected mice were prepared at the
specified time points. Cytokines such as IL-10, IL-4, TNF, and IFN-y were detected through an
intracellular staining method. Briefly, single cells were counted and plated at 1-2 X 10%/ml in 24-
well plates in the presence of 2ml stimulation cocktail (Thermo Fischer) containing ionomycin
(669.3uM), PMA (40.5 uM) and Brefeldin (2.5mg/ml) at 37°C. After 4 hours, the cells are
harvested, transferred to flow tubes, and spun at 1200 rpm for 5minutes. Cell pellets are
resuspended in FACS buffer (PBS containing 0.1% FBS and 0.1% sodium azide) and incubated with

100 pl of TruStain FcX™ Antibody (BioLegend) for 5 minutes on ice. This limits non-specific
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interactions of the FC regions of the antibodies with the FCy receptors on the cells. The cells were

surface stained with anti-CD4 and anti-CD90.2 antibodies (see Table 5) for 20 minutes on ice.

Thereafter, the cells were fixed by incubating with CytoFast™ Fix/perm solution (BioLegend) at

RT for 20 minutes, washed twice in 1 ml of 1x CytoFast™ perm wash by spinning at 350 x g for 5

minutes and stained in the dark for 20 minutes with an optimal concentration of the intracellular

antibodies (IL-4, IL10, TNF, IFN--y) in 1 ml of 1x CytoFast™ perm wash. Afterwards, the cells were

washed in 1 ml of 1x CytoFast™ perm wash and the pellets were resuspended in FACS buffer and

acquired using FACS Cytoflex flow cytometer (BD Bioscience, Mississauga, ON, Canada). For data

analysis, Flowjo software was used.

Table 5 Antibodies used for flow cytometry

Antibody Clone Fluorochrome
CD90.2 19E12 PE

CD4 GK 1.5 Bv421

CD44 5035-41.1D PEcy7

CD11b M1/70 PE

F480 BM8 FITC

CD19 6D5 FITC

CLEC4f 3E3F9 Alexafluor647
IFN-y XMG1.2 APC
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TNF MP6-XT22 PE

IL-10 JES5-16E3 PE

IL-4 11B11 APC

3.10.2 FITC-Peanut agglutinin staining
To assess whether differentiation to the infective forms in the mutant parasite lines was
compromised, the binding of the parasites to peanut agglutinin conjugated to FITC was executed
by flow cytometry as previously described (571). Briefly, logarithmic and stationary phase
parasites were washed twice in sterile PBS, adjusted to 1x10° parasites/ml, and transferred into
flow tubes. The parasites were stained with FITC-Peanut agglutinin (Sigma) in the dark at RT for
30 minutes and washed in sterile PBS afterwards. Twenty thousand parasites per sample group
were acquired using the Cytoflex Flow cytometer (BD Bioscience, Mississauga, ON, Canada).
Further analysis was carried out using the FlowJo software.

3.10.3 Tetramer staining
Depending on the objective of the experiment, PEPCK or DLD-specific CD4* T cells were assessed
in the spleens and dLNs of mice infected with the different parasite lines using I-AP-PEPCK33s.351
PEPCK and I-AP-DLDg3-79 DLD tetramer, respectively as previously described (572). I-AP-PEPCK33s.
351 and I-AP-DLDe3-79 DLD tetramer were synthesized by the National Institutes of Health Tetramer
core facility (Emory University, Atlanta, GA). Spleen or dLN cell suspensions isolated from infected
mice, as described in section 3.9, were stained with 2 ug/ml tetramer I-A*-PEPCK335.351 or I-AP-

DLDe3-79 DLD tetramer conjugated to APC and incubated at 37°C for 30minutes. Following
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incubation, tetramer-stained cells were enriched for DLD or PEPCK-specific T cells using magnetic

beads and the numbers of DLD or PEPCK-specific T cells was assessed by Flow cytometry.

3.11 Multiplex cytokine analysis
Liver lymphocytes, spleen and dLN suspension cells prepared in section 3.9 were used for in vitro
recall response. Briefly, 2-4x10%/ml cells were plated in a 24-well plate, and stimulated with 50
ug/ml freeze-thawed Leishmania antigen at 37 °C. After three days, the concentration of
cytokines in the culture supernatant fluids was determined using the Luminex™ 200 multiplex
system (Luminex, Austin, TX, USA) by Eve Technologies Corp. (Calgary, Alberta). Ten Cytokines
were simultaneously measured using Eve Technologies' Mouse Focused 10-Plex Discovery Assay®
(MilliporeSigma, Burlington, Massachusetts, USA) according to the manufacturer's protocol. The
10-plex consisted of GM-CSF, IFN-y, IL-18, IL-2, IL-4, IL-6, IL-10, IL-12p70, MCP-1, and TNFa. Assay
sensitivities of these markers range from 0.4 — 10.9 pg/mL for the 10-plex.
3.12 Metabolism assessment
PEPCK and DLD are critical enzymes for energy metabolism in Leishmania (512,513). Thus,
assessing the impact metabolic pathways will have in the absence of these enzymes was
essential. The methods for evaluating metabolism in these enzyme deficient parasites are
described in detail below.

3.12.1 Measurement of glycolysis and oxidative phosphorylation
To measure the oxygen consumption rate (OCR) and the extracellular acidification rate (ECAR) in
the parasite lines, the Mitostress test, which measures overall mitochondrial function and

respiration in the parasite lines, was performed using a Seahorse analyzer as previously described
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(573,574). Briefly, 1 ml of poly-D-lysine was incubated in the wells of an XF24 analyzer plate for
2 hours at RT. The parasites, 5 X 10° /ml, were immobilized in the treated XF24 pre-hydrated
analyzer plate and 100pl of 37°C prewarmed XF DMEM media supplemented with 1 mM Sodium
Pyruvate and 11 mM D-glucose. Following centrifugation at 3000 rpm for 10 minutes, the plates
were left in the 37°C incubator for 1h. Drugs (oligomycin, carbonylcyanide-p-
trifluoromethoxyphenylhydrazone (FCCP), and rotenone/antimycin A) up to a final concentration
of 1 mM were added to the wells of the pre-warmed cartridge. Afterwards, the cartridge was put
into the XF24 analyzer machine and calibrated. After incubation of the XF plates containing the
immobilized parasites, they were topped off with 400 pl of XF complete media. Further analyses
were made using the Seahorse analyzer machine, which assessed the oxygen consumption rate
(in pmol/min) and the Extracellular acidification rate (in mpH/min). Afterwards, the parasites
were lysed, and the total protein concentrations was assessed using the Bradford Assay and used
to normalize oxygen consumption rate per protein concentration (pmol/min/ug) or extracellular

acidification rate per protein mpH/min/ug.

3.12.2 Measurement of mitochondrial permeability and reactive oxygen species
To assess mitochondrial permeability and the production of reactive oxygen species (ROS) by the
mitochondrion, 1x10° promastigotes of the different parasite lines being tested were stained
with Tetramethylrhodamine methyl ester (TMRM) and mitosox dyes (Thermo Fischer Scientific)
according to the manufacturer’s suggested protocols. Stained parasites were incubated at RT for

20 minutes in the dark and washed twice in PBS afterwards. TMRM- and mitosox-stained
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parasites were gated in the PE and PI channels using the Cytoflex flow core after gating 20,000
cells. The mean fluorescent intensity was assessed using Flow jo software (v10).

3.13 Lesion size measurement and estimation of parasite burden by limiting dilution

and PCR.

A digital vernier calliper was used to measure lesion size, which was recorded as the difference
between the size of uninfected and infected footpads. Parasite burdens at the infection site were
determined using the limiting dilution assay as previously described (575). Briefly, infected
footpads from mice sacrificed by isoflurane and cervical dislocation were kept in 2%
pen/streptomycin containing PBS (PBS/PenStrep) on ice. To limit bacteria contamination, the
footpad was submerged in a beaker containing 70% EtOH, chlorhexidine disinfectant, and 70%
EtOH consecutively for 5 minutes each and then rinsed in PBS/PenStrep. Following chopping of
the toes and skin removal, they were cut into smaller pieces and transferred to a sterile tissue
homogenizer containing 2 ml of PBS/PenStrep. Once the tissues are fully homogenized, they are
resuspended in additional 2 ml PBS/PenStrep and transferred into a 15 ml Falcon tube. The tissue
containing the parasites was centrifuged at 600 rpm for 5 minutes. The supernatant containing
the parasites was transferred to a new 15 ml tube and centrifuged at 3000 rpm for 15 minutes.
The pellets were resuspended in 2 ml of complete Schneider media (Invitrogen, Life Technologies,
Burlington, Ontario) supplemented with 20% FBS, 2mM L-glutamine, 1% penicillin/streptomycin
(1000X) and 25 mm HEPES. In a 96-well plate containing 180 pl of complete Schneiders media,
20ul of the parasite suspension is transferred to the first row of the plate and mixed gently by
pipetting. A 1:10 dilution was performed by transferring 20ul from the first row to the next row,

and after mixing, another 20ul was transferred to the next row until the last row, where 20l of
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parasite suspension was discarded. Plates were covered and incubated at 27 °C for 5 to 7 days.
Parasite burdens were extrapolated from observing parasite growth in the wells under an optical
microscope at x40 magnification.

In some experiments, parasite burden was quantified by absolute quantitative PCR method as
previously described (576,577). Briefly, tissues harvested from infected mice were subjected to
genomic isolation using the trizol (Invitrogen). The absolute quantification of the parasite burden
in the samples was deduced from Cq values of known concentrations of genomic DNA from
logarithmic phase promastigotes. Homogenized promastigotes (logarithmic phase) or tissues
from infected mice were incubated with 1 ml of Trizol for 5 minutes followed by addition of 0.2ml
of chloroform. Thereafter , the tubes were centrifuged at 12000 x g for 15 minutes and the
aqueous interface was collected. To precipitate the genomic DNA, 0.3 ml of 100% ethanol was
added and further incubated in 1 ml of 0.1 M sodium citrate in 10% ethanol for 30 minutes
followed by another centrifugation (2 times) at 2000 x g for 5 minutes. The isolated DNA was
washed in 1.5 ml of 75% ethanol by gentle inversion for 10 minutes and centrifugation at 2000 x
g for 5 minutes. DNA pellet was air dried and reuspended in 20 pl of DNAse free water. Once the
genomic DNA has been extracted, the kinetoplast DNA (kDNA) was identified by real-time PCR in
the samples. The primer pair used is 5'-CCTATTTTACACCAACCCCCAGT-3' and 5'-
GGGTAGGGGCGTTCTGCGAAA. PCR was carried out in a total reaction mixture of 20 ul. The
components of the reaction mixture is as follows; 10 ul of 1X SYBR® green master mix
(Strategene, La Jolla, California), followed by 2uM from each primer pair and 2pl of genomic DNA,
which was topped off with DNase/RNase free water. The reaction mixture was placed in a

thermal cycler (Roche light cycler) and amplification was carried out using the following settings:
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1 cycle initial PCR activation for 10 minutes at 95°C, 45 cycles of 20 sec at 95°C, 20 sec at 60°C,
and 16 sec at 72°C, and a final extension for 10 minutes at 72°C. Using the MXPro software
(stratagene) to generate a linear standard curve, parasite numbers were assessed from the cycle
thresholds of the test samples. Parasite loads are calculated as a percentage of the weight of the
organ.

3.14 Reverse transcriptase PCR

Confirmation of absence of PEPCK or DLD mRNA expression in mutant parasites was performed
by reverse transcriptase PCR. Briefly, mRNA from 1x10° logarithmic promastigotes was isolated
using the Trizol (Invitrogen) reagent. Parasites were lysed in 1 ml of trizol by vortexing for 15
seconds and left for 5 minutes at RT. After adding 200 ul of chloroform, the tubes were incubated
for 3 minutes and centrifuged at 12000xg at 4°C for 15 minutes. Afterwards, the aqueous layer
containing mRNA was carefully collected and transferred to a new 1.5 ml Eppendorf tube. The
RNA was precipitated by adding 500 ul isopropanol and incubated further for 10 minutes at RT.
The tubes were centrifuged for 10 minutes at 12000xg at 4°C, and the supernatant was discarded.
The pellet was washed in 1 ml of 75% alcohol and centrifuged at 7500xg at 4°C for 5 minutes. The
supernatant was discarded, the RNA pellet was air dried and further resuspended in 20 pl RNase-
free water. The resultant solubilized RNA was stored at -80°C or immediately converted to cDNA
using the reverse transcriptase. According to the manufacturer's protocols, parasite cDNA was
obtained from isolated RNA by a first-strand cDNA synthesis kit (E6300L — New England Biolabs).
Real-time PCR was performed on the cDNA, and PCR was performed using Luna universal gPCR

master mix (M3003X - New England Biolabs), according to the manufacturer’s protocols.
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3.15 Secondary challenge experiments

Secondary challenge experiments were performed to understand whether protection from WT
challenge is achievable with the mutant parasites. 5-week-old infected BALB/c mice and their
age-matched naive controls were challenged with 0.1 X 10® WT stationary phased promastigotes
in their contralateral footpads. Developing lesions were monitored in the challenged footpad
weekly, and after three weeks, mice were sacrificed to assess parasite burden and immune

response.

3.16 Statistical analysis

All the data presented in this study represent the mean + SEM from the indicated replicates. To
compare parasite burden, immune responses, and sizes of lesions between the multiple groups,
a two-tailed student T tes

t and one-way or two-way analysis of variance (One-way or Two-way ANOVA) was used. If the p-

value is £ 0.05, the results were considered significant.

135



4. CHAPTER 4: Results

Aim 1 The Role of DLD in Cutaneous Leishmaniasis

4.1.1 Background and Rationale
Leishmaniasis, categorized as a neglected tropical disease, is fast becoming a global health
burden of critical importance. Despite the immense strategies designed to reduce the morbidities
and mortalities associated with the disease (7), millions of individuals still get infected every year
(5). This has been complicated by the fact that Leishmania, the primary cause of the disease, is
heterogenous and infects multiple hosts, resulting in a plethora of clinical manifestations (15).
Cutaneous Leishmaniasis, caused by different Leishmania species, including Leishmania major,
presents as a self-healing lesion that can degenerate to chronic and debilitating forms (10,54).
While modern technologies are in the pipeline for an effective treatment regimen, current
treatment is plagued with various challenges due to drug toxicities and the emergence of drug
resistance (12). Although there is currently no approved vaccine against the human forms of
leishmaniasis, vaccination is possible because people who recover from primary infection are
protected from developing the disease later on in life (199). This infection-induced immunity is
mediated by IFN-y-producing CD4" T cells. Understanding the antigens that drive protective
responses during Leishmania infection will help generate effective vaccines against leishmaniasis.
Previously, we found that some peptides derived from Dihydrolipoyl dehydrogenase (DLDe3-79) of
L. major induced the production of polyfunctional cytokines during L. major infection. Following
infection, these antigen (DLD)-specific CD4* T cells expanded and contracted, and after parasite
clearance, memory T-cells that secreted IFN-y and TNF were developed, and protect mice against

secondary virulent L. major challenge (511). We also found that mice vaccinated with
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recombinant DLD mounted strong protective responses against L. major challenge (511),
suggesting that DLD may be a good vaccine target.

However, indications that DLD may play a vital role in the virulence of L. major are elusive,
especially because DLD is a critical enzyme that plays a role in the energy metabolism in
Leishmania (512). In other pathogenic organisms, DLD has been shown to be critical for either
virulence or the induction of host immune responses. For instance, DLD contributed to the
virulence of Streptococcus pneumonia (521), induced protection in Vibro-infected fishes (522)
and inhibition of phagocytosis and efficient killing of the fungi Paracoccidioides braziliensis (523).
Further insights on the possible role of DLD as a virulence factor were assessed from studies that
demonstrated the presence of DLD in the Leishmania secretory vesicles, exosomes, which is
critical for virulence. Thus, given that DLD is a critical enzyme involved in parasite metabolism, |
hypothesized that deficiency of DLD in Leishmania major leads to a loss of virulence, resulting
in reduced disease pathology and altered host immune response during infection. | further
hypothesize that the absence of DLD in L. major results in impaired parasite proliferation due

to an altered metabolic activity.

