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RESUMO

RESUMO

A leishmaniose cutanea (CL), causada por L. amazonensis, é caracterizada por uma
intensa imuno- supresséo e multiplicacdo descontrolada do parasito em modelos experimentais e
é geralmente grave em humanos, variando desde a forma cutanea até a cutaneo-difusa. N&o
existem mecanismos precisos conhecidos sobre como L. amazonensis modula a resposta
imunologica para que os macréfagos (M®) infectados com L. amazonensis se tornem refratarios
a ativacdo por células T efetoras. Aqui, n6s investigamos o possivel mecanismo regulador que
Leishmania provavelmente pode induzir em M® residentes durante a interacdo precoce, de modo
a impedir ativacdo das células. Neste estudo, analisou-se a expressdo de CD39 e CD73, por
citometria de fluxo, em M® peritoneais murinos infectados com promastigotas metaciclicas de
L. amazonensis e também a porcentagem dessas células que expressam a CD39 e CD73 foi
avaliada. Nossos resultados mostraram que em 72hrs inativos os M® tiveram baixa expressdo de
CD73. Curiosamente, no entanto, ao contrario de M® tratados com LPS os infectados com L.
amazonensis expressaram altos niveis de CD73. Esta informacdo foi posteriormente validada
pelos resultados de estudos no contexto ex-vivo que mostrou igualmente que M® infectados sdo
predominantemente CD73*. Quando as atividades enzimaticas de CD39 e CD73 foram
blogueadas, tal como pelo uso de DIDS e MAD ap, tanto a infecgdo quanto o nimero de
amastigotas diminuiu significativamente apds 48 horas de incubacdo. Da mesma forma, a
inibicdo dos receptores de adenosina A2a e A2b de ZM241385 e MRS1754 também apresentou
0s mesmos efeitos sobre a sobrevivéncia do parasito e infectividade. Em estudo posterior, em
busca de um possivel papel da HIF- 1o na infecgdo por Leishmania, investigamos os efeitos da
FM19G11, inibidor do HIF- la, na expressao de CD39 e CD73, bem como na infeccéo
parasitaria . Observou-se que, apesar de HIF - 1o poder influenciar na sobrevivéncia do parasito,
0s seus efeitos sobre a expressdo de CD39 e CD73 ndo eram visiveis. Também foi avaliada, por
PCR em tempo real, a expresséo de receptores de adenosina em populagdes infectadas, nas quais
ndo se observou nenhuma mudanca significativa na expressdo apos 24 horas de infecgdo. Alem
disso, também foi avaliada a producdo de citocinas, tais como TNF- a e IL-10 a partir da
producdo de NO nos grupos tratados. Surpreendentemente, ndo houve variagcdo nos niveis destes
mediadores, sugerindo a existéncia de outros mecanismos independentes da mediagcdo por
citocina para producdo de Oxido Nitrico, tais como a producio de ROS ou efeitos

leishmanacidas independentes do triptofano. Concluindo, nossos dados mostram que a infeccédo
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por L. amazonensis regula a expressdo CD73 durante 24 horas de infeccdo e sua sobrevivéncia

depende de atividades enzimaticas, bem como de receptores A2a e A2b.
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ABSTRACT

ABSTRACT

Cutaneous leishmaniasis (CL) caused by L. amazonensis is characterized by intense
immune-suppression and uncontrolled parasite multiplication in experimental models and is
usually severe in humans ranging from cutaneous to diffuse cutaneous leishmaniasis. There are
no precise mechanisms known how L. amazonensis modulates immune response so that
macrophages (M®) infected with L. amazonensis are refractory to activation by effector T cells.
Here, we investigated the possible regulatory mechanism that Leishmania can likely induce in
host M® during early interaction so as to prevent their host cells from activation. In this study,
we analyzed the expression of CD39 and CD73, by flow cytometry, in murine peritoneal M®
infected with metacyclic promastigotes of L. amazonensis and percentage of those cells
expressing CD39 and CD73 was evaluated. Our results showed that 72hrs rested M® down
regulated CD73 expression. Interestingly, however, unlike LPS treated M®, L. amazonensis
infected M® up regulated CD73 expression. This data was further validated by the findings from
in ex-vivo studies which equally support that infected M® are predominantly CD73 positive.
When CD39 and CD73 enzymatic activities were blocked such as by the use of DIDS and af
MAD, both infection and amastigote number decreased significantly within 48hrs of incubation.
Similarly, inhibition of adenosine receptors A2a and A2b by ZM241385 and MRS1754 also had
the same effects on the parasite survival and infection. In another study, in search of a possible
role of HIF-1a in Leishmania infection, we investigated the effects of FM19G11, inhibitor of
HIF-1a, on expression of CD39 and CD73 as well as parasitic infection. We observed that
although HIF-1a can influence in the parasite survival, their effects on CD39 and CD73
expression were not visible. We also evaluated the expression of adenosine receptors in infected
population by real time PCR in which we observed no significant change in the expression after
24hrs of infection. Moreover, we also evaluated cytokine production such as TNF-alpha, IL-10
and NO production from the treated groups. Surprisingly, there was no alternation in the levels
of these mediators suggesting other mechanisms, independent of cytokine mediated nitric oxide
production such as ROS production or tryptophan independent oxygen anti-leishmanacidal
effects, involved in it. In conclusion, our data show that L. amazonensis infected up regulates
CD73 expression during 24hrs of infection and its survival is dependent on enzyme activities as

well as A2a and A2b receptors.
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INTRODUCTION

1. INTRODUCTION

1.1 Leishmaniasis

Leishmaniasis is a vector born protozoan infection and is a potentially fatal disease threatening
about 350 million people in more than 80 countries around the world. In addition, 12 million
people are currently at the risk of this infection, with the estimated 1-2 million of new cases
occurring every year (Bern et.al., 2008). Today, this disease presents a huge global challenge to
clinicians due to the development of drug resistant forms and occurrence of co-infections with
various other diseases such as AIDS making it hard to treat. Leishmaniasis in humans, which
presents remarkably different pathological responses, is caused by more than 20 different species
of Leishmania. The disease can have diverse clinical manifestations which may be cutaneous,
mucocutaneous or visceral. Cutaneous leishmaniasis (CL) is the most common form which
accounts for more than 50% of new cases, and is usually characterized by the formation of self-
resolving skin ulcers at the bite site mainly on exposed parts of the body whereas visceral
leishmaniasis (VL) is the most severe form in which vital organs of the body are affected. It has
been reported that approximately 20,000-30,000 deaths occur annually and yet this disease is
categorized as neglected tropical disease (http://www.who.int/leishmaniasis/burden/en/)
(http://www.cdc.gov/parasites/leishmaniasis/).

1.2 Life cycle of Leishmania

Leishmania is a dimorphic protozoan parasite which shuttles between promastigote and
amastigote forms in two different hosts (Liew & O'Donnell, 1993). Typical life cycle of
leishmania is shown in figure 1. When an infected female sandfly from the genera Phlebotomus
(Old World) or Lutzomyia (New World) probes into the skin of mammalian host, it inoculates
elongated flagellated motile promastigotes in the skin which are quickly engulfed by
mononuclear phagocytic cells such as macrophages (M®), the primary host of the parasites.
Once inside the phagocytic cells, the parasitophorous vacuole fuses with the secondary
lysosomes leading to the formation of phagolysosome, where Leishmania can differentiate and
proliferate into amastigotes. Amastigotes are mainly intracellular and they come outside
occasionally when their host cells burst. They can infect new cells or they can be taken up by
healthy sandflies during their blood feeding, completing their cycle of replication or transmission
respectively (Sacks & Noben-Trauth, 2002; Zandbergen G et.al., 2004)
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Mammalian host = |'*'\'

Fig 1. Life cycle of Leishmania: Infective forms of Leishmania inoculated by female sandflies are taken up by the
phagocytic cells mainly M® via complemented mediated phagocytosis. Inside M®, promastigotes multiply within
phagolysomes and then transform into amastigotes. Once they multiply sufficiently, these parasites are released
from M® which are again taken up by the female sandflies completing a cycle. Adapted from (Sacks & Noben-
Trauth, 2002)

1.3 Host parasite interaction and immunomodulation during leishmaniasis

Several immune cells participate in immunopathogenesis of leishmaniasis. The outcome
of disease is determined by the interaction and activation of these immune cells and how the

parasites modulate the immune response (Nylen & Gautam, 2010).

Early events of leishmaniasis demonstrate that as soon as the parasites are inoculated,
they are engulfed by a mixed population of neutrophil and monocytic infiltrate within an hour of
intra dermal inoculation of L. donovani in hamsters (Wilson et.al., 1987) or neutrophils arriving
within 3 hours post inoculation of L. amazonensis or L. major in footpads of BALB/c (Pompeu
et.al., 1991) or C57BI/6 mice respectively (Beil et.al., 1992). In a recent paper, it has been
demonstrated that neutrophils migrate to the site quickly within 30 mins after intraperitoneal
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inoculation of L. major in mice (Goncalves et.al., 2011). By the use of two-photon intra-vital
microscopy, it is confirmed that neutrophils are the primary cells that infiltrate at the site of
inoculation of L. major in the dermis of C57BI/6 (Peters et.al., 2008). Neutrophils act as
intermediate hosts where these parasites live shortly. Following ingestion, parasites induce
apoptosis in neutrophils by the virtue of which M® that are recruited at the site of infection
engulf neutrophils together with the parasites. They are popularly regarded as Trojan horses
allowing the parasites to silently get inside M® (Laufs et.al., 2002; Zandbergen G.et.al., 2004)

Dendritic cells (DC) are professional antigen presenting cells and are distributed
throughout the body. The interaction between Leishmania and dendritic cells depends on several
factors including parasite species and type of DC, their maturation and activation. Function of
DC in leishmaniasis is mainly known for its ability to induce naive T cell polarization as
Leishmania infected M® cannot secret 1L-12 and thus cannot produce antigen specific Thl
response (Kima et.al., 1996)). It has been described that dermal migratory dendritic populations
are the principal antigen presenting cells that migrate to draining lymph nodes for antigen
presentation to T lymphocytes (Moll et.al., 1993; Ritter et.al., 2004). Other studies also indicate
that the origin of DC in lymph nodes, as early as 24hrs post infection by L. major, can stimulate
T cell proliferation (lezzi et.al., 2006). In L. major infection, DC from BALB/c mice shows
upregulation of IL-4 receptor expression but downregulates IL-12p40 production indicating that
this parasites can inhibit DC Th1 polarization functions (Moll et.al., 2002). L amazonensis can
modulate several functions of DC by modulating the expression of MHC-II, CD80, CD86 and
CD40 as well as I1L-10 and IL-12 production (Favali et.al., 2007; Xin et.al., 2008). Together with
M, infected DC can determine the outcome of the disease in resistant and susceptible mice (Liu
& Uzonna, 2012).

In human and experimental leishmaniasis, the fate of parasite-M® interaction is chiefly
determined by T cell differentiation and proliferation. The susceptibility and resistance to
Leishmania are associated with unique subsets of T cells. The response to Leishmania -specific
lymphocytes is essential for the control of infection with this parasite. CD4 + T cells polarization
into Th1 cells secrete IFN -y and / or TNF-alpha that contribute to the elimination of the parasite,
mainly by activation of M®. Th2 cells differentiated in the absence of IL-12, secrete large
amounts of IL- 4, IL -5 and IL -13, which facilitate parasitic growth and multiplication. CD8 + T

cells also help in combating parasites and are a major source of IFN-y (Mougneau et.al., 2011).
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Th1 and Th2 paradigm has been explained in relation to resistance and susceptibility of towards
L. major infection where the disease is determined based on dominance of either of Thlor Th2
cytokines (Sacks & Noben-Trauth, 2002). However, this observation is not always true such as
in L. amazonensis infection where a mixed Th1/Th2 response can be observed (Afonso & Scott,
1993; Ji et.al., 2002). In the case of leishmaniasis, Treg cells suppress effector T cell functions
through production of IL-10 (Rai et.al., 2012). IL-10 is a potent inhibitor of IFN-y production
and has been shown to be a key cytokine that favors the persistence of Leishmania in the skin
lesions (Belkaid et.al., 2001)

1.4 Macrophage and Leishmania interaction:

M® are innate immune cells that have an indispensable role in early pathogen immune
responses, and at the same time, they play important role in the healing of excessive
inflammation (Stempin et.al., 2010). Although several immune cells including neutrophils,
dendritic cells, and monocytes can migrate to the site of infection and interact with Leishmania,
M® are the key immune cells in leishmaniasis serving as the primary host cells as well as the
major effector cells (Mauel, 1990). Parasites first attach to M® via complement receptors CR1,
CR3 (Mac-1), fibronectin receptor, and the mannose-fucose receptor (MR) present on the surface
of M® (Kane & Mosser, 2000). Once attached, surface molecules such as lipophosphoglycan
(LPG), GP3, and Proteophosphoglycans can enhance phagocytosis of the parasites (Naderer
et.al., 2008; Yao et.al., 2003).

