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Abstract 

Leishmania spp. are the causative agent of leishmaniasis, a neglected tropical 
disease transmitted by the bite of an infected female sandfly. Visceral leishmaniasis (VL), 
caused by protozoan L. donovani and L. infantum parasites, is the most severe form of 
the disease that could be fatal if left untreated. The constant interplay between parasite 
factors and host responses is crucial to define the infection outcome. In the core of host-
parasite interaction, some authors began to unravel the possible impact of host metabolic 
pathways for parasite survival. Although the mechanism(s) that might explain how the 
parasite manipulate host metabolism creating an immunometabolic permissive niche is 
still undefined. 

In order to clarify the possible mechanism(s) and define the dynamic interplay 
within host-parasite interaction, we used as our main model bone marrow derived 
macrophages (BMMo) infected with L. infantum, to dissect the bioenergetic and metabolic 
profile in the course of infection. The major intermediates of host-parasite metabolic 
coupling was further validate recurring to KO mice models for SIRT1 or AMPK that are 
specifically restricted for the myeloid lineage. 

To understand the dynamic profile established within host-Leishmania interaction, 
we analyzed at early (6 hours) and at later time (18 hours) points of infection the host 
metabolic alterations. In fact, L. infantum promastigotes induces an early upregulation of 
macrophages glycolysis towards the formation of lactate, with the concomitant decrease 
of mitochondria metabolism. The energetic deficit and the redox impairment imposed in 
such context, leads to the activation of SIRT1-LKB1-AMPK axis guiding the infected-
macrophages into a metabolic reprograming. At a later time point, infected-macrophages 
already settled a mitochondria metabolic environment, where the activation of SIRT1-
AMPK network developed a pro-survival role for L. infantum parasites. Such permissive 
environment was abrogated in Mac-SIRT1 or AMPK KO mice, showing a significant 
decrease of parasite load in the liver, spleen and bone marrow.  

In order to define clearly the immunologic role of AMPK and SIRT1 nutrient 
sensors, we begin to characterize in vitro the immunologic profile of BMMo from Mac-
SIRT1 or AMPK KO mice, in a context of L. infantum infection. Leishmania-infected 
macrophages from both mice exhibited predominantly an inflammatory activation profile 
with the secretion of inflammatory cytokines, as IL-12, IL-6 and TNF-α. Although, in 
infected-macrophages from Mac-SIRT1 KO mice, we also observed the sustaining of 
macrophages anti-inflammatory markers and the secretion of IL-10. In fact such 
immunologic context seems to dictate, simultaneously the increase of glycolysis and 
mitochondrial metabolic pathways. In both mice models Leishmania can not circumvent 
the inflammatory niche that was mounted, which was observed through the production of 
inflammatory cytokines by splenic macrophages and T cells. These results corroborates 

�viii



the parasite load obtained  in our previous work, however in the spleen, the difference in 
the parasite load was only significantly impaired for Mac-AMPK KO mice. 

AMPK metabolic reprogramming described in our first study, was in fact our 
starting point to perform this last work. AMPK is known to upregulate fatty acid oxidation 
(FAO) pathways and downregulate concomitantly fatty acid synthesis, ignored to maintain 
energetic balance. In this alignment we decide to evaluate if FAO impairment at later time 
points of infection, after AMPK become active, could indeed have an impact on the 
infection outcome. To analyze this, we inhibited carnitine palmitoyltransferase 1 (CPT-1) 
enzyme with etomoxir, at different time points of L. infantum infection. Unexpectedly, the 
impairment of FAO at later time points of infection (24 hours post-infection), did not show 
any effect on the infection rate. Oppositely, a significant increase of the infection rate and 
parasite growth was observed at pre-treatment conditions, where etomoxir was added 
previously  to infection. At this pre-treatment condition, etomoxir-infected cells have a 
higher accumulation of lipid droplets (LDs), which co-localized with the parasites. 
However,  in this LDs-enriched environment we were able to detect an activation of an 
host inflammatory and microbicidal response, where macrophages become prone to 
activate the inflammasome program. 

Overall, our results highlights the impact of host metabolism on the infection 
outcome, creating an immunometabolic niche suitable for Leishmania survival and 
proliferation. Our work also underline the higher capacity of the parasite to adapt to a new 
and harsh environment that can be continuously changing as a result of host pressure. 

Keywords: L. infantum; AMPK; SIRT1; mitochondria metabolic reprograming; lipid 
droplets; lipid metabolism 
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Resumo 

 A leishmaniose é definida como uma doença tropical negligenciada  que pode ser 
transmitida por diferentes espécies do parasita Leishmania, através de uma picada de 
uma fêmea da mosca da areia previamente infectada. A leishmaniose visceral transmitida 
por L. donovani e L. infantum, é considerada a forma mais agressiva da doença, sendo 
eventualmente fatal na ausência de tratamento. A constante interacção entre factores 
intrínsecos do parasita e a resposta do hospedeiro é essencial para definir o sucesso da 
infecção. Recentemente foi descrito a modulação de vias metabólicos do hospedeiro 
assim como o seu potencial impacto para a sobrevivência do parasita. No entanto, 
permanece ainda por definir o mecanismo(s) pelo qual o parasita subverte o metabolismo 
do hospedeiro criando desta forma, um ambiente imunometabólico favorável à sua 
sobrevivência. 
 De forma a clarificar o possível mecanismo(s) e definir a dinâmica que se 
estabelece no contexto de uma interacção imunometabólica entre o parasita e o 
hospedeiro, estabeleceu-se um modelo de infecção com macrófagos derivados da 
medula usando a espécie L. infantum como agente causador da infecção. Através deste 
modelo pretende-se traçar um perfil bioenergético e metabólico durante o processo de 
infecção. A análise dos possíveis intervenientes nesta interacção metabólica entre o 
parasita e o hospedeiro foi posteriormente validada por ratinhos KO para a SIRT1 ou para 
a AMPK especificamente restrito à linhagem miéloide. 
 De forma a compreender a dinâmica da interacção parasita-hospedeiro num 
contexto metabólico, as alterações metabólicas do hospedeiro infectado com L. infantum 
foram analisadas em pontos iniciais (6 horas após infecção) e tardios (18 horas após 
infecção) da infecção. Às 6 horas de infecção, observou-se um aumento das vias 
glicolíticas do direcionadas para a produção de lactato, por outro lado foi detectada uma 
diminuição das vias mitocondriais. A deficiência energética assim como a alteração do 
estado redox que se estabeleceu neste contexto, foram responsáveis pela activação de 
um eixo metabólico definido por SIRT1-LKB1-AMPK. Neste contexto é induzida uma 
reprogramação metabólica das células infectadas. Às 18 horas de infecção, os 
macrófagos infectados estabelecem um ambiente metabólico dependente das vias 
mitocondriais, desempenhando a activação do eixo SIRT1-LKB1-AMPK um papel 
essencial para a sobrevivência do parasita. A inibição deste mecanismo de pro-
sobrevivência é observado durante a infecção de ratinhos KO para a SIRT1 e AMPK 
restritos à linhagem miéloide (Mac). Desta forma foi possível observar uma redução da 
carga parasitária no fígado, baço e medula óssea. 
 Para definir o papel imunológico da AMPK e da SIRT1 durante o processo da 
infecção, foi delineado in vitro um perfil imunológico dos macrófagos diferenciados de 
ratinhos KO para a Mac-SIRT1 ou para a AMPK infectados com L. infantum. Macrófagos 
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infectados derivados de ambos os ratinhos, exibem um perfil de activação inflamatório, 
com a secreção de citocinas inflamatórias, IL-12, IL-6 e TNF-α. No entanto, em 
macrófagos infectados derivados do ratinho Mac-SIRT1 KO também foi possível observar 
a permanência de marcadores anti-inflamatórios de activação assim como a secreção de 
IL-10. Este contexto imunológico parece induzir simultaneamente um aumento da 
glicólise e das vias metabólicas mitocondriais. Em ratinhos Mac-SIRT1 ou AMPK KO, não 
ocorre a subversão do ambiente inflamatório pelo parasita, gerado pela ausência de cada 
um dos sensores. Este fenómeno é claramente observado através da produção de 
citocinas inflamatórias pelos macrófagos e células T do baço. O ambiente inflamatório 
gerado corrobora os resultados obtidos previamente em relação às cargas parasitárias 
obtidas durante a infecção in vivo. No entanto é de salientar uma queda de infecção 
significativa apenas no baço dos Mac-AMPK KO. 
 A reprogramação metabólica descrita anteriormente, onde a AMPK desempenha 
um papel essencial constituí a nossa base de trabalho para este último estudo. A AMPK 
regula a activação da via de oxidação dos ácidos gordos assim como diminui 
simultaneamente a via de síntese. Desta forma a modulação da via de oxidação dos 
ácidos gordos poderá desenvolver um papel importante, particularmente em tempos 
tardios da infecção, após a activação da AMPK. De acordo com este objectivo, a inibição 
das vias de oxidação dos ácidos gordos foi possível de obter através da inibição da 
enzima carnitina palmitoiltransferase 1 (CPT-1), após a incubação com o etomoxir em 
diferentes tempos de infecção. A inibição da via de oxidação dos ácidos gordos em 
tempos tardios da infecção (24 horas após infecção) não induziu qualquer efeito em 
relação à percentagem de infecção. No entanto, um aumento significativo da infecção 
assim como da proliferação de L. infantum, foram observados na condição de tratamento 
prévio com etomoxir, adicionado previamente à infecção. Nesta condição em particular, 
os macrófagos infectados apresentaram uma acumulação de gotas lipídicas, que co-
localizaram especificamente com os parasitas. Contudo, neste ambiente em particular foi 
também possível detectar a activação de uma resposta inflamatória e microbicida, sendo 
os macrófagos mais propensos a activar o inflamasoma. 
 Os resultados apresentados nesta dissertação mostram claramente o impacto do 
metabolismo do hospedeiro para o sucesso da infecção. Neste contexto, é estabelecido 
um ambiente metabólico favorável para a sobrevivência do parasita. Por outro lado, os 
nossos resultados também realçam a capacidade de adaptação do parasita a ambientes 
novos e hostis que estão em contínua mudança, como resultado da pressão induzida 
pelo hospedeiro. 

Palavras-chave: L. infantum; AMPK; SIRT1; reprogramação metabólica 
mitocondrial; lipid droplets; lipid metabolism 
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Leishmaniasis: a complex parasite-host interaction

1. Leishmaniasis - The disease 

 Leishmaniasis is one of the most significant neglected tropical disease transmitted 
by Leishmania parasite species. Leishmaniasis is endemic in several countries from 
Southeast Asia, East Africa, Latin America and also in the mediterranean region being 
widely distributed for 98 countries. Currently, 14 million people are directly affected by 
leishmaniasis and 350 million live in areas characterized by active transmission of 
Leishmania parasite (Pace 2014).  
 Leishmaniasis comprises four main clinical manifestations defined as, cutaneous 
leishmaniasis, mucocutaneous leishmaniasis, visceral leishmaniasis and post-kala-azar 
dermal leishmaniasis. These clinical forms results mainly from the balance between host 
factors (age, nutritional and immune status) and parasite intrinsic properties (infectivity, 
pathogenicity, virulence). Additional risk factors could eventually weight in this balance as, 
the species of the parasite (not necessarily exclusive to one clinical form) and the 
endemic region of the infection (Murray et al. 2005). The different forms of the disease will 
be described above. A higher focus will be devoted to visceral leishmaniasis clinical form, 
our work model. 

Cutaneous leishmaniasis (CL) is defined as a self-healing disease being the most 
common among leishmaniasis clinical forms. It has an estimation of 1 million new cases 
each year. The acquired lesions are constrained to the skin surface and can persist for 
months or even years. Visible scars typically results from the healing process. CL is 
commonly caused by the species L. mexicana, L. (Viannia) braziliensis, or L. panamensis 
in the Americas, and L. major or L. tropica in all other countries (Alvar et al. 2012, David et 
al. 2009). 

Mucocutaneous leishmaniasis (ML) contrary to CL could be life-threatening and 
requires treatment. ML result from the dissemination of cutaneous lesions to the naso-
oropharyngeal mucosa which normally leads to mutilating lesions. It can  developed 1-5 
years after CL has healed. ML is a known risk from Leishmania species of the Viannia 
subgenus, typically found in the Americas (L. (V) braziliensis, L. (Viannia) amazonensis, L. 
(V) panamensis, and L. (V) guyanensis) (David et al. 2009, Murray et al. 2005).  

Visceral leishmaniasis (VL) also known as kala-azar is the most severe form of the 
disease accounting for 20.000-40.000 deaths each year, over 2 million DALYs (disability-
adjusted life) lost and is almost always fatal if left untreated. Species like L. donovani, 
present in East Africa and Indian Subcontinent, and L. infantum (=L. infantum chagasi), 
found in Europe, North Africa and Latin America (primarily in young children) are the 
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cause of VL (Lukes et al. 2007, Mauricio et al. 2000). The geographic distribution of VL as 
well as the number of new cases worldwide is presented in figure 1. 
 

Figure 1. Geographical distribution and frequency of VL cases worldwide (WHO 2013). 

 Accordingly to the transmission cycle, VL can be divided in two groups such as, 
the Zoonotic VL transmitted from animal to vector to human and the anthoponotic VL 
transmitted from human to vector to human. In the former group the humans are the main 
host and the animals (mainly dogs) are the reservoir. The zoonotic VL is found in areas of 
L. infantum transmission and the anthroponotic VL in areas of L. donovani transmission 
(Alvar et al. 2004). 
 After an incubation period between 2-6 months patients with VL present symptoms 
related with a systemic infection such as, fever, fatigue, weakness, loss of appetite and 
weight loss. In fact, VL-parasite species are able to invade the blood and the reticulo-
endothelial system and disseminate to internal organs mainly to the liver, spleen and bone 
marrow (Alvar et al. 2012, Chappuis et al. 2007). This particular course of infection is 
responsible for the development of splenomegaly, associated with hepatosplenomegaly, 
pancytopenia, and hypergammaglobulinemia (Bern et al. 2008). The course of a newly 
infection can vary from subclinical (assymptomatic), to oligosymptomatic, and to a fully 
established disease. An active VL could also result from a relapse event (after apparently 
successful treatment) or from a late reactivation by a subclinical or previously treated 
infection. Some immunologic alterations (immunocompromised individuals) can induce the 
disease reactivation mainly by an impairment of T cells (number or function) as is 
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observed in HIV patients with low CD4+ T cell levels (Murray et al. 2005, Pintado et al. 
2001).  
 A complication of the VL disease is translated into a manifestation defined as 
Post-kala-azar dermal leishmaniasis (PKDL), which can PKDL can appears weeks to 
years after cure of VL (by L. donovani infection). The PKDL is considered highly relevant 
in Sudan while has been more rarely observed in other East African countries and in the 
Indian subcontinent. PKDL is characterized by a macular, maculo-papular or nodular rash 
and can be highly infectious due to the presence of parasites in such nodular lesions. This 
parasitic niche can be considered ultimately a putative reservoir for anthroponotic VL, 
between epidemic cycles (Addy et al. 1992, Chappuis et al. 2007, Zijlstra et al. 2003). 

1.1. Chemotherapeutic strategies 

 The current chemotherapeutic strategies against leishmaniasis present several 
limitations according to their high toxicity, long duration treatments and severe adverse 
reactions. Moreover, this conventional therapy are unable to clear completely the parasite 
from all the infected individuals (Amato et al. 2008, van Griensven et al. 2010). The six 
major chemotherapeutic choices used for leishmaniasis treatment are, the pentavalent 
antimonials, amphotericin B, liposomal amphotericin B, miltefosine, paromomycin and 
pentamidine (de Menezes et al. 2015). 
 Pentavalent antimonial-based (SbV) drugs, the first line drug against 
leishmaniasis, is considered a prodrug that needs to be bioactivated by reduction into 
SbIII (Frezard et al. 2009). The mechanism of action of SbIII is not completely understood, 
however it was shown to induce parasite death by apoptosis (Sudhandiran et al. 2003). 
Some potential targets seem to be attributed to trypanothione reductase or zinc finger 
proteins (Cunningham et al. 1995, Demicheli et al. 2008). Some authors described a 
possible impact on parasite metabolic pathways such as fatty acid oxidation and 
glycolysis (Chakravarty et al. 2010). Additionally, SbV can inhibit purine transporters or are 
able to interfere with purine salvage pathway in Leishmania (dos Santos Ferreira et al. 
2006). Several side effects were reported including, cardiotoxicity and pancreatitis and 
also a huge emergency of resistances (Ashutosh et al. 2007, Croft et al. 2011). The 
second line drug against leishmaniasis is the pentamidine compound, that is define as an 
aromatic diamine, being the mode of entry mainly through arginine and polyamine 
transporters (Kandpal et al. 1997). This drug apparently inhibits polyamine biosynthesis, 
affects mitochondrial inner membrane potential and bind to DNA minor groove (Bray et al. 
2003, Croft et al. 2006). Pentamidine induces the development of higher toxicity when 
compared to antimonial-based drugs (Jha 1983). Amphotericin B constitutes other class of 
compounds used against leishmaniasis that was initially addressed as an anti-fungal 
agent. Amphotericin B can interacts directly with the parasite forming membrane pores, 
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inducing high side effects as nephrotoxicity (Paila et al. 2010, Ramos et al. 1996). 
Interestingly the formulation of this compound with liposomes, that become known as 
AmBisome warrants a more efficient delivery of the drug, being such formulation quite 
active against VL (Thakur et al. 1993). This formulation can affect macrophage membrane 
sterols impeding the entry of Leishmania (Paila et al. 2010, Ramos et al. 1996). One of 
the advantages of liposomal formulation was the reduction of amphotericin B side effects 
namely, nephrotoxicity (Bern et al. 2006). Other compound currently use against 
leishmaniasis, known as paromomycin, presents indeed similarities to amphotericin B in 
terms of efficacy. Paromomycin that was initially defined an aminoglycoside antibiotic it 
can alter parasite mitochondrial function and protein translation, interfering directly with 
ribosomes (Jhingran et al. 2009). Finally, miltefosine one of the most use drug against VL 
present actually a huge advantage concerning the previously compounds, it can be deliver 
orally for the VL treatment. This drug, that was developed initially as cancer treatment has 
demonstrated efficacy against VL, ML and CL (Bhattacharya et al. 2007, Tappe et al. 
2010). Interestingly, miltefosine mode of action seem to be quite dependent on its 
intracellular accumulation, interfering with phospholipids synthesis, being able to induce 
ultimately, parasite apoptosis-like dead (Paris et al. 2004, Rakotomanga et al. 2007, 
Zufferey et al. 2002). Despite the administration route advantage, miltefosine presents a 
huge drawback regarding the induction of side effects, as teratogenicity. This type of 
treatment also shows higher correlation with resistance emergence (Berman 2008). In 
table 1 is listed the main important characteristics of the previously defined compounds, 
being also eventually highlight the major concerning aspects of leishmaniasis treatment.  
 Overall, all the drugs scheme adopted for leishmaniasis treatment may present 
several drawbacks related with toxicity, administration route, duration of the treatment and 
also the cost associated with it. These represents huge concerns particularly in the 
poorest countries, where leishmaniasis is mostly endemic. In these areas some of the 
treatments are interrupted, originating higher numbers of reemergence cases and may 
contribute for the development of resistance mechanisms (de Menezes et al. 2015). The 
urge for research in this area is critical to understand more clearly the disease 
mechanism, in fact this will be important to found others suitable drug targets, with more 
effective and less toxic compounds. 
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Table 1. Description of the major chemotherapeutic agents for leishmaniasis treatment, adapted 

from (de Menezes et al. 2015).  

IV: intravenous administration; IM: intramuscular administration; IL: intralymphatic 
administration. 

Drugs Administration 
route

Dosage Efficacy Toxicity

Pentavalent 
antimonials IM, IV, or IL 20mg/kg/day 

(28-30 days)

35-95% 
(depending on 
area)

Severe 
cardiotoxicity, 
pancreatitis, 
nephrotoxicity, 
hepatotoxicity

Amphotericin B IV
0.75-1mg/kg/day 
(15-20 days, daily 
or alternately

>90% 

Severe 
nephrotoxicity, 
infusion-related 
reactions, 
hypokalemia, high 
fever 

Liposomal 
amphotericin B IV

10-30mg/kg total 
dose (single dose 
3-5 mg/kg/dose)

>97% 

Mild rigors and 
chills during 
infusion 
Mild 
nephrotoxicity 
(infrequent and 
mild) 

Miltefosine Oral 100-150mg/day 
(28 days)

Asia: 94% (India); 
Africa: 60-93%

Vomiting and 
diarrhoea, 
nephrotoxicity, 
hepatotoxicity, 
teratogenicity 

Paromomycin IM (VL) or topic 
(CL)

15mg/day (21 
days) or 20mg/kg 
(17 days)

94% (India)  
46-85% (Africa

Severe 
nephrotoxicity, 
ototoxicity, 
hepatotoxicity 

Pentamidine IM
3mg/kg/day IM 
every other day 
for 4 injections

35-96% 
(depending on 
Leishmania 
species)

High rate of 
hyperglycemia, as 
a result of 
pancreatic 
damage; 
hypotension, 
tachycardia, and 
electrocardiograp
hic changes

�33



Leishmaniasis: a complex parasite-host interaction

2. Leishmania parasite - The etiologic agent  

 Leishmania is define as a protozoan parasite, included in the family 
Trypanosomatidae and in the genus Leishmania (Stevens et al. 2001). The biologic 
features, that characterizes Leishmania, unique or not, are the result of the adaptation 
mechanisms hijacked in a context of host interaction. The biologic and metabolic features 
of Leishmania will be addressed in the following sections. 

2.1. Life cycle 

 Leishmania parasites have a digenetic life cycle divided between the promastigote 
stage in the insect vector (sandfly) and the amastigote stage in the vertebrate host. The 
promastigote stage is a flagellated, motile form that resides inside the digestive tract of 
Phlebotomus spp. and Lutzomyia spp. female sand flies (Banuls et al. 2007, Kaye et al. 
2011). Once this form become attached to the midgut wall and initiate the migration to the 
foregut, occurs the differentiation into non-replicative infectious metacyclic promastigotes, 
known as metacyclogenesis (Sacks et al. 2002). The final location on the stomodeal valve 
in the sandfly foregut, render this metacyclic form ready to be transmitted during a sandfly 
bite. After blood feeding the metacyclic infectious form can enter into the dermis and 
infects different cell types ranging from hematopoietic cells (neutrophils, macrophages 
and dendritic cells) to non-hematopoietic cells (at a lower extent), such as fibroblasts 
(Bogdan et al. 2000, Laskay et al. 2003, Peters et al. 2008). Leishmania parasites 
establish preferentially inside macrophages, residing in the phagolysosome compartment, 
where they begin to differentiate into the amastigote form. Intracellular amastigotes 
undergo replication and eventually disrupted the host cell, being the free amastigotes able 
to reinfect neighbouring phagocytes. The life cycle is completed when free amastigotes or 
infected cells are ingested by another sandfly during a blood meal. Inside the sandfly 
midgut amastigotes are converted into procyclic promastigotes (non-infective form (Kaye 
et al. 2011), establishing a life cycle perpetuation. A schematic representation of 
Leishmania life cycle is depicted in figure 2. 
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Figure 2. Schematic representation of Leishmania digenetic life cycle (Kaye et al. 2011).  