4.1.2 Generation and confirmation of DLD KO and addbacks in L. major
The CRISPR-Cas9 molecular editing tool has been demonstrated efficient in deleting multicopy
and essential genes of Leishmania (578). Thus, to understand the functions of DLD on L. major, |
deleted the DLD gene using the CRISPR-Cas9 editing tool (Figure 9A&B). To do this, two gRNA
were cloned into the Leishmania expression vector, PLDCN (Figure 9A) and upon the co-

expression of the gRNA and Cas9 in L. major, a ribonuclear complex is formed, which initiates a
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cleavage in the DLD loci (Figure 9B). Following the insertion of the Bleomycin resistance gene
cassette within the cleavage site, mutant parasites was confirmed by PCR (Figure 9B). Although
off-target effects are usually associated with CRISPR/Cas9 editing processes (544,545), numerous
mitigating strategies limit this risk (545,550). One approach to address this off-target effect of
the CRISPR/Ca9 system in this study is to generate a complementary control or add-back strain
(AB), whose role is to see whether the WT phenotype is restored in order to further confirm that
the targeted deletion was not due to errors or off-target from the editing tool. To do this, | first
generated a DLD expression vector (Figure 9C), which | episomally introduced into the DLD-
deficient parasites. The resulting parasite lines that received the DLD expression vector were
referred to as DLD AB parasites (Figure 9C). DLD has been deleted in L. major because DLD
amplicon (474bp) was absent in the DLD KO parasites by PCR but present in the WT and DLD AB
parasites (Figure 9D). This suggests that | successfully generated DLD null mutant L. major
parasite, and this was restored in the DLD AB parasites. | also confirmed that the homology-
directed repair strategy | initiated was successful because the bleomycin resistance gene
amplicon (474bp) was observed in the DLD KO parasites but not the WT L. major parasites (Figure
9E). Furthermore, DLD KO parasites were confirmed in RT-qPCR by the absence of DLD mRNA
expression (Figure 9F). This mRNA expression was restored in the DLD AB parasites to a level

comparable to WT parasites (Figure 9F).
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Figure 9 DLD KO and DLD AB L. major generation and confirmation.

Plasmid scheme showing the insertion of two-gRNA complementary to the DLD gene within the
Leishmania plasmid, pLDCN (A). DLD deletion strategy using the CRISPR-Cas9, expression of Cas9
and the gRNA initiates a cleavage in the DLD loci (red arrows). Introducing the bleomycin
resistance gene cassette within the cleaved site generates mutant parasites. Confirmation of DLD
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deletion was made by PCR using DLD-specific primers (F1R1), and insertion of the Bleomycin
resistance gene was confirmed by PCR using the bleomycin-specific primers (F2R2) (B). DLD AB
construct (pLPHyg-DLD) generated by the subclone of the DLD gene into the Leishmania
expression vector, pLPHyg. DLD AB L. major was generated by introducing pLPHyg-DLD into DLD
KO parasites (C). PCR analysis confirmed DLD deletion by the absence of DLD PCR product
(474bp), which was restored in the DLD AB parasite (D). PCR analysis confirms the successful
insertion of the bleomycin resistance gene cassette PCR product (313bp) in the DLD KO parasite,
which was absent in the WT parasites (E). The absence of DLD mRNA expression in the DLD KO
parasites was confirmed by RT-qPCR and restored in the DLD AB parasites (F). **, p < 0.01; ns,
not significant.

Next, | sought to use another method to confirm deletion of DLD gene in the mutant parasites
and its complementation (restoration) in the add back strain. Previously, we generated DLD
tetramer solution and used it to demonstrate the expansion of DLD-specific CD4* T cells following
L. major infection (511). DLD-specific CD4* T cells produced IFN-y and TNF, cytokines that are
critical for anti-Leishmania immunity (579). Therefore, | wanted to validate deletion of DLD in L.
major using an in vivo involving assessment of DLD reactivity with the tetramer solution
generated in our lab. | infected C57BL/6 mice with WT, DLD KO and DLD AB parasites and at five
weeks post-infection, | tracked the expansion of DLD-specific CD4* T cells using DLD tetramer
solution (I-AP-DLDg3-79) by flow cytometry (Figure 10A). | found that in the spleen and dLN of mice
infected with WT or DLD AB parasites, the expansion of DLD-specific CD4* T cells was statistically
different yet almost comparable (Figure 10B&C). However, there was no detectable DLD-specific
CD4+ T cells in the spleens and dLNs of mice infected with DLD KO L. major parasites (Figure
10B&C), suggesting successful deletion of DLD in L. major since infection in mice did not result in

the expansion of DLD-specific CD4* T cells.
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Figure 10 Validating DLD deletion in vivo.

C57BL/6 mice were injected subcutaneously with 2 x 10° WT, DLD KO or DLD AB parasites in the
foot pad for five weeks. Afterwards, the mice were sacrificed, and the presence of DLD-specific
CD4+ T cells was identified from pooled spleen and LN using DLD Tetramer I-Ab-DLDe3-79 and
analyzed by flow cytometry. Gating strategy (A). Flow plots (B) and graphs showing the
percentage frequency of DLD-specific T cells (C) in mice infected with WT, DLD KO and DLD AB.
* p<0.05; *** p<0.001.

4.1.3 DLD deficiency impacts parasite growth in axenic culture.
Impaired growth usually indicates reduced virulence and infectivity and is a feature of null
mutants in Leishmania (580). For instance, studies in Leishmania lacking the translation protein
LeishIF4E1, which is critical for the parasite to adapt to their sandfly and mammalian host, were
severely impaired in morphology, proliferation, and infectivity (580). To check whether DLD
deficiency affects L. major proliferation, equal numbers of WT, DLD KO and DLD AB L. major
promastigotes were grown in axenic cultures. Over time, numerical counts of the parasites were
made in a hemocytometer under an optical microscope. In DLD deficiency, parasite numbers

were significantly reduced compared to the WT parasites (Figure 11). However,
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complementation of the DLD gene in the DLD-deficient parasites (DLD AB) restored their
proliferation comparable to the WT L. major (Figure 11), suggesting that DLD is critical for the

proliferation of L. major in axenic cultures.

£ 100~

% -- WT

< 80- -6~ DLDKO
(7}

[<}]

’ﬁ 60 -+ DLD AB
S

g 40_ RRR koK

ko) et

g 20-

5

> 0

Figure 11 Impaired proliferation of DLD KO L. major in axenic culture

Equal numbers of WT, DLD KO or DLD AB parasites were grown in axenic cultures over time. At
the indicated time points, parasites were counted under an optical microscope using a
hemocytometer. *, p < 0.05; ***, p < 0.001.

4.1.4 DLD deficiency compromises parasites' growth inside macrophages
Once deposited in the skin, Leishmania infects various phagocytic cells. Macrophages are
preferable for amastigote replication due to the beneficial nutritional environment (61,302).
Since | observed that DLD deficiency in L. major impacted promastigote replication in axenic
cultures, | wanted to determine whether this will impact amastigote proliferation inside

macrophages. To do this, | infected bone marrow-derived macrophages (BMDM) with WT, DLD

142



KO or DLD AB L. major and monitored infection by staining infected cells from cytospin
preparations with Giemsa and imaging under an optical microscope at 6, 24, 48 and 72hour post-
infection (Figure 12A). At 6 hours post-infection, there was no significant difference in the
parasite numbers (Figure 12B) or infection rate (Figure 12B) amongst all the strains. However, as
the infection progressed, there was a drastic reduction in the number of amastigotes observed
in the cells infected with DLD KO parasites compared to those infected with WT or AB parasites
(Figure 12A-C). This suggests that deficiency of DLD in L. major did not affect the parasites’ ability
to enter the cells, but DLD is critical for the proliferation of L. major amastigotes inside

macrophages.
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Figure 12 DLD KO L. major was compromised inside macrophages.

Bone marrow-derived macrophages (BMDM) were infected with WT, DLD KO or DLD AB parasites
in a 10:1 parasite-to-cell ratio. At the indicated times, the giemsa-stained cytospin preparations
of the infected cells were prepared, and images were generated (A). Quantification of the
parasite/100 macrophages (B) and percentage infection rate (C) during the infection course was
analyzed. **** p < 0.0001; ns, not significant.

4.1.5 The ability of DLD KO parasites to differentiate into Infective forms was not

compromised.
Leishmania promastigotes undergo a translative process termed ‘metacyclogenesis,’
characterized by the parasite’s infectivity and morphology alterations. It is known that infective
stationary phase (metacyclic) promastigotes develop from the non-infective logarithmic-phase
(procyclic) promastigotes in vitro (581). This can be attributed to the structural differences in the
major surface glycoconjugate, lipophosphoglycan (LPG), whose repeating units are two-fold
longer in the metacyclic forms than the procyclic promastigotes (582). Also, a notable
observation is that the LPG of procyclic promastigotes lacks the arabinose caps on the galactose
residues, which are present in metacyclic promastigotes (582). This modification forms the basis
for which the infective forms can be distinguished using the peanut agglutinin lectin (PNA), which
freely binds the galactose residues of the LPG moiety in the procyclic promastigotes causing
agglutination but the arabinose capping the galactose residues on the LPG hinders this
agglutination with PNA in the metacyclic promastigotes (583). By adopting this characteristic
property, | sought to determine whether the ability of DLD KO parasite to differentiate into the
infective forms (metacyclic promastigotes) was affected. | stained WT, DLD KO and DLD AB L.
major logarithmic (day 3) and stationary (day 7) phase parasites with FITC-conjugated PNA and

assessed their ability to bind PNA by flow cytometry. On day 3 of axenic growth (procyclic stage),
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there was a slight dip in the percentage of metacyclic (PNA-negative) population in the DLD KO
parasites compared to the WT and AB parasites. However, as the culture progressed to the
stationary growth phase (Day 7), the percentage of PNA-negative(metacyclic) populations in the
DLD KO cultures were comparable to those of the WT and AB parasites (Figure 13). Perhaps, DLD
deletion in L. major may have delayed the development of procyclic promastigotes early during
the culture but they matched up in their ability to differentiate into infective forms (metacyclics,
PNA negative population) comparable to the WT or DLD AB parasites. This observation is
consistent with the finding (shown in Figure 12 above), that DLD KO parasites were not impaired
in their ability to enter macrophages as there was no significant difference in parasite numbers
at 6 hours post-infection between WT, KO and DLD AB groups. Taken together, these findings
indicate that loss of DLD in L. major does not impair their ability to either differentiate into the

infective form or enter macrophages.
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Figure 13 DLD deficiency in L. major did not impact their ability to differentiate into infective
forms.

WT, DLD KO and DLD AB L. major parasites grown in axenic cultures at the logarithmic phase (day
3) and stationary phase (day7) were stained with PNA-FITC, and differentiated infective forms
were assessed in the PNA negative gates by Flow cytometry.

4.1.6 DLD is a virulence factor.
Previous studies have demonstrated a critical role of DLD in the virulence of Streptococcus
pneumonia (584) and Mycobacterium tuberculosis (585). Whether DLD may be critical for
parasite virulence in vivo is unknown, although the recent finding of DLD in exosomal vesicles
(519), which are usually known to contain Leishmania molecules known to induce virulence, (586)
may be suggestive. Therefore, | sought to determine whether DLD is affects virulence in L. major
by infecting the highly susceptible (BALB/c) and relatively resistant (C57BL/6) mice with WT, DLD

KO, and DL AB parasites in their footpads and monitor lesion progression over time. | observed
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that progressive lesions developed in both the C57BL/6 (Figure 14A) and BALB/c (Figure 14B)
mice infected with WT or DLD AB parasites, but no lesion developed overtime in both mice
models infected with DLD KO parasites (Figure 14A&B). As expected, in infected C57BL/6 mice,
lesion development peaked at four weeks post-infection with WT and DLD AB groups and
afterward began to resolve (Figure 14A). In contrast, no lesion was observed in the footpad of
mice infected with DLDL KO parasites for the duration of the experiment (Figure 14A&B). When
infected animals were sacrificed at five weeks post-infection, the footpads from C57BL/6 (Figure
14C) and BALB/c (Figure 14D) mice infected with DLD KO parasites did not have a noticeable
swelling compared to those from mice infected with WT or DLD AB parasites (Figure 14C & 14D).
Consistent with the impaired development of cutaneous lesions, parasite burdens in the footpad
of mice infected with DLD KO parasites were significantly lower compared to the WT and the DLD

AB infected mice (Figure 14E&F).
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Figure 14 DLD deficiency in L. major did not induce pathologies in susceptible and resistant mice
models.

C57BL/6 and BALB/c mice were infected with 1 X10° WT, DLD KO or DLD AB L. major s.c in the
footpad and lesion development was monitored over time using a digital calliper (A & B). A
representative image showed the foot pad of the C57BL/6 (C) and BALB/c (D) infected mice at five
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weeks post-infection. At the indicated time, the mice were sacrificed, and the parasite burden in
the foot pads of the C57BL/6 (E) and BALB/c (F) mice was assessed by limiting dilution. This result
is representative of 2 independent sets of experiments with similar results. *, p < 0.05; **, p <
0.01; *** p <0.001; **** p <0.0001

Partial restoration in the lesion developments and parasite burdens was observed in the footpad
of mice infected with the DLD AB parasites (Figure 14), which appeared to be progressive at the
indicated time points albeit at a reduced level with their WT infected counterpart mice, especially
in the BALB/c mice. These observations (partial restoration of virulence phenotype in episomally
expressed complementary controls) are consistent with about 30% restoration of WT phenotype
in another mutant strains that were complemented episomally (587). Still, episomal gene
expression delivery methods in Leishmania are chosen due to their versatility in gene delivery for
stable expression (588). Taken together, these results demonstrate that DLD is a virulence factor

in L. major and its absence results in loss of virulence and impaired parasite proliferation in vivo.

4.1.7 Absence of DLD in L. major results in blunted host immune responses following

infection.
Enhanced resistance to Leishmania infection (manifested as reduction in lesion size and parasite
burden) is associated with the induction of strong IFN-y response in infected host (302). In
contrast, susceptibility manifested as an uncontrollable lesion progression and high parasite
burden is associated with the production of anti-inflammatory cytokines like IL-4, IL-13, and IL-
10 (302). The reduced lesion size and parasite burden in the footpad of BALB/c mice infected with
DLD KO parasites (Figure 14F) suggest that they may modulate host immune response differently

than WT parasites (589). We previously showed that L. major DLD peptide (DLDs3-79) induces
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robust anti-Leishmania immunity in mice (511). However, whether the absence of the entire DLD
gene in the parasite will alter the host immune response is uncertain.

To examine the impact of DLD deficiency on host immune response, | infected BALB/c mice with
1x 10% WT, DLD KO or DLD AB promastigotes and assessed the frequency of cytokine-producing
CD4* T cells from spleens and dLNs directly ex vivo. Flow cytometry analysis showed that the
frequency of cytokine (IL-10, IL-4, IFN-y and TNF) producing CD4* T cells were significantly lower
in the dLN (Figure 15A-H) and spleen (Figure 15I-P) of mice infected with DLD KO parasites
compared to those with WT or DLD AB parasites. Next, | assessed the secretion of cytokines
produced in the cultures of cells from these tissues following stimulation with Freeze-thawed
Leishmania antigen using multiplex cytokine profiling platforms (Figure 15Q-T). Consistent with
the flow cytometry data, the levels of IL-10, IL-4, IFN-y and TNF in the culture supernatant fluids
of mice infected with DLD KO parasites were significantly lower than those infected with WT and
DLD AB parasites (Figure 15Q-T). To determine whether the blunted cytokine response was
related to infection in the highly susceptible mice, | infected C57BL/6 mice with 1 x10® WT, DLD
KO or DLD AB parasites and assessed the frequency of cytokine (TNF and IFN-y) producing CD4*
T cells in the spleen and dLN by flow cytometry. Like BALB/c mice, the frequency of TNF and IFN-
v producing CD4* T cells were significantly higher in the dLN (Figure 16A-D) and spleen (Figure
16E-H) of mice infected with WT of DLD AB parasite than those infected with DLD KO parasites.
Similarly, the level of cytokines secreted in the culture supernatant fluid were significantly higher
in cells from mice infected with WT and DLD AB parasites compared to those infected with DLD

KO parasites (Figure 16I-L), suggesting that the impaired ability of DLD KO parasites to induce
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cytokine response was unrelated to the mice strain. Collectively, these results show that the

absence of DLD in L. major leads to blunted host immune response.
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Figure 15 DLD deficiency results in blunted host immune responses in BALB/c mice.

