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Abstract

Leishmaniasis is a neglected tropical disease caused by Leishmania
protozoa and transmitted by a sand fly vector. There are three main disease
manifestations: self-healing but scarring cutaneous leishmaniasis, mucocutaneous
leishmaniasis with destruction of the mucosal tissues in the nose, mouth and
throat, and visceral leishmaniasis in which parasites disseminate to the bone
marrow, liver and spleen, leading to high fever, hepatosplenomegaly, wasting,
and death in the absence of treatment. Visceral leishmaniasis is the second most
lethal tropical disease after malaria. A key question of leishmaniasis research is
why some Leishmania species such as Leishmania major remain at the site of the
sand fly bite in cutaneous leishmaniasis while other species such as Leishmania
donovani metastasize to visceral organs. The overall goal of this thesis was to
identify factors involved in visceral disease pathogenesis. We hypothesized that
parasite factors play a determining role in visceral disease and that host
characteristics are also involved.

First, we examined the function of A2, a protein family already implicated
in L. donovani visceralization. A2 is shown to protect against heat shock and
oxidative stress, key host defences against visceral leishmaniasis. Second, we
studied an atypical L. donovani clinical isolate from Sri Lanka that causes
cutaneous rather than visceral leishmaniasis, comparing it to a clinical isolate
from a Sri Lankan visceral leishmaniasis patient. Although both strains were

equally infective to macrophages in vitro, they caused significantly different



disease phenotypes in vivo in mice: only the cutaneous isolate caused footpad
swelling while only the visceral isolate led to significant liver and spleen
parasitemia. A2 expression was lower in the cutaneous isolate and ectopically
expressing an additional A2 gene in the cutaneous isolate partially restored
virulence in the visceral organs. Therefore, parasite factors are a key determinant
of visceral disease.

However, host characteristics and history can also influence the
development of visceral leishmaniasis. In Sri Lanka, cutaneous leishmaniasis
caused by L. donovani is frequent while visceral disease is rare. We show here
that immunization with a cutaneous clinical isolate is associated with a mixed
Th1/Th2 response and protects BALB/c mice from visceral leishmaniasis,
providing a possible rationale for the low incidence of visceral leishmaniasis in
Sri Lanka.

Overall, these results represent significant progress into the determinants
of visceral leishmaniasis and in particular on the role of the virulence factor A2.
A novel candidate for a live-attenuated vaccine against visceral leishmaniasis is
also presented here. Given the lack of a human vaccine for leishmaniasis and the
limitations of the current treatment options, this work could have a significant

impact on disease management in Sri Lanka and on vaccine development.
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Résumé

Les leishmanioses sont un groupe de maladies tropicales causées par le
protozoaire Leishmania et transmises par la piqare de phlébotomes. Les
leishmanioses peuvent étre divisées en trois formes cliniques: leishmaniose
cutanée qui guérit sans traitement mais laisse des cicatrices, leishmaniose
mucocutanée avec destruction des muqueuses du nez, de la bouche et de la gorge,
et leishmaniose viscérale ou les parasites quittent le site de la piqtire et se
propagent jusqu’a la moelle osseuse, le foie et la rate. Les symptdmes de la
leishmaniose viscérale sont une forte fievre et une hepatosplénomégalie, et ceci
peut étre fatal en I’absence de traitement. La leishmaniose viscérale a le
deuxiéme plus haut taux de mortalité parmi les maladies tropicales, apres la
malaria. Un des enjeux majeurs de la recherche sur les leishmanioses est de
comprendre pourquoi certaines especes de Leishmania comme Leishmania major
restent au site de la piqire des phlébotomes dans le cas des leishmanioses
cutanées, tandis que Leishmania donovani se propage jusqu'aux organes
viscéraux. Le but de cette these est d’identifier les facteurs impliqués dans la
pathogénése de la leishmaniose viscérale. L'hypothése de recherche est que les
caractéristiques du parasite jouent un role principal dans la leishmaniose viscérale
et que les caractéristiques de I'hdte sont également importantes.

Nous examinons la fonction de A2, une famille de protéines qui sont
impliquées dans la viscéralisation de L. donovani. Nous montrons que A2 protege

contre le choc thermique et contre les oxydants, deux défenses clé du systéme
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immunitaire contre la leishmaniose viscérale. Ensuite, nous ¢tudions un isolat
clinique atypique de L. donovani venu du Sri Lanka qui cause des leishmanioses
cutanées au lieu de provoquer des leishmanioses viscérales. Nous comparons cet
isolat a un isolat clinique provenant d’un patient sri lankais souffrant de
leishmaniose viscérale. Quoique ces deux isolats soient tout aussi infectieux 1’'un
que I’autre in vitro, ils causent des symptomes différents in vivo: seul 1’isolat
cutané cause ’enflure du coussinet plantaire apres injection sous-cutanée chez les
souris et seul 1’isolat viscéral peut se multiplier dans le foie et la rate. Les
niveaux de A2 sont plus bas dans I’isolat cutané et nous démontrons que cela
constitue un facteur déterminant de son atténuation. Ces résultats prouvent donc
que les caractéristiques du parasite ont une influence majeure dans la pathogéneése
des leishmanioses viscérales.

Cependant, les caractéristiques de 1’hdte et son historique médical peuvent
¢galement influencer le développement de cette maladie. Les leishmanioses
cutanées sont beaucoup plus fréquentes au Sri Lanka que les leishmanioses
viscérales. Nous prouvons ici que la vaccination avec I’isolat cutané méne a une
réponse du systeme immunitaire de type Th1/Th2 mixte et protége contre la
leishmaniose viscérale dans un modele in vivo d’infection de souris BALB/c. Ces
résultats proposent un modele pour expliquer la rareté de la leishmaniose
viscérale au Sri Lanka.

En conclusion, ces résultats éclaircissent plusieurs facteurs impliqués dans
le développement de la leishmaniose viscérale et en particulier le réle du facteur

de virulence A2. Nous présentons également un nouveau candidat de vaccin



atténué contre la leishmaniose viscérale. Etant donné I’absence de vaccin humain
pour cette maladie et les limites des traitements actuels, cette étude pourrait avoir
un impact majeur sur la santé publique au Sri Lanka et sur le développement de

vaccins contre la leishmaniose viscérale.
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Contributions to original knowledge

The work presented in this thesis contributes to original knowledge in the field of

Leishmania pathogenesis and vaccine design as follows:

1. We showed that the L. donovani virulence factor A2 is not merely amastigote-
specific as was previously thought, but can also be induced in promastigotes by

stress.

2. We determined the localization of A2 and showed that it interacts with a key

endoplasmic reticulum chaperone, BiP.

3. We generated the first insight into the function of A2, showing that it protects
the parasite from heat shock and oxidative stress. These results provide a
rationale to explain the previously-described essential role of A2 in parasite
visceralization and help to explain the dichotomy between cutaneous and visceral

Leishmania species.

4. We compared clinical isolates from Sri Lanka and showed that the main
determinant of cutaneous versus visceral disease phenotype in Sri Lanka is the
characteristics of the parasite strains involved, rather than host genetic

background.
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5. We showed that decreased A2 expression in the cutaneous Sri Lanka isolate is

a major determinant of its attenuated virulence.

6. We showed that immunization with the cutaneous isolate from Sri Lanka

protects against visceral leishmaniasis. This result provides a rationale for the

low levels of visceral leishmaniasis observed in Sri Lanka.

7. Protection by subcutaneous immunization with the cutaneous isolate from Sri

Lanka was associated with a mixed Th1/Th2 response prior to challenge infection.
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Chapter 1

Review of literature and objectives of research

1.1 Leishmania and leishmaniasis: general considerations

Leishmania (order Kinetoplastida, family Trypanosomatidae) are vector-
borne protozoan parasites. Out of the approximately thirty Leishmania species,
twenty are human pathogens, the causative agents of human leishmaniasis in the
Old World (Europe, Asia and Africa) and the New World (Americas).

Leishmania are divided into two subgenera, the subgenus Leishmania,
found in both Old and New World, and the subgenus Viannia, exclusively found
in South America. Subgenera are divided into species complexes and these are
further divided into species and strains (Figure 1.1). Nomenclature is still
controversial, with some authors for instance classifying L. infantum as a
subspecies of L. donovani. Parasite strain identification is commonly performed
by examining isoenzyme migration patterns via electrophoresis. Parasites with
similar migration patterns are classified into the same “zymodeme™ [1].

Two theories of Leishmania evolution have been proposed, one that
suggests an African origin [2] and another one postulating a South American
origin for the Leishmania ancestor [3]. The separation between Old and New
World Leishmania species occurred 40-80 million years ago [4] and Old World
species such as L. major and L. donovani then diverged approximately 14-24
million years ago [3]. Overall, Old World species such as L. donovani and L.

major are therefore more closely related to each other than they are to New World



species such as L. mexicana, even though both L. major and L. mexicana cause
cutaneous leishmaniasis. A more recent development is the introduction of L.
infantum into South America 500 years ago by the conquistadors [5]. New World

L. infantum is often referred to as L. chagasi.

1.1.1 The Leishmania lifecycle

Leishmania parasites have a dimorphic lifecycle divided between the
promastigote stage in the sand fly vector and the amastigote stage in mammalian
hosts. The flagellated promastigote stage is transmitted to the mammalian host by
the bite of an infected sand fly (genus Phlebotomus or Lutzomyia) during a
bloodmeal [1]. Neutrophils are the first cells recruited to the site of the bite and
take up promastigotes by phagocytosis. Parasites are then taken up by dendritic
cells and macrophages, either via phagocytosis of free parasites or of infected
neutrophils [6]. Macrophages represent the main host cell for Leishmania
parasites. Within the macrophage phagolysosome, increased temperature and
decreased pH induce promastigote to amastigote differentiation. Amastigotes can
then infect other macrophages or be taken up by a feeding sand fly. In the sand
fly gut, amastigotes differentiate into procyclic (non-infective) promastigotes.
Promastigotes mature as they migrate anteriorally in the sand fly gut, leading to
metacyclic (infective) promastigote accumulation at the junction of midgut and
foregut and in the proboscis, thereby completing the parasite lifecycle (Figure
1.2) [1,7]. Transmission can occur either via an anthroponotic cycle (L. donovani

and L. tropica), where humans are the only reservoir, or via a zoonotic cycle (all



other Leishmania species), where transmission occurs from an animal reservoir to
humans [1].

The Leishmania lifecycle can be fully reproduced in vitro for most
Leishmania species: promastigotes can be cultured in vitro at 26°C and pH 7 [8]
and promastigote to amastigote differentiation is induced by transferring
promastigotes to conditions that mimic the macrophage phagolysosome (33-37°C
and acidic pH around 5.5). In general, the cooler differentiation temperatures are
used for cutaneous species to mimic skin temperatures, while 37°C is used for
visceral species. Changes in both temperature and pH are required to induce
promastigote to amastigote differentiation: increased temperatures lead to growth
arrest, which is released by decreasing the pH [9]. A promastigote to amastigote
differentiation system was recently developed for L. major by incubating cells for
10-14 days at 33°C and pH 5.5 and then separating amastigotes from
promastigotes by a discontinuous density gradient [10].

Promastigote to amastigote differentiation is especially key to human
disease and has therefore been studied in detail in axenic systems. Four phases
have been identified, with the complete differentiation process taking 5 days.
From 0-5 hours, parasites sense the change in the environment and arrest in G1
phase; no morphological changes occur. From 5-10 hours, promastigotes
aggregate and motion ceases. Morphological changes occur from 10-24 hours,
leading to amastigote-shaped cells. Finally, cells mature from 24-120 hours [9].

The differentiation process leads to significant changes in parasite

metabolism. For instance, promastigotes use glucose as their main carbon source,



while amastigotes use fatty acids and amino acid catabolism as a source of carbon
and energy. Amastigotes produce glucose via gluconeogenesis. These changes
allow the cells to adapt to the phagolysosome environment where sugars are
limiting. Amastigotes also upregulate antioxidant enzymes and downregulate
protein translation [9].

Some authors have reported a number of differences between axenic and
mammalian-derived amastigotes [11]. However, protein expression was over
92% identical between axenic amastigotes and intracellular amastigotes [9] and
they have similar morphology and metabolism. They also share a number of

markers such as the A2 protein family [12,13] (see section 1.4.1).

1.1.2 Leishmaniasis: spectrum of disease

Leishmaniasis is associated with a spectrum of disease depending on the
infecting species of Leishmania (Table 1.1 and Figure 1.3). The three main
forms of disease are cutaneous, mucocutaneous and visceral leishmaniasis [14].
Cutaneous leishmaniasis is associated with parasite replication and formation of
lesions at the site of sand fly bite days to months after the initial parasite
inoculation. Lesions usually progress from papules to nodules and then to wet
ulcers with a typical “volcano”appearance, but can also be non-ulcerative.
Cutaneous leishmaniasis usually self-heals, albeit slowly (3 months to 3 years
depending on the causative species). Cutaneous leishmaniasis is mainly caused
by L. major and L. tropica in the Old World and by parasites from the L.

mexicana and L. braziliensis species complexes in the New World. Rarer clinical



manifestations include disseminated cutaneous leishmaniasis (multiple non-
contiguous pleomorphic lesions), diffuse cutaneous leishmaniasis (local spread of
non-ulcerative lesions) and leishmaniasis recidivans (centrally-healing lesions
with lateral spread) [15].

The second main form of leishmaniasis is mucocutaneous disease.
Mucocutaneous leishmaniasis develops years after an initial cutaneous infection
and is caused by parasite metastasis to facial mucosal tissues [16]. Clinical
symptoms include ulceration of the nose and mouth, followed by perforation of
the nasal septum, and destruction of mucosal tissues and cartilage in the nose,
mouth and throat, leading to severe facial disfigurement [17]. Death is rare and is
most often due to secondary bacterial infections [16]. L. braziliensis is the main
causative agent of mucocutaneous leishmaniasis, but L. amazonensis as well as
members of the Viannia subgenus such as L. panamensis and L. guyanensis can
also cause mucocutaneous leishmaniasis [17]. The capacity of L. guyanensis to
cause mucocutaneous rather than cutaneous disease has been tied to infection of
the parasite by an RNA virus, leading to an exacerbated immune response, but it
is still unclear whether this is applicable to other members of the Viannia
subgenus [18].

Finally, the most severe form of disease is visceral leishmaniasis, also
known as kala azar, in which parasites disseminate to the liver, spleen and bone
marrow. Symptoms include high fever, hepatosplenomegaly, cachexia,
hypergammaglobulinemia and pancytopenia, and the disease is fatal if untreated.

Visceral leishmaniasis is caused by L. donovani, L. infantum and L. chagasi.



Successful treatment and resolution of visceral leishmaniasis may be followed by
post-kala azar dermal leishmaniasis (PKDL) occurrences. PKDL is associated
with non-ulcerative papules or nodules and is more common in East Africa than

in India [1].

1.1.3 Epidemiology

Leishmaniasis is found in both the Old and the New world, mainly in
tropical and subtropical regions of the world (Figure 1.4 ) [19], but animal cases
of leishmaniasis have been detected as far north as Canada [20] and as far south
as Australia [21]. Seventy-five percent of cutaneous leishmaniasis cases occur in
Afghanistan, Iran, Syria, Algeria, Ethiopia, Sudan, Brazil, Peru, Colombia, and
Costa Rica [22]. Ninety percent of visceral leishmaniasis occurs in India, Nepal,
Bangladesh, Sudan, Ethiopia and Brazil [22]. Most mucocutaneous cases are
found in Brazil, Bolivia and Peru [16].

Overall leishmaniasis disease burden exceeds two million disability-
adjusted life years (DALYSs) [23]. Disease prevalence is estimated at 12 million
cases, with 350 million people at risk in 88 countries [24]. Incidence is 1.6
million new cases per year, with 0.7 to 1.2 million cutaneous leishmaniasis cases
and 200,000 to 400,000 visceral leishmaniasis cases [22]. Mucocutaneous
incidence is estimated at 5% of cutaneous leishmaniasis cases in the Americas
[25]. Leishmaniasis mortality is approximately 20,000 to 40,000 deaths per year
[22], ranking leishmaniasis second in terms of mortality and fourth in terms of

morbidity among tropical diseases [23], with the ninth-highest disease burden for



infectious diseases [26]. However, due to significant underreporting, actual

incidence and mortality values may be higher [22].

1.1.4 Treatment
1.1.4.1 Standard treatment regimens

Cutaneous leishmaniasis is usually self-healing and may not always
require treatment [16]. However, local treatments such intralesional injections of
pentavalent antimonials, paromomycin ointments, thermotherapy and cryotherapy
as well as systemic treatments (injections of pentavalent antimonials, pentamidine
or amphotericin B, or oral doses of miltefosine) can accelerate cure [16].
Mucocutaneous leishmaniasis is treated with injections of pentavalent antimonials
or amphotericin B, or with oral courses of miltefosine [16].

For visceral leishmaniasis, treatment recommendations differ depending
on location. In India, Nepal and Bangladesh, the preferred treatment for visceral
leishmaniasis caused by L. donovani, as recommended by the World Health
Organization, is liposomal amphotericin B (AmBisome) injections [16]. Single
doses of this formulation are sufficient to cure visceral leishmaniasis [27].
Amphotericin B can also be administered in combination with oral miltefosine or
intramuscular paromomycin. Combination treatment of miltefosine and
paromomycin, as well as treatment with either one individually are also suitable.
The last treatment option would be injections of pentavalent antimonials (sodium
stibogluconate or meglumine antimoniate), although there is resistance in many

regions. Similarly, L. infantum visceral leishmaniasis cases in South America and



around the Mediterranean are preferentially treated with liposomal amphotericin
B [16]. In contrast, in East Africa, the treatment of choice is still pentavalent
antimonials, preferably in combination with paromomycin, although treatment
with miltefosine can also be used. PKDL is treated with amphotericin B,

pentavalent antimonials or miltefosine [16].

1.1.4.2 Treatment limitations

Many of these treatment regimens are long (pentavalent antimonial or
amphotericin B injections courses for up to a month, paromomycin injections for
21 days, miltefosine treatment for 28 days) and associated with significant side
effects. The most severe side effects are reported for pentavalent antimonials,
pentamidine and amphotericin B. Pentamidine side effects are so severe that they
limit its use: diabetes, myotoxicity and nephrotoxicity have been reported.
Pentavalent antimonials are also very toxic, leading to nausea, vomiting, muscle
and joint pain [16], cardiotoxicity and renal damage [28]. Common amphotericin
B side effects include fever, nephrotoxicity and rarely myocarditis. However,
these effects are significantly mitigated by the use of lipid formulations which
only cause mild reactions. Paromomycin side effects are milder, limited to
reversible ear damage, mild pain and rare cases of nephrotoxicity and
hepatotoxicity. Miltefosine side effects are also minor (nausea, vomiting,
diarrhea), but it is a teratogen and therefore unsuitable for the treatment of

pregnant women or women of child-bearing age [16].



Treatments themselves are expensive (as of 2010, $7/patient for
paromomycin, $65 for miltefosine [16]). Although preferential pricing
agreements exist between the World Health Organization and pharmaceutical
companies, and generic versions of existing drugs are being developed [29], long-
term treatment regimens are associated with additional costs beyond the drugs
themselves, such as food, travel, hospital accommodation and lost wages. For
example, the overall cost of a 30-day amphotericin B treatment course in Bihar
has been estimated at $372.66 to $719.45 [30]. Even generic pentavalent
antimonials can cost $13 per patient [31]. This is significant in an area where
daily wages may be lower than $1 [32]. Similarly, in Nepal and Bangladesh,
treatment costs were equivalent to almost a year’s income [32].

In addition to costs and side effects, the emergence of drug resistance is a
significant concern for leishmaniasis treatment. Different Leishmania species
have different intrinsic susceptibility to miltefosine [33]. Similarly, AmBisome
treatment seems to be less effective in Africa [29]. Acquired clinical drug
resistance is also a major concern. For instance, resistance to pentavalent
antimonials appeared in Bihar (India) in the 1970s and since then, treatment
failure has been observed in over 60% of patients there [31], may be spreading to
Nepal [34] and has been reported in Sudan [35]. Resistance to pentamidine has
increased over time in India [36] and susceptibility to miltefosine may be
decreasing [37]. Rare clinical resistance to amphotericin B has also been reported
[38]. Finally, many anti-Leishmania drugs such as pentavalent antimonials,

miltefosine and amphotericin B induce a common mechanism of reactive oxygen



species-associated apoptosis. Cross-tolerance to drug-induced apoptosis was
observed in the laboratory [39] and increased resistance to amphotericin B and
miltefosine has been observed in regions with high resistance to pentavalent
antimonials [40].

Drug combinations, such as the WHO-recommended liposomal
amphotericin B plus miltefosine, liposomal amphotericin B plus paromomycin, or
miltefosine plus paromomycin [41], can limit the emergence of drug resistance
but would increase costs. Single-dose regimens of amphotericin B in India would
increase treatment compliance, decrease costs and decrease risks of resistance
[27]. However, given the limitations of existing treatments, the severity of this
disease, and the risk of drug resistance, the identification of new treatment options
is required. A better understanding of the factors that mediate visceral disease
may lead to the discovery of novel virulence factors that can be used to develop

new drug targets.

1.2 Development of visceral leishmaniasis
1.2.1 Navigating from the skin to the viscera

The sand fly vector lacerates blood vessels during feeding, so parasites are
introduced intradermally into a pool of blood [42]. Free amastigotes have been
detected in the bloodstream and could be directly delivered to blood-filtering
organs [43]. Alternatively, the eventual spread to visceral organs could involve
the movement of infected cells. Neutrophils are the earliest cells recruited to the

site of the sand fly bite [44,45] and represent the first infected cell population [6].

10



Infected neutrophils or free parasites are then taken up by dendritic cells and
macrophages that migrate away from the site of the bite [6]. The dermal dendritic
cell population infected at early time points may differ between L. major and L.
donovani [44] and there is evidence that L. donovani-infected macrophages and
dendritic cells leave intradermal injection sites in higher numbers than L. major-
infected cells [46]. However, the route used by infected cells to eventually reach
the visceral organs remains poorly understood.

Experimental subcutaneous needle infection with L. major in BALB/c
mice is associated with parasite proliferation and lesion development at the site of
injection, as well as parasite dissemination to visceral organs [47]. Dissemination
of L. major to the visceral organs does not occur in C57BL/6 mice, indicating an
important role for the host immune response in the control of visceralization [47].
In comparison, subcutaneous injection of L. donovani in BALB/c mice only
causes minimal swelling at the site of injection and no dissemination to the
viscera [48]. Therefore, these subcutaneous infection models do not accurately
reflect the situation in humans where L. donovani, but not L. major, metastasizes
to the visceral organs.

Intradermal infection models have been developed in BALB/c mice [49]
and in hamsters [50], in which parasites are cleared from the skin and disseminate
to the visceral organs. However, for both models, the inoculation dose is one
hundred- to a thousand-fold higher than the natural sand fly inoculum [51].

Nevertheless, these models more closely mimic natural infection routes for

11



visceral disease and could provide better insight into the cells and pathways

involved in reaching the visceral organs.

1.2.2 Surviving stress: parasite proliferation in the viscera

Experimental intravenous injection of Leishmania in mice bypasses the
normal requirement for the parasite to transit from skin to viscera and therefore
focuses exclusively on parasite survival within the liver and spleen. However,
although intravenous infection models of BALB/c mice are commonly used to
study visceral leishmaniasis, these do not fully reflect human visceral
leishmaniasis progression. In mice, infection in the liver is self-resolving while
spleen infection is progressive and overall infection is asymptomatic [52]. In
contrast, infection of hamsters is associated with symptomatic disease and can be
fatal [53].

Nevertheless, intravenous infection with cutaneous species such as L.
major is associated with limited liver and spleen parasite burden while
intravenous infection with viscerotropic L. donovani and L. infantum results in
high levels of visceral infection [54]. Therefore, regardless of the mechanism to
exit the skin, cutaneous and visceral species differ dramatically: visceral species
are much better adapted to survive and proliferate in visceral organs than
cutaneous species.

Temperatures within infected mouse footpad dermis vary between 28 and
32°C [55], whereas fever in visceral leishmaniasis exceeds 40°C [56].

Viscerotropic parasites must therefore withstand higher temperatures than

12



cutaneous ones, and indeed, promastigotes from cutaneous species are
considerably more sensitive to heat shock than promastigotes of visceral species
[57,58]. In addition, transfection of some L. donovani genes into L. major
enhanced L. major survival at higher temperatures and visceralization [54,57,59].

Fever itself can also augment the immune response by increasing dendritic
cell and neutrophil migration, pro-inflammatory cytokine production and Th1 cell
activity [60]. Given that fever increases oxidant production by phagocytic cells
[60], viscerotropic species are expected to be more resistant to oxidants than
cutaneous species: L. donovani is more resistant to nitric oxide (NO) and
hydrogen peroxide than L. major [61] .

The host macrophage population targeted by Leishmania also differs
between cutaneous and visceral species: cutaneous species infect inflammatory
monocyte-derived macrophages and dendritic cells [6,62] while visceral species
infect Kupffer cells, spleen macrophages and bone marrow macrophages [63].
These different macrophage populations express different levels of cell surface
molecules [64] and of NRAMPI, a cation transporter associated with resistance to
Leishmania [65]. They also differ in their response to IFNy stimulation, and in
their capacity to produce cytokines, activate T lymphocytes and kill pathogens
[66,67,68]. Therefore, cutaneous and visceral species have adapted to replicate in
distinct host macrophage environments. However, no direct comparisons of the
susceptibility and killing potential of these different macrophage populations have

been performed during Leishmania infection.
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1.3 Vector determinants of visceral leishmaniasis

Leishmaniasis results from the interplay of vector, parasite and host.
Therefore, sand fly characteristics have been postulated to play a role in the
development of visceral disease. L. chagasi transmitted by Lutzomyia longipalpis
sand flies can cause cutaneous or visceral leishmaniasis in parts of South
America. Saliva of sand flies from a cutaneous region caused low levels of
vasodilatation and promoted footpad swelling following subcutaneous infection in
mice, whereas saliva of sand flies collected in a visceral region caused higher
vasodilatation but did not enhance cutancous lesion formation [69]. This
suggested that higher vasodilatation promotes better parasite access to the visceral
organs and that vector species may influence disease development. However, this
may not be a general difference between vectors of cutaneous and visceral
Leishmania species: sequence analysis of salivary gland proteins from a
Phlebotomus species associated with cutaneous L. infantum cases in the Old
World showed that its salivary proteins were more closely related to those of
vectors that transmit visceral L. donovani and L. infantum than to vectors of
cutaneous L. major and L. tropica [70]. Finally, the number of parasites
transmitted by sand flies could also influence disease outcome. A higher
infective dose may promote a stronger local immune response that limits the
parasite spread, thereby preventing dissemination to the visceral organs [51].
However, many of the associations between sand fly characteristics and visceral
versus cutaneous disease are still unconfirmed, and the role of the sand fly in

disease pathology is therefore an area that requires more attention.
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1.4 Parasite determinants of visceral leishmaniasis

Parasite characteristics are a major determinant of visceral disease (Figure
1.5). Indeed, although L. infantum has been associated with both cutaneous and
visceral leishmaniasis, the strain involved differ between cutaneous and visceral
cases [71]. The maintenance of species-specific differences following needle
injection into inbred mice also indicates that parasite characteristics are important
determinants of visceral disease development: L. infantum strains from cutaneous
patients were unable to establish visceral infection following intravenous injection
into BALB/c mice, unlike L. infantum strains from visceral patients [72].