2.2. Leishmania cell biology 

The biologic features of Trypanosomatids are continuously influenced by 

environmental constraints of each parasite distinct niches during their life cycle. This quite 
dynamic process can justify their unusual cell biology. The main distinguishable 
characteristic of this family is the presence of a subcellular structure known as kinetoplast, 
a complex DNA structure, that is part of their single mitochondrion (Lukes et al. 2002). 
Moreover, trypanosomatids present glycosomes (proxisome-related microbodies) that is a 
remarkable organelle comprising several metabolic pathways such as, glycolysis, pentose 
phosphate pathway, gluconeogenesis, purine salvage, biosynthesis of pyrimidines, ether 
lipids and squalenes synthesis (Michels et al. 2006). The promastigote form present a 
flagellum structure that serves for typical locomotive function and for the attachment to the 
gut sandfly. A much shorter version of a flagellum is also detected in amastigotes 
(Landfear et al. 2001). This structure rests in a flagellar pocket that  corresponds to a 
invagination of plasma membrane. Interestingly, the plasma membrane, at this site, is 
specialized in the uptake of large nutrients, by receptor-mediated endocytosis, and protein 
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secretion (Field et al. 2009). Acidocalcisomes that function as intracellular reserves of 
several ions, including phosphorous, magnesium, calcium or zinc, also plays a critical role 
in osmoregulation and pH homeostasis (Moreno et al. 2009). The presence of a unique 
genomic organization with a huge plasticity allow a rapid and appropriate adaptation to 
environmental changes, contributing significantly to virulence and drug resistance 
differences (Bastien et al. 1992). The main biologic features of Leishmania promastigote 
and amastigote forms are represented in figure 3. 

Figure 3. Leishmania cell biology. Promastigote and amastigote forms despite the evidence 
differences in terms of morphology they actually share several intracellular structures, as 
exemplified in the figure. Some of them are considered unique among Trypanosomatidae family, as 
glycosomes and kinetoplast, that is supported by a single mitochondrion (Besteiro et al. 2007). 
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 Leishmania parasites display at the surface a striking structure denominated 
glycocalyx that is conserved among all the parasites of the Trypanosomatidae family 
(Ferguson 1999). Despite the higher diversity found, regarding glycocalyx composition, all 
t he e lements f rom th i s fami l y have in common a h igh ly conserved 
glycosylphosphatidylinositol (GPI) anchor motif (McConville et al. 1993). Leishmania 
promastigotes, in particular, have distributed at their surface GPI-anchored 
phosphoglycosylated glycans, where lipophosphoglycan (LPG) represents the most 
abundant surface glycoconjugate (Turco et al. 1992). The presence of  glycosylinositol 
phospholipids (GIPLs), being some type of GIPLs related with LPG and GPI anchors, and 
proteophosphoglycans (mPPGs) can also contribute for the glycocalyx diversity 
(Descoteaux et al. 1999). mPPGs are abundantly present in promastigotes although, at a 
lower extent than LPG and GIPLs structures (Ilg 2000). Finally, zinc-metalloprotease 
GP63 represents one of the most significant GPI-anchored glycosylated proteins within 
the parasite glycocalyx (Forestier et al. 2014). Importantly, all these surface 
glycoconjugates are dynamically regulated, particularly during the differentiation of 
promastigotes into the amastigotes form. After this developmental event, LPG become 
drastically downregulated as well as GP63, being GIPLs and mPPGs relatively stable 
throughout parasite life cycle (Schneider et al. 1992, Turco et al. 1991). Amastigotes stage 
become mainly enriched in GIPLs and host-derived glycosphingolipids (McConville et al. 
1991). In fact, all these glycoconjugates, among other molecules, are considered 
important virulence factors.  

2.3. Parasite metabolic adaptation 

 The metabolic cues present in the diverse parasite niches were and still are the 
critical guiding force of parasite metabolic adaptations. The levels of metabolites, in those 
environments, can be sense by the parasites justifying, their quite dynamic and fast 
adaptability mechanisms at different stages of their life cycle. The heavy metabolic 
pressure established, may dictate a striking dependency for several host nutrients. The 
main metabolic strategies employed by Leishmania to survive inside each developmental 
niches as well as their auxotrophic requirements will be further explored in the following 
sections.
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2.3.1. Vector environmental niche 

 Leishmania promastigotes have a vector-life cycle restricted to the digestive tract 
of sandflies, particularly in the midgut (Lainson et al. 1977). In the first days after blood 
feeding apart from the natural barriers against Leishmania development, the ingested 
amastigotes need to adapt drastically to a new microenvironment facing a decrease in 
temperature and an increase in pH. Indeed these environmental changes become crucial 
to trigger amastigotes differentiation into procyclic promastigotes (Dostalova et al. 2012). 
As the blood digestion proceeds parasites bind to the midgut epithelium via LPG, avoiding 
their excretion with the blood flow (Kamhawi 2006). At later-stages the majority are 
allocated in the foregut producing a filamentous proteophosphoglycan, which consists of a 
gel-like plug that physically obstructs the gut (Bates 2007). At this time-frame the 
transformation into metacyclic parasites take place, through a mechanism known as 
metacyclogenesis (Sacks et al. 1984). The metacyclic parasites (infectious form), jointly 
with proteophosphoglycans and sandfly saliva are then regurgitated during a vector blood 
meal (Bates 2007). 
 Some events of this complex developmental process could be regulated by 
nutritional/metabolic cues, influencing parasite survival, development and transmission. 
The motility of procyclic promastigotes is guided by chemotactic and osmotactic stimuli 
ensuring the parasites flow through the different midgut sections and so the continuous 
developmental process. The movement follows regions with low concentrations of sugars 
(positive chemotaxis) in the absence of a significant osmolarity (Bates 2008). The sugars, 
taken up by the sandflies, as a supplementary energy source after blood feeding, might be 
important for the synthesis of glycoconjugates (like LPG), a crucial step for promastigotes 
differentiation in the sandfly vector (Kamhawi 2006). Moreover, metacyclogenesis another 
developmental process within the sandfly vector, is actually guided by metabolic cues and 
can be at some extent acquired in vitro by nutrients depletion (Sacks 1989). Vector 
environment can display a set of metabolic cues during parasite development, that might 
pave the way for the type of metabolic profile present in promastigotes.  

2.3.1.1. Promastigote form 

 An important feature described in all eukaryote organisms is the intracellular 
compartmentalization of some cellular structures. Regarding metabolic pathways, the 
same principle is also observed while catabolic pathways (energy-generating) are divided 
from anabolic pathways (biosynthetic, energy-consuming) between the cytoplasm and 
multiple-enclosed organelles (Ginger 2006). Trypanosomes parasites are not an exception 
with some authors claiming the presence of an unusual metabolic compartimentalization. 

�38



Leishmaniasis: a complex parasite-host interaction

 Such phenomenon is clearly observed during Leishmania central carbon 
metabolism, as represented in figure 4. This event can lead to the prevention of toxic 
intermediates accumulation (Haanstra et al. 2008) or can induce a fast metabolic 
adaptation to environmental changes (Michels et al. 2006).  

Leishmania promastigotes use as the main carbon source glucose that is 

transported and internalized into the glycosomes. Glucose carbons are then incorporated 
into intermediates of glycolysis, pentose phosphate pathway (PPP), and the cytoplasmic 
carbohydrate material, mannogen. Mannogen is generated through the catabolization of 
hexose phosphates at the PPP (Ralton et al. 2003). The dependency on glycosome 
metabolic pathways is confirmed through the presence of a higher number of glycosomes 
in promastigotes (around 50) compared to the amastigotes (5-10 times less) (Szoor et al. 
2014). In Leishmania, as in other trypanosomatids, the first five enzymes of glycolysis are 
located into the glycosomes while the final steps (catalyzed by phosphoglycerate kinase 
and pyruvate kinase), are localized in the cytosol (Opperdoes et al. 2007). A noteworthy 
feature of Leishmania metabolism is the apparent lack of feedback regulation of glycolytic 
fluxes, and subsequently, a higher rate of glucose uptake in promastigotes usually 
exceeds the mitochondrial capacity to oxidize glucose, leading to the secretion of 
fermentation end-products, such as succinate, acetate or alanine (Saunders et al. 2010). 
Succinate fermentation in glycosomes is crucial to regenerate ATP and NAD+ that were 
consumed in the first reactions of glycolysis. Promastigotes also consume significant 
amounts of amino acids under glucose-replete conditions. They utilize preferentially non-
essential amino acids as aspartate and alanine that are used to generate tricarboxylic acid 
(TCA) cycle intermediates.  
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Figure 4. Central carbon metabolism of Leishmania promastigotes. Leishmania promastigotes 
are dependent on glucose as the principal source of carbons. The higher uptake of glucose that 
results in an increase glycolysis flux leading to the secretion of three major fermentation side 
metabolites as, succinate, alanine and acetate, three major fermentation side metabolites, due to 
the absence of feedback inhibition mechanism. Amino acids, as aspartate and alanine constitutes 
important sources for tricarboxylic acid cycle (TCA) replenishment. The fatty acids acquired from 
the host are mainly utilized for membrane remodeling (Saunders et al. 2010). 
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2.3.2. Vertebrate/mammalian reservoir  

 Leishmania promastigotes transmitted through the bite of a female sandfly, upon 
entry into the mammalian skin are confronted with a huge environmental changing. One of 
the first alteration promastigotes have to deal is the raise on temperature and also the 
higher acidic environment that is established inside the phagolysosome. Leishmania 
promastigotes, at least some species, have to delay phagolysosome maturation to be able 
to coped with these environmental changes and differentiate in amastigotes. These events 
will be discussed further in this chapter, in here we will focus mainly on phagolysosome 
metabolic niche. 
 Phagolysosome is a quite dynamic niche it can fuses with several cellular 
structures like vesicles from the phagocytic, endocytic and autophagic pathways as well 
as the endoplasmic reticulum, acquiring a large range of macromolecules and also low 
molecular-weight metabolites, that are able to cross directly the PV membrane. These 
macromolecules are then able to be degraded by proteases, lipases and glycosidases 
that reside in the phagolysosome. Amastigotes can internalize directly and degrade them 
within their own lysosome (Ndjamen et al. 2010). A range of different nutrients were 
determined within phagolysosome, as sugars, nucleotides, amino acids, polyamides 
(ornithine), essential vitamins (folic acid, biopterin, pantothenate, pyridoxine, biotin, 
thiamine, heme) and lipids. Despite all the nutrients available, such environment could be 
considered metabolically strict, since some nutrients like hexoses, mannose, myo-inositol 
and thymidine are present in limiting levels (McConville et al. 2015, Rubin-Bejerano et al. 
2003). The composition of phagolysosome intracellular niche might vary depending on 
Leishmania species and host cell involved, which account for a more diverse and complex 
intracellular nutritional environment. The dynamic and nutritional content of 
phagolysosome are represented in figure 5.  
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Figure 5. The diverse nutritional composition of phagolysosome. Phagolysosme is able to 
interacts with several organelles (ER, phagosomes and autophagosomes) and subcellular 
structures (vesicles) that contributes ultimately for its nutritional composition. The main nutrients 
present in such niche range from, sugars, nucleotides, amino acids and lipids . Adapted from 

(McConville et al. 2015).  

2.3.2.1. Amastigote form

 The availability of different set of nutrients in phagolysosome leads to the 
development of a nutritional dependency of the parasite to the host reserves. The parasite 
can develop auxotrophy to several essential nutrients that can still be synthesize, or 
develop a limited capacity to synthesize de novo. So a redundancy in nutrient uptake and 
de novo synthesis pathways could be observed (McConville et al. 2011). Leishmania 
complex auxotrophic requirements is indeed a tropism for this type of intracellular niche 
(McConville et al. 2011) since other pathogens, like bacteria Coxiella burnetii, present 
similar nutrients auxotrophies being phagolysosome also permissive for this bacteria 
(Omsland et al. 2013). Leishmania auxotrophies are quite diverse and complex, with the 
parasites scavenging all the purines, essential amino acids, such as arginine (Arg), 
histidine (His), isoleucine (Ile), leucine (Leu), lysine (Lys), phenylalanine (Phe), tryptophan 
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(Trp), tyrosine (Tyr) and valine (Val), vitamins (ascorbate, biotin, biopterin, folate, NAD+, 
pantothenate, pyridoxal, riboflavin and thiamine) and heme (McConville et al. 2015).  
 Despite the early description of the phagolysosome as a metabolic permissive 
niche, several authors described a slow growth state of in vitro generated-amastigotes, 
with the parasites exhibiting lower metabolic requirements compared to extracellular 
promastigotes. Overall, Leishmania amastigotes, inside phagolysosomes, enter into a 
semi-quiescent state reducing the transcription and translation programs, in which major 
energy-consuming processes might be specifically repressed (Saunders et al. 2014). 
Importantly, the described metabolic repression, that occur in amastigotes, is higher than 
the one exerted on metacyclic promastigotes (non-dividing stage). One recent approach 
defined the presence of this repressive state in vivo. L. mexicana amastigotes within Balb/
c inflammatory lesions, shows a reduce growth rate and slower levels of RNA and protein 
turnover (Kloehn et al. 2015). Amastigotes “latent” state exhibited a dramatic decrease of 
glucose and amino acid uptake, being these carbon sources although used in a more 
efficient manner. As a consequence the overflow metabolism (glucose-sparing) is almost 
absent. As a direct response to the lower levels of glucose uptake, the parasites up-
regulate fatty acid oxidation (FAO) pathway. This metabolic pathway is constitutively active 
in amastigotes, reflecting the down-regulation of glucose uptake at this stage (McConville 
et al. 2015).  
 The striking metabolic repression in amastigotes has been defined as a stringent 
metabolic response and can be observed also at a lower extent, in in vitro differentiated 
amastigotes (Saunders et al. 2014). The tight regulation of this particular mechanism 
could be acquired by a myriad of factors that will be defined as follows. The majority of 
metabolic enzymes are constitutively expressed and few differences can be observed, at 
protein levels, during Leishmania development, post-translation mechanisms might be a 
potential modulator of amastigotes stringent response (Rosenzweig et al. 2008). Some 
reports demonstrate a decrease expression of nutrient transporters, regarding glucose 
and amino acids uptake during amastigotes differentiation. In fact downregulation of 
glucose transporters are mediated by ubiquitination (Vince et al. 2011) and FAO pathway 

is simultaneously modulated by ubiquitination and sumoylation (Gannavaram et al. 2012). 
These post-translation mechanisms occurs during amastigote differentiation, suggesting 
that the activation of this stringent response might be guided preferentially by 
differentiation factors rather than nutrient levels (Saunders et al. 2014). The slow 
metabolic state was somehow unexpected since the parasites occupy a metabolic 
permissive environment. However this type of environment present some limitations 
concerning the amount of some micronutrients, like iron, making the activation of such 
mechanism important to avoid nutrient depletion. In addition the reduce levels of overflow 
metabolism, may impair the possible production of endogenous reductive stress (Vince et 
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al. 2011). As conclusion amastigotes stringent response could be considered an important 
strategy for a long-term survival inside macrophages phagolysosome. 
 Despite a reduce in glucose uptake, intracellular amastigotes, as well as 
promastigotes, continues to use preferentially glucose but can also uptake others sugars 

as, N-acetylglucosamine, galactosamine and mannose. The presence of different hexose 
transporters and enzymes involved in amino sugars catabolism are crucial for Leishmania 
virulence, being the growth of amastigotes enhance in the presence of hyaluronan 
(glycosaminoglycans) (Naderer et al. 2015). Apart from the importance of sugars 
catabolism, gluconeogenesis also play a crucial role being the gluconeogenic enzyme, 
fructose-1,6-bisphosphatase (FBP) required for amastigote survival in vivo. This enzyme 
is sequestered in glycosomes with phosphofructokinase (PFK), where the presence of the 
two enzymes might allow amastigotes to transiently use other carbon sources or regulate 
glycolytic fluxes by cycling FBP back to fructose 6-phosphate (futile cycling), or both 
(Naderer et al. 2006). In the context of this futile cycling, glycolysis and gluconeogenesis 
pathways can occur simultaneously.

Amastigotes, contrary to promastigotes, can co-utilize fatty acids, as a carbon 

source, which are mainly oxidize in mitochondria through fatty acid oxidation (FAO) 
pathway. The acetyl-CoA generated is then used to supplement TCA cycle intermediates 
for the biosynthesis of amino acids as glutamate, glutamine and aspartate (Saunders et 
al. 2014). Pharmacological inhibition of enzymes involved in the synthesis of non-essential 
amino acids via the TCA cycle or a genetic disruption of FAO or proteins involves in 
mitochondrial respiratory chain, are responsible for a reduction of amastigote growth and 
survival or a virulence loss, respectively (Dey et al. 2010, Gannavaram et al. 2012, 
Saunders et al. 2014). These results demonstrates possibly the higher dependency on 
sugar and fatty acids scavenged from the phagolysosome (McConville et al. 2015). The 
core carbon pathways are somehow similar between promastigotes and amastigotes, 
although the levels of some metabolic pathways varied between these two forms, which 
are highlighted in figure 6. 
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Figure 6. Central carbon metabolism of Leishmania amastigotes. Amastigotes exhibit lower 
rate of sugars and amino acids uptake with a concomitant reduction of overflow metabolism. The 
fructose-1,6-bisphosphatase (FBP) enzyme is highly expressed in amastigotes, leading to the 
increase of gluconeogensis and to the establishment of a futile cycle. Amastigotes co-uptake lipids 
and use them as a fuel source to fatty acid oxidation (FAO) pathway. A replenishment of the 
(tricarboxylic acid cycle) TCA cycle is secured by the acetyl-CoA generated from glycolysis and 
from FAO (McConville et al. 2015). 

 

 Protozoan parasites, among them Leishmania, scavenge most of their lipids being 
the host its primary source. In fact the amount of energy required to perform fatty acid 
synthesis is much higher than the one implicated in uptake. However when the host 
supply is not sufficient they can rely on intracellular fatty acid synthesis (Lee et al. 2006). 
In Leishmania promastigotes, these fatty acids are primarily incorporated into membranes 
and not used as carbon sources. The development from procyclics to metacyclics is 
accompanied by a considerable remodeling of lipids membrane composition, particularly 
during metacyclogenesis. Phospholipids (PL), which accounts for approximately 70% of 
total cellular lipids, phosphatidylcholine (PC), the most abundant glycerophospholipid 
(Wassef et al. 1985), or glycerolipids, as diacylglycerols (DAG) and triacylglycerols (TAG), 
increases through the differentiation process (Gibellini et al. 2010). Interestingly, as 
referred previously, the glycoconjugates at the parasite surface that anchors important 
virulence factors may explain the preference of promastigotes to use lipids mainly for 
membrane remodeling, probably as an infectious strategy (Olivier et al. 2012). 
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3. Leishmania-host interaction 

 Parasite-host interaction is a dynamic contest with the parasite trying to establish 
and survive and the host oppositely, developed strategies to impairs the parasite success. 
The parasites are able to modulate and subvert a diverse set of signaling pathways, which 
are crucial to evade host immune response and secure their long-term maintenance in the 
host. 

3.1. Host invasion and establishment 

 After entry into the host, Leishmania promastigotes seek for suitable niches, 
evading different type of cells, mainly neutrophils, macrophages and dendritic cells (DCs). 
The immunomodulatory role of these cells during Leishmania infection will be further 
discussed in this chapter. At first, metacyclic promastigotes can avoid direct lysis impairing 
the opsonization by serum complement system (Carroll 1998). Such mechanism is based 
on the blocking of membrane attack complex (MAC) deposition on parasite surface by the 
action of LPG (Puentes et al. 1988). Resistance to complement could also be acquired by 
the spontaneously deposition of complement component 3b (C3b) over the parasite 
surface. This protein binds through virulence factors, as LPG and GP63, and remains on 
the promastigotes surface under the cleavage form iC3b. This inactivated form will be 
important to mediate the opsonic recognition of promastigotes by macrophages 
complement receptor 3 (CR3) (Brittingham et al. 1995). Interestingly, GP63 can also bind 
directly to macrophages CR3 (Russell et al. 1988). Moreover, the attachment to 
macrophages can even be facilitated by the  interaction with Fc-γ receptors at the surface 
and by also by the direct binding of GP63 to fibronectin receptors, at least by two 
domains, creating a bridge between these two elements (Brittingham et al. 1995, 
Soteriadou et al. 1992). Parasites can also anchor on mannose-fucose receptors at the 
surface of macrophages through high-mannose type glycans that exist at the surface of 
the parasite (Chakraborty et al. 2001). Finally, a striking mechanism can have a critical 
role for the silent entry of the parasite, such as the presence of dead parasites in the initial 
innoculum. Such strategy is correlated with the exposure of phosphatidylserine in the 
outer leaflet of the parasite cytoplasmic membrane. This exposed phospholipid permits 
the binding to the phosphatidylserine receptors at the surface of macrophages, 
neutrophils and dendritic cells, inducing the production of TGF-β an anti-inflammatory 
cytokine (Fadok et al. 1998). Overall, these mechanisms, among others, may allow the 
establishment of silent entry of Leishmania in the cells early recruited to the site of 
infection. 
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 Once inside their suitable intracellular niche, where macrophages are the main 
reservoir, parasites interfere with different host pathways, being able at first to inhibit host 
apoptotic machinery, which subsequently increase host life span (Cyrino et al. 2012, 
Pinheiro et al. 2009). This mechanism may serve as a strategy to increase the time 
window to ensure the fully differentiation into amastigotes (Desjardins et al. 1997, Spath et 
al. 2003, Vinet et al. 2009). This latter form, can then occupy a mature phagolysosome-
like structure, also known as parasitophorous vacuole (PV), having this intracellular niche 
all of the membrane and markers specific of a mature phagolysosome, namely the ras 
related small GTPase protein 7 (Rab7), lysosomal-associated membrane proteins 1 and 2 
(LAMP-1 and LAMP-2), hydrolytic enzymes, an acidic pH 4.7-5.2 due to the vacuolar H+-
ATPase and also a membrane NADPH oxidase, that generates anti-microbicidal oxidative 
burst.  
 To coup with reactive oxygen species (ROS) and nitric oxide (NO) species 
produced, L. major, L. infantum and L. donovani species, delay the phagolysosome 
maturation, being the onset of this mechanism controlled by the action of distinct 
promastigotes virulence factors. For L. mexicana and L. amazonenesis this delay was not 
clearly proved. These parasites occupy large parasitophorous vacuoles, which dilute the 
hydrolytic enzymes present in this niche, to a levels below their effectiveness, allowing 
their differentiation without any delay of phagolysosme maturation (Duclos et al. 2000). To 
avoid phagosome maturation one of the strategies include the blockage of 
phagolysosome acidification, inhibiting  the association of synaptotagmin V (Syt V) to 
phagosome membranes. This mechanism impair the recruitment of the vesicular proton-
ATPase (v-ATPase) (Vinet et al. 2009). Synaptotagmins are members of the soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE). Leishmania LPG 
retains at the phagosome membrane a small GTPase Cdc42 that results in F-actin 
accumulation around the phagosome, interfering with  the vesicle trafficking and 
phagosome maturation (Holm et al. 2001). SNARE receptors, apart from their participation 
in the genesis of phagolysosome, they also have a pivotal role in the spatiotemporal 
regulation of cytokine secretion. GP63 mediate cleavage of VAMP8, a member of SNARE 
family and is involved with the recruitment of NADPH oxidases (NOX2). The inhibition of 
NOX2 recruitment could have an impact on the antigen presentation to T cells (Matheoud 
et al. 2013). GP63 also cleaves the component Sty XI, a negative regulator of cytokine 
secretion, that belong to the SNARE receptor family (Arango Duque et al. 2014). 
 To dampen the production of ROS and NO, generated from NADPH oxidase 
(NOX2) complex and by inducible nitric oxide synthase (iNOS), respectively, parasites  
adopted different tactics. The impairment of protein kinase C (PKC) activity, by LPG has a 
negative impact on the phosphorylation of p47phox and p67phox components of NADPH 
oxidase (Bhattacharyya et al. 2001). As a consequence this complex was unable to reach 
the membrane of the phagosome and form the NOX2 complex, reducing the production of 
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ROS species (Bhardwaj et al. 2010). Interestingly, LPG molecule can scavenge the 
reactive species directly (Lodge et al. 2006). Finally, the anti-inflammatory TGF-β cytokine 
produced by infected phagocytes can actually shift the L-arginine metabolism toward the 
production of L-ornithine through the activation of arginase (Boutard et al. 1995, Modolell 
et al. 1995). This mechanism results in the reduction of NO production. Is important to 
highlight that amastigotes can also inhibit PKC signaling and blocks the assembly of 
NAPH oxidase, reducing the potential accumulation of ROS. However no specific 
molecule were described so far in amastigotes that could regulate this signaling (Olivier et 
al. 2012).  
 Parasites are quite versatile, developing intrinsic strategies to disrupt the 
production/effects of reactive species. Leishmania display several antioxidant 
mechanisms being the most relevant the trypanothione synthase (TryS) and trypanothione 
reductase (TryR) (Tovar et al. 1998). The dependency on heat shock proteins (HSPs) 
become also crucial for alleviate thermal, acidic and oxidative stress (Hubel et al. 1995). 
Despite the detrimental role exerted by reactive species on parasite survival, in fact they 
can have an important role for promastigotes-amastigotes differentiation process. Some 
authors proposed that the ROS produce in such context can act as signaling molecules 
regulating parasite differentiation process (Mittra et al. 2013a, Mittra et al. 2013). 