BALB/c mice (6-8 mice per group) were infected in the footpad with 1 x10° WT, DLD KO or DLD
AB stationary phased L. major parasites, and after 5 weeks, mice were sacrificed, and the spleen
and dLN were harvested. The cells from the dLN (A-D) and spleen (I-L) were stimulated with PMA,
ionomycon and brefeldin cocktail for 4hours and further stained to assess the frequency of IFN-
7, TNF, IL-4 and IL-10 producing CD4+ T cells by flow cytometry (E-H, M-P). Some of the dLN (Q-T)
and spleen (U-X) cells were restimulated with freeze-thawed Leishmania antigen. After three
days, multiplex cytokine profiling assessed the cytokines accumulated in the culture supernatant.
This result is representative of 2 independent sets of experiments with similar results. *, p < 0.05;
** p<0.01; *** p<0.001; **** p<0.0001

155



dLN
DLD KO

DLD AB

WT

S

<

~N
T

i 1,01

4 11,2

ns

156

—— _| - 0
* VOV
H -0, ©
* <
* %,
- ]@ o
| 1 1 1
8 & & °
(o) s|i®d 1 4Nl +#A2 %

wn < ™ ~N - o

s|199 1 ,A-Nd1l,.vad %



DLD AB

6,45
16,9
ns
| *
|-_IL‘ I
€ W
o\/

I s|199 1 .4NL .¥#Ad %

Spleen
DLD KO

- 961
L

*kk Kk

> CcD4

WT
CD4

20
5
0
5
0

19,5

; e 2
S 4 ! o S LANLYAD %
ANl ANL

157



*
ns
| J |—| K ‘ *ok L ns
s * X deokok ' '
8000 - 1000 15001 sk skk
| * % 8000~ !
6000 -
g E _ 6000 E 1000 -
2 2 3 2
S 4000 a 2 4000- a
z z z £ 500-
2000 - = 20004
0- 0- 0-
&
$ o ® & o ® & e SR
M ¥ SR M M ¥

Figure 16 DLD deficiency blunts host immune responses in C57BL/6 mice.

C57BL/6 mice (5-6 mice per group) were infected in the footpad with 1 x10° WT, DLD KO or DLD
AB stationary phased L. major parasites, and after 5 weeks, mice were sacrificed, and the spleen
and dLN were harvested. The cells from the dLN (A-D) and spleen (E-H) were stimulated with
PMA, ionomycin and brefeldin cocktail for 4hours and further stained to assess the frequency of
IFN-7, TNF, IL-4 and IL-10 producing CD4+ T cells by flow cytometry (C&D, G&H). Some of the cells
from the dLN (Q-T) and spleen (U-X) were restimulated with freeze-thawed Leishmania antigen
and after 3 days, the cytokines accumulated in the culture supernatant were assessed by ELISA.
This result is representative of 2 independent sets of experiments with similar results. *, p < 0.05;
** p<0.01; *** p<0.001; **** p<0.0001

4.1.8 Mice infected with DLD KO parasites had a compromised antigen-specific CD4+ T cell
response.
It has been reported that blunting of the host immune responses correlates with poor
proliferation of Leishmania major parasites during infection (590,591). However, the
immunodominance of a parasite molecule in Leishmania could result in the blunting of host
immune responses when that molecule is removed (592). Immunodominance is a bias toward

selecting specific epitopes critical for anti-inflammatory responses (592). Indeed, an epitope

derived from Leishmania DLD (DLDe3-79) has been shown to induce strong expansion of DLD-

158



specific CD4* T cells that mediate resistance (effective resolution of cutaneous lesions and rapid
parasite control) during Leishmania infection (511). It is conceivable that the blunting of the host
immune response in mice infected with DLD KO parasites is because DLD is an immunodominant
antigen. Alternatively, it is also possible that the blunting of the host immune responses is related
to lack of availability of antigens due to impaired proliferation of DLD KO parasites in infected
mice (Figure 14E&F). Thus, to rule out the possibility that the blunting host immune response is
due to DLD immunodominance, | assessed antigen (Leishmania)-specific responses in the mice
infected with DLD deficient L. major. | infected C57BL/6 mice with 2X10® WT or DLD KO L. major
and tracked the kinetics of PEPCK-specific CD4* T cell responses over time using PEPCK tetramer
that was generated in our lab to track CD4* T cells that have specificity for PEPCK3s3s5.351 derived
from Leishmania major (510). There were no statistical differences in the frequency (Figure 17B
&C) or absolute numbers (Figure 17D) of PEPCK-specific CD4* T cells in the spleen and dLN from
mice infected with WT or DLD KO parasites at 1-week post-infection. However, as infection
progressed (4 weeks), the frequency (Figure 17B &C) and absolute numbers (Figure 17D) of
PEPCK-specific CD4* T cells in the spleen and dLN of mice infected with WT parasites were
significantly higher than those from the DLD KO parasites. This time point coincides with the time
where we observed impaired proliferation of the DLD KO parasites in mice (Figure 17C & D). This
suggests that the blunting of the host immune response following infection with DLD KO

parasites may be due to their reduced proliferation, which leads to reduced antigen availability.
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Figure 17 Antigen specific CD4* T cells were compromised in mice infected with DLD KO L. major.

C57B/6 mice were infected in the footpad s.c with 2X10° WT or DLD KO L. major stationary
phased parasites. At the indicated times, mice were sacrificed, and cells pooled from the spleen
and dLN were enriched with PEPCK tetramer (I-AP-PEPCK33s.351) and analyzed by flow cytometry.
The gating strategy (A) and percentage frequency of PEPCK-specific CD4* T cells in flow plots (B)
and graph (C). The absolute number of PEPCK-specific CD4* T cells was assessed using counting
beads (D). This result is representative of 2 independent sets of experiments with similar results.
* p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001
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4.1.9 DLD-deficient parasites induce protective immune responses.

During Leishmania infection, a good primary immune response must be able to protect against a
secondary virulent challenge (339). It has been reported that a suitable vaccine against
leishmaniasis in humans should provide an infection-induced or concomitant immunity
(593,594). Although | observed a significantly reduced IFN-y immune response in mice infected
with DLD KO parasites (Figure 15&16), studies have shown that even in reduced levels of Thl
immune responses, secondary protection was still achieved if anti-inflammatory cytokines such
as IL-10 and IL-4 are reduced (222). Also, since DLD KO parasites persist in mice without causing
overt lesions (Figure 14), this suggests they can potentially be a candidate for live-attenuated
vaccine. Therefore, despite the blunted immune response observed with the DLD KO parasites in
mice, | wanted to know whether this would be associated with protective immunity against
secondary virulent WT challenge. To do this, | vaccinated (infected) BALB/c mice s.c in their
footpads with DLD KO parasites for five weeks and challenged them with 10° WT L. major in their
contralateral footpads alongside naive controls. | monitored lesion development in the footpads
and measured parasite burden and immune responses after the animals were sacrificed three
weeks post-challenge (Figure 18A). | observed that challenged mice had a reduced lesion
development at 2 and 3 weeks post-challenge compared to their infected naive control (Figure
18B). At three weeks post-challenge, the parasite burdens in mice vaccinated with DLD KO
parasites were significantly lower compared to their naive controls (Figure 18C).

Next, | assessed the frequency of cytokine (IFN-y, TNF, IL-4 and IL-10) producing CD4* T cells in
the spleen and dLN of the challenged mice (Figure 18D-L). Compared to the naive controls, there

was a significant reduction in the frequency of IL-10 and IL-4-producing CD4* T cells in the dLN of
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challenged mice (Figure 18D-L). Conversely, the frequency of IFN-y-producing CD4* T cells were
significantly increased in the vaccinated groups compared to their naive controls (Figure 18D&H).
At the same time, no differences were observed in the frequency of TNF between both groups
(Figure 18D-K). Interestingly, the ratio of the frequency of IFN-y to IL-4-producing CD4* cells was
significantly higher in the vaccinated groups compared to the naive controls (Figure 18L). | also
stimulated cells from the dLN of infected animals with freeze-thawed Leishmania antigen for
three days and assessed the levels of cytokines produced in the culture supernatant fluids by
ELISA. Consistent with the flow cytometry data, the levels of IL-10 and IL-4 in the culture
supernatant fluids of cells from vaccinated groups were significantly lower compared to those
from the naive groups (Figure 18M-P). In contrast, there was a significant increase in the IFN-y
levels in the culture supernatant fluids from vaccinated groups compared to their naive controls
(Figure 18M-P). Again, the ratio of IFN-y to IL-4 secreted in this recall responses from the
vaccinated groups was significantly higher than those from their naive controls. These
observations suggest that the enhanced resistance (better parasite control) observed in the
vaccinated group may be related to this stronger IFN-y. Taken together, these observations
suggest that the attenuation of DLD KO parasites in mice is associated with secondary protective

immunity against virulent WT challenge despite the blunted primary immune response.
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Figure 18 DLD KO vaccinated mice challenged with WTT parasites develop reduced pathologies,
displaying enhance protective immune responses

BALB/c mice vaccinated mice and naive control mice (4 mice per group) were challenged with
100 X10° WT parasites s.c in their contralateral footpad (A), and lesion development was
monitored (B). After three weeks, the mice were sacrificed. Parasite burden in the footpad was
assessed (C), and IFN-y, IL-10, IL-4 and TNF CD4* producing cells were analyzed from the cells in
the dLN by flow cytometry (D-K). The IFN-yto IL-4-producing CD4* T cells ratio was determined
(L). Some of the dLN cells were stimulated with freeze-thawed Leishmania antigen. After three
days, the cytokines accumulated in the culture supernatant were assessed by multiplex cytokine
profiling (M-P). The ratio of IFN-» to IL-4 cytokine produced was assessed (Q). This result is
representative of 2 independent sets of experiments with similar results. *, p < 0.05; **, p < 0.01;
*** p<0.001; **** p<0.0001

The protective response | observed upon WT challenge in mice vaccinated with DLD KO parasites
were short-term, i.e., mice were only challenged after 5 weeks of vaccination with DLD KO.
Therefore, | wanted to know whether protection can be sustained long-term by intending to
challenge vaccinated mice after 12 weeks. Surprisingly, significant lesions began developing in
the mice infected with the DLD KO parasites after 8 weeks and they seem to be progressive by
the 10" week (Figure 19A). Rather than challenge the vaccinated mice with WT parasites, |

wanted to confirm that the sudden lesion developments in these animals was not due to the

165



restoration of the DLD gene in the DLD KO parasite. Therefore, | isolated the parasites from the
developing lesions and screened for the DLD gene expression by PCR analysis. The DLD gene
amplicon (474bp) was absent in the DLD KO parasite but present in the WT parasite (Figure 19B).
To further confirm this, | checked for the presence of bleomycin resistance gene cassette that
was used to replace the DLD gene in the KOs by PCR analysis. The bleomycin gene amplicon
(313bp) was still present in the parasites isolated from mice vaccinated with DLD KO parasites
but not in those infected with WT parasites (Figure 19C). Collectively, these observations suggest
that long-term vaccination with DLD KO parasites would not be possible, mainly because
reactivation of disease (virulence), which is not due to the reappearance/reacquisition of the

deleted DLD gene.
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Figure 19 Appearance of lesion developments in mice vaccinated with DLD KO L. major long
term.

BALB/c mice vaccinated with 1X10° DLD KO promastigotes for 10 weeks started developing
lesions long-term (A). At 10 weeks, Parasites in these mice were isolated from the footpad, and
the absence of the DLD Amplicon (474bp) was assessed using DLD-specific primers by PCR (B).
The Bleomycin resistance gene cassette (313bp) was analyzed in the parasites by PCR (C).
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4.1.10 DLD deficiency compromises L. major metabolism and mitochondrial functions

DLD is a critical mitochondrial enzyme that plays a role in energy generation (512,595,596). Thus,
deleting DLD in L. major could severely hamper its mitochondrial functions resulting in the
parasite’s impaired proliferation in vitro and in vivo. To check whether deleting DLD in L. major
impacted mitochondrial function, | assessed whether the permeability of the mitochondria in
these parasites were compromised. To do this, | checked whether the ability of DLD KO parasites
to uptake Tetramethylrhodamine methyl ester (TMRM) dye into their mitochondria was
hampered because tmrm dye will penetrate healthy and functional mitochondria easily (597). |
observed that DLD KO parasites grown in axenic cultures had a significantly reduced Mean
Fluorescent Intensity (MFI) when stained with TMRM dye compared to their WT and DLD AB
controls (Figure 20A). This suggests that the mitochondrial membrane of DLD KO parasites is
leaky and unable to retain TMRM dyes (Figure 20B).

Subsequently, | checked whether the impaired mitochondrial membrane permeability in DLD KO
parasites may have impacted their ability to produce mitochondrial reactive oxygen. Thus, |
assessed the production of reactive oxygen species in mitochondria using the Mitosox reagent
by flow cytometry. In the absence of DLD in L. major, there was a significant reduction in Mitosox
signals compared to their WT and DLD AB controls (Figure 20B), suggesting that DLD KO parasites
produce reduced reactive oxygen species due in part to impaired mitochondrial membrane
permeability.

A faulty mitochondrial permeability and reduced production of reactive oxygen species indicate
compromised mitochondrial respiration, which can be assessed by the amount of oxygen

consumed (598). Thus, to assess whether mitochondrial respiration was impacted in DLD KO L.
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major, | subjected axenic growing promastigotes to a Mito stress test. In these tests, WT, DLD KO
or DLD AB parasites were exposed to drugs that inhibit one or two oxidative metabolic pathways.
These drugs, which include oligomycin (inhibitor of ATP synthase), FCCP (proton gradient
uncoupler and disruptor of the mitochondrial membrane potential) and Rotenone/Antimycin
(which shuts down mitochondrial respiration by inhibiting ubiquinone oxidation), were
administered to the parasites at different times and assessed by the seahorse assay using an XF24
analyzer. The results show that DLD KO parasites were consuming more oxygen than their DLD
AB or WT counterpart parasites (Figure 20C). Indeed, there was a significant increase in the basal
oxygen consumed by the DLD KO parasites compared to their WT or AB counterpart parasites
(Figure 20D), suggesting that the absence of DLD in L. major makes them develop a higher
demand for oxygen to possibly meet their energy needs for survival.

Furthermore, the extracellular acidification rate (ECAR), which is a measure of glycolytic flux in
cells (599), can be assessed from a mitostress test. Throughout the period of the drug
administration to the parasite lines, DLD KO parasites had higher ECAR compared to their WT or
DLD AB counterpart controls (Figure 20E). Indeed, before the drugs were added, culture media
containing DLD KO parasites had significantly higher acidification rate basally than their WT and
AB controls (Figure 20E). This suggests that the absence of DLD in L. major has taken a toll on the
parasites respiration such that they are tenaciously looking to increase their energy demands
through other means such as the glycolytic pathway. Taken together, these observations suggest
that the absence of DLD in L. major results in impaired mitochondrial functions, making the

parasites develop a need for alternative energy-generating pathways.
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Figure 20 DLD deficiency in L. major compromises parasite metabolism.

Histogram plots and mean fluorescent intensity of WT, DLD KO and DLD AB L. major
promastigotes stained with TMRM (A) and mitosox dyes (B) and signals detected by Flow
cytometry (B). 5 X 10° WT, DLD KO and DLD AB L. major promastigotes were immobilized using
poly-D-lysine  and subjected to different drug treatments such as Oligomycin, FCCP,
Rotenone/antimycin in a Mito stress test using the XF24 analyzer in a XF supplemented media.
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Following normalization with parasite protein concentration, oxygen consumption rates over
time were assessed (C) and Basal respiration calculated (D). The acidification of the media is
assessed as ECAR over time (E) and the basal levels determined (F). *, p < 0.05; **, p < 0.01; ***,
p <0.001; **** p < 0.0001; ns, not significant.