M® can be stimulated by number of stimuli producing different subsets of M® that can
determine the outcome of the disease (Liu & Uzonna, 2012; Mosser, 2003). Based on the
stimulus, M® can be broadly divided into classical activation or alternative activation of M®.
Classically activated M® induced by Th1 cytokines secret nitric oxide (NO) (Liew et.al., 1990)
and number of inflammatory cytokines such as TNF-alpha and IL-1 (Mosser, 2003). NO is
detrimental to leishmania and its production in undetectable in absence of IFN-y implicating
IFN-y as being the major cytokine for M® activation and parasite elimination (Santos et.al.,
2006). Alternatively, M® induced by Th2 cytokines such as IL-4 and IL-13 are characterized by
low IL-12, low TNF and low ROS production and increase TGF-f, IL-10 and arginase activities
13 (Gordon & Martinez, 2010).
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For a productive infection to occur, Leishmania must establish themselves in M® since
M® contain very potent antimicrobial functions, Leishmania need to avoid M® activation and
antigen presentation to T cells. For this, the parasites use several strategies of immune evasion;
for instance alteration of host complement system (Brittingham & Mosser, 1996), protection
against leishmanicidal products such as impairment of oxidative burst (Buchmuller-Rouiller &
Mauel, 1987; Chan et.al., 1989; Passwell et.al., 1994; Zandbergen G et.al., 2004), cytokine
modulation (Cummings et.al., 2010), inhibition of antigen presentation (Kaye et.al., 1994;
Pinheiro et.al., 2004), and alteration of T cell differentiation and function (Alexander & Bryson,
2005). Understanding the possible mechanisms how these parasites avoid activation of

macrophages is a key question in leishmaniasis.
1.5 Leishmania amazonensis

L. amazonensis, a member of the Leishmania mexicana complex, constitutes important
group of parasites which causes severe infections with diverse clinical forms in humans
(Almeida et.al., 1996). The disease caused by this parasite is characterized by uncontrolled
parasite replication and profound immunosuppression (Afonso & Scott, 1993; Ji et.al., 2002; Ji
et.al., 2003; Jones et.al., 2002). This parasite has been shown to alter the host cell defense
mechanisms in several ways such as inhibition of antigen presentation and inhibition of reactive
oxygen species (ROS) and NO production (Gomes et.al., 2003; Horta et.al., 2012; Meier et.al.,
2003). Studies conducted in experimental cutaneous leishmaniasis mouse models demonstrate
that most inbred mouse strains, which are resistant to L. major infection, are susceptible to L.
amazonensis representing different modes of pathogen induced regulatory mechanisms for
immune down modulation (Afonso & Scott, 1993; Ji et.al., 2002).

1.6 Virulence factors of Leishmania and role of ectonucleotidases during infection.

Survival of Leishmania in the host cells is governed by various factors primarily by their
efficient capacity to remain inside the host cells and secondly triggering a powerful immune
modulation. Because Leishmania amastigotes can rarely access to the extracellular environment,
any nutritional demand must be fulfilled from the reservoir of the host cells or brought inside.
Leishmania possesses several virulence factors such as LPG, amastigote specific protein (A2),

cysteine proteinases, and gp63 (Matlashewski, 2001). A group of enzymes (ecto-NTPDase and
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5'-nucleotidase) that have ability to cleave extracellular adenosine triphosphate (ATP) into
adenosine has been reported in the parasites as a potential regulator of immune response in
leishmaniasis (Sansom et.al., 2008). These enzymes are specifically used to obtain purine
nucleosides from the extracellular environment in order to compensate for the lack of de novo
synthesis (Marr et.al., 1978). Adenosine, the end product from ATP hydrolysis by ecto-enzymes,
is a very strong immunomodulatory molecule which can suppress immune responses (Ohta &
Sitkovsky, 2001). Our laboratory has discovered that the level of ectonucleotidase activity can
determine the severity of the infections. L. amazonensis shows higher ectonucleotidases activity
comparing with other species of Leishmania and usually presents severe infections in
experimental models (de Almeida Marques-da-Silva et.al., 2008; de Souzaet.al., 2010; Maioli
et.al., 2004). In addition, it has also been proposed that the level of ectonucleotidase activity may
also determine the clinical manifestations of the disease in humans. Clinical isolates having high
ectonucleotidase activities have been found to inhibit DC activation as well as NO production by
M® in vitro (Leite et.al., 2012).

1.7 Purinergic signaling and immune response

The purinergic signaling system comprises of ectonucleotidases, extracellular purines
(mainly ATP and adenosine) and their receptors. Extracellular nucleotides produced from living
or dying cells act as indicators for various physiological or pathological conditions (Abbracchio
et.al., 2009; North & Verkhratsky, 2006; Pankratov et.al., 2006). The role of ATP and adenosine
released extracellularly during the complex process of inflammation or infection is chiefly
known for its potential to alert defense system for the presence of pathogen associated membrane
patterns (PAMPs). It is regarded as a “danger signal” (Bours et.al., 2006) as it promotes P2X7
mediated activation of inflammasome with the release of several proinflammatory cytokines
such as IL-1pB, IL-6, TNF-alpha and IFN-y from activated M®, DC, and other immune cells
(Atarashi et.al., 2008; Bours et.al., 2006; Langston et.al., 2003). ATP participates in maturation,
differentiation and proliferation of immune cells. It attracts leukocytes to the sites of infection
and inflammation (Chen et.al., 2006; Salmi & Jalkanen, 2005). It assists in neutrophil adhesion
to vascular endothelium and subsequent migration to the sites of inflammation followed by

increase phagocytosis as well as microbicidal activities (Bours et.al., 2006). It also affects
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number of other immune cells such as the effector T cell functions. Lymphocytes proliferation

and activation are also driven by the presence of extracellular ATP (Bours et.al., 2006)

Adenosine, the final product of ATP hydrolysis, is a potent immunosuppressive
molecule. The extracellular concentration of adenosine is usually low, however, its concentration
increases during ATP hydrolysis by ectonucleotidases or by suppression of adenosine kinase
(Deussen, 2000; Pastor-Anglada et.al., 2001). During excessive inflammation and infection, both
activated M® and neutrophils produce adenosine (Deussen, 2000; Hasko & Cronstein, 2013;
Pastor-Anglada et.al., 2001). Adenosine can inhibit recruitment of neutrophils to vascular
endothelium (Cronstein et.al., 1983) and also reduces phagocytosis as well as oxidative toxic
metabolites such as ROS in activated neutrophils and M® (Cronstein et.al., 1983; Hasko &
Pacher, 2012; Taylor et.al., 2005). It is observed that in presence of adenosine, maturation and
differentiation of monocytes are considerably decreased when M® are treated with extracellular
adenosine thereby leading to reduce pro-inflammatory cytokine production. Adenosine has been
found to inhibit IL-12 and TNF alpha production from M®. Recently, studies have indicated that
adenosine can transform into alternatively activated M® (Hasko & Pacher, 2012). Furthermore,
it has also been shown that accumulation of extracellular adenosine, driven by ATP hydrolysis, is
important to induce LPS stimulated M® into regulatory cells (Cohen et.al., 2013). Regulatory
M® are characterized by low production of IL-12 and TNF and increase 1L-10 and TGF-f that

can favor for parasitic survival and growth (Mosser, 2003; Noel et.al., 2004).

Once outside, both ATP and adenosine can trigger different classes of receptors (Figure
I1); ATP acts on P2 receptors which are further subdivided into P2Y and P2X sub-classes
(Abbracchio et.al., 2006; Abbracchio et.al., 2009; Burnstock, 2007; Ralevic & Burnstock, 1998).
Among P2X receptors, P2X7 is also known for its function as a permeable channel through
which ATP is released extracellularly. L. amazonensis infected M® have been shown to pump
ATP outside through P2X7 channel and induce apoptosis (Marques-da-Silva et.al., 2011). There
are infectious pathogens that can modulate P2X7 receptors (Miller et.al., 2011). P2Y receptors
are nucleotide-sensitive G protein-coupled receptors (GPCRs) which act through cyclic
adenosine monophosphate (CAMP) or inositol triphosphate (InsP3) (Abbracchio et.al., 2006).
Extracellular ATP and P2Y receptor activation have shown to play important role in several
infections (Save & Persson, 2010; Seror et.al., 2011).
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Adenosine specifically binds to P1 receptors (Figure I1). The P1 class has four types of
G protein-coupled adenosine receptors Al, A2a, A2b and A3. Al, A2a, and A3 receptors can be
activated by low concentration of adenosine; whereas A2b has low affinity towards adenosine
(Hasko.,et.al., 2007). M® can express all four adenosine receptors depending on the activation
state (Kobie et.al., 2006). A1 and A3 have proinflammatory and A2a and A2b have anti-
inflammatory activities (Abbracchio et.al., 2009; Fredholm et.al., 2001). A2 receptors are
associated with delayed maturation, differentiation of phagocytic cells as well as decreased
activation and reduced phagocytic activities (Xaus et.al., 1999). A2 receptors also inhibit
production of IL-12 production by DC and interfere with the differentiation of naive T cells into
the Thl phenotypes (Haag et.al., 2007). Adenosine receptors have also been studied in
association with tumors. The progression of the disease is delayed when A2a receptor is blocked
(Ryzhov et.al., 2008). In addition, adenosine receptor activation can allow for the expansion of T

cells lacking effector functions in presence of excessive adenosine (Ernst et.al., 2010)

E-NTPDases 5 -Nucleotidase
ATP [_’ ADP _} —i .
UTP UDP AMP Adenosine
] { |
P2 Receptor P2 Receptor P1 Receptor
P2X: ATP P2Y: ADP, UDP Adenosine

P2Y: ATP, UTP

Figure I1I: Cell surface-located catabolism of extracellular nucleotides and potential activation of receptors for

nucleotides (P2 receptors) and adenosine (P1 receptors). Taken from (Robson et.al., 2006)

CD39, ectonucleoside triphosphate diphosphohydrolase, is the major determinant for the
regulation of extracellular ATP levels in blood. It is virtually present in all different types of
immune cells such as B cells, natural killer cells, dendritic cells, monocytes, M®. CD39 plays
critical role on recruitment, activation of neutrophils, DC and M®. It also helps in polarization of

naive T cells (Mizumoto et.al., 2002). CD73, also known as 5 ectonucleotidases, is expressed by
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a number of cells but its expression varies differently according to maturation and activation
state (Zimmermann, 1992). It has been demonstrated that CD73 is the main source of adenosine
production and depletion of this enzyme reduces adenosine production while it increases
leukocyte adhesion in endothelial barriers (Grunewald & Ridley, 2010). A group of studies have
demonstrated that in CD73" mice, leukocyte infiltration is reduced in inflammatory situations
(Mills et.al., 2008; Reutershan et.al., 2009; Takedachi et.al., 2008). CD73 mediated adenosine
production participates in specific immunosuppressive functions through the inhibition of TNF-
alpha, IL-1, IL-6, and IL-12 synthesis (Bours et.al., 2006; Desrosiers et.al., 2007; Hasko et.al.,
2008).

CD39 and CD73 work together to produce an adenosine rich environment. Expression of
these enzymes on the surfaces of immune cells largely determines the pathophysiological
conditions. It has been noted that immune suppression such as inhibition of proinflammatory
cytokines release (Imai et.al., 2000) or DC inactivation (Borsellino et.al., 2007) occurs via
combined actions of CD39 and CD73 expressed on the activated Treg cells (Borsellino et.al.,
2007; Deaglio et.al., 2007). Adenosine is able to hamper lymphocyte migration in to draining
lymph nodes (Takedachi et.al., 2008) as well as hinders TCR-mediated T cell proliferation
through stimulation of adenosine receptors (Huang et.al.,, 1997; Koshiba et.al.,, 1997).
Furthermore, Th17 cells expressing CD39 and CD73 also participate in adenosine derived

immunomodulations (Longhi et.al., 2014).