 
 Leishmania to circumvent host microbicidal response needs to subvert a distinct 
set of host signaling pathways, with a major impact on host immune response. This 
process is initiated with the interference of innate immune receptors, that drives the host 
response to an inflammatory program, being most of them harmful to the parasite. The 
strategies employed by the parasite presented above are some of them restrictive to Toll-
like receptorS (TLRs) signaling interference, one of most well described receptor and the 
first to be implicated in Leishmania recognition (Faria et al. 2012).  
 Leishmania virulence factors, in part secreted within extracellular vesicles (GP63), 
can modulate directly or not with several signaling intermediates, as was shown more 
recently with the activation of host protein tyrosine phosphatases (PTPS). These proteins 
are crucial to modulate intracellular signaling pathways, regulating the amplitude of 
activation, removing activity phosphate groups (Zhang 2002). Leishmania is able to 
activate different PTPs proteins, such as the SH2-containing ubiquitously expressed 
tyrosine-specific protein phosphatase (SHP-1) (by amastigotes as well) and protein 
tyrosine phosphatase 1B (PTP-1B) (Gomez et al. 2009). Once activated, they can 
dampen the expression of pro-inflammatory genes. SHP-1 can dephosphorylates 
mitogen-activated protein kinase (MAPKs), which are activated downstream of distinct 
TLRs, and lead to the nuclear translocation of activator protein-1 (AP-1). GP63 also has a 
critical role binding directly to c-Fos a component of AP-1, ensuring the downregulation of 
this pathway. A decrease of pro-inflammatory cytokines genes (iNOS, TNF-α, IL-12) is 
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established. Moreover, SHP-1 is also able to dephosphorylates IL-1 receptor-associated-
kinase-1 (IRAK1), a critical modulator of this inflammatory network (Abu-Dayyeh et al. 
2008). Additionally, the nuclear factor kappa-light-chain enhancer of activated B cells (NF-
kB), that can eventually be cleavage directly by GP63 into a p35RelA active subunit, 
(Gregory et al. 2008), enhances the transcription of cytokines and chemokines genes 
(Shio et al. 2012). The activation of SHP-1 by GP63 binding leads to the 
dephosphorylation of janus kinase-2 (JAK2), dampening IFN-γ signaling pathway 
(Blanchette et al. 1999, Matte et al. 2010). The induction of such transcriptional program, 
may allow Leishmania to subvert inflammatory pathways and also attract new potential 
host cells (Olivier et al. 2012).  
 Recently, other strategy, employed by L. amazonensis, was described to inhibit 
NLR family pyrin domain containing 3 (NLPR3) inflamassome, in a GP63-dependent 
manner. In such context, a decrease of IL-1β maturation accompanied by ROS reduction 
was detected (Shio et al. 2015). This may constitute a crucial mechanism for Leishmania 
survival. Although some controversy seem to exist, with other report showing that the 
activation of NLRP3 is quite detrimental for Leishmania, restricting L. amazonensis 
survival in vitro and in vivo (Lima-Junior et al. 2013). In this context, it should be further 
evaluate if Leishmania is able to impair IL-1β maturation. Interestingly, Leishmania can 
also interfere with the host pro-inflammatory response through the modulation of 
mechanistic target of rapamycin (mTOR). Leishmania is able to interfere with host 
translational machinery through a GP63-dependent cleavage of mTOR. Subsequently a 
downregulation of mTOR complex 1 (mTORC1) is acquired, being accompanied by the 
dephosphorylation of the translational repressor eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1). This repressor maintains bound to the eukaryotic translation 
initiation factor 4E (eIF4E), inhibiting the progress of the host translational machinery. This 
strategy diminish important host macrophages protein synthesis as IFN-α and IFN-β  
cytokines, repressing a type I IFN response (Jaramillo et al. 2011). In the figure 7 is 
represented the major host pathways exploited by the parasite. 
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Figure 7. Leishmania modulation of host signaling pathways. Leishmania parasite (virulence 
factors and extracellular vesicles) during macrophages entry can arrest phagosome maturation 
interacting with protein kinase C (PKC) signaling intermediate subsequently it impairs NADPH 
oxidase activity with a decrease of reactive oxygen species (ROS) and nitric oxide (NO) levels. 
Leishmania circumvent Toll-like receptors (TLRs) and IFN-γ receptors, activating protein-tyrosine 
phosphatase 1B (PTP) and SH2-containing ubiquitously expressed tyrosine-specific protein 
phosphatase (SHP-1). Further the inhibition of mitogen activated protein kinases (MAPKs), Janus 
kinase 2 (JAK2/STAT), IL-1 receptor-associated-kinase-1 (IRAK1) signaling and nuclear factor 
kappa-light-chain enhancer of activated B cells (NF-kB) cleavage results in the impairment of pro-
inflammatory genes with an increase of chemokine genes. mechanistic target of rapamycin 
(mTOR) GP63-dependent cleavage can also impair the host translational machinery, interfering 
with the type I IFN response. 

 Finally, some authors have described, recently, a striking mechanism of host 
subversion through epigenetic alterations, inflicted by L. donovani promastigotes. 
Differences in the methylation patterns were observed in host genes, that are particularly 
involved in host defense and macrophages activation, as JAK/STAT and MAPK signaling 
(Marr et al. 2014). These authors suggested that parasites can eventually export DNA 

methyltransferases or methylation inhibitors, potentially via extracellular vesicles (Marr et 
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al. 2014). These epigenetic alterations might be important to secure a permanent 

downregulation of macrophages functions. 

The modulation of host metabolic pathways constitutes another crucial strategy 
employed by the parasite to establish a successful infection inside the host. The parasite-
host metabolic interactions will be further described in the followings chapters.

3.1.1. Host immune response

 The capacity of Leishmania to survive and disseminate inside the host, occupying 
privileged immune sites, seems to be critically defined at early events of infection. The 
continuous pressure exerted by the parasite to deactivate and silence the innate immune 
response and in turn attenuate an effective adaptive response, is crucial for parasite 
survival. The host can in part respond to it, trying to maintain, at cell level, their 
leishmanicidal functions and also, at local tissue level, with the formation of granulomas 
defined as inflammatory niches (Kaye et al. 2004). The latter structure constitutes a 
striking example of host counter-attack. At organism level, this dynamic immune 
interaction could impact Leishmania infection path which may contributes ultimately for the 
clinical manifestations of leishmaniasis. 

3.1.1.1. Immune regulation of visceral leishmaniasis 

 In mice several authors had described the existence of an immune 
compartimentalization response during VL infection, where the spleen and the liver are the 
main parasitized niches. Bone marrow has also been reported as an intracellular niche, 
with some authors describing a possible impact on hematopoiesis during Leishmania 
infection (Cotterell et al. 2000). Infection in the liver is self resolving depending particularly 
on T cell-mediated immune response and also of granulomas formation (Engwerda et al. 
2004). Oppositely, in the spleen, the parasites can persist being this niche crucial for the 
establishment of chronic infection, always associated with immunopathology (Kaye et al. 
2004). This immune compartimentalization observed in murine VL infections, is absent 
from human patients where infection is progressive presenting distinct parasite loads in 
the spleen and in the liver (Faleiro et al. 2014). In a recent work with non-human primate 
model, was strongly suggested the existence of a compartmentalization immune response 
during VL infection (Rodrigues et al. 2014). Despite the differences, murine models have 
been relevant to understand the susceptibility and resistance mechanism acquired during 
Leishmania infection (Rodrigues et al. 2016). Apart from the differences observed 
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between experimental models, different routes of infection or distinct parasite doses may 
affect the dynamics of Leishmania infection. This section will focus on the murine model, 
with a particular attention to the splenic immunologic environment settled during infection. 
 In mice at the onset of infection the majority of the parasites are eliminated by 
splenic macrophages. In the following two weeks the levels remain stable through the 
balance between parasite elimination and parasite replication mechanisms. After three 
weeks of infection the levels begin to raise in the spleen, initiating the entry into the 
chronic phase. In contrary, in the liver it begins the resolution of infection (Engwerda et al. 
2004). These primary events in the acute phase are crucial to dictate the success of 
leishmania infection, for a complete resolution or for the establishment of a chronic phase. 
Immunity against Leishmania has been associated with the establishment of a type I 
immune response with the production of IL-12 by APCs that induce IFN-γ-secreting Th1 
CD4+ T cells (Muller et al. 1989). These cells further stimulates macrophages microbicidal 
properties, through the production of NO and ROS, which is quite efficient for the 
elimination of amastigotes (Kaye et al. 2011). The establishment of a type II response, 
through the stimulation of IL-4-secreting Th2 CD4+ T cells by APCs-IL-4 (or -IL-13) 
producers, can in part explained the resistance phenotype against Leishmania. Although, 
some authors have found in mice, a progression of VL even under the presence of Th1 
cytokines, which inflammatory role can be neutralized by IL-10 immunosuppressive factor 
(Cillari et al. 1991, Sacks et al. 1987). 
 Host immune response begins earlier to be settled, at the onset of Leishmania-
host interaction. After the bite of an infected sandfly, metacyclic promastigotes are 
inoculated in a mixture of immunomodulatory salivary secretions and parasite-derived 
proteophosphoglycans into the dermis. These early events together with the disruption of 
the capillaries and the skin structure, from the mechanical trauma of the bite, can attract 
different immune cells to the site of infection (Kaye et al. 2011). Promastigotes-
complement resistance encounter neutrophils, that rapidly infiltrates into the skin, being 
considered one of the main early host for L. major promastigotes (Peters et al. 2008). 
Importantly, this mechanism has been also demonstrated during L. infantum infection 
(Thalhofer et al. 2011). Inside neutrophils, promastigotes are not able to differentiate into 
amastigotes being these intracellular residence only a transient stage (Peters et al. 2008, 
van Zandbergen et al. 2004). When infected neutrophils initiate apoptosis, secretes 
chemotactic factors for macrophages, such as alarmins (high mobility group protein B1 
(HMGB1) and IL-1β) (Menten et al. 2002, van Zandbergen et al. 2004). Neutrophil 
apoptotic bodies carrying Leishmania promastigotes are internalized by dermal resident 
macrophages, being these latter cells able to secrete TGF-β, an anti-inflammatory 
cytokine (van Zandbergen et al. 2004). High levels of IL-10 and the reduction of IL-12 
cytokines were also found in this context (Filardy et al. 2010). Overall, this environment 
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contributes to a silent entry of L. major into macrophages, using a strategy known as 
“Trojan horse“ (John et al. 2008). 
 The most suitable option for Leishmania survival would be to reside inside 
mononuclear phagocytes however the number of resident macrophages and  dermal DCs 
in the skin are quite reduced to sustain the parasite growth. To ensure the progress of 
infection monocytes, the precursors of these cells, are also recruited being this process 
regulated by neutrophils through CC-chemokine ligand 3 (CCL3) (Charmoy et al. 2010). 
Mice infected with L. major parasites, shows a recruitment of monocytes, to the site of 
infection, that further differentiated into monocytes-derived DCs (moDCs). moDCs 
become more prone to develop their role as antigen-presenting cells, upregulate co-
stimulatory markers (CD40, CD83, CD86) and MHCII molecules and migrate towards the 
draining lymph nodes to present parasite antigens to naive T cells (Kautz-Neu et al. 2012, 
Leon et al. 2007, Liu et al. 2012). Importantly, DCs can be directly impaired by the 
parasite. L. amazonensis amastigotes after being internalized by DCs can suppress 
TLR4-activation via degradation of signaling proteins, as JAK/STAT and NF-kB, leading to 
a decrease in IL-12 production. This mechanism impedes DCs activation towards a pro-
inflammatory profile (Xin et al. 2008). In addition, L. infantum promastigotes can 
counteract LPS-activated bone marrow derived DCs (BMDCs), diminishing the 
upregulation of CD40 and CD86 co-stimulatory molecules. This mechanism is 
accomplished through the activation of PI3K/AKT pathway and by the inactivation of NF-
kB transcription factor (Neves et al. 2010). Overall, Leishmania, is able to induce a down 
regulation of major histocompatibility complex (MHC) molecules, co-stimulatory markers 
or inflammatory cytokines production (Prina et al. 2004, Vanloubbeeck et al. 2004). The 
anergy or delayed T cell response that results from an inefficient antigen presentation, 
could constitute a critical mechanism for the growth and dissemination of the parasite 
(Rodrigues et al. 2016). 
 In the spleen the mature DCs that are prone to produce higher amounts of IL-12, 
would efficiently prime T cells (Baldwin et al. 2004, Gorak et al. 1998). These particular 
cells have apparently opposite roles, on one hand, creates a permissive niche for the 
parasites on the other hand, they are able to upregulate the expression of MHCII. 
Interestingly, the infected-DCs population presents always a determined pool of cells, 
know as bystander cells, that do not become infected, but are challenged with parasite 
products and with inflammatory environmental cues. These cells produce high levels of 
IL-12 and co-stimulatory markers and effectively prime T cells. (Carvalho et al. 2008, 
Resende et al. 2013). In fact, this activation seems to be quite efficient since after the first 
day of infection, CD4+ T cell activation can be detected. A pool of parasite-specific splenic 
CD4+T cells increases extensively during the first weeks contributing ultimately to 
splenomegaly (Kaye et al. 2004, Polley et al. 2005). IL-12-CD4+ T cell signaling prime for 
a Th1 differentiation inducing the production of IFN-γ a Th1 cytokine. Shortly after, other 
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members of IL-12 family are produced such as IL-23p19 that pair with IL-12p40 to activate 
IL-23 (Vignali et al. 2012). This cytokine together with TGF-β, IL-6 or IL-1β trigger the 
differentiation of Th17 cells from naive CD4+T cells (Zhu et al. 2010). Th17 cells mediate a 
protective role against Leishmania, with the production of IL-17A cytokine that 
synergistically with IFN-γ promote the production of NO by infected macrophages 
(Nascimento et al. 2015). This event can be depicted also in human patients. In PBMCs 
from VL patients was found an expression of Th17 cytokines, only in asymptomatic  
patients (Ghosh et al. 2013, Pitta et al. 2009). Moreover, negligible levels of Th17-
associated cytokines were denoted in the spleen from patients with active disease (Ansari 
et al. 2011). Although, IL-17A cytokine seems to be detrimental for the host during CL 
infection (Lopez Kostka et al. 2009). CD8+ T cells primed by IL-12 and type I IFNs, 
produce type I cytokines, as TNF or IFN-γ and cytotoxic molecules as granzymes and 
perforin, killing the host cell (Kaech et al. 2012). CD8+ T cells seems to play a protective 
role during VL, however it remains a lack of information regarding the function of these 
cells in this disease context (Tsagozis et al. 2003). CD8+ T cells expanded extensively 
after infection being 10-fold higher after 2 months of infection (Kaye et al. 2004, Polley et 
al. 2005). Several evidences point to the capacity of CD8+T cells for activating infected 
macrophages, through the production of IFN-γ. Other authors correlate its possible 
cytotoxic role to the efficiency on parasite killing (Tsagozis et al. 2003, Tsagozis et al. 
2005). In a recent report was shown a dramatic effect of granzyme (Gzm), pore-forming 
perforin (PFN) and granulysin (GNLY), defined as cytotoxic granule effectors, on the 
parasite viability, being able to kill three different protozoan parasites, T. gondi, T. cruzi 
and L. major. PFN and GNLY disrupt host cell and parasite membranes releasing the 
Gzms, which in turn was able to induce ROS and at the same time impair parasite 
oxidative defenses, inducing microptosis cell death. GNLY provide protection to mice 
infected with T. cruzi and T. gondi parasites, being such response mediated by CD8+T 
cells in cooperation with CD4+T cells (Dotiwala et al. 2016). This immune response might 
be important as a protection mechanism again parasite. 

In infected DCs, a distinct immunologic environment is generated, with the 
secretion of IL-12, IL-27 and IL10 inducing the differentiation of type I regulatory T cells 
(Tr1) that produce both IFN-γ and IL-10. Tr1 cells ultimately dampen the leishmanicidal 
capacity of macrophages (Owens et al. 2012, Resende et al. 2013). The parasite 
persistence and possibly the presence of suppressive cytokines after Tr1 activation, might 
lead to the exhaustion of CD8+T cells, that shows a quite limited effector function 
(Rodrigues et al. 2016). The immunologic environment established during vl infection in 
the spleen is represented in the figure 8.

IL-10 cytokine play a major role during VL not only in the establishment of infection 
but also during parasite persistence. It inhibits directly Th1 cell development preventing 
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the resolution of leishmaniasis disease (Okwor et al. 2008). Neutralization of this cytokine 
leads to an increase of IFN-γ production that culminates with parasite clearance, in 
cultured splenic cells from VL patients (Gautam et al. 2011, Singh et al. 2012). IL-10 in a 
regulatory manner can avoid the excessive damage associated with pro-inflammatory 
cytokine secretion during Leishmania infection (Nylen et al. 2007, Owens et al. 2012, 
Stager et al. 2006). This cytokine is indeed considered the major mediator of the 
immunological defects observed in the spleen during chronic VL, being Tr1 cells one of 
the most relevant source of pathologic IL-10. TGF-β other suppressive cytokine can also 
contributes for parasite persistence in VL (Barral-Netto et al. 1992, Kumar et al. 2012, 
Wilson et al. 1998).

Figure 8. Immunologic contest established during murine VL infection in the spleen. 
The dichotomy present in DCs, clearly establish two different immunologic contexts during 
VL infection. Bystander cells (lower panel) are able to prime CD4+T cells   into a Th1 and 
Th17 differentiation program. The secretion of IFN-γ, TNF-α, IL-17 and IL-22 enhance 
macrophage microbicidal function. CD8+T cells are differentiated into CD8+T cytotoxic 
cells being able to secrete IFN-γ TNF-α, increasing macrophage microbicidal role or/and 
might be important to clear Leishmania through the action of granulysin (GNLY) granule. 
Infected cells triggers CD4+T cells differentiation into Tr1 cells, that are considered double 
producers of IFN-γ and IL-10, creating a permissive niche to the parasites impairing the 
macrophage microbicidal role. IL-10 immunosupressive factor is able to reduce CD8+T 
cytotoxic effector functions (Rodrigues et al. 2016).  
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 During murine VL infection several events can critically dictate the protection or 
resistance to infection. The particular expansion of CD4+T cell pool associated with a Th1 
polarization and the dichotomy present with the bystander and infected DCs, which affect 
IL-10 pool, can be considered the major mediators of the host immune response during 
VL infections. 
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Macrophages immunometabolic profile

1.  A multidimensional concept of macrophages functionality 

 Macrophages are highly plastic cells present in a multiplicity of tissues  being  
intrinsically associated with a core of physiological and pathological events. Their 
phenotype begins to be dictated very early during the process of embryogenesis, in the 
yolk sac. Yolk sac erythromyeloid progenitors (EMPs) were recently identified as the 
embryonic precursors of yolk sac macrophages and fetal monocytes (Gomez Perdiguero 
et al. 2015, Hoeffel et al. 2015). From the EMPs results an early lineage of primitive 
macrophages, without monocytic intermediates and a later lineage of hematopoietic 
progenitors that can seed the fetal liver (Hoeffel et al. 2015). In the growing course of mice 
embryo, fetal liver become populated with the hematopoietic progenitors from the yolk 
sac. This organ renders the local for definitive haematopoiesis that is responsible for the 
circulating monocytes during embryogenesis. However, in postnatal mice the fetal liver 
haematopoiesis is replaced by the bone marrow, which is the principal source of 
circulating monocytes (Geissmann 2010). The definitive haematopoiesis in bone marrow 
is supported by the mononuclear phagocyte system (MPS) (Furth 1968). MPS have been 
defined as a family of cells that encompasses bone marrow progenitors, blood monocytes, 
tissue macrophages and DCs (Hume 2006). Cells in this mononuclear phagocyte lineage 
shared a common myeloid progenitor and progress through a succession of precursors 
directed by colony stimulating factors. These include macrophage colony-stimulating 
factor 1 (CSF-1 or M-CSF) and granulocyte macrophage colony-stimulating factor (GM-
CSF). These growth factors will instruct the common myeloid progenitor to acquire a 
macrophage fate (Stanley 2009). 
 The recent multidimensional model of macrophage activation comprises key steps 
that are essential to define, macrophage function at a specific time and space.  Their 
ontogeny, tissue specific signals and local environmental stress stimuli are considered the 
main drivers of this particular model (Ginhoux et al. 2016). The homeostatic replenishing 
of tissue-resident macrophages was assumed to be entirely dependent on circulating 
monocytes originated in bone marrow from hematopoietic stem cells (HSCs). Recent 
findings demonstrated that tissue-resident macrophages comprise a heterogeneous 
population, grouping cells with similar functions and phenotypes. In the last decade, it has 
been revealed that many of these cells are not terminally differentiated and, in most 
cases, are not derived from haematopoiesis in the adult. Indeed with the exception of the 
gut (Bain et al. 2014), the dermis (Tamoutounour et al. 2013) and the heart (Epelman et 
al. 2014), circulating monocytes have a low impact in contributing to the macrophage pool 
on tissues. Adult tissue macrophages are mainly originated from fetal liver monocytes-
derived and at less extent from yolk sac-derived, with the exception of microglia  that is 
exclusively originated from the yolk sac (Ginhoux et al. 2010, Hoeffel et al. 2015). They 
can also be derived from hematopoietic stem cell-independent embryonic precursors, 
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transiently present in the yolk sac and in the fetal liver. These resident macrophages have 
the capacity to self-renew in tissues throughout adulthood (Ginhoux et al. 2014). 
Occasionally in the same tissue, we can found macrophages derived from different 
sources, from yolk sac and from fetal liver origin, as exemplified by the langerhans cells in 
epidermis (Hoeffel et al. 2012). At this stage a remaining question persist regarding the 
potential impact of  ontogeny on the macrophages activation profile. Some authors try to 
addressed this issue using replaced embryonic-derived tissue macrophages by bone 
marrow-derived macrophages, upon an infection or inflammation stimuli. In this context 
bone marrow-derived macrophages acquires a similar gene expression profile to the initial 
cells, although some differences were preserved (Gibbings et al. 2015, Lavin et al. 2014). 
This may suggest that ontogeny can have an impact on the definition of macrophages 
functions, however some controversy still exist in this field. 
 Macrophage functionality can also be highly influenced by tissue-specific signals 
during embryonic development. Since macrophages are present during all the stages of 
developmental process from fetal phase until adulthood, a tight control of macrophage 
differentiation signals is crucial to avoid the development of pathologies. In fact, the 
ablation of fetal macrophages or the impairment of their function during early tissue 
development, can impairs the straight development of organs as the brain (Squarzoni et 
al. 2014). This highlights the key interaction that must occur between the tissue-specific 
signals and the developing macrophages. 
 Stress signals as, pattern associated pathogen-associated molecular patterns 
(PAMPs), damage-associated molecular patterns (DAMPs), cytokines and growth factors, 
among others, become significantly elevated after a tissue insult and are rapidly 
integrated within the macrophage multidimensional program. It is important to mention 
that, macrophages from different origins respond differently to the same stress signals 
with the same insult duration. This might highlight the contribution of ontogeny to impose a 
gene signature responsible for unique macrophages properties (Ginhoux et al. 2016). The 
multidimensional model of macrophages activation is depicted in figure 9. 
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Figure 9. The multidimensional concept of macrophage activation. Macrophages activation 
profile can be dictated by different factors as, ontogeny, tissue-specific signals and environmental 
stress stimuli. The dual-origin of macrophages (some of them with dual origin) impact the final 
macrophage function, in a particular tissue, dictating ultimately the tissue function. In this network, 
tissue-specific signals (differentiation signals) have also an huge impact on macrophages 
functions. Finally, the pressure exerted by stress signals, enumerated in the figure, is primordial to 
guide macrophages in the right time to the right place (Ginhoux et al. 2016). 