Summary 1:
Cutaneous leishmaniasis is still a public health burden with complications and challenges
surrounding the successful eradication and elimination of the disease. However, a clear
understanding of the antigens in the disease-causing parasites, Leishmania major, which could
induce a protective response during infection, is critical for vaccine developments. Peptides
derived from Leishmania’s Dihydrolipoyl dehydrogenase (DLDe3-79) induced protective responses
(511) during infection. However the exact role of DLD in the virulence and immunopathogenesis
of Leishmania major is unknown. By successfully deleting the entire DLD gene in Leishmania
major using the CRISPR/Cas9 tool, | assessed the impact of this deletion on parasite virulence and
host immune response during infection. DLD-deficient parasites had impaired proliferation in
axenic culture and inside macrophages. The ability of these parasites to differentiate into their
infective forms was unhindered. However, gene-deficient parasites infected in mice did not cause
disease pathology but led to the blunting of the host immune response. Mice vaccinated with the
DLD deficient parasites induced protective responses after exposure to virulent Leishmania
parasites. Deleting DLD, which is a critical mitochondrial enzyme in L. major, compromised the

parasite’s mitochondrial metabolism and function.
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Aim 2 The role of PEPCK in Visceral Leishmaniasis

4.2.1 Background and Rationale
Unlike CL, visceral leishmaniasis (VL) is a systemic and more severe form of leishmaniasis that
affects major organs like the liver, spleen, and bone marrow. It becomes fatal and life-threatening
if patients are left untreated (10). Current strategies for the control and elimination of VL from
2012 to 2017 resulted in a decrease in incidence rate. However, it is becoming difficult to control
VL due to the risk of co-infection with other diseases. Reports indicate that patient with VL are at
risk of HIV infections, malaria and even TB. These complications with VL make treatment against
the disease challenging. With the current toxicities and emergence of drug resistance in the
current treatment regimen, vaccination is believed to be the best alternative prophylactic route
for the control of VL. Developing a safe and efficacious vaccine against VL requires identification
of protective antigens, efficient vaccine delivery approach and excellent vaccine composition that
can induce sustained effector and memory T cell responses. More importantly, identifying a
cross-species protective antigen that will induce protective responses against multiple
Leishmania species will be highly advantageous. Recently, our lab identified a peptide derived
from Leishmania Phosphoenolpyruvate carboxykinase (PEPCK3s3s351) (510) that induced the
expansion of PEPCKas3s.351 specific CD4* T cells in mice infected L. major infection. During infection,
these PEPCK-specific CD4* T cells expanded, contracted and after parasite clearance led to the
development of memory T-cells that secrete IFN-y and TNF to protect mice against secondary
challenge (510). We also found that vaccination with PEPCK-expressing vector induced protection
in C57BL/6 infected with L. donovani as evidenced by significant reduction in parasite burden in

the spleen and liver (510). This is not surprising given that PEPCK has more than 90% homology
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across multiple Leishmania species, suggesting that PEPCK may be a viable drug or vaccine target
against different forms of leishmaniaisis including VL. PEPCK is a critical enzyme in
trypanosomatids (514) and was shown to play vital roles in virulence in Leishmania major (218),
Mycobacterium tuberculosis (515) and Schistosoma mansoni (516). If PEPCK will be a cross
species vaccine target against all forms of leishmaniasis, it is crucial to know whether it is a
virulence factor ‘in VL and understand how they modulate host immune responses. Although,
PEPCK is a virulence factor in L. major, whether is also virulence factor in L. donovani is unknown.
| hypothesized that deficiency PEPCK in L. donovani will lead to a loss of virulence resulting in

reduced disease pathology and altered host immune response during infection.

4.2.2 Generation and confirmation of PEPCK KO and addbacks in L. donovani
The CRISPR-Cas9 molecular editing tool has been demonstrated efficient in deleting multicopy
and essential genes of Leishmania (578). We have previously used this gene manipulation tool in
deleting PEPCK in L. major (218). Similar CRISPR/Cas9 system described in section 4.1.2 was used
to delete PEPCK in L. donovani. To do this, two gRNA was cloned into the Leishmania expression
vector, PLDCN (Figure 21A) containing Cas9 and introduced into logarithmic phase L. donovani
promastigotes by electroporation. This results in deletion of the two copies of PEPCK gene that
is within a 7kb region (Figure 21B). Introduction of the bleomycin resistance gene cassettes into
the cleaved sites generates mutant parasites that can be confirmed by PCR. PCR analysis
confirmed the presence of the PEPCK amplicon (717bp) in WT parasites (Figure 21C) which was
absent in the PEPCK KO parasites. Complementary control or addback (PEPCK AB) parasites were

generated by episomally introducing PEPCK gene into the PEPCK KO L. donovani. The PEPCK
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amplicon (717bp) was restored in the PEPCK AB parasites (Figure 21C). The successful homology
directed repair was confirmed by the presence of bleomycin resistance gene amplicon (925bp)
in the PEPCK KO parasites which was absent in the WT parasites (Figure 21D). Furthermore, the
absence of PEPCK mRNA expression (Figure 20E) as well as protein expression (Figure 21F) by
RTqPCR and western blot, respectively, in the PEPCK KO parasites confirms the deletion of both

copies of the PEPCK gene.
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Figure 21 Generation and confirmation of PEPCK KO and PEPCK AB L. donovani.

Plasmid scheme showing the insertion of two-gRNA complementary to the PEPCK gene within
the Leishmania plasmid, pLDCN (A). PEPCK deletion strategy using the CRISPR-Cas9, expression
of Cas9 and the gRNA initiates a cleavage towards the end of both copies of the PEPCK loci (red
arrows). Introduction of the bleomycin resistance gene cassette within the cleaved site generates
mutant parasites. Confirmation of PEPCK deletion was made by PCR using PEPCK specific primers
(F1R1) and insertion of the Bleomycin resistance gene confirmed by PCR the bleomycin specific
primers (F2R2) (B). PCR analysis confirmed PEPCK deletion by the absence of PEPCK PCR product
(717bp) which was restored in the PEPCK AB parasite (C). PCR analysis confirms the successful
insertion of the bleomycin resistance gene cassette PCR product (925bp) in the PEPCK KO parasite
which was absent in the WT parasites (D). Absence of DLD mRNA expression in the DLD KO
parasites was confirmed by RT-gPCR and restored in the DLD AB parasites (E). Western blots
confirm the absence of PEPCK protein expression in the PEPCK KO parasites (F) **, p < 0.01; ns,
not significant.

4.2.3 PEPCK impacts L. donovani growth in axenic culture.
Impaired growth is usually an indication for reduced virulence and infectivity in null mutants in
Leishmania. We previously demonstrated that PEPCK is an important gluconeogenic enzyme that
is critical for axenic culture proliferation of L. major. Absence of PEPCK in L. major resulted in the
significantly reduced proliferation of the parasites that was completely rescued by addition of
exogenous glucose into the cultures (218). To determine whether PEPCK deficiency also impairs
L. donovani proliferation, equal numbers of WT, PEPCK KO and PEPCK AB promastigotes were
grown in axenic cultures and numerical counts were performed over time using a
hemocytometer. There was a significant reduction in numbers of PEPCK KO parasites compared
to their WT counterpart controls (Figure 22). However, complementation of the PEPCK gene in
the PEPCK KO parasites restored their proliferation to WT levels. This observation suggest that

PEPCK is critical for proliferation of L. donovani in axenic cultures.
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Figure 22 Impaired proliferation of PEPCK KO L. donovani in axenic cultures.

Equal numbers of WT, PEPCK KO or PEPCK AB L. donovani were grown in axenic cultures over
time. At the indicated time points, parasites were counted under an optical microscope with a
hemocytometer. *, p < 0.05; ***, p < 0.001.
4.2.4 PEPCK deficiency in L. donovani impairs parasite growth inside macrophages.

Once, deposited in the skin, Leishmania infects various phagocytic cells including macrophages
which are the definitive host for amastigote replication (61,302). We previously demonstrated
that PEPCK deficiency in L. major impaired amastigote proliferation in macrophages (218).
However, whether PEPCK deficiency would impair infectivity and proliferation of L. donovani in
macrophages is unknown. Since | observed that the PEPCK deficiency in L. donovani impacted
promastigote replication in axenic cultures, | wanted to know whether this will correspondingly
impact amastigote proliferation inside macrophages. To do this, | infected bone marrow-derived

macrophages (BMDM) with WT, PEPCK KO or PEPCK AB L. donovani and at different times,
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monitored infection by staining infected cells after cytospin preparations followed by
visualizations under an optical microscope (Figure 23A). The parasite numbers in cells infected
with WT or PEPCK AB L. donovani parasites steadily increased over time demonstrating
proliferation (replication) of the parasites in infected cells. In contrast, a significant reduction in
the numbers of amastigotes were observed in the cells infected with PEPCK KO promastigotes
compared to those infected with WT or AB counterpart controls (Figure 23B). This shows that
deficiency of PEPCK in L. donovani impairs the ability of the parasite to proliferate inside

macrophages, suggesting that it is a critical molecule for parasite virulence.
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Figure 23 PEPCK KO L. donovani was compromised inside macrophages.

Bone marrow derived macrophages (BMDM) were infected with WT, PEPCK KO or PEPCK AB
parasites in a 10:1 parasite to cell ratio. At the indicated times the giemsa stained cytospin
preparations were prepared and images generated (A). Quantification of the parasite/100
macrophages (B) during the infection course were analyzed. **, p < 0.01; **** p < 0.0001; ns,
not significant.
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4.2.5 Metacyclogenesis in PEPCK KO L. donovani was not compromised.
Leishmania promastigotes undergoes a transformative process termed ‘metacyclogenesis’ which
is characterized by alterations in the parasite’s infectivity and morphology. Parasites become
infective when they differentiate from procyclic parasite into metacyclic promastigotes (581).
This transformation in the parasites is attributed to differences in the major surface
glycoconjugate, lipophosphoglycan (LPG), whose repeating units are 2 folds longer in the
metacyclic forms than in the procyclic parasites (582). Also, a notable observation is that the LPG
of procyclic promastigotes lacks the arabinose caps on the galactose residues, which are present
in metacyclic promastigotes (582). This modification forms the basis for which the infective forms
can be distinguished using the peanut agglutinin lectin (PNA), which freely binds the galactose
residues of the LPG moiety in the procyclic promastigotes causing agglutination. The arabinose
capping the glactose residues on the LPG hinders this agglutination with PNA in the metacyclic
promastigotes (583). Although, metacyclogenesis is a phenomenon occurring in the sandfly, this
can be replicated in in vitro cultures (600). Logarithmic-phase promastigotes are parasites grown
typically at day 3 of axenic cultures and under a microscope they move speedily, have rounder
body that resemble the procyclic parasites in the sandfly midgut. As parasites progress to
stationary phase of growth typically on day 7 of axenic culture, their movement is reduced and
under a microscope, they have a narrow-slender body with a long flagella (longer than those from
procyclic parasites), which resembles the metacyclic promastigotes found in the sandfly (571).
Hence, | wanted to know whether the deficiency of PEPCK in L. donovani impacted their ability

to differentiate into their infective forms. To do this, | stained WT, PEPCK KO and PEPCK AB L.
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donovani logarithmic (day 3) and stationary (day 7) phase promastigotes with FITC-conjugated
PNA reagent and assessed the PNA binding capacity of the parasites from signals detected by
flow cytometry. Increase in the PNA-negative populations from day 3 to day 7 of axenic growth
were observed with all the parasite lines stained with PNA-FITC (Figure 24A). However, there was
no difference in the PNA-negative populations of all the parasite lines grown for 7 days (Figure
24A). Examination of the parasite lines stained with giemsa under the microscope at day 3 and 7
of axenic culture growth showed similar structural morphologies (Figure 24B), with the
logarithmic phase WT, PEPCK KO or PEPCK AB parasites having rounded bodies which became
slender with an extended flagella in their stationary phase of growth (Figure 24B). This suggests
that PEPCK deficiency in L. donovani did not impact metacyclogenesis or the parasites’ ability to

differentiate into infective forms.
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Figure 24 PEPCK deficiency in L. donovani did not affect their ability to differentiate to their
infective forms.

WT, PEPCK KO and PEPCK AB L. donovani parasites grown in axenic cultures at the logarithmic
phase (day 3) and stationary phase (day7) were stained with PNA-FITC and differentiated
infective forms were assessed in the PNA- gates by Flow cytometry (A). The morphology of the
giemsa-stained parasites grown on day 3 and day 7 was observed under an optical microscope

(B).

4.2.6 Spleen and liver weights from mice infected with PEPCK KO L. donovani were not

different.
VL is an organ-specific systemic disease affecting the bone marrow, liver, and spleen. The
mechanisms by which the spleen and bone marrow becomes chronically infected during VL is still
not understood. It has been reported that in experimental VL in mice, the spleen becomes
enlarged taking up about 15% of the animal’s body weight (601). Although, the disease in liver is
known to be self-resolving, the enlargement of the liver (hepatomegaly) is the most common
finding associated with VL (602) because it is characterized in over 30-100% of parasitized
individuals (263). Since PEPCK deficient L. donovani was impaired in proliferation inside
macrophages, | wanted to know whether PEPCK affects splenomegaly and hepatomegaly in mice.
| infected BALB/c mice with 5 x 10’ WT, PEPCK KO or PEPCK AB stationary phase promastigotes
intravenously through the retroorbital plexus. At the indicated time points, the infected mice
were sacrificed, the organs were harvested and weighed on a scale. Over time, the spleen and
liver weights slightly increased in infected mice (Figure 25A). However, it was surprising that

there were insignificant differences in liver (Figure 25A) and spleen (Figure 25B) weights amongst
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all the groups at the indicated time points. This suggests that PEPCK may not be critical for

inducing splenomegaly and hepatomegaly during L. donovani infection.
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Figure 25 PEPCK deficiency did not dramatically impact splenomegaly and hepatomegaly.

BALB/c (6-8 mice per group) was retro-orbitally infected intravenously with 50 X 10 WT, PEPCK
KO or PEPCK AB stationary phased L. donovani promastigotes. At the indicated times, the mice
were sacrificed, and liver (A) and spleen (B) were weighed. This result is representative of 3
independent sets of experiments with similar results. **, p < 0.01; ***, p < 0.001; ns, not
significant

4.2.7 Parasite burdens in the spleen and liver of mice infected with PEPCK KO L. donovani
were not different from those infected with WT or AB parasites.
Increased parasitemia results in enhanced cellular recruitment which is associated with the
enlargement of the liver and spleen during VL (263). Although PEPCK deficiency was observed to
impair proliferation of L. donovani promastigotes and amastigotes in vitro, | wanted to know
whether the proliferation of L. donovani will be impacted in their respective organs in vivo. |
infected BALB/c mice with 5 x 10’ WT, PEPCK KO or PEPCK AB stationary phase promastigotes

intravenously through the retroorbital plexus and at the indicated time points, sacrificed the
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infected mice and assessed parasite burden in the liver and spleen by limiting dilution. Generally,
the parasite burdens in the liver from all the mice groups were decreased over time which is an
indication of a resolving infection (Figure 26A). However, there was no significant difference in
parasite burden in liver from mice infected with PEPCK KO compared to those infected with their
WT or PEPCK AB counterpart controls (Figure 26A). As expected, in the spleen parasite burden
from all mice groups increased overtime which is an indication of chronicity of the disease.
However, akin to the liver, there was insignificant differences in the parasite burden from mice
infected with PEPCK KO parasites compared to their WT or PEPCK AB infected counterpart
controls. Consistent with the parasite burden in the liver and spleen, the number of cells in liver
and spleen tissues was not significantly different amongst all mice groups (Figure 26 C&D),
suggesting similar inflammatory responses. To confirm that the parasite load obtained by limiting
dilution were not misleading, | also assessed parasite burden in the homogenized spleen and liver
tissues in infected mice by real time PCR. At 5 weeks post infection, there was insignificant
differences in the amount of Leishmania kinetoplast DNA in the liver and spleen from mice
infected with PEPCK KO L. donovani comparable to their WT or PEPCK AB infected counterpart
controls (Figure 26E &F). Taken together, these findings indicated that deficiency of PEPCK in L.

donovani does not impair its ability to cause disease in vivo.
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Figure 26 Parasite burden kinetics in the spleen and liver from mice infected with the L.
donovani parasite lines.