A number of parasite characteristics may be involved in disease
development, including parasite growth rates, species-specific genes and
virulence factors. The impact of promastigote differentiation into the infective
metacyclic stage is still controversial: some groups found no differences between
cutaneous and visceral strains [73], whereas other groups found a positive
correlation between the levels of metacyclics and in vivo virulence [74].
Similarly, increased in vitro infectivity to macrophages has been tied to increased
in vivo virulence in some studies [75] but not in others [73,76]. Visceral strains
have also been postulated to have a faster growth rate than cutaneous strains [1],
but other studies and our own work have not validated this link [74,75].

Although visceral and cutaneous species may be equally infective to
macrophages, they had different impacts on macrophage gene expression. In

particular, L. donovani induces higher levels of Cox2 and prostaglandin E
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synthase than L. major [77]. Both of these enzymes are part of the PGE2
biosynthetic pathway which has been associated with visceralization [78].
Spermine/spermidine N1-acyl transferase 1, a rate-limiting enzyme of polyamine
metabolism, was also higher following L. donovani infection [77]. This may
increase polyamine production and promote parasite growth [79]. Finally, several
of the cellular genes induced more strongly by L. donovani than by L. major are
stress proteins (HSP70, HSP72, T cell death-associated gene 51, Gadd45p),
suggesting that infection with visceral disease species may be more stressful for
the host macrophage [77].

L. major induced higher leukocyte recruitment than L. donovani in an air
pouch model of infection, with increased chemokine and chemokine receptor
expression in the air pouch exudate, in association with higher pro-inflammatory
cytokine production [80]. L. major also induced higher IL12 production by
dendritic cells than L. donovani or L. tropica. Higher IL12 production would
promote increased T helper cell activation and parasite killing [81]. Similarly,
TNFa production by infected monocytes is higher following infection with L.
major than with L. infantum [82]. The higher pro-inflammatory response to L.
major may restrict it to cutaneous sites and decrease its spread to visceral organs.
In contrast, L. donovani-infected macrophages and dendritic cells leave the mouse
dermis in higher amounts than L. major-infected cells, thereby promoting spread

to the viscera [46].
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1.4.1 L. donovani A2 protein and visceral disease
1.4.1.1 A2 genomic organization

The L. donovani A2 proteins are a major determinant of visceralization
and the prototypical amastigote-specific gene [83]. A2 genes are arranged in
tandem arrays on chromosome 22 [84], with up to four such arrays per diploid
genome (Figure 1.6) [54]. A2 proteins in L. donovani range from 42 to 100 kDa
and are made up almost entirely of 40 to 90 copies of a repetitive ten amino acid
sequence (val-gly-pro-leu-ser-val-gly-pro-gln-ser VGPLSVGPQS), preceded by
an N-terminal secretory leader sequence [83,85]. The number of isoforms varies
between strains, with up to nine different-sized A2 proteins detected in the L.
donovani 1S/CI2D strain. In addition, sequencing of seventeen L. donovani
clinical isolates from India and Nepal showed significant sequence and structural
variation at the A2 locus [86]. A2 is expressed in L. donovani [87] and L.
mexicana species complexes, but not in L. tropica or L. braziliensis species
complexes [88].

A2 genes alternate with A2rel genes and each A2-A2rel cluster is flanked
by 5’ and 3° A2rel genes that have partial sequence identity with internal A2rel
genes. Unlike A2, A2rel is present in L. donovani, L. mexicana, L. tropica and L.
braziliensis species complexes [89]. The function of A2rel genes is unknown, but
they may play a role in promastigote survival [54]. They encode a putative
protein of 48 kDa with a signal peptide and two transmembrane domains [89].
A2rel mRNA levels are equal in promastigotes and amastigotes [84,89]. 3’ A2rel

mRNA levels are increased by the combination of increased temperature and
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decreased pH as well as by increased temperature alone [90] and are higher in
amastigotes than in promastigotes [91]. In contrast, 5° A2rel mRNA levels are

higher in stationary phase promastigotes than in amastigotes [91].

1.4.1.2 Regulation of A2 expression

A2 protein expression is induced by promastigote to amastigote
differentiation [87] and by a variety of stresses, including unfolded protein stress
(UPR) [92] and misfolded protein stress [93,94], but not by thapsigargin-induced
calcium depletion stress [95]. Regulation of A2 protein expression is complex and
involves mainly the 3> UTR of the A2 mRNA. Regulation is via increased
mRNA stability rather than by increased mRNA synthesis, with higher A2 mRNA
levels in amastigotes compared to promastigotes [89], and this requires a
combination of elevated temperature and decreased pH [84]. However, our data
(see chapter 3) indicate that heat shock alone is sufficient to induce A2 protein
expression. Other mechanisms are therefore involved in the regulation of A2
protein levels when temperature alone is changed.

The A2 3’ UTR contains a 309 nucleotide regulatory element [96],
subsequently identified as a SIDERI retrotransposon [97]. However, it cannot
account for the full temperature regulation [96]. SIDER1 retrotransposons
promote increased translation in response to heat shock [98] without affecting
mRNA stability [96]. This is supported by microarray data showing no changes
in A2 mRNA levels following heat shock alone [91]. Indeed, increased A2

translation with more mRNA association with polysomes was observed following
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increased temperature alone or following a combination of increased temperature
and decreased pH. Acidic pH alone was not sufficient to induce increased A2
translation and protein expression [95]. Decreased A2 mRNA levels and
decreased mRNA association with polysomes are observed when amastigotes are
switched back to promastigote culture conditions. Finally, decreased protein
levels are observed prior to any changes in A2 mRNA levels, indicating that
translation control is the main and fastest mechanism of regulation of A2 protein
levels [95]. These observations therefore support a dual mechanism to control A2
protein expression, via increased translation and via increased mRNA stability,

with the mechanism involved dependant on the induction conditions.

1.4.1.3 Role of A2 in parasite virulence

Antisense RNA downregulation of A2 [99] or partial knockout of A2
genes [54] decreased liver parasite burden during L. donovani infection.
Conversely, introducing A2 genes into L. major enhanced the ability of L. major-
infected cells to migrate out of the dermis and increased parasite survival in
mouse visceral organs [46]. Likewise, A2 is absent in L. farentolae (a lizard
Leishmania species) [100] and expression of L. donovani A2 in L. tarentolae
enhanced the ability of L. farentolae to survive in mouse visceral organs [101]
(Table 1.2). Overall, these results indicate that A2 plays a key role in parasite
survival in the visceral organs in animal models. Since A2 is expressed during

human visceral infection [88], it may play a similar role in the human host.

19



In contrast, A2 inhibits cutaneous disease: expressing A2 in L. major was
associated with decreased footpad parasite burden and swelling [46] and A2 was
downregulated in human PKDL cases [102]. A2 may therefore contribute to the
inability of L. donovani to cause cutaneous leishmaniasis. A2 has some sequence
homology with the repetitive S-antigen of Plasmodium falciparum [83], but the
function of this antigen is unknown [103]. Similarly, prior to the work presented

in this thesis, the function of A2 was unknown.

1.4.1.4 A2 as a vaccine candidate

A2 is also an important vaccine candidate. A2 encodes MHC I - and
MHC II-binding sequences as well as a B cell epitope [104]. A number of A2-
based vaccination protocols were protective in experimental animals against
visceral leishmaniasis, including immunization with recombinant A2 protein
[105], plasmids encoding A2 [106,107], L. tarentolae expressing A2 [108] and an
adenovirus expressing A2 [104] in mice; recombinant A2 in dogs [109], and a
combination of recombinant A2 and adenovirus-expressed A2 in Rhesus monkeys
[110]. A2 is also being developed as part of the polyprotein vaccine candidate
KSAC (fusion of kinetoplastid membrane protein 11 (KMP11), sterol 24-c-
methyltransferase (SMT), A2, and cysteine proteinase B (CPB)) [111].
Importantly, this vaccine was also protective against vector-transmitted parasites
[112]. Phase III clinical trials in dogs of a recombinant A2 formulation have been
completed and the vaccine is now licensed for veterinary use in Brazil under the

name Leish-Tec [110]. Finally, recombinant A2 in combination with recombinant
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IL12 [113], and A2 DNA vaccination [107] were also protective against

cutaneous leishmaniasis caused by L. amazonensis.

1.4.1.5 Other applications of A2

A2 was originally identified as an amastigote-specific protein [83]. It has
therefore been used in a number of studies as a marker of promastigote to
amastigote differentiation (see for instance [12,93,114,115,116,117]). The A2 3'
UTR has also been used to direct the expression of suicide genes such as a
truncated 3' nucleotidase/nuclease. Similarly, the herpes thymidine kinase was
targeted to the A2 chromosomal locus. These were expressed specifically in
amastigotes and lead to decreased amastigote viability under drug pressure [118].
Such suicide genes may be useful for the generation of live-attenuated vaccines
(see section 1.6.3.2).

Finally, A2 has also been investigated for diagnostic purposes, by
detecting anti-A2 antibodies by Western blot, ELISA and immunoprecipitation
[88,119,120,121]. These could be used to diagnose L. donovani and L. mexicana
infections in humans and were up to 92% sensitive. Anti-A2 antibodies were also
detected post-treatment. 7. cruzi-, L. tropica-, and L. braziliensis-infected
patients all gave negative results [88]. An ELISA to detect anti-A2 antibodies in
dogs could detect both symptomatic and asymptomatic infections with a
sensitivity of 94%. Although sensitivity was high in this test, specificity was

lower: positive results were also obtained in a significant number of
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mucocutaneous and cutaneous leishmaniasis cases in humans, as well as in 10%

of samples from leprosy patients [121].

1.4.2 Other visceral disease-promoting factors

A2 is the prototypical visceral disease-promoting gene. However,
completion of the L. major, L. donovani, L. braziliensis, and more recently L.
mexicana genomes [122] has highlighted a number of other L. donovani-specific
genes that are absent or found as pseudogenes in cutaneous species (Figure 1.7)
[123]. The ability of some of these genes to promote parasite survival in visceral
organs has been investigated by ectopically expressing L. donovani-specific genes
in L. major and monitoring spleen and liver parasite burden as well as parasite
recovery from the spleen in BALB/c mice [124,125,126]. Interestingly, three L.
donovani-specific genes could promote L. major survival in the viscera, including
the orthologs of LinJ.28.0340, LinJ.15.0900 and LinJ.36.2480 [125] (Table 1.3).
Knocking out LinJ.28.0340 and LinJ.36.2480 in L. donovani also decreased
parasite survival in the visceral organs. LinJ.28.0340 is a cytosolic protein of
unknown function [125], LinJ.15.0900 a nucleotide sugar transporter localized in
the Golgi apparatus [126], and LinJ.36.2480 a cytosolic glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). GAPDH is a rate-limiting enzyme
involved in glucose metabolism and ATP production [127]. The impact of
LinJ.36.2480 on parasite survival in the visceral organs suggests that energy
production may be an important difference between cutaneous and visceral

species [127]. However, apart from LinJ.28.0340, these genes are present in L.
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mexicana [125,126] and several of them also promote increased footpad swelling,
making them general virulence factors, rather than visceralization-promoting

factors.

1.4.3 Other virulence factors not specific to visceral leishmaniasis
1.4.3.1 Antioxidants

Antioxidant production constitutes a key host defence against
leishmaniasis [128]. Both reactive oxygen and nitrogen species can be produced,
although parasites can be cleared even in the absence of reactive oxygen species
whereas nitric oxide production is essential [129]. Oxidants damage nucleic
acids, proteins and lipids. Superoxide and hydroxyl radicals cause lipid
peroxidation, leading to increased membrane fluidity and permeability. Hydroxyl
radicals cause DNA damage with base oxidation and can lead to major
chromosomal rearrangements [130]. Iron-sulfur clusters of proteins are very
sensitive to oxidative stress. Oxidants can also lead to peptide bond cleavage and
amino acid modifications of sulfur-containing amino acids and cyclic amino
acids. Arginine, proline, and lysine can also become carbonylated. These
modifications inhibit enzyme function, target proteins for proteosomal
degradation and can also induce the formation of cytoxic protein aggregates
[130].

Leishmania in turn have evolved a number of defences against these
oxidants, including non-enzymatic scavengers such as thiols [131] and

lipophosphoglycan [132], and enzymatic systems. In these, electrons are
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transferred from NADPH to trypanothione reductase, which reduces
trypanothione. In turn, electrons are then transferred to a redox shuttle such as
tryparedoxin, ascorbate or glutathione. Peroxidases perform the final electron
transfer reaction to reduce oxidants. Peroxidases in Leishmania include 2-
cysteine peroxiredoxins, non-selenium glutathione peroxidases and ascorbate
peroxidases (Figure 1.8). Leishmania lack catalases but express iron superoxide
dismutases. While mammalian cells also use glutathione for antioxidant defenses,
the trypanothione-tryparedoxin system is the main antioxidant pathway in
Kinetoplastida and is specific to this order [133,134]. Finally, Leishmania also

target macrophage signaling cascades to inhibit oxidant production [135].

1.4.3.2 Heat shock proteins

Leishmania parasites are exposed to abrupt changes in temperature when
transferred from the insect gut to the mammalian host [1] as well as to high fever
during visceral leishmaniasis [56]. Heat shock is a non-specific stressor and
therefore affects many different subsets of the cell, leading to intracellular ROS
production, protein damage and changes in membrane fluidity [136]. With
regards to protein synthesis, heat shock leads to protein misfolding and
aggregation, oxidative protein damage and translation inhibition. Multiple
subcellular structures are affected: the endoplasmic reticulum and the Golgi
become fragmented, mitochondria and lysosome numbers decrease, and
cytoskeleton organization is affected, with severe stress leading to actin, tubulin

and intermediate filament collapse. Changes in mitochondria in particular lead to
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decreased ATP levels and alterations in energy metabolism. Nuclear structure is
also affected with enlargement of nucleoli. Finally, membrane structure changes
and membrane fluidity and permeability are increased, leading to a drop in

intracellular pH and changes in ion concentrations. Persistent heat shock leads to

cell cycle arrest and eventually cell death [137].

Given the severity and pleiotropic effects of heat shock, many different
response pathways have been implicated in the protection against heat shock.
Chaperonse in particular play a key role in protein refolding (the classical heat
shock proteins (HSP)). However, other pathways such as proteolysis, DNA
repair, changes in energy metabolism and mainenance of cellular and membrane

structural integrity are also implicated [137].

Classical HSPs have been implicated in Leishmania virulence, with
different expression patterns of heat shock protein during heat shock, low pH
stress [138] or nitric oxide treatment [139] between virulent and avirulent L.
donovani strains. HSP70 [140] and HSP83 [141] have also been associated with
protection against antimonials. Knocking out one of the six HSP70 copies in L.
infantum was associated with significantly decreased replication within
macrophages and BALB/c spleen and liver parasite burden. Similarly, knocking
out HSP100 in L. major significantly decreased footpad swelling during murine

infection [142].
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1.4.3.3 Glycoproteins gp63 and gp46

gp63 is a zinc metalloprotease attached to the parasite membrane by a
glycosylphosphatidylinositol (GPI) anchor and also secreted by Leishmania. It is
expressed by both promastigotes and amastigotes, but promastigotes express more
isoforms of the protein. L. major and L. amazonensis gp63-deficient parasites
were associated with delayed lesion development in experimental mouse
infection, indicating a role of gp63 in vivo [143]. It is involved in parasite
opsonization [144] and in resistance against host antimicrobial peptides and
complement-mediated lysis. Secreted gp63 can transit to the host macrophage
cytosol and nucleus to affect numerous signaling pathways, including inactivation
of mTOR pathway and protein translation, activation of protein tyrosine
phosphatases SHP1, PTP1B and TCPTP leading to altered MAP kinase signaling,
inhibition of signaling through the IFNy receptor and JAK/STAT, and inhibition
of NF-kB and AP1 signaling. The net result is inhibition of TNFa, IL12 and
nitric oxide production, and increased parasite survival within the host [143].
PSA-2 (gp46) has also been implicated in resistance against complement lysis
[145] and is involved in attachment to macrophages via complement receptor 3

[146].

1.4.3.4 Lipophosphoglycan
Lipophosphoglycan (LPG) is a key component of the Leishmania surface

glycocalyx. LPG is a glycolipid composed of Galp1,4Man-POj, repeats followed
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by a glycan core attached to the parasite membrane via a GPI anchor. The repeat
units are capped by a variable oligosaccharide. Branching oligosaccharides can
be added to the repeat units, depending on the Leishmania species. LPG is highly

expressed in promastigotes but significantly downregulated in amastigotes [147].

LPG plays a key role in the interaction between the sand fly and
Leishmania. Parasites attach to the sand fly midgut via LPG, thus preventing
parasite excretion from the gut during bloodmeal excretion. Variations of the
branching sugars attached to the repeats are the major determinant of vector

competence and permissiveness [7].

LPG is also essential for host-parasite interactions in Old World
Leishmania but not in New World species such as L. mexicana [148]. In
particular, LPG-deficient L. major was significantly less virulent in BALB/c mice
and parasite survival within macrophages was impaired [149]. LPG protects
against complement-mediated lysis killing by neutrophil extracellular traps
(NETs) [150]. LPG also delays phagolysosome maturation by promoting the
accumulation of filamentous actin around the phagosome [147] and preventing V-
ATPase recruitment to delay phagosome acidification [151]. Finally, LPG
downmodulates the production of reactive oxygen species in host macrophages by
inhibiting protein kinase C [147] and blocking NADPH oxidase assembly in the

phagolysosome membrane [152].
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1.4.3.5 Cysteine peptidases

Cysteine peptidases play a key role in L. mexicana [153] and L. infantum
[154] virulence. Parasites express multiple isoforms of these cysteine peptidases,
arranged in tandem arrays in the parasite genome. Different isoforms are
preferentially expressed at different stages of the parasite lifecycle and the
isoforms also have different substrate specificities. Cysteine peptidases mature in
the flagellar pocket and then transit to the lysosomes of amastigotes. During
infections, they can also be detected in the extracellular environment, the
phagolysosome outside of the amastigotes and the cytoplasm of the host
macrophage. They induce IL4 and IgE production and TGFf activation, and
cleave the IL2 receptor, MHC II, NF-«kB and IxB. The net result is inhibition of
antigen presentation, IL12 synthesis and of the Th1 response while promoting

non-healing Th2 responses [155].

1.4.4 Atypical leishmaniasis cases: potential to identify novel determinants of
visceral disease

Although many virulence factors and species-specific genes have been
identified, none of them can fully restore L. major virulence to the same level as
L. donovani [125]. Virulence in visceral organs likely involves a combination of
these L. donovani-specific genes as well as other factors. Additional mechanisms
likely to be implicated include gene amplifications, polymorphisms and

differences in post-transcriptional regulation and protein expression patterns.
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The study of atypical leishmaniasis cases can lead to the identification of novel

determinants of visceral disease.

1.4.4.1 Sri Lanka

Although L. donovani normally causes visceral leishmaniasis, in Sri Lanka
there have been over 2,000 cases of cutaneous leishmaniasis caused by L.
donovani in the past ten years, while visceral disease is rare [156]. Imported cases
of cutaneous leishmaniasis were first reported in Sri Lanka in 1990 [157] and the
first locally-acquired case was detected in 1992 [158]. The first locally-acquired
case of visceral leishmaniasis was reported in 2007 [159] and the first case of
mucocutaneous disease in 2005 [160]. Since then, there have only been three
other cases of visceral leishmaniasis (S. Ranasinghe, personal communication).

Isoenzyme analysis, DNA sequencing and microsatellite analysis
identified L. donovani zymodeme MON-37 as the causative agent of cutaneous
leishmaniasis in Sri Lanka [161,162,163]. MON-37 L. donovani is also found in
Ethiopia, Israel and India, and is closely related to the MON-2 zymodeme, the
most common in India [164,165]. However, the rK39 serodiagnostic test, which
is used to diagnose visceral leishmaniasis, gives negative results with cutaneous
leishmaniasis patients in Sri Lanka [166].

It is unclear whether leishmaniasis in Sri Lanka is anthroponotic or
zoonotic. L. donovani in India is anthroponotic and transmitted by Phlebotomus
argentipes [1]. Phlebotomus argentipes is the main Phlebotomus species in Sri

Lanka and the most likely vector [167,168], with human biting rates comparable
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to those in India [169], supporting an anthroponotic mode of transmission.
However, Phlebotomus salehi, a vector for L. major, has also been detected in Sri
Lanka [170]. In addition, time outdoors is a risk factor for developing
leishmaniasis in Sri Lanka [171], and a few dogs were positive for Leishmania,
either by direct detection of amastigotes [172] or by serodiagnosis [173]. These
observations suggest that an animal reservoir could be involved.

Cases are found throughout Sri Lanka [156], but patient characteristics
differ depending on the region. In the North-Central province, patients are mainly
male soldiers 20-40 years old [171]. In contrast, patients in the Southern province
are mainly male and female adolescents 10-19 years old [174]. Differences in
patient characteristics may be due to differences in exposure to the vector and the
parasite, as well as to possible reservoirs.

Patients usually present with single lesions [174], mainly dry and scaly,
non-itchy, either as papules, nodules or ulcers, some of them surrounded by
depigmented areas [175]. Lesions are slow-progressing [175], usually self-heal
[156], and are found on exposed skin, mainly on the face and arms [175].

Most patients are of Sinhalese ethnicity [176]. However, a study of host
single nucleotide polymorphisms (SNPs) did not detect any SNPs associated with
a predisposition to developing cutaneous disease [177,178], suggesting that
parasite factors rather than host characteristics may be the key determinant of the

atypical cutaneous L. donovani cases in Sri Lanka.
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1.4.4.2 Other atypical L. donovani foci

In addition to the situation in Sri Lanka, a number of other atypical
leishmaniasis cases with L. donovani or L. infantum as the causative agent of
cutaneous rather than visceral leishmaniasis have been reported in India [179] and
in Bhutan [180], in the Middle East [181,182,183], in Cyprus [165,184], in Africa
[185,186,187] and in South America (L. chagasi) [188,189,190,191]. Symptoms
for these cases may differ from classical cutaneous leishmaniasis, for instance
with regards to age of patients, parasite burden and increased frequency of non-
ulcerative lesions [189]. The situation is further complicated by the fact that cure

of visceral leishmaniasis can be followed by PKDL [192].

Interestingly, L. donovani isolated from cutaneous lesions in Turkey is
closely related to MON-37 cutaneous L. donovani from Cyprus and India [193].
Similarly, certain L. infantum zymodemes are associated with specific clinical
manifestations: zymodemes MON-11, 29, 33, 78, 111 only cause cutaneous
leishmaniasis, zymodemes MON-27, 28, 72, 77, 187 only cause visceral disease,
and some zymodemes can cause either cutaneous or visceral disease (MON-1, 24,
34, 80). Finally, the situation is altered in HIV co-infections where zymodemes
that usually cause cutaneous disease can cause visceral leishmaniasis instead
(MON-29, 33, 78), indicating the importance of host characteristics as well as

parasite factors [194,195].
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1.4.4.3 Normally cutaneous species causing visceral leishmaniasis

Similarly to situations described above in which normally visceral
parasites can cause cutaneous disease, cutaneous parasites such as L. tropica can
cause visceral infections. There are a number of clinical reports from visceral
leishmaniasis patients in which the causative agent was identified as L. tropica in
India [196], the Middle East [197,198] and Africa [199]. In all cases, patients
were either children or teenagers. Canine visceral leishmaniasis caused by L.

tropica has also been reported in Morocco [200,201] and in Iran [202].

Some soldiers infected with L. tropica during the Gulf War developed
viscerotropic leishmaniasis. Parasites are found in visceral organs, but some
symptoms differ from those of classical visceral leishmaniasis. In particular,
there may not be significant hepatosplenomegaly, hypergammaglobulinemia, and
cachexia. Other non-specific symptoms such as abdominal pain and diarrhea can
be observed [203]. A total of twelve Gulf War veterans were diagnosed with

viscerotropic leishmaniasis [204,205].

No specific L. tropica genotype has been correlated with visceralization
[206], but differences in virulence in animal models were observed between
cutaneous, viscerotropic and visceral L. tropica clinical isolates. In mice, some
but not all visceral isolates and all viscerotropic isolates were unable to establish
footpad lesions. However, cutaneous, visceral and viscerotropic isolates were all
unable to cause persistent visceral infection following intravenous injection.
Following intracardiac injection in hamsters, all strains were able to cause visceral

infections. Spleen and liver parasite burden peaked at higher levels for the
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visceral strains than for the cutaneous one, causing parasite burdens similar to
visceral L. donovani. In contrast, viscerotropic strains were cleared faster than
either cutaneous or visceral strains. Following footpad infection in hamsters,
visceralization to the liver and spleen was observed for visceral isolates, while
cutaneous and viscerotropic isolates did not show significant visceralization [76].
These observations suggest that viscerotropic leishmaniasis cases may be due to
increased host susceptibility rather than increased virulence of the parasites.
However, more studies are required to validate these results and to identify factors
that mediate the increased virulence of the visceral L. tropica isolates.

In the New World, L. amazonensis and L. colombiensis have been
associated with visceral leishmaniasis in children [207,208,209,210], up to one
quarter of all visceral cases in one study [208]. L. colombiensis is related to a
different genus of Trypanosomatidae, Endotrypanum and is distinct from the
classical members of the Leishmania genus (the section euleishmania). L.
colombiensis is classified as a member of the section paraleishmania [211]. There
is also a case report of visceral leishmaniasis caused by L. mexicana in an organ

transplant patient with co-infections with bacteria and 7. cruzi [212].

No differences in age and sex of the patients as well as in antibody titers
and clinical manifestations were observed between cases caused by L.
amazonensis and L. chagasi. More deaths occurred in the L. amazonensis group
and L. amazonensis was also associated with PKDL cases [208]. In animal
models of leishmaniasis, some differences were observed between cutaneous and

visceral L. amazonensis isolates, with smaller cutaneous lesions following
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infection with visceral isolates in one study [22], while in another study a visceral
isolate was able to cause large footpad lesions [207]. However, both cutaneous
and visceral isolates caused significant spleen parasitemia, with earlier increases
in parasite burden observed for cutaneous isolates [213]. More work in animal
models is therefore required to determine whether cutaneous and visceral L.
amazonensis differ or whether the visceral cases are due to host characteristics
leading to increased disease susceptibility. Given that L. amazonensis expresses
A2 [88], it is tempting to speculate that A2 may play a role in L. amazonensis

visceralization. However, this awaits experimental confirmation.

Finally, a new species of Leishmania, L. siamensis has been proposed to
cause visceral leishmaniasis in HIV-positive [214,215,216] and HIV-negative
[217] adult patients in Thailand. This species is more closely related to L.
colombiensis than to other Leishmania species [217]. A different phylogenetic
analysis confirmed that this species is not closely related to visceral species such
as L. donovani or L. infantum, and showed that it was most closely related to L.
enriettii [216] (euleishmania [211], usually considered non-pathogenic to humans
[1]). However, L. colombiensis was not included in this comparison.
Autochthonous cutaneous leishmaniasis caused by L. siamensis has been reported

in the United States [218], Germany and Switzerland [219] in horses and cows.

1.4.4.4 Hybrids of different Leishmania species
Hybrids of different L. infantum zymodemes [220] and of different L.

donovani strains [221] have been detected in Africa. Similarly, hybrids of closely
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related species such as L. major with L. arabica [222] and L. braziliensis with
either L. peruviana [223,224], L. panamensis [225] and L. guyanensis [226,227]
have all been reported. Hybrids of species associated with different disease
manifestations have also been observed. These include L. donovani with L.
aethiopica [228] and L. major with L. donovani [229]. Hybrids have also been
generated in the laboratory between two different L. donovani strains [230] and
between two different L. major strains [231]. So far however, no report of cross-
species hybridization in the laboratory has been published.