 Recently, a particular attention has been drawn to the regulation of macrophages 
functions through epigenetic events. The modification of the macrophages epigenetic 
landscape may arise during homeostasis through the activity of local environment stimuli 
(Gosselin et al. 2014, Lavin et al. 2014) or be originated from stress-activating signals 
(Ghisletti et al. 2010). A striking example of such mechanism is during the development of 
innate memory in monocytes and/or macrophages. The memory acquired by the innate 
cells, can be important to mediate protection after a reinfection with a pathogen 
(Kleinnijenhuis et al. 2012, Quintin et al. 2012). This type of memory can be supported by 
mechanisms of immune tolerance (LPS) (Dobrovolskaia et al. 2002) or trained immunity 
(β-glucans) (Netea et al. 2011). In the former mechanism, macrophages loose the ability 
to respond against a stimulus and in the latter, a long-term imprinting of macrophage 
response against β-glucans is induced. Trained immunity induced by β-glucans is 
accompanied by epigenetic changes with an increase of H3K4 trimethylation (H3K4me3) 
at promotor sites of inflammatory genes, such as IL6 and TNFA (Saeed et al. 2014). 
Interestingly, the referred epigenetic control can be partially reproduced during the training 
of monocytes with fumarate. An increase of H3K4me3 and also acetylation at H3K27 is 
observed in this training program, linking immunometabolic alteration with long-term 
epigenetic changes (Arts et al. 2016). 
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 The integrative multidimensional model emphasizes the inherent complexity of 
macrophages activation program that may vary by time and space (distinct tissues or in 
different locations within tissue). When macrophages are facing an inflammatory stimulus, 
this model become more challenging, with the activation of resident macrophages in situ 
and with the arriving of monocytes-derived macrophages. These different pool of cells can 
exert distinct roles in the same niche as was recently demonstrated in a nervous system 
context (Ginhoux et al. 2016). As an example, within an inflamed niche, microglia resident 
cells clear the debris and the monocyte-derived cells induces the demyelination 
(Yamasaki et al. 2014).  

1.1. The activation (polarization) spectrum model 

 The distinct populations of tissue resident macrophages display a similar immune 
sentinel and homeostatic functions despite having distinct ontogenies. At steady state, 
tissue macrophages have intrinsic anti-inflammatory functions. As an example colonic 
macrophages maintains higher levels of IL-10, dampening the inflammatory program, 
within the gut flora (Barnes et al. 2009, Varol et al. 2009). In addition marginal zone 
macrophages  in the spleen also suppresses the immune responses, reducing self-
reactivity to apoptotic cells (McGaha et al. 2011). On contrary, under the pressure of an 
insult, inflammation or infection, tissue resident macrophages can acquire distinct profiles 
of activation, that can vary depending on the ontogeny, tissue-specific signals and local 
environment (Ginhoux et al. 2016). Fetal liver-derived alveolar macrophages, stimulated 
with LPS, shows diminish levels of NO production and loose the capacity to suppress T 
cell proliferation (Bilyk et al. 1995). In opposition, LPS-stimulated yolk sac-derived 
microglia or monocyte-derived intestinal macrophages secrete IL-10 with a lower ability to 
stimulate T cells (Lambert et al. 2008, Ueda et al. 2010), maintaining their immune 
suppressive role under inflammation (Ginhoux et al. 2016). 
 Understanding the high complexity that defines macrophages activation and 
functionality is of crucial importance given that disturbance of this dynamic system can 
dictate the arising of several pathologies. Several efforts are being done to clarify the 
different macrophages activation phenotypes accordingly to extrinsic and intrinsic factors. 
There have been some misconceptions regarding macrophages activation “states” that 
led to a recent uniformization of nomenclature and experimental guidelines to define the 
distinct functional subdivisions for mouse humans monocytes derived macrophages. This 
contradicts the M1/M2 paradigm, termed classic or alternative activated macrophages, 
respectively, reassessed one of the last times by Mantovani and colleagues (Mantovani et 
al. 2004). This model, stated the existence of stable subsets, being this classification 
commonly associated to mature macrophages (Martinez et al. 2014). It is now acceptable 
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the existence of an activation spectrum program, where macrophages are able to acquire 
a myriad of different activation profiles, as clearly observed in figure 9.  This current model 
present a dynamic view of macrophages activation, taking into account the existence of 
multiple elements in their systemic and local milieu, where the plasticity, reversibility and 
memory can influence the functional range of activated macrophages (Martinez et al. 
2014).  
 M1 and M2 represents two extremes of the macrophages activation spectrum, 
from a pro-inflammatory to an anti-inflammatory profile, being both macrophages subtypes 
easily obtained in vitro. The former are acquired by stimulation with IFN-γ and a TLR 
agonist, such as LPS, and the latter with IL-4 or IL-13. Others stimulators of inflammatory 
macrophages can indeed be used, as TNF and NLR agonists. This type of experiments try 
to mimic the interaction that occur naturally, in a context of inflammation, between 
macrophages and polarized CD4+ T cells that are able to produce IFN-γ from Th1, or IL-4 
and IL-13 from Th2 cells (Munder et al. 1998, Munder et al. 1999). Others inducers of 
macrophages activation subtypes can be considered, like the type of local environment 
(hypoxia) and also the presence of metabolites, as lactate that is secreted by tumor cells 
(Colegio et al. 2014, El Kasmi et al. 2014). The impact of metabolism on macrophages 
polarization will be discussed in detail in the following sections. In agreement with the 
established guidelines and also due to the existence of an activation spectrum profile, for 
now on instead of M1 and the M2 macrophages we will adopt the terminology 
inflammatory and anti-inflammatory macrophages, respectively. 
 Upon stimulation with extrinsic signals, macrophages express differences in terms 
of surface receptors, gene expression and protein levels/activity (Figure 9). Each 
macrophage subtype present an expression pattern, that can in part, be used as 
macrophages subtype markers. The clearest way to distinguish macrophages subtypes is 
through the gene and protein expression levels, being for that reason considered the 
hallmark of polarized macrophages. Is important to mention that a combination of markers 
(or a lack of marker expression) is advisable to define macrophage activation outcomes 
(Murray et al. 2014). A combination of markers are currently used such as Cxcl9 and iNOS 
transcripts and Arg1, Fizz1 and Ym1 to define inflammatory and anti-inflammatory murine 
macrophages, respectively. Additionally, the expression of surface markers as CD80 and 
CD86 and Galectin 3 (MAC2) and CD206 to distinguish inflammatory from anti-
inflammatory can also be employed (Murray et al. 2014). Recently, were found others 
murine markers defined as CD38 and Egr2 that actually binds to higher number of 
macrophages compared to the classical markers, iNOS and arginase 1. CD38 and Egr1 
are capable to distinguish between inflammatory and anti-inflammatory macrophages, 
respectively (Jablonski et al. 2015).  
 Some important drawbacks can still be found in this proposed model of activation 
spectrum, which are the translational to in vivo and to human macrophages. Several 
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discrepancies may exist due to the complexity of the in vivo scenario and could be 
unprovable to match an in vivo polarization profile, during certain insult, exactly with an in 
vitro activation subtype. Similarly, a huge number of markers used for murine 
macrophages cannot be applied for human macrophages, being the major differences 
regarding amino acid metabolizing enzymes. The direct comparison between the two 
species become extremely difficult to perform (Murray et al. 2014) (figure 10) 
 Several transcription factors were defined as essential for the maintenance of 
macrophages inflammatory and anti-inflammatory phenotype. The regulation of the 
activation amplitude can be achieved by IRF4 (Vannella et al. 2014), IRF5 (Krausgruber et 
al. 2011), STAT6 (Zimmermann et al. 2003), PPARδ  and PPARγ  (Chawla 2010). A 
different set of transcription factors as KLF4 (Liao et al. 2011), KLF6 (Date et al. 2014), 
AKT1 and AKT2 (Arranz et al. 2012) are crucial to revert the phenotype macrophages 
profile. Deficiency on AKT1 and KLF4 shift the macrophages to a pro-inflammatory profile. 
Oppositely a deficiency on AKT2 and KLF6 alters to an anti-inflammatory profile (Murray 
et al. 2014). 
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Figure 10. Spectrum of macrophages activation. (A) The most common macrophages 
preparations. (B) Macrophages can acquire distinct activation profiles depending on the external 
stimuli. Accordingly to the insult, they begin to express different receptors at the surface which 
triggers specific downstream pathways. Transcription factors are further activated guiding the 
macrophages transcription program towards the inflammatory or the anti-inflammatory side of the 
spectrum. (C) The transcription factors can modulate the maintainance of the phenotype and the 
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amplitude of activation and some of them, can actually revert the macrophages profile. CSF-1 
colony-stimulating factor-1, GMCSF Granulocyte monocyte colony-stimulating factor (Murray et al. 
2014). 
  
Macrophages can respond differently to distinct stimuli denoting an intrinsic plasticity of these cells. 
The signals that macrophages have to face are quite dynamic in terms of time and space 
reinforcing how changeable this spectrum of activation could be. This macrophage plasticity 
represents a huge advantage when they need to face pathogens or others insults (Ginhoux et al. 
2016). Some important caveats are present in this field namely, the incapacity to totally inferred 
macrophages functions accordingly to the polarization profile, the heterogeneity present on the 
macrophage spectrum program and finally the differential expression of genes and proteins along 
the different macrophages subtypes (Murray 2016). 

2. Immunometabolism 

The critical role of metabolism controlling different pathways of the immune system 
has been recently explored. This field known as immunometabolism introduce new 
scientific concepts that could be important to explore as new potential therapeutic 
avenues. Although at the same time it also brought complexity to physiologic and some 
pathologic conditions. The interaction between the immune system and metabolism and 
the outcome of immunometabolic deregulation is quite clear in some disease contexts. A 

striking example is the development of obesity-related diseases, such as type 2 diabetes, 
that is established when a chronic inflammatory niche is mounted. The failure of the 
immune system in such type of diseases could be due to the duration and magnitude of 
the metabolic stress along with genetic predispositions  (Donath 2013). Similarly, tumors 
are able to alter the metabolic profile of the neighboring cells, such as immune cells, 
imposing a nutritional starvation that results in a deficient immune response (Chang et al. 
2015). 

Immune cells exhibit a huge plasticity in response to stimuli switching from one 
type of activation profile to another. During this dynamic process, these cells undergo 
metabolic changes, accordingly to their nutritional needs, in a similar manner to cancer 
cells. There are growing evidences for the role of metabolism under the establishment of 
macrophages activation profile. Several metabolic regulators, as mechanistic target of 
rapamycin (mTOR) (Festuccia et al. 2014) and AMP-activated protein kinase (AMPK) 
(Mounier et al. 2013, Sag et al. 2008), have been described as important modulators of 
macrophages polarization. Immunometabolism has been extensively studied in different 
types of immune cells, among them macrophages that will be the focus of our work 
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(O'Neill et al. 2016). The metabolic mechanisms that underlie macrophages polarization 
will be extensively discussed in this section. 

2.1. Metabolic reprogramming during macrophage activation 

The first evidence of the role of metabolism during cell activation came 50 years 
ago with a seminal paper showing different metabolic patterns in polymorphonuclear 
leukocytes and peritoneal or alveolar macrophages (Oren et al. 1963). In continuity, T 
lymphocytes were shown to display enhanced glycolysis rate accompanied with an 
increase of glutaminolysis in an in vivo model of immune activation, which was considered 
crucial for the proliferative capacity of these cells (Ardawi et al. 1982). Consequently, 
activated macrophages were shown to display high hexokinase activity reflected in the 
increase rate of glycolytic and glutamine metabolism. This metabolic behavior was also 
demonstrated during the phagocytic process performed by these cells (Newsholme et al. 
1986). 

The concept of metabolic reprogramming arose from the ability of the cells to 
respond to environmental changes. A normal cell in a normoxic state use fuel sources like 
glucose, glutamine and fatty acids to sustain the TCA reactions, leading to the formation 
of NADH and FADH2 coenzymes. These key molecules are then used by complexes of 
the electron transport chain (ETC) to perform oxidative phosphorylation and generate ATP. 
However, if exposed to a hypoxic environment a striking alteration on the metabolic 
pathways occur. These cells acquire ATP mainly by glycolysis independently of OXPHOS, 
becoming quite dependent on glucose as a fuel source. Indeed a similar mechanism was 
observed in tumor cells, being first described by Otto Warburg in 1923. Warburg showed 

that tumor cells produce ATP mainly from glycolysis rather than mitochondria OXPHOS, 
during normoxia state (Oren et al. 1963). The pyruvate was metabolized into lactate rather 
then being used, to feed TCA pathway. This mechanism became known as aerobic 
glycolysis or Warburg effect (Pearce et al. 2013).  

Metabolic reprogramming is present in immune cells, which are continuously 
challenged with oxygen and nutrients fluctuations when recruited to sites of inflamed 
tissues. Despite these major triggers, metabolic changes could also be initiated by the 
presence of danger signals and antigens, which means that metabolic control in immune 
cells may not be only a matter of synthesis/degradation of nutrients but can in fact, dictate 

cells functionality (O'Neill et al. 2016). The metabolic pathways chose by immune cells will 

impact transcriptional and post-translational events that are crucial for the ultimate 
activation program.  
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Macrophages after inflicted by a pro-inflammatory stimulus upregulate glycolysis 
with the concomitant decrease of mitochondria metabolism. This is perfectly exemplified 
after stimulation with LPS with or without IFN-γ, being these macrophages inserted in the 
M1 extreme of macrophages activation spectrum. Oppositely when stimulated with IL-4/
IL-13 a complete metabolic profile is observed with a commitment to OXPHOS. These 
macrophages are then included in the M2 extreme of the activation spectrum (Kelly et al. 
2015).  

Activation of macrophages with LPS, and others stimuli like TLR3 ligand 
poly(I:C), type I interferon (Furth 1968), and also infections with bacterial species, as 
Listeria monocytogenes, Mycobacterium bovis (Qualls et al. 2012), Salmonella 
typhimurium (West et al. 2011) and M. avium (Appelberg et al. 2015), induces a metabolic 
switch towards glycolysis that share some similarities to the Warburg effect. LPS stimulus 
has been extensively studied under metabolic reprograming, and for that reason has been 
considered the most suitable example of macrophages inflammatory profile. There are 
mainly five different mechanisms, that are responsible for the establishment of Warburg 
metabolism in macrophages, after LPS stimulation (Figure 11) (Kelly et al. 2015). 

The metabolic switch displayed by LPS-activated macrophages towards glycolysis 
with the concomitant decrease of OXPHOS is quite similar to the cells under hypoxic 
conditions (Blouin et al. 2004, Tannahill et al. 2013). This environment is usually present in 
most tumor areas and in inflamed tissues. In both tumors and macrophages under 
hypoxic conditions, the transcription factor hypoxia-inducible factor-1alpha (HIF-1α) is the 
key regulator of metabolic switch to glycolysis. In LPS-activated macrophages, at 
normoxia state, an increase of HIF-1α mRNA and protein levels is also detected. This 
transcription factor binds to hypoxia response elements in target genes, inducing the 
transcription of a diverse set of genes such as solute carrier family 2 member 1 (SLC2A1) 
that encoded for glucose transporter 1 (GLUT 1) (Chen et al. 2001) and lactate 
dehydrogenase A (LDHA) enzyme (Semenza et al. 1996), that further catalyzes the 
lactate production from pyruvate. An increase of pyruvate dehydrogenase kinase (PDK) is 
also observed. This enzyme impairs the activity of pyruvate dehydrogenase complex 
(PDC), limiting the production of acetyl-coA for the TCA cycle (Kim et al. 2006). 
Importantly, HIF-1α also interferes with the expression of cytokines, promoting the 
transcription of IL-1β (Tannahill et al. 2013). 

HIF-1α pathway is regulated upstream by the nutrient sensor mTOR. This protein 
senses the levels of specific amino acids (leucine and glutamine), being activated when 
they are present at higher levels. This is crucial for highly proliferative cells or for 
metabolically demanding contexts, as during TLR activation (Byles et al. 2013). mTOR 
guide the cells to obtain more nutrients favoring anabolic pathways, mediating the 
increase of HIF-1α expression by promoting the translation of mRNAs containing 5’-
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terminal oligopyrimidine signals, motif that are present in HIF-1α mRNA (Huo et al. 2012). 

Then, the Raptor component of mTOR interacts via an mTOR binding motif to HIF-1α, 

promoting HIF-1α activation (Land et al. 2007). The increase flux of glycolysis is also 

secure by the regulation of Pfkfb3 gene that encodes for the highly active ubiquitous 

isoform of 6-phosphofructokinase 2 (u-PFK2). This maintains high levels of the 
biphosphorylated form of the metabolite fructose 2,6-biphosphate (F-2,6-BP), that is a 
potent stimulator of phosphofructokinase 1 (PFK1) and simultaneously, an inhibitor of 

fructose 1,6-biphosphatase  (Sakata et al. 1991). Interestingly, Pfkfb3 is indeed an HIF-1α 

target gene, as shown in human glioblastoma cell line and mouse embryonic fibroblasts 
(Obach et al. 2004).  

Pyruvate kinase M2 (PKM2) enzyme is one of the four pyruvate kinase (PK) 

isoforms. This PK enzyme is in fact important for the last step of the glycolysis converting 
phosphoenolpyruvate (PEP) into pyruvate. Recently the switch in the expression of PKM1, 

that is the alternatively spliced product of the Pkm gene, in favor of PKM2 isoform, during 
the development of cancer cells, has been challenged (Bluemlein et al. 2011, Zhan et al. 
2015). Recently was found that PKM2 activity can be controlled by stabilizing or 
destabilizing the tetramer form of the enzyme. PKM2 can be allosterically activated 
through succinylaminoimidazolecarboxamide ribose-5 ′-phosphate (SAICAR) an 

intermediate of de novo purine nucleotide synthesis, serine, fructose-1,6-bisphosphate 

(FBP), or small-molecule activators, such as TEPP 46 and DASA 58. All these elements 
favor the formation of PKM2 tetramers. Oppositely this tetramer can be destabilize by 
allosteric inhibitors, as phenylalanine, alanine, T3 thyroid hormone, tyrosine 
phosphorylation, by oxidation through intracellular ROS and by acetylation. These later 
events impairs the affinity to PEP, promote the dissociation of PKM2 tetramer and permits 
the stabilization of monomeric/dimeric form (Alves-Filho et al. 2016). The fine tune 
between activators and inhibitors regulates the fluctuations between glycolysis or 
mitochondria OXPHOS machinery, respectively. Importantly, PKM2 monomeric/dimeric 
form become more prone to be translocated to the nucleus enhancing the transcription of 
pro-glycolytic and inflammatory genes through the interaction with HIF-1α. In fact, LPS 
stimulation induces the expression of PKM2 monomeric/dimeric form, which was crucial to 

creates a transcriptional complex with HIF-1α in the nucleus, binding directly to IL-1β 

promotor gene, activating the transcription of IL1B and LDHA HIF1-α gene. (Palsson-
McDermott et al. 2015). Moreover, in a sepsis model, an interaction between PKM2 and 
HIF-1α was also observed. Such interaction regulate a protein known as high mobility 
group box-1 (HMGB1) that is ubiquitously present in the nucleus and is only release when 
macrophages become activated, acting as a proinflammatory cytokine (Yang et al. 2014). 
Finally, LPS in colorectal carcinoma cells is able to promote the nuclear translocation of 
PKM2 that binds to the STAT3 promotor, increasing its transcription and subsequent 
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activation. Importantly this particular mechanism was implicated in hyperinflammatory 
macrophages form coronary artery disease (CAD) patients (Shirai et al. 2016). 

Apart from glycolysis upregulation LPS induces simultaneously an impairment of 
mitochondria metabolic pathways. One of the primary insults of LPS in macrophages is 
the induction of iNOS expression and the subsequent enhancement of NO production 
(Lorsbach et al. 1993). NO inhibits mitochondria respiration through the nitrosylation of 
iron-sulfur proteins of complex I and cytochrome c oxidase complex (Drapier et al. 1988). 
Indeed, iNOS inhibition can restore mitochondria respiration when macrophages and DCs 
are stimulated with LPS. In opposite, the use of an exogenous NO donor in DCs, even 
under iNOS blockage, can induce mitochondrial dysfunction, shifting the metabolism 
towards glycolysis (Everts et al. 2012). Arginine metabolism can also participate in the 
sustaining of NO levels, important for the microbicidal response against pathogens. In the 
presence of LPS and IFN-γ or during infection, extracellular arginine is imported to the 
cells and is converted to NO and citrulline by iNOS enzyme. Citrulline could be exported 
and when the levels of arginine become impaired, it can reenter and be recycled 
intracellularly by argininosuccinate synthase (Ass1) and argininosuccinate lyase (Asl) to 
arginine (Qualls et al. 2012). This maintenance of NO levels can ultimately be impaired by 
parasites such as Leishmania that has an arginine transporter LdAAP3 (Shaked-Mishan 
et al. 2006) and the enzymatic machinery (arginase and ornithine decarboxylase (ODC) 
needed to generate arginine and degrade it into polyamines (Camargo et al. 1978, Jiang 
et al. 1999). LPS is also able to decrease AMPK activity in macrophages (Sag et al. 
2008). AMPK, defined as an energetic sensor, is crucial for the activation of catabolic 
pathways (degradation) such as fatty acid oxidation, and mitochondria biogenesis, 
decreasing concomitantly anabolic pathways (biosynthesis) as fatty acid synthesis (Vats 
et al. 2006, Winder et al. 2000). To ensure an efficient activation program by the 
production of inflammatory mediators, LPS-activated macrophages have to switch off the 
catabolic pathways through AMPK inhibition. Interestingly, AMPK can inhibit mTOR 
signaling (Gwinn et al. 2008, Inoki et al. 2003), being LPS-AMPK inhibition a strategy to 
promote mTOR activity and consequently the activation of HIF-1α signaling. Another 
striking downstream effect of AMPK activation is the impairment of a pro-inflammatory 
program. AMPK can affects NF-kB signaling, impairing the production of pro-inflammatory 
cytokines, as IL-1β and TNF-α through the stabilization of NF-kB inhibitor (IKKB) (Ak et al. 
2010). AMPK can also dampen NF-kB signaling through SIRT1 activation. SIRT1 
deacetylase protein, inhibits NF-kB by the deacetylation of p65 NF-kB subunit (Yeung et 
al. 2004). Given that AMPK exert a key role in the dampening of macrophages pro-
inflammatory response. Its inhibition by LPS stimulus could constitute one of the major 
drivers of macrophages inflammatory activation. 
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Figure 11. Warburg effect activated by LPS-pathways. Lipopolysaccharide (LPS) triggers the 
Warburg metabolism through the activation of five distinct pathways: higher expression of inducible 
nitric oxide (iNOS) and nitric oxide (NO) production, mechanistic target of rapamycin (mTOR) 
activation, enhancement of ubiquitously form of phosphofructokinase 2 (uPFK2), expression of 
pyruvate kinase M2 (PKM2)  that is induced to enter into a complex with hypoxia inducible 
factor-1α (HIF-1α) and AMP-activated protein kinase (AMPK) deactivation. Adapted from (Kelly et 
al. 2015, Palsson-McDermott et al. 2015). 