BALB/c (6-8 mice per group) was retro-orbitally infected with 50 X 108 WT, PEPCK KO or PEPCK
AB stationary phased L. donovani promastigotes. At the indicated times, the mice were sacrificed
and parasite burdens in the liver (A) and spleen (B) were assessed by limiting dilution. At the
indicated times, the total cell counts in the liver (C) and spleen (D) were made. At 5 weeks post
infection, parasite burdens in the liver (E) and spleen (F) were assessed by absolute quantitative
real time PCR. This result is representative of 3 independent sets of experiments with similar
results. ns, not significant

4.2.8 Immune responses in the liver and spleen from mice infected with PEPCK KO L.

donovani were not affected.
Susceptibility and resistance to VL is dependent on varying factors including the quality of the
immune responses which can be associated with the IFN-y and TNF-mediated macrophage
activating or IL-10 and IL-4-mediated macrophage deactivating cytokines (603). The major
producers of these cytokines are T cells. Since deficiency of PEPCK in L. donovani was not
associated with higher parasite loads in the liver and spleen, | wanted to assess whether the
immune responses in these organs remained unaffected. | infected BALB/c mice with 5 x 107 WT,
PEPCK KO or PEPCK AB stationary phase promastigotes intravenously through the retroorbital
plexus and at 5 weeks post-infection, | assessed the frequency of cytokine (IFN-y, TNF, IL-10 and
IL-4) producing CD4* T cells in the liver and spleen of infected mice. The frequency of IFN-y, IL-10
and IL-4 producing CD4* T cells in the liver of mice infected with PEPCK KO parasites was
comparable to those infected with WT or PEPCK AB controls (Figure 27A-H). In contrast, the
frequency of TNF-producing CD4* T cells was significantly higher in the liver of the mice infected

with PEPCK KO parasites compared to those infected with WT or PEPCK AB controls (Figure 27B
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& F). However, in the spleen, the frequency of IFN-y, TNF, IL-10 and IL-4-producing CD4* T cells
from mice infected with PEPCK KO parasites remained comparable to those infected with WT and
PEPCK AB controls (Figure 271-P). Next, | stimulated cells from spleen and liver of infected mice
with freeze-thawed Leishmania antigen for 3 days and assessed the levels of cytokines secreted
in the culture supernatant fluids by multiplex cytokine ELISA. Except for TNF, there was no
significant difference in IL-10, IL-4 or IFN-y secreted from the isolated liver lymphocytes of mice
infected with PEPCK KO parasites in comparison to those infected with WT or PEPCK AB controls,
consistent with flow cytometric data (Figure 27Q-T). TNF secreted from the liver lymphocytes in
PEPCK KO infected animals were significantly higher than those from the WT or PEPCK AB
infected controls (Figure 26R). There was no significant difference in the level of cytokines
secreted by splenocytes in mice infected with PEPCK KO compared to those from WT or PEPCK
AB infected controls (Figure 27U-X). | also confirmed these observations by assessing mRNA levels
of these cytokines in homogenized liver and spleen tissues by RT-qPCR. Consistent with the flow
cytometry results, the mRNA expression of IFN-y, IL-10 and IL-4 from the liver of mice infected
with PEPCK KO parasites remained comparable to those from mice infected with WT or PEPCK
AB parasites (Figure 27Y). Again, the fold change in the TNF mRNA expression from the liver of
PEPCK KO infected animals was significantly higher than those from WT or PEPCK AB infected
controls (Figure 27Y). As with flow cytometry and ELISA, there was no significant difference in the
MRNA expression of all the cytokines tested in spleen tissues amongst all the groups (Figure 272).
Taken together, these results suggest that deficiency of PEPCK does not affect immune responses

to L. donovani infection in both the spleens and liver.
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Figure 27 PEPCK deficiency in L. donovani does not blunt the host immune responses.

BALB/c mice (6-8 mice per group) were infected in the footpad with stationary phased 50 x10°®
WT, PEPCK KO or PEPCK AB L. donovani parasites and after 5 weeks, mice were sacrificed and the
liver and spleen were harvested. The cells from the Liver (A-H) and spleen (I-P) were stimulated
with PMA, ionomycon and brefeldin cocktail for 4hrs and further stained to assess the frequency
of IFN-7, TNF, IL-4 and IL-10 producing CD4* T cells by flow cytometry (E-H, M-P). Some of the
cells from the liver (Q-T) and spleen (U-X) were restimulated with freeze-thawed Leishmania
antigen and after 3 days, the cytokines accumulated in the culture supernatant were assessed by
multiplex cytokine profiling. The fold change in the mRNA of the cytokines from homogenized
liver (Y) and spleen (Z) in the infected mice were assessed by RTPCR. This result is representative
of 3 independent sets of experiments with similar results. *, p < 0.05; **, p <0.01; ***, p < 0.001;
**** p<0.0001
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4.2.9 PEPCK KO L. donovani infected in Kupffer cells poorly proliferated in vitro.
We previously found that PEPCK is critical for virulence for L. major because its deficiency leads
to attenuation of disease and blunted immune response in mice (218). Therefore, it was
surprising that deficiency of PEPCK in L. donovani did not affect disease outcome and host
immune responses in mice (Figure 26 & 27). It is widely established that in vitro systems differ
remarkably from in vivo systems, and in some cases scientific findings are preferably confirmed
by combined in vivo and in vitro data (604). These contrasting observations with PEPCK KO L.
donovani in vitro and in vivo suggest that the in vivo microenvironments in mice may contribute
to the lack of difference between WT and PEPCK KO parasites. Interestingly, the liver-spleen axis
is important for coordinating numerous processes such as immune regulation, metabolism, and
blood filtration especially in diseased states (605,606). It has been reported that the Liver-spleen
axis share similar metabolic activities (605,606). The spleen is the main organ that supplies IL-16
critical for maintaining the hepatic growth factor levels and basal metabolic rates (607). Indeed,
glucose metabolic rates in the spleen and liver are similar which is mediated by insulin (608).
Thus, | hypothesized that a unique Liver-spleen axis microenvironment spleen may have rescued
the proliferative potential of PEPCK KO parasites in infected mice. Therefore, | decided to check
the proliferation of PEPCK-deficient parasites in isolated liver macrophages following in vitro
infection. | isolated liver macrophages (Kupffer cells) in vitro, infected them with WT, PEPCK KO
or PEPCK AB parasites in a 10: 1 parasite to cell ratio and monitored infection after 48 hours by
Giemsa staining of cytospin preparations. The quality of the isolated Kupffer cells (KCs) was

confirmed by staining and assessing for specific KC markers like Clec4F by Flow cytometry (Figure
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28A). At 48 hours post infection, parasite numbers in the KCs infected with PEPCK KO parasites
was significantly reduced compared to those infected WT and PEPCK AB controls. This
observation suggests that the microenvironment of the liver may have altered the macrophages,
which could account for the differences observed in the proliferation of PEPCK KO parasites in

vitro and in vivo.
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Figure 28 PEPCK deficient L donovani was compromised inside Kupffer cells isolated in vitro.
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Kupffer cells were isolated from C57BL/6 mice and infected with stationary phased WT, PEPCK
KO or PEPCK AB L. donovani promastigotes in a 10: 1 parasite to cell ratio. Gating strategy
showing the phenotypic characterization of the isolated KCs by flow cytometry (A). After 6hours
post infection, uninfected parasites were washed off and incubated for 48hours and giemsa
stained cytospin preparations of infected infected cells were made to produce images observed
in an optical microscope (B). Quantification of the parasite/100 macrophages (C) and percentage
infection rate (D) during the infection course were analyzed. *, p < 0.05; **, p < 0.01; ns, not
significant.

Summary 2:
Visceral Leishmaniasis is the most fatal and life-threatening form of Leishmaniasis and urgent
therapeutic and vaccination strategies will help reduce the global transmission of the disease.
Understanding the antigen responsible for protective responses during Leishmania infection is
critical for a vaccine design. Peptides derived from Leishmania’s Phosphoenol pyruvate
carboxylase kinase (PEPCK33s.351) induced protective responses during Leishmania infection (510).
Although the role of PEPCK to cause cutaneous leishmaniasis has been previously elucidated
(218), yet the role of PEPCK during visceral leishmaniasis is currently unknown. | successfully
performed and confirmed the deletion of the PEPCK gene in Leishmania donovani (causative
parasite for visceral leishmaniasis) and assessed the impact of the deletion on the parasite
virulence and host immune response. PEPCK deficient L. donovani parasites had impaired
proliferation in axenic culture, inside Bone marrow derived macrophages and Kupffer cells in
vitro. The ability for the gene-deficient parasites to differentiate into their infective forms was
not hampered. However, inside mice, PEPCK deficient L. donovani parasites still caused pathology
because spleen and liver weights and parasite burden were comparable to the WT and
complementary control counterparts. In mice infected with PEPCK deficient L. donovani, the

immune response remain unchanged compared to the WT and complementary control groups.
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5. CHAPTER 5: Discussion

5.1 The Role of DLD in CL

Although leishmaniasis is a neglected tropical disease, it is still a growing public health concern
with increasing incidences and mortalities which needs heightened attention. It is vital to
implement strategies that will control disease progression and transmission. Understanding the
mechanisms of resistance and susceptibility to Leishmania infection is critical for developing
novel therapeutic approaches including development of new drugs and vaccines. Protection
during cutaneous leishmaniasis is primarily associated with the induction of IFN-y-producing CD4*
T cells that activate parasitized macrophages leading to destruction of parasites. On the contrary,
susceptibility is associated with the production of anti-inflammatory cytokines like IL-4 and IL-10,
which deactivates infected macrophages and limit their ability to clear parasites. Although there
is currently no approved vaccine against human forms of the disease, identifying the antigens
that drive protective immune responses during Leishmania infection is critical for identifying new
vaccine targets. One of such antigens is Dihydrolipoyl dehydrogenase (DLD), which is a key
metabolic enzyme in Leishmania. During Leishmania major infection, a peptide derived from DLD,
DLDe3-79, induced the expansion of DLD-specific polyfunctional CD4* T cells that produce
protective cytokines including IFN-y and TNF. The expansion of these cells was followed by
classical contraction and stable maintenance of memory T cell that induce protective immunity
following secondary infection (511). However, the role of DLD in Leishmania major was not
known.

One of the aims of this thesis was to understand the impact of DLD on virulence and

immunopathology of Leishmania major following infection in mice. Using the powerful gene
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editing tool, CRISPR/Cas9, | successfully deleted DLD gene in L. major and confirmed this deletion
by the absence of the DLD amplicon in PCR analysis. Further validation of DLD deficiency in L.
major was made in mice by demonstrating the lack of expansion of DLD specific CD4* T cell in
infected. | found that DLD deficiency resulted in impaired proliferation of L. major promastigotes
and amastigotes in vitro. The ability of these parasites to differentiate into their infective forms
were unhindered. Furthermore, | showed that DLD is a virulence factor in L. major because its
absence leads to attenuated disease phenotype as manifested by lack of lesion development and
significantly reduced parasite burden at the infection sites. In addition, deficiency of DLD resulted
in blunted host immune responses in infected mice. | found that the blunting of the host immune
responses was most likely related to impaired proliferation of the DLD deficient parasites in mice
and may not be due to the immunodominance of the antigen. Short-term vaccination with DLD
deficient parasites protected vaccinated mice against virulent WT parasites challenge as
evidenced by a reduced parasite burden, and this was associated with the induction of strong
protective immune responses. Finally, | found that the DLD deficient parasites had impaired
mitochondrial metabolism and glycolytic capacity, which may be associated with the parasites
impaired proliferation (Figure 29).

Whole genome sequencing in Leishmania has made it possible to explore the numerous gene
editing platforms available to dissect the functions of putative or hypothetical genes (452). The
use of homologous recombination in gene editing in Leishmania was limited due to the random
homologous insertions that occur and the fact that point mutations were impossible with this
method (609). RNA inference using small regulatory RNAs is critical for downregulating gene

expressions to assess and validate gene functionality (534). However, mechanisms for RNA
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interference (RNAI) are evolutionarily lost with most eukaryotes including Leishmania species
(534). Interestingly, the development and optimization of RNAi in the Vianna subspecies of
Leishmania has been described (610). CRISPR/Cas9 is one of foremost gene editing platforms
available today. Multiple studies have demonstrated the effectiveness of this tool in directing
point mutations or deleting multiple or single genes in leishmania (119,212,533,540,542). In my
studies, | used this tool to delete the single copy of DLD gene located on chromosome 32 in L.
major. | introduced the CRISPR system containing complementary gRNA and Cas9 proteins into
the logarithmic phase L. major promastigotes by electroporation which induced a cleavage
between both ends of the DLD loci (Figure 9B). Absence of DLD amplicon in DLD KO L. major
(Figure 9D) or DLD mRNA expression (Figure 9F) was confirmed by PCR or RT-qPCR analysis,
respectively. A cleavage break within the DNA in any cell sets the stage for innate DNA repair
mechanisms. In Leishmania, the microhomology-mediated end joining (MMEJ) or the single-
stranded annealing (SSA) is normally initiated as a response to DNA damage but these repair
mechanisms are error-prone, introducing short homology sequences or random nucleotides
within the cleavage site (536,537). However, to limit the induction of an uncontrolled mutation
that could arise with the DLD CRISPR/Cas9 -edited parasites, | introduced the Bleomycin
resistance gene cassette that shares homology arms of the cleavage sites. This homology directed
repair (HDR) mechanism allowed for the generation of a controlled DLD deficient mutant because
PCR analysis confirmed the presence of the Bleomycin amplicon (Figure 9E). In Leishmania, HDR
is a valuable repair process that increases the efficiency and specificity of the CRISPR/Cas9 editing

systems (533,542).
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One of the downsides in using CRISPR/Cas9 editing technology is the tendency to create off target
effect or mismatches (544,545). Sometimes, these off target effect could be dependent on gRNA
bearing similarities to other regions of the genome. In some situations, off-target effects are
independent of gRNA mismatches (546,547). To eliminate the idea that the CRISPR/Cas9
targeting system resulted in a phenotype associated with an off-target activity, it was necessary
to add back the WT DLD gene to complement the DLD KO mutant and see whether restoration
of wild type phenotype in the complementary control add back is achieved (578,611). In this
study, | generated the complementary add-back by episomally expressing WT DLD gene
contained in a Leishmania expression vector (Figure 9C) into the DLD KO parasites. Episomal
expression is considered to be efficient because the episomes contain antibiotic resistance
markers such that when the concentration of the drug is raised, the copy number of the gene
increases to enhance protein expression (609). | confirmed the presence of the DLD gene
amplicon in the DLD complementary add backs (DLD AB) by traditional PCR analysis (Figure 9D),
and mRNA expression was confirmed by RT-PCR (Figure 9F). The restoration of the DLD gene
amplicon and the DLD mRNA expression in the DLD AB parasites suggest that the WT phenotype
will be restored with these parasites.

| validated DLD deletion in vivo by infecting the C57BL/6 mice with the parasite lines (WT, DLD
KO and DLD AB L. major) and assessed the expansion of DLD specific CD4* T cells using DLD
tetramer reagent by flow cytometry (Figure 10A). This DLD tetramer I-A°-DLDg3—79 has been
previously shown to identify the expansion of DLD specific CD4* T cells at clonal levels (511)
during Leishmania infection. The spleens and dLN of mice infected with WT or DLD AB L. major

parasites contained similar numbers of DLD specific CD4* T cells at 4 weeks post-infection (Figure
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10B &C). In contrast, spleens and dLN of mice infected with the DLD KO parasites had no
detectable numbers of DLD-specific CD4* T cells, indicating that the inability of the DLD-specific
CD4* T cells to expand in these mice was due to loss of DLD gene product in the knock out strain,
thereby confirming the deletion of DLD gene in this strain.

Leishmania promastigotes growth in axenic cultures is targeted to depict parasite development
in the insect’s gut. To become procyclic promastigote, the parasite must rapidly divide in axenic
cultures containing M199 media supplemented with serum. This stage of parasite growth is
regarded as the logarithmic phase of growth. At day 6 or 7 of axenic culture growth, a higher
population of parasites morph into a more infective form referred to as metacyclic promastigotes
in a developmental process called metacyclogenesis. This stage of parasite growth is also referred
to as stationary phase promastigotes (612,613). In this study, the growth progression of WT, DLD
KO or DLD AB parasites in axenic cultures were monitored over time starting with similar parasite
numbers. As expected, DLD AB and WT parasite growths were comparable at all times tested. In
contrast, DLD KO parasites proliferated significantly lower than those of their control
counterparts (Figure 11), suggesting that the targeted loss of DLD, (which is a key enzyme for
energy metabolism in Leishmania, (512)) slowed the parasites proliferative capacity in axenic
culture. The proliferation of the DLD KO parasites was impaired at their logarithmic phase (day
3) as well as in their stationary phase (day 6-7) of growth.