Classically activated M® have less ectonucleotidase activity whereas alternatively
activated M® show increase capacity to ATP hydrolysis (Hasko & Pacher, 2012; Zanin et.al.,
2012). It has been found that M® expressing CD39 are able to self-regulate LPS induced
activation by producing adenosine via CD39 activities. Therefore, the immunomodulation by
adenosine production via the actions of CD39/CD73 can convert classically activated M® into
regulatory type macrophages (Cohen et.al., 2013). The effects of ectonucleotidases on the
immune response can be one of the processes of immune suppression that are likely to be

exploited by Leishmania to ensure their survival inside the host M®.

The role of CD39 and CD73 has been extensively studied in infections and inflammation.
Several pathogens have been found to regulate host ectonucleotidase enzymes suppressing
immune response and thereby increasing their viability in the host cells. Staphylococcus aureus
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produces adenosine as a virulence factor to escape from the immune response (Thammavongsa
et.al., 2009). Similarly, Streptococcuss anguinis survives from immune patrol through the
immunosuppressive actions of adenosine (Fan et.al., 2012). Fungus such as Candida parapsilosis
inhibits phagocytosis by the production of adenosine (Russo-Abrahao et.al., 2011). AIDS
progression has been found to be associated with CD39/CD73 activities. CD39 expression on
Treg cells exhibits high immunosuppressive activities via A2a receptors in HIV positive patients
(Nikolova et.al., 2011). In parasites, such as in Leishmania, Toxoplasma gondii, T. cruzi, the
disease outcome is believed to be associated with ectonucleotidase activities of the parasites as
well as of the host enzymes. In addition, the role of these enzymes has been also described in
autoimmune diseases for instance, rheumatic arthritis or inflammatory bowel diseases and in the
progression of tumor. Adenosine release by Treg has also been shown to increase progression of
cancer (Antonioli et.al., 2013)

1.8 Hypoxia inducing factor and its role in immune response

During excessive inflammation, extracellular ATP release and its degradation can be
governed by several factors. Hypoxia is a common phenomenon at the foci of severe
inflammation and is characterized by low local tissue oxygen levels due to congestion of
leukocyte trafficking termed as inflammatory hypoxia (Karhausen et.al., 2005). Hypoxia-
inducible factor 1 (HIF-1), a transcription factor, is induced in hypoxic tissues (Pugh & Ratcliff
e, 2003; Semenza, 2003). It is a heterodimeric protein that consists of HIF-1o. and HIF-1
subunits (Wang et.al., 1995). The overall activity of this molecule is determined by intracellular
HIF-1a levels. HIF-1p is constitutively expressed while HIF-1a is tightly regulated by level of
oxygen tensions in the tissues. Under normal physiological conditions, prolyl hydroxylases
(PHDs) together with ubiquitin cascades degrade HIF-1 o (lvan et.al., 2001). In contrary,
deficiency of oxygen in hypoxic condition halts the functions of PHDs so that HIF-1 a is no
longer further degraded and is accumulated inside the hypoxic cells. However, there is also
evidence saying that HIF-1a can be induced under non-hypoxic conditions (Richard et.al., 2000).
It has been reported that HIF-1a can be stablized in normoxic tissues and is important regulator

of tissue homeostasis (Stroka et.al., 2001).

Myeloid cells can function in HIF-dependent manner in hypoxic tissues. HIF-1a has been
shown to affect phagocytic properties, antigen presentation, processing and effector functions
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(Cramer et.al., 2003). HIF-1a—null phagocytes, for example, cannot effectively kill bacteria.
HIF-1a also regulates generation of ATP molecules at the inflamed tissues thereby stimulating
aggregation, motility, invasiveness, and bactericidal activity of myeloid cells (Cramer et.al.,
2003; Peyssonnaux et.al., 2005). It may be advantageous for some parasites such as Leishmania

to regulate HIF-1a in order for to survive within their host cells.

Interestingly, a number of adaptive immune cells are also influenced by the presence of
HIF-1a (Sitkovsky & Lukashev, 2005). Existing evidence supports that increased production of
HIF-1a in T cells can shift type 1 helper T-cell (Thl) phenotype, which is essential for M®
activation and cytotoxic T cells proliferation, to a type 2 helper T-cell (Th2) phenotype (Ben-
Shoshan et.al., 2009) which, via release of IL-10 and TGF-B, can suppress IFN-y, TNF-alpha and
IL-12 production. HIF-1a also upregulates differentiation and proliferation capacity of Treg
(Ben-Shoshan et.al., 2008) as well as enhances extracellular adenosine production (Deaglio
et.al., 2007) which prevents tissues from aggressive effector T activities to maintain homeostasis
(Sitkovsky, 2009).

As illustrated in figure I, ATP degradation is enhanced by HIF-1a driven increased
enzymatic conversion into adenosine (Colgan et.al., 2006; Eltzschig et.al., 2003; Eltzschig et.al.,
2009). HIF-1a can stimulate release of extracellular adenosine (Synnestvedt et.al., 2002) and at
the same time can inhibit the process of its uptake into the intracellular compartment as well as
its intracellular metabolism (Morote-Garcia et.al., 2009) preventing cells from generating
effective innate immune responses (Ohta & Sitkovsky, 2001; Sitkovsky et.al., 2004). HIF-1a can
also influence adenosine receptors thereby leading to enhanced adenosine receptor signaling
(Eckle et.al., 2008; Kong et.al., 2006) and elevating intracellular cAMP and CREB activation
(Stiles, 1992). HIF-1a induced adenosine receptors, such as A2b, have shown to produce
increased intracellular cAMP levels by human DCs inducing Th2 cell polarization (Yang et.al.,
2010).

One study indicates that hypoxia directly activates CD73 transcription in vitro
(Kobayashi et.al., 2000). HIF-1a binds to the promoter region of CD73 (Synnestvedt et.al.,
2002) while HIF-1a can regulate CD39 via specific protein (SP1) (Eltzschig et.al., 2009;
Synnestvedt et.al., 2002) and that they can together regulate ATP degradation in inflammatory
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conditions. Therefore, the effects of these enzymes can be altered by HIF-1a levels during

inflammation.

Figure 111. Model of coordinated nucleotide metabolism and nucleotide signaling in hypoxia and inflammation
(Colgan et.al., 2006)

Studies done in cutaneous lesions in experimental models infected with Leishmania
amazonensis have shown that Leishmania can induce HIF-1a and HIF-1p (Arrais-Silva et.al.,
2005) during chronic phase of infection. However, recently it becomes clear that the cells do not
need to be hypoxic for HIF-1a expression in Leishmania infected HIF-1a (Degrossoli et.al.,
2007). It is suggested that induction of HIF-1a (relative to hypoxia) could affect the microbial
activities and protein expression of M® yielding different phenotypes from that of the normoxic
counterparts so that this phenomenon may take part in modulating immune responses in
pathological conditions (Degrossoli & Giorgio, 2007). It may be possible that Leishmania can
alter immune functions of immune cells such as mononuclear phagocytes in Leishmania

infection with the regulation of HIF-1a regardless whether cells are hypoxic or not.

The study of role of CD39 and CD73 in pathogen derived immunomodulation is a
growing area and has not previously been explored in cells directly from the inflamed sites
during leishmaniasis. Because expression of these enzymes can significantly influence on

immune-modulation, Leishmania in Leishmania-infected M® may utilize these molecules during
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their early host M® interaction as a part of their nutritional acquisition and then as a part of
down modulation of immune response leading to uncontrolled parasite multiplication and M®
inactivation. In brief, this study will try to address if CD39/CD73 pathway can be one of the
possible regulatory mechanisms induced by L. amazonensis in M®. Since at the inflamed site,
there is likely an inflammatory derived hypoxic environment, L. amazonensis induced HIF-1a
may further regulate adenosine production via CD39 and CD73 pathway. Our findings from this
study will help immunologists to understand early phase of host parasite interaction and
subsequently for the effective treatments.
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CL associated with L. amazonensis infection is usually severe in experimental mice as
well as in humans. It often causes diffuse cutaneous leishmaniasis or in rare cases, VL in South
American countries (Almeida et.al., 1996). The severity of the disease is further complicated due
to failure in several treatment regimens and emerging co-infections (Chkravarty & Sundar,
2010). The underlying mechanisms for the pathogenesis of non-healing lesions are, however,
still obscure. L. amazonensis can dampen both innate as well as adaptive immune responses at
the site of infection where conditions can further be worsened by drastic changes in tissue
metabolism, for example, increased nucleotide metabolism (Cramer & Johnson, 2003) and with
the up-regulation of HIF-1a (Degrossoli et.al., 2007). The possibility that L. amazonensis may
exploit host properties (such as host ectonucleotidases in this context) has not yet been explored
in the early stages of their interaction with M®. Production of adenosine may also regulate M®
activation state by triggering A2a and A2b receptors. These receptors can further be influenced
by HIF-1a.

From the standpoint of the parasites, CD39/CD73 pathway can be crucial as it may lead
to interference in T cell priming, differentiation and proliferation favoring generation of
inefficient effector T cells and inhibition of M® activation through repertoires of cytokines.
Anti-inflammatory response induced by adenosine, the final product of enzymatic conversion of
extracellular ATP, is associated with an increase in intracellular cCAMP that inhibits cytokine
responses of many immune/inflammatory cells including T cells and M® activation (Ernst et.al.,
2010). In summary, in case of non-healing infections, such as in L. amazonensis infected
subjects, we propose that L. amazonensis during its interaction with M® may regulate
extracellular nucleotides by the use of host ectonucleotidases (CD39 and CD73) and release
potent anti-inflammatory molecule (adenosine), which via A2a and A2b, induces development of
regulatory M® favoring more parasite growth. Study of these series of intertwined processes will

help to improve understanding of mechanisms related to host-Leishmania interactions.
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3. OBJECTIVES
3.1 GENERAL OBJECTIVE:

Determine the effects of L. amazonensis infection on the expression of CD39 (ecto-NTPDase),
CD73 (ecto-5’ectonucleotidases) and the involvement of adenosine receptors in the parasitic

survival in resident M®
3.2 SPECIFIC OBJECTIVES:
1. Determine the expression of CD39 and CD73 in resting resident M®
2. Determine the role of CD39 and CD73 in survival of L. amazonensis
3. Determine the role of A2a and A2b receptors in survival of L. amazonensis

4. Determine the effects of HIF-1a on the expression of CD39 and CD73 as well as in
parasite survival and infection in M® in vitro

5. Investigate mechanisms involved in parasite survival in resident M®

6. Determine mRNA expression of A2a and A2b receptors in L. amazonensis infected M®
and evaluate role of HIF-1a on the adenosine receptors in infected M.
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4.1 Animal:

C57BL/6 mice (8-12 weeks, both male and female) were used for the purpose of our
study. Mice were housed and maintained at the central animal facility in the Universidade
Federal de Ouro Preto (UFOP). All animal experiments and procedures were approved by the

institution’s committee on ethical handling of laboratory animals. (Protocol 2012/56)
4.2 Preparation of parasites:

Leishmania amazonensis (IFLA/BR/1967/PH8) were cultivated at the initial
concentration of 1x10° at 25°C in grace’s base (Sigma Aldrich Inc, St.Louis, MO, USA)
supplemented with 10% inactivated fetal bovine serum (FBS) (SFB-LGC Biotecnologia, Cotia,
SP, Brasil), 2mM L-glutamine (GIBCO BRL-Life Technologies, Grand Island, NY, MO, EUA),
100U/ml penicillin G (USB Corporation, Cleveland, OH, USA), pH 6.5. Five days old stationary
phase promastigotes were used for metacyclic isolation and purification as described in protocol
by Spath e Beverely (Spath & Beverely, 2001) and adapted from Marques-da-Silva (de almeida
Marques- da- Silva et.al. 2008). Parasites were washed twice with phosphate buffered saline
(PBS), and centrifuged at a speed of 1540 x g, 4°C for 10 min. Parasites were resuspended in
dulbecco’s modified eagle medium (DMEM) (Sigma Aldrich Inc) pH 7.2, and 2ml of parasitic
suspension was distributed in tubes. This was followed by Ficoll® (Amersham Biosciences do
Brasil, Sao Paulo, Sp, Brasil) gradient by adding 2ml of 10% Ficoll. This preparation was
centrifuged at a speed of 1070 x g, 25°C, for 15 min. After centrifugation, supernatant was
collected in another tube without disturbing the pellet. Supernatant, rich in metacyclics, was
further washed twice with PBS to remove any remaining contamination from Ficoll and other

ingredients. Parasites were always kept in ice in an interval between proceeding steps.
4.3 CFSE labeling:

Purified metacyclics were suspended in PBS in a concentration of 6X10’ parasites /ml.
carboxyfluorescein diacetate sccinimidyl ester (CFSE) dye was laid over the 50ul of PBS and
then well mixed with parasites by inverting the tube. The final concentration of CFSE was
maintained at 5pM. Whole suspension was incubated at 37°C for 10 min (Goncalves et.al.,
2005). Parasites were then washed with PBS/10%FBS once and it was followed by washing
parasites twice with PBS at a speed of 1540 x g, 4°C for 10 min. Parasites were finally suspended
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in DMEM supplement medium/10% FBS and kept in ice until use. CFSE tagged parasites were

always protected from direct light.
4.4 Harvest peritoneal macrophages:

Animals were euthanized and the abdomen was gently massaged and peritoneal lavage
was collected by using ice cold PBS with 16G needle and peritoneal lavage was collected by
injecting 10ml of ice cold PBS with 16G needle (Zhang, X et.al., 2008). Cells were centrifuged
at a speed of 210 x g, 4°C for 10 min and were suspended in DMEM supplemented with 10%
FBS pH 7.2. Viability of the cells was confirmed by using Trypan blue (Sigma-Aldrich). Cells
(5x10° cells) were distributed in vitro medium Dulbecco’s modified eagle’s medium (DMEM-
Sigma) supplemented with/10% FBS, 100 U/ml penicillin G, 2mM glutamine, 25mM HEPES
(Sigma), 1.2mM sodium bicarbonate (Vetec Quimica Fina Ltd) and 50uM 2-mercaptoethanol
(Pharmacia Biotech). Freshly harvested M® were pooled before treatment or any further
incubation. Once harvested, M® were either analyzed in ex-vivo or cultivated in vitro culture
medium. In vitro experiments, M® were rested for 24, 48 and 72hrs and subsequently incubated
at 33°C/5% CO, without any external stimulus. The shift in temperature was made considering
the fact that L. amazonensis is sensitive to 37°C (Ref). Therefore, in all experiments, resident cell
population was rested for 72hrs at 37°C/5% CO, prior to any further treatment and analysis.
Further incubation was done at 33°C/5%CO, for any longer period of time. For flow cytometry
experiment, 6 mice were utilized whereas for in vitro infection in plates, 10 mice were used for

each experiment.
4.5 In vitro infection of macrophages:

For analysis by flow cytometry, 72hrs rested resident cells were infected with
metacyclics forms of L. amazonensis labeled with CFSE in a ratio of 1:3 in DMEM
supplemented medium. In parallel, another group was treated with LPS obtained from E. coli
(Sigma Aldrich Inc) at the concentration of 5ug /ml and mixed well. The cells were then
incubated at 33°C/5% CO, for 24hrs or 48hrs. The expression of CD39 and CD73 was then
analyzed by flow cytometry.

In in vitro infection studies, harvested cell population was rested for 72hrs on 24-well

plates provided in each well with grease free sterile cover slips of 13mm diameter. Any unbound
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resident cells were removed by washing two times with PBS before infection or further
treatment. New fresh medium was added to the rested resident M® and then infected with
metacyclic forms of L. amazonensis in a ratio of 1:3. Cells were incubated at 33°C/5% CO; for 3
hours and excess parasites were then removed by washing twice with PBS. Cells were further
incubated at 33°C/5% CO, for 24hours or 48hours.

4.6 CD39 and CD73 inhibition experiments

Inhibitors of CD39 and CD73, DIDS (4,4'-Diisothiocyanatostilbene-2,2’-disulfonic acid
disodium salt hydrate-Sigma) and off MAD (a,B-Methyleneadenosine 5'-diphosphate sodium
salt-Sigma) were added at a concentration of 200uM after 3hrs of initial infection and were then
kept throughout the infection study. These inhibitors were dissolved in PBS.

4.7 Study of role of A2a and A2b receptors in vitro

Resting M® were treated with MRS 1754 8-[4-[((4-Cyanophenyl) carbamoylmethyl)
oxy] phenyl]-1,3-di(n-propyl) xanthine hydrate (Sigma-Aldrich), inhibitor for A2b receptor and
ZM241385(4(-2-[7-amino-2-{2-furyl}{1,2,4}triazolo{2,3-a}{1,3,5}triazin-5-yl-amino]ethyl)
Phenol (Sigma-Aldrich), for A2a receptor, at the concentration of 5uM at the time of infection
and left throughout the incubation time period. These antagonists were prepared in DMSO and
therefore control groups were treated with DMSO not exceeding 1% in final volume.

In all conditions, coverslips were removed 3hrs, 24hrs and 48hrs post infection from
macrophage culture plates. Coverslips were then fixed in methanol for 10 min (Vetec Fine
Chemistry), dried and stained using the kit Pandtico Rapido (Laborclin, Pinhais, PR, Brazil)
following manufacturer’s instructions. Coverslips were analyzed using an Olympus BX50
optical microscope (Olympus, Center Valley, PA, USA). A minimum of 200 macrophages per
coverslip was examined and number of uninfected, infected and amastigotes in infected

macrophages were recorded.
4.8 In vivo analysis of CD39 and CD73 expression in macrophages:

To determine the effects of Leishmania infection on the expression of CD39 and CD73 in
vivo, CFSE labeled metacyclic forms of L. amazonensis were inoculated to C57BL/6 mice at the
concentration of 50X10°parasites/ml intraperitoneally. PBS was inoculated in control groups.
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Mice were euthanized after 24hrs inoculation. Peritoneal lavage by ice cold PBS was performed
and cells were harvested and studied in in ex-vivo for the expression of CD39 and CD73 in
resident M®.

4.9 Effects of HIF-1a on the expression of CD39 and CD73 in M® in vitro infection:

In in vitro infection, 72hrs rested cell population was treated with the FM19G11 (2-oxo-
2-(p-tolyl)ethyl] 3-[(2,4-dinitrobenzoyl)amino]benzoate, 3-[(2,4- initrobenzoyl)amino]- benzoic
acid 2-(4-methylphenyl)-2-oxoethyl ester) (Sigma-Aldrich), an inhibitor of HIF-lo, at a
concentration of 100nM and 200nM. The inhibitor was added at the time of infection together
with the parasites and was left there throughout the infection. This inhibitor was dissolved in
DMSO. Control groups were always treated with DMSO. The expression of CD39 and CD73, in

presence of FM19G11, was evaluated by flow cytometry after 24hrs of incubation with parasites.

Effects of the inhibitor were initially evaluated by cultivating L. amazonensis with the
inhibitor and plotting a growth curve. L. amazonensis was cultivated in Grace’s medium/10%
FBS. Inhibitor to HIF-1a in two different concentrations of 100nM or 200nM was added at the
time of cultivation. Cultures were incubated at 25°C for 6 days and growth curve was plotted. In
a control group, DMSO was added.

4.10 Flow cytometry:

All samples were washed twice with PBS (210 x g, 40 C, 10 min). Cells were then
resuspended in 0.2% bovine serum albumin (0.2% BSA/PBS), and Fc-blocked (purified rat anti-
mouse CD16/CD32, clone 2.4G2, BD Pharmingen) for 15 min in ice. Cells were then washed
and stained with anti-mouse F4/80 PECY7 antibody (Clone BMS8, Biolegend), anti-mouse
CD73PE antibody (Clone Ty/11.8, eBiosciences), and anti-mouse CD39 — alexa fluor 647 (clone
24DMS1, eBiosciences) antibodies in ice for 30 min. Cells were washed with PBS and then
fixed in 250 pL fixation solution (1% paraformaldehyde, 47.7mM sodium cacodylate, 113mM
NaCl, pH 7.2). Samples were analyzed using a BD FACSCaliburTM flow cytometer. All

cytometric analyses were done by using Flow Jo version 7.6.5 (Tree Star, Ashland, OR, USA).
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4. 11 Cytokine assays:

TNF-alpha, and IL-10 cell culture supernatants were determined by ELISA kits (Mouse
TNF-alpha DuoSet catalogue DY410, Mouse IL-10 Duoset catalogue DY417E from R&D
system). Assays were performed according to manufacturer’s instructions. Briefly, flat-bottom
96-well microtiter plates (Nunc) were coated with 100 pL/well of TNF-alpha and IL-10 specific
monoclonal antibodies (0.2 pg/mL and 2.0 pg/mL, respectively) for 18hrs at 4° C and then
washed with PBS buffer (pH 7.4) containing 0.05% Tween 20 (wash buffer). Nonspecific
binding sites were blocked with 300 pL/well of 1% BSA in PBS. Plates were rinsed with wash
buffer, and 100 pL of samples and standards were added followed by incubation for 2hrs at room
temperature. Seven fold serial dilution of standards of each these cytokines was prepared. Plates
were then washed and 100 uL of the appropriate TNF-alpha (50 ng/mL) and IL-10 (100 ng/mL)
biotinylated detection antibodies diluted in blocking buffer containing 0.05% Tween 20 were
added for 1hr per well at room temperature. Plates were, then, washed and streptavidin-
horseradish peroxidase (0.1 pg/mL) added for 30min of incubation at room temperature. Finally,
plates were washed and 100 pL of the substrate solution (1:1-mixture H,O, and
Tetramethylbenzidine) was added per well and, after 30 min of a dark incubation at room
temperature, the reaction was stopped by 50 puL/well of 1M H,SO, solution. Plates were read at
450 nm with wavelength (Microplate Reader, model 680, BioRad). All samples were assayed in
triplicate using DuoSet® ELISA Development System, R&D Systems® Minneapolis, MN

systems.
4.12 Nitric oxide measurement:

Nitric oxide (NO) in cell culture supernatant was measured by spectrophotometric assay
based on the Griess reaction (Green et.al., 1982). Briefly, 100ul of Griess reagent (1%
sulfanilamide, 0.1% naphthylethylenediaminedihydrochloride in 2.5% H3PO4) was added to a
100ul sample and mixed immediately. After 10 min of incubation at room temperature in dark,
absorbance was measured at 570 nm. The nitric oxide level in the given sample was determined
by comparing with the standard curve obtained from sodium nitrate (Sigma) which was run
together with the samples. Diluent (DMEM) was used as a blank for the assay. Levels of nitrite
in the supernatant of cell culture were determined using the Griess reaction as an index of NO

production.
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4.13 Relative mRNA expression of adenosine receptors by real time PCR:

RNA was extracted from cultivated cells by treating with brazol (1ml for 5-10 x 10°
cells). Cells were incubated with brazol for 5 min at 15-30°C. Cells were then centrifuged at
12,000 x g/2-8°C/15min. Supernatant was then collected in another tube. 0.2ml of chloroform
was added to each 1ml of brazol used to lyse the cells and then vortexed vigorously for 15sec. It
was incubated on ice for 2 min. It was then centrifuged at 12,000 x g/2-8°C/15min. After
centrifugation, top layer which contains RNA was collected. RNA was then treated with 0.5ml of
isopropyl alcohol and incubated it for 10 min at 15-30°C. It was then centrifuged at 12,000 x g/2-
8°C/10 min. Supernatant was removed and precipitated RNA was washed with 75% of alcohol
followed by centrifugation at 7500 x g/2-8°C/5 min. Precipitate was then dissolved in RNAse
free water and was quantitated in spectrophotometer. Pure RNA will exhibit an A260/A280 ratio
of 2.0.

cDNA was prepared using high capacity cDNA reverse transcription kit (Applied
Biosystems). Mastermix was prepared containing 2ul of 10X RT buffer, 0.8ul of 25X
deoxynucleotides mix (dNTPs), 1ul of RNase inhibitor, and 1ul of multiScribe reverse
transcriptase, 2pl of 10 X random primers and 3.2 pl DEPC water and mixed with 10ul of
sample (0.025p/ul) to make the final volume 20ul. Then, the tubes were submitted in
thermocycler with following temperatures: 25°C 10 min, 37°C 120 min, 85°C 5 min and rest at
4°C. After this process cDNA was ready for PCR and maintained at -20°C.