 
 In a context of LPS stimulus, the glycolytic pathway diverts to the pentose 

phosphate pathway (PPP) with the production of ribose-5-phosphate (R5P) and 
xylulose-5-phosphate (X5P). Sedoheptalose-7-phosphate (S7) is the end-product of the 
carbohydrate kinase-like (CARKL) protein (Haschemi et al. 2012), that has an important 
immune function as an antagonist of pro-inflammatory cytokines through NFKB inhibition 
(Wamelink et al. 2008). LPS treatment decreases CARKL levels, being such effect 
opposed in the presence of M2 polarization conditions. Moreover, CARKL activity by 
increasing S7P intracellular levels function as rate limiting step for balancing metabolic 
intermediates of the PPP and glycolysis (Haschemi et al. 2012). The NADPH generated 
by PPP is part of the NADPH oxidase complex that is essential to produce reactive 
oxygen species (ROS) and NO. It can also regenerate gluthathione that is crucial to the 
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neutralization of auto-oxidative damage induced by ROS and NO (Aktan 2004), both 
microbicidal factors are considered hallmarks of M1 macrophages. The main glycolytic 
pathways modulated during macrophages inflammatory activation, are represented in 
figure 12.

Figure 12. Glycolytic network of macrophages inflammatory profile. LPS-activated 
macrophages increase of several intermediates of glycolysis pathway. It enhance the glucose 
uptake trough the high expression of glucose transporter 1 (GLUT1), leading subsequently tho an 
increase of glycolysis flux. This flux is maintained through the preferential expression of the 
ubiquitous form of phosphofructokinase 2 (uPFK2) and of pyruvate kinase M2 (PKM2) dimeric 
form, that regulates the transcription of glycolytic and inflammatory program, in the nucleus. 
Pyruvate flux is redirected mainly to mainly to lactate by lactate dehydrogenase A enzyme (LDHA) 
and by the upregulation of pyruvate dehydrogenase kinase (PDK) enzyme The glycolysis also 
diverts to the pentose phosphate pathway (PPP) to generate NADPH and xylulose 5-Phosphate 
and ribose 5-phosphate intermediates. Adapted from (Haschemi et al. 2012, Luo et al. 2011, 
Palsson-McDermott et al. 2015) 
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LPS stimulus, apart from interfering with glycolysis and part of the mitochondria 
pathways, it also affects profoundly TCA cycle. LPS stimulus disrupt the TCA cycle in one 
main critical site in TCA, after citrate (Jha et al. 2015). This intermediate affects profoundly 
several pathways that are key for the establishment of macrophages inflammatory and 
microbicidal functions. LPS-activated macrophages, export citrate to the cytosol, in 
exchange for malate, by a citrate carrier (CIC) known as Slc25a1, that is found highly 

expressed after LPS stimulation (Infantino et al. 2013). Citrate accumulated in the cytosol 
is converted again in oxaloacetate and acetyl-coA by ATP-citrate lyase (ACLY) enzyme, 
which is in fact upregulated after LPS treatment (Infantino et al. 2013). The pool of acetyl-
coA generated in the cytosol is considered critical for several metabolic pathways, 
controlling post-translational mechanisms. In the nucleus, develops an an important role 
during epigenetic events by donating acetyl groups to histones (Wellen et al. 2009). Is 
important to mention that the transcription control of HK2, PFK1 and LDHA are regulated 
downstream of ACLY enzyme, possibly by histones acetylation. The silencing of ACLY 
abolished these genes and decreases glucose consumption, being reverted by the 
addition of acetate. Other crucial function of acetyl-coA is to serve as substrate to the fatty 
acid synthesis, being converted to malonyl-coA by acetyl-coA carboxylase (ACC) (Wellen 
et al. 2009). ACLY is needed for the production of eicosanoid prostaglandin E2 (PGE2) in 
response to LPS or TNF stimulation (Infantino et al. 2013). Interestingly, PGE2 strongly 
influences leishmaniasis, since VL progression is attenuated in PGE2-inhibited 
macrophages (Guimaraes et al. 2006). Oxaloacetate the other intermediate originated by 
citrate conversion in the cytosol, is metabolized to malate and further converted to 
pyruvate by malic enzyme, with the generation of NADPH. This cofactor can then be used 
by NADPH oxidase complex to form ROS and NO (Calvani et al. 2012).

After the export of citrate to the cytosol, a decrease of carbon flow to α-

ketoglutarate (α-KG) is established and TCA cycle is redirected, serving the citrate as a 
direct chemical source for itaconic acid. This anti-microbial metabolite is originated by the 
conversion of aconitate-to-itaconate by the enzyme immunoresponsive gene 1 (IRG1) 
(Michelucci et al. 2013). Irg1 is one of the most up-regulated transcripts in M1 activation 
profile. Itaconic acid has a particular effect against glyoxylate shunt of Salmonella 
typhimurium and Mycobacterium tuberculosis, decreasing their viability (Michelucci et al. 
2013).

Since TCA cycle has been disrupted after the citrate stage, succinate need to be 
generated by glutamine metabolism via anaplerosis through α-KG and via gamma-

aminobutyric acid (GABBA) shunt (Owen et al. 2002, Rodriguez-Prados et al. 2010, 

Tannahill et al. 2013). The excess of succinate is exported to the cytosol, being this 
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considered a critical point for the establishment of macrophages pro-inflammatory profile, 
since HIF-1α become stabilized by the inhibition of prolyl hydroxylase (PHD) enzymes 

REF. PHD enzymes are no longer able to hydroxylate and destabilize HIF1α, which can 
then induce the glycolytic program and drive inflammation by the increase of IL-1β 
transcription (Tannahill et al. 2013). Succinate is also the substrate for succinylation, a 
post-translational modification that is in fact found in multiple proteins, during LPS 
treatment (Tannahill et al. 2013). The further step in TCA cycle after succinate 
intermediate, was considered by Jha and colleagues another break point of TCA cycle, 
being this metabolite in fact highly expressed after macrophages LPS stimulation (Jha et 
al. 2015, Tannahill et al. 2013). Despite the export of succinate to the cytosol, when in 
excess, Tannahill and colleagues also detected in their model, apart from succinate, 
fumarate and malate TCA intermediates (Tannahill et al. 2013). Succinate dehydrogenase 
(SDH) enzyme, that converts succinate into fumarate may not be reduced in such context, 
as was suggested by (Jha et al. 2015). In fact, two recent reports defines that succinate 
oxidation was also crucial for the establishment of an inflammatory program, one of the 
reports actually describes an anti-bacteria function for fumarate (Garaude et al. 2016, 

Mills et al. 2016). When a live bacteria interacts with macrophages through TLR- (TLR3/7) 
and NLRP3-dependent pathways, it affects promptly mitochondria complexes, with a 
downregulation of complex I (CI) and an upregulation of complex II (CII) activity (Garaude 
et al. 2016). The modulation of mitochondria complexes is only obtained with live bacteria, 
and not with heat killed or after LPS treatment (Garaude et al. 2016, Mills et al. 2016). 
These ETC alterations together with the change of fuel sources that replenish TCA cycle, 
where glutamine plays the main role, alters the NADH/FADH2 ratio. This further saturates 
the activity of CII, inducing a reverse electron transfer (RET) toward CI (Garaude et al. 
2016). Such striking alteration is previously modulated by ROS produced mainly by 
mitochondria and by NADPH oxidase complex. Such events are accompanied by 
mitochondria hyperpolarization (Garaude et al. 2016, Mills et al. 2016). These events 
combine to shift mitochondria from ATP production to ROS generation (Mills et al. 2016). 
These mitochondrial reactive species can stabilize HIF-1α leading to the production of 

IL-1β. Importantly during these events no alteration was observed concerning the levels of 
TNF-α cytokine although, a limited production of IL-10 was observed (Garaude et al. 
2016, Mills et al. 2016). There are two critical points in this mechanism that can alter 
profoundly the macrophages functionality, which are the SDH activity and the ROS levels. 
In this context, inhibition of complex II through the blocking of SDH activity drive 
macrophages towards an anti-inflammatory program with an increase of IL-10  and the 
concomitantly decrease of IL-1β. Mice treated with 3-nitropropionic acid 3-(NPA), an SDH 
inhibitor, were more susceptible to Salmonella enterica Typhimutium. In fact, the inhibition 
of CII by dimethyl-malonate in mice infected with E. coli,  induces an increase of IL-10 and 
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the concomitantly decrease of IL-1β in mice serum. The authors defines that mitochondria 
complex II develop anti-bacteria functions, having dimethyl fumarate and not dimethyl 
succinate anti-bacteria properties, as was reported for itaconic acid (Garaude et al. 2016). 
Dimethyl fumarate, a cell-permeable fumarate ester, was recently approved as the front-
line drug for the treatment of relapsing-remitting multiple sclerosis (Miljkovic et al. 2015).  

Overall, the induction of IL-1β secretion in LPS-activated macrophages constitutes 
a hallmark of inflammasome activation. As was described in the previous section of this 
introduction, the inflammasome activation requires two signals. The signal 1, driven by 
LPS/live bacteria activation that activates immune receptors, may constitute the succinate 
accumulation and/or ROS production, both leading to HIF-1α stabilization and IL-1β 
production. The second signal, trigger by diverse signals, among them ATP, is quite 
dependent on glycolysis, as was described by (Moon et al. 2015). Two glycolytic 
enzymes, Hexokinase I (HK1) and/or PKM2 can in fact constitute the second signal 
needed to activate the inflammasome program. HKI enzyme activates NLRP3 complex, 
under the regulation of mTORC1 and PKM2 activate selectively eukaryotic translation 
initiation factor 2 alpha kinase 2 (EIF2AK2, also termed PKR) in a NLRP3 dependent 
manner (Moon et al. 2015, Xie et al. 2016). Phosphorylation and activation of EIF2AK2 is 
required for inflammasome-dependent IL-1β and HMGB1 release by macrophages (Lu et 
al. 2012). 

The main metabolic cross-talk established during LPS/live bacteria-activated 
macrophages is represented in figure 13.
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Figure 13. Macrophages metabolic network during LPS/live bacteria activation. Activated 
macrophages display an inflammatory profile through the export of citrate that can induce, through 
acetyl-coA, epigenetic alterations triggering the transcription of some glycolytic enzymes. It can 
also impacts fatty acid synthesis as well as the production of microbicidal molecules, as reactive 
oxygen species (ROS) and nitric oxide (NO). Together with the excess of succinate that is exported 
from the mitochondria, stabilizes hypoxia inducible factor-1α (HIF-1α) and the subsequent IL-1β 
secretion. Mitochondria ETC alteration induced by ROS production, leads to a reverse electrons 
flow into the complex I. An increase of complex II activity was also detected (succinate 
dehydrogenase (SDH) activity enhanced) as well as HIF-1α stabilization. Inflammasome activation 
drives macrophages to secrete high levels of IL-1β cytokine. Adapted from (Garaude et al. 2016, 
Infantino et al. 2013, Jha et al. 2015, Mills et al. 2016, Tannahill et al. 2013) 

The metabolic profile of macrophages activated by IL-4/IL-13 is quite distinct 
from the LPS-activated macrophages. Anti-inflammatory macrophages exhibit increased 
flux of glucose through OXPHOS being the TCA cycle intact in these cells (Doyle et al. 
1994). One of the major features during this activation program is the highly dependency 
on glutamine metabolism for the sustain of TCA cycle. The main metabolic pathways are 
represented in figure 14. 
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The glutamine withdrawal leads to a decrease of the anti-inflammatory gene 
markers and a downregulation of the transcriptional signature of TCA cycle activity (Jha et 
al. 2015). In human osteosarcoma cells, glutamine deprivation induce IL-8 secretion 
(inflammatory cytokine) through mTORC1-JNK signaling. A key factor for this inflammatory 
secretory phenotype was due to a spatial coupling between mTOR and autophagy 
(induced by glutamine deprivation) known as TOR-autophagy spatial coupling 
compartment (TASCC) (Shanware et al. 2014). This striking event was defined by the first 
time in senescent cells, where the blockage of mTOR into the TASCC complex, 
suppressed IL-6/IL-8 synthesis. An interesting point to highlight is that TASCC formation 
seems to occur during macrophage differentiation and is spatially associated with IL-8 
production (Narita et al. 2011). This impressive mechanism demonstrates the role of 
mTOR in the induction of an inflammatory secretory profile, as was referred before, and 
reinforces the function of glutamine as a core pathway, for the establishment of an anti-
inflammatory program. Glutamine nutrient depletion also affects hexosamine pathway by 
decreasing the levels of uridine diphosphate N-acetylglucosamine (UDP-GlcNAC) 
product, which is fundamental to perform post-translational modification, as N-
glycosylation or O-glycosylation (Jha et al. 2015). This metabolite can divert from a 
glycolytic branch, at fructose-1,6-biphosphate. Importantly, some authors have described 

a role for N-glycosylation in M2 macrophages, specifically in Lectin/mannose receptors, 
that are required for pathogen recognition (Sica et al. 2012). In fact, N-glycosylation  
inhibition leads to a decrease of anti-inflammatory macrophages profile (Jha et al. 2015). 

The establishment of an anti-inflammatory cytokines repertoire in M2 
macrophages, is modulated by AMPK, which is found upregulated in these cells. Upon 
activation, FAO pathway is triggered fueled mainly by the uptake of external fatty acids 
(Sag et al. 2008). These fatty acids could in turn be degraded by the enzyme lysosomal 
acid lyase (LAL), contributing to the increase of mitochondria OXPHOS (Huang et al. 
2014). Peroxisome proliferator-activated receptors (PPARS), which are increased during 
IL-4 and IL-13 stimulation, are the main modulators of this metabolic axis (Vats et al. 
2006). 
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Figure 14. Main metabolic pathways modulated during IL-4 (or IL-13) macrophages 
activation. The trigger of IL-4Ra induces the activation of signal transducer and activator of 
transcription 6 (STAT6) that modulate mitochondria oxidative phosphorylation (OXPHOS) through 
peroxisome proliferator-activated receptor (PPARs). This latter protein is also activated by AMPK 
protein, which is also able to increase the expression of CD36 receptor leading to the enhancement 
of fatty acids (FA) uptake. In the cytosol, FA are degraded by ysosomal acid lipase (LAL) and/or 
internalize into mitochondria to be oxidized through fatty acid oxidation (FAO) pathway. The flux of 
glucose and glutamine increases tricarboxylic acid (TCA) cycle rate. Glycolysis also diverts to 
hexosamine pathways in order to ensure N-glycosylation modification of surface receptors, being 
such pathway also control by glutamine. Diversion of arginine metabolism towards polyamines 
synthesis, impairing the production of microbicidal molecules. Adapted from (Huang et al. 2014, 
Jha et al. 2015, Sag et al. 2008, Vats et al. 2006) 
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2.2. Macrophage immunometabolic profile: is this a reversible process? 

M1 and M2 macrophages, both extremes in a spectrum of activation, present  
metabolic divergences that can in fact help to understand more precisely the type of 
function developed by both types of cells. As mention before, there are several metabolic 
intermediates that can be considered key players in the conversion of one phenotype into 
another. Such molecules can be considered potential therapeutic targets in several 
diseases. In fact metformin that activates AMPK and modulate macrophages into an anti-
inflammatory activation profile is currently used in type 2 diabetes.  

The immunometabolic modulation of macrophages could indeed present some 
drawbacks. In a recent work, the authors tried to re-polarize IFN-γ/LPS)-activated 
macrophages towards an anti-inflammatory profile. The attempt to switch the activation 
profile using IL-4 stimulus fail in vitro and in vivo. Strikingly, the opposite strategy was 
successful, demonstrating that anti-inflammatory macrophages has a higher plasticity 
compared to the inflammatory macrophages. One of the critical points of macrophages 
reversion profile could be, in part, the presence of an active mitochondria. In fact, during 
LPS treatment an impairment of mitochondrial OXPHOS constitutes a hallmark of M1 
macrophage activation. The authors improve the reprogramming, only partially, through 
the NO inhibition. This highlight the possibility of another mechanism that could prevent 
the total conversion (Van den Bossche et al. 2016). Some authors are referring the 
presence of epigenetic alterations conducted by specific metabolites, mainly by acetyl-
coA, in macrophages polarization context. The most striking epigenetic metabolic 
reprogramming occurs during innate immune memory, more particularly during trained 
immunity. This event was observed during monocyte-macrophage differentiation induced 
by beta-glucan training. These trained monocytes are more dependent on glycolysis, 
being regulated by AKT-mTOR-HIF1α pathway. Mice myeloid restricted to HIF-1α  are 
unable to induce trained immunity in the context of bacterial sepsis. More recently, was 
found two additional pathways that are crucial for the induction of trained immunity by β-
glucans, glutaminolysis and cholesterol synthesis. The TCA-glutamine replenishment 
leads to the accumulation of fumarate. This TCA intermediate induce a monocyte 
epigenetic reprogramming and more importantly, it can by itself, leads to a similar 
epigenetic program as the one induced by β-glucans during trained immunity. Disruption 
of glutaminolysis and cholesterol synthesis in mice, reduce the induction of trained 
immunity (Arts et al. 2016). Epigenetic alterations can predispose the immune cells to a 
specific type of response when subjected to a particular stimulus, inflammation or 
infection. This can represent an additional challenging to reverts macrophages 
polarization profile, particularly during pathologic conditions.  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A dynamic nutrient flow

1. Nutrient sensing mechanisms 

 All the organisms have the ability to sense their surroundings in search for 
nutrients adopting different strategies, which evolved to suit the particular needs of each 
living form. During evolution, nutrient deprivation has been the major driver for  the 
establishment of a diverse set of nutrient sensors molecules among all the organisms 
(Chantranupong et al. 2015). In the unicellular organisms the mechanisms to sense, 
nitrogen, amino acids, ribose, galactose and dipeptides are restricted to PII proteins and 
chemoreceptors. These mechanisms, in multicellular organisms, evolve to more complex 
systems, being able to respond not only to nutrients fluctuations but also to hormones 
availability, controlling ultimately feeding behavior. AMPK is one of the most striking 
sensors that embraces such complexity and is conserved, at least in part, from yeast to 
men (Chantranupong et al. 2015). 
 At first it is important to defined exactly what is considered a nutrient sensor. A 
nutrient sensor need to bind directly to the sensed molecule or indirectly. In the latter, it 
can rely on the detection of a surrogate molecule, that eventually reflects nutrient 
abundance. For example, during glucose depletion an energetic deficit is created being 
AMPK activated by AMP or ADP. The affinity for that particular molecule or surrogate need 
to fall within a range of physiological fluctuations of this nutrients concentrations (Efeyan 

et al. 2015). Mammals have a disparity of nutrient sensors, being able to detect and 

respond against lipids, carbohydrates, amino acids and even to energetic levels (Efeyan 
et al. 2015).  

This section will be dedicated to AMPK and silent mating type information 
regulation 2 homolog 1 (SIRT1) nutrient sensors. AMPK is able to sense glucose 
fluctuations and is particularly important to maintain the energetic levels of the cell acting 
as an energetic sensor (Hardie 2011). SIRT1 has been defined as an NAD+ sensor, 
regulating its activity through NAD+ fluctuations (Canto et al. 2009). Both sensors affect a 
variety of metabolic pathways through the control of important coenzymes (ATP and NAD
+), that are essential for multiple enzymatic reactions.
 The conservation of some nutrient pathways in the parasite constitute the main 
theme of host-parasite metabolic interaction, as was discussed by us (Mesquita et al. 
2016, Moreira et al. 2016).  
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1.1 Microenvironment sensing - Parasite strategy 

 Different strategies are adopted by parasites when facing nutrient deprivation. 
These organisms may enter into a hibernatory state, reducing the nutrients spent, or 
instead may up regulate distinct nutrient uptake receptors at the cell surface accordingly 
to their needs. Regarding to the former mechanism, a striking response is observed for 
Plasmodium falciparum during isoleucine deprivation. In a medium isoleucine-depleted, 
intra-erythrocytic P. falciparum slows its metabolism and progresses through its 
developmental cycle at a reduced rate, entering into a hibernatory state. These parasites 
are able to resume growth upon  medium resupplementation of this amino acid (Babbitt et 
al. 2012). A quite similar phenotype was also encountered in L. infantum knockout (ko) for 

asparagine synthetase A (LiASA) in asparagine depleted medium. These ko parasites 

become auxotrophic for asparagine, reducing its growth rate in response to amino acid 

deprivation. LiASA null mutants experience an in vitro long term survival, rescued by this 

amino acid supplementation (Joana Faria experimental observation). Moreover, 
Leishmania mutants with defects in gluconeogenesis (FBP), iron uptake (LIT1), serine 
biosynthesis (GCS) and lysosome cysteine proteases have a decrease capacity to induce 
the formation of granulomatous lesions, persisting in circulating macrophages (Naderer et 
al. 2011).  
 During nutrient deprivation Leishmania can upregulate different transporters/
permeases, at the surface, in order to overcome this stress condition. L. donovani can 
upregulate the expression and activity of Leishmania arginine transporter (LdAAP3) when 
macrophages arginine pool become depleted. The production of NO and polyamines, 
during infection, reduce the host intracellular arginine pool, creating a nutritional pressure 
over the parasite (Goldman-Pinkovich et al. 2016). Leishmania amastigotes upregulate 
the expression of a surface ferric reductase (converts Fe3+ to Fe2+) and a ferrous iron 
(Fe2+) transporter LIT1 allowing efficient salvage of iron from the host, when the host 
pump out iron from the phagolysosome. Iron is an essential cofactor in many parasite 
enzymes (Mittra et al. 2013).  
The diminished ability in scavenge nutrients from the host may result in a low growth rate, 
being the parasites density insufficient to trigger a proper immune response with the 
formation of granuloma 
Leishmania has a huge diversity of transporters (permeases), at the plasma membrane 
surface, for hexoses (Burchmore et al. 2003), purines (Carter et al. 2000), iron (Huynh et 
al. 2008), polyamines (Hasne et al. 2005), amino acids (Shaked-Mishan et al. 2006) 
among others. These plethora of transporters constitutes an advantage to adapt 
metabolically and salvage nutrients from the host. All these mechanisms are striking 
examples of the huge capacity of the parasite to sense and adapt even during critical 
nutrients limitation with the ultimate survival goal.  
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 As was already referred parasites need to adapt to the host microenvironment that 
could be quite changeable. For this reason they also develop sensing strategies to 
respond and adapt quickly and efficiently to this niche. Some of them can live 
extracellularly, in the blood stream as T. brucei, being exposed to a higher levels of 
nutrients, instead others establish an intracellular niche, as Plasmodium, Leishmania and 
T. cruzi. The nutrients scavenged by these intracellular parasites are more difficult to 
attain being even more challenge to Leishmania since it resides inside a phagolysosome. 
These specific features can dictate particular nutritional requirements for each parasite. 