Sandfly vector control is a critical strategy to reduce disease transmission. Since, both metacyclic
and procyclic DLD KO promastigotes were impaired in axenic cultures, this observation suggests
injection of these parasites by the sandfly vector may result in proliferative deficiencies and

development into infective metacyclic promastigotes. However, this remains to be tested in
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transmission studies. Because my studies did not assess the impact of DLD deficiency in L. major
inside the sandfly vector, how this deficiency affects parasite development inside the gut of the
insect calls for further investigation. Water labelling studies showed that axenically grown
amastigotes in vitro grew slower than their promastigote counterpart (614) (615). However, since
amastigotes and not promastigotes are the culprits for cutaneous disease manifestations more
efforts are targeted at controlling amastigote proliferation in the mammalian host instead (616).
Generally, it has been established that impaired promastigote proliferation is an indication of
reduced infectivity (580). Amastigote proliferation albeit at a reduced level compared to
promastigotes is critical for overriding the host cell defense mechanisms such as altering the
hosts ROS and reactive nitrogen species (RNS) levels, distorting the Th1/Th2 cytokine balance and
modulating signaling pathways like the MAPK (617). Thus, both amastigotes and promastigote
life forms should equally be considered in the control of leishmaniasis.

Interestingly, macrophages are the host cells that are mainly targeted to halt amastigote
proliferation through nitric oxide mediated killing but these cells are also the incubation ground
for the amastigotes to rapidly proliferate (302,339). Thus, with an impaired promastigote
proliferation, it automatically indicates that the amastigote proliferation will be affected inside
the macrophages. Indeed, | observed that DLD KO promastigotes were not only poorly
proliferating in axenic cultures (Figure 11), they were also impaired in proliferation inside
infected bone marrow derived macrophages (BMDM) in in vitro compared to their WT and DLD
AB counterparts (Figure 12 A-C). This suggests that DLD plays a critical role not only in
promastigote growth in axenic cultures, but also in establishment and proliferation of

amastigotes in the mammalian host.
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Amastigote metabolism is a crucial factor in parasite proliferation inside the PVs of macrophages
because these parasites assume a stringent metabolic requirement needed to conserve the
limited nutrient availability to prevent being killed by host cell activation or host cell apoptosis
(463). One of the features of these stringent metabolic responses are the fact that the expression
of amino acid or sugar transporters are significantly downregulated, which negatively impacts
glycolysis, gluconeogenesis, and PPP inside the PV. Once this happens, the parasites are left with
increased dependence on metabolic pathways like TCA and fatty acid B oxidation (463). These
pathways are critical for the generation of non-glucose molecules like amino acids or acetyl CoA.
It was observed that when axenically grown amastigotes or lesion- derived amastigotes were
inhibited with mitochondrial biogenesis inhibitors, the parasites were severely impacted,
indicating that mitochondrial metabolism is an indelible requirement for the parasite survival
and/or proliferation in the PV of macrophages (481).

In this thesis, DLD was seen to be critical for mitochondrial metabolism. The absence of DLD
resulted in an impaired mitochondrial membrane permeability (Figure 20A). This indicates a
reduction in the mitochondrial membrane potential (AWm), which combines forces with proton
gradient (ApH), to create a hydrogen ion critical for the production of ATP (618), and reactive
oxygen species (ROS) which is a by-product of oxidative phosphorylation and critical for
producing ATP in the electron transport chain (495). DLD KO parasites produced significantly
lower ROS compared to their WT or AB parasites (Figure 20B). Interestingly, DLD is a key player
in electron transfer processes via the NADH and FADH by oxidizing lipoamides. These electron
carrying molecules NAD+, NADP+ and FAD+, can be generated during multiple metabolic

pathways such as glycolysis, TCA cycle and oxidative phosphorylation but are extremely
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important for ATP generation in the electron transport chain (619,620). Although, in this thesis |
did not measure ATP production in the DLD KO parasites, these parasites were consuming more
oxygen basally compared to their WT and DLD AB counterparts (Figure 20D). Despite the
administration of oligomycin (inhibitor of ATP synthase), FCCP (which uncouples proton gradient
and disrupts the mitochondrial membrane potential) or rotenone/antimycin A (which shuts down
mitochondrial respiration by inhibiting ubiquinone oxidation) all of which contributes to impede
mitochondrial respiration, DLD KO parasites demand for oxygen was increased more than those
from the controls (Figure 20C). DLD is linked to ATP production and the absence of DLD in L.
major drove the parasites to usurp other metabolic pathways where they can increase their ATP
generation. One of such pathway is the anaerobic glycolytic pathway where lactate is oxidized
contributing to the acidification of the extracellular milieu (599). | found that the absence of DLD
in L. major made the parasites resort to other ATP yielding metabolic pathways because DLD
deficient parasites in axenic cultures had increased acidification rates compared to their WT and
AB controls (Figure 20F). Indeed, | observe that generally DLD deficient L. major had impaired
mitochondrial membrane permeability (Figure 20A & B) using the TMRM dye. This impairment
of mitochondrial permeability was confirmed by the mitostress test and seemed to have driven
the DLD deficient parasites to consume more oxygen. Taken together, these observations suggest
that DLD is critical for mitochondrial respiration and metabolism in Leishmania.

Targeting parasite metabolism is a critical therapeutic strategy that has gained significant traction
in recent years. The idea behind this strategy is hinged on the fact that Leishmania parasites have
developed an overt strategy of surviving within the toxic parasitophorous vacuoles and escaping

killing mediated by the host immune responses through their stringent metabolic responses
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(463,621). Metabolic enzymes are critical for establishing these stringent metabolic responses.
It was established that a metabolic enzyme, transketolase in Leishmania mexicana, critical in the
pentose phosphate pathway (Figure 6), played a significant role in this stringent metabolic
response. The absence of transketolase in L. mexicana resulted in reduced glycolytic flux, poor
glucose uptake, disruptions in central carbon metabolism and the PPP (621). Essentially, despite
these deficiencies in their metabolism, the promastigotes growth in axenic cultures was
unaffected and amastigotes did not cause virulence in mice (621). Indeed low level chronic
infection without an overblown pathology were observed in Leishmania parasites where
metabolic enzymes critical for gluconeogenesis (218,469), iron uptake (15), purine metabolism
(16) and glycoconjugate synthesis (17) were absent. We previously showed that PEPCK, a critical
enzyme for gluconeogenesis, is a virulence factor in L. major (218). Similarly, my study
demonstrates that the absence of DLD, which is a key enzyme for mitochondrial metabolism in
Leishmania, caused impaired lesion developments in both susceptible (BALB/c) and resistant
(C57BL/6) mice models (Figure 6), suggesting that metabolic enzymes may indeed be a virulence
determinant during Leishmania infections.

Most trypanosomatids are covered in a dense glycocalyx containing glycosylphosphatidylinositol
(GPI) anchors. However, Leishmania’s glycocalyx comprises the GPl anchors, glycan and a linear
peptidoglycan that is capped with an oligosaccharide (622). LPG is the most common and
abundantly expressed glycoconjugate on the surface of Leishmania parasites (622,623). LPG
performs many functions in parasite survival in the sandfly vector and mammalian host. It is one
of the foremost virulence factors to be described in Leishmania (622). Interestingly, the synthesis

of LPG is complex, however some of the components in this molecule are derived from mannan
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synthesis (Figure 6), which are offshoots of the core metabolic programs in Leishmania (624).
This suggests that the grassroots origin of LPG synthesis is linked to metabolic pathways, further
underpinning the importance of parasite metabolism in inducing virulence in mammalian hosts.
One striking feature of the LPG expression in Leishmania is in their notable structural distinctions
in the promastigote and amastigote forms of the parasites. Although LPG expression in
amastigote is highly downregulated about a thousand fold more than in amastigotes (625), there
are distinct modifications in the LPG structures amongst both life forms of Leishmania. Procylic
promastigotes in the sandfly midgut will express LPG molecules that are capped with arabinose
on their oligosaccharides moiety but as the parasites move towards the stomodeal valve for
transmission, the LPG of the metacyclic promastigotes and amastigotes (in the mammalian host)
lose the arabinose capping (42,43). This transition of LPG structural composition is part of a
process in Leishmania where the parasites transform to a more infective form (metacylic
promastigote), and is regarded as metacyclogenesis. It is based on this distinction that separation
of the infective forms of Leishmania parasites can be made as peanut agglutinin binds to procyclic
but not able to attach to the LPG of metacyclic parasites due to the limitation of the arabinose
caps. In my studies, one argument for the impaired proliferation of DLD-deficient parasites inside
macrophages (Figure 12) is that the infective forms of these parasites were compromised.
However, it is very unlikely because parasites can establish within their host cells in 4-6hours
post-infection (302,626,627) and in my studies at this time, there were no differences in the
parasite numbers inside the cells, suggesting that the infection rates of the DLD deficient
parasites were comparable to their WT and DLD AB controls (Figure 12B & C). Although, there is

currently no established link of DLD in LPG synthesis, nevertheless, it is possible that the process
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of deleting DLD in L. major may have impacted the parasite’s infective forms. | found that DLD
deficient L. major grown to become stationary phase promastigotes (which would normally have
higher numbers of metacyclic parasites) had comparable infective forms to their WT and AB
counterparts because there was no difference in the fractions that were unable to bind to PNA
(Figure 13). This observation is consistent with our previous findings that PEPCK deletion in L.
major did not affect the parasite's morphological structures in their infective forms and that PNA-
negative populations in the PEPCK deficient parasites were comparable to their WT counterparts
(218). Collectively, these observations suggest that metabolic enzymes may not affect LPG
structural modifications, but this does not completely rule out the fact that the core metabolic
pathways are not associated with LPG synthesis.

Resistance to cutaneous leishmaniasis is associated with the induction of IFN-y from CD4* T cells
or NK cells, which mediates nitric oxide-mediated killing inside parasitized macrophages. On the
other hand susceptibility to CL is related to the induction of anti-inflammatory cytokines like IL-4
and IL-10, which favour the continuous proliferation of the parasites in infected macrophages
(302,339,383). Multiple factors (including host and parasite) trigger the establishment of Th1/Th2
responses during Leishmania infection. In my studies, | found that infection of both susceptible
(BALB/c) and resistant (C57BL/6) mice with DLD deficient L. major resulted in blunting of the host
immune responses as evidenced by reduction in IL-10, IL-4, IFN-y and TNF production by cells
from spleens and lymph nodes draining the infection site compared to their WT or DLD AB
counterparts (Figure 15). Since, we found that a peptide (DLDe3-79) derived from DLD induced
strong and dominant IFN- y from CD4* T cells in infected animals, it was expected that absence

of DLD (and by implication absence of the DLDs3-79), would result in impaired induction IFN-y.
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Thus, the observation indicates that DLD may not be an immunodominant antigen as we
previously proposed (Mou et al). The blunting of the IFN-y in animals infected with DLD deficient
parasites raised some concern that the attenuated parasites | generated may not be able to
induce protective responses. However, studies have demonstrated that strong IFN-y responses
were not always needed to control infection as long as the induction of anti-
inflammatory/inhibitory cytokines such as IL-10 and IL-4 were non-existent or reduced (222). In
my studies, all the cytokines produced from the mice infected with DLD deficient parasites were
reduced. Despite this global blunting of immune response, mice infected with DLD-deficient
parasites appeared to control their infection because they did not develop any observable lesion
and had significantly reduced parasite burden (Figure 14). Similarly, our lab observed that when
PEPCK was deleted in L. major, there was no observable lesion in infected mice (218) but yet
were able to control a secondary virulent WT infection (218). This suggests that my DLD-deficient
parasite, which is also attenuated, may also be able to induce protection during secondary
infections despite the blunted immune response observed in the primary infection.

Furthermore, | wanted to understand why the immune responses were blunted when mice were
infected with DLD deficient parasites. This could have been due to the immunodominance of DLD
considering that the DLDe3-79 epitopes in Leishmania induced stronger IFN- y than PEPCK epitope
(PEPCK335-351) (511). However, the blunting of immune responses could also be associated with
limited antigen availability related to low parasite proliferation (590,591). My findings suggest
that mice infected with DLD deficient L. major had blunted immune responses because the
parasites have reduced proliferation resulting in limited antigen availability. During early

infection (1week) (usually a time where 90% of infecting parasites are dead and hence most like
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equal amount of antigens released by the dead parasites from the different strains), there was
comparable expansion of PEPCK-specific CD4* T cells from mice infected with WT and DLD
deficient parasites (Figure 17). With time, as parasite proliferation progressed, the WT parasites
proliferated more than DLD-deficient parasites in mice (Figure 14E) creating more PEPCK antigen
availability to necessitate the enhanced expansion of PEPCK-specific CD4* T cell. In contrast,
impaired proliferation of DLD deficient parasites would have resulted in limited antigen (including
PEPCK) availability thus resulting in the significantly reduced expansion of the PEPCK-specific
CD4* T cells in the mice infected with DLD KO L. major.

Despite the reduced expansion of antigen-specific CD4* T cells and the blunted cytokine
responses, | observed that the mice vaccinated with DLD deficient parasites still produced strong
IFN-y response during secondary WT challenge and the production of anti-inflammatory and
regulatory cytokines were significantly reduced (Figure 18D-Q). Since the IFN-y:IL-4 was
significantly increased in the challenged animals, IFN-y must have been involved in the killing of
parasites inside macrophages in the contralateral footpad that resulted in the significant
reduction in parasite burden and lesion developments compared to the infected naive
counterparts (Figure 18 B&C). This indicates that the blunted immune response induced in the
primary infection with DLD-deficient parasites primed the host to develop an effective secondary
recall response. In contrast to the findings reported here, it had been previously reported that
PEPCK-deficient parasites produced a reduced Th1 response during primary infection. Still, this
response could only produce marginal protection during secondary challenge infections (218).
However, like my studies, primary infection with LPG2 deficient parasites led to minimal Th1 and

Th2 responses while inducing strong protection against secondary WT infections. Also, mice
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vaccinated with the LPG2 deficient parasites produced significant increase in IFN-y during
secondary WT infection that was followed by a concomitant reduction in anti-
inflammatory/regulatory cytokines like IL-4 and IL-10 (222). This correlate of protection observed
in my studies is similar to what was previously described where susceptible BALB/c mice given
low dose parasites (3.3 x 102) became resistant (628) upon virulent high dose L. major challenge.
These observations underscore the possibility that individuals who are susceptible to
leishmaniasis have the intrinsic potential to mount protective immune responses if the dose of
antigen is properly regulated.