Relative gene expression of adenosine receptors A2a and A2b in M® was performed by
7500 software V2.0.6 (Applied Biosystems), utilizing power SYBER® Green PCR Master mix.
For each reaction, mix containing 7.5 pul of SYBER®Green Master Mix, 0.3ul of each sense and
anti-sense primer (10uM), 2ul (10ng per reaction) of cDNA and 4.9ul of RNAse free water to
make a volume of 15ul was used. The standard PCR conditions were as follows: 50°C (2 min),
95°C (10 min); 40 cycles of 95°C (15sec) and 60°C (1 min). PCR amplification was performed
in triplicates using standardized conditions. In the same run, the threshold cycle (Ct) values of
the samples will be measured and relative expression levels were determined. Ct values obtained
from triplicates were used to calculate the expression of target gene after normalizing by
reference gene (B actin gene). Then, difference of Ct observed between test samples and Ct

obtained from the amplification of uninfected and untreated groups was used for analysis.
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Finally, it was then checked how many times the test samples expressed mRNA expression in

relation to that uninfected group using formula 244",

Melting curve analysis was also performed during amplification to determine any non-
specific amplification. Data were normalized to the expression levels of reference gene (B actin).

Primer sequences for the target gene were illustrated below.

Primer Sequences

Gene Forward sequence Reverse sequence

[- actin ACTGCTCTGGCTCCTAGCAC | ACATCTGCTGGAAGGTGGAC
A2a GGCTCCTCGGTGTACATCAT | GTTCTGCAGGTTGCTGTTGA

A2b TTCTTTGGGTGTGTCCTTCC | CCTGGAGTGGTCCATCAGTT

4.14 Statistical analysis:

Data were expressed as meanzSD. Several group data were analyzed by one-way
analysis of variance (ANOVA) followed by Bonferroni posttest or by Dunnett posttest against
the control group. Two group comparisons were performed by paired Student t-test. p-value<

0.05 was considered statistically significant.
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RESULTS

5. RESULTS:

Expression of CD39 and CD73 in resident M® has been illustrated here in vitro.
Regulation of CD39 and CD73 expression by rested resident M® in in vitro culture medium has
also been described. The effects of L. amazonensis on CD39 and CD73 expression have been
reported for the first time here in resident M® and at the same time, the role of these molecules
in parasite survival and infection has been discussed. Adenosine production via CD39 and CD73
enzyme activity binding to A2a and A2b receptors and its significance in parasite growth and
survival has been shown. A possible link between HIF-1a and CD39 and CD73 has also been
studied during L. amazonensis infection. The regulation of A2a and A2b receptors by HIF-1a

during L. amazonensis infection at transcript levels was studied after 24hrs of incubation.
5.1 Resident macrophages are characterized by high CD39 and CD73 expression

In order to determine the effects of L. amazonensis on CD39 and CD73 expression in
M®, we first analyzed expression of these enzymes in resident cell population based on F4/80
marker. When analyzed in flow cytometry, whole F4/80" population (M®) expressed CD39
(Fig. 1A) indicating CD39 as a predominant ectonucleotidase enzyme in M® while 39% of non-
macrophage groups presented this enzyme. CD73 expression was equally higher in M® than
non-M® (Fig. 1B). In total, M® represented the major cell population expressing both ecto-
nucleotidases CD39 and CD73 (Fig 1C).
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Figure 1: Peritoneal resident macrophages are major cell populations that express both CD39 and CD73 in
ex-vivo. Resident M® were harvested and pooled from peritoneum of naive C57BL/6 mice. Cells were labeled with
anti-murine F4/80, anti-CD39 and anti-CD73 antibodies and then were analyzed by flow cytometry. In the figure,
the percentage of cells expressing A. CD39 and B. CD73 and C. CD39CD73 is shown for F4/80" and F4/80 cells.
This result is the meanS.D of at least 3 independent experiments. *p<0.05 means the statistically different using
Paired two tailed Student’s t- test.

5.2. Resident macrophages down regulate CD73 expression in vitro

Before studying the role of CD39 and CD73 in Leishmania infection, whole peritoneal
cell population was cultivated in vitro medium in order to determine if these surface enzymes
can self-regulate in in vitro conditions. As shown in Fig. 2, although the percentage of M®
remained constant during incubation period (Fig. 2B), these cells surprisingly down regulated
CD73 while their CD39 expression remained unaltered (2C-2F). CD73 expression gradually
decreased over the incubation period suggesting that the culture conditions may have an
influence in the expression of CD73 in vitro. On the other hand, it may also be possible that the
expression of CD73 could have been increased by the harvesting procedure and then slowly

returned to the basal level.
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Figure 2: Resident macrophages down regulate CD73 expression in vitro. Resident Md® were harvested from
naive C57BL/6 mice. Total peritoneal cell population was counted and viability of the cells was determined by
Trypan blue. Freshly harvested cells were rested for 24, 48 and 72hrs prior to further incubation at 33°C/5%CO,. Six
mice were used for each experiment and cells were pooled for the analysis. Fig.2A shows size and granularity for
total peritoneal population. In figure 2B, F4/80" cells were first gated and then cells expressing C. CD39 and D.
CD73 in F4/80" population from 24, 48 and 72hrs rested M® were over laid in histograms. The percentage of cells
expressing E. CD39 and F. CD73 is represented in bar diagrams for M®. This result is representative of 3

independent experiments. *p<0.05 indicates statistically different using Paired two tailed Student’s test
5.3. L amazonensis increases CD73 expression in rested macrophages

Once it was determined that CD73 expression could be down regulated by the rested
M®, our next approach was to observe if the infection by L. amazonensis can further influence
in CD39 and CD73 expression in M®. Seventy two hours rested M® were incubated with CFSE
labeled metacyclics of L. amazonensis. After 24hrs of infection, it was found that although the
percentage of CD39" cells did not alter (Fig. 3A), there was a significant increase in the
percentage of cells expressing CD73 (Fig. 3B). LPS treatment did not affect the expression of
CD39 or CD73, suggesting that activation does not alter CD73 expression (Fig 3A and 3B).
Figure 3C demonstrated that the combined expression of CD39 and CD73 was higher amongst

L. amazonensis infected M® when compared to unstimulated or LPS treated cells.
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Figure 3: L. amazonensis upregulates CD73 expression in rested resident macrophages. Resident cells were
collected and pooled from naive C57BL/6 mice and rested for 72hrs prior to infection. They were infected with
CFSE tagged metacyclics of L. amazonensis and additionally another group was treated with 5ug/ml of LPS. Cells
were then further incubated for 24hrs at 33°C/5% CO2 and flow cytometry was performed. The percentage of cells
expressing A. CD39 B. CD73 and C. CD39CD73 in uninfected, infected or LPS treated Md was analyzed by flow
cytometry. This result is the meantSD of at least 3 independent experiments* p<0.05 indicates statistically
significant between infected and control groups. One-way analysis of variance (ANOVA) followed by a posttest
Bonferroni test.
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Fig 5.4: L. amazonensis increases CD73 expression in rested macrophages during 48hrs of

infection

Furthermore, seventy two hour rested M® were incubated with CFSE labeled
metacyclics of L. amazonensis and infection was prolonged to 48 hours of incubation. We
observed that the percentage of cells expressing CD73 was higher in infected groups than in
control groups (Fig 4A-C).
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Figure 4: L. amazonensis keeps CD73 expression high in infected macrophages during 48hrs of infection.
Seventy two hour rested M® were prepared and treated with parasite or LPS as described in materials and methods.
Cells were incubated at 33°C/5% CO?2 for 48hrs infection. In given figure, the percentage of M® expressing A.
CD39 and B. CD73 was analyzed for uninfected, infected and LPS treated M® by flow cytometry. Similarly, in
figure C, the combined expression of CD39CD73 in all three populations is represented in bar diagram. This result
is the mean+SD of at least 3 independent experiments. * p<0.05 indicates statistically significant between infected
and control groups using One-way analysis of variance (ANOVA) followed by Bonferroni posttest.
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5.5 L. amazonensis does not affect cytokine and NO production

Following the evaluation of expression of these enzymes, cytokine as well as NO
production by treated M® were also measured. As shown in Fig. 5A-5C, L. amazonensis
infected M® did not alter the production of TNF-alpha, IL-10, and NO. However, M® treated
with LPS produced significantly higher levels of these inflammatory mediators compared to
control and infected groups, indicating that these cells were fully capable to respond to
inflammatory stimuli but not to the parasite. Up regulation in CD73 expression was, therefore,
observed independently of cytokine as well as NO production. Therefore, these data together
with increase CD73 expression in infected M® indicate that CD73 is regulated differently by L.

amazonensis.
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Figure 5: L amazonensis does not alter cytokine and NO production. Resident cells were collected from naive
C57BL/6 mice and rested for 72hrs prior to infection. They were either infected with L. amazonensis or treated with
5pg/ml of LPS. Cells were then further incubated for 24hrs at 33°C/5% CO2. Supernatant from all groups was
collected for the measurement of TNF-alpha, IL-10 and NO. In figures, A. TNF-alpha B IL-10 were measured by
ELISA and C. NO production in treated M® was measured by Griess method. This result is the mean+SD of at least
3 independent experiments * p<0.05 indicates statistically significant between infected and control groups using
One-way analysis of variance (ANOVA) followed by Bonferroni posttest.
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5.6. Infected macrophages express high CD39 and CD73 in in ex-vivo studies

As an another approach, in order to demonstrate the effects of L. amazonensis on the
expression of CD39 and CD73 in vivo, CFSE tagged live metacyclics were injected in the
peritoneum of mice and peritoneal cell population was harvested after 24hrs of inoculation. It
was found that majority of the cells from whole peritoneal cell population could be divided into
CD39°CD73" or CD39'CD73" (Fig 6B). Inside these populations, total F4/80" cells (Fig 6C)
were evaluated for CFSE positivity (Fig 6D). Interestingly, it was noted that the intensity of
CFSE positivity for F4/80" cells was high for CD73 positive population indicating that M®
expressing CD73 are more infected (Fig 6B-E).
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Figure 6: L. amazonensis infected macrophages show high CD73 expression in in ex-vivo studies. 50X10°
CFSE tagged live metacyclics were inoculated in the peritoneum of mice and then whole peritoneal cell population
was harvested after 24hrs of inoculation. Cells were labeled with anti-mouse F4/80, anti-CD39 and anti-CD73
antibodies. Figure A. FSC X SSC shows size and granularity for whole cell population. B. Inside gated population;
cells expressing CD39 and CD73 were shown. Cells expressing CD39°'CD73" or CD39°CD73" were selected and
then examined for C. F4/80" population and D. CFSE positivity was determined in F4/80" population. In the bar
diagram E. MFI for CFSE in F4/80" population is shown. Data are the mean+SD from 2 independent experiments.
*p<0.05 indicates statistically different between using Paired two tailed Student’s t- test. Two mice were used for

each control group per experiment.
5.7. CD39 and CD73 activity determine parasite survival in infected macrophages

Having shown that L. amazonensis infection is characterized by increased CD73
expression, our next approach was to determine the importance of CD39 and CD73 surface
enzymes in L. amazonensis survival and infection. Since the use of inhibitors at the time of
infection could interfere with similar enzymes present on the surface of these parasites (de Souza
et.al., 2010). DIDS and af-MAD, inhibitors for CD39 and CD73, respectively, were added after
the parasites had been incubated with the M® for 3hrs and subsequently removed by washing.
Our data showed that following inhibition of these enzymes, parasitism diminished within 24hrs
of infection (Fig 7A and 7B) and this reduction in parasitic infection and amastigote number per
100 M® was further reduced after 48hrs of incubation in presence of these inhibitors (Fig. 7C
and 7D).
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Figure 7: CD39 and CD73 activity determine survival of L. amazonensis. Resident M® were obtained from
naive mice by injecting 10ml of ice cold PBS in to the peritoneal cavity and rested for 72hrs at 37°C/5% CO2 as
described in materials and methods. Cells were then infected with metacyclic forms of the parasites in a ratio of 1:3
and allowed for the parasites to interact for 3hrs at 33°C/5% CO2. Extracellular parasites were washed away and the
inhibitors DIDS and aff MAD were added against CD39 and CD73 at a concentration of 200uM respectively. In the
figure, the percentage of infection for 24hrs (A) and for 48hrs (C) and the amastigote number per 100 M® for 24hrs
(B) and for 48hrs (D) were calculated. Control represents infected M® treated with DMSO. Data are the mean+SD
from 3 independent experiments. * p<0.05 is statistically different between control and treated groups using repeated
measures of ANOVA followed by Dunnett posttest against the control group
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5.8 Evaluation of cytokine and NO production from treated macrophages