Hybrids can be studied in vivo to determine their virulence. Genetic
analysis could then be performed to compare the hybrids to the parental strain and
identify factors that correlate with virulence. Hybrids of parental species that
have different disease phenotypes therefore have significant potential to help
identify determinants of disease development. Studying the L. major/L. donovani
and L. aethiopica/L. donovani hybrids would be particularly interesting. Only L.
braziliensis/L. peruviana hybrids and laboratory-generated hybrids of L. major
strains have been studied in vivo. Hybrids either showed higher parasite burdens
at late time points than the parental strains [232] or had virulence similar to one of

the two parental strains, depending on the hybrid clone [231].

1.4.5 PKDL: an additional complication
The comparison between cutaneous and visceral species is complicated by
the fact that cutaneous manifestations known as post kala azar dermal

leishmaniasis (PKDL) can occur following treatment of visceral disease [192].
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With regards to parasite differences, some polymorphisms at the 28S rRNA locus
have been identified between parasites isolated from PKDL cases and visceral
leishmaniasis cases [233]. However, the significance of these polymorphisms is
unclear. Atthe mRNA and protein level, a number of surface proteins are
overexpressed in parasites isolated from PKDL patients, including gp46, gp63 and
amastin, but the difference was minor (two-fold difference in protein levels)
[234]. Since gp46 levels are low in L. tropica patients, this protein may not be
required to establish cutaneous lesions [102].

PKDL has also been associated with downregulation of MAPK, Uba5, Al
and A2 mRNA levels. Low levels of Uba5 and A2 may therefore be associated
with cutaneous disease whereas high levels inhibit lesion formation in the skin. In
contrast, MAPK and A1 levels are higher in L. tropica cutaneous lesions than in
PKDL lesions, but lower than in visceral disease [102]. Therefore, MAPK and
A1 may not be general determinants of cutaneous disease. More studies are
therefore required to identify parasite factors that mediate the switch from visceral
leishmaniasis to PKDL and to confirm their importance in pathogenesis.

A number of studies have also looked at host risk factors associated with
development of PKDL (reviewed in [235]). Increased IL10 [236,237,238,239],
TNFa [240,241] and TGFp [238], as well as IFNy receptor polymorphisms [242],
have all been reported to be associated with increased risk of PKDL. Treatment
choices may also influence whether the patient develops PKDL: treatment with

amphotericin B has been associated with fewer subsequent cases of PKDL than
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treatment with pentavalent antimonials, possibly due to lower IL10 and TGFf3

levels following treatment with amphotericin B [238].

1.5 Host determinants of visceral leishmaniasis
1.5.1 Protective immunity against visceral leishmaniasis

An effective Thl cellular immune response is required to control
infection: IL12 released by antigen presenting cells contributes to the
differentiation of Th1 cells. These release IFNy, resulting in macrophage
activation and the production of leishmanicidal NO [243] (Figure 1.9). However,
an [FNy-mediated response is not sufficient since new studies indicate that
visceral leishmaniasis patients are also able to produce IFNy in response to
Leishmania antigen [244]. Disease is strongly correlated with the production of
high amounts of IL10 [244,245], a potent immunoregulator that supresses Thl
responses and inhibits leishmanicidal functions [246].

There is however significant differences in disease progression and
immune response between organs in visceral leishmaniasis in the BALB/c
intravenous model of infection. Infection in the liver is self-resolving and
involves granuloma formation, while infection in the spleen and bone marrow is
persistent and progressive [243,247].

Infected Kupffer cells in the liver secrete chemokines such as CCL2,
CCL3 and CXCL10 that lead to early macrophage and neutrophil recruitment.
CD4+ and CD8+ cells are recruited later to the granuloma. IFNy and TNFa

activate macrophages to produce reactive oxygen and nitrogen species, leading to

37



parasite killing. IL4 is involved in granuloma resolution and priming CD8+ cells,
indicating that both Th1 and Th2 responses are required for resolution of visceral
leishmaniasis [243].

In the spleen, red pulp macrophages, marginal zone macrophages and
marginal metallophilic macrophages phagocytose parasites. Chemokine
production by spleen stromal cells induces dendritic cell and T cell recruitment.
Dendritic cells then present parasite antigens to T cells and produce IL12 to
induce Th1 differentiation. However, past day 14 post-infection, heavily infected
macrophages produce high amounts of TNFa, leading to destruction of the spleen
architecture, and subsequently to decreased T cell and dendritic cell recruitment to
the spleen [243].

T cells are primed in the spleen and then migrate to the liver to promote
healing. Therefore, the inability to resolve infections in the spleen is not due to
failure to activate T cells, but may rather be due to an inability of T cells to reach

infection foci due to the disruption of the spleen microarchitecture [248].

1.5.2 Genetic background

The ratio of subclinical to symptomatic visceral leishmaniasis is estimated
at up to 18 to 1 [249], demonstrating that many people infected with visceral
Leishmania species develop an effective immune response and do not manifest
clinical disease. The host genetic background influences the development of
disease [250,251] (reviewed in [252,253,254]). In particular, NRAMPI plays a

key role in susceptibility to visceral disease [255]. A number of cytokines,
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chemokines and their receptors (TNFa, [256]; IL4 [257]; TGFP [258]; IL2
receptor [259]; CXCR2 [260]) as well as mannan-binding lectin [261] and the
Delta-like 1 ligand for Notch 3 (DLL1) [262] have also been associated with

symptomatic versus asymptomatic disease.

1.5.3 Poverty and susceptibility to visceral leishmaniasis

Malnutrition increases the risk of developing symptomatic visceral
leishmaniasis in humans [263,264] (recently reviewed in [265]) and in
experimental mice models [78]. Malnutrition is associated with decreased NO
and TNF levels in the visceral organs, and increased prostaglandin E2 (PGE2)
production [78]. These observations could partially explain why visceral
leishmaniasis is closely associated with poverty [32]. Similarly, poverty is
associated with poor housing conditions and lack of bed nets that increase
exposure to sand flies and therefore to the parasite [32,266]. Conversely, the
human and financial cost of leishmaniasis reinforces poverty, generating a

vicious cycle [32].

1.5.4 Co-infections and susceptibility to visceral leishmaniasis

AIDS is associated with significantly increased risk of visceral disease
(reviewed in [267]). Visceral leishmaniasis in HIV-co-infected individuals has
atypical disease manifestations, such as the presence of cutaneous lesions as well

as visceral parasitemia [268], and detection of parasite in the skin, lungs and
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gastrointestinal tract [269]. Visceral leishmaniasis in these patients can also be
caused by strains and species that normally cause cutaneous disease [270].

Although co-infection with HIV has generated a lot of attention, many
other pathogens are found in Leishmania-endemic regions. This is the case for
example in Africa where L. donovani and schistosomes can both be found. In
experimental C57BL/6 mouse infections, prior infection with Schistosoma
mansoni (a causative agent of schistosomiasis) was associated with increased
spleen and liver parasite burden at later time points, possibly by generating a
microenvironment favourable to L. donovani in the schistosome egg granuloma
[271]. Similarly, prior infection with Plasmodium chabaudi chabaudi AS was
also associated with higher Leishmania infantum spleen parasite burden [272].
Simultaneous infection with L. infantum and Toxoplasma gondii also increased
the spleen parasite burden [273].

In contrast, prior infection with Trichinella spiralis [274] or with L3
larvae of Brugia malayi (a causative agent of lymphatic filariasis), as well as
simultaneous infection with adult Brugia malayi and L. donovani was associated
with decreased spleen parasite burden, most likely due to induction of Thl
responses in the case of L3 larvae [275]. Therefore, the outcome of co-infections

depends on the parasite species involved and the immune response generated.

1.5.5 Sand fly saliva and immunity to visceral leishmaniasis

During a bloodmeal, sand flies inject salivary components in addition to

parasites. Salivary proteins inhibit Thl responses and favour Th2 non-protective
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responses [276,277,278]. For example, maxadilan from Lutzomyia longipalpis
saliva decreased IFNy, IL-12, TNFa and NO production [278,279] and promoted
IL-10, TGF-B and PGE2 synthesis [279,280]. Lutzomyia longipalpis saliva also
decreased dendritic cell maturation [281]. Sand fly salivary components can
therefore exacerbate infection [282] and vaccines that were protective against
needle challenge were unsuccessful against sand fly challenge or challenge in the
presence of salivary gland homogenate [45].

In contrast, exposure to sand fly salivary components prior to Leishmania
infection can be protective: immunization with sand fly salivary proteins was
protective against visceral leishmaniasis in hamsters [50]. In human volunteers,
decreased macrophage infection levels were observed in an in vitro restimulation
assay one year following exposure to sand fly bites [283]. Evidence in the field is
more limited. Higher antibody levels against sand fly salivary proteins were
associated with decreased seropositivity to Leishmania antigens in dogs,
suggesting that exposure to sand flies and development of an immune response to
sand fly components leads to decreased infection rates [284]. Conversion from a
negative to a positive anti-L. chagasi delayed-type hypersensitivity test, indicative
of exposure and protective responses to the parasite, also coincided with the
production of antibodies to Lutzomyia longipalpis [285,286]. However, multiple
sand fly bites over 15 weeks in BALB/c mice was associated with decreased
responses to saliva components [287], suggesting that protection may wane over

time in endemic areas [288].
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1.6 Vaccines against visceral leishmaniasis

Although drug treatments do exist against visceral leishmaniasis, there are
still important toxicity and resistance concerns. A prophylactic vaccine is
therefore desirable, and computer simulations show that such a vaccine could be
cost-effective [30]. Clearance of an infection is associated with protection from
re-infection [289], so vaccination against visceral leishmaniasis should be

possible.

1.6.1 Desirable characteristics of a vaccine against visceral leishmaniasis

The contrast between Thl healing responses and Th2 non-healing
responses are a key paradigm of immunity to cutaneous L. major. However,
protective immunity to visceral species does not follow a clear Th1/Th2
dichotomy. Under experimental conditions, many protective vaccine
formulations for visceral leishmaniasis are associated with a mixed Th1/Th2
response rather than a bias towards Th1 (see for instance [105,290,291,292]). The
levels of pre-challenge IL4, IFNy and IL12 have been correlated with the level of
protection [293] and a HASPB-1 (hydrophilic acylated surface protein B1)-based
vaccine which successfully protected wild-type mice from L. donovani was
ineffective in IL4- and IL4 receptor-deficient mice [294]. Induction of a Thl
response alone is also not sufficient for protection: DNA immunization with
LACK induced strong Th1 responses but was non-protective [295].

The IFNy to IL10 ratio may be a key determinant of vaccine-induced

protection [291], suggesting that Th1 responses are downregulated by IL10
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production rather than by IL4 responses [296]. This is supported by the
observation that ex vivo stimulation of whole blood samples from active visceral
leishmaniasis in humans was associated with high IFNy and TNFa production,
comparable to the production from samples from cured visceral leishmaniasis
patients, while baseline and post-stimulation IL10 levels were higher in active
visceral leishmaniasis patients than in cured patients [244]. A good vaccine
should therefore not induce high IL10 production.

In the case of cutaneous leishmaniasis, the frequency of multifunctional T
cells before challenge is a predictor of vaccine efficacy [297]. Their role in
vaccine-induced protection against visceral infection has not yet been as clearly
demonstrated, but a number of successful experimental vaccines were able to
induce multifunctional CD4+ cells producing IL2, TNFa and IFNy [298,299].

CD4+ T cell responses therefore play a key role in protection against
visceral leishmaniasis. CD8+ T cells can also be a source of IFNy and TNFa to
promote parasite killing and are also involved in granuloma formation.
Importantly for vaccine design, these cells also play an important role in
protection against reinfection [300]. CD8+ T cell levels are also enhanced in
asymptomatic patients, supporting observations from experimental models [301].
Therefore, vaccine antigens that promote CD8+ T cell activation would be
desirable. These may include proteins such as A2 that contain MHC I epitopes
[104] or vaccination with DNA constructs. The latter have been shown to

promote CD8+ T cell activation better than immunization with proteins [302].
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Cross-protection by alum-precipitated autoclaved L. major plus BCG
against L. donovani was observed in canine [303] and primate models of visceral
leishmaniasis [304,305] and conversely there is some evidence that immunization
with L. donovani is protective against cutaneous leishmaniasis [306]. Similarly,
immunization with suicide mutants of L. amazonensis was protective against
visceral disease in hamsters [307]. A direct comparison of autoclaved L. major
plus BCG to autoclaved L. donovani plus BCG in hamsters even suggested that a
L. major-based vaccine formulation was actually more protective than a vaccine
based on L. donovani. The differences were however non-significant when BCG
was omitted [308]. In contrast, immunization with L. major was unsuccessful
against visceral leishmaniasis and even exacerbated subsequent infections in
mouse models [309,310] and was non-protective in human trials [311].
Therefore, for a greater chance of vaccine success, immunization with antigens
closely related to challenge species may be desirable. This can be achieved either
by using different strains of the same species in the case of live-attenuated or
killed vaccines, or by choosing vaccine antigens that are conserved between the
different Leishmania species.

Given the differences in the progression of the infection between the
spleen and liver, vaccine formulations do not necessarily generate the same level
of protection in both organs. Indeed, many live vaccines lead to protection only
in the liver and not the spleen (Table 1.4). The best candidate would therefore be

a vaccine leading to protection in both spleen and liver.
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Parasite persistence is required for protection against reinfection with L.
major [312,313]. However, repeated exposure to the antigen can substitute for
parasite persistence [314], suggesting that antigen persistence rather than parasite
replication is required. The role of antigen persistence in resistance against
visceral infection is less clear. Complete parasite clearance does not occur in the
liver and yet the liver is resistant to reinfection, implying a role for parasite
persistence in protection against visceral disease there [243]. However, in
contrast, chronic spleen infection is associated with CD8+ cell exhaustion, and
given the importance of CD8+ cells in protection against reinfection, parasite

persistence in the spleen may not be desirable [315].

Finally, a vaccine against visceral leishmaniasis should be cost-effective,
especially given that most leishmaniasis cases occur in some of the poorest
regions of the world [316]. Computer simulation models indicate that a vaccine
costing less than 5% would be cost-effective regardless of efficacy. Compared to
single-dose AmBisome treatment, a 30$ vaccine would be cheaper than treatment

only at an efficacy of 75% [30].

1.6.2 Factors influencing vaccine efficacy

A number of characteristics influence vaccine efficacy. In particular,
parasite dose can determine whether a protective or non-protective response is
induced. Low L. major doses were protective against cutaneous leishmaniasis (as

low as 33 promastigotes [317]), while intermediate or high L. infantum doses
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protected against visceral disease (10* to 10” in the spleen, 10* to 107 in the liver
depending on the study and the immunization route [290,310], see below). These
observations highlight the differences between vaccines for cutaneous and
visceral disease and the dangers of generalizing the observations from one disease
model to the other.

The required dose also differs depending on the immunization site: in the
case of visceral leishmaniasis, 4 weeks subcutaneous immunization with 107 L.
chagasi was protective in the liver, while lower doses (10, 10*) were not. Spleen
parasite burden was not determined [310]. In contrast, intravenous immunization
with 10* to 107 L. infantum for 4 weeks was protective in the liver, even with a
three-fold higher challenge dose. Only immunization doses of 10* and 10° were
protective in the spleen [290] (Table 1.4). Although one study was performed
with L. chagasi and the other with L. infantum, these two parasites are considered

close enough to represent the same species [5].

Vaccine efficacy is also dependent on immunization site: immunization
with L. tarentolae was more effective against visceral leishmaniasis when
immunizing parasites were injected intraperitoneally rather than subcutaneously
[318]. Such an impact of immunization site was also observed with immunization
with parasite fractions rather than whole parasites: intraperitoneal or intravenous
immunization with L. donovani membrane antigens were protective against
visceral leishmaniasis, while subcutaneous and intramuscular immunization
routes were unsuccessful [319]. This may be due to differences in the strength

and characteristics of the immune response generated depending on the
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immunization site: intraperitoneal and intravenous immunization was associated
with stronger cellular immune responses and lower TGFf production [319].
However, the successful route is dependent on the immunization protocol: in
contrast with the previous study, others have shown that subcutaneous infection
with L. donovani rather than intraperitoneal or intracardiac infections induced the

strongest Th1 immune responses [320].

The interval between immunization and challenge also influences the
outcome of the vaccination: in the case of immunization with live Leishmania
parasites, at least a 4 week delay between immunization and challenge was
required. Vaccines that were successful with a 4 week delay were non-protective
when 1-2 week delays were tested [310,321] (Table 1.4).

To generate the desired type of immune response leading to protection,
adjuvants can be added to the vaccine formulations. First-generation vaccine
trials used BCG, sometimes in combination with alum precipitation of the antigen
[322]. Current licensed canine vaccines use saponin [323] and human trials are
using MPL-SE [322]. BCG is still used for immunization against tuberculosis
and promotes cellular immune responses [322]. Alum (aluminum salts) promotes
Th2 responses with eosinophil recruitment and enhanced IgE and IgG1
production [324]. Saponin is produced from tree bark and promotes cell-mediated
immune responses [322]. Monophosphoryl lipid A (MPL) is a chemical
modification of the lipid A portion of LPS, a TLR4 agonist. MPL promotes
strong Th1 responses with low levels of [L4 and IL10. MPL can be formulated

with squalene (SE) as an oil-in-water emulsion, MPL-SE. Alum, MPL and AS04,
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a combination of alum and MPL, are licensed for use in the United States. An
adjuvant formulation based on glucopyranosyl lipid adjuvant in an oil-in-water
emulsion (GLA-SE) induces similar but more potent responses than MPL-SE.
Finally, CpG oligodeoxynucleotides activate cells via TLR9 and induce IL-12,
TNF-a, and IFN-y production [324].

Delivery systems can also be used to promote antigen uptake by antigen
presenting cells. Formulation of the vaccine as an oil-in-water emulsion, for
instance by the addition of squalene, promotes antigen maintenance at the site of
injection, leading to gradual release of the antigen and continued stimulation.
However, this is associated with a number of side effects that may be undesirable
for human use. Formulations involving liposomes can promote antigen uptake
and presentation by antigen presenting cells. They have been shown to promote

humoral immune responses and may also activate CD8+ T cells [322].

1.6.3 First-generation vaccines against visceral leishmaniasis
1.6.3.1 First-generation vaccine trials

First-generation vaccines include killed or live-attenuated parasites. These
vaccines were based on the practise of leishmanization whereby individuals are
inoculated with parasites in a hidden body location, to protect against the
formation of cutaneous lesions in visible locations. Leishmanization was
performed in Israel in the 1970s and Iran in the 1980s, but has since then been

discontinued [325].
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Clinical trials of first-generation vaccines were conducted in humans,
focusing mainly on cutaneous leishmaniasis [326]. A meta-analysis of all phase 3
clinical trials using first-generation killed whole parasite vaccines against
cutaneous leishmaniasis indicates that all but one were unsuccessful in protecting
against disease. The only successful study involved a combination of L.
amazonensis, L. guyanensis and L. braziliensis inactivated by merthiolate and
adjuvanted with BCG [326].

Evidence that leishmanization may protect against visceral leishmaniasis
comes from a study in Sudan where it was observed that only individuals
unresponsive to the leishmanin skin test (not previously exposed to Leishmania)
developed visceral disease [327]. Immunization with live Leishmania parasites
was found to be protective in mice, hamsters and dogs against visceral
leishmaniasis [328] (Table 1.4). Heat-killed and autoclaved L. donovani were
protective in mice against visceral leishmaniasis [329]. The only human study that
investigated protection against visceral disease used autoclaved L. major in
combination with BCG and did not detect any vaccine-specific protection against

visceral leishmaniasis compared to BCG alone [311].

1.6.3.2 Advantages and disadvantages of first-generation vaccines

Although live-attenuated vaccines are often considered less desirable than
killed or recombinant vaccines, live-attenuated vaccines are still used for many
diseases, including measles, mumps, rubella and chickenpox (Table 1.5) [330].

Live-attenuated or killed whole parasite vaccines include many different

49



immunogenic antigens, unlike defined protein or DNA vaccines. Live-attenuated
vaccines may also persist longer in the host [289]. This is especially important in
the case of leishmaniasis since antigen persistence is involved in vaccine efficacy
(see section 1.6.1). Therefore, live-attenuated vaccines for leishmaniasis should
not be ruled out.

Leishmanization for cutaneous leishmaniasis was discontinued due to
concerns regarding non-healing lesions at the site of immunization [325]. In the
case of cutaneous leishmaniasis, side effects for vaccines are especially
significant since the disease is usually self-healing. However, given the severity
of visceral leishmaniasis, such side effects may not be as much of an obstacle. In
addition, some new advances have been developed to mitigate these effects. In
particular, mixing killed L. major with live L. major was associated with delayed
lesion development. Adding CpG oligodeoxynucleotides to live L. major was
also associated with significantly smaller lesion size and lower parasite burden,
most likely due to increased IFNy production. These vaccine formulations were
all protective. Given that one of the arguments against leishmanization is the
formation of large lesions, in some cases non-healing, these observations suggest
that the addition of CpG or CpG plus killed parasites may mitigate this effect and
make leishmanization more acceptable [331].

Another concern regarding first-generation vaccines is the difficulty of
standardizing vaccine preparations [323]. In addition, parasite virulence and
vaccine efficacy tend to wane with continued parasite cultures. Attenuated

parasites may also revert to a virulent phenotype [323]. Although this is less
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likely to occur in parasites where attenuation occurred in a defined manner, for
example by knockout of all alleles of a virulence factor, compensatory mutations
could occur over time to increase virulence. This was observed in the case of
LPG2 knockout parasites [332] and HSP100 knockouts [333], indicating that such
a reversion is a real possibility.

The most significant argument against live-attenuated vaccines is the fact
that they could not be used to immunize HIV-positive patients since persistent
parasites could lead to disease [323]. HIV-positive patients represent 2-9% of all
visceral leishmaniasis cases, but this figure can reach up to 30% in certain
regions, a non-negligible proportion of leishmaniasis cases [316]. The use of
parasites with suicide cassettes has been proposed to ensure parasite clearance
[118,307]. However, defined protein or DNA vaccines may represent the only

suitable option for these patients.

1.6.4 Second- and third-generation vaccines
1.6.4.1 Second- and third-generation vaccine trials for Leishmania

Second- and third-generation vaccines are composed of parasite fractions
or recombinant antigens, either delivered directly or by DNA vaccination. A
large number of antigens have been investigated mainly in mice models, either
singly or in combination. Defined antigens used for protein or DNA
immunization include for instance gp29 [334], A2, gp63, LACK, cysteine
peptidases, histone proteins (see Table 1.6)... DNA immunization has the

advantage that the plasmid backbone contains unmethylated CpG dinucleotides,
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leading to an adjuvant effect and inducing both humoral and cellular immune
responses [322]. DNA vaccines are often very immunogenic and they are stable,
making them suitable for tropical regions [328].

Two second-generation vaccines are currently in clinical development.
The first is Leish-F1 (previously known as Leish 111f), a fusion of the thiol-
specific-antioxidant antigen (TSA), L. major stress-inducible 1 (LmSTI1), and
Leishmania elongation initiation factor (LelF) adjuvanted with MPL-SE [335].
This vaccine has been shown to be safe and immunogenic in a phase 1 trial in
India for visceral leishmaniasis [336] and in phase 1 and 2 trials for cutaneous
leishmaniasis in South America [337,338]. It was however unsuccessful in a
phase 3 trial in dogs against L. infantum [339]. The second, known as Leish-F3, is
a fusion peptide of nonspecific nucleoside hydrolase (NH) and sterol 24-c-
methyltransferase adjuvanted with GLA-SE [340] and is beginning phase 1 trials
in the United States and India [338].

Preclinical trials are taking place for three other vaccines. The first, called
Rapsodi, is a protein-based vaccine using the promastigote surface antigen (PSA).
The second uses a viral vector and is being developed at York University, and the

third is a DNA construct under the name Leishdnavax [335].

1.6.4.2 Advantages and disadvantages of second and third-generation
vaccines
A major advantage of second- and third-generation vaccines is their safety

compared to live-attenuated vaccines [19]. Second-generation vaccines are also
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easier to standardize than live or killed Leishmania preparations [19]. Protein-
based vaccines may not be as immunogenic as whole cell vaccines, but this can be
remedied by the addition of adjuvants [19,289]. Given the role of antigen
persistence in protection against leishmaniasis, the protection induced by second-
generation vaccines may also not be as durable as the protection generated by
live-attenuated parasites [312,313]. In addition, although DNA vaccines are
stable [328], protein-based formulations may not be stable under tropical
conditions [19]. Finally, second- and third-generation vaccines are more
complicated to produce and require more sophisticated equipment to generate

them than first-generation vaccines, making them a more expensive option [289].

1.6.5 Licensed Leishmania vaccines

Three vaccines are licensed for canine leishmaniasis. The first,
Leishmune, is composed of the fucose-mannose ligand (FML) fraction of the
parasite. In addition to protecting immunized dogs from disease, it also prevents
vector transmission. This is especially important given that dogs are an important
reservoir of disease. The second vaccine, Leish-Tec, is based on recombinant A2
[323]. Both are licensed in Brazil. Finally, a vaccine composed of the purified
excreted-secreted proteins of Leishmania infantum is licensed in Europe under the

name CaniLeish [341]. All of these vaccines are adjuvanted with saponin.
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1.7 Rationale and objectives of research

Visceral leishmaniasis is one of the most fatal tropical diseases, while
cutaneous leishmaniasis is self-healing. A key question of leishmaniasis research
is therefore the identification of factors that determine whether infection will lead
to a limited, contained cutaneous lesion, or to fatal dissemination to the visceral
organs.

Introducing A2 proteins into L. major allows this cutaneous parasite to
establish a visceral infection, indicating that A2 is a key determinant of
visceralization. However, the mechanisms by which A2 promotes visceralization
are still unknown. Environmental stressors differ significantly between cutaneous
and visceral species (see section 1.2.2). Therefore the first objective of this thesis
was to investigate the relationship between A2, the parasite stress response and
parasite survival, with the goal of providing a mechanism to explain the role of
A2 in visceralization.

Comparing L. major and L. donovani has been very helpful in identifying
a number of factors that contribute to parasite virulence and the development of
visceral disease. However, the evolutionary distance between these two species
makes further comparisons difficult. Studying closely related strains of the same
species that cause different disease manifestations can allow us to identify the
most important determinants of the switch between cutaneous and visceral
disease. Using two clinical L. donovani isolates from Sri Lanka, one from a
cutaneous leishmaniasis patient and one from a visceral leishmaniasis patient, the

second objective of this thesis was to identify factors that mediate the attenuation

54



of the cutaneous L. donovani strain. Given the importance of A2 in L. donovani
virulence, we focused first on comparing A2 levels between these strains and on
examining the role of A2 in the virulence of these two isolates.

Finally, although parasite characteristics play an important role in
determining disease phenotype, host genetic background and history also
influence the development of symptomatic disease. Given the low rates of
visceral leishmaniasis in Sri Lanka and the high incidence of cutaneous disease,
we hypothesized that prior exposure to the cutaneous strain could protect from
visceral leishmaniasis. Studying this question would allow us to guide disease
control efforts in Sri Lanka. In addition, there is no human vaccine against
leishmaniasis. A successful natural model of immunization would help vaccine
development. Therefore, the final objective of this thesis was to investigate
whether immunization with a cutaneous isolate from Sri Lanka protects against
visceral disease caused by a visceral clinical isolate from Sri Lanka, in a mouse

model of leishmaniasis.
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1.8 Tables

Table 1.1 Leishmania species and disease phenotype.