Delayed-type hypersensitivity (DTH) is a diagnostic method to determine the cellular response of
the host to prior exposure of an antigen or pathogen. To confirm sensitization to Leishmania,
Leishmanin, a soluble leishmania or other purified protein fractions, are routinely used to assess
T cell recruitment to the skin by measuring the thickness of the swelling formed (629). However,
Bretscher et al, demonstrated the potential for animals vaccinated with low dose parasites to
mount prolonged DTH responses critical for protection against a high or low dose challenge (628).
Meanwhile, in my studies and from Uzonna et al, 2004, no DTH response was observed from
vaccination with DLD deficient or LPG2 deficient parasites (222). While it is unclear why the
attenuated parasites could not generate DTH responses, previous reports suggest that protective
immune responses were induced during Leishmania infections due to parasite persistence (630),
which is critical for generating effector memory T cell responses (594). It has been established
that persistent parasites are maintained by a pool of T regulatory cells during healing, which limits
the induction of Th1l responses (369,631,632). From this thesis (Figure 14E&F) and Uzonna et al

(222), DLD and LPG2 deficient parasites had low proliferation during primary infection in mice
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such that due to limited antigen availabilities, the recruitment of T cell in the contralateral
footpad exposed to WT parasites may have delayed the induction of the DTH responses.
However, this low parasite proliferation in the DLD or LPG2 deficiencies may have also delayed
the induction of regulatory T cells (Treg) so that there is no hindrance to the Thl immune
responses observed (Figure 18 L&Q) to control the infection during secondary WT exposures
(Figure 18 B &C). Taken together, whether DLD-deficient parasites are maintained by a pool of
Tregs like what is obtainable in healed animals during primary infection remains to be examined.
Also, uncovering the molecular mechanisms for the induction of a strong IFN-y response during
WT re-challenge in the contralateral footpad of mice vaccinated with DLD deficient parasite will
give more insight into quality of protection with these parasites.

| have already established that DLD is a critical mitochondrial enzyme in L. major and the absence
of the DLD gene product resulted in the low proliferation of the parasites as well as the blunting
of the host immune response in mice due to a significant disruption in the parasites mitochondrial
functions and respiration. Sometimes, DLD is interchangeably referred to as dihydrolipoamide
dehydrogenase. DLD is part of several enzyme complexes in the pyruvate dehydrogenase
complex and is critical for the generation of acetyl-CoA (517). Interestingly, according to the
Glycine cleavage (GCV) enzyme classification, DLD belongs to the L protein unit of the GCV system
(GCVL, 1.8.1.2). There are 2 copies of GCVL gene in Leishmania: GCVL-1 and GCVL-2, which are
found on chromosomes 29 and 32, respectively (512). GCVL-2, the target of my study, has 25%
similarity with GCVL-1, which is thought to be less catalytically active than the GCVL-2 (512).
Moreover, GCVL-1 and GCVL-2 are known to share the same substrate (512), suggesting that

GCVL-1 and GCVL-2 may be distant homologs. DLDs3.79, which we previously identified that
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induces strong protective immune response in mice infected with Leishmania major, is
completely absent in GCVL-1 (511). Therefore, the observations reported in this study strongly
suggest that the deletion of DLD gene on chromosome 32 is most likely responsible for the
phenotype we observed in the DLD deficient parasites in vitro and in vivo. Furthermore, while
GCVL-1 have been shown to lack signal sequences in their N-terminus and is not certain to localize
in the mitochondria (512,596) in L. infantum, its location and activity has not be studied in L.
major. GCVL-2 DLD was present in the secreted exogenous vesicles (exosomes) in Leishmania and
are critical for inducing IL-8 secretion in parasitized macrophages (519). IL-8 is a critical pro-
inflammatory cytokine produced by Leishmania-infected macrophages to recruit neutrophils to
the site of infection (520). This indicates that DLD in Leishmania modulates host immune
responses during infection, which may be associated with the parasite's virulence.

The question on whether the protection observed in the mice vaccinated with DLD deficient
parasites can be long-lasting was not assessed in my studies, because around 9 weeks post
infection, observable swellings in the mice infected with DLD deficient parasites were recorded
(Figure 19A). This sudden lesion development was not due to the restoration of DLD gene in these
parasites because DLD gene was absent in the parasites isolated from the footpad of the infected
mice (Figure 19B). The presence of the Bleomycin resistance gene cassette in these parasites
were also intact suggesting that my CRISPR/Cas9 gene editing strategy remained untarnished in
the parasites (Figure 19C). The use of attenuated live parasites for vaccination will always be an
issue due to the safety concerns. However, reversion to virulence is not uncommon in parasites
attenuated through genetic manipulation. LPG2 deficient L. major parasites were originally

suggested to induce long-term protective responses without inducing lesions after about 12
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weeks (222). However, about 40% of these infected animals began developing lesion in mice after
about 17 weeks and this progressed rapidly until 49 weeks when the animals were sacrificed
(633). These revertant LPG2 deficient strains were unable to synthesize phosphoglycans but they
induced lesions in these mice and amastigotes maintained proliferation in mice and inside the
macrophages (633). In my studies, the restoration of lesion development after about 8 weeks
post-infection with the DLD deficient parasites may be due to a yet-to-be-identified
compensatory mechanism. | speculate that the presence of intact GCVL-1 DLD in my DLD-
deficient L. major parasites may be driving the sudden development of this lesion. Although the
sequences of GCVL-1 DLD and GCVL-2 DLD are only similar by 25%, the GCVL-1 DLD has a stronger
diaphorase activity that they are able to transfer hydrogen ions to their respective acceptors
(NADPH, NAD, FAD) effectively (512,596). Whether this ability was compensated for in the DLD
deficient parasite | generated (GCVL 2 DLD KO) to cause reversal to lesion development in mice

is uncertain.
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Figure 29 Graphical summary for the role of DLD in CL.

The absence of DLD in L. major led to reduced proliferation of the parasites both in axenic
cultures and inside macrophages compared to the WT L.major parasites. Meanwhile, in mice
after 5 weeks post-infection with the gene-deficient parasites, no lesion was observed, with
reduced parasite burdens and blunting of the host immune responses compared to the WT
counterparts. Mice vaccinated with the DLD deficient parasites were able to control a WT virulent
challenge by evidence of a reduced parasite burden and lesion development which was
associated with an elevated IFN-y production. The impaired proliferation of the DLD deficient
parasites may be due to an impaired mitochondrial function.

5.2 The role of PEPCK in VL

Visceral Leishmaniasis is still a growing public health burden with complications of co-morbidity
risks from HIV, TB and malaria (75,634,635). Like cutaneous leishmaniasis, vaccination is possible

because people who recover from the disease are immune to reinfection (601). Yet, there is
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currently no approved vaccine against human disease. Knowing the antigens that drive protective
response during leishmaniasis is critical for establishing a vaccine candidate against the disease.
We previously identified a peptide (PEPCKs3s351) derived from phosphoenol pyruvate
carboxykinase (PEPCK) in Leishmania major, a critical gluconeogenic enzyme, that induces strong
CD4* T cell response in a model of experimental cutaneous leishmaniasis (510). | believe PEPCK
would be a cross-protective antigen because this epitope is 100% conserved in all species of
Leishmania and vaccination in mice using PEPCK-expressing vector protected them against
virulent L. donovani challenge as evidenced by reduction in parasite burdens in the spleen and
liver (510). Furthermore, it was confirmed that PEPCK is a virulence factor in L. major in mice, and
vaccination with PEPCK-deficient L. major parasites induces moderate protective responses
(218). Since PEPCK exhibits more than 90% similarity across all Leishmania species (636), | wanted
to know whether the expression of PEPCK by L. donovani impacts its virulence and immune

responses in mice.

To fully understand the impact of PEPCK during visceral leishmaniasis, | generated a deletion
mutant of PEPCK in L. donovani using the CRISPR/Cas9 technology, which is a highly efficient
method of gene editing than the previous cumbersome homologous recombination methods
(637).1also generated the PEPCK AB complementary control parasites to eliminate the possibility
that the effects seen with the mutants were due to errors from the CRISPR/Cas9 system.
Consistent with the previous findings in L. major (218), | found that PEPCK-deficient L. donovani
parasites had impaired proliferation in axenic culture and inside macrophages. Deleting PEPCK in
L. donovani did not impact the parasite’s ability to differentiate into their infective forms.

However, in mice, PEPCK deficiency still induced hepatomegaly and splenomegaly, causing
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pathology with comparable parasite burden in the liver and spleens as their WT or PEPCK AB
counterparts, an observation that was completely different from that seen in L. major (218).
Similarly, mice infected with PEPCK deficient L. donovani did show altered host immune
responses compared to those infected with WT or PEPCK AB controls. | observed an increased
TNF production in the liver of animals infected with PEPCK KO L. donovani. The unique
microenvironment in vivo may have contributed to the continued proliferation of these deficient
parasites in mice because the proliferation of these parasites was compromised in isolated
Kupffer cells cultured in vitro. Although attenuated in vitro, PEPCK-deficient L. donovani may not
be recommended as a live attenuated vaccine candidate against visceral leishmaniasis due to

safety concerns.

Leishmania parasites can survive the limited nutrient environments within the parasitophorous
vacuoles (638) in phagocytic cells due to the induction of a stringent metabolic response
(463,481). This response is a survival mechanism by the parasites to conserve resources and
escape being detected or killed by the host's immune responses (463). The parasitophorous
vacuole is usually poor in glucose, and the pathway utilized in this stringent nutrient deprivation
is gluconeogenesis (639,640). Gluconeogenesis is majorly the generation of glucose from non-
glucose substrates such as aspartate, alanine and glycerol (483). In Leishmania, these substrates
are critical for synthesizing carbohydrate storage reserves referred to as mannogen (484).
Mannogen, despite being a backup of glucose reserves for Leishmania, especially the
amastigotes, mediates virulence in vivo (641,642). The gluconeogenesis pathway can be
activated through glycerol kinase (GK) from the glycerol substrate (457) or through pyruvate

phosphate dikinase (PPDK) and PEPCK from alanine and aspartate (470,484). GK catalyzes
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glycerol to glycerol-3-phosphate, PEPCK reversibly catalyzes oxaloacetate into
Phosphoenolpyruvate (PEP), while PPDK catalyzes pyruvate to PEP. These enzymes are located
in the glycosomes and are critical for energy metabolism and have been extensively described
(643-645). However, aside from their catabolic roles, they are known to play other specific
functions. PEPCK maintains the redox potential (NADPH/NADP?*) critical for ATP production in the
glycosomes (514), GK regulates oxygen tension (457) while PPDK contributes to glycolysis and

maintain ATP flux in glycosomes (646,647).

PEPCK is an important enzyme for carbohydrate metabolism in Leishmania (514). Although PEPCK
is expressed in both amastigote and promastigote stages of the parasites (510); it exhibits a two-
fold expression in amastigotes compared to the promastigotes (457). Out of all the
gluconeogenesis enzymes, PEPCK is known to have the highest activity (477). We previously
identified PEPCK as an immunodominant antigen in L. major (510), whose absence greatly
impacted the proliferation of the promastigote and amastigote forms (218). Consistent with this,
my thesis demonstrates that PEPCK deficiency in L. donovani affected proliferation of
promastigote and amastigote forms in vitro (Figures 22, 23 and 28). Saini et al. also demonstrated
that PEPCK-deficient L. donovani was significantly impaired in vitro (477,648), but this deficiency
was not assessed in vivo in mice. From my literature search, no study has assessed PEPCK
deficiency in visceralizing Leishmania species like L. donovani or L. infantum in mice. My thesis is
the first to demonstrate the impact of PEPCK deficiency in L. donovani in vivo. Given that these
parasites were compromised inside Kupffer cells cultured in vitro, | speculate that the
microenvironment of the liver and spleen in vivo might contribute to their continued proliferation

in these organs in infected mice (Figure 26) (Figure 28). However, it is usually anticipated that in
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vitro data should tally with in vivo results. Still, in some cases, it does not and a successful

hypothesis is expected to be backed up with both in vitro and in vivo evidence (604).

| wondered if the comparable proliferation of PEPCK KO L. donovani to their WT controls in the
spleen and liver of the infected mice is because they had reverted to virulence by acquiring the
PEPCK gene in vivo. | isolated parasites from the livers and spleens of animals infected with
PEPCK-deficient parasites and assessed their expression of PEPCK gene. There was no expression
of the PEPCK gene in these isolates by PCR analysis (Data not shown), suggesting that the
maintenance of their proliferative capacity in infected animals was not due to reacquisition of
PEPCK gene, but must be related to the in vivo microenvironmental milieu of the tissues. Indeed,
studies have demonstrated that parasites deficient in the gluconeogenesis enzyme, Fructose,
1,6- bisphosphatase in Leishmania major, which competes with phosphofructokinase for the
same substrate, were severely attenuated in vitro (469). Yet, the administration of glucose
restored the deficient parasites’ proliferation to WT status (469). Our lab have previously
demonstrated that the impaired proliferation of PEPCK KO L. major promastigotes was abolished
when additional glucose was introduced into the axenic cultures (218). Indeed, Leishmania
parasites utilize gluconeogenesis during periods of glucose limitation (469). PEPCK was highly
upregulated during periods of glucose starvation in L. donovani (477). While the role of PEPCK in
promastigotes has been established, in amastigotes, it is associated with redundancy because of
an existing competition for aspartate (470). Although in vitro models are less complicated and
controlled (649), | observed that PEPCK deficiency in L. donovani amastigotes was compromised

in an in vitro setting (Figures 23 and 28). Whether the complexity of in vivo systems may have

217



contributed to the enhanced proliferation of PEPCK-deficient L. donovani is yet to be

investigated.

The compartmentalized organ-specific immune responses during visceral leishmaniasis are due
to parasite growth in those organs, resulting in gross tissue damage. Chronicity occurring in the
spleen is associated with increased parasite burden (601,650). A reduced parasite burden linked
to disease resolution occurs in the liver by the formation of a modest granuloma (263) compared
to those from Mycobacterium tuberculosis or Schistosoma mansoni (651). Granuloma formation
is marked by increased recruitment of Kupffer cells and subsequent interactions with invariant
natural killer cells result in further amplification, which is followed by influx of other immune
cells, leading to the maturation of the granuloma (652). Parasite clearance is initiated in the
granulomas due to the surge of the inflammatory responses around 4 weeks post-infection (652).
Granuloma clears around 4 weeks later and the recruited cells move out, restoring the liver to
the original state before infection (653). Aside from playing a role in parasitized macrophage
activation, TNF, one of the inflammatory mediators, contributes to early control of granuloma in
the liver because TNF KO in C57BL/6 mice develop abrupt and accelerated granuloma during L.
donovani infection (654). In contrast, blocking TNF production in BALB/c mice infected with L.
donovani did not affect hepatic granuloma formation (655). These differences may be associated
with the mice backgrounds used as the resistant C57BL/6 mice produce robust pro-inflammatory
cytokines while the highly susceptible BALB/c mice produce more anti-inflammatory mediators
(266). Although in this present study granuloma formation in infected mice was not assessed, |
consistently found increased amounts of TNF produced from the liver in mice infected with PEPCK

deficient L donovani (Figure 27B, F,R and Y). However, this enhanced TNF production was not
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associated with a concomitant reduction in the parasite burden in the liver. Whether the
enhanced TNF production observed in mice infected with PEPCK deficient parasites could result
in early granuloma formation and produce a faster resolution of liver pathogenesis, is yet to be
elucidated. However, it has been reported that over-expression of PEPCK in S. mansoni eggs
resulted in a solid Type 1 immune response linked to granuloma formation during infection (516).
It is, however, not clear whether PEPCK deficiency may only regulate Th1 responses (TNF) in the
liver of L. donovani-infected animals. To date, no study has demonstrated the regulation of liver
granuloma during visceral leishmaniasis by PEPCK in Leishmania. More studies defining the role

of PEPCK in L. donovani in infected animals need to be investigated.
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PEPCK deficient L. donovani parasites had reduced proliferation in vitro (axenic culture, bone
marrow derived macrophages and Kupffer cells). However, these parasites proliferated inside
infected ani in the liver and spleen, comparable to the WT counterparts. There were no changes
in the weights and spleen of mice infected with the PEPCK deficient L. donovani parasites
compared to the WT controls. Also, cytokine production (IFNg, IL-4, IL-10) from CD4+ T cells from
the liver and spleen of the animals infected with PEPCK deficient L. donovani was comparable to

those of the WT groups except TNF.
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5.3 Exploring DLD KO L. major as a live attenuated vaccine candidate against CL

The current toxicity associated with the available drugs for treating leishmaniasis drives the need
for alternative therapeutic approaches against the disease. Since recovery from prior exposure
to Leishmania induces protection against reinfection, this suggests that vaccination against the
disease is possible. Further investigation into the nature of the protective responses during
secondary responses revealed that the presence of persistent parasites was critical to drive this
protection (656). This suggests that complete clearance of the parasites would result in loss of
protective immunity (229,593). This so called infection-induced protection is mediated by CD4*
T cells which are also critical cells in the control of the infection. Our lab found that exposure to
non-persisting parasites, dihydrofolate reductase thymidylate synthase (dhfr-ts) L. major, does
not induce protection against virulent challenge in mice, and this was associated with a loss of
Leishmania PEPCK specific CD4* T cells (Mou et al, submitted). Although infection with dhfr-ts L.
major parasites in mice induced protection when mice were challenged around 5 weeks post-
infection, but around 25 weeks, when the parasites were completely cleared, the effector
responses were significantly reduced compared to the effector responses gotten from persistent
parasites leading to loss of protection (593). It has been noted that the little protection observed
with the sterile immunity was due to central memory T cells (CD62"&"). Meanwhile, the
generation of effector memory T cells is guaranteed to keep the supply of IFN-y constant as long
as there is a persisting parasite population (229). Thus, the generation of live or attenuated
parasites (through genetic methods), which are not completely eliminated, is critical for the

induction of protective responses and hence necessary for developing an effective vaccine.
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In my studies, vaccination with DLD deficient mice followed by challenge with virulent WT
parasites after a short time induced a strong IFN-y response from CD4* T cells and this was
associated with suppression of anti-inflammatory cytokines. This elevated IFN-y response was
associated with parasite control because parasite burdens in the challenged mice were
significantly reduced. Whether the IFN-y responses in the challenge mice were from effector
memory T cells are uncertain. The primary infection with DLD deficient parasites must have
primed the mice to induce this protective response against a virulent WT challenge.