1.2. AMP-activated Protein Kinase 

AMPK protein is defined as energetic sensor, responding to unbalanced energy levels 
with the upregulation of catabolic and the downregulation of anabolic pathways. The main 
role of this mechanism is to restore metabolic homeostasis and ultimately ensure the cell 
survival and growth. AMPK become activated when the levels of AMP or ADP are higher 
and subsequently the ATP levels are diminished (Hardie et al. 2012). This type of 
metabolic stress can be observed for example during nutrient deprivation, hypoxia and 
infection, among others. Many physiological and pathological conditions seems to activate 
AMPK such as, lack of nutrients, exercise, hormones (adiponectin and ghrelin), and also a 
diverse set of diseases (Steinberg et al. 2009). 
In a structural point of view, mammalian AMPK is a heterotrimeric protein, composed by a 
catalytic domain (α), and two regulatory subunits (β and γ), that are encoded by different 
genes (α1, α2, β1, β2, γ1, γ2, γ3). In theory this can lead to the formation of at least 12 
different complexes. These distinct complexes could be responsible for the differences 
found in AMPK complexes, in terms of sub cellular localization, functions and AMP-
dependent (Cheung et al. 2000, Salt et al. 1998). Accordingly to the tissue-specific subunit 
composition the specified response against distinct metabolic stress can be different 
(Viollet et al. 2010). These subunits can indeed be important for the establishment of 
tissue-specific properties and/or for the regulation of AMPK complex (Cheung et al. 2000). 
For instance AMPKα2-containing complexes is highly abundant in skeletal  muscle 
(Verhoeven et al. 1995), and later on was demonstrated that this particular subunit, and 
not α1-containing complexes, was responsible for the activation of AMPK in muscle 
following electrical stimulation (Vavvas et al. 1997). 
The catalytic domain presents a Thr172 residue that is mainly phosphorylated by an 
heterotrimeric complex containing the constitutively active tumor suppressor liver kinase 
B1 (LKB1), the pseudokinase STRAD and the scaffold protein MO25. An intriguing 
mechanism, recently reported, shows that AMP binding causes AMPK-LKB1 interaction at 
the lysosomal membrane (not only in the cytoplasm), in a similar manner as mTORC1 
activation (Zhang et al. 2014). Indeed, some authors proposed a model of reciprocal 
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regulation between AMPK and mTORC1, which are activated under opposite 
circumstances, lack versus availability of nutrition, respectively (Bar-Peled et al. 2014, 
Zhang et al. 2014). Thr172 conserved residue can also be phosphorylated by calcium/
calmodulin-dependent protein kinase kinase β (CAMKKβ) that is activated by higher levels 
of intracellular calcium (Hardie et al. 2012) and also by the transforming growth factor-β-
activated kinase 1 (TAK1), which role need to be clearly defined. Moreover, for AMPK 
activation, is also required, the binding of AMP and/or ADP to the γ subunit. This alters the 
structure and subsequent phosphorylation of the conserved residue Thr172, within the 
activation loop. Both coenzymes can also prevent the dephosphorylation of the residue by 
phosphatases, impeding the AMPK inactivation. Apart from these roles, AMP, and not ADP 
can allosterically enhance the activation of AMPK. Is important to note that all these 
effects are inhibited by ATP binding, being the amplitude of AMPK activation regulated by 
the ratio AMP/ATP or ADP/ATP (Hardie et al. 2012). The structure of AMPK and its 
upstream modulators are represented in figure 15. 

1.2.1. A complex (metabolic) network  

AMPK nutrient sensor, that is expressed in a variety of distinct tissues, occupy a central 
role in all metabolic processes affecting different metabolic pathways in the cell. This 
protein become an attractive therapeutic target for the treatment of metabolic/
inflammatory disorders, being its activity modulated accordingly to the type of disease. For 
these reasons several compounds have been developed, activating directly as, 5-

aminoimidazole-4-carboxamide ribonucleoside - AICAR, converted within the cells into 

ZMP, an AMP analogue, that binds to the γ subunit. Alternatively, metformin leads to an 
increase AMP:ATP or ADP:ATP ratio activating AMPK indirectly (Hawley et al. 2010). 
Inhibitors as compound c (cc), also called dorsomorphin, were also developed although 
nonspecific side effects were observed concerning its role in the inhibition of other kinases 
(Bain et al. 2007). 
 Upon activation AMPK can phosphorylate downstream targets enzymes and/or 
can regulate gene expression, inducing a short and a long term response, respectively. To 
restore the unbalance energetic status, AMPK upregulate catabolic and downregulate 
anabolic pathways, as was referred previously. Upregulation of mitochondrial pathways 
constitutes a key point of AMPK signaling pathway for the recovery of ATP levels (Foretz 
et al. 2011). In this sense, AMPK activate by phosphorylation and translation several 
downstream targets such as peroxisome proliferator-activated receptor-gamma 
coactivator-1α (PGC-1α) (Jager et al. 2007), a transcription coactivator that induces 
mitochondria biogenesis. It also induces phosphorylation and translocation of FAT/CD36 
responsible, in part, for the uptake of fatty acids, and finally control the activity of acetyl-
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coA carboxylase (ACC) enzyme by phosphorylation. This latter mechanism is involved in 
the internalization and oxidation of fatty acids into the mitochondria. The metabolic 
crosstalk between AMPK and SIRT1 also impacts the regulation of mitochondria 
metabolic pathways. AMPK kinase can phosphorylate SITR1 protein, an important 
downstream target that has a huge impact in the modulation of PGC-1α levels, 
contributing as well for the mitochondria biogenesis (Bogenhagen 2012, Campbell et al. 
2012). The modulation of mitochondria biogenesis and the turnover by SIRT1 is not 
consensual among the authors. The metabolic network established between AMPK and 
SIRT1 is complex and will be further described in the current chapter. Finally, AMPK can 
also re-establish the nutrient and energetic pool of the cell activating unc-51-like kinase 1 
(ULK1), a highly conserved autophagy kinase, which promotes mitophagy (Egan et al. 
2011, Kim et al. 2011). A striking mechanism was described recently linking AMPK 
activation, in response to ETC inhibitors, to mitochondria homeostasis. After being 
activated, AMPK induces mitochondrial fission, through mitochondrial fission factor (MFF) 
phosphorylation, that was indeed defined as an AMPK substrate (Toyama et al. 2016). 
The authors suggested that this particular event may predispose the cells to initiate 
mitophagy controlling at the same time, a possible cell damage due to mitochondria 
fragmentation (Youle et al. 2012). The coupling between mitochondria fusion and 
mitophagy established by AMPK, may signal the cell to initiate mitochondria biogenesis, 
replacing the damage ones (Toyama et al. 2016). 
 Apart from the regulation of mitochondria pathways, AMPK also affects glycolysis 
controlling the transcriptional levels of GLUT4 and HKII enzyme and enhancing the 
glucose uptake, by the modulation of signaling events as, Rab-GTPase-activating proteins 
(TBC1D1 and TBC1D4). This latter event results in the translocation of GLUT4 to the 
membrane (Foretz et al. 2011). The glycolytic enzyme PFK2 can also be phosphorylated 
(at least in the heart) by AMPK, guiding glucose towards oxidation in mitochondria 
OXPHOS (Marsin et al. 2000). 
 Oppositely, AMPK diminish biosynthetic pathways in order to decrease ATP 
consumption. Protein synthesis can be inhibited by phosphorylation of tuberous sclerosis 

2 (TSC2), an mTOR inhibitor, and by phosphorylation of regulatory associated protein of 

mTOR (raptor) (Gwinn et al. 2008). Fatty acid synthesis is regulated negatively by ACC 

phosphorylation through the suppression of malonyl-coA formation. Other biosynthetic 
pathways such as cholesterol synthesis and transcription of genes involved in lipid 
biosynthesis are also suppressed by AMPK protein (Foretz et al. 2011). AMPK metabolic 
network is summarized in figure 15. 
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Figure 15. AMPK structure and metabolic network. AMP-activated Protein Kinase (AMPK) is a 
heterotrimeric protein composed by one catalytic subunit (α) and two regulatory subunits (β and γ). 
It become active during energetic deprivation being activated by increasing levels of of AMP or 
ADP. This protein has two upstream regulators, the liver kinase B1 (LKB1) that is constitutively 
active and the calcium/calmodulin-dependent protein kinase kinase β (CAMKKβ) that is activated 
by the raise of intracellular Ca2+. After the phosphorylation of threonine 172 (Thr172) residue, 
AMPK switch on catabolic pathways, mainly mitochondrial pathways and switch off anabolic 
pathways such as fatty acid, protein and cholesterol synthesis. The major targets are depicted in 
the figure. Adapted from (Andrade et al. 2014, Moreira et al. 2016) 

 Apart from the metabolic network, AMPK can indeed interact with others key 
pathways. The AMPK interaction with PI3K/AKT pathway have also have pleiotropic 
effects over a variety of targets and is frequently found to be activated in human cancers, 
being considered a potential target for therapeutic strategy. AKT-phosphorylated form, 
after being activated by PI3K, can interact directly with AMPK, at the catalytic domain, 
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through the phosphorylation of Ser485 reducing simultaneously the phosphorylation of 
Thr172 residue (Horman et al. 2006). PI3K/AKT pathway can indeed activate mTOR 
network, reflecting the antagonism present in AMPK and mTOR signaling network. 
Interestingly, PI3K/AKT pathway is actually activated by Leishmania parasites at early 
time points of infection (Neves et al. 2010). 

1.2.2. AMPK/SNF1 in eukaryote parasites - A conserved protein 

 From a structural and functional point of view AMPK protein display a high degree 
of conservation from yeasts to humans. This conserved family in yeasts and plants is 
denominated as sucrose non-fermenting 1 (SNF1) and SNF1-related protein kinase 1 
(SnRK1), respectively (Hardie 2007; Polge and Thomas 2007). AMPK/SNF1 orthologues 
seem to be broadly distributed among different parasites  species. In fact, the central role 
of AMPK, described earlier, is recapitulated in a similar manner in SNF1 and SnRK1 
orthologs, which are able to do the surveillance of cellular metabolic status. These 
orthologs become active during nutrients and energetic stress, inducing catabolism and 
subsequently decreasing anabolic pathways (Mesquita et al. 2016). All eukaryotic parasite 
species have orthologues of the three AMPK domains (α, β and γ subunits) being even 
present in the primitive Giardia lamblia, which lacks a mitochondria (Adam 2000; Hardie et 
al. 2003). Within apicomplexa phylum, Plasmodium falciparum SNF1 was the first 
evidence of the existence of AMPK orthologues in parasites (Bracchi et al. 1996). PfKIN 
an SNF1 orthologue gene, was found upregulated during the gametocyte stage. At this 
stage the parasites have to adapt to a new environment, passing from the human 
bloodstream to the mosquito midgut. Such developmental process is crucial to ensures an 
efficient transmission. P. berghei also express a SNF1/KIN protein, being this energetic 
sensor crucial for sporozoite development, during the eggression to the salivary gland of 
the mosquito Anopheles stephensi (Tewari et al. 2010). Moreover, a potential AMPK 
orthologue (ToxPK1) was observed in Toxoplasma gondii genome with 58% identity to 
human AMPKα1. This gene is transiently expressed enhancing the biosynthesis of 
glycogen during the development of tachyzoites into bradyzoites (Ghosh et al. 2012; Ng et 
al. 1995, 1997).  
 T. brucei parasite during i t l i fe cycle transiently alters from the 
“slender” (proliferative) to “stumpy” (quiescent) forms, being this latter the infective form. 
Intracellular signaling pathways triggered by the “stumpy induction factor” (SIF) are 
activated during this differentiation process. When the levels of SIF attain at certain 
threshold, a nutritional stress-like response is activated through the induction of “stumpy 
inducers”. At this stage a cell cycle arrest occur in order to prepare for the  next life cycle 
step within the insect. The parasites become more dependent on mitochondria pathways 
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activating the OXPHOS machinery (Mony and Matthews 2015). A potential role of AMPK, 
in this developmental transition phase, has been addressed by these authors. They 
detected a AMPK/SNF1/KIN11 homologue in a genome-wide RNA interference library. 
These authors finally suggested that AMPK homologue could be potential inhibitor of 
trypanosomes TORC4 (Mony et al. 2014). Quite recently, the presence of TbAMPK 
complexes in T. brucei pleomorphic strain was described. This parasite expressed 
AMPKα1 and AMPKα2 subunits, although only the former is constitutively active during 
the differentiation process, from slender to stumpy. TbAMPKα1 was proved to be crucial to 
induce quiescence, since compound C can inhibit the differentiation, from slender to 
stumpy, in mice (Saldivia et al. 2016).  
 In T. brucei procyclic forms the expression of procyclins at the surface permits the 
monitorization of glucose extracellular levels. This sensor is actually essential for parasite 
survival in the insect stage (Clemmens et al. 2009). EP and GPEET, the two major 
procyclins are regulated by the β and γ subunits (TbAMPKβ and TbAMPKγ, respectively). 
The downregulation of these two subunits leads to  the procyclins upregulation. The 
GPEET seem to be regulated specifically by glucose variations. In glucose starvation 
conditions, within the tsetse fly, this procyclin is abundantly expressed. In addition the 
close proximity of the β subunit to structures like glycosomes and flagellum, highlights a 
potential connection between surface receptors expression and glycolysis (Clemmens et 
al. 2009).  
 AMPK/SNF1 is highly conserved in terms of structure and also in terms of 
functionality. The energetic/metabolic control exerted by AMPK homologues is critical in 
parasites due to the disparity of distinct hosts during a life cycle. The sensing mechanisms 
in parasites have a huge impact on parasite proliferation and differentiation, where they 
have to face different microenvironments, affecting ultimately the parasite fitness 
(Mesquita et al. 2016). 
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1.3. SIRT1: Silent Information Regulator 2 (SIR2) family of proteins

Sirtuins are highly conserved proteins and were identified for the first time in 

yeasts  genome as silent information regulator 2 (Sir2), enabling the gene silencing in 
specific regions of the genes (Ivy et al. 1986, Shore et al. 1984). The effects of Sir2 were 
primarily related with the delay of aging process (Kaeberlein et al. 1999), being such 
function also extended to higher eukaryotes as Caenorhabditis elegans (Tissenbaum et al. 
2001, Viswanathan et al. 2005) and Drosophila melanogaster (Bauer et al. 2009, Rogina 
et al. 2004). Although some issues in translating such findings to the mammalian system 
have been reported (Canto et al. 2012). A potential link between the Sir2 activity and the 
metabolic state of the cell begun to be uncovered with the discovery of sirtuins main 
enzymatic function (NAD+-dependent deacetylase) (Imai et al. 2000). 
 In mammals, there are seven Sir2 orthologs, from SIRT1 to SIRT7, that belongs to 
the type III class of histones deacetylases (HDAC) (Dali-Youcef et al. 2007, Michan et al. 
2007). These proteins are ubiquitously expressed and share a conserved catalytic core, 
although despite the similarities some members present  specific features. According to 
their sequence-based phylogenetic analysis they can be divided into four main classes: 
SIRT1-3 belongs to class I, SIRT4 to class II, SIRT5 to class III and SIRT6 and 7 to class 
IV (Frye 2000). In table 2 are depicted the localization and functions of all different classes 
of sirtuins. Its worth to note that SIRT1 and SIRT2, can alternate their localization between 
the nucleus and cytosol.  
 We will focus the discussion on SIRT1 protein regarding their function particularly, 
in a metabolic context. 
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Table 2. Sirtuins localization and function. Adapted from (Houtkooper et al. 2012, Kupis et al. 2016)  

ACS2 acyl-CoA synthetase 2, ANT adenine translocator, CPS1 carbamoyl-phosphate synthase 1, 
CRTC2 CREB-regulated transcription coactivator 2, FXR farnesoid X receptor, GCN5 general 
control non-repressed protein 5 (an acetyltransferase), GDH glutamate dehydrogenase, HIF-1 
hypoxia-induced factor 1, HMGCS 3-hydroxy3-methylglutaryl CoA synthase 2, IDE insulin-
degrading enzyme, IDH2 isocitrate dehydrogenase 2, LCAD long-chain-specific acyl coenzyme A 
dehydrogenase, LKB1 liver kinase B1, LXR oxysterol receptor, MCD malonyl CoA decarboxylase, 
OTC ornithine transcarbamoylase, PDH pyruvate dehydrogenase, PGAM-1 phosphoglycerate 
mutase-1, PGC-1α peroxisome proliferator-activated receptor (PPAR) γ coactivator 1α, SOD2 
(MnSOD) mitochondrial manganese superoxide dismutase, SREBP sterol regulatory element-
binding protein. 

  

 SIRT1 protein contains in its sequence a conserved catalytic domain with an N-
terminal and C-terminal extensions that serve to interact with regulatory proteins and 
substrates. It also present two nuclear signals and two nuclear external signals and the 
balance between both will determine the presence of SIRT1 in the nucleus or in the 
cytosol. The subcellular location dictate their targets and ultimately their functions and can 
vary depending on the cell type. SIRT1, as well as the others sirtuins, as an NAD+-
dependent deacetylase protein NAD+ occupy a crucial role, as a cofactor within the 

Sirtuin Class Localization Activity Targets

SIRT1 I Nucleus Deacetylase

p53, FOXO1/3, NF-
κB, CRTC2, 
PGAM-1, PGC1α, 
SREBP, LXR, FXR, 
LKB1

SIRT2 I Cytosol Deacetylase 
Demyristoylase

α-Tubulin, FOXO1, 
FOXO3, p300

SIRT3 I Mitochondria Deacetylase 
Decrotonylase

LCAD, ACS2, 
SOD2, IDH2, 
HMGCS, OTC, 
SOD2, subunits of 
the electron 
transport chain and 
ATP synthase

SIRT4 II Mitochondria
ADP-ribosylase 
Deacetylase 
Lipoamidase

IDE, ANT2, ANT3, 
GDH, MCD, PDH

SIRT5 III Mitochondria

Deacetylase 
Demalonylase 
Desuccinylase 
Deglutarylase

CPS1, UOX

SIRT6 IV Nucleus
ADP-ribosylase 
Deacetylase 
Deacylase

HIF1α, PARP1, 
TNFα, GCN5

SIRT7 IV Nucleolus Deacetylase RNA polymerase 1
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enzymatic reaction. The resultant products of SIRT1 enzymatic reaction are a 
deacetylated substrate, nicotinamide and 2︎’-O-acetyl-ADP-ribose (Guarente 2000). A 

schematic representation of sirtuins enzymatic reaction is depicted in figure 16. 

Figure 16. Sir2/SIRT1 enzymatic reaction. The deacetylation of a target protein is 
performed by Sir2/SIRT1 deacetylase, in the presence of the cofactor NAD+. From this 
reaction results three different products as, nicotinamide, 2’-O-acetyl-ADPR and the 
deactivated protein. In parallel the conversion of the resulting nicotinamide into NAD+. 
NAM nicotinamide, NMN nicotinamide mononucleotide, NAMPT nicotinamide 
phosphoribosyltransferase, NMNAT nicotinamide mononucleotide adenylyltransferase 
(Kupis et al. 2016). 
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 As is represented in the figure 16, the NAD+ levels can be restore through the 
import or recycling of nicotinamide (NAM) that is used as a source of NAD+ through the 
activity of NAM phosphoribosyltransferase (NAMPT), which is the rate-limiting enzyme of 
the salvage pathway (Revollo et al. 2004). NAD+ availability can also be controlled by an 
enzymatic feedback loop, where nicotinamide exerts a potent end-product inhibition, in a 
noncompetitive fashion with NAD+ (Canto et al. 2012). Others NAD+ intermediates could 
be used to restore its levels as nicotinic acid (NA) and nicotinamide riboside (NR) within 
the salvage pathway. De novo synthesis of NAD+ represents an additional pathway to 
balance NAD+ levels. This begins with the uptake of L-tryptophan in N-for-mylkynurenine, 
being mediated by the rate-limiting indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-
dioxygenase (TDO). Further subsequent steps results in the formation of quinolinic acid, 
that is condensed to nicotinic acid mononucleotide (NaMN). NaMN through the action 
nicotinamide mononucleotide adenylyltransferase isoforms (NMNATs 1–3) is converted in 
nicotinic acid adenine dinucleotide (NaAD). The final step of this pathway results in the 
production of NAD+ by a glutamine-dependent NAD+ synthase (Magni et al. 2008). 

1.3.1. A metabolic gatekeeper   

 SIRT1 is considered a metabolic sensor being able to sense and respond to 
environmental alterations. SIRT1 is considered as a NAD+ sensor due to the NAD+ 
dependency. Moreover, the NAD+ Km values falls within the physiological range of NAD+ 
bioavailability (Guarente 2000). Indeed nutrient/energy stress as exercise, fasting, or 
calorie restriction increases the levels of NAD+, and this is accompanied by an 
enhancement of SIRT1 activity in all of these environmental challenges (Canto et al. 
2009). NAD+ fluctuations seems to exert a metabolic pressure in order to switch on/off 
sirtuins activity. It was also proposed, by some authors, that NADH can controlled SIRT1 
activity, by competing with NAD+ binding to SIRT1 (Lin et al. 2004). However the 
competition is only possible at NADH millimolar range which is quite above its 
physiological levels (Schmidt et al. 2004). The regulation of SIRT1 activity is regulated 
quantitatively by the levels of NAD+ but also by the compartmentalization of this cofactor. 
Cytosol and mitochondria represent the main intracellular NAD+ pools, being the ratio 
NAD+/NADH 100-fold higher in mitochondria. This particular mechanism constitutes a 
strategy to overcome deficits in cytosolic NAD+, maintaining its pool in mitochondria. 
Otherwise the ATP stores and the viability of the cells would be compromised (Yang et al. 
2007).  
 SIRT1 is expressed in a variety of tissues being placed, as AMPK, in the core of 
physiological and pathological conditions, developing functions accordingly to the stimuli 
and tissue specifications. SIRT1 has a broad effect in different metabolic pathways, with 
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targets dispersed within the nucleus and the cytosol (figure 16). SIRT1 in the nucleus 
modulate the transcription program of diverse transcriptional factors. p53 transcription 
factor, that is deacetylated by SIRT1, is defined as a tumor suppressor that has been 
associated with the inhibition of glycolysis and fatty acid synthesis promoting the TCA 
cycle and OXPHOS machinery (Matoba et al. 2006, Saleem et al. 2009, Zhou et al. 2003). 
SIRT1 also modulates p53 subcellular localization, promoting cytosolic accumulation and 
transfer to the mitochondria. (Gonfloni et al. 2014). In a context of energetic stress, 
deacetylation and activation of PGC-1α, can also contributes to mitochondria biogenesis 
and ultimately contributing for the enhancement of mitochondrial functions (Rodgers et al. 
2005). Forkhead-O-box (FOXO) family are critical regulators of lipid metabolism, stress 
resistance an apoptosis (Gross et al. 2008). Deacetylation of FOXO1 and FOXO3 are 
triggered mainly by oxidative stress, energy stress and fasting (Brunet et al. 2004). SIRT1-
induced FOXO3 deacetylation enhance oxidative stress resistance genes, becoming 
simultaneously unable to activate transcription of apoptosis genes (Brunet et al. 2004). 
 SIRT1 can exert its action modulating the gluconeogenic pathway. The 
transcriptional regulation of gluconeogenic genes expression is regulated by cAMP 
response element-binding, whose activity is controlled by CREB-regulated transcriptional 
coactivator 2 (CRTC2) deacetylation, which is important to induce gluconeogenic gene 
expression. During fasting CRTC2 can migrate to the nucleus and interact with CREB on 
the promotor of gluconeogenic gene. At prolonged fasting, SIRT1 become activated and is 
able to deacetylate CRTC2, which is further guided towards ubiquitin-proteasome 
pathway to be degraded (Altarejos et al. 2011). SIRT1 can also modulate Liver X receptor 
(LXR) that is able to sense oxysterols decreasing the content levels of cholesterol body 
(Kalaany et al. 2006). After deacetylation becomes active and an increase of lipid 
anabolism should be expected. LXR deacetylation induce the activation of sterol 
regulatory element binding protein-1c (SREBP-1c), which is a major mediator of 
triglyceride synthesis (Kalaany et al. 2006). Interestingly, LXR deacetylation promotes its 
ubiquitin-proteasome degradation (Li et al. 2007). In the lower half of figure 16 is 
represented SIRT1 nuclear targets. 