Visceral leishmaniasis

Common

L. donovani
L. infantum
L. chagasi (=L. infantum)

Rare

L. tropica
L. amazonensis
L. mexicana
L. colombiensis
L. siamensis

Mucocutaneous leishmaniasis

Common

L. braziliensis

Rare

L. panamensis
L. amazonensis
L. guyanensis

Cutaneous leishmaniasis

Common

L. major
L. tropica
L. aethiopica
L. amazonensis
L. mexicana
L. braziliensis
L. peruviana
L. guyanensis

Rare

L. infantum
L. donovani

Adapted from [14].
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Table 1.2 A2 studies.

Parasite Method Impact on A2 | Axenic culture In vitro macrophage In vivo BALB/c infection Ref
species protein levels infection
pro ama % ama / Footpad Spleen Liver
infected | macrophage | infection parasite | parasite
burden burden
L. donovani | antisense loss of all A2 no effect | no effect | no effect | 2.6x decrease 25x [99]
plasmid isoforms decrease
L. donovani | knockout loss of 8 A2 slight slight 3x [54]
type 1 isoforms decrease | decrease decrease
L. donovani | knockout loss of one A2 | slight slight 2x [54]
type 11 isoform decrease | decrease decrease
L. donovani | knockout loss of 8 A2 large large 3x [54]
5’BleT isoforms; decrease | decrease decrease
downregulation
of one isoform
L. major A2 One additonal | no effect no effect | no effect decreased | 3x similar to | [54]
expression | A2 isoform swelling; increase | spleen [46]
plasmid 6-8x
decreased
parasite
burden
L. major A2 cosmid | three A2 no effect no effect | no effect no swelling [46]
isoforms

pro, promastigote. ama, amastigote
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Table 1.3 Leishmania genes implicated in the development of visceral disease.

L. infantum | L. major L. mexicana L. braziliensis | Name and Effect of introduction into L. Effect of | Ref
localization | major KO in L.
Spleen Liver Footpad donovani
parasite | parasite
burden | burden
LinJ.15.0900 | pseudogene LmxM.15.0840 | absent nucleotide 20x 18x increased | no [126]
LmjF.15.0840 sugar increase | increase | swelling | change
transporter
Golgi
LinJ.22.0670 | pseudogene LmxM.22.0691 | absent A2 3x 6-8x LDU: [46]
LmxM.22.0692 Stress increase decrease | 25x [54]
response in decrease | [57]
Endoplasmic parasite [99]
reticulum burden [342]
LinJ.28.0340 | pseudogene pseudogene pseudogene Hypothetical | 11x 14x 2x LDU and | [125]
LmjF.28.0420 | LmxM.28.0420 | LbrM.28.0430 | protein increase | increase | increase spleen:
Cytosol in 200x
swelling | decrease
LinJ.36.2480 | pseudogene LmxM.36.2350 | absent GAPDH 8x 7x Liver: 4x | [127]
LmjF.36.2350 Cytosol increase | increase decrease
Spleen:
10x
decrease
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Table 1.4 Metabolically active Leishmania vaccine studies.

Immunization Challenge Protection
Animal | Parasite species Dose | IM | SC | IP | IV | Time before | Parasite | Dose | Spleen | Liver | Ref.
model challenge species
(weeks)
BALB/c | L. tarentolae 5x10° v |V 6 L. 5x107 | v/ v [318]
donovani
BALB/c | L. infantum 10* v | 4 L. 3x107 | v v [290]
10° v 12 infantum 7 7
10° v |4 X v
107 Vo4 X v
10’ v 120 v v
10* v 120 v v
10° v |20 v v
BALB/c | L. infantum 10° vl L. 10 | X X [321]
10° v 2 infantum X 7
10° v |52 X v
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Immunization Challenge Protection
Animal | Parasite species Dose | IM | SC | IP | IV | Time before | Parasite | Dose | Spleen | Liver | Ref
model challenge species
(weeks)
BALB/c | L. chagasi 10 v 2 L. 10" |ND. |X [310]
10° v 2 chagasi ND. [X
107 v 2 ND. |X
10? v 4 ND. |X
10* v 4 ND. |NS.
107 v 4 ND. |V
attenuated L. chagasi 10’ v 4 N.D. X
L. chagasi 10 v 6 N.D. X
10* v 6 ND. |NS.
107 v 6 ND. |V
107 v 8 ND. |V
L. major 10 v 4 N.D. X
107 v 4 ND. |X
BALB/c | L. major 10° v 12 L. 107 | X N.D. | [309]
infantum
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Immunization Challenge Protection
Animal | Parasite species Dose | IM | SC | IP | IV | Time before | Parasite | Dose | Spleen | Liver | Ref
model challenge species
(weeks)
BALB/c | L. donovani long-term | 10’ v 4 L. 100 | v v [343]
culture (>7 passages) donovani
dogs L. infantum + 10° v 52 L. 10 | v v [344]
gentamicin infantum
BALB/c | y-irradiated L. donovani | 2x10° | v/ 4 L. 2x10° | v/ v [345]
donovani
BALB/c | L. infantum chagasi | 10’ v 2 L. 10" |ND. |V [292]
] t
L. infantum chagasi + 10 v 2 infantum N.D. v
DNA cross-linking
(“killed but
metabolically active”)
L. infantum chagasi | 10’ v 8 ND. |V
L. infantum chagasi + 10’ v 8 N.D. v
DNA cross-linking
(“killed but
metabolically active”)
v Protection X No protection N.D. Not determined N.S. Not significant
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Table 1.5 FDA-approved live-attenuated vaccines.

Bacterial diseases
Tuberculosis
Typhoid fever

Plague

Viral diseases

Adenovirus

Chicken pox (varicella)
Herpes Zoster

Influenza (some formulations)
Measles

Mumps

Rotavirus

Rubella

Small pox

Yellow fever

Based on information from [330].
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Table 1.6 Defined second- and third-generation vaccines.

Antigen | Animal model Delivery system
Mouse | Hamster | Dog | Protein | DNA | Other

A2 v v v v

Cysteine | v v v v

peptidases

dp72 v v

F14 v v

y-GCS v v

gp29 v v

gp63 v v Salmonella

H2A, v v

H2B, H3,

H4 and

LACK

HASPB1 | Vv v

KMP11 v v v

LACK 4 v v Vaccinia

virus

LCR1 v v BCG

LD9, 4 v

LD72,

LD5I1,

LD31

Leish- v v v

111f

NH36 v v

ORFF v v v

PapLe22 v v

Q protein | v/ v v

Q protein is a fusion of Lip2a, Lip2b, PO, H2A. Adapted from [323], with

additional information from [334].
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1.9 Figures

Figure 1.1 Leishmania taxonomy.

Leishmania are protozoan parasites from the order Kinetoplastida, family
Trypanosomatidae. They are divided into the Leishmania and Viannia subgenera,
which are further divided into species complexes and species. This figure only
shows species from the section euleishmania since the classification of species

from the section paraleishmania is still under debate. Adapted from [1] and [211].
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Figure 1.2 Leishmania lifecycle.

Leishmania promastigotes are transmitted to the mammalian host by a sand fly
vector. Although several cell types can harbour parasites, the main host cell is the
macrophage. Within the macrophage phagolysosome, promastigotes differentiate
into amastigotes. Amastigotes can then be taken up by sand flies during a
bloodmeal. Within the sand fly gut, amastigotes differentiate into promastigotes,

thereby completing the parasite lifecycle. From [346].
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Figure 1.3 Leishmania disease manifestations.

There are three main forms of leishmaniasis: cutaneous leishmaniasis where
parasites remain at the site of the sand fly bite (A), mucocutaneous leishmaniasis
with parasite metastasis to the mucosal tissues of the nose, mouth and throat (B),
and visceral disease in which parasites disseminate to the bone marrow, liver and
spleen, leading to high fever and hepatosplenomegaly (C). Post-kala azar dermal
leishmaniasis (PKDL) may occur following successful treatment of visceral

leishmaniasis (D). A-C are from [1], D is from WHO.
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Figure 1.4 Geographic distribution of leishmaniasis.

Leishmaniasis is found mainly in tropical and subtropical regions. Most
cutaneous and mucocutaneous cases occur in South America, Africa, the Middle
East and South East Asia (A). Visceral leishmaniasis has a similar distribution
(B), with the majority of cases in India, Nepal, Bangladesh, Sudan, Ethiopia and

Brazil. Maps from [19].
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Figure 1.5 Factors influencing the development of symptomatic visceral

leishmaniasis.

Host determinants Parasite determinants

Genetic background: Speciesjspeciﬁc genes:
« NRAMP1 * A2 (Lin].22.0670)

* Cytochine, chemokines and their receptors * LinJ.28.0340

« TNFa * Nucleotide sugar transporter (LinJ.15.0900)
. IL4 * Cytosolic GAPDH (LinJ.36.2480)
* TGFp )
« IL2 receptor Different mRNA profiles:
« CXCR2 * proteases
* Mannan-binding lectin ‘ kmgses
« Delta-like 1 ligand for Notch 3 (DLL1) * antioxidants . .
« carbohydrate and lipid metabolism
Acquired differences: * gp46 .
« AIDS * Proteophosphoglycan family

¢ Other co-infections

* Pre-exposure in utero

» Exposure to cutaneous strains
¢ Immunization

* Malnutrition

* Age

Different protein expression patterns
Different post-translational modifications

Other unknown determinants:

* Different PGE2 level

« Different pro-inflammatory cytokine production
« Differences in polyamine metabolism

Symptomatic visceral leishmaniasis

f

Vector determinants

* Vasodilatation
« Infective dose
 Immunity to sandfly salivary proteins
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Figure 1.6 A2 genetic organization.

A2 genes are arranged in tandem arrays with internal A2rel genes in the L.
donovani genome. 5’A2rel genes are located at the 5° end of the array, and

3’ A2rel genes at the 3’end (A). A2 genes in L. donovani are composed of a
leader sequence followed by 40-90 copies of a ten amino acid repeat sequence.

All but one of these repetitive units are absent in L. major (B). Figure from [46].
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Figure 1.7 Species-specific genes.
Completion of the L. major, L. mexicana, L. braziliensis and L. donovani
genomes has highlighted a number of species-specific genes present only in some

Leishmania species but absent in the others. From [122].
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Figure 1.8 Leishmania antioxidant systems.

Electrons from NADPH are transferred to trypanothione reductase, which reduces
trypanothione. In turn, electrons are then transferred to a redox shuttle such as
tryparedoxin, ascorbate or glutathione. Peroxidases perform the final electron
transfer reaction to reduce oxidants. Peroxidases in Leishmania include 2-
cysteine peroxiredoxins, non-selenium glutathione peroxidases and ascorbate

peroxidases. From [134].
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Figure 1.9 Immune response to Leishmania.

Following a sand fly bloodmeal, parasites can be taken up by neutrophils,
macrophages and dendritic cells. Innate defenses against Leishmania include the
generation of reactive oxygen species (ROS) and neutrophil extracellular traps
(NETs). Infected dendritic cells are the main source of IL12, which stimulates the
production of IFNy by Thl cells, CD8+ T cells and natural killer cells. IFNy
induces a leishmanicidal response in infected macrophages with autocrine TNFa
secretion and production of reactive oxygen species by NADPH oxidase (Phox)
and nitric oxide by the inducible nitric oxide synthase (iNOS), leading to parasite
clearance. IL4 is also involved in the induction of a protective response. 1L10
promotes parasite persistence by downregulating nitric oxide and ROS production

and TNFa secretion. Adapted from [347].
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Chapter 2

Localization and induction of the A2 virulence factor in Leishmania:

evidence that A2 is a stress response protein.

Laura-Isobel McCall and Greg Matlashewski

Department of Microbiology and Immunology, McGill University

Montreal, Quebec, Canada, H3A 2B4

Adapted from Molecular Microbiology with permission from Wiley.
McCall LI, Matlashewski G (2010) Localization and induction of the A2
virulence factor in Leishmania: evidence that A2 is a stress response protein.

Molecular Microbiology 77: 518-530.

2.1 Preface

A2 is a key determinant of visceral leishmaniasis [54,99] (see section
1.4.1). However, the mechanism by which it increases parasite survival in
visceral organs is unknown. To gain further insight into the function of A2, we
investigated its subcellular localization by immunoprecipitation and
immunofluorescence. A key difference between cutaneous and visceral parasites
is the fact that visceral species must be able to survive at the high temperatures

caused by the fever observed in visceral leishmaniasis (see section 1.2.2). We
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compared the sensitivity of L. major and L. donovani to heat shock and assessed
the impact of ectopic A2 expression on the survival of L. major. These
observations provide the first insight into the function of A2 and the mechanisms

by which it promotes visceral leishmaniasis.

2.2 Abstract

Leishmaniasis is a vector-borne infectious disease with a wide range of
pathologies depending on the species of Leishmania. Leishmania parasites are
transmitted by the sand fly vector as promastigotes; within the mammalian host,
Leishmania parasites differentiate into amastigotes and replicate in macrophages.
The A2 protein from L. donovani is expressed predominantly in amastigotes and
therefore likely plays a role in survival in the mammalian host. In the present
study, we have determined that the A2 protein colocalized with the Leishmania
endoplasmic reticulum (ER) Binding Protein, BiP, was induced by stress and
complexed with BiP following heat shock. The A2 gene in L. major is a non-
expressed pseudogene and we present evidence that ectopic expression of a
transfected A2 gene in L. major enhanced its viability following heat shock. A2
may therefore play a role in protecting L. donovani from stress associated with
infection in visceral organs, including the fever typically associated with visceral
leishmaniasis. Interestingly, when comparing A2 protein localization, we also
observed that the Leishmania Secreted Acid Phosphatase SAcP protein was
transported out of the parasite-containing phagolysosome and was located

throughout the macrophage cytoplasm in vesicles, providing the first example of a

75



secreted Leishmania-derived protein exiting the parasite-containing

phagolysosome.

2.3 Introduction

Leishmaniasis is an infectious disease transmitted by a sand fly vector,
affecting more than twelve million people worldwide, with two million new cases
each year and over 300 million people at risk. The pathologies of human
leishmaniasis range from fatal infection of the visceral organs to relatively mild
cutaneous infection and this is largely dependent on the species of Leishmania
[192]. With warming temperatures, the range of sand fly transmission of
leishmaniasis is predicted to expand, and with it, the population at risk of
infection. Co-infections with the Human Immunodeficiency Virus (HIV) are also
increasing the risk of developing visceral leishmaniasis [348]. A better
understanding of the mechanisms of Leishmania pathogenesis may help develop
improved interventions that could limit the spread of the disease.

Infection is initiated by injection of the promastigote form of the parasite
from the sand fly bite, which then enters and replicates in the macrophage
phagolysosome compartment. Once in the phagolysosome, the promastigotes
differentiate into amastigotes, which can subsequently infect other macrophages
or be ingested by a feeding sand fly. In the gut of the sand fly, amastigotes
differentiate back into promastigotes, thereby completing the parasite life cycle
[192]. Macrophages represent the main host cell for parasite replication during

mammalian infection, and consequently, intracellular Leishmania amastigotes are
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able to affect the macrophage metabolism in multiple ways [135]. However, the
details of how amastigotes survive inside the macrophage and alter its function
remain poorly understood.

The A2 protein from L. donovani is expressed at high levels in axenic
amastigote cultures and at low levels in promastigote cultures, and has been
shown to be required for L. donovani amastigote survival in mice [99]. Moreover,
the A2 gene is a pseudogene in L. major and introduction of the L. donovani A2
gene into L. major enhanced the ability of L. major to survive in visceral organs
of BALB/c mice [46,54]. These observations argue that A2 plays an important
role in L. donovani amastigote survival in visceral organs.

To provide insight into the function of A2, we have examined its location
in axenic amastigotes and in infected macrophages through immunofluorescence
and immunoprecipitation analysis in comparison to other Leishmania proteins
with known function and cellular location. Since A2 does have a leader sequence
[83], it was important to determine whether it remains associated with amastigotes
or is secreted into the macrophage during infection. Control Leishmania proteins
used in this study included the secreted acid phosphatases (SAcP [349]), the
cytoplasmic heat shock protein 83 (HSP83 [350]) and the endoplasmic reticulum
binding protein (BiP [351]). In comparison to the other Leishmania proteins
examined, A2 co-localized closely with BiP in cultures of axenic amastigotes and
in infected macrophages, suggesting that A2 is present in the parasite endoplasmic
reticulum (ER). Moreover, A2 interacted with the chaperone BiP following heat

shock. Finally, ectopic expression of A2 protein in L. major increased parasite
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survival following heat shock. These results suggest that A2 plays a role in the ER
stress response that could help the parasite survive the higher temperatures

associated with fever and parasitisation of the visceral organs.

2.4 Materials and methods
2.4.1 Parasite culture

L. donovani 1S/CI2D strain promastigotes were maintained at 26°C in
M199 medium (Sigma) supplemented with 10% fetal bovine serum (FBS), 25
mM HEPES, streptomycin, penicillin, adenosine, glutamine and folic acid, at pH
7.2. L. major Friedlin V9 strain and L. mexicana MNY C/BZ/62/M379 strain
were maintained at 26°C in M199 medium supplemented with 10% FBS, 40 mM
HEPES, streptomycin, penicillin, adenine, hemin, biotin, biopterin and folic acid,
at pH 7.2. To induce differentiation into axenic amastigotes, promastigotes were
resuspended at a cell density of 5x10” parasites/mL in amastigote media (M199
medium supplemented with 25% FBS, streptomycin, penicillin, succinic acid,
adenine, glycerol, L-proline and folic acid, at pH 5.5) and transferred to 37°C, 5%

COa,.

2.4.2 Cell culture
B10R macrophage cells were maintained in Dulbecco’s Modified
Essential Medium (DMEM, Invitrogen), supplemented with 10% FBS, 100

units/mL of penicillin and 100 pg/mL streptomycin at 37°C in 5% CO,.
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2.4.3 Immunofluorescence

For immunofluorescence in infected macrophages, B10R cells (1x10°)
were grown on coverslips in DMEM supplemented with 10% FBS, 100 units/mL
of penicillin and 100 pg/mL streptomycin for one day prior to infection. The cells
were infected at a 20:1 parasite to macrophage ratio with L. major or L. donovani
axenic promastigotes for 24 h or left uninfected, following which non-internalized
parasites were detached by extensive washing in Phosphate-Buffered Saline
(PBS). Cells were fixed for 30 min in 4% paraformaldehyde in PBS and
permeabilized for 20 min in 1% Triton-X in PBS. Antibody incubations were 50
min in duration and were followed by five washes in PBS.

For immunofluorescence in heat shocked promastigotes, promastigotes
(1x10 cells) were resuspended in fresh promastigote (neutral pH) media at 5x10°
cells/mL and incubated at 26°C or 40°C for 4 h. Promastigotes were also grown
for 24 h under amastigote culture conditions (37°C pH 5.5) to initiate
differentiation into amastigotes. Parasites were then collected by centrifugation,
washed once with PBS and air-dried on poly-L-lysine (Cedarlane)-coated
coverslips. Cells were fixed for 10 min in 4% paraformaldehyde in PBS and
permeabilized for 25 min in 0.25% Triton X-100/3% BSA/50 mM Tris-HCl in
PBS. Antibody incubations were 1 h in duration and were followed by four
washes in PBS.

The primary antibody was a 1:100 dilution of mouse anti-A2 antibody
combined with either a 1:1,000 dilution of rabbit anti-SAcP (a gift from Dr.

Dwyer), a 1:1,000 dilution of rabbit anti-BiP (a gift from Dr. J. Bangs), or a
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1:5,000 dilution of rabbit anti-HSP83 (a gift from Dr. Zilberstein).The secondary
antibody was a combination of 1:500 fluorescein isothiocyanate-conjugated anti-
mouse IgG (Sigma) and 1:500 Texas red-conjugated anti-rabbit IgG (Santa Cruz).
Antibodies were diluted in 4% Bovine Serum Albumin (BSA) in PBS. The DNA
dye DRAQS (Biostatus, 1:1,000) was added for 30 min, and the coverslips were
then mounted in Permafluor mounting medium (Thermo). Slides were viewed
using an Olympus Fluoview FV1000 confocal microscope, with images generated

by sequential scanning.

2.4.4 Immunoprecipitation

The cells and the culture supernatant were collected by centrifugation.
The parasites were washed once with PBS, lysed on ice for 20 min in Leishmania
lysis buffer (1% Triton X-100, 50 mM Tris pH 8, 137 mM NaCl, complete
protease inhibitor cocktail (Roche)), and clarified by centrifugation at 16,000 rpm
for 10 min at 4°C. The culture supernatant was neutralized with SN NaOH, and
concentrated using an Amicon ultra-15 centrifugal filter unit (Millipore).
Samples were incubated overnight at 4°C with anti-A2, anti-BiP, anti-HSP83 or
anti-SAcP antibodies. Protein A-sepharose beads (Sigma) were then added to
each sample for 30 min, following which the beads were washed three times with
Leishmania lysis buffer without detergent, transferring to a fresh tube for the final
wash. Immunoprecipitated proteins were separated by sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) and detected by Western blot.
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For cell pellet preparation, promastigotes were collected by centrifugation,
washed once with PBS and lysed in SDS-PAGE loading buffer (0.0625 M Tris
pH 6.8, 10% glycerol, 2% Sodium Dodecyl Sulfate (SDS), 10% [-

mercaptoethanol).

2.4.5 Cross-linking

Paraformaldehyde cross-linking was performed as described in [352].
Briefly, cells were collected, washed with PBS and resuspended in 1%
paraformaldehyde for 20 min at 37°C. Glycine (125 mM final concentration) was
added for 5 min, and cells were then washed twice in PBS and lysed as above.
The cross-linking was reversed by boiling the samples for 20 min in SDS-PAGE

loading buffer.

2.4.6 SDS-PAGE and Western blotting

Samples were boiled 5 min in SDS-PAGE loading buffer and were
separated by SDS-PAGE using a 10% acrylamide gel, except for SAcP where a
7% gel was used. Proteins were transferred to a nitrocellulose membrane (Bio-
Rad). Membranes were blocked 1 h in 5% skim milk in PBS. The primary and
secondary antibody incubations were 1 h in duration and were followed by five 5
min washes in PBS with 0.1% Tween (PBS-T). All antibodies were diluted in 5%
skim milk in PBS-T. Immunoprecipitated A2 was detected with a 1 in 5 dilution
of mouse monoclonal anti-A2 antibody (hybridoma supernatant); the secondary

antibody was a 1:1,000 dilution of peroxidase-conjugated Trueblot anti-mouse
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IgG antibody (eBioscience), which only detects non-reduced forms of mouse
antibodies. In the A2 thermotolerance assay, A2 was detected with a 1:4,000
dilution of mouse monoclonal anti-A2 antibody (ascites), followed by a 1:2,500
dilution of peroxidase-conjugated anti-mouse IgG antibody (Rockland).
Leishmania Binding Protein (BiP) was detected with a 1:4,000 dilution of rabbit
anti-BiP antibody (a kind gift from Dr. J. Bangs), Leishmania HSP83 with a
1:5,000 dilution of rabbit anti-HSP83 antibody (a kind gift from Dr. Zilberstein)
and Leishmania Secretory Acid Phosphatase (SAcP) with a 1:1,000 dilution of
rabbit anti-SAcP antibody (a kind gift from Dr. Dwyer). The secondary antibody
was a 1:3,000 dilution of peroxidase-conjugated anti-rabbit IgG (GE Healthcare).
Tubulin was detected with a 1:2,000 dilution of mouse monoclonal anti-tubulin
antibody (Oncogene). The secondary antibody was a 1:2,500 dilution of
peroxidase-conjugated anti-mouse IgG antibody (Rockland). All proteins were

visualized using ECL Western Blot Detection Reagents (GE Healthcare).

2.4.7 Alamar blue viability assay

Following heat shock, parasites were diluted to a cell density of 1x10°
cells/mL and incubated at 26°C in the presence of Alamar blue reagent
(Invitrogen) for 72 h. Absorbance was determined at 570 and 600 nm as per

manufacturer’s instructions.
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2.5 Results
2.5.1 Localization of A2 during macrophage infection with Leishmania

To determine the localization of A2 during macrophage infection, we
compared A2 by immunofluorescence to other Leishmania proteins including: a
secreted protein, SAcP [349]; a cytoplasmic protein, HSP83 [350] and the ER
chaperone protein, BiP [351]. See table 2.1 for accession numbers in Methods.
For these analyses we used L. major and L. donovani -infected macrophages. L.
major served as a negative control since it does not express A2 proteins, whereas
L. donovani expresses A2 [88]. All of the control proteins were detected as
expected in these analyses, although most interestingly SAcP was detected in
small foci throughout the infected macrophage and was not associated with
parasite nuclei staining, indicating that SAcP is secreted outside of the
Leishmania-containing phagolysosome (Figure 2.1A). Note also that SAcP was
expressed at higher levels in L. donovani than in L. major as previously reported
in axenic cultures [353]. HSP83 was expressed by all Leishmania and was found
distributed throughout the parasite as expected (Figure 2.1B) and BiP was found
in small foci in all parasites (Figure 2.1C).

In comparison, A2 was observed in discrete foci closely associated with
the parasite nuclei during infection with L. donovani but not L. major, as expected
since L. major does not express A2 [46]. The A2 staining foci did not colocalize
with SAcP (Figure 2.1A), partly colocalized with HSP83 (Figure 2.1B) and

colocalized very similarly with BiP (Figure 2.1C), suggesting an ER localization
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for A2. No fluorescence was detected when the primary antibody was omitted
and only secondary antibody was used (data not shown).

Interestingly, not all of the parasite nuclei were surrounded by the A2 foci
(see L. donovani in Figure 2.1A for example), and those parasites that expressed
A2 did not all do so to the same extent (for example, L. donovani Figure 2.1B
and 2.1C). Overall, this suggests that the levels of expression of A2 vary within a

population of L. donovani parasites when inside the macrophages.

2.5.2 Secretory patterns of A2, SAcP, HSP83 and BiP in parasite axenic
culture

The immunofluorescence data suggested that although A2 has a leader
sequence [83], it is not secreted from the parasite-containing phagolysosome as
was evident with SAcP. We wanted to further explore this observation by
comparing protein secretion from axenic parasite cultures. Leishmania proteins
A2, SAcP, HSP83 and BiP were first collected by immunoprecipitation from live
axenic parasite culture supernatants and from the parasite cell lysates. The
immunoprecipitated proteins were then detected by Western blotting. As shown in
Figure 2.2, A2 was only detected in L. donovani amastigote lysates (Figure 2.2B)
and could not be detected from the parasite culture supernatants (Figure 2.2A),
confirming that A2 is induced in amastigote cultures and is not secreted. Note
that A2 is a multi-gene family expressing different sizes of a 10 amino-acid repeat
motif and therefore typically migrates in multiple bands on SDS-PAGE [85]. As

expected, no A2 was detected in L. major cultures since L. major does not express
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A2 [46]. In contrast, the secreted SAcP was found in high amounts in the L.
donovani promastigote and amastigote culture supernatants (Figure 2.2C). SAcP
was found at a higher molecular mass when derived from amastigotes when
compared to promastigotes, as previously shown, suggesting that it is more
highly glycosylated in amastigotes than promastigotes [117]. Only very little
SAcP was detected in L. major culture supernatants, in accordance with the
observation that L. major express less SAcP than other Leishmania species [353]
and also as shown in the above immunofluorescence data (Figure 2.1A). HSP83
and BiP were associated predominantly with the parasites lysates (Figure 2.2F
and 2.2H respectively) although small amounts were also detected in the culture
supernatant (Figure 2.2E and 2.2G respectively). This may be due to protein
release following parasite death in culture, although under these circumstances no
A2 was detected in the supernatant. Taken together, these data support the
immunofluorescence data in showing that A2 is not secreted, in contrast to SAcP

that is secreted from L. donovani.