The fact that vaccination with DLD deficient parasites protected mice against virulent WT
challenge indicates the generation of memory cells in vaccinated mice. Whether these memory
responses can be long-lived needs to be thoroughly evaluated. Our lab recently demonstrated
the requirement for continuous presence of the cognate antigen for maintenance of Leishmania-
specific memory T cells (Mou et al. 2024, Submitted). Despite the absence of DLDg3-79in my DLD
deficient L. major parasites, which appeared to induce stronger IFN-y than the PEPCKa33s.351 (511),
my study demonstrated the expansion of PEPCK-specific CD4*T cells in primary infection with
DLD deficient parasites (Figure 17). This indicates that the antigen-specific CD4* T cell responses
may be blunted in the mice infected with the DLD deficient parasites (Figure 17, Figure 16 ), but
they may have been the culprits that must have controlled the virulent WT challenge in the
secondary infection (Figure 18). We found that PEPCK-specific CD4* T cells eventually undergo
clonal expansion during infection to produce effector memory responses (510). However, it is
important to investigate the longevity of these antigen-specific CD4* T cells in sustaining

protective responses in the long term.
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Furthermore, in my mice | infected with the DLD deficient L. major parasites, the longevity of
these antigen-specific memory CD4+ T cells may be primarily questionable because of the
presence of intact GCVL-1 DLD, which may have caused lesion developments in the primary
infection after 9 weeks (Figure 19). Whether the recrudescence of lesion in the primary infection
site after several weeks affects the overall quality of the antigen-specific CD4* T cells to induce
protective responses during secondary challenge infection is uncertain. Notwithstanding, DLD-
deficient parasites | generated in this study may not be suitable live attenuated vaccine candidate
against cutaneous leishmaniasis owing to the sudden reoccurrence of lesions at the primary
infection site which raises safety concerns. The development of these lesions at the primary
infection site is potentially due to developing a compensatory mechanism for the lipoamide and
electron transfer activities carried out by the DLD. Although, GCVL-1 DLD and GCVL-2 DLD are
considered structurally distinct owing to their low sequence similarities (512), yet they act on the
same substrates and even perform similar diaphorase activities (512). Interestingly, the exact
localization of GCVL-1 DLD in L. donovani has not been elucidated, and reports show that the
GCVL-2 DLD in L. donovani is found in the inner leaflet of the plasma membrane (596). Multiple
experiments from Chiranjivi et al, showed that the GCVL-1 DLD is located in multiple
compartments such as the nucleus, plasma membrane, kinetoplast and mitochondria (596).
Indications that the GCVL-1 DLD in Leishmania cause disease is uncertain, however this thesis
have demonstrated for the first time that GCVL-2 DLD is indeed a virulence determinant in L.
major; it may be critical for lesion developments early on while GCVL-1 DLD may be a crucial
driver for virulence later. Thus, further investigation is required to assess whether GCVL-1 DLD

plays a role in the virulence of primary Leishmania major infection, perhaps, by double deletion
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of both GCVL-1 and GCVL-2 genes. This will bring insights on whether total deficiency of DLD
(GCVL-1 and GCVL-2) in L. major may be a suitable live attenuated vaccine against cutaneous

leishmaniasis.

5.4 General Discussion and Conclusion

Leishmaniasis is a growing global health concern of clinical relevance, yet it is classified as a
neglected tropical disease affecting millions of people every year. With increasing challenges in
the current treatment modalities, alternative therapeutics strategies are necessary. Although
there is no approved vaccine for human use, vaccination is considered possible because infection-
induced immunity is acquired after recovery from a prior infection, resulting in protection upon
a re-exposure to a virulent parasite. This infection-induced immunity, which is mediated by
effector memory CD4* T cells, is lost in the absence of persistent parasites. So far, the only
strategy known to maintain the longevity of the effector memory CD4* T cell response is through
maintenance of stable population of persisting parasites. Thus, developing live-attenuated
parasites (through genetic manipulation) is one way to consistently build parasite persistence

required to generate long-lived infection-induced resistance.

Although cutaneous leishmaniasis produces self-healing lesions, disfiguration and long-term
complications may arise. Visceral leishmaniasis is even the most fatal form of leishmaniasis, with
a significantly growing public health burden. Vaccinating humans with either attenuated
visceralizing or cutaneous Leishmania species needs to undergo a series of checks to confirm

their viability or potential to revert to virulence. In this thesis, | generated a DLD deficient L. major
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parasite that did not induce pathology in experimental mice model short term and has the
potential of becoming a live-attenuated vaccine candidate because it induces strong IFN-y
response in vaccinated mice following secondary infections. On the other hand, PEPCK-deficient
L. donovani promastigote and amastigote forms appeared attenuated in vitro, but they may be
unsafe for use as a vaccine candidate in humans because in vivo data from this thesis suggest
they induce virulence comparable to their WT counterpart controls. Thus, further studies are
needed to investigate why the PEPCK-deficient parasites were not attenuated in vivo especially
when we showed that the PEPCK deficiency in L. major was attenuated in in vitro and in vivo

settings (Barazandeh et al., 2021a).
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6. CHAPTER 6: Significance, Limitations and Future Directions

6.1 Significance

An indication of protective immunity in leishmaniasis is the induction of Th1 cellular immunity.
Since we have shown that naturally processed peptides derived from metabolic enzymes (PEPCK
and DLD) play a role in protective immunity to leishmaniasis, this study is the first to have
demonstrated the importance of these enzymes (DLD and PEPCK) in causing cutaneous or visceral
leishmaniasis, respectively. Additionally, results from this study have provided insights into the
potential use of gene-deficient parasites (genetic manipulation) as a live attenuated vaccine
candidate to protect against cutaneous and visceral leishmaniasis. These gene-deficient parasites
generated in this thesis might be useful in the future to assess the quality and longevity of cellular

memory responses produced during Leishmania infections.

6.2 Limitations

1. As with many studies carried out in animal models, the major caveat in my thesis is the
uncertainty that the results generated from the gene deficient parasites can be ultimately
recapitulated in humans. The BALB/c mice, which is the mice model that is more
susceptible to cutaneous leishmaniasis, is widely used because of the cost and general
acceptance that the symptoms of the disease in mice mirrors what is obtained in clinical
settings. The infection of C57BL/6 mice with my mutant parasites, which is usually
resistant to experimental cutaneous leishmaniasis, produced similar results obtained in
the susceptible mice, further underscoring a potential reproducibility in other mice or

animal models. The findings in the C57BL/6 mice model of infection further provides
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credibility and validity to the phenotypes observed in my DLD deficient parasites.
However, | did not assess my gene deficient parasites in multiple mice models such as in
immune compromised models to confirm their attenuation and increase their potential
to be valuable for therapeutic application in humans.

This study did not factor in sex or gender considerations with the mice models infected
with the gene deficient parasites. Males are known to be mostly affected by both CL and
VL (559-561). However, these sex disparities are not very clear in mice models. In
cutaneous leishmaniasis, female mice appear to be more susceptible than male mice
(563) but in visceral leishmaniasis the male mice developed higher parasite burdens in
livers than in the female mice (563). In my study, | did not factor this discrepancy as | used
female mice in all my animal experiments. However, it is vital to include sex variables in
these studies to be able to assess the need for sex targeted therapies.

Leishmaniasis, is a disease caused by Leishmania which is transmitted through the bite of
the sandfly. However, it is not entirely possible to mimmick the natural transmission of
my gene deficient parasites in my animal models in a laboratory setting. The sandfly saliva
plays a major role in amplifying the severity of Leishmania infection (657,658). In my
studies, the impact of the sandfly saliva delivered alongside my gene-deficient parasites
in mice was excluded. Multiple methods have been developed to mimic Leishmania
infection in a natural setting. It is popularly known that inoculation of 10°-10° metacyclic
parasites in footpad, ear or tail is sufficient to mimic infection in the natural setting.
However, low dose parasite (100-1000) inoculated intradermally rather than

subcutaneously is now accepted as the gold standard because lesion formation would be
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gradual and recapitulates what is observed in a natural sandfly transmission (254).
Whether inoculating low doses of my gene-deficient parasites in mice will change the
disease manifestation stated in my thesis was not explored. Also, the size of the inoculum
is essential during infection (659); | ensured large numbers of stationary phased culture-
derived promastigotes (containing a higher percentage of metacyclic promastigotes)
were used during infection. Since | did not use a specified amount of purified metacyclic
promastigote, there is variability in the in the amount of metacyclics injected into mice
with every experiment. My data, however, did not show many variabilities between
repeated experiments. Finally, the gene deficient parasite may be a valuable tool for
vector control in endemic regions, but this study did not access the impact this deficiency
will have on sandfly host.

In my mitostress studies, the assessment of proton leak, respiration linked to ATP
production, total and spare respiratory capacity, and the oxygen consumption due to non-
mitochondrial processes was omitted intentionally. This is because, the administration of
mitochondrial inhibitors such as oligomycin, which is supposed to restrict electron flow
by inhibiting ATP synthase, ideally should drastically reduce the OCR in the kinetics study
of the DLD deficient parasites. However, after oligomycin treatment, the OCR of the WT,
and AB parasites remained unchanged and those of the DLD KO parasites were reduced.
This suggested to me that maybe Leishmania parasites may be unresponsive to
oligomycin and that deleting DLD somehow made them responsive. Also, | observed that
FCCP administration, which is supposed to uncouple electrons which in turn increases the

OCR, appeared to minimally do so in the DLD KO parasites but in the AB or WT parasite
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this drug did not impact their OCR levels much (Figure 20). Attempts at troubleshooting
this several times by titrating parasite numbers or drug concentrations yielded similar
results. Thus, it is possible that these drugs were resistant to the WT or AB parasites and
somehow DLD gene deletion in L. major made the drugs permeable. Thus, to prevent
complications in the interpretation of the results in the mitostress test, only Basal ECAR

and OCR values were displayed.

6.3 Future directions

1. Investigating whether the impaired proliferation in the gene-deficient parasites is

linked to autophagy

Autophagy is an ‘in-house’ cleaning system every cell adopts to maintain cellular homeostasis by
engagement in protein and organelle turnover (660—662). Worn-out cellular organelles are
degraded through numerous autophagosomal machinery (663). These processes have evolved
to eliminate invading intracellular pathogens. The initiation of autophagosomes arises from
damaged cellular organelles. Given that DLD deletion in L. major resulted in functionally impaired
mitochondria and was associated with low proliferation of the parasites in macrophages and
mice, however, whether this is due to alteration in autophagy is unknown. In mammalian cells,
autophagy is well studied, but in Leishmania parasites, there are evidence that these processes
exist and Leishmania-specific autophagic proteins have been identified in Leishmania to play a
role in parasite survival and virulence. However, the autophagic processes in Leishmania are not
well understood. Whether DLD is a critical regulator of this process in Leishmania is elusive. Using

the recently described methods identified to measure autophagy in Leishmania (664), | hope to
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understand whether the metabolic deficiency in my gene-deficient parasites is linked to
autophagic processes. To do this, | will assess the presence of autophagic organelles such as
damaged mitochondria, double membrane autophagosomes or mitochondria undergoing
fusion/ fission using transmission electron microscopy. Since there are no available
autophagosomal antibodies for western blots in Leishmania parasites, | will assess the
accumulation of acidic vacuolar organelles in these gene-deficient parasites by measuring the
fluorescence of acridine orange in those compartments by Flow cytometry, which have been

previously described (664).

2. Long-term vaccination experiments in GCVL-1 DLD and GCVL-2 DLD double KO

parasites.

This thesis assessed short-term vaccination potential of DLD deficient parasites (GCVL-2 KO).
However, mice vaccinated with DLD deficient parasites developed lesions later (9 weeks post
vaccination), and this may have been due to compensation due to the presence of GCVL-1 gene
in my DLD KO parasites. This speculation arose because of the observation that although GCVL-1
and GCVL-2 have low sequence similarities, yet they act on similar substrates (512,596). No study
had demonstrated whether GCVL-1 DLD variant plays a role in virulence of Leishmania major.
Thus, future studies will need to delete GCVL-1 gene DLD in Leishmania to characterize whether
it is necessary for the parasite to cause disease. Afterwards, generating double KO of both DLD
variants (GCVL-1 and GCVL- 2) will be made by using the CRISPR/Cas9 tool to remove GCVL-1
gene in my DLD (GCVL-2 DLD) deficient parasites. This double KO parasites will be critical to assess

whether long term vaccination is possible in these gene deficient strains.
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3. Understanding the cellular mechanisms behind the generation of memory responses

during vaccination studies

My study has identified DLD deficient L. major as a potential vaccine candidate against cutaneous
leishmaniasis. During Leishmania infections, cellular memory response is a critical component for
infection-induced resistance to re-exposure in secondary infections (229,593). These gene-
deficient parasites will be valuable in understanding the quality and longevity of cellular memory
responses in vaccinated mice, especially since we had previously observed that DLD and PEPCK-
specific CD4* T cells undergo normal clonal expansion following activation and produce memory
cells upon disease resolution (510,511). Therefore, these attenuated parasites can contribute to

assessing the durability of these memory cells using our PEPCK and DLD TCR transgenic mice.

4. Assess humoral immune response in serum and granuloma formation from histological

stains of liver and spleen tissue sections in infected mice

Humoral immunity which comprises of antibodies that promotes neutralization, opsonization
and activation of the complement system during visceral leishmaniasis are critical to the disease
progression (376,665). Yet, B lymphocytes, the main cell that produces these antibodies are often
neglected players during infection because the parasites infect and reside inside macrophages.
As aresult, it is frequently thought that an extracellular protein (such as antibody) cannot impact
an intracellular pathogen such as Leishmania. Studies have demonstrated that the absence of the
B cell activating factor (BAFF) suppressed splenomegaly and not hepatomegaly (666), and BAFF
expression in VL patient is about 4 folds higher than in controls, suggesting a crucial role of B

lymphocytes during VL (667). Formation of immune complexes is associated with high antibody
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titres often prevalent in VL (263). Although, my studies demonstrate no change in the parasite
burden and immune responses in the livers and spleen of mice infected with PEPCK deficient L.
donovani, whether PEPCK deficiency affects antibody responses (IgG, 1gM and IgE) without
contributing to VL disease progression is unknown. However, since my in vitro and in vivo studies
were not in tandem in my PEPCK study, it is important to assess the serum antibody levels in my

animals infected with PEPCK deficient L. donovani to validate this discrepancy.

5. PEPCK deficient L. donovani in nutritionally enriched or starved mice.

We have previously shown that PEPCK-deficient L. major promastigotes proliferated like wild-
type parasites when exogeneous glucose was administered in vitro (218), thus indicating that the
impaired proliferation of the deficient parasites is due to unmet nutritional need. This thesis,
however, did not elucidate whether this nutritional need in PEPCK-deficient L. donovani parasites
was met inside the infected mice, especially given that | found the deficient parasites maintained
their ability to induce pathology comparable to WT parasites in vivo. Thus, since PEPCK is a critical
metabolic enzyme important for parasite metabolism, assessing the immunopathologies from
PEPCK-deficient L. donovani in mice with nutrient deficiencies, sufficiency, or overexpression will
be essential to understand whether PEPCK deficiency in L. donovani causes VL due to the unique

nutritional milieu in the liver and/or spleen.

6. TNF-mediated regulation of liver granuloma during PEPCK KO L. donovani infections.

My thesis showed that PEPCK deficiency in L. donovani only enhanced TNF production in the liver.

It has been established that TNF contributes to liver granuloma formation which is critical for
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enhanced parasite clearance. My study did not assess the formation of liver granuloma in the
infected mice since | did not observe a significant change in parasite burdens in infected animals.
However, understanding whether PEPCK in L. donovani regulates TNF-mediated granuloma
formation during visceral leishmaniasis will provide further insights into the hepatic tissue

pathologies during infection.
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