In order to determine the mechanism of parasite killing in treated and untreated infected
M®, cytokine and NO production were measured. Interestingly, reduction in parasite survival in
M® was not related to the production of TNF-alpha, 1L-10 or NO production as shown in Fig.
8A-8C. These results indicate that killing of the parasites under these circumstances is possibly

mediated via pathways involving other than cytokine mediated NO production.
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Figure 8: Inhibition of CD39 and CD73 activity does not alter cytokine and NO production by infected
macrophages. Resident M® were obtained from naive mice as described in materials and methods. Cells were then
infected with L. amazonensis and inhibitors DIDS and o8 MAD were added after 3hrs of infection and then left
them for 48hrs. Supernatant was collected from these groups after 48hrs incubation. Control represents infected M®
treated with DMSO. Production of A.TNF-alpha B. IL-10 C. NO in treated groups is illustrated in the figure. Data
are the mean+SD from 3 independent experiments.
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5.9 Inhibition of A2a and A2b adenosine receptors reduces L. amazonensis survival in

rested macrophages

Given the fact that inhibition of CD39/CD73 enzyme activity confines parasitic survival
in M®, it was important to determine if adenosine receptors equally contribute in L. amazonensis
infection and survival because the end of product of CD39/CD73 pathway is adenosine. To have
an effect on the cells, adenosine produced by the ectonucleotidases should trigger one of the four
adenosine receptors (Al, A2a, A2b, A3) and therefore, M® were treated with ZM241385 and
MRS1754, antagonists of the adenosine receptors A2a and A2b (which are mostly involved in
deactivation of M®) respectively, at the time of infection and kept throughout the infection. It
was found that in 3hrs of infection, there was no alteration in the percentage of infected M® as
well as the number of amastigotes per M® (Fig. 9A and 9B). Within 24hrs of infection,
however, percentage of infection and amastigote number was decreased significantly (Fig 9C
and 9D). After 48hrs of infection, in the presence of A2a and A2b antagonists, parasitism was
further reduced (Fig. 9E and 9F). In parallel, a group of M® treated with both antagonists
together showed similar pattern of reduction (Fig. 9C-9F).

54



RESULTS

3 hours
A B
100- 400-
» § o g
gz 0 1 E 300 T
: g 1
3 604 B
3] 2 200
[}
£ 404 >
o 201 £
s <
0 0
24 hours
c D
*
100+ .= " ) | 5004 % |
2 807 Tt | S 10 —
8 T 3 T
O 4
% 60 % 3004
i) 2 -|—
T 401 e
£ S 200+ T
5 7
X 209 £ 1004
<
0 0

48 hours

E F

1004 | * | 4001

T ] * ) 1

2 go- ' s .
2 * 3 300 ,
el i -
g 60 2 .
3 % 200- —
‘T 404 2
S 3 100- T
¥ 204 E i

0 0 ﬁ—

N 5 N o N 5 o o
SERCARRE A & &
S N \
® g Q & P g Q &
S & N N s N
& v & 8
< <

Figure 9: Survival of L. amazonensis depends on A2a and A2b receptors. M® were harvested and rested before
infection. A2a and A2b antagonists ZM241385 and MRS1754 were added at a concentration of 5uM at the time of
infection and kept throughout the infection. Percentage of infection and amastigote number were determined during
3hrs (A) and (B), 24hrs (C) and (D) and 48hrs (E) and (F) infection. Control represents infected M® treated with
DMSO. These data indicate the mean+SD of at least 3 independent experiments. *p<0.05 represents statistical
different between treated and control groups using repeated measures of ANOVA followed by Dunnett posttest
against the control group
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5.10 Evaluation of cytokine and NO production from treated macrophages

Similarly, as in CD39 and CD73 enzyme activity inhibition experiments, cytokine and
NO production were evaluated from adenosine receptor inhibited M® culture supernatant. As
observed in Fig 8, blockade of A2a and A2b adenosine receptors did not induce cytokine and
NO production as shown in Fig. 10A-C, once again suggesting a possible common downstream
pathway other than NO production, involving in CD39/CD73 enzyme actions as well as

adenosine receptors.
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Figure 10: Inhibition of A2a and A2b receptors does not alter cytokine and NO production by infected
macrophages. M® were harvested and rested as previously described in materials and method. A2a and A2b
antagonists ZM241385 and MRS1754 were added at the time of infection and kept throughout the infection.
Supernatant collected from these groups after 48hrs of infection and was evaluated for A. TNF-alpha B. I1L-10 by
ELISA and C. NO production by Griess method. Control represents infected M® treated with DMSO. These data
indicate the mean+SD of 3 independent experiments.
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5.11 Effects of HIF-1a inhibitor on growth of L. amazonensis

FM19G11 is an inhibitor to HIF-1a. Before studying its role in parasitic survival, parasite
growth was determined in presence of FM19G11. It was observed that this inhibitor did not alter

the growth of the parasites (Fig 11).

3001
-=— Control

—— FM19G11 100nM
—— FM19G11 200nM

Parasites x 105/ mL

0 2 4 6 8
Time in days

Figure 11: Growth Curve of L. amazonensis in presence of FM19G11 L. amazonensis was cultivated in Grace’s
medium/10% FBS. Inhibitor to HIF-1a in two different concentrations of 100nM or 200nM was added at the time of
cultivation. Cultures were incubated at 25°C for 6 days and growth curve was plotted. In a control group, DMSO
was added. Results are mean+SD of 3 independent experiments.

5.12 Inhibition of HIF-1a in resident macrophages and its role in L. amazonensis infection

Infection and inflammation induced by the parasite may lead to localized hypoxic
conditions in host cells. However, in vitro studies, it has been found that L. amazonensis can
induce HIF-1a even when the cells are not hypoxic (Degrossoli et.al., 2007). Therefore, we
evaluated possible role of HIF-1la in parasitic survival in M® in the presence of HIF-la
inhibitor.

In order to study the possible role of HIF-1a in the survival of L. amazonensis in M®,
72hrs rested M® were treated with FM19G11 at a concentration of 100nM and 200nM. It was
found that 3hrs of incubation with parasites in presence of the inhibitor did not affect the parasite
infection and amastigote number (Fig 12A and Fig 12B). During 24hrs of infection, in presence
of HIF-1a inhibitor, although no appreciable decrease in percentage of infection was observed,

there was significant reduction in amastigote number per 100 M® (Fig 12C and Fig 12D).
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However, after 48hrs of incubation in presence of FM19G11, parasitism decreased significantly
(Fig 12E-12F). All these findings suggest that presence of HIF-1a is important for the parasitic

survival in resident M®.
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Figure 12: HIF-1a inhibition in resident macrophages interferes parasite survival Seventy two hour rested M®
were infected with metacyclics of L. amazonensis. Inhibitor FM19G11 was added at a concentration of 100nM and
200nM and then incubated for 48hrs. A. the percentage of M® infected and B. amastigote number/100M® for 3hrs
of infection was calculated. Similarly, C. the percentage of cells infected as well as D. amastigote number for 24hrs
and E. the percentage of infection and F. amastigote number/100 M® for 48hrs were determined. Control represents
infected M® treated with DMSO. These data indicate meantSD of at least 3 independent experiments. *p<0.05
represents statistical difference between treated and control groups using repeated measures of ANOVA followed by
Dunnett posttest against the control group

58



RESULTS

5.13. Role of HIF-1a. on CD39 and CD73 expression in resident macrophages during L.

amazonensis infection

Several studies support that CD73 is linked to HIF-la and that it can regulate
CD39/CD73 functions of adenosine production (Synnestvedt et.al., 2002). Since, L. amazonensis
infection induces HIF-1a in M® in in vitro, the effects of HIF-1a on the expression of CD39 and
CD73 were evaluated by treating infected M® with HIF-1a inhibitor and then the percentage of
cells expressing CD39 and CD73 were analyzed by flow cytometry. In present study, it was
found that infected M®, regardless of the treatment with FM19G11, always expressed high
CD73 (Fig 13A and 13B). The combined expression of CD39 and CD73 was also high in
infected groups (Fig 13C). We did not find any change in the expression of CD39 and CD73 in
between FM19G11 treated and untreated infected groups, suggesting that effects of HIF-1a is
not visible after 24hrs of infection. The possible link in between these enzymes and HIF-1a

expression may be at a different level of regulation.
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Figure 13: Inhibition of HIF-1a does not alter expression of CD39 and CD73 expression in macrophages
during infection with L amazonensis. Seventy two hour rested M® were infected with L. amazonensis in presence
of 100nM FM19G11 for 24hrs. Cells were analyzed for CD39 and CD73 expression in presence of FM19G11.
Percentage of cells for A. CD39 and B. CD73 was evaluated in M®. In figure C. percentage of expressing both
CD39 and CD73 was determined. These data indicate the mean+SD of 3 independent experiments. *p<0.05
represents statistical different between treated and control groups using repeated measures of ANOVA followed by
Dunnett posttest against the control group

5.14. Expression of purine receptors in L. amazonensis infected macrophages

In order to determine whether L. amazonensis regulates adenosine receptors during
infection, real time PCR was performed for each of the gene targets A2a and A2b using specific
primers. It was observed that infection with L. amazonensis did not alter mRNA receptors for
both A2a and A2b (Fig 14A and 14B). Surprisingly, LPS treatment also did not induce any
substantial change in the expression of these receptors indicating that the fold change in mMRNA
expression is possibly not evident after 24hrs of incubation (Fig 14A and 14B). Similarly,
MRNA expression for adenosine receptors A2a and A2b was also evaluated in presence of HIF-
la inhibitor. It was found that A2a and A2b mRNA expression in presence of FM19G11 did not
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change during 24hrs of infection (Fig 14 C and 14D) indicating that the effects are not evident

after 24hrs of infection.
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Figure 14: Relative expression of mMRNA of A2a and A2b receptors in resident macrophages. Seventy two hour
rested M® were either infected with L. amazonensis or treated with LPS and left for 24hrs at 33°C/5% CO, in
DMEM supplemented medium. Cells were then harvested using brazol. RNA was extracted followed by reverse
transcription and real time PCR was performed. The relative mRNA expression of A. A2a B. A2b receptors were
determined for uninfected, infected and LPS treated groups. Similarly, mRNA expression for C. A2a and D. A2b
was also analyzed in presence of FM19G11. Relative expression of mMRNA was normalized by reference gene.

In order to determine mRNA expression of A2a and A2b adenosine receptors during the
course of infection, M® were infected with L. amazonensis and the expression was evaluated by
real time PCR at different time points. As shown in the Fig 15, both receptors A2a and A2b were
found to be regulated by L. amazonensis. It was observed that the expression of mRNA for both
A2a and A2b increased slowly and peaked at 8hrs and then it declined gradually. The point that
we did not observe any change in mMRNA expression after 24hrs may be due to the fact that these

receptors stabilized after 24hrs of incubation. It is important to evaluate the effects at early time
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points to observe the relationship between HIF-1a and adenosine receptors during Leishmania

infection.
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Figure 15: Kinetics of relative A2a and A2b mRNA expression in macrophages. M® were prepared as
explained in materials and methods. Cells were infected with L. amazonensis and were harvested from uninfected
and infected M® cultures cultivated for different time points. RNA from cells was extracted followed by reverse
transcription and real time PCR. The relative mRNA expression of A. A2a B. A2b receptors was determined for
uninfected and infected groups in different incubation time. Relative expression of mRNA was normalized by
reference gene.