2.5.3 A2 is induced at higher levels following heat shock than after 24 h
differentiation of promastigotes into amastigotes

The immunofluorescence data in infected macrophages showed that A2
gave a similar staining pattern as BiP, suggesting that A2 may localize to the ER.
BiP has been shown to play a role in the ER stress response [354] and A2 is
induced by several different stresses, including heat shock and treatment with the

proline analog azetidine-2-carboxylic acid (AZC) that induces an unfolded protein
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response [93]. It was also interesting that A2 appeared to be unequally expressed
by L. donovani amastigotes in infected macrophages (see example in Figure 2.1).
These results are consistent with A2 playing a role in the stress response and
therefore not being directly involved in differentiation from promastigotes to
amastigotes. It was therefore of interest to compare A2 immunofluorescence
levels in promastigotes following heat shock (4 h 40°C pH 7) compared to
promastigotes grown under in vitro differentiation conditions (24 h at 37°C pH
5.5). As shown in Figure 2.3, there was much stronger induction of A2 following
4 h heat shock than after 24 h under conditions that induce differentiation: more
L. donovani parasites expressed A2 and A2 expression levels were higher in the
heat shocked parasites. Moreover, as shown in Figure 2.1, not all parasites
induced to differentiate expressed the A2 protein compared to the heat shock

response where all parasites appear to express A2.

2.5.4 A2 co-localizes with BiP following heat shock

To determine the subcellular localization of induced A2 following heat
shock in axenic promastigotes, A2, HSP83 and BiP were located by
immunofluorescence (Figure 2.4 and 2.5). Similar to observations during
macrophage infection (Figure 2.1B), HSP83 was detected throughout the
parasites (Figure 2.4) and BiP was again found in small foci in all parasites
(Figure 2.5). A2 localized in small foci in heat shocked L. donovani (but not L.
major) and was colocalized very closely with BiP (Figure 2.5), similar to what

was observed in the infected macrophages (Figure 2.1C).
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2.5.5 A2 interacts with the ER chaperone BiP

The immunofluorescence results from Figures 2.1 and 2.5 suggest that A2
and BiP colocalize. It has been argued that proteins capable of forming beta
strands can interact with unfolded proteins in the ER [355] and A2 has been
predicted to fold into beta-sheets [104,356]. We therefore investigated the
possibility that A2 may bind ER proteins following heat shock and determined
whether A2 can interact with BiP. As shown in Figure 2.6A,
immunoprecipitation of A2 following heat shock and Western blot analysis of co-
immunoprecipitated BiP revealed that BiP was specifically associated with A2
following heat shock of L. donovani. A2 did not interact with another Leishmania
abundant protein, HSP83 (Figure 2.6B), or with gp63 (Figure 2.6C) and SAcP
(Figure 2.6D), both of which are secreted through the ER [357,358,359,360].
These results argue that the interaction with BiP is specific and further confirm

the localization of A2 in the ER.

2.5.6 A2 promotes parasite viability following heat shock

L. major, being a cutaneous parasite, has lost the ability to express the A2
protein family, and introducing the A2 gene into L. major favors parasite survival
during visceral infection in BALB/c mice [54]. However, the mechanisms by
which A2 mediates this increased survival in visceral organs are unknown. Since
we observed induction of A2 and association with BiP in the ER following heat

shock, and since L. donovani infection is associated with fever whereas L. major
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infection is not, we determined whether expression of A2 helped parasites survive
heat shock. For these analyses, L. major transfected with the pKSneo-A2 and the
control pKSneo plasmid [54] were heat shocked at 40°C pH 7 for 2 or 4 hours.
Expression of the A2 transgene and cell viability were then compared in the A2-
expressing L. major, in the control plasmid-containing L. major and in wild-type
L. donovani and L. major. As shown in Figure 2.7, A2 expression was induced
following heat shock in the transgenic L. major containing the A2 gene and, as
expected, in L. donovani. No A2 expression was detected in L. major transfected
with the control plasmid either at 26°C or 40°C, or in the wild-type L. donovani at
26°C. Only minimal A2 expression was observed for the A2-transfected L. major
at 26°C.

Parasite viability was determined by the Alamar blue viability assay
(Figure 2.7E). Wild-type L. major is considerably more sensitive to heat shock
than wild-type L. donovani (p<0.0001 for 2 and 4 h heat shocks) consistent with
L. donovani parasitizing the visceral organs and surviving fever. Introducing A2
into L. major significantly increased viability following heat shock compared to
wild-type L. major (p<0.0001 and p<0.005 for 2 h and 4 h heat shock
respectively), as well as compared to L. major transfected with the control
plasmid (p<0.0001 and p<0.005 for 2 h and 4 h heat shock respectively). Similar
results were also obtained when parasite viability was measured by limiting

dilution (data not shown).
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2.6 Discussion

This study provides novel evidence that A2 is a stress response protein
that may play a role in enabling L. donovani to survive the higher temperatures
associated with visceral organ infection and the fever typical of kala azar. This
study further provides evidence that A2 is located in the parasite ER and is
capable of complexing with the ER chaperone BiP under conditions of stress.
These results argue that A2 does not play a direct role in differentiation, as
previously assumed [85,361] but does play a role in amastigote survival following
differentiation.

The localization of A2 was compared to three different types of
Leishmania proteins: secreted proteins (SAcP), cytoplasmic proteins (HSP83) and
ER proteins (BiP). The Signal P 3.0 server [362,363] predicts a signal peptide at
the N terminus of A2, BiP and SAcP and the absence of a secretion signal in the
cytoplasmic HSP83 (data not shown). Moreover, A2 has previously been shown
to have a leader sequence that can direct import of A2 into canine pancreatic
microsomes, where it is then removed [83]. However, we were unable to detect
A2 in axenic culture supernatants, or in macrophage cells independent from the
parasite. A2 colocalized closely with BiP in infected macrophages and in heat
shocked promastigotes, indicating that it is located in the ER. The co-localization
with BiP was further supported by the observation that A2 interacts with BiP
following heat shock, arguing that A2 is directed to the ER following stress and
during macrophage infection which can be considered a form of stress to the

promastigote. Since BiP also possesses a secretory leader as predicted by Signal
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P 3.0 [362,363], our data suggest that the A2 leader sequence directs A2 to the
ER. However, A2 does not have any known ER retention signals, so it may be
maintained there by a novel retention sequence or by interaction with ER proteins.

Not all L. donovani parasites expressed A2 to the same extent inside the
infected macrophages and interestingly, some parasites had no detectable A2
expression (Figure 2.1). We believe this is an important observation because it
argues that A2 is not needed to survive as an amastigote inside macrophages. In
contrast, it was observed that all promastigotes placed at 40°C expressed A2 but
only a subset expressed A2 when induced to differentiate into axenic amastigotes
(Figure 2.3). This suggests that the variations in A2 expression levels within an
amastigote population may represent different stress levels within the infected
macrophage.

Ectopic expression of A2 in L. major increased survival following 40°C
heat shock (Figure 2.7). This result suggests a possible explanation for the
increased visceralization of A2-expressing L. major [46] and the role of A2 in L.
donovani virulence in general [99]: A2 may help visceralizing parasites survive
the higher temperatures associated with the internal organs. Moreover, visceral
leishmaniasis is characterized by chronic fever, so that L. donovani parasites must
be able to survive temperatures above 37°C in the visceral organs and this may be
due in part to the presence of A2. The lack of A2 in L. major may not be
detrimental to this organism because the skin temperatures are lower than those
within the visceral organs and cutaneous leishmaniasis is not associated with

fever. This hypothesis is consistent with a recent report showing that high levels
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of A2 mRNA is detected in bone marrow-derived samples, but not in post kala
azar dermal leishmaniasis (PKDL)- derived samples from L. donovani-infected
patients [102]. Therefore, in patients with L. donovani infection, A2 is not
expressed in the skin (PKDL-derived) but is expressed in visceral organs (bone
marrow) where the temperature is higher than in the skin. The loss of A2
expression could be an important factor in allowing L. donovani to survive in the
skin in PKDL lesions and this is consistent with the experimental observations in
our study.

Although A2 significantly increased L. major viability following heat
shock compared to control-transfected parasites, the survival of A2-expressing L.
major was still lower than for wild-type L. donovani. This could be due to a
requirement for other L. donovani-specific genes that play an additional role in L.
donovani survival. Alternatively, A2-transfected L. major only express two
different sizes of A2. It is therefore possible that additional different-sized A2
proteins are required to restore L. major survival up to the levels observed for L.
donovani. This is supported by the observation during A2 knockout experiments
in L. donovani that at least three different sizes of A2 always remain [54].
Finally, the difference in viability between A2-expressing L. major and wild-type
L. donovani could be due to differences in total A2 protein levels.

The mechanism by which A2 may help Old World parasites survive these
ER stresses is currently under investigation. However, the interaction between
A2 and BiP suggests that A2 may moderate the function of BiP. Alternatively, it

has been argued that beta sheet strands can interact with unfolded or misfolded
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proteins in the ER [355]. Since A2 has been predicted to fold into multiple beta-
sheets [104,356], it too may bind misfolded proteins in the ER and stabilize or
refold them, or mediate their degradation. The direct interaction of A2 and BiP or
indirect interaction through other unfolded proteins would explain the co-
immunoprecipitation of A2 and BiP observed within. A role for A2 in responding
to misfolded proteins is supported by the observation that A2 is induced in
promastigotes deficient in a flagellar protein [94]. The induction of A2 is
postulated to be due to the accumulation of flagellar components inside the cell
and the induction of an unfolded protein response.

Another interesting outcome of this study was the observation that
Leishmania SAcP was secreted out of the parasitized phagolysosome and into
discrete vesicles throughout the macrophage cytoplasm. SAcP had previously
been reported to leave the parasite during infection in macrophage U937 cells but
it was unclear whether it was able to escape the parasite-containing
phagolysosome [364]. SAcP may therefore have far-reaching effects on
macrophage protein phosphorylation and on macrophage activity. We are
currently performing knockouts of the L. donovani SAcP gene to determine what
effect this has on parasite survival in macrophages and infected mice.

In summary, the observations made in this study suggest that A2 localizes
in the ER under conditions of stress where it is able to complex with the ER
chaperone, BiP. Ectopic expression of A2 in L. major significantly improved
parasite survival following heat shock and may therefore help L. donovani survive

stresses associated with the visceral organs and with fever. Moreover, A2 also
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interacted with BiP following heat shock, providing a possible biochemical role of
A2 in L. donovani. These observations may guide us to a better understanding of
host-parasite interactions during infection with different Leishmania species and

of how this may affect the different pathologies associated with leishmaniasis.
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2.8 Tables

Table 2.1 Protein accession numbers.

Protein Leishmania species Accession number

A2 L. donovani LinJ22 V3.0670
L. major None
HSP83 L. donovani LinJ33 V3.0350

LinJ33 V3.0360
LinJ33 V3.0370

L. major LmjF33.0312
LmjF33.0314
LmjF33.0316
LmjF33.0318
LmjF33.0320
LmjF33.0323
LmjF33.0326
LmjF33.0330
LmjF33.0333
LmjF33.0336
LmjF33.0340
LmjF33.0343
LmjF33.0346
LmjF33.0350
LmjF33.0355
LmjF33.0360
LmjF33.0365

BiP L. donovani LinJ28 V3.1310
L. major LmjF28.1200
SAcP L. donovani LinJ36_V3.6740

LinJ36_V3.6770
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L. major

LmjF36.6460
LmjF36.6480

gp63

L. donovani

LinJ10 V3.0500
LinJ10 V3.0490
LinJ10 V3.0510
LinJ10 V3.0520
LinJ10 V3.0530
LinJ28 V3.0600
LinJ28 V3.0610

L. major

LmjF10.0460
LmjF10.0465
LmjF10.0470
LmjF10.0480
LmjF28.0570

95



2.9 Figures

Figure 2.1 Comparison of A2 and SAcP, HSP83 and BiP localization in
infected macrophages.

B10R murine macrophages were infected with L. major or L. donovani
promastigotes for 24 h, following which non-internalized parasites were washed
away. Panel A A2 (green) and SAcP (red). Panel B A2 (green) and HSP§3 (red).
Panel C A2 (green) and BiP (red). Nuclei from the macrophages and Leishmania
were stained with DRAQS (grey). Yellow indicates colocalization. The
immunofluorescence images were generated by confocal microscopy with
sequential scanning as detailed in Methods. Arrowheads indicate the localization
of some parasites. Scale bars represent 5 um. Note: The A2 gene in L. major is a
pseudogene and therefore L. major-infected cells serve as a negative control for
A2 expression. In the case of L. donovani-infected cells, not all HSP83-expressing
parasites co-express detectable A2. Note also the similar staining pattern between

BiP and A2.
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Figure 2.2 Comparison of the secretion patterns of A2, BiP and SAcP from
Leishmania in axenic culture.

A, Immunoprecipitation of secreted A2 from culture supernatants. B,
Immunoprecipitation of intracellular A2 from parasite lysates. C,
Immunoprecipitation of secreted SAcP from culture supernatants. D,
Immunoprecipitation of intracellular SAcP from parasite lysates. E,
Immunoprecipitation of secreted HSP83 from culture supernatants. F,
Immunoprecipitation of intracellular HSP83 from parasite lysates. G,
Immunoprecipitation of secreted BiP from culture supernatants. H,
Immunoprecipitation of intracellular BiP from parasite lysates. Promastigotes
(300x10°) were grown in fresh media under promastigote (pro) or amastigote
(ama) culture conditions for 24 h, then A2, SAcP, HSP83 and BiP were
immunoprecipitated and detected by Western blot as detailed in Methods. L.m.,

L. major. L.d., L. donovani.
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Figure 2.3 Comparison of A2 expression by immunofluorescence following
40°C heat shock or following 24 h promastigote to amastigote differentiation.
L. major or L. donovani promastigotes were heat shocked for 4 h at 40°C and pH
7, or grown under amastigote culture conditions (37°C pH 5.5) for 24 h to induce
differentiation. A2 (green) was detected by immunofluorescence. Scale bars
represent 5 um. Note the higher proportion of parasites expressing A2 following

heat shock compared to A2 expression under differentiation conditions.
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Figure 2.4 Comparison of A2 and HSP83 localization in heat shocked
parasites.

L. major or L. donovani promastigotes were heat shocked for 4 h at 40°C pH 7.
A2 (green) and HSP83 (red) were detected by immunofluorescence, and parasite
nuclei were stained with DRAQS5 (grey). Yellow indicates colocalization.

Arrowheads indicate parasites. Scale bars represent 5 um.
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Figure 2.5 Comparison of A2 and BiP localization in heat shocked parasites.
L. major or L. donovani promastigotes were heat shocked for 4 h at 40°C and pH
7. A2 (green) and BiP (red) were detected by immunofluorescence, and parasite
nuclei were stained with DRAQS5 (grey). Two pictures are shown for L. donovani
at 40°C. Yellow indicates colocalization. Arrowheads indicate parasites. Scale

bars represent 5 um. Note the colocalization of BiP and A2.
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Figure 2.6 Co-immunoprecipitation of A2 and BiP.

Wild-type L. major (L. m.) and L. donovani (L. d.) promastigotes were heat
shocked at 40°C for 4 h. Proteins were cross-linked with 1% paraformaldehyde
and cells were lysed. Immunoprecipitation with either anti-A2 or anti-BiP
antibodies was performed followed detection by Western blot of BiP (A), HSP83
(B), gp63 (C) or SAcP (D). HSP83, gp63 and SAcP were also detected in the
Leishmania cell pellet as a control for the immunoprecipitation (lanes 5-8). Note
the specific co-immunoprecipitation of A2 and BiP after 40°C heat shock in L.
donovani (A, lane 4) and the absence of co-immunoprecipitation of A2 and
HSP83 (B, lanes 1-4), A2 and gp63 (C, lanes 1-4) and A2 and SAcP (D, lanes 1-

4).
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Figure 2.7 A2 increases parasite survival following heat shock.

Wild-type L. major (L. m. WT) and L. donovani (L. d. WT) promastigotes, L.
major transfected with the KSneo plasmid encoding A2 (L. m. + A2), and L.
major transfected with the empty KSneo plasmid (L. m. + control) were heat
shocked at 40°C for 2 h or 4 h. A, A2 expression following 2 h heat shock. B,
A2 expression following 4 h heat shock. C and D, Anti-tubulin loading controls
following 2 h (C) and 4 h (D) heat shock. E, Parasite survival following heat
shock. Viability was assessed by the Alamar blue assay 72 h following heat

shock, as detailed in Methods. Values + standard deviation are shown.
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Chapter 3
Involvement of the Leishmania donovani virulence factor A2 in

protection against heat and oxidative stress

Laura-Isobel McCall and Greg Matlashewski

Department of Microbiology and Immunology, McGill University

Montreal, Quebec, Canada, H3A 2B4

Adapted from Experimental Parasitology with permission from Elsevier.
McCall LI, Matlashewski G (2012) Involvement of the Leishmania donovani
virulence factor A2 in protection against heat and oxidative stress. Experimental

Parasitology 132: 109-115.

3.1 Preface

Ectopic expression of A2 in L. major promastigotes protects L. major
against heat shock (chapter 2). However, promastigotes rapidly differentiate into
amastigotes in the mammalian host, so amastigotes rather than promastigotes are
the life stage exposed to fever. Until recently, in vitro culture of axenic
amastigotes could not be performed for L. major. Therefore, to study the role of
A2 in amastigote survival, we needed to use L. donovani instead of L. major.

Using L. donovani transfected with an antisense construct previously shown to
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significantly downregulate A2 expression [99], we investigated the role of A2 in
L. donovani axenic amastigote survival during heat shock.

In addition to fever, reactive oxygen and nitrogen species represent a key
host defense against leishmaniasis. We therefore compared the levels of
intracellular reactive oxygen species and parasite survival during oxidative stress
between A2-deficient and A2-expressing amastigotes.

Finally, A2 associates with BiP (chapter 2), a key component of the
unfolded protein response, so we determined whether A2 can protect against

unfolded protein stress caused by dithiothreitol.

3.2 Abstract

Leishmania is an obligate intracellular protozoan parasite that infects cells
of the reticulo-endothelial system. Host defences against Leishmania include
fever and oxidant production, and the parasite has developed a number of defence
mechanisms to neutralize the host response. The L. donovani A2 family of
proteins has been shown to be essential for survival in mammalian visceral
organs. Here we provide evidence that A2 proteins protect the parasite against
host defences, namely heat stress (fever) and oxidative stress. A2 is however
unable to protect the cells from endoplasmic reticulum stress induced by
dithiothreitol. To downregulate A2 protein expression, L. donovani was
transfected with an A2 antisense RNA expressing-vector, resulting in significant
reduction of A2 levels. The resulting A2-deficient cells were more sensitive to

heat shock and this was associated with increased production of internal oxidants
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during heat shock. Moreover, axenic amastigotes with downregulated A2
expression had increased internal oxidants and decreased viability following
treatment with hydrogen peroxide or a nitric oxide donor when compared to
control cells. Overall, these results suggest that A2 protects L. donovani from a
variety of stresses, thereby allowing it to survive in the internal organs of the

mammalian host and to cause visceral disease.

3.3 Introduction

Leishmania are protozoan parasites that have a dimorphic lifecycle where
the promastigote stage proliferates in the sand fly vector and is transmitted to its
mammalian host during a blood meal. Within the mammalian host, the
promastigotes differentiate into amastigotes and multiply predominantly inside
macrophages. Amastigotes can then infect other macrophages or be taken up by
feeding sand flies. Human infection is associated with a variety of disease
manifestations depending mainly on the infecting Leishmania species. In
particular, Leishmania donovani causes visceral infections and Leishmania major
cutaneous disease [192].

Since Leishmania specifically multiply inside macrophages, they are
exposed to a battery of host defences, including reactive oxygen and nitrogen
species [128]. Nitric oxide in particular is especially important for parasite
clearance [365]. Infection with visceralizing species such as L. donovani is also
associated with high fever [8]. The parasite must therefore be able to withstand

oxidative stress and heat stress. Leishmania has evolved a broad spectrum of
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mechanisms to protect itself against these host defences, including enzymes such
as superoxide dismutase [131], 2-cys peroxiredoxins, ascorbate peroxidases and
glutathione peroxidase-like enzymes [134]. These enzymes detoxify reactive
oxygen and nitrogen species using electrons from NADPH transferred via
trypanothione and tryparedoxin, ascorbate and glutathione [134]. Non-enzymatic
scavengers such as thiols also play a key role in antioxidant defenses [131].
Finally, Leishmania can also inhibit host intracellular pathways, thereby leading
to downregulation of oxidant production by the macrophage [135].

A2 genes are arranged in tandem arrays on chromosome 22 (LinJ.22.0670)
[84], with up to four such arrays per diploid genome [54]. A2 proteins in L.
donovani have 40 to 90 copies of a repetitive ten amino acid sequence, leading to
a family of proteins with sizes ranging from 42 to 100 kDa [85]. The number of
proteins varies between strains, with up to nine different-sized A2 proteins
detected in the L. donovani 1S/CI2D strain. Although A2 was originally
considered amastigote-specific and expressed at low levels in promastigotes [87],
A2 has since been shown to be induced in promastigotes by a variety of stresses,
including heat shock, protein misfolding and induction of the unfolded protein
response [57,92,93]. A2 is localized to the endoplasmic reticulum (ER) during
mammalian infection and in heat shocked promastigotes [57].

A2 proteins are expressed by the visceral disease-causing L. donovani, but
not by L. major [46]. Downregulation of A2 is associated with decreased
macrophage infection levels in vitro and decreased parasite levels in the spleen

and liver during experimental mouse infection [54,99]. In contrast, experimental
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introduction of an ectopic A2 gene into L. major leads to increased survival in
visceral organs [46]. More recently, it has been demonstrated that experimental
introduction of A2 into L. major resulted in increased protection of L. major from
heat shock [57]. Based on these observations involving ectopic A2 expression in
L. major, it was necessary to confirm the role of endogenous A2 in L. donovani as
described within. Since there are too many A2 gene families to perform gene
deletions in L. donovani [54], we have used antisense A2 RNA to downregulate
A2 protein expression as previously described [99]. This approach leads to stable
downregulation of all sizes of A2 in L. donovani [99].

Downregulation of A2 expression in L. donovani was associated with
decreased resistance to heat shock. Interestingly, it was further observed that
downregulation of A2 resulted in increased internal oxidant levels following heat
shock and decreased resistance against reactive oxygen species (ROS) and nitric
oxide. A2 could not however protect from unfolded protein stress in response to
dithiothreitol (DTT). Given that heat shock is associated with the generation of
internal ROS [366] and changes in membrane fluidity [136], this may be one way
in which A2 promotes survival at higher temperatures. Overall, these results
provide a possible process to explain the role of A2 in supporting L. donovani
survival within visceral organs and indicate that A2 may be a key determinant of

the L. donovani-L. major dichotomy.
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3.4 Materials and methods
3.4.1 Parasite culture and transfections.

L. donovani 1S/CI2D strain promastigotes were maintained at 26°C pH 7
as previously described [57]. Briefly, cells were grown in M199 medium (Sigma)
supplemented with 10% fetal bovine serum (FBS), 25 mM HEPES, streptomycin,
penicillin, adenosine, glutamine and folic acid, at pH 7.2.

Promastigotes were transfected as described in [367] with the KSneo-
control plasmid and KSneo-A2 (R) antisense plasmid generated by Zhang and
Matlashewski [99]. Briefly, the KSneo-A2 (R) plasmid contains a 1.6-kb A2
coding sequence and part of the A2 3’ untranslated region (UTR), inserted in the
antisense orientation in between the A2 5° UTR and 3 UTR. The KSneo-control
plasmid contains only the A2 5’ and 3’UTR in the sense orientation. Drug
selection is provided by a neomycin resistance gene. Transfected parasites were
maintained in media supplemented with 200 pg/mL G418 (Wisent), leading to
stable maintenance of the plasmid in transfected parasites.

To induce promastigote to amastigote differentiation, promastigotes were
resuspended in amastigote media (M199 medium supplemented with 25% FBS,
streptomycin, penicillin, succinic acid, adenine, glycerol, L-proline and folic acid,

at pH 5.5) at a cell density of 5x10° cells/mL and transferred to 37°C, 5% COs.

3.4.2 Heat shock and promastigote viability assay.
Promastigotes (1x10 cells) were resuspended in fresh promastigote media

at 5x10° cells/mL and incubated at 26°C or 40°C for 12 h. Following heat shock,
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promastigotes were diluted to a cell density of 1x10° cells/mL, incubated at 26°C
in the presence of Alamar blue reagent (Invitrogen) for 72 h and absorbance was

determined at 570 and 600 nm as previously described [57,368].

3.4.3 Amastigote viability assays.

For heat shock, amastigotes were incubated at 37°C or 40°C for 12 h and
then diluted into fresh amastigote media. For oxidative stress assays, amastigotes
were washed twice in HEPES-NaCl buffer [369], resuspended in HEPES-NaCl
buffer and treated with H>O, (BioShop) or S-nitroso-N-acetylpenicillamine
(SNAP, Sigma) for 4 h at 37°C or 40°C. The cells were then resuspended in
amastigote media. OD600 was measured 48 h after stress treatments, except for
DTT treatment where amastigotes were treated for 72 h with dithiothreitol (DTT,
Fisher Scientific) dissolved in water. To account for any possible discrepancies in
growth rates between A2-expressing and A2-deficient cells, the % survival was
calculated for each strain as: (OD600 value of stressed sample/OD600 value of
unstressed sample)x100 as described in [370]. For DTT treatments, the OD600
of the treated samples were divided by the OD600 of water-treated cells. We used
OD600 measurements for amastigote viability assays rather than Alamar blue
because the optimal pH for Alamar blue assays is between pH 6.8 and 7.4 as per

manufacturer’s instructions.
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3.4.4 Dichlorofluorescein diacetate (DCFDA) assay.

DCFDA assays were performed as described in [370]. Briefly, cells were
collected, washed twice with HEPES-NaCl buffer, and incubated in HEPES-NaCl
buffer containing 5 puM CM-H,DCFDA (Invitrogen) for 45 min. Promastigotes
were incubated in DCFDA-containing buffer at 26°C and amastigotes at 37°C.
The cells were then washed and resuspended in HEPES-NaCl buffer. Hydrogen
peroxide or SNAP were added immediately prior to measuring fluorescence at
485 nm excitation and 535 nm emission wavelenghts on a Spectramax M5
fluorometer (Molecular Devices). Values were standardized to the measurements

at t=0.

3.4.5 SDS-PAGE and Western blotting.

SDS-PAGE and Western blotting were performed as previously described
[57]. Briefly, samples were boiled 5 min in SDS-PAGE loading buffer and were
separated by SDS-PAGE using a 10% acrylamide gel. Proteins were transferred
to a nitrocellulose membrane (Bio-Rad). Membranes were blocked 1 h in 5%
skim milk in PBS. The primary and secondary antibody incubations were 1 h in
duration and were followed by five 5 min washes in PBS with 0.1% Tween (PBS-
T). All antibodies were diluted in 5% skim milk in PBS-T. A2 was detected with
a 1:8,000 dilution of mouse monoclonal anti-A2 antibody (ascites) and tubulin
with a 1:2,000 dilution of mouse monoclonal anti-tubulin antibody (Oncogene),

followed by a 1:2,500 dilution of peroxidase-conjugated anti-mouse IgG antibody
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(Rockland). All proteins were visualized using ECL Western Blot Detection

Reagents (GE Healthcare).