 In the cytosol, SIRT1 can deacetylate acetyl-CoA synthetase 1 (AceCS-1) in the 

catalytic domain interfering with its activity. SIRT1 activates this enzyme, which is 50 times 
less active in its acetylated form. AceCS-1 is an important enzyme in the generation of 
acetyl-coA from acetate. Acetate is a major carbon source for bacteria and yeasts, 
although an avidly capture of acetate, particularly during hypoxia, is also observed in 
cancer cells as their alternative carbon sources (Kamphorst et al. 2014, Mashimo et al. 
2014). In addition, was also recently observed, in mice, an increase of serum acetate 
during a systemic bacterial infection (Balmer et al. 2016). Other cytosolic target, is the 
endothelial nitric-oxide synthase (eNOS), that is deacetylated by SIRT1, triggering 
endothelial nitric oxide levels. The role of this protein is crucial to increase the endothelial 
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vasodilation leading to an enhancement of nutrients supply to the tissues. Finally, SIRT1 
forms complexes with autophagy protein 5 (Atg5), Atg7 and Atg8, which are constituents 
of microtubule-associated protein 1A/1B-light chain 3 (LC3) complex (in mammals), 
deacteylating these key autophagic components (Lee et al. 2008). Deacetylation of LC3 in 
the nucleus is essential for its redistribution in the cytosol, at this subcellular location LC3 
is then able to interact with autophagic membranes (Huang et al. 2015). In figure 17 is 
represented the compartmentalization of SIRT1 metabolic targets. 
 

Figure 17. Compartmentalization of SIRT1 metabolic targets. SIRT1 in the nucleus deacetylate 
several proteins, represented in the figure, affecting a broad range of metabolic pathways such as, 
mitochondrial respiration, gluconeogenesis, adaptation to starvation and to oxidative stress and 
lipid anabolism. When SIRT1 translocates to the cytosol it can affect three main targets also 
depicted in the figure, that modulates the generation of  acetate by acetyl-coA, vasodilatation and 
autophagy (Canto et al. 2012). 
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1.3.2. Connecting metabolism with epigenetic regulation 

SIRT1 modulates a complex metabolic network through deacetylation of cytosolic and 
nuclear targets, which can be histone and non-histone proteins. This protein can actually 
detect changes in metabolism and energy coordinating the response of the cell, 
maintaining the genome integrity. This is mainly achieved by regulation of epigenetic 
mechanisms. The acetylation/deacetylation status of histone proteins determines the 
accessibility of chromatin for gene transcription (Bosch-Presegue et al. 2014). Depending 
on the duration and nature of the stimulus (fasting or calorie restriction) a long-period of 
chromatin repression could be required, inducing heterochromatin formation and 
epigenetic inheritance. When sirtuins act as expression silencers (stress), facultative 
heterochromatin is generated and specific regions become compacted. Although they can 
be reverted to an open state defined as euchromatin. Post-translational modifications of 
histone N-terminal are crucial to alternate between an open and compacted chromatin 
state (Bosch-Presegue et al. 2014). In the early stage of inflammation of sepsis model 
(TLR4 stimulation), the activation of an epigenetic reprograming is crucial to switch to an 
adaptation stage of inflammation, known as endotoxin tolerance. Some authors reported 
that SIRT1 occupies the core of this epigenetic reprograming, regulated closely by NAD+ 
levels. SIRT1 binds to the promotor of NF-kB gene sequence, deactivate RelA/p65 by 
deacetylation of lysine 310 and histone H4 lysine 16 (H4K16) leading finally to the 
termination of NF-kB transcription. During sustained tolerance, SIRT1 remains bound to 
the promotor and a TLR-dependent response is triggered. An increase of NAMPT 
expression and NAD+ levels results in the enhancement of SIRT1 expression and 
accumulation at the promotor with the recruitment and formation of locus-specific 
heterochromatin. This silencing the transcription of pro-inflammatory genes as, TNF-α and 
IL-1β. This endotoxin tolerance mechanism demonstrates a potential metabolic coupling 
between epigenetic reprogramming and metabolic pathways (Liu et al. 2011). This 
become clearer in another work developed by the same authors where they demonstrated 
in fact a switching from glycolysis to fatty acid oxidation from the initiation to the 
adaptation phase. This metabolic alteration are tightly controlled by SIRT1 and SIRT6. 
SIRT6 deacetylates at H3K9 of genes encoding glycolytic enzymes such as, PDK4, 

aldolase (ALDOC), phosphofructokinase-1 (PKF1), LDHA and LDHB which are all targets 

of HIF-1α signaling (Zhong et al. 2010). SIRT1 in turn deacetylates PGC-1α, which up 
regulates mitochondria biogenesis and fatty acid oxidation. As a result a downregulation of 
glycolysis is established as well as an increase of mitochondria biogenesis and fatty acid 
oxidation, during endotoxin tolerance (Liu et al. 2012). 
AMPK signaling can also modified histones acetylation directly or indirectly, through  
intermediate metabolites, regulating gene transcription and epigenetic landscapes. This 
pushes AMPK role to others fields away form energetic metabolism. AMPK can control the 
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function of histones acetyltransferases (HAT) and histones deacetyltransferases (HDAC) 
complexes. It affects chromatin remodeling through  the balance between HAT and HDAC 
(Salminen et al. 2016). The increase levels of acetyl-coA pool that results from the 
activation of mitochondrial pathways also function as a source of acetyl groups. Finally the 
enhancement of NAD+ levels also have an impact on sirtuins activity, which could then 
promote the histones deacetylation (Steinberg et al. 2009) and epigenetic landscape. 

2. AMPK and SIRT1 interplay 

 AMPK and SIRT1 are important metabolic sensors able to detect nutrients 
variations, which will further induce a specific cellular response, contributing ultimately to 
an overall impact on the organism physiological status. They are activated by nutrient/
metabolic stresses, and affect a different range of cellular pathways such as, apoptosis, 
cell growth, immune response, autophagy and metabolic pathways. Both proteins 
presents similarities in terms of signaling network, reflecting a potential crosstalk between 
both, which share possibly some downstream targets. In fact, several authors have been 
describing an interaction between AMPK and SIRT1, that can vary depending on the 
stress conditions and cell type. Some of them described a role of SIRT1 as an upstream 
regulator of AMPK activity while others an opposite mechanism.  

 Regarding AMPK regulation by SIRT1, overexpression of SIRT1 in human 
embryonic kidney cells is able to induce the translocation of LKB1 from the nucleus to the 
cytoplasm. LKB1 further interacts with its adaptor proteins (MO25/STRAD) 
phosphorylating and activating AMPK. This effect is completely abolished in the presence 
of SIRT1 shRNAi (Lan et al. 2008). In agreement with these results, rats starved for 48h 
and further refeeded for 24h displayed a decrease of LKB1 and AMPK activity 
accompanied with an increase of LKB1 lysine acetylation, suggesting SIRT1 inactivation. 
In this alignment, other authors demonstrated the role of resveratrol for the activation of 
AMPK through the induction of SIRT1/LKB1/AMPK signaling, in HepG2 cells and mouse 
liver (Hou et al. 2008). In other work, the incubation of skeletal muscle with moderate 
doses of resveratrol activated the same signaling axis leading ultimately to the increase of 
mitochondria biogenesis, being this effect impaired in SIRT1 KO cells and in adult-
inducible whole body S1KO mouse. Although in the presence of higher doses of 
resveratrol AMPK become active through a SIRT1-independent mechanism. The axis 
activation in this context seems to be dependent on resveratrol doses (Price et al. 2012).  
A more recent work also described the activation of SIRT1-AMPK axis when C2C12 
myotubes were treated with leucine, a branched chain amino acid, leading to the 
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upregulation of mitochondrial functions. SIRT1 become active earlier than NAD+ levels 
enhancement and AMPK activation (Liang et al. 2014).  

 SIRT1 activation by AMPK was initially describe by two groups. Fulco and 
colleagues demonstrated that during glucose starvation AMPK become active and induce 
the transcription of NAMPT enzyme which further increases the NAD+/NADH ratio 
resulting in SIRT1 activation. Importantly, incubation with AICAR also exerts the same 

effects and myoblasts derived from SIRT1+/- mice or cells transduced with shRNA1 for 

SIRT1 have an impaired response against AMPK activation (Fulco et al. 2008). In a 
similar manner, Cantó and Auwerx demonstrated an activation of AMPK/SIRT1 signaling 
in myoblasts and mouse embryonic fibroblasts (MEFs) after treatment with AICAR. In this 
context AMPK activation leads to an increase of NAD+ levels that further results in SIRT1 
activation, clearly observed through the deacetylation and activation of PGC-1α (Canto et 
al. 2009). This mechanism can eventually be observed in vivo since elevation of NAD+/
NADH ratio can be attained after an exhaustive exercise (Ruderman et al. 2010). The 
same signaling activation axis can also be seen in adipocytes in the presence of 
Fibroblast growth factor 21 (FGF21), a metabolic regulator, resulting also in the increase 
of mitochondria oxidative capacity (Chau et al. 2010). An interesting signaling mechanism 
was observed recently in MEFs during glucose starvation conditions (but not amino acid). 
Active AMPK phosphorylates GAPDH enzyme at ser122 being redistributed into the 
nucleus, which inside the nucleus interacts with SIRT1 displacing the SIRT1 native 
inhibitor deleted breast cancer 1 (DBC1), that is bound to the catalytic domain of SIRT1. 
Overall, this mechanism will induce an autophagic program through the deacetylation of 
autophagic components by SIRT1. Importantly to mention that this mechanism of SIRT1 
activation is independent of NAD+ elevation (Chang et al. 2015). 
 AMPK and SIRT1 interplay could be quite dynamic, varying according to the type 
of stimuli and the type of the cell/tissue. This interaction highlights the existence of a 
potential SIRT1/AMPK cycle in which they can regulate each other. If the cells are facing 
conditions to activate AMPK, as during energy deprivation, AMPK activates SIRT1 through 
the enhancement of NAD+ levels and/or by increasing NAMPT activity. In alternative, in 
environmental conditions that predispose the cell to activate first SIRT1, such as the 
increase of NAD+/NADH ratio, the active SIRT1 deacetylate LKB1 that in turn are able to 
phosphorylate and activate AMPK. A work developed by Boily and colleagues suggests 
that this cycle is not established in mice carrying two null alleles for SIRT1 and that were 
fasted during 24 hours. Mitochondria liver from these mice (and not skeletal muscle) 
shows a decrease mitochondria function and a two fold increase in AMPK phosphorylation 
(Boily et al. 2008). The same stimulus can induce different tissue responses, which could 
explained the absence of this cycle in the liver and not in the skeletal muscle. Is important 
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to highlight that further work will be needed to support this model. The metabolic interplay 
as well as its downstream targets are represented in figure 18. 
 

Figure 18. AMPK-SIRT1 interplay. AMP-activated protein kinase (AMPK) activated by the 
increase of AMP/ATP ratio enhances the levels of NAD+ leading subsequently to SIRT1 activation. 
On the other hand, SIRT1 activated by the raised of NAD+/NADH ratio, deacetylates liver kinase B1 
(LKB1) leading to the activation of AMPK. Both proteins activate by phosphorylation/deacetylation 
common downstream targets, having a positive impact over some diseases, such as metabolic 
syndrome and aging. The major targets are represented in the figure (Ruderman et al. 2010). 

  
 Both proteins can share not only common downstream targets and biological 
functions, as is represented in figure 17, but can also be induced by similar stimuli as, 
exercise, caloric restriction and resveratrol. The phosphorylation/deacetylation of 
PGC-1α , eNOS, FOXO, NF-kB, among others, induces a variety of cell responses, that 
comprises the induction of catabolic pathways, enhancement of mitochondrial function, 
angiogenesis, decrease of inflammation, among others (Ruderman et al. 2010).  
3. Parasite-host metabolic coupling 
  
 Once parasites enter in contact with it host and begin to established a safe niche, 
metabolic adaptation to host millieu is initiated. Inside the host parasites activate its own 
sensing mechanisms in search for nutrients. Simultaneously the host try to respond 
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impeding the access of the parasites through the alteration of metabolite fluxes. As a 
result the host-intracellular niche could be quite changeable, due to the action of the 
parasite and the host. This phenomenon constituted the basis for parasites (metabolic) 
evolution, reflecting ultimately one of the most important features of these parasites, the 
cellular plasticity. 

3.1. Host AMPK and SIRT1 modulation during infection 

 AMPK and SIRT1 nutrient sensors have a broad role affecting immunologic and 
metabolic pathways, growth and autophagy. The AMPK-SIRT1 interplay has been crucial 
in the modulation of diverse set of diseases. Important questions can eventually be raised 
such as, the impact of both nutrient sensors in the context of parasitic infections and if 
they can be subvert directly by the parasites. Indeed, several works have described the 
modulation of AMPK and SIRT1 during infections with Cryptosporidium parvum, T. cruzi 
and Plasmodium spp. 
 The role of AMPK in the context of P. berghei infection was addressed recently. 
Here, AMPK is suppressed and dispensable for the outcome of infection in hepatic cells. 
In fact, AMPK agonists or AMPK overexpression impaired the intracellular growth and 
replication of different Plasmodium spp. including P. falciparum. Mice treated with 
salicylate or with a dietary restriction (DR) regimen, that induces AMPK activation, actually 
shows a reduce liver-stage infection (Ruivo et al. 2016). 
 T. cruzi, the etiologic agent of Chagas disease, infects the adipose tissue 
becoming responsible for the secretion of inflammatory cytokines and the decrease of 
adiponectin and PPARγ, contributing for the overall inflammatory environment. The low 
levels of adiponectin actually suggests a down regulation of AMPK, since the latter can be 
activated by adiponectin (Nagajyothi et al. 2008). A more recent work, using genome-wide 
RNA interference screen, demonstrated that AKT-mTORC1 pathway can modulate 
intracellular T. cruzi growth by maintaining a higher ratio of ATP/ADP which keep AMPK 
protein at lower levels of activity. In addition, the silencing of AMPK catalytic and 
regulatory subunits have a positive impact on T. cruzi in vitro growth (Caradonna et al. 
2013). A recent work developed by Vilar-Pereira and colleagues demonstrated that AMPK 
activity can actually improved cardiac function in established Chagas heart disease. The 
chronic chagasi cardiomyopathy (CCC) can be developed years after T. cruzi infection. 
Using a mice model that mimic the human CCC, treatment with resveratrol after the onset 
of CCC led to an activation of the AMPK pathway associated with a decreased of  ROS 
production and heart parasite burden. Moreover, resveratrol could also ameliorates  the 
heart function even when treatment is performed late after infection. The use of 
metformin, an AMPK activator, or temple (SOD mimetic) leads to similar effects as 
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resveratrol, in terms of heart function improvement and lipid peroxidation decrease, 
although no modifications on heart parasite burden. AMPK in this context seem to be 
important for the induction of Chagas heart disease tolerance (Vilar-Pereira et al. 2016). 
 SIRT1 impact during infection was mainly observed in the context of 
Cryptosporidium parvum and T. cruzi infection. Using an in vitro model of human biliary 
cryptosporidiosis (infection of human biliary epithelial cells) a decrease of miRNA let-7i, 
which unblock the miRNA-mediated translational suppression of SIRT1. The increase of 
SIRT1 leads to the reduction of NF-kB activity avoiding overreactions of inflammation in 
epithelial cells. SIRT1 can contribute for the regulation of epithelial innate immune 
response in the presence of a parasitic challenge (Xie et al. 2014). 
 An interesting role of SIRT1 was also discovered during a model of CCC, which in 
fact present some similarities to the one develop by AMPK in this context. Mice infected 
with T. cruzi and treated, at least after 45 days of infection, with SIRT1 agonists 
(resveratrol and SRT1720), showed a partial recover of the pathologic effects of Chagas 
disease compared to the infected/untreated mice. SRT1720 treatment led to more 
accentuated results in terms of left ventricular (LV) functions recover. This specific 
treatment preserve the myocardial activity of SIRT1-PGC-1α axis that is impaired in 
Chagas disease. SIRT1-PGC-1α axis were responsible for the decrease of oxidative and 
nitrosative stress in heart tissues and for the diminished expression of myocardial 
inflammatory cytokines, through the inhibition of NF-kB transcriptional activity. As 
conclusion, SIRT1 can contributes for the amelioration of LV in chronic chagasi 
cardiomyopaty (Wan et al. 2016). 
 Overall, the modulation of AMPK and SIRT1 nutrient sensors by a variety of 
different parasites highlight the potential capacity of the parasites in altering the host 
metabolism. The establishment of such a virulence mechanism is crucial, to get a niche 
that fulfill the parasites nutritional requirements for growth and survive. 

3.2. Subversion of host metabolic pathways 

 Apart from the mechanisms referred above, parasites are also capable of 
modulate host metabolic pathways in their own profit, establishing by this manner a more 
suitable intracellular niche. Parasites as P. falciparum, T. brucei, T. cruzi and Leishmania 
spp. shows striking subversion mechanism to modulate host metabolism.  
 During infection of red blood cells (RBCs) P. falciparum can induce the activity of 
several glycolytic enzymes, being hexokinase, enolase, pyruvate kinase, and adenosine 
deaminase the most upregulated (Roth et al. 1988). Interestingly, it was further 
demonstrated by glucose isotope labelling and nuclear magnetic resonance (NMR) that a 
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massive glucose utilization occurs in infected RBCs, which was proportional to the 
parasitemia levels. Striking, the addition of conditional medium from infected RBCs can 
indeed decrease the glucose utilization of uninfected cells, and this is likely to be due to a 
selective inhibition of PFK enzyme activity (Mehta et al. 2005). This strategy may guide 
the glucose towards the infected cells, allowing the use of this energetic source by P. 
falciparum. Eventually a decrease of glucose consumption can be observed in infected 
cells (Huthmacher et al. 2010) and for that reason the parasites supplies ATP to its host 
through adenylate translocator protein (Kanaani et al. 1989). 
 Alterations of the global metabolic profile, measured by NMR, of mice infected with 
T. brucei brucei were also reported. Increased levels of lactate and branched chain amino 
acids were detected in the host plasma. Other metabolic parameters such as valine and 
alanine dysregulation as well as, higher host glycolysis, ketogenesis and an increase on 
lipid oxidation were observed. Parasite have a systemic impact on distinct metabolic 
pathways being also able to interfere with the microbial-metabolite ecosystem of the host 
(Wang et al. 2008). Similarly, T. cruzi parasites induces a systemic metabolic alteration in 
the host. Metabolomics performed in heart and plasma of infect animals demonstrated 
increased of glucose uptake, fatty acid and phospholipid synthesis in the heart tissues, 
being TCA cycle metabolites downregulated (Girones et al. 2014).  
 The most striking example of Leishmania-host metabolic coupling is the 
scanveging of iron from the host. Iron is an essential nutrient for a different set of 
metabolic pathways, being also crucial for Leishmania growth and survival. The host can 
limit the iron abundance within the phagolysosome through the expression of natural 
resistance-associated macrophage protein 1 (NRAMP1), which are able to export iron. 
Oppositely parasites respond to this iron deprivation by increasing the expression at the 
surface of iron transporter LIT1. Such mechanisms has been reported during L. 
amazonensis amastigotes infection. Additionally, Leishmania parasites can also impair the 
transcription and translation of ferroportin through the upregulation of hepcidin levels. 
Hepcidin is a known inducer of ferroportin degradation, such mechanism leads to the 
accumulation of iron favoring parasite growth (Ben-Othman et al. 2014). Other evidence of 
the parasite host metabolic subversion was observed in the work performed by Rabhi and 
colleagues. A microarray analysis of L. major-infected BMMo demonstrated an alteration 
of the transcription levels of almost all the genes encoding glycolytic enzymes in L. major-
infected BMMo. Importantly, among these genes, they clearly detected, from 3 hours post 
infection, an enhancement of the glucose transporter Slc2a1, and several glycolytic 
enzymes Pkm2, Pfkfb3, Pdk1 and Ldha were detected as soon as 3 hours post-infection. 
These transcriptional events seems to increase the glycolytic rate and guided the pyruvate 
towards the formation of lactate. Concomitantly, a decrease of genes encoded for TCA 
enzymes and mitochondrial complexes was observed, being some of them diminished 
during all the course of infection (Rabhi et al. 2012). The authors suggests that such 
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metabolic alteration could be regulated by the activation of HIF-1α, which is in fact 
observed during T. gondii infection (Blader et al. 2001, Spear et al. 2006). Additionally an 
increase expression of HIF-1α was observed in cutaneous lesions of L. amazonensis 
infected Balb/c mice (Arrais-Silva et al. 2005).  