In summary, our results demonstrate that L. amazonensis increases CD73 in resident M®
and its survival is dependent on both CD39 and CD73 activities. Furthermore, our findings also
illustrate that A2a and A2b are equally important for parasitic growth and multiplication. No
significant TNF-alpha, IL-10 and NO production suggest possible involvement of mechanisms
other than cytokine derived activation of M® for killing of parasites. Although HIF-1a restricts
L. amazonensis survival in M®, it has no significant effects on CD39, CD73 as well as A2a and
A2b receptors studied during 24hrs of period incubation. In conclusion, our study indicates that
L. amazonensis regulates CD39/CD73 in M® pathway during infection. Moreover, further
analysis of mRNA expression of CD39, CD73 and adenosine receptors in relation to HIF-1o may
aid in understanding mechanisms how these parasites are modulating the host M®. The
involvement of these immunomodulators can determine the outcome of host and parasite

interaction.
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6. SUMMARY OF RESULTS:

1. Resident M® were the major cell populations which contain both CD39 and CD73
surface enzymes (Fig 1)

2. Unstimulated resident M® decreased CD73 expression without changing CD39
expression upon incubation (Fig 2)

3. L. amazonensis increased CD73 expression in M® during infection in vitro but did not
alter cytokine as well as NO production (Fig 3-5)

4. Infection with L. amazonensis in vivo experiments was characterized by increase CD73
expression (Fig 6)

5. CD39 and CD73 were important enzymes for the survival of L. amazonensis. Interference
in the parasite survival was not mediated via production of cytokines or NO (Fig 7-8)

6. A2a and A2b receptor inhibition restricted parasite survival in vitro but inhibition of
these receptors was not associated with the release of cytokine and NO production(Fig 9-
10)

7. Inhibition of HIF-1a protein reduced parasitism but did not alter the expression of CD39
and CD73 (Fig 12-13)

8. Change in fold of MRNA expression of A2a and A2b receptors was not evident during
24hrs of infection in presence of FM19G11 (Fig 14)
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7. DISCUSSION:

Extracellular nucleotides such as ATP and its metabolite adenosine produced by dying or
activated cells can modulate immune response during pathophysiological conditions. These
molecules can trigger either inflammatory or anti-inflammatory responses, thus, playing
significant role in determining the course or the outcome of the diseases (Almeida et.al., 1996;
Bours et.al., 2006; Haag et.al., 2007; Vitiello et.al., 2012). In leishmaniasis, enzymes present in
the parasites have demonstrated a strong correlation between enzymatic activities and disease
severity (de Almeida Marques-da-Silva et.al., 2008; de Souza et.al., 2010; Maioli et.al., 2004).
Two important ecto-enzymes CD39 and CD73 present on surfaces of the cells can directly
regulate the ratio of ATP: adenosine under stress conditions. Adenosine release is associated
with the impairment of immune response particularly in suppressing activation of antigen
presenting cells such as M® (Hasko & Pacher, 2012). During leishmaniasis, M® infected with
Leishmania constitute the core part in the host immune response which if properly activated in
presence of Thl responses, can eliminate the parasites such as L. major infection in resistant
mice (Sacks & Noben-Trauth, 2002). The possible mechanism of L. amazonensis involving
CD39 and CD73 expression in relation to survival of the parasites in M® has been described

here.

Initially, in order to evaluate the expression of CD39 and CD73 in murine macrophages,
peritoneal cells were harvested. Murine peritoneal cavity contains several immune cells that
include B cells, macrophages, dendritic cells, eosinophils, mast cells, neutrophils, T cells, natural
killer cells (Ghosn et.al., 2010). Therefore, in our present in ex-vivo study, based on F4/80
marker, it was broadly categorized into two major populations of F4/80" and F4/80" which
displayed both CD39 and CD73 (Fig 1). F4/80 antigens are extracellular membrane molecules
which are highly restricted to mature M® subpopulation residing in tissues mainly (McKnight &
Gordon, 1998). It was found that from the total peritoneal population, M® (F4/80) are the major
cell populations that have higher CD39 and CD73 expression compared to non-macrophages
(F4/80"). It has already been demonstrated that peritoneal M® are capable of producing
adenosine from ATP hydrolysis suggesting presence of enzymes on their surfaces (Beigi &
Dubyak, 2000; Gordon et.al., 1971). In one of the recent studies, mMRNA level of CD39 has been

evaluated and in parallel, enzymatic activity was also studied. Their findings suggest that CD39
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expressed on the surfaces of peritoneal macrophages is the dominant ectonucleotidase enzyme
present in peritoneal macrophages (Levesque et.al., 2010). In agreement with this finding, our
results also show that almost all F4/80" cells expressed CD39 in peritoneal population. CD73,
however, was positive to only 72% of the F4/80" population. CD73 expression may vary with

the type of cells, their maturation as well as activation (Zanin et.al., 2012).

It is important to note that the expression of ecto-5’-nucleotidase does not occur on all
cells and its expression can be regulated by external factors (Edelson & Cohn, 1976). In our
subsequent experiments, in order to determine if culture conditions can modify both CD39 and
CD73 expression, cells were rested in DMEM/10% FBS supplemented medium as described in
methods and methodology. In in vitro resting of M® demonstrated that CD73 expression
decreased slowly upon incubation. Interestingly, the percentage of cells expressing CD73
decreased gradually from 24hrs to 72hrs of resting without altering CD39 expression (Fig 2). It
is possible that the culture conditions employed in vitro may have an influence in the expression
of CD73. It may also be possible that these cells increased CD73 expression while harvesting
them from their natural habitat so that the expression returned to their original level. Given the
fact that only CD73 but not CD39 expression was changed may indicate that these M® are
capable of ATP hydrolysis efficiently as per CD39 enzyme activity, but the production of
adenosine, which is the end production of ATP hydrolysis, will be regulated differently by CD73
as it is the rate limiting enzyme for adenosine production (Friedman et.al., 1998; Lennon et.al.,
1998). It has been shown that depending on the activation state of M®, 5’ecto-nucleotidase
activities may vary. It has been reported that thioglycollate elicited M® show lower

5"ectonucleotidase activity in vitro than resident M® (Edelson & Cohn, 1976).

L. amazonensis is known for its ability to inhibit M® in several different ways making
them refractory to the activation (Gomes et.al., 2003; Horta et.al., 2012; Meier et.al., 2003).
Provided the activation of M® is regulated by 5 ectonucleotidase activity, it is likely possible
that L. amazonensis infection would regulate CD39 and CD73 expression to inhibit M®
activation. Remarkably, when these rested M® were infected with L. amazonensis, although
there was no change in CD39 expression, CD73 was significantly increased in infected M® (Fig
3 and Fig 4). This was in contrast with LPS stimulation which showed no effect on both CD39

and CD73 expression indicating that the change observed was specific to the parasite derived
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immunomodulation. Similarly, the effects of L. amazonensis on CD39 and CD73 were also
evaluated in vivo (Fig 6). It was observed that the majority of infected M® were CD73"
suggesting that L. amazonensis may regulate CD73 expression in infected M® and this change
can influence M® activation in such a way that M® may favor parasite growth and survival
during infection. It is, however, yet to be determined if infection increases CD73 or high CD73"
cells are preferentially infected in vivo. Our present data showed that both in vitro and in vivo
experiments, CD73 expression is high in infected macrophages. Although we did not use LPS
control in in vivo studies, there is an evidence which shows that M® harvested from endotoxin
inoculated mice have reduced 5 ecto-nucleotidase activity than naive M® indicating reduced
5"ecto-nucleotidase activity in activated M® (Edelson & Cohn, 1976).

The role of CD73 expression and activity has been well described in several pathological
conditions. In toxoplasmosis, for instance, increase in CD73 gene transcript levels after 2hrs of
infection has already been recorded (Blader et.al.,2001). Similarly, cytomegalovirus infection is
also associated with the increase expression and activity of CD39 as well as CD73 on endothelia
cells (Kas-Deelen et.al., 2001). In addition, it is also reported in some diseases like AIDS or
Helicobacterial infections where CD73 expression can significantly alter the disease outcomes
(Alam et.al., 2009; Nikolova et.al., 2011). Moreover, in dendritic cells infected with L.
amazonensis, it is shown that the expression of CD39 and CD73 increases significantly
(Figueiredo et.al., 2012), suggesting that upregulation of CD73 expression is possibly a common

mechanism for L. amazonensis to modulate host immune response.

The significance of CD39 and CD73 expression in M® is such that these molecules can
hydrolyze extracellular nucleotides releasing adenosine thereby regulating M® activation (Hasko
& Pacher, 2012). It is well established that L. amazonensis does not activate M®. In order to
characterize these rested M®, cytokine and NO production were evaluated. It was observed that
infected M® (Fig 5) did not induce production of TNF-alpha, IL-10 and NO resembling typical
characteristics of L. amazonensis infection. However, LPS treatment induced sufficient
production of cytokines as well as NO indicating that these M® were activated but this
activation did not lead to the change in the expression of CD39 and CD73. Classically activated
M® derived from LPS treatment have shown lower ATP hydrolysis ability than alternatively

activated M®. The difference in the enzymatic activity is clearly explained by the difference in
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the levels of enzymes expressed by these two groups of M®. Alternatively activated M® express
high CD39 and CD73 (Zanin et.al., 2012). These groups of macrophages produce less IL-12 and
NO as well as produces more TGF-p or IL-10, therefore favoring parasite growth (Stempin
et.al., 2002). Increase CD73 expression can induce M® into regulatory M®. It should be noted
that CD73 expressed by M® can suppress pro-inflammatory cytokine production (Grunewald &
Ridley, 2010).

ATP produced during L. amazonensis infection via P2X7 receptor channel has been
shown to induce apoptosis in infected M® (Lammas et.al., 1997; Chaves et.al., 2009; Coutinho-
Silva et.al., 2009). One of the popular findings in relation to parasite survival is that Chlamydia-
infected J774 murine M® resist to treatment to extracellular ATP, whereas uninfected cells
undergo apoptosis via P2X7 receptor—dependent pathways (Coutinho-Silva et.al., 2001).
Removal of extracellular accumulation of nucleotides via CD39/CD73 pathway may be one
possible mechanism employed by the pathogens to survive against lethal effects of these
molecules. In Leishmania, although role of parasite surface ectonucleotidase activities has been
described in relation with the disease progression, function of CD39 and CD73 in L.
amazonensis infected M® has not been determined. Once these parasites get inside, their contact
to extracellular milieu becomes limited and their surface ectoenzymes should cease to influence
extracellular nucleotide degradation. However, several pathogens can also exploit host
ectonucleotidases present on the outer membranes of the cells or tissues generating adenosine
rich environment (Antonioli et.al., 2013). Hence, role of these enzymes in L. amazonensis

infection was evaluated in resident M®

Our findings illustrate that if CD39 and CD73 are inhibited by specific inhibitors such as
by DIDS and aff MAD respectively in infected resident M®, parasite infection and survival
decreased significantly (Fig 7). This data suggests that adenosine production via CD39/CD73
pathway is an important regulatory molecule that facilitates survival of L. amazonensis in M®.
Since extracellular nucleotides are released during infection and inflammation, CD39/CD73
pathway directly participates in determining the outcome of several diseases. One such example
is in toxoplasmosis in which an increase in CD73 expression is associated with T. gondii survival
and if CD73 molecule is deleted, it can severely hinder the parasite growth and differentiation

(Mahamed et.al., 2012). Also, extracellular adenosine synthesized by CD73 in Salmonella
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infection inhibits anti-bacterial properties of M® favoring bacteria to grow in the host
cells (Alam et.al., 2011). In dendritic cells infected with L. amazonensis, it has been shown that
the enzyme activity is dependent on CD39 and CD73 expression and if these enzymes are
blocked, their antigen presenting capacity increases (Figueiredo et.al., 2012). Together with these
data, it is clear that L. amazonensis regulates CD39 and CD73 expression in host cells. Hence,
blockade of these molecules can limit parasite survival and might be an alternative approach for

the control of diseases including leishmaniasis

Having known that the effects of CD39 and CD73 can alter the parasite growth and
survival, our next approach was to determine the effects of adenosine receptors on parasite
viability. Adenosine produced via CD39/CD73 pathway binds specifically to adenosine receptors
and under given circumstances, if adenosine receptors are not available, the effects of adenosine
on M® will be absent. Adenosine is a potent immunosuppressive molecule which functions
through four G-protein-coupled membrane receptors; of four receptors, A2a and A2b receptors
are more importantly recognized for their actions on M® deactivation via cAMP production
(Abbracchio et.al., 2009; Fredholm et.al.,, 2001). M® express all four adenosine receptors
depending on the type of cells and activation state (Hasko et.al, 2007). LPS activated J774 M®
for example; express all adenosine receptors whereas IFN-y triggers all four receptors in
RAW264 M® suggesting these receptors are differently regulated by activation signals
(Watanabe K., 2005). Hence L. amazonensis induced M® adenosine release and adenosine

receptor modulation can also regulate M® functions.