3.5 Results
3.5.1 A2 protects L. donovani from heat shock.

Viscerotropic parasites are exposed to higher temperatures within the
visceral organs than cutaneous species that are restricted to the skin. In addition,
visceral leishmaniasis is associated with chronic high fever [8]. Therefore,
viscerotropic parasites must be able to withstand higher temperatures than
cutaneous species. Previous work showed that the experimental introduction of
an ectopic A2 gene into L. major protects L. major promastigotes from heat shock
[57]. It was however necessary to determine whether this can be generalized to L.
donovani, the species where A2 is normally expressed. A2 expression in L.
donovani was downregulated by transfecting L. donovani with an A2 antisense
RNA-expressing vector or the control empty KSneo plasmid as previously
described [99]. Cells expressing the antisense vector have significantly decreased
A2 protein levels following heat shock at 40°C, whereas A2 expression levels are
similar in wild-type L. donovani and control-transfected L. donovani. However,
antisense mRNA transfection does not fully abrogate A2 expression since low
levels of residual A2 proteins can be detected in these cells (Figure 3.1A). These
cells are described from here on as “A2-deficient cells”. L. donovani
promastigotes with antisense A2 mRNA expression were then subjected to heat

shock and this resulted in reduced viability of the A2-deficient cells following a

116



12 h heat shock compared to the control-transfected cells expressing wildtype
levels of A2 (Figure 3.1B) (p<0.001). For these analyses, all viability assays
compared L. donovani transfected with an A2 antisense RNA-expressing vector
(L. d. - A2) to control-transfected cells rather than to wild-type L. donovani to
account for any potential effects that transfection and selection could have on L.
donovani.

Amastigotes are the life stage of the parasite in the mammalian host and
therefore the main stage exposed to fever during visceral leishmaniasis.
Accordingly, we investigated whether A2 also protects axenic amastigotes from
heat shock. L. donovani transfected with the A2 antisense RNA-expressing
vector or the control vector were induced to differentiate into axenic amastigotes.
Promastigote to amastigote differentiation is associated with induction of A2 [87].
A2 expression was detected in control-transfected amastigotes, whereas A2 was
significantly downregulated in cells expressing the antisense construct (Figure
3.1C). Amastigotes are more resistant than promastigotes to heat shock, and we
did not observe a significant decrease in viability in amastigotes following 6 and 8
h heat shock. However, when the heat shock duration was increased to 12 h, the
viability of A2-deficient amastigotes was significantly reduced (Figure 3.1D)
(p<0.001), indicating that A2 protects both promastigotes and amastigotes from

heat shock.
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3.5.2 Decreased internal reactive oxygen species during heat shock in cells
expressing A2.

Cellular damage during heat shock is associated with protein misfolding
and with the production of ROS [366]. Therefore, to investigate the mechanism
by which A2 protects against heat shock, it was of interest to measure internal
ROS during heat shock in control and A2-deficient L. donovani promastigotes.
There was a significantly higher (p<0.05) amounts of ROS detected in L.
donovani promastigotes with reduced A2 protein levels compared to the control
promastigotes (Figure 3.2). ROS levels are also higher in A2-deficient
promastigotes in the absence of heat shock, but the difference is non-significant

(data not shown).

3.5.3 A2 does not protect L. donovani from unfolded protein stress induced
by DTT.

Heat shock is also associated with protein damage and protein misfolding
[366], and there is some overlap between the response to misfolded proteins
caused by heat stress and the response to unfolded proteins in the ER. Heat shock
can induce an unfolded protein response (UPR) in yeast [371] and conversely
unfolded protein stress can partially induce a heat shock response in cells
deficient in the activation of the UPR pathway [372].

Previous work revealed that A2 interacts with BiP [57], a key regulator of
the UPR [373]. Treatment with DTT in L. donovani has been shown to induce an

UPR, as characterized by eukaryotic initiation factor 2 alpha (elF2a)
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phosphorylation [92]. In addition, DTT treatment has previously been shown to
induce A2 expression [92]. We therefore examined whether A2 could protect L.
donovani against unfolded protein stress. Control-transfected and A2-deficient
amastigotes were equally susceptible to DTT (Figure 3.3), indicating that,
interaction with BiP notwithstanding, A2 does not protect Leishmania against
unfolded proteins in the ER or against any other toxic effects caused by treatment
with DTT. Similar results were obtained when viability was measured 48 h after
treatment (data not shown). Although tunicamycin is another classical activator
of the UPR [373], it is unable to induce significant amounts of stress or elF2a

phosphorylation in L. donovani [92] and was therefore not tested.

3.5.4 A2 protects L. donovani from oxidative stress.

In addition to fever, another key host defence against invading
microorganisms is the production of reactive oxygen and nitrogen species, in
particular in the phagolysosome of macrophages. To examine the involvement of
A2 in the L. donovani response to oxidative stress, A2-expressing and A2-
deficient amastigotes were treated with hydrogen peroxide or S-nitroso-N-
acetylpenicillamine (SNAP), a nitric oxide donor, and the increase in internal
ROS was monitored over time. The DCFDA probe used in this assay can be
oxidized by both nitric oxide and ROS. Therefore the oxidant levels measured
include both direct oxidation of the probe by hydrogen peroxide treatment or by
NO release from SNAP, as well as the ROS produced by the cell in response to

these stresses. This allows us to compare total oxidant levels in cells with normal
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A2 expression to levels in cells with decreased A2 expression. Internal ROS
levels were significantly increased (p<0.05) in amastigotes in which A2
expression was downregulated compared to the control amastigotes (Figure 3.4).
Similar results were observed in promastigotes treated with hydrogen peroxide
under heat shock conditions to induce A2 expression (data not shown).

We next determined whether there was a decrease in L. donovani viability
associated with increased internal oxidant levels. As shown in Figure 3.5, the
increased internal oxidant levels in A2-deficient L. donovani amastigotes was
associated with decreased viability following treatment with hydrogen peroxide or
SNAP. Since the parasite is exposed to a combination of stresses in the
mammalian host, hydrogen peroxide and SNAP treatment were performed at
37°C and under heat shock (fever) conditions at 40°C. For SNAP treatment,
viability was lower at 40°C than at 37°C, indicating a cumulative effect of heat
shock and SNAP treatment. In contrast, parasite viability was similar at 37°C and
40°C for H,O,-treated parasites, indicating that heat shock and H,O; treatment did
not have cumulative effects. It may be that hydrogen peroxide is so toxic to the
cells that oxidant-induced toxicity masks any additional effect of the heat shock.
Overall, these observations indicate that A2 protects L. donovani from oxidative

stress under normal amastigote culture conditions and during heat shock.

3.6 Discussion

Virulence is associated with an increased capacity to withstand host

defences, such as reactive oxygen and nitrogen species and increased
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temperatures. The ability to survive higher temperatures and fever may be a key
determinant of the ability to parasitize visceral organs [57]. Since the L. donovani
virulence factor A2 promotes parasite survival in mammalian infections [54,99],
we investigated whether A2 protects L. donovani from heat shock and oxidative
stress.

A2 downregulation was achieved by transfection of L. donovani with an
antisense mRNA-expressing construct as described by Zhang and Matlashewski
[99]. This construct contains an A2 open reading frame (ORF) and part of the A2
3’UTR in the antisense orientation. However, this 3° UTR fragment in the
antisense orientation is not required for the downregulation of A2 expression,
indicating that the downregulation of A2 expression is mediated by the antisense
A2 open reading frame and not the 3’ UTR [374]. Overall, these results argue
that the effect of the A2 antisense mRNA is specific to A2 and this could be due
to the repetitive A2 sequence providing a lower Cot value for hybridization.
Moreover, antisense RNA does not appear to work for other target mRNAs in L.
donovani [375]. Taken together, we believe it is therefore unlikely that there are
off-target effects of the antisense A2 RNA.

The impact of A2 on parasite survival was monitored in axenic
amastigotes. Although these may differ from mammalian-derived amastigotes in
some aspects [11], axenic and intracellular amastigotes share many common
characteristics, including morphology, metabolism and amastigote-specific
protein expression patterns [12]. In addition, A2 is expressed in both intracellular

and axenic amastigotes [13] and A2 protein expression patterns are similar
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between axenic and intracellular amastigotes (our personal observations), making
axenic amastigotes a good surrogate for intracellular amastigotes in our assays.

Overall, the results presented in this study indicate that downregulation of
A2 is associated with increased sensitivity to heat and oxidants and therefore that
A2 plays a key role in the L. donovani stress response. Such a pleiotropic effect
has also been observed for other Leishmania virulence factors. For instance,
calcineurin is essential for L. major virulence and can protect the parasites against
heat shock and stress induced by tunicamycin [376]. Similarly, L. mexicana
lacking a subunit of the adaptor protein 1 is avirulent [377] and is more
susceptible to heat shock [378].

The ability to protect against diverse stresses may be due to common
mechanisms of cellular damage induced by these different stresses and to
common response pathways. Indeed, many stresses are associated with the
production of ROS, such as heat shock and treatment with exogenous oxidants
(see Figures 3.2 and 3.4). In addition, many stress response pathways are
intimately linked: antioxidants can protect against UPR stress [379] and
conversely, the UPR can protect against oxidative stress [380].

A2 is localized to the ER [57] and this organelle plays a key role in the
response to many different stresses. The link between heat shock, ER stress and
oxidative stress may explain the capacity of A2 to protect against a variety of
stresses that lead to the generation of ROS. The ER is also a source of ROS

during unfolded protein stress [381].
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Heat shock is associated with internal ROS production, protein damage
and changes in membrane fluidity [136]. The ability to A2 to protect against heat
shock may be linked to the fact that control-transfected promastigotes produce
fewer internal ROS during heat shock than A2-deficient cells (Figure 3.2).
However, A2 could not protect against unfolded protein damage caused by DTT
(Figure 3.3), even though A2 interacts with the ER chaperone BiP [57], an
important regulator of the UPR in yeast and higher eukaryotes [373] and even
though A2 is induced by DTT treatment [92].

There are several possible explanations for the lack of protection by A2
against DTT. First, although DTT can induce inhibition of protein translation via
induction of eIF2a phosphorylation, it does not alter BiP expression levels in L.
donovani [92], indicating that UPR induction by DTT in L. donovani is non-
classical. It is therefore possible that BiP does not play a role in the UPR induced
by DTT in Leishmania and so the interaction of A2 with BiP would not affect the
UPR. Alternatively, the interaction of A2 and BiP may not modify the function of
BiP. BiP is involved in the import of proteins into the ER and in protein folding
[382] and this may be the cause of the A2-BiP interaction. The mechanism of
cellular damage by DTT also differs from stresses such as heat shock in that DTT
has antioxidant properties and has been shown to block endogenous ROS
production in UPR-deficient cells [380]. In addition, DTT can inhibit the heat
shock response [383], suggesting that the ability of A2 to protect against stress

requires an active heat shock response. Finally, we cannot rule out that other
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negative effects of DTT in addition to UPR activation also contributed to loss of
cell viability and that A2 does not protect against these other negative effects.

In addition to its ability to protect against heat shock, A2 can also protect
against exogenous oxidative stress. Heat shock has been reported to decrease
susceptibility of L. donovani promastigotes to hydrogen peroxide [384,385], and
heat shock rapidly induces A2 expression in this parasite [57]. Similarly,
amastigotes are less sensitive to oxidative stress than promastigotes [386,387],
even though promastigote to amastigote differentiation is associated with the
downregulation of lipophosphoglycan [388], an oxidant scavenger [132]. In
addition, L. major is more sensitive to hydrogen peroxide [389] and nitric oxide
[61] than L. donovani. Our results suggest that one of the factors mediating the
increased resistance of amastigotes or heat shocked promastigotes to oxidative
stress is the induction of A2.

In addition to its ability to protect the cells from lethal stresses, A2
actually promotes increased parasite growth during stress: control-transfected
amastigotes grew better at 40°C than at 37°C (Figure 3.1). The ability of A2-
expressing L. donovani to grow better in the presence of stress may represent an
adaptation of the parasite to grow under stressful conditions in the mammalian
host. Indeed, the number of amastigotes per infected macrophage are lower
following infection with A2-deficient cells compared to control-transfected
parasites, both in unstimulated macrophages [99] and following macrophage

activation with lipopolysaccharide (data not shown). This may provide A2-
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expressing cells with a selective advantage during in vivo infection and may
explain the importance of A2 during mammalian infection.

The biochemical mechanism by which A2 protects against these different
stresses is unclear. A2 has no sequence homology with proteins of known
function, including antioxidants. A2 is predicted to have a structure similar to
type I collagen by the CPH models 3.2 protein homology modeling server
(Figure 6.1) [390]. Overall, this suggests that A2 may have a structural rather
than enzymatic role, indicating that A2 is unlikely to directly detoxify reactive
oxygen and nitrogen species. However, modulation of A2 expression may alter
the levels of antioxidant enzymes, thereby leading to the observed changes in
intracellular ROS levels and in sensitivity to oxidants. Indeed, modulation of one
antioxidant enzyme, ascorbate peroxidase, has been associated with changes in
the expression levels of other antioxidants such as non-selenium glutathione
peroxidase [391]. Antioxidant pathways such as the cytosolic tryparedoxin
peroxidase [392], and glutathione and trypanothione production play a key role in
virulence in Leishmania [369].

Alternatively, a number of structural proteins such as intermediate
filaments have been implicated in the stress response. Several mechanisms have
been proposed, including mechanical support and scaffolding functions to
promote protein-protein interactions [393]. Therefore, A2 may represent a binding
scaffold, interacting with other proteins that are in turn responsible for the
detoxification of reactive oxygen and nitrogen species. Indeed, A2 interacts with

BiP [57], a member of the HSP70 family of proteins [351], which are induced by
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oxidants and have been associated with protection of L. chagasi from oxidative
stress [385].

Overall, these results provide important insight into the function of the L.
donovani virulence factor A2 and its role in pathogenesis. Specifically, A2
protects the parasite from host defence mechanisms, including reactive oxygen
and nitrogen species and fever. Downregulation of A2 is conversely associated
with increased susceptibility to these factors and as such may represent a key

distinction between cutaneous and visceral Old World Leishmania species.
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3.8 Figures

Figure 3.1 A2 protects L. donovani from heat shock.

A, Antisense downregulation of A2 during heat shock. Wild-type L. donovani (L.
d. WT) promastigotes, L. donovani transfected with the control empty KSneo
plasmid (L. d. + control), and L. donovani transfected with the A2 antisense RNA
expressing plasmid (L. d. — A2) were heat shocked at 40°C for 12 h. The A2
proteins and tubulin were detected by Western blot. Top, A2 expression levels.
Expression of A2 is substantially but not fully abrogated in L. donovani
transfected with the antisense construct (L. d. —A2). Bottom, Anti-tubulin loading
control. B, Alamar blue viability assay. Promastigotes were heat shocked for 12 h
and viability was measured using the Alamar blue assay. ***, p<0.001. Values +
standard error are shown. Representative of three independent experiments
performed in triplicate. C, Promastigote to amastigote differentiation was induced
in L. donovani transfected with the control empty KSneo plasmid (L. d. +
control), and L. donovani transfected with the antisense A2 plasmid (L. d. — A2).
A2 and tubulin were detected by Western blot in amastigotes. Top, A2 expression
levels. Expression of A2 is substantially but not fully abrogated in amastigotes
expressing the antisense construct (L. d. - A2). Bottom, Anti-tubulin loading
control. D, Amastigotes of L. donovani transfected with the control empty KSneo
plasmid (L. d. + control) or the antisense A2 plasmid (L. d. — A2) were heat
shocked for 12 h. OD600 measurements were performed 48 h later and %

survival was calculated as described in methods. ***, p<0.001. Values +
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standard error are shown and represent the average of four independent

experiments.
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Figure 3.2 Internal reactive oxygen species during heat shock in L. donovani.
L. donovani transfected with the control KSneo plasmid (L. d. + control), and L.
donovani transfected with the A2 antisense RNA expressing vector (L. d. — A2)
promastigotes were heat shocked at 40°C for 4 h. Internal ROS were monitored
during the heat shock using the oxidant-sensitive fluorescent dye DCFDA.
Values were standardized to t=0 measurements. Values + standard error are

shown and represent the average of three independent experiments. p<0.05 after

30 min.
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Figure 3.3 A2 does not protect L. donovani from unfolded protein stress.
Amastigotes of L. donovani transfected with the control KSneo plasmid (L. d. +
control) or the antisense A2 plasmid (L. d. — A2) were treated for 72 h with DTT.
OD600 measurements were performed and % survival was calculated as
described in methods. Values + standard error are shown and represent the

average at least three independent experiments.
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Figure 3.4 Internal oxidant levels during hydrogen peroxide or SNAP
treatment.

A, axenic amastigotes were labelled with the DCFDA dye and exposed to 800 pM
H,0,. Values were standardized to t=0 measurements. Values + standard error
are shown and are representative of three independent experiments. p<0.05. B,
Treatment with 100 uM SNAP. Values + standard error are shown and represent

the average of three independent experiments. p<0.05 after 60 min treatment.
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Figure 3.5 A2 protects L. donovani from oxidative stress.

Amastigotes of L. donovani transfected with the control KSneo plasmid (L. d. +
control) or the antisense A2 plasmid (L. d. — A2) were treated for 4 h with 800
uM H,0, (A) or 100 uM SNAP (B). OD600 measurements were performed 48 h
later and % survival was calculated as described in methods. ***, p<0.001.
Values + standard error are shown and represent the average of four independent

experiments.
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Chapter 4
Isolation of distinct L. donovani isolates that cause cutaneous and
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4.1 Preface

Comparison of the L. major and L. donovani genomes has highlighted a
number of species-specific genes that play a role in parasite virulence
[124,125,126]. However, additional factors may be involved in determining
visceral pathology. Although both L. major and L. donovani are from the Old
World, the last common ancestor of L. major and L. donovani was 14-24 million
years ago [3]. Many differences between these species may not be related to their

different tropisms. Studying closely related strains of the same species that cause
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different disease manifestations could enable us to identify the most important
determinants of visceral leishmaniasis.

L. donovani is a causative agent of visceral leishmaniasis in East Africa
and South East Asia, including the main focus of visceral disease found in India,
Nepal and Bangladesh [192]. However, in Sri Lanka, L. donovani causes mainly
cutaneous leishmaniasis, while visceral disease is rare [156]. Studying the factors
that mediate the attenuation of L. donovani in Sri Lanka could help us identify
key determinants of visceral disease, presumably absent or expressed at lower
levels in cutaneous L. donovani compared to visceral L. donovani.

We therefore obtained two clinical isolates from Sri Lanka, one from a
cutaneous leishmaniasis lesion and one from a visceral leishmaniasis patient. We
compared the virulence of these two isolates in vitro in BIOR macrophages and in
vivo in our BALB/c subcutaneous and intravenous infection models. In addition,
given the key role of A2 in visceral leishmaniasis, we compared A2 expression
between these isolates and established the importance of A2 in the attenuation of

the Sri Lankan cutaneous L. donovani.

4.2 Abstract

Leishmania donovani normally causes visceral disease. However, in Sri
Lanka L. donovani has caused numerous cutaneous leishmaniasis cases, while
visceral leishmaniasis is rare. Clinical isolates from cutaneous and visceral
leishmaniasis patients were obtained from Sri Lanka. Experimental intravenous

and subcutaneous mouse infections showed that disease phenotype was
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maintained in our experimental model. The molecular basis of this differential
virulence was also investigated and we showed that decreased A2 protein levels
are a key determinant of the attenuated virulence of the cutaneous parasite.
Overall, these results indicate that the clinical situation in Sri Lanka is due to the
presence of different parasite strains rather than to host background and highlight
the importance of the A2 virulence factor in a clinical setting. This work provides
the basis for further investigation of the determinants of visceral disease and for

disease control efforts in Sri Lanka.

4.3 Introduction

Leishmaniasis is a parasitic disease caused by Leishmania protozoa.
Leishmania promastigotes are transmitted to mammalian hosts by the bite of a
sand fly. Within the mammalian host, promastigotes are phagocytosed by
macrophages, where promastigotes differentiate into amastigotes. Infected
macrophages or free amastigotes can then be taken up by sand flies during a blood
meal. Within the sand fly gut, amastigotes differentiate into promastigotes,
thereby completing the parasite lifecycle [192].

Leishmaniasis is associated with a spectrum of clinical manifestations,
from cutaneous leishmaniasis to visceral disease. Cutaneous leishmaniasis is
associated with parasite proliferation and lesion development at the site of the
sand fly bite. These lesions are self-healing but scarring. In contrast, parasites
disseminate to the bone marrow, liver and spleen in visceral leishmaniasis, and

clinically manifest disease is fatal without treatment. A key question in
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leishmaniasis research is what determines whether a patient develops cutaneous or
visceral leishmaniasis. Disease phenotype is strongly influenced by parasite
factors and in particular Leishmania species. Parasites from the Leishmania
donovani species complex are the main causative agents of visceral leishmaniasis
[192]. However, a number of atypical cases have been reported associating this
species with cutaneous rather than visceral cases in India [179], in the Middle
East [181,182] and in Cyprus [165].

One of the major foci of cutaneous leishmaniasis caused by L. donovani is
Sri Lanka. There have been over 2000 cases of cutaneous leishmaniasis caused
by L. donovani in Sri Lanka in the past ten years, whereas visceral disease is rare
[156]. Parasites from cutaneous leishmaniasis patients have been typed to the L.
donovani zymodeme MON-37 [161,162], but so far the basis for these atypical
disease manifestations has not been identified. This is investigated here by
studying two clinical isolates from Sri Lanka.

The first clinical isolate, referred to as SL-CL, comes from a cutaneous
lesion on the nose of a 28 year old male. The second clinical isolate, SL-VL, was
obtained from a bone marrow aspirate of a 53 year old visceral leishmaniasis
patient with chronic fever, hepatosplenomegaly, lymphadenopathy, low
haemoglobin and seropositivity for rK39. To determine whether these different
tropisms were due to host or parasite factors, we performed subcutaneous and
visceral infections in BALB/c mice. Disease phenotype was maintained in our
animal model: only the SL-CL isolate caused footpad swelling, while the SL-VL

isolate caused significant liver and spleen parasitemia. We then investigated the
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biological basis of this differential virulence by comparing the expression levels
of the known L. donovani virulence factor A2 [54,99]. SL-CL expressed lower
A2 expression levels and fewer A2 isoforms than SL-VL. The impact of this on
SL-CL virulence was assessed by in vivo infection with SL-CL ectopically
expressing an additional A2 gene as well as by downregulating A2 expression in
SL-VL. Results demonstrated that the inability of the SL-CL isolate to cause
visceral infection was due at least in part to decreased A2 expression. Overall,
this work demonstrates for the first time that the cutaneous and visceral cases in
Sri Lanka are caused by different parasites rather than by differences in host
characteristics, and indicates that decreased A2 expression is one mechanism that
allows L. donovani to switch from visceral to cutaneous tropism in a clinical

setting.

4.4 Materials and methods
4.4.1 Sri Lanka L. donovani isolates and culture conditions

The SL-CL isolate was obtained from a cutaneous lesion on the nose from
a 28 year old male. The SL-VL isolate was obtained from a bone marrow aspirate
of'a 57 year old visceral leishmaniasis patient with chronic fever,
hepatosplenomegaly, lymphadenopathy, low haemoglobin and seropositivity for
rK39.

Biopsy samples were directly inoculated into Leishmania promastigote
culture medium: M199 medium (pH 7.4) supplemented with 10% heat-inactivated

fetal bovine serum, 40 mM HEPES (pH 7.4), 0.1 mM adenine, 5 mg/L. hemin,
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1 mg/L biotin, 1 mg/L biopterin, 100 U/mL penicillin and 100 pg/mL
streptomycin at room temperature and were maintained in this medium at 26°C
after arriving in the lab. For axenic amastigote culture, Leishmania promastigotes
were shifted to 37°C, pH 5.5 culture media to mimic the macrophage

phagolysosome environment associated with the amastigote stage [93,117].

4.4.2 Transfections

Promastigotes were transfected as described by Robinson and Beverley
[367] with the KSneo-control plasmid, the KSneo-A2 plasmid [85] or the KSneo-
A2 (R) antisense plasmid [99]. Transfected parasites were maintained in media

supplemented with 200 pg/mL G418 (Wisent).

4.4.3 Macrophage infections

B10R macrophages were maintained in Dulbecco’s Modified Essential
Medium (DMEM, Invitrogen), supplemented with 10% FBS, 100 units/mL of
penicillin and 100 pg/mL streptomycin at 37°C in 5% CO,. Macrophages were
infected with stationary phase promastigotes at a 2 to 1 parasite to macrophage
ratio. 24 h post-infection, cells were collected by cytospin and stained with

DiffQuick (Dade Behring).

4.4.4 Mouse infections

Female BALB/c mice (17-20 g) were purchased from Charles River

Laboratories and maintained in the animal care facility under pathogen-free

140



conditions. For studies of cutaneous infection, mice were injected subcutaneously
with 5x10° SL-CL or SL-VL stationary phase promastigotes in their hind
footpads. Footpad swelling was monitored by weekly caliper measurements for

11 weeks. For studies of visceral infection, mice were infected intravenously via
the tail vein with 5x10” (SL-CL, SL-VL, SL-VL + control or SL-VL — A2) or
1x10® (SL-CL + control or SL-CL + A2) stationary phase promastigotes in 100
uL PBS. Mice were sacrificed 28 days following infection. Liver parasite burden
was determined by direct counting of amastigotes on Diff-Quick stained liver
impressions and expressed as Leishman-Donovan Units (LDU): number of
amastigotes per 1000 cell nuclei x liver weight (g) [99]. Spleen parasite burden

was determined by limiting dilution of spleen homogenates.

4.4.5 SDS-PAGE and Western blotting

SDS-PAGE and Western blotting were performed as previously described
[57]. Briefly, proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane (Bio-Rad). A2 was detected with a 1:8,000 dilution of
mouse monoclonal anti-A2 antibody (ascites) and tubulin with a 1:2,000 dilution
of mouse monoclonal anti-tubulin antibody (Oncogene), followed by a 1:2,500
dilution of peroxidase-conjugated anti-mouse IgG antibody (Rockland). All
antibodies were diluted in 5% skim milk in PBS-T and all antibody incubations
were | h in duration. Proteins were visualized using ECL Western Blot Detection

Reagents (GE Healthcare).
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4.5 Results

Parasites were successfully isolated and grown in culture from a cutaneous
lesion (SL-CL) and from a bone marrow aspirate of a visceral leishmaniasis
patient (SL-VL). Sri Lanka L. donovani have previously been shown to belong to
zymodeme MON-37, which can be distinguished from Indian L. donovani strains
by a single amino acid change in the 6-phosphogluconate dehydrogenase
(6PGDH) gene [164]. The isolates used in this study are indeed MON-37 L.
donovani from Sri Lanka, as confirmed by sequencing of the 6PGDH gene in both

the visceral and cutaneous-derived isolates [394].

4.5.1 Disease phenotype is maintained during BALB/c mouse infection

The atypical cutaneous leishmaniasis cases in Sri Lanka have been
postulated to be due to differences in host genetic background, although no
significant genetic differences were identified [176,177]. To investigate whether
cutaneous cases in Sri Lanka are due to host factors or parasite factors, we
infected inbred BALB/c mice (same genetic background) with each isolate.
Intravenous visceral infections showed that only the isolate from the visceral
patient (SL-VL) could cause significant liver and spleen parasitemia (Figure 4.1).
Similarly, only the isolate from the cutaneous patient (SL-CL) was able to cause
significant footpad swelling (Figure 4.2). These results indicate that parasite-
intrinsic factors are the main determinants of disease phenotype in Sri Lanka and

form the basis for the identification of the factors that lead to L. donovani
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attenuation in Sri Lanka. These observations also validate the use of these

BALB/c mouse infection models for the study of visceral disease determinants.

4.5.2 SL-CL and SL-VL are equally infective to macrophages in vitro

The SL-CL and SL-VL isolates therefore differ significantly with regards
to their ability to proliferate in the mouse footpad and visceral organs. In vivo
virulence has been tied to differential infectivity to macrophages in vitro in some
studies [74,75] but not in others [73,76]. We therefore investigated whether SL-
CL and SL-VL differ in their infectivity to macrophages. Infections were
performed at 34°C to mimic footpad temperatures and 37°C to model visceral
organ infection. At both temperatures, there was no significant difference in
macrophage infection levels or in the number of amastigotes per infected
macrophage (Figure 4.3). Overall, this suggests that other factors than infectivity

to macrophages mediate the differential virulence of these two clinical isolates.

4.5.3 Impact of the A2 virulence factor on SL-CL and SL-VL virulence
The A2 family of proteins are a key determinant of visceral disease.
Decreased A2 expression has been tied to decreased parasite viability in mouse
visceral organs and increased A2 levels to increased virulence [54,99]. A2 isa
multigene family of proteins and different parasite strains express different
numbers and sizes of A2 [83]. A2 protein expression levels were therefore

assessed in SL-CL and SL-VL by Western blot. As shown in Figure 4.4, A2
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protein levels were overall lower in SL-CL than in SL-VL, and SL-CL expressed
fewer isoforms of A2 than SL-VL.

Given the importance of A2 in L. donovani virulence, we investigated
whether these observed differences in A2 expression were involved in their
differential virulence. A2 protein expression was increased in SL-CL by
transfection with the KSneo-A2 plasmid [85] (SL-CL + A2) and downmodulated
in SL-VL by transfection with the KSneo-A2 (R) antisense plasmid [99] (SL-VL
— A2). The KSneo-A2 plasmid leads to ectopic expression of an additional size of
A2 (Figure 4.5A, arrow), restoring A2 levels in SL-CL to levels comparable to
those found in SL-VL. A2 expression is almost completely abrogated in parasites
transfected with the antisense KSneo-A2 (R) plasmid (Figure 4.6A).

Virulence of transfectants was assessed by intravenous infection in
BALB/c mice. In both cases, virulence was compared to parasites transfected
with the empty control vector (SL-CL + control and SL-VL + control). Ectopic
expression of A2 in SL-CL significantly increased SL-CL virulence (Figure
4.5B). Addition of a single copy of A2 was associated with over a seventy-fold
increase in spleen parasite burden. This indicates that loss of A2 is a key
determinant of the attenuated virulence of the SL-CL isolate. However, virulence
was not fully restored to levels comparable to those of the SL-VL isolate,
indicating that factors other than A2 also play a role.

Downregulation of A2 expression in the SL-VL isolate significantly
decreased the infectivity of the parasite in the visceral organs (Figure 4.6B). This

confirms the importance of A2 in the virulence of these clinical isolates and
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highlights the importance of this virulence factor in clinical isolates as well as

laboratory strains.

4.6 Discussion

Leishmaniasis is the second most fatal tropical disease, with an estimated
20,000 to 40,000 deaths per year [395]. Given that visceral leishmaniasis is
associated with most of the morbidity and mortality caused by Leishmania
parasites, identifying the factors that mediate the development of visceral disease
is of primordial importance. Comparison of the L. major and L. donovani
genomes has highlighted a number of candidate genes that are involved in visceral
virulence [124,125]. However, transfection of these genes into L. major was not
able to lead to infection levels comparable to those caused by L. donovani.
Therefore the identification of novel determinants of visceral disease is required.
Although both from the Old World, L. major and L. donovani are evolutionarily
quite distant [3]. Studying closely related parasite strains that cause different
disease manifestations could help identify key genes that mediate differential
parasite virulence.

L. donovani is the only known causative agent of cutaneous leishmaniasis
in Sri Lanka and more typical visceral disease cases caused by L. donovani are
rare there [156]. Comparison of cutaneous and visceral strains from Sri Lanka
therefore represent an excellent model to identify the key changes that allowed a

normally visceral parasite to cause cutaneous disease.
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Parasites isolated from cutaneous and visceral leishmaniasis patients (SL-
CL and SL-VL) caused the same disease phenotypes in BALB/c mice as they do
in humans: only SL-CL causes cutaneous swelling, manifested by increased
footpad swelling following subcutaneous infection, and SL-VL was significantly
more virulent in the visceral organs than SL-CL. Maintenance of disease
phenotype in our inbred animal model indicates that the atypical cutaneous
leishmaniasis cases in Sri Lanka are due to parasite rather than host genetic
background. Western blotting showed that the A2 expression pattern also differed
between these two isolates, indicating that cutaneous and visceral cases are caused
by different parasite strains. This highlights the advantage and clinical relevance
of comparing protein expression patterns of virulence factors such as A2 to
differentiate between clinical isolates.

A2 is a multigene family of proteins found in L. donovani and L. infantum
but absent in L. major [83,88] and is a major virulence factor required for L.
donovani infection in visceral organs [54,99]. Ectopic expression of A2 in L.
major increased its ability to survive in visceral organs [54]. In addition,
decreased A2 levels in laboratory strains of L. donovani have been tied to
decreased virulence [54,99]. Western blot comparison of A2 levels in SL-CL and
SL-VL showed that SL-CL expressed lower A2 levels and fewer A2 isoforms.
We therefore investigated whether this lowered A2 expression could be a factor
mediating the decreased visceral virulence of the SL-CL isolate. Ectopic
expression of A2 in SL-CL was associated with increased visceral parasite

burden in BALB/c mice. In parallel, we confirmed that A2 is a key mediator of
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SL-VL virulence by downregulating A2 expression in these parasites with an
antisense construct. Decreased A2 expression in SL-VL was associated with
attenuated visceral virulence. Lowered A2 expression is therefore one of the
factors that cause the decreased virulence of SL-CL parasites. A2 protects L.
donovani from host defenses such as heat shock and oxidative stress [57,342] and
therefore lowered A2 levels may render SL-CL more susceptible to parasite
killing in vivo, although no differences in in vitro infectivity were observed
between SL-CL and SL-VL. However, ectopic A2 expression could not restore
SL-CL virulence to levels comparable to those of SL-VL. Other factors are
therefore involved and we are currently investigating them by whole genome
sequencing of these two isolates.

Overall, this work provides insight into the basis of the atypical cutaneous
leishmaniasis observed in Sri Lanka. This will form the basis for improved
understanding of the disease and could help guide case management and

treatment in this region.
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4.8 Figures

Figure 4.1 SL-CL is avirulent in the liver and spleen of BALB/c mice
compared to the SL-VL that is highly virulent in these organs.

BALB/c (five mice per group) were injected in the tail vein and four weeks after
infection, liver parasite burden (LDU, A) and spleen parasite burden (B) were

determined from liver prints and spleen homogenates.
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Figure 4.2 Only SL-CL causes footpad swelling in BALB/c mice.

BALB/c mice (five mice per group) were injected subcutaneously in the rear

footpad and footpad swelling measured over 11 weeks.
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Figure 4.3 SL-CL and SL-VL parasites are equally infective to macrophages
in vitro.

B10R macrophages were infected with stationary phase SL-CL or SL-VL
promastigotes at a 2:1 parasite to macrophage ratio. 24 h post-infection, cells
were stained with DiffQuick. The percentage of infected macrophages (A) and
parasites per macrophage (B) were determined by direct counting on a light
microscope. Average values + standard error are shown and represent the

average of three independent experiments.
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Figure 4.4 A2 expression in SL-CL and SL-VL.

SL-CL and SL-VL were heat shocked at 40°C for 8 h. The A2 proteins and
tubulin were detected by Western blot. Top, A2 expression. A2 was detected with
a 1:8,000 dilution of mouse monoclonal anti-A2 antibody (ascites). Note the
different patterns of A2 bands between cutaneous (CL) and visceral isolates (VL)
and the lower overall levels of A2 in cutaneous parasites. Bottom, Tubulin

loading control.
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Figure 4.5 Ectopic expression of an additional A2 copy in SL-CL increases
parasite virulence in visceral organs.

A, SL-CL was transfected with the KSneo vector encoding an extra copy of the
A2 gene (SL-CL + A2, arrow) or the empty KSneo vector (SL-CL + control).
Top, A2 expression was detected by Western blot following a 4h heat shock at
40°C. Bottom, tubulin loading control. B, Expression of an extra copy of the A2
gene increases SL-CL virulence in the visceral organs. BALB/c mice were
injected in the tail vein and four weeks post-infection, spleen parasite burden was
determined by limiting dilution of spleen homogenates. Values +/- standard error
are shown and are representative of two independent experiments with five mice

per group. p<0.05.
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Figure 4.6 Downregulation of A2 protein expression decreases the virulence
of SL-VL in visceral organs.

A, SL-VL was transfected with the KSneo vector encoding an antisense construct
that downregulates A2 expression (SL-VL - A2) or the empty KSneo vector (SL-
VL + control). Top, A2 expression was detected by Western blot following a 4h
heat shock at 40°C. Bottom, tubulin loading control. B, Downregulation of A2
expression decreases SL-VL virulence in the visceral organs. BALB/c mice were
injected in the tail vein and four weeks post-infection, spleen and liver parasite
burden were determined by limiting dilution of organ homogenates. Values +/-
standard error are shown and are representative of two independent experiments.

p<0.05.
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Chapter 5
Leishmanization revisited: immunization with a naturally attenuated
cutaneous Leishmania donovani isolate from Sri Lanka protects

against visceral leishmaniasis

Laura-Isobel McCall, Wen-Wei Zhang, Shanlindra Ranasinghe, and Greg

Matlashewski

Adapted from Vaccine with permission from Elsevier.

McCall LI, Zhang WW, Ranasinghe S, Matlashewski G (2013), Leishmanization
revisited: immunization with a naturally attenuated cutaneous Leishmania
donovani isolate from Sri Lanka protects against visceral leishmaniasis. Vaccine,

31(10):1420-5.

5.1 Preface

Cutaneous leishmaniasis caused by L. donovani is common in Sri Lanka,
while visceral leishmaniasis is present but rare [156]. No host genetic factors
have been identified that could explain this increase in cutaneous disease and the
scarcity of visceral cases. One possibility is that prior infection with the
cutaneous L. donovani strain can protect against visceral leishmaniasis. We
investigate this here by immunizing BALB/c mice subcutaneously with the
cutaneous L. donovani clinical isolate to mimic the natural infection route, and

challenging them intravenously with the visceral isolate.
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5.2 Abstract

Leishmaniasis is a neglected tropical disease caused by Leishmania
protozoa and associated with three main clinical presentations: cutaneous,
mucocutaneous and visceral leishmaniasis. Visceral leishmaniasis is the second
most lethal parasitic disease after malaria and there is so far no human vaccine. L.
donovani is a causative agent of visceral leishmaniasis in South East Asia and
Eastern Africa. However, in Sri Lanka, L. donovani causes mainly cutaneous
leishmaniasis, while visceral leishmaniasis is rare. We investigate here the
possibility that the cutaneous form of L. donovani can provide immunological
protection against the visceral form of the disease, as a potential explanation for
why visceral leishmaniasis is rare in Sri Lanka. Subcutaneous immunization with
a cutaneous clinical isolate from Sri Lanka was significantly protective against
visceral leishmaniasis in BALB/c mice. Protection was associated with a mixed
Th1/Th2 response. These results provide a possible rationale for the scarcity of
visceral leishmaniasis in Sri Lanka and could guide leishmaniasis vaccine

development efforts.

5.3 Introduction

Leishmaniasis is a tropical disease caused by Leishmania protozoa.
Parasites are transmitted to the mammalian host by a sand fly vector and replicate
intracellularly, mainly in macrophage phagolysosomes. Infection is associated
with three main forms of disease: cutaneous leishmaniasis, where parasites remain

contained at the site of the sand fly bite, mucocutaneous leishmaniasis in which
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there is metastasis to the mucosal tissues of the nose, mouth and throat, and
visceral leishmaniasis where parasites disseminate to visceral organs, including
the bone marrow, liver and spleen [192]. Visceral leishmaniasis is one of the
most lethal tropical parasitic diseases, with a mortality second only to malaria
[23]. Leishmaniasis is also the cause of over two million DALY’ lost (disability-
adjusted life years) [23]. Although visceral leishmaniasis is such a deadly
disease, there are as yet no human vaccines licensed for use, and most vaccines
studies have focused on the less severe cutaneous form of the disease [396].
Studying self-resolving infections or naturally immune patients can
provide valuable insight into vaccine development. The practise of
leishmanization arose from the observation that healing of a cutaneous
leishmaniasis lesion was associated with protection against re-infection.
Leishmanization involves inoculation with Leishmania parasites in a hidden area
to protect against lesion development in visible areas, and was performed on a
large scale in Israel and Iran in the 1970s and 1980s, but was abandoned due to
concerns about decreased immunity to other vaccines and non-healing lesions.
Uzbekistan is currently the only country where it is still performed [325].
Evidence that leishmanization could also protect against visceral
leishmaniasis is more limited. A study in Sudan observed that only individuals
unresponsive to the leishmanin skin test (not previously exposed to Leishmania)
developed visceral disease. The authors suggested that prior exposure to a

cutaneous parasite could lead to a positive leishmanin skin reaction and protection
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against visceral disease [327]. The positive skin test could however have been due
to asymptomatic L. donovani infections.

Immunization with L. donovani antigens is protective against cutaneous
Leishmania species [299,397,398,399]. In contrast, although immunization with
L. major antigen fractions such as soluble promastigote exogenous antigens was
protective against visceral leishmaniasis [400], immunization with live L. major
promastigotes did not protect against L. chagasi or L. infantum [309,310].
Indeed, prior infection with L. major was even associated with increased spleen
parasite burden following L. infantum challenge [309]. Live immunization
against visceral leishmaniasis may therefore require the use of parasites closely
related to the challenge strain.

In Sri Lanka, there have been over 2,000 cases of cutaneous leishmaniasis
caused by an atypical L. donovani strain, while visceral leishmaniasis is rare
[156]. No host genetic polymorphisms associated with altered susceptibility to
leishmaniasis have been observed in the population [177,178]. Therefore, either
parasite factors or acquired host differences may play a role. One possibility is
that prior exposure to a more prevalent cutaneous parasite protects against
visceral leishmaniasis. We have recently observed virtually no visceral
leishmaniasis in districts reporting high levels of cutaneous leishmaniasis in Sri
Lanka [401].

We investigate this here and show that immunization of BALB/c mice
with a cutaneous clinical isolate from Sri Lanka protects against visceral disease

caused by a visceral clinical isolate from Sri Lanka. Protection is associated with
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a mixed Th1/Th2 response prior to challenge. The protection resulting from this
immunization may be due to the fact that both cutaneous and visceral L. donovani
isolates are closely related, although the virulence of the cutaneous isolate is
significantly attenuated since Sri Lanka L. donovani is almost exclusively
associated with cutaneous rather than visceral leishmaniasis [156]. Overall, this
work provides valuable insight into leishmaniasis disease dynamics in Sri Lanka
but also has a broader impact on vaccination perspectives for visceral

leishmaniasis.

5.4 Materials and methods
5.4.1 Parasite strains and culture

Both L. donovani isolates were obtained in Sri Lanka. The cutaneous SL-
CL isolate was obtained from a cutaneous lesion on the nose from a 28 year old
male. The SL-VL isolate was derived from the third autochthonous visceral
leishmanaisis patient in Sri Lanka, a 57 year old visceral leishmaniasis patient
with chronic fever, hepatosplenomegaly, lymphadenopathy, low haemoglobin and
seropositivity for rK39. SL-VL was identified as L. donovani MON-37 based on
multilocus isoenzyme electrophoresis and sequencing of the 6-phosphogluconate
dehydrogenase (6PGDH) gene [401]. It has previously been established that the
causative agent of cutaneous leishmaniasis in Sri Lanka is likewise L. donovani
MON-37 [161,164] and we have confirmed by sequencing the 6PGDH gene that

the SL-CL isolate used in this study is the same. Sequencing of the 6PGDH gene
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in the SL-CL and SL-VL isolates used in this study was performed at the McGill
University Genome Quebec Innovation Centre.

Leishmania promastigotes were cultured in M199 medium (pH 7.4)
supplemented with 10% heat-inactivated fetal bovine serum, 40 mM HEPES
(pH 7.4), 0.1 mM adenine, 5 mg/L hemin, 1 mg/L biotin, 1 mg/L biopterin,

100 U/mL penicillin and 100 pg/mL streptomycin. Parasites were maintained in

this medium at 26°C.

5.4.2 Immunizations

Female BALB/c mice (17-20 g) were purchased from Charles River
Laboratories and maintained in the animal care facility under pathogen-free
conditions. All experiments were performed in accordance with guidelines of the
Canadian Council on Animal Care, as approved by the Animal Care Committee
of McGill University.

Mice were immunized subcutaneously in the left hind footpad with 1x10°
to 1x10° SL-CL stationary phase promastigotes in 50 uL PBS. Control mice were
immunized with 50 uL PBS alone. Footpad parasite burden prior to challenge

was determined by limiting dilution of footpad homogenates.

5.4.3 Challenge infections
Seven weeks post-immunization, mice were challenged intravenously with
5x10” SL-VL stationary phase promastigotes. Mice were sacrificed 28 days

following challenge. Liver parasite burden was determined by direct counting of
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amastigotes from Diff-Quick stained liver impressions and expressed as
Leishman-Donovan Units (LDU): number of amastigotes per 1000 cell nuclei

x liver weight (g) [99].

5.4.4 In vitro splenocyte restimulation

Splenocytes were separated into single cell suspension by passing through
a fine wire mesh and red blood cells were lysed with 0.17 M NH4Cl pH 7.2.
Splenocytes were then resuspended at 2x10° cells/mL in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 20 mM HEPES, 10% heat-
inactivated FBS, 20 U/mL penicillin, 20 pg/mL streptomycin and 50 uM f-
mercaptoethanol (Sigma). Cells were restimulated at 37°C in 5% CO, with 50
ug/ml of soluble Leishmania antigen (SLA) prepared from SL-VL promastigotes
or left unstimulated (null) for 72 h. IFNy, IL4, and IL10 cytokine concentration
in the culture supernatant were determined by sandwich ELISA according to the

manufacturer's instructions (eBioscience).

Soluble Leishmania antigen (SLA) was obtained by sequential freeze-thaw
cycles of stationary phase SL-VL promastigotes. Solutions were cleared by
centrifugation and the protein concentration in the supernatant was determined by

Bradford reaction (BioRad).
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5.4.5 Serum antibody analysis

To determine total IgG serum antibody levels, ELISA plates were coated
with 2.5 ng/mL SLA overnight. Wells were blocked in 2.5% FBS in PBS. Two-
fold serial dilutions of serum samples in 2.5% FBS in PBS were added to the
wells for 2 hours, followed by a 1 h incubation with horseradish peroxidase-
conjugated anti-mouse IgG (1:20,000; Rockland). Color development was
performed with 3,3°,5,5’-tetramethylbenzidine substrate (eBioscience) and the
reaction was stopped with 2 N H,SO,4. Absorbance measurements were
performed at 450 and 570 nm. The antibody titer was identified as the highest
dilution where absorbance values still exceeded 3%(mean blank OD+S.D. of

blanks) as described in [105].

To determine antibody isotypes, ELISAs were performed as above, using
1 in 50 dilutions of serum samples. Incubation with serum samples was followed
by 1 h incubation with anti-mouse IgG1 or IgG2a antibodies (1:1,000) and 1 h

incubation with horseradish peroxidase conjugated anti-goat IgG (1:5,000).

5.4.6 Statistical analysis

The significance of the data was evaluated by two-tailed Student’s 7 test.
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5.5 Results
5.5.1 Subcutaneous immunization with low doses of SL-CL is protective
against visceral leishmaniasis

In Sri Lanka, cutaneous leishmaniasis caused by L. donovani is common,
while visceral leishmaniasis is rare [156]. We were therefore interested to
investigate whether cutaneous infection with L. donovani derived from a human
cutaneous leishmaniasis case can provide immunological protection against
visceral leishmaniasis and this was tested in BALB/c mice. Clinical isolates were
obtained from a cutaneous leishmaniasis patient (SL-CL) and a visceral
leishmaniasis patient (SL-VL) from Sri Lanka. Both isolates are L. donovani
since this species is reported to be the causative agent of cutaneous leishmaniasis
[161,163,164]) and visceral leishmaniasis [401] in Sri Lanka as detailed in
methods. Parasites used in this study were confirmed as L. donovani MON-37 by
sequencing of the 6-phosphogluconate dehydrogenase (6PGDH) gene [394].

Since the Sri Lanka L. donovani causes cutaneous rather than visceral
leishmaniasis, and since only four cases of visceral leishmaniasis have been
reported in Sri Lanka compared to over 2,000 cutaneous cases in the past ten
years [156], the cutaneous L. donovani SL-CL isolate can be considered a
naturally attenuated parasite. Furthermore, whereas the SL-CL isolate was unable
to cause significant liver and spleen parasitemia, the SL-VL isolate was able to
survive in visceral organs in BALB/c mice (chapter 4, Figure 4.1). The SL-CL

isolate was therefore used in this study as a live cutaneous vaccine.
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Mice were immunized subcutaneously with the cutaneous SL-CL clinical
isolate to mimic the natural course of infection, and seven weeks post-
immunization mice were challenged intravenously with a clinical isolate from a
visceral leishmaniasis patient (SL-VL). Immunization with 10* to 10° SL-CL
promastigotes was associated with significantly decreased liver parasite burden
(p<0.01), indicating that these SL-CL doses are protective against visceral

leishmaniasis. Lower SL-CL doses were not protective (Figure 5.1).

5.5.2 Immune response post-challenge

The cellular and humoral immune response was investigated post-
challenge. Splenocytes were restimulated in vitro with soluble Leishmania
antigen (SLA) prepared from the visceral SL-VL promastigotes, and IFNy, IL4
and IL10 levels measured after 72 h. IFNy production post-challenge was
comparable in all groups. In contrast, IL4 and IL10 levels were significantly
higher in protected mice (SL-CL 10* to SL-CL 10°, p<0.05) (Figure 5.2 A-C). In
accordance with this increased Th2 cytokine production, total IgG titers and IgG1
antibody levels were elevated in protected mice (Figure 5.2D, Table 5.1).
Similarly, the lack of significant differences in IFNy and Th1 cytokine production
was associated with no significant differences in IgG2a antibody levels post-

challenge (Table 5.1).
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5.5.3 Determinants of protection pre-challenge

To identify further determinants of protection, the cellular and humoral
immune responses were compared at 7 weeks post-immunization, before
challenge. Protection by SL-CL cutaneous immunization was associated with
significantly higher IFNy and IL4 production before challenge (Figure 5.3A and
B). With regards to IL10, no significant difference was observed between SLA-
stimulated and unstimulated (null) splenocytes, indicating that there was no
antigen-specific IL10 response before challenge in any of the groups (Figure
5.3C). Significant antibody responses were only detected in mice immunized with
10° SL-CL promastigotes and both IgG1 and IgG2a were detected (Figure 5.3D,
Table 5.1). Therefore protection was associated with a mixed Th1/Th2 response,
as evidenced by the IFNy and IL4 production and an IgG1 to IgG2a ratio of 1.82.

Finally, to assess whether protection was associated with parasite
persistence at the site of immunization, we measured the footpad parasite burden
at the time of challenge, 7 weeks post immunization. Low but detectable footpad
parasitemia was observed in protected mice (Figure 5.4), with the highest footpad
parasite burden as expected in mice immunized with 10° SL-CL. No remaining
parasites were detected in mice immunized with 10* SL-CL. Parasite persistence
does not however seem to be required for durable vaccine protection in the liver
since 5x10° SL-CL was protective against challenge with SL-VL 3 months post-
immunization, even though footpad parasite burden becomes low to undetectable

at time points greater than 2 months post-infection (Figure S1).
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Even though persistent parasites were detected in the footpad of mice
immunized with 10* to 10° SL-CL, no footpad lesions or footpad swelling were
observed in any of the mice immunized with these SL-CL doses. We did
however observe minor but transient footpad swelling when mice were
immunized with 5x10° SL-CL (see chapter 4, Figure 4.2). Dissemination of the
SL-CL parasite to the spleen following subcutaneous immunization in the footpad
was also assessed. No growth was observed by limiting dilution of spleen
homogenates in any of the groups, indicating that parasite levels in the spleen
prior to challenge are below the detection limit for spleen limiting dilutions (fewer

than 40 parasites per spleen).

5.6 Discussion

The major observation from this study was that subcutaneous
immunization with the live L. donovani SL-CL isolate was associated with
significantly decreased liver parasite burden following challenge with the virulent
SL-VL isolate (Figure 5.1). A number of previous studies have assessed whether
immunization with live Leishmania parasites protects against visceral
leishmaniasis. However, in these studies, immunization involved intravenous
infection of mice with live L. chagasi or L. infantum parasites, resulting in the
presence of parasite in visceral organs [290,321]. In contrast, subcutaneous
immunization with the L. donovani SL-CL isolate performed in our study was not

associated with dissemination to the spleen.
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Since SL-CL does not visceralize, induction of protective responses in the
spleen may involve the movement of dendritic cells that have taken up parasite
antigens from peripheral tissues into the bloodstream, possibly via lymphatic
vessels and lymph nodes. These cells can then migrate to the liver, bone marrow
and spleen and activate T cells there [402,403]. Alternatively, some T cells may
become activated in lymph nodes draining the site of subcutaneous immunization
and then migrate to other organs, including the liver and spleen [404]. Effector
memory T cells can also exit the lymph nodes to localize to peripheral tissues
[405]. Both of these mechanisms could be involved in the induction of the
protective cytokine response that we observed. Several live vaccines delivered
subcutaneously are protective against visceral leishmaniasis even though the
parasites used for immunization do not visceralize (see for instance
[292,310,318]). In addition, many second and third generation vaccines are
delivered subcutaneously [396]. It is therefore not surprising that our vaccine was
protective even though SL-CL did not visceralize.

SL-CL mediated protection against challenge infection with SL-VL was
associated with a mixed Th1/Th2 response prior to challenge (Figure 5.3A and
B, Figure 5.3D, Table 5.1). This is typical of other successful experimental
vaccines against visceral leishmaniasis (see for instance [105,290,291,292]).
Notably, there was no antigen-specific IL10 production observed prior to
challenge (Figure 5.3C). Low antigen-specific IL10 production has previously
been identified as a key predictor of vaccine success [291]. Significantly higher

IL4 production was observed in all protected groups prior to challenge (10 to
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10%) and this may be involved in vaccine-mediated protection. IL4 plays an
essential role in vaccine-mediated protection against visceral leishmaniasis by
priming CD8+ T cells for long-term protection and promoting granuloma
resolution [243]. Finally, only low antibody levels were observed in most
protected groups prior to challenge, except in mice immunized with 10° SL-CL
(Figure 5.3D). The role of antibodies in protection against visceral leishmaniasis
is still controversial but antibody levels are elevated during active visceral
leishmaniasis [406] and IgG exacerbates disease during experimental murine
leishmaniasis [407].