Our study in relation to A2a and A2b receptor and parasite survival confirms that if the
receptors are inhibited, their survival is drastically reduced (Fig 9). Given the fact that inhibition
of adenosine receptors restricts L. amazonensis survival suggests that the release of adenosine via
CD39/CD73 pathway specifically binds to A2a and A2b receptors and regulates M® promoting
L. amazonensis survival. A2a and A2b are the principal receptors that have been shown to
involve in down-regulation of classically activated M® and promoting development regulatory
M® (Cohen et.al., 2013; Hasko & Pacher, 2012). In a recent study, Cohen and Mosser
demonstrated that LPS induced activation of M® negatively regulates M® activation by up
regulating A2breceptor, thus allowing adenosine biding to the receptor for effective control of

inflammatory response (Cohen et.al., 2013).
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The importance of adenosine receptors has been demonstrated in several immune cells
during infection and inflammation. In dendritic cells, it has been shown that the effects of L.
amazonensis in DC activation are mainly dependent on A2b receptor functions (Figueiredo et.al.,
2012). In visceral lesihamanisis, high adenosine production has been found to participate in the
disease indicating possible interference in in the actions of effector functions of immune cells
such as T lymphocytes via adenosine receptors (Rai et.al., 2011). Similarly, in Clostridium
infections, the severity of morbidity and mortality are related to A2b receptors activation
(Warren et.al., 2012). Furthermore, adenosine receptors associated immunosuppression in septic
mice such as activation of A2a reduces mortality from endotoxemia (Sullivan et.al., 2004). Since
activation of A2a and A2b receptors is associated with the suppression of M® effector functions,
from parasitic standpoint, it is plausible that L. amazonensis stimulates A2a and A2b receptors
which impede activation of cells via downstream purinergic pathway leading to cAMP
production. In future studies, it will be interesting to evaluate the effects of A2a and A2b

receptors on other species of Leishmania including L. infantum in visceral leishmaniasis.

Extracellular release of nucleotides induces production of proinflammatory cytokines
such as IL-1pB, IL-6, TNF-alpha and IFN-y from activated immune cells (Atarashi et.al., 2008;
Bours et.al., 2006; Langston et.al., 2003). Ectonucleotidase enzymes have been found to shift
from inflammatory to anti-inflammatory pathway via production of adenosine. Adenosine is
known to suppress production of several of important proinflammatory cytokines such as TNF-
alpha IL-1, IL-6, and IL-12 synthesis (Bours et.al., 2006; Desrosiers et.al., 2007; Hasko et.al.,
2008) whereas enhance release of IL-10, IL-4, IL-13 (Koscso et.al., 2012; Koscso et.al., 2013).
CD73 has been found to suppress NO production as well as proinflammatory cytokine
production (Grunewald & Ridley, 2010). CD73 increased the survival of septic mice by
diminishing bacterial growth, reducing inflammatory cytokine levels and ameliorating organ
injuries (Hasko et.al., 2011). Furthermore, A2b receptor has also been implicated as the receptor
responsible for down regulation of inducible NO synthase and MHC Il expression in response to
IFN-y (Xaus et.al., 1999). NO and ROS are inhibited in presence of adenosine leading to
suppression of M® (Xaus et.al., 1999; Hasko et.al., 1996).

In an attempt to determine the mechanism how these parasites are being killed, important

cytokines such as TNF-alpha, IL-10 as well as NO production in the presence of ZM241385 or
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with MRS1754 were evaluated but none of them was found to be involved in parasite killing
(Fig 10). Similarly, reduction of L. amazonensis growth in M® treated with DIDS and off MAD
was also not associated with effector molecules such as NO and TNF alpha production in (Fig
8), indicating that the mechanisms involved in killing L. amazonensis are other than cytokine
derived NO production. It should be pointed out that, in the experiments described here, M®
were not treated with IFN-y/LPS as it is usually seen in several studies. Thus the ability of these
cells to control parasitism is independent of the mechanisms induced by the “classical activation”
pathway. Increased ROS accumulation or tryptophan depletion leading to oxygen independent
anti-leishmanicidal effects are other possible mechanisms that need to be investigated. Moreover,
some cytokines such as TGF-f has been reported to increase CD73 in immune cells such as CD4
cells (Regateiro et.al., 2013).

HIF-1a has been found to be regulated by several pathogens during host pathogen
interaction for the benefits of their survival (Werth et.al., 2010). While HIF-1 a activation in
some bacterial infections can eliminate the pathogens by activating phagocytic activities, in some
others such as Bartonella henselae, viruses and Toxoplasma gondii can induce HIF-1 a in host
cells for their survival and growth (Kempf et.al., 2005; Wiley et.al., 2010; Smith et.al., 2013). In
leishmaniasis, it has been revealed that HIF-1a increase parasite persistence in cutaneous lesions
of mice infected with L. amazonensis (Arrais-Silva et.al., 2005). Furthermore in vitro studies
demonstrated that L. amazonensis can induce HIF-1a even when the cells are not hypoxic
(Degrossoli et.al., 2007). In our present study, it has been found that when the M® were infected
with L amazonensis in presence of a potent inhibitor of HIF-1a, parasitism reduced significantly
(Fig 12). Similar to our findings, it has been demonstrated in vitro studies that if HIF-1a is
inhibited, L. amazonensis survives less in M® (Degrossoli et.al., 2007). Furthermore, the role of
HIF-1a in L. major as well as in L. donovani infection has similarly demonstrated that if HIF-1a
is blocked, their growth and survival are inhibited, suggesting that the presence of HIF-1a is
essential and is possibly a general mechanism of survival of Leishmania conserved by these
parasites. (Lemaire et.al., 2013; Singh et.al., 2012)

One of the consequences of the local tissue inflammation is an induction of hypoxic
microenvironment where extracellular ATP release is predominant. HIF-1a can facilitate ATP

degradation by increasing enzymatic conversion of ATP hydrolysis into adenosine (Synnestvedt
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et.al., 2002). For example, HIF-1a dependent CD73 activity can influence adenosine production
which via activation of A2b receptors suppresses excessive inflammation (Hart et.al., 2011).
Interestingly, release of adenosine can also trigger induction of HIF-1o in M® and thereby
altering the catalytic activities of surface ectonucleotidases (Takeda et.al., 2010). Inhibition of
HIF-1a expression results in significant decrease in hypoxia inducing CD73 expression
(Synnestvedt et.al., 2002). Our findings demonstrated that infection did not alter the expression
of CD39 and CD73 in the presence of HIF-1a inhibitor. However, the percentage of cells
expressing CD73 was always high in infected groups (Fig 13) independently of treatment. It is
important to mention here that the analysis of expression of CD39 and CD73 was done after
24hrs of infection. It is therefore possible that effects of HIF-1o. on CD39 and CD73 may have
already disappeared. One of the recent studies demonstrate that activated M® show increase
ATP release with an induction of HIF-1 within 1-2 hrs post stimulation (Cohen et.al., 2013).
Furthermore, induction of HIF for L. donovani in M® of parasitic growth has been reported in L.
donovani within 8hrs of incubation period (Singh et.al., 2012). Moreover, the studies related with
CD39 and CD73 and HIF-1a have always been performed at the transcriptional level (Lemaire
et.al., 2013; Singh et.al., 2012) Furthermore, HIF is one of the most degradable proteins known
and is highly susceptible to oxygen. It will be interesting to analyze mRNA expression of CD39
and CD73 using HIF-1a antisense oligonucleotides and observe the kinetics of the effects of HIF
on the expression of CD39 and CD73.

Adenosine receptors are regulated differently by several activation signals. LPS, for
example, can induce upregulation of A2b receptors in M®d (Cohen et.al., 2013). Adenosine
released by activated macrophages can trigger adenosine receptors mainly A2a and A2b to
transform into alternatively activated M® (Vega & Corbi., 2006). HIF-1a can also influence
adenosine receptors thereby leading to enhanced adenosine receptor signaling (Poth et.al., 2013).
HIF-1a induced adenosine receptors, such as A2b, have also shown to induce Th2polarization by
increasing CAMP production (Yang et.al., 2010). In our study, although the parasitic survival
was dependent on both adenosine receptors and HIF-1a, L. amazonensis did not demonstrate
upregulation of mMRNA expression of A2a and A2b receptors during 24hrs of infection (Fig 14).
Similarly LPS treated M® also did not show significant change in the mRNA expression of A2a
and A2b receptors. Furthermore, we also observed no change in the mRNA expression of A2a

and A2b receptors when HIF-1a was inhibited by FM19G11. This analysis was also made after
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24hrs of infection. Recently, study shows that change in adenosine receptor expression after LPS
induced activation of M® is time dependent. It is shown that after 8hrs of treatment, mRNA
expression of A2b increases significantly which after 16hrs, returns to its normal level. In our
present context, it is likely possible that the effects were already gone by the time the cells were
analyzed for CD39 and CD73 or A2a and A2b receptor expression in relation to HIF-1a. Our
preliminary data for the kinetics of mMRNA expression of A2a and A2b receptors indicates that L.
amazonensis may regulate A2a and A2b receptors and we found that the receptors were
upregulated and were maximum at 8hrs of incubation (Fig 15). mRNA expression of A2a and
A2b receptors slowly decreased after 16hrs. It is therefore important to analyze these receptors at
a different time point and evaluate the effects of HIF on adenosine receptors during L.

amazonensis infection.

Our results demonstrate that L. amazonensis upregulates CD73 in resident M® and their
survival is strictly dependent on CD39 and CD73 activities as well as A2a and A2b receptors.
Although HIF-1a influences parasite growth in resident M®, in present laboratory conditions,
HIF-1a was not found to be involved in expression of CD39 and CD73 as well as A2a and A2b
receptor regulation. In summary, our findings indicate that L. amazonensis regulates purinergic
pathways during early infection and suggest possible involvement of these immunomodulators in

the outcome of host and Leishmania interaction.
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8. CONCLUSION:

In the current study, we have confirmed the effects of L. amazonensis on the expression
of ecto-nucleotidases in M® in vitro. It is demonstrated that L. amazonensis can upregulate
CD73 expression in rested resident M® and that its survival within the host cell is dependent on
CD39 and CD73 activities as well as on the activation of A2a and A2b adenosine receptors
without producing TNF-alpha, IL-10 and NO. Furthermore, although inhibition of HIF-1a
restricts parasite growth and survival, both CD39 and CD73 remain unaltered. L. amazonensis
may regulate adenosine receptors at the transcription level in early period of time. Altogether,
our data supports that adenosine production via CD39/CD73 pathway activates adenosine
receptors and leads to the induction of more regulatory type of M®, making them more suitable

for parasite development and proliferation.
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9. PERSPECTIVES

1. Study of possible mechanisms involved (such as measurement of ROS accumulation) in
killing of L. amazonensis in relation to CD39, CD73 as well as to adenosine receptors

2. Study of kinetics of A2a and A2b receptors expression during infection.

3. Evaluate proliferation and cytokine production of CD4+ T cells purified from the spleen
of C57BL/6 mice infected with L. major and co-incubated with M® infected with L.
amazonensis in relation to adenosine receptors as well as HIF-1a

4. Assess cytokine production such as TNF-alpha, 1L-10, IL-12, IFN-y and cAMP in vitro
from cocultivation of macrophage and T lymphocyte assay.

5. Evaluate the role of HIF-1o on expression of CD39 and CD73 as well as adenosine
receptors at transcript levels (mRNA) in M® infected with L. amazonensis at different
time points

6. In vivo expression of CD39 and CD73 at the lesion site by means of

immunohistochemistry assays
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