Higher IL10 levels were also observed post-challenge in protected groups
(Figure 5.2C). It is possible that this is why there was not a complete protection
against challenge infection. Moreover, elevated IL10 has been observed for other
protective vaccine formulations. For instance, higher IL10 than IFNy levels were
detected post-challenge in mice immunized with 10* live L. infantum
intravenously [290]. Similarly, higher IL10 production compared to IFNy levels
was also observed post-immunization (prior to challenge) in mice injected with
either live L. chagasi or killed but metabolically active L. chagasi [292]. The
observed production of IL10 may be involved in limiting organ damage, as
previously suggested [246]. It is possible that pre-challenge immune responses
rather than post-challenge cytokine production are the main determinants of
vaccine-mediated protection. This observation also highlights the fact that
correlates of vaccine-mediated protection are still not full understood for visceral

leishmaniasis [323,408].
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Protection against re-infection in cutaneous leishmaniasis has been
associated with parasite persistence [312,313]. Protected mice in these
experiments had low but detectable footpad parasitemia at the time of challenge
(Figure 5.4). The highest footpad parasite burden at the time of challenge was
observed in mice immunized with 10° SL-CL promastigotes, the group in which
the highest degree of protection was observed, suggesting that low level parasite
persistence may have contributed to the observed protection. However, parasite
persistence may not be essential for protection since protection was still observed
when mice were challenged at 3 months post-immunization rather than at seven
weeks post-immunization, a time point at which parasite burden is undetectable
(Figure S1).

Immunization with cutaneous Leishmania species has had limited success
against visceral leishmaniasis. No cross-protection between L. major and L.
chagasi or L. infantum was observed in a BALB/c mouse model of visceral
leishmaniasis [309,310]. Similarly, autoclaved L. major in combination with
BCG did not provide any vaccine-mediated protection against visceral
leishmaniasis compared to BCG alone in human clinical trials [311]. The lack of
success of these immunization strategies may be due to the approximately 14-24
million year divergence between Old World cutaneous and visceral species [3].
In contrast, both the cutaneous immunization strain and the challenge visceral
strain used in this study belong to the L. donovani species, as confirmed by DNA
sequencing of the 6PGDH gene, and are therefore closely related. Using such a

naturally attenuated L. donovani strain that has evolved to persist in the skin may
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therefore prove to be a more successful vaccination strategy against visceral
disease caused by L. donovani. It would however be necessary to further
attenuate the SL-CL L. donovani by genetic engineering so that it is unable to
cause cutaneous lesions, before it can be considered as a potential live vaccine for
visceral leishmaniasis [289].

Overall, this work shows that immunization with a naturally attenuated
cutaneous L. donovani strain from Sri Lanka provides significant protection
against visceral leishmaniasis in the liver of BALB/c mice. The level of protection
against visceral leishmaniasis provided by SL-CL may however be more
substantial in humans since resolution of cutaneous lesions is common in Sri
Lanka and this could indicate protective immunity. These results also provide a
potential rationale for the low levels of visceral disease observed in Sri Lanka and
work is currently under way to investigate this in the population there. In
addition, this successful immunization with a naturally attenuated parasite could
also have a broader impact on vaccine development efforts for visceral

leishmaniasis worldwide.
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5.8 Tables

Table 5.1 Antibody isotype responses.

IgG1

IgG2a

IgG1l/1gG2a

Pre-challenge
PBS
SL-CL 10’
SL-CL 10"
SL-CL 10°

SL-CL 10°

0.060 +/- 0.002

0.055 +/- 0.001

0.056 +/- 0.000

0.065 +/- 0.002

0.088 +/- 0.004

0.057 +/- 0.001

0.055 +/- 0.001

0.054 +/- 0.001

0.057 +/- 0.001

0.071 +/- 0.003

1.07

0.984

1.04

1.14

1.24

Post-challenge
PBS
SL-CL 10’
SL-CL 10*
SL-CL 10’

SL-CL 10°

0.084 +/- 0.003

0.081 +/- 0.002

0.119 +/- 0.003

0.116 +/- 0.005

0.164 +/- 0.008

0.087 +/- 0.003

0.085 +/- 0.004

0.096 +/- 0.005

0.073 +/- 0.002

0.090 +/- 0.005

0.965

0.958

1.23

1.60

1.82

Average absorbance at 450 nm for two independent experiments plus or minus

standard error are shown.
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5.9 Figures

Figure 5.1 Liver parasite burden post-challenge.

Mice were immunized subcutaneously with 10° to 10° SL-CL in PBS or with

PBS alone as a negative control. Seven weeks post-immunization, mice were

challenged intravenously with SL-VL in PBS. Liver parasite burden was

determined 28 days post-challenge by direct counting of amastigotes from Diff-
Quick stained liver impressions. Average Leishman-Donovan values (LDU) plus

standard error are shown and are representative of two independent experiments.

** p<0.01 compared to PBS.
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Figure 5.2 Immune response post-challenge.

Mice were immunized subcutaneously with 10° to 10° SL-CL in PBS or with PBS
alone and challenged intravenously seven weeks post-immunization with SL-VL.
Splenocytes were isolated 28 days post-challenge and restimulated in vitro with
SLA prepared from SL-VL promastigotes (SLA) or left unstimulated (null) (A-
C). Splenocyte culture supernatants were collected after 72 h and IFNy (A), IL4
(B) and IL10 (C) concentrations determined by ELISA. Average values plus
standard error are shown for two independent experiments. * p<0.05 compared to
PBS. Serum was also collected 28 days post-challenge and IgG titers determined
by ELISA (D). Average values of two independent experiments plus standard

error are shown. ** p<0.01 compared to PBS.
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Figure 5.3 Immune response pre-challenge.

Mice were immunized subcutaneously with 10° to 10° SL-CL in PBS or with PBS
alone. Splenocytes were isolated seven weeks post-immunization and
restimulated in vitro with SL-VL SLA (SLA) or left unstimulated (null) (A-C).
Splenocyte culture supernatants were collected after 72 h and IFNy (A), IL4 (B)
and IL10 (C) concentrations determined by ELISA. Average values plus standard
error are shown for two independent experiments. * p<0.05 compared to PBS.
Serum was also collected seven weeks post-immunization and IgG titers pre-
challenge were determined by ELISA (D). Average values of two independent

experiments plus standard error are shown. ** p<0.01 compared to PBS.
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Figure 5.4 Footpad parasite burden at challenge.
Mice were immunized subcutaneously with 10° to 10° SL-CL in PBS. Seven
weeks post-immunization, prior to parasite challenge, footpad parasite burden was

determined by limiting dilution of footpad homogenates.
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Figure S1 Long-term protection in the absence of persistent footpad
parasitemia.

Mice were immunized subcutaneously with 5x10° SL-CL in PBS. Footpad
parasite burden was assessed by limiting dilution at five weeks post-infection and
at 2, 3, 4 and 5 months post-infection (A). Values +/- standard error are shown.
Three months post-immunization, mice were challenged intravenously with 5x10’
SL-VL in PBS. Liver parasite burden was determined 28 days post-challenge by
direct counting of amastigotes from Diff-Quick stained liver impressions (B).
Average Leishman-Donovan values (LDU) plus standard error are shown. *

p<0.05 compared to PBS.
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Chapter 6

Conclusions and perspectives

A key question in the field of leishmaniasis is why some Leishmania
species cause self-resolving lesions limited to the skin, while other species are
associated with parasite dissemination to the visceral organs, leading to fatal
visceral leishmaniasis. Host, vector and parasite factors have all been implicated.
This thesis highlights the importance of host immunity and of parasite factors,

particularly the A2 virulence factor family, in the development of visceral disease.

6.1 The A2 virulence factor

A number of parasite factors play a key role in visceral disease [125]. Of
these, A2 proteins have the most significant impact on visceralization [54,99].
However, the mechanism by which they promote visceral disease is unknown and

was the focus of chapters 2 and 3 of this thesis.

6.1.1 Mechanism of action of A2

A2 promotes increased parasite survival in the visceral organs when
expressed ectopically in L. major, and conversely, decreasing A2 levels by
knocking out some of the A2 genes or by antisense mRNA expression was
associated with decreased parasite virulence [54,99]. In chapters 2 and 3, we

investigate the mechanism by which this occurs. A key difference between
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cutaneous and visceral species is the temperature to which parasites are exposed.
We show that ectopic expression of A2 in L. major promastigotes is associated
with increased resistance to heat shock at temperatures comparable to those found
in visceral leishmaniasis (Figure 2.7). Downregulating A2 levels in L. donovani
promastigotes and amastigotes was similarly associated with increased sensitivity
to heat shock (Figure 3.1).

In addition to fever, host defenses include the production of reactive
oxygen and nitrogen species, and recently cutaneous Leishmania species have
been shown to be more sensitive to oxidants than visceral species [61]. We
therefore examined the role of A2 in protection against oxidative stress and
showed that A2-deficient amastigotes are more sensitive to hydrogen peroxide
and nitric oxide than A2-expressing cells (Figure 3.5).

To investigate the mechanism by which A2 promotes increased resistance
against host defenses, we examined the subcellular localization of A2 and showed
that it is localized in the endoplasmic reticulum of the parasites. In addition, a
common link between heat shock and oxidative stress is the production of
intracellular oxidants. During both heat shock and oxidative stress, internal ROS
levels were lower in A2-expressing cells compared to A2-deficient parasites
(Figures 3.2 and 3.4). However, it is unclear whether A2 directly decreases
internal ROS or whether A2 limits the toxic effects of the stress treatment, leading
to increased parasite viability and decreased internal ROS.

A2 is a highly repetitive protein. Protein structure modelling using the

CPH3.0 server suggests that A2 has a structure similar to type I collagen (Figure
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6.1). Interestingly, glycine-proline repeats, which are key to the helical structure
of collagen [409], are also found in A2. Overall, this suggests that A2 may play a
structural rather than enzymatic role. However, confirmation of this model, for
instance via X-ray crystallography, would be desirable.

Heat shock is associated with significant cellular destabilization and in
particular with endoplasmic reticulum fragmentation [137]. A2 may therefore
promote endoplasmic reticulum structural integrity. Alternatively, membrane
destabilization is a major characteristic of heat shock [136]. A2-expressing cells
had increased membrane stability during heat shock, compared to A2-deficient
cells (Figure 6.2). A2 could alter membrane fluidity either by direct interaction
via its hydrophobic N-terminal region or by interacting with other membrane-
associated proteins. The interactions of A2 with membranes are currently being
investigated.

A2 function may also involve protein-protein interactions. A2 interacts
with the endoplasmic reticulum chaperone BiP. Protein misfolding is observed
during heat shock and A2 may counter these effects by altering BiP activity either
directly or indirectly. Alternatively, structural proteins implicated in protection
from heat shock have been proposed to serve as scaffolds for protein binding
[393] and this may also be the case for A2. We are currently investigating
possible additional A2 binding partners by co-immunoprecipitation and mass

spectrometry.
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6.1.2 A2 and the L. mexicana species complex

A2 is also found in the L. amazonensis and L. mexicana genomes [88].
A2 can be detected by Western blot in these species, confirming that both express
A2. L. amazonensis expresses a single 53 kDa isoform of A2 [121] while three
large molecular weight (>170 kDa) isoforms are detected in L. mexicana (our
observations). The larger A2 sizes in L. mexicana could be due to longer A2
sequences in the parasite genome. Alternatively, post-translational modifications
could have occurred. Interestingly, the sizes of the two A2 genes in the published
L. mexicana genome are considerably smaller (LmxM.22.0691 and
LmxM.22.0692, 74.5 and 84.8 kDa respectively [410]) than the A2 proteins
detected by Western blot in this parasite. However, given the difficulty in
sequencing repetitive regions of genomes [411], this cannot be interpreted as
automatic support of post-translational modifications. In addition, the molecular
weight of A2 proteins in L. donovani corresponds to the expected weight based on
gene length [46], suggesting that post-translational modifications of A2 are minor
or do not occur in L. donovani. Any post-translational modifications would
therefore be L. mexicana-specific.

A2 has been shown to be an important visceralization-promoting factor
[54,99]. However, members of the L. mexicana species complex, which are
considered essentially cutaneous, also express A2. The presence of A2 in this
species complex may help account for the cases of visceral leishmaniasis caused

by L. amazonensis (see section 1.4.4.3), especially given the fact that the size of
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A2 detected in L. amazonensis is similar to the main A2 isoform in L. chagasi
[121].

However, while there are multiple reports of L. amazonensis causing
visceral disease [207,208,209], reports of visceral L. mexicana are scarcer [212].
This would suggest that although L. mexicana species express A2, these proteins
do not promote visceralization, nor do they inhibit cutaneous growth of theses
parasites. While this may seem contradictory, there are a number of differences
between L. donovani and L. mexicana A2 proteins. First, as described above, L.
mexicana and L. donovani A2 have significantly different sizes. Longer A2
isoforms may be inactive. Alternatively, if the larger protein size in L. mexicana
is due to post-translational modifications, these may alter protein function.

In addition, the published L. mexicana genome sequence has highlighted a
number of differences between L. donovani and L. mexicana A2 sequences. In
particular, several prolines are replaced by serines in L. mexicana, a change from
a hydrophobic to a hydrophilic amino acid. Similarly, many uncharged glycines
are replaced with negatively-charged aspartic acids [410]. A2 has been predicted
to have a structure similar to type I collagen. Glycine-proline repeats are essential
for the structural integrity of collagen [409] and a single amino acid mutation
affecting glycine can lead to significant disruption of collagen function, as
observed for example in osteogenesis imperfecta. In particular, a single glycine to
aspartic acid mutation is lethal and is associated with decreased collagen thermal
stability [412]. Many such glycine to aspartic acid mutations are found in the L.

mexicana A2 sequence. Therefore, the changes in A2 sequence in L. mexicana
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may render the A2 proteins of L. mexicana inactive or less stable. Finally, the
last common ancestor of L. donovani and L. mexicana was at least 40-80 million
years ago [4]. Many genetic differences therefore exist between L. mexicana and
L. donovani and these could affect A2 function.

Cloning the L. mexicana A2 gene and transfecting it into L. major would
allow us to determine whether L. mexicana A2 is inactive or whether it is other L.
mexicana genes that account for the cutaneous localization of these parasites.
Experiments to perform would be similar to those in which an L. donovani A2
gene was transfected into L. major and could involve testing parasite virulence in
vivo, as in [54], and testing sensitivity to heat shock, as in chapter 2. In addition,
mutations (glycine to aspartic acid, for instance) could be introduced in the A2-
encoding KSneo plasmid. This plasmid could then be transfected into L. major to
determine whether the mutations in the L. mexicana A2 sequence inhibit A2
function. The impact and function of A2 in the L. mexicana species complex

therefore still requires investigation.

6.1.3 Applications for drug development

Most anti-Leishmania drugs have significant disadvantages, including
major side effects, counter-indications, and the development of resistance (see
Section 1.1.4.2 ). Virulence factors are increasingly being investigated as drug
targets. Advantages include decreased risk of resistance because of lower

selective pressure, and increased specificity [413].
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Suitable drug targets must play an essential role in pathogen growth
(particularly in the case of classical antibiotics) or in disease progression (so-
called “disease-modifying” genes), and they must be “druggable” [414,415].
Previous work [54,99] indicated that A2 plays a key role in disease progression.
The results presented here detail mechanisms by which A2 promotes visceral
disease and provide avenues that could be explored to develop in vitro methods to
test inhibitors. A2 therefore fulfills the first requirement concerning pathogen
growth or disease progression. However, to be druggable, a protein target must
have a binding pocket for the drug [414]. If the predicted structural model is
correct, no such pockets are found in A2, suggesting that it may not be druggable.

In contrast, a number of species-specific genes that have been implicated
in visceral disease play an enzymatic role in the cell. These include LinJ.15.0900,
a nucleotide sugar transporter [126], and LinJ.36.2480, a cytosolic glyceraldehyde
3-phosphate dehydrogenase GAPDH [127]. The latter may be a better target
since LinJ.36.2480 knockouts had significantly decreased liver and spleen
parasite burden [127], while knocking out LinJ.15.0900 had no significant effect
on L. donovani visceral virulence [126]. Even more promising, glyceraldehyde 3-
phosphate dehydrogenases are able to bind viable drug leads [415]. Studying L.

donovani virulence factors can therefore help identify potential drug targets.

6.2 Virulence of the Sri Lanka clinical isolates
6.2.1 Involvement of A2
Given the importance of A2 in L. donovani virulence, we investigated

whether A2 expression was altered in an atypical cutaneous L. donovani isolate
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from Sri Lanka (SL-CL). Lower overall A2 levels and fewer A2 isoforms were
detected in SL-CL parasites (Figure 4.4). This was shown to be a major
determinant of the attenuation of this isolate (Figure 4.5). These results highlight
the importance of A2 in a clinical setting. A2 can be considered an “on/off
switch” for virulence in Leishmania: introducing A2 into SL-CL changes parasite
phenotype from complete avirulence in the spleen to the ability to cause
significant parasitemia.

Given that L. donovani is normally a visceral parasite and that the visceral
isolate from Sri Lanka (SL-VL) expresses more sizes of A2 than the cutaneous
isolate, the most likely hypothesis is loss of A2 isoforms in SL-CL. An
alternative hypothesis is A2 gene amplification from an original cutaneous
parasite, leading to the generation of visceral strains with additional A2 copies.
Direct repeats have been associated with gene amplification via homologous
recombination in Leishmania [416] and A2 genes are organized in tandem arrays
interspersed with A2rel genes (Figure 1.6) [46]. Therefore, both A2 and A2rel
genes could be sites for homologous recombination. Repetitive sequences are
unstable [417] and replication splippage could explain the differences in A2
protein sizes. Comparison of A2 protein patterns between the Sri Lanka isolates
and Indian L. donovani strains has been performed, but no significant similarities
were observed in A2 patterns between three clinical isolates from India and the

Sri Lanka isolates.
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6.2.2 Identification of other factors involved in the attenuation of the SL-CL
isolate

Although decreased A2 levels in the SL-CL isolate clearly plays a key role
in its attenuation, reconstituting A2 expression to levels comparable to those
found in the SL-VL isolate did not fully restore parasite virulence (Figure 4.5).
Other factors are therefore involved. Whole genome sequencing of both isolates
is ongoing with our collaborators at the Seattle Biomedical Research Institute to
look for any missense or nonsense mutations. Nonsense mutations could lead to
the generation of pseudogenes and may have a major effect on parasite virulence:
all four L. donovani species-specific genes that increased L. major virulence (A2,
LinJ.15.0900, LinJ.28.0340 and LinJ.36.2480) are pseudogenes in L. major
[46,125,126,127]. Missense mutations may significantly alter protein activity and
stability. Any genes that show mutations will be investigated by cloning the
corresponding gene from SL-VL and transfecting it into SL-CL. The virulence of
the SL-CL transfectants will then be examined in our BALB/c mouse infection
model, to determine whether these genes play a role in L. donovani virulence.

Whole genome sequencing should therefore help us identify a number of
novel determinants of L. donovani virulence. To identify other factors involved in
visceral disease, serial intravenous infections with SL-CL are ongoing to select
for increased survival in the visceral organs. The original clinical isolate was
used to infect mice intravenously. Twenty-eight days later, mice were sacrificed
and parasites were recovered from the liver and spleen. Recovered parasites are

then used to reinfect mice intravenously. This procedure will be repeated until
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significantly increased parasite virulence is observed. At each infection endpoint,
liver and spleen weight and visceral organ parasitemia are assessed. Genomic
DNA from the isolated SL-CL with increased virulence will then be used for
whole genome sequencing to identify differences compared to the original clinical
isolate.

So far six serial infections have been performed. Visceral organ
parasitemia is increasing, while no significant difference in organ weight have
been observed so far (Figure 6.3). Serial infections will continue to be performed
to determine whether this trend is maintained.

In addition, we have also transfected the SL-CL cutaneous isolate with a
cosmid library from a virulent L. donovani strain to try and complement the
genetic defects found in the SL-CL isolate. Transfection is followed by selection
in vivo and recovery of parasites from the visceral organs 28 days post-infection.
Cosmids are then isolated from recovered parasites and sequenced to identify
which genes they contain. This allows us to determine in vivo which genes are
most important for increased survival in the visceral organs.

Finally, SL-CL and SL-VL were equally infective to macrophages.
Recent work has shown that a high-virulence L. major strain was more infective
to dendritic cells than a strain with low virulence, although unlike SL-CL and SL-
VL, differences were also observed during monocyte infection [418]. Differences
in dendritic cell migration have also been observed following infection with L.
donovani compared to infection with L. major, suggesting a role for dendritic

cells in parasite dissemination to the visceral organs [46]. Dendritic cells also
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migrate from the dermis to present L. major antigens in the lymph nodes [419]
and are an important source of IL12 [243]. It would therefore be interesting to

compare the infectivity of SL-CL and SL-VL to dendritic cells.

6.2.3 Public health considerations in Sri Lanka

Visceral leishmaniasis is currently rare in Sri Lanka. There are two
possible explanations for this observation. First, the SL-CL parasite may be as
virulent as the SL-VL parasite, and host characteristics specific to the Sri Lanka
population or to certain ethnic groups in Sri Lanka prevent parasites from
establishing a visceral infection. Second, SL-CL and SL-VL may represent
distinct parasite strains. The SL-CL parasite would be attenuated and unable to
establish a visceral infection.

The results presented in chapter 4 indicate that differences in disease
phenotype between these two isolates are maintained when infecting inbred mice,
demonstrating that the atypical disease manifestations in Sri Lanka are due to
parasite rather than host characteristics. In addition, the differences in A2 protein
expression suggest that the SL-CL and SL-VL parasites represent different L.
donovani strains.

A major public health concern in Sri Lanka is the risk of an epidemic of
visceral leishmaniasis. The fact that the different disease manifestations are due
to parasite rather than host characteristics suggests that the SL-VL strain may
spread, leading to many visceral leishmaniasis cases. A second possibility is the

reversion of the SL-CL parasite to a viscerotropic phenotype. The serial
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infections described above (Section 6.2.2) will help us investigate this possibility.
Preliminary results do suggest that virulence can increase following passage
through multiple hosts. These results indicate that the situation in Sri Lanka
should be actively monitored since reversion of SL-CL to a more virulent

phenotype could occur in the field.

6.3 Immunizations with SL-CL

The low rates of visceral leishmaniasis in Sri Lanka could also be due to
protection against visceral disease by a prior cutaneous infection. We
investigated this and showed that immunization with SL-CL did provide some
protection against visceral disease in BALB/c mice (Figure 5.1). These results
support further work to investigate whether this occurs in the field in Sri Lanka.
A longitudinal study could be performed by taking advantage of the fact that
infection with SL-CL does not lead to rK39 seropositivity [166]. Patients that
have been exposed to SL-CL alone can be differentiated from patients exposed to
SL-VL: the former are Leishmanin skin test positive and rK39 negative, while the
latter are positive for both tests. Individuals that have not been exposed to either
strain would be negative for both tests. The incidence of visceral leishmaniasis
could be compared over time between individuals that have not been exposed to
either parasite and individuals that were originally exposed only to SL-CL.
However, this study would require very large sample sizes since visceral

leishmaniasis is so rare in Sri Lanka. The study would be further hampered by the
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long incubation time for visceral leishmaniasis: while the average incubation time
is 3-8 months, incubation may last many years [8].

Preliminary whole genome sequencing results suggest that there are very
few differences between the SL-CL and the SL-VL isolates. Therefore,
subcutaneous immunization with the SL-VL isolate would most likely also be
protective against intravenous challenge with SL-VL. Indeed, results at five
weeks post-infection by subcutaneous route indicated no significant difference in
splenocyte immune responses between SL-CL and SL-VL infections. However,
immunization with SL-CL is far more interesting from a vaccine safety
perspective since SL-CL is already partially attenuated. Further modifications
would still be required to make SL-CL suitable as a vaccine. Knocking out
virulence factors or other genes could be performed to further attenuate these
parasites. For instance, knockouts of the biopterin transporter BT1 or centrin, and
silent information regulatory 2 (SIR2)-deficient parasites were protective against
visceral disease [323] and these genes could also be knocked out in the SL-CL
isolate. The addition of suicide genes could also be considered.

While knockout parasites have previously been found undesirable for
clinical applications because of the introduction of drug resistance genes during
the knockout process, novel techniques are being developed to knockout genes
without introducing permanent drug resistance genes. For instance, a double
transfection strategy using a first construct with both a negative selectable marker
and a positive selectable marker, followed by transfection with a null cassette,

was used to knock out one of the cysteine peptidase arrays in L. infantum [420].
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Similarly, the CRE/LoxP system was successfully used to knock out genes
without introducing permanent drug resistance in 7. brucei [421]. This system
could also be applied in Leishmania.

Finally, the addition of CpG oligonucleotides has also been suggested to
increase the safety of immunization with L. major. Immunization with SL-CL in
combination with CpG oligonucleotides should be investigated to determine

whether protection is still observed against visceral leishmaniasis.

6.4 Overall conclusions

Leishmaniasis is a major issue in tropical and subtropical regions of the
world, with over 350 million people at risk in 88 countries [24]. Visceral
leishmaniasis is especially deadly [22,23,26]. Global warming,
immunodeficiencies and population movement may further expand the range of
this disease [348]. However, current treatment options have many limitations and
there is no human vaccine.

Programs are underway in India, Nepal and Bangladesh with the goal of
eliminating visceral leishmaniasis by 2015 [29]. However, a cornerstone of these
programs is the anthroponotic transmission cycle of L. donovani in this region.
Such elimination programs may not be suitable in the case of L. infantum which
has a zoonotic transmission cycle. In addition, visceral cases are on the rise in
Brazil and especially in Sudan and South Sudan [22]. Therefore, drug and

vaccine development are still required.
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Studying virulence factors such as A2 provide valuable insight into
disease pathogenesis and could guide drug development. Novel virulence factors
could also represent new drug targets. Finally, studying naturally attenuated
parasites could help us identify desirable vaccine characteristics and formulate
better vaccines. This work therefore has potential applications in anti-Leishmania
drug and vaccine development.

Neglected tropical diseases affect at least a billion people worldwide
[422]. Hopefully, further work on the causative organisms of these diseases will
lead to new treatment and immunization regimens so that one day these diseases

may be eradicated.
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6.5 Figures

Figure 6.1 A2 is predicted to have a helical structure similar to the structure
of type I collagen.

The sequence of A2 deposited in TritrypDB (LinJ.22.0670,
http://tritrypdb.org/tritrypdb/) was input into the CPHmodels 3.0 server
(http://www.cbs.dtu.dk/services/CPHmodels/). A2 is predicted to have a structure
similar to type I collagen. Surface representation highlighting the repetitive

glycine-proline units. Glycines are labelled in green and prolines in red.
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Figure 6.2 A2 promotes decreased membrane fluidity during heat shock.
Promastigotes of L. donovani transfected with the empty KSneo plasmid (L. d. +
control) or the antisense A2 plasmid (L. d. — A2) were stained with 1,6-
diphenylhexa-1,3,5-triene (DPH) to assess membrane fluidity. Fluorescence
anisotropy (r) of DPH was measured in a temperature-controlled fluorometer,
with temperatures increasing from room temperature at t = 0 min to 40°C at t = 14
min. Temperatures were then maintained at 40°C for the remainder of the
experiment. Note the decrease in anisotropy as the temperature increases,
indicating increased membrane fluidity caused by heat shock. Higher anisotropy
values in L. d. + control indicate increased membrane stability (lower fluidity).
p<0.05 for t = 10-12 min and p<0.01 for t = 14-120 min. Values represent the

average of four independent experiments.
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Figure 6.3 Selecting for increased SL-CL virulence.

BALB/c mice were infected intravenously with 1x10® SL-CL stationary phase

promastigotes. Twenty-eight days post-infection, amastigotes were isolated from

the liver and spleen and used to reinfect mice. Liver (A) and spleen (B) weights

were determined, and liver (C) and spleen (D) parasitemia were assessed by

limiting dilution. *, p<0.05 compared to infection number 1.
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