3.2.1. Manipulation of fatty acid metabolism  

 The strategies adopted by the parasites to subvert the host metabolism are not 
similar among all the parasites. These pathogens occupy different niches that can be 
challenge with distinct stimuli, being this pressure responsible for the parasite nutritional 
requirements. Most of the parasites seems to be quite dependent on host fatty acids, that 
could contribute to the membrane composition or  used as carbon sources. The 
modulation of host fatty acid metabolism is observed in diverse parasite infections during, 
T. cruzi, T. brucei, T. gondii, Plasmodium spp. and Leishmania spp.. (Albuquerque et al. 
2009, Caradonna et al. 2013). Despite the fact that the majority of the parasites can 
perform de novo fatty acid synthesis, they depend on the lipids scavenged from the host 
to compensate for their rapid replication and their urgent environment adaptation (Ginger 
2006).  
 Focusing mainly in Leishmania infection, a work from Rabhi and colleagues 
decipher the complex subversion mechanisms used by this parasite to modulate fatty acid 
metabolism. In the context of L. major-infected macrophages an increase of transcripts of 
key enzymes of cholesterol synthesis pathway were detected, such as 
(Hydroxymethylglutaryl-CoA) HMG-CoA reductase and squalene epoxidase. An 
enhancement of CD36 receptor, low-density lipoprotein (LDL) receptor and low-density 
lipoprotein receptor-related protein 12 precursors (Lrp12), that are all crucial for the 
uptake of LDL, was also observed.  Additionally, it was detected an increase of lipoprotein 
lipase precursor (Lpl) that has been associated with the hydrolyzes of triglycerides. 
Finally, Leishmania seems to interfere with the efflux of cholesterol  and phospholipids 
through the downregulation of ATP-binding cassette transporter A1 (ABCA1). The 
diminished expression of sterol 27-hydroxylase (CYP27) is also crucial to block the 
prevention of cholesterol accumulation (Rabhi et al. 2012). The impact of cholesterol was 
already addressed during L. donovani infection, where it depletion from the cytosol is able 
to reduce the extent of infection (Tewary et al. 2006). The disruption of cholesterol 
metabolism in L. major infected cells was actually attributed to the cleavage of the pre-
miRNA processor Dicer enzyme mediated by GP63. The downregulation of miR-122 is 
coupled with low levels of serum cholesterol in VL mice, leading to disease progression 
(Ghosh et al. 2013). The reduction of cholesterol from the membranes, during Leishmania 
infection, alters the membrane fluidity, impairing the antigen-presenting capacity of  the 
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innate immune cells (Chakraborty et al. 2005). In agreement, the replenishment of 
cholesterol to the membrane increases the resistance in LD-infected hamsters (Banerjee 
et al. 2009). More importantly, VL patients present a reduced serum cholesterol that could 
be correlated with the splenic parasite load (Ghosh et al. 2011, Lal et al. 2010). Overall, 
Leishmania have an impact on the modulation of infflux/efflux cholesterol mechanisms, 
which become accumulated intracellularly and potentially available for the parasite.   
 Major alterations concerning the prostaglandin expression were also reported with 
the upregulation of genes encoded for Prostaglandin G/H synthase 2 (COX-2) and PG 
synthase and downregulation of Prostaglandin G/H synthase 1 (COX-1) transcript. 
Despite the absence of COX-2 enhancement at protein levels, these important findings 
highlight a potential activation of arachidonic acid pathway, which is converted to PG 
through the action of COX enzymes (Rabhi et al. 2012). Some authors has already 
demonstrated that PGE2, a arachidonic acid metabolite, favor Leishmania survival and 
progress (Farrell et al. 1987, Reiner et al. 1985), inhibiting the production of inflammatory 
cytokines and ROS production (Belley et al. 1995). One study correlates the increase 
visceralization of L. donovani in malnourished mice (3% protein) with the increased levels 
of PGE2 production in lymph nodes, becoming its barrier function impaired in these mice 
(Anstead et al. 2001). Important transcriptional alterations were observed, during L. major 
infection, in other enzymes of lipid metabolism. The enhancement of stearoyl-CoA 
desaturates 2 (Scd), that is able to regulate the ratio monounsaturated/saturated fatty 
acids, the long chain fatty acid CoA ligase (Acsl1), which associates fatty acids with the 
coenzyme A, the fatty acid-binding protein 4 (FABP4), that binds and controls the 
localization of fatty acids and finally the diacylglycerol O-acyltransferase 2 (Dgat2) 
responsible for the conversion of diacylglycerol (DAG) to triglycerides. Accumulation of 
triglycerides has been highly associated with the formation of lipid droplets, which was 
observed in the same study, early post-infection, in the divinities of the PV. Importantly, 
lipid droplets (LDs) accumulation is independent of parasite viability, being detected also 
in uninfected cells, through paracrine stimulation (Rabhi et al. 2012). More recently, an 
early (15 minutes post-infection) accumulation of LDs in L. major-infected macrophages 
was reported, being most of them free in the cytosol although part of them colocalized 
with the parasites. In fact, live time lapse imaging, allow the observation of a direct 
cumulative recruitment of LDs into the parasites. This suggests that LDs have a quite 
dynamic profile interacting continuously with PV and parasites (Rabhi et al. 2016). Figure 
19 represents the host fatty acid metabolic pathways with some of the enzymes and 
organelles mainly subverted during infection. 
 The foamy profile, as was reported previously, is not exclusive of macrophages, 
DCs infected with L. amazonensis amastigotes also alters host lipid metabolism, with an 
increase of cholesterol and long-chain fatty acids (LVFAs) uptake. In this particular context 
of infection TAG synthesis overcome TAG hydrolysis, at least in DCs recovered from 
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C57BL/6 mice (Lecoeur et al. 2013). This mice is defined as a resistance strain and one of 
the mechanism could be through a restriction access to the host lipids content. 
Additionally, it could be explained by the stringent metabolic state of the amastigotes form, 
as referred previously. The extensive accumulation of LDs, during infection through the 
addition of oleic acid, demonstrates that infected cells have the ability to uptake and 
generate more and larger LDs with higher areas compared to uninfected cells. These LDs 
are in close proximity to the PV suggesting the formation of potential contact zones with 
this intracellular niche (Lecoeur et al. 2013).  
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Figure 19. Fatty acid metabolic network. Fatty acid metabolism requires a coordination 
between glycolysis, tricarboxylic acid (TCA) cycle, fatty acid oxidation (FAO) and fatty acid 
synthesis (FAS). Citrate exported to the cytosol is converted into acetyl-coA initiating the 
fatty acid synthesis network. At this stage the conversion into malonyl-coA secure the fatty 
acid synthesis flow through the inhibition of carnitine palmitoyltransferase 1 (CPT-1) and 
subsequently, fatty acids uptake. The subsequent steps of this pathway culminates with 
LDs formation through the accumulation of tryacylglycerols. The lipid droplets (LDs) 
content can then be released by lipolysis or lipophagy to be part of membranes, to act as 
signaling mediators or for glycerol synthesis (Currie et al. 2013). 

 The formation of LDs are not specific of the mammalian cells, since parasites have 
also the ability to induce their synthesis. In a recent work, it was actually shown that L. 
infantum chagasi promastigotes accumulates LDs during their life cycle, being the higher 
number of LDs found in the metacyclic stage. Concomitantly, an increase of  PGF2α 
expression was also detected. Arachidonic acid, that is a substrate of the parasite PGFS 
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enzyme, enhance the number of LDs as well as the release of PGF2α by the parasite. 
Interestingly PGFS increase during metaclycogensis and is expresses mainly in the LDs, 
suggesting that PGF2α could be important for the parasite virulence and LDs could be 
considered a critical site for the generation of  anti-inflammatory prostaglandins in L. 
infantum chagasi. Strikingly some discrepancies were found concerning the LDs 
recruitment during L. infantum chagasi infection. The authors suggested that the LDs 
detected during infection are mainly from the parasites, since they are only located inside 
the parasite in the infected cells. This quite distinct mechanism needs to be further 
evaluated to understand if the parasites can actually acquire lipids from the host 
contributing for the formation of eicosanoids. These fatty acids intermediates could 
constitute a critical process to diminished macrophage microbicidal capacity (Araujo-
Santos et al. 2014). 

3.2.1.1. Lipid droplets: much more than lipids storage 

 Lipid droplets (or lipid bodies) are present in almost all cell types, being able to 
store and supply fatty acids in all eukaryote and some prokaryote cells. Their main role is 
to secure the balance of lipid availability with metabolic and energetic demand (Pol et al. 
2014). LDs also play important functions in nonadipose tissues. A profound effect of LDs 
accumulation represents a key mark of diverse human diseases such as, fatty liver, 
atherosclerosis, metabolic syndrome, heart failure and cancer cachexia (Krahmer et al. 
2013). LDs have ER-origin, emerging from the ER lipid bilayer or from a subset of ER 
membranes. In eukaryotes, LDs can form de novo by progressive accumulation of neutral 
lipids in ER and fission processes have been suggested mainly due to the presence of a 
mechanism to form new LDs, in yeasts (Long et al. 2012).  
 LDs have been described, in the past, only as lipids-storage compartments. 
Although, nowadays these cellular structures are defined as organelles, being dynamic 
and functionally active (Melo et al. 2012). LDs are composed by a core of neutral lipids, 
mainly TAG and sterol esters, and are surrounded by a phospholipid hemimembrane 
associated with proteins (Murphy 2001, Tauchi-Sato et al. 2002). LDs also comprises 
different types of proteins such as, perilipin family proteins perilipin/PLIN1, adipose 
differentiation-related protein (ADRP/adipophilin/PLIN2), and tail-interacting protein of 47 
kDa (TIP47/PLIN3), which are constitutively associated with the borders of LDs regulating 
lipid metabolism (Brasaemle et al. 2004, Kimmel et al. 2010, Wolins et al. 2001). In 
addition, the presence of enzymes of the lipid metabolism and membrane trafficking 
proteins (GTPases of the Rab family) that are important for vesicular traffic and organelle 
interaction, can also be detected (Wan et al. 2007). Importantly, LDs also contains specific 
protein markers of other organelles, as ER luminal chaperones and components of 
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mitochondrial oxidative phosphorylation (Gao et al. 2015), suggesting two potential 
interaction axis, with the ER and with mitochondria. Moreover, LDs may functions as 
transient sites for proteins that are waiting to be released, delivered, or destructed, 
regulating proteins availability (Welte 2007).  
 During a stress stimulus, LDs can move within the cytosol and establish interaction 
with different organelles. Sometimes the movement of LDs could be bidirectional along 
microtubules (Welte 2009) which could enhance the interaction with other organelles (Pol 
et al. 2004). During infections, LDs can move and interact directly with the pathogen or 
with the PV. In the absence of nutrients, this interaction can occur for example with the 
mitochondria. Such mechanism was demonstrated by Rambold and colleagues, where 
the activation of autophagy and cytosolic lipases release and transfer fatty acids from the 
LDs (in close proximity to mitochondria) to fuel mitochondria FAO pathway. Mitochondria 
needs to be fused in order to direct fatty acids into the FAO pathway. (Rambold et al. 
2015). Interestingly, the LDs and mitochondria interaction actually occurs on detyrosinated 
microtubules, which were post-translational modified due to the nutrient stress conditions. 
This complex network was found to be regulated upstream by AMPK nutrient sensor, 
which increases LD dispersion, reorganize detyrosinated microtubules network and 
increase mitochondria FAO (Herms et al. 2015). LD-mitochondria interaction highlights the 
critical core of LDs in response to nutrient/metabolic stress, an environmental condition 
somehow similar to what happens during infection. 
 The composition of LDs, as a reflection of their dynamic nature, could vary 
depending on the cell type and physiological state (Melo et al. 2012). In cells from the 
immune system, LDs have the entire enzymatic machinery to produce eicosanoids, that 
are mainly inflammatory lipid mediators (Dvorak et al. 1993, Triggiani et al. 1995). 
Macrophages, eosinophils and neutrophils can store arachidonic acid that can be 
associated with phospholipids and/or neutral lipids. In side the LDs are also present the 
major enzymes for eicosanoids synthesis, COX, lypoxygenases (LO) and leukotriene C4 
(LTC4)-synthase are present. Others enzymes such as phospholipase A2 (cPLA2), and 
MAPK proteins, crucial to release arachidonic acid, were similarly found in LDs (Bozza et 
al. 1998, Bozza et al. 1997). It is reasonable to think that host LDs can have a dual role. 
On the one hand LDs may affect immune cell activation establishing an innate immune 
response against pathogens while on the other it may serve as a life-save platform where 
pathogens can acquire nutrients to survive and growth. 
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3.2.1.2. Adipose tissue: a safe niche to the parasite? 

 The dependence of the parasite for the host fatty acids have raised several 
questions, but among them one key question standout: could this type of strategy reflect a 
parasite tropism for the adipose tissue?  
 Several parasites can persist in adipose tissues such as T. cruzi, T. brucei and P. 
berghei, being the more relevant discoveries associated with the first two parasites. In the 
context of T. cruzi infection, some authors have found parasites, quite early during mice 
infection, in the adipose tissue (Shoemaker et al. 1970) and adipocytes (Andrade et al. 
1995). In addition, white adipose tissues (WAT) and brown adipose tissues (BAT) 
constitute important reservoirs for chronic infections in mice and humans (Combs et al. 
2005, Ferreira et al. 2011). In a recent work from Trindade and colleagues it was also 
reported the early presence of T. brucei in mice adipose tissues, more specifically 
between adipocytes, in the interstitial space. Importantly, the authors detected a tenfold 
increase of parasite DNA in adipose tissues than the levels found in blood during the 
chronic stage of the disease. These parasites modify their genetic profile with the 
upregulation of genes that encodes for fatty acid oxidation enzymes. T. brucei can adapt 
to this environment acquiring a different genetic landscape, that ultimately allows the 
parasite survival and replication (Trindade et al. 2016).  
 Overall, adipose tissues could represent an advantage, mainly for chronic 
infections, since adipocytes have a huge half-life in humans (Spalding et al. 2008) and 
mice (Wang et al. 2013). This could be determinant to maintain the chronicity of infection, 
without being noticed. The definition of adipose tissue as a nutrient-rich environment, 
mainly composed by fatty acids, can also ensure the survival of the parasite during 
chronic infections (Tanowitz et al. 2016). A striking mechanism can exemplify the major 
importance of this tissue for chronic infections. T. cruzi-infected mice fed with a high-fat 
diet, presents low parasitemia levels with a reduced myocardial pathology, although a 
significant increase of parasites were detected in WAT. In this tissue the parasite can be 
maintained without major impact for the host (Nagajyothi et al. 2014). Adipose tissue, as 
was already referred, is characterized by an inflammatory environment, being mainly 
occupied by inflammatory activated macrophages, as observed during T. cruzi infection 
(Nagajyothi et al. 2012). Strikingly, an increase of the adiponectin hormone, a negative 
regulator of inflammation, was also observed in the serum and in the adipose tissue of 
mice infected with T. cruzi, counteracting the inflammatory milieu (Combs et al. 2005). 
Although, further studies are needed to address how the parasites can circumvent such 
inflammatory environment. 
 The occupancy of adipose tissue by the parasites raised a major issue in the field 
of drug discovery. Could this niche be in part responsible for the failure of some drugs, 
and subsequently for the relapse episodes? The hydrophobic nature of adipose tissue 
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could account for the inefficacy of the drugs, since most of the drugs are hydrophilic. In 
fact, such phenomenon was observed recently with posaconazole for T. cruzi treatment. 
The drug failure was directly linked to the inability to eliminate parasite in mice adipose 
tissue (Francisco et al. 2015). A striking observation from Trindade et al. demonstrates 
that parasites can be released from the adipose tissue and be relocated into the blood, 
suggesting a potential contribution to the relapses that can occur, after treatment 
(Trindade et al. 2016). 
 The presence of a different form of T. brucei in the adipose tissue, as was referred 
earlier, could account for a higher complexity in the drug treatment field. The same host 
can harbors different forms of parasites, which could represent a variation in the 
expression of specific drug targets, by each parasite form. Is important to have in 
consideration that different niches could reflect different susceptibilities to the drug 
(Tanowitz et al. 2016). 
 The capacity of the parasites to evade host defenses push them further, almost 
obligating the parasites in pursuing other suitable niches to survive and growth. This 
overall reflects the capacity of the parasites to sense the environment, subvert and adapt 
to it. 
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1. Objectives 

 Leishmania parasites develop striking features as a result of a constant interaction 
with their distinct hosts during their life cycle. The remarkable features acquired by the 
parasites during their developmental process, as a reflection of an exquisite genome 
organization, renders them to be more prone to adapt to environmental challenges 
imposed by the host. Within host-parasite interaction, metabolic alterations have been 
recently addressed, as a major event that can influence the host response landscape, 
affecting indeed the parasite fitness and ultimately the infection outcome. Some reports 
were showing important clues regarding the manipulation of macrophages metabolic 
pathways favoring parasite survival, as was shown by the enhancement of the 
transcriptional program of host glycolysis towards lactate formation at early infection times 
(Rabhi et al. 2012). The cleavage of mechanistic target of rapamycin (mTOR) nutrient 
sensor by Leishmania GP63 was one of the first events that might shows a direct 
subversion of the host metabolism by Leishmania parasite (Jaramillo et al. 2011). The aim 
of our first work was build based on the first attempts to unravel host-parasite metabolic 
coupling. In this alignment, we decide to evaluate the dynamic interaction between 
Leishmania and macrophages metabolic profile during infection and also what could be 
the potential mechanism(s) underneath. 
 In our published work, during L. infantum infection, we described a mechanism of 
host metabolic subversion that has a major impact on Leishmania survival. An activation 
of host SIRT1-AMPK axis was found to be crucial to guide the infected cells towards  
mitochondria metabolic pathways, supporting parasite survival, at later time points of 
infection (Moreira et al. 2015). In this alignment and also taking in consideration that 
AMPK and SIRT1 were already implicated in the modulation of macrophages activation 
program, establishing an anti-inflammatory environment, we design our main goal for the 
second work (Mounier et al. 2013, Sag et al. 2008, Schug et al. 2010). We purpose to 
analyze the impact of each nutrient sensor for Leishmania infection immunologic profile, 
trying to clarify the  immunometabolic environment created during infection. 
 The metabolic reprograming, described in our published work, define the 
importance of AMPK in order to establish a metabolic permissive environment for 
Leishmania survival (Moreira et al. 2015). AMPK protein has an impact on different 
pathways affecting particularly those related with mitochondria fatty acid oxidation (FAO) 
metabolism. FAO has been indeed described as a critical modulator of macrophages anti-
inflammatory activation profile (Huang et al. 2014). Within the scope of AMPK-FAO 
modulation we define our last objective where we purpose to study the impact of FAO 
during Leishmania infection. 
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2. Results 

2.1. Leishmania Infantum Modulates Host Macrophage Mitochondrial Metabolism by 
Hijacking the SIRT1-AMPK Axis 

Metabolic manipulation of host cells by intracellular pathogens is currently recognized to 
play an important role in the pathology of infection. Nevertheless, little information is 
available regarding mitochondrial energy metabolism in Leishmania infected 
macrophages. Here, we demonstrate that during L. infantum infection, macrophages 
switch from an early glycolytic metabolism to an oxidative phosphorylation, and this 
metabolic deviation requires SIRT1 and LKB1/AMPK. SIRT1 or LBK1 deficient 
macrophages infected with L. infantum failed to activate AMPK and up-regulate its targets 
such as Slc2a4 and Ppargc1a, which are essential for parasite growth. As a result, 
impairment of metabolic switch caused by SIRT1 or AMPK deficiency reduces parasite 
load in vitro and in vivo. Overall, our work demonstrates the importance of SIRT1 and 
AMPK energetic sensors for parasite intracellular survival and proliferation, highlighting 
the modulation of these proteins as potential therapeutic targets for the treatment of 
leishmaniasis. 

Reprinted PLoS Pathog  2015 Mar 11(3): e1004684. doi:10.1371 
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S1 Fig. Bioenergetic profile of live L. infantum infected cells. BMMo were infected with 
live or irradiated L. infantum (1:10 ratio) for 6 and 18 hours. At each time point ECAR (A) and 
OCR (B) was determined in real time under basal conditions and in response to the indicated 
mitochondrial inhibitors. One representative experiment is shown from eight independent 
experiments. (*p <0.05). 
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S1 Table. List of primers used for qPCR 

Genes Forward Sequence Reverse Sequence Accession 
number 

Pfk GGAGGCGAGAACATCAAGCC CGGCCTTCCCTCGTAGTGA 
NM_008826 

Pdk1 GGACTTCGGGTCAGTGAATGC TCCTGAGAAGATTGTCGGGGA 
NM_172665 

Pkm2 TTGCAGCTATTCGAGGAACTCCG CACGATAATGGCCCCACTGC 
NM_001253883 

Ldha TGTCTCCAGCAAAGACTACTGT GACTGTACTTGACAATGTTGGGA 
NM_001136069 

Ppargc1a AGCCGTGACCACTGACAACGAG GCTGCATGGTTCTGAGTGCTAAG 
NM_008904 

Ppargc1b TGCCACAACCCAACCAGTCTCA AGCAGTCTCCAGCAGCCCAAAG 
NM_133249 

Slc2a1 CCAGCTGGGAATCGTCGTT AAGTCTGCATTGCCCATGAT 
NM_011400 

Slc2a4 ACATACCTGACAGGGCAAGG CGCCCTTAGTTGGTCAGAAG 
NM_009204 

Sirt1 AGAACCACCAAAGCGGAAA TCCCACAGGAGACAGAAACC 
NM_001159589 

Sirt3 TGCTACTCATTCTTGGGACC CACCAGCCTTTCCACACC 
NM_001127351 

Sirt6 CATGGGCTTCCTCAGCTTC AACGAGTCCTCCCAGTCCA 
NM_181586 

HkI CGGAATGGGGAGCCTTTGG GCCTTCCTTATCCGTTTCAATGG 
NM_001146100 

HkII TGATCGCCTGCTTATTCACGG AACCGCCTAGAAATCTCCAGA 
NM_013820 

Pkm1 TTGTGCGAGCCTCCAGTC ACTCCGTGAGAACTATCAAAGC 
NM_001253883 

Ndufa9 TGGGAGAGAAGGAAGTGAGAAG CACAGCAAGAAACCAACGATAA 
NM_025358 

Cox4 TGGCAAGAGAGCCATTTCTACT GTGGGGAAAGCATAGTCTTCAC 
NM_009941 

Sdha AATTAAGGCAAATGCTGGAGAA TGCATGTTTAGGCGTAGTTCTG 
NM_025333 

Complex III 
core I 

GGCTACTTTTTGGAACATCTGG GCCCCAATACTCTCTACCTCCT 
NM_025407 

Complex III 
core II 

AGAGAGCAGAATGGAGACAACC AGCACCAAGAAGATGCTGAAGT 
NM_025899 

Atp synthase 
subunit b 

GTGGTTCGTTCATCTGTCCATA GTATTTGCTGGTGTTGGTGAGA 
NM_009725 

nuclDNA 
(Pecam 1) 

ATGGAAAGCCTGCCATCATG TCCTTGTTGTTCAGCATCAC 
NC_000077.6 

mtDNA (NADH 
dehydrogenase 1, 

mitochondrial) 
CCTATCACCCTTGCCATCAT GAGGCTGTTGCTTGTGTGAC 

NC_005089.1 

RPS29 CACCCAGCAGACAGACAAACTG GCACTCATCGTAGCGTTCCA 
NM_009093 
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S2 Fig. Profile of irradiated L. infantum 
promastigotes.  
L. infantum promastigotes were irradiated to 3000 Gy. (A) The viability of irradiated and 
non-irradiated parasites (live; corresponding to the same batch of parasites) was 
determined by 7-AAD staining in flow cytometry. (B) One representative example at 6 and 
18 hours after the irradiation is depicted. BMMo were infected with live or irradiated L. 
infantum promastigotes (immediately after irradiation). (C) The percentage of infected 
macrophages was quantified until 24 hours pi. (D) Live and irradiated parasites were 
cultured at 1 x 106 parasite/ml and followed during four days. The culture density was 
quantified at a daily basis. One representative experiment is shown from three 
independent experiments. (NS – non significant; *p <0.05; **p<0.01). 
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S3 Fig. Transcriptional control of glycolytic enzymes during L. infantum infection.  
(A) Representative scheme of the glycolytic pathway highlighting the enzymes analyzed (in 
red). (B) BMMo were infected with live or irradiated L. infantum (1:10 ratio). The transcription 
levels of the glycolytic genes Hk1, Hk2, Pkm1 were analyzed by qPCR in defined time points. 
Means ± SD are from three independent experiments. (C) Hk1, Hk2 and Pkm1 transcripts 
were determined in naïve and infected splenic macrophages analyzed ex-vivo at 12 and 48 
hours post-infection. Means ± SD are from four individual animals. (D) BMMo were infected 
with live axenic L. infantum amastigotes or promastigotes (1:10 ratio). The transcription levels 
of the glycolytic genes Pfk, Pdk1, Pkm2 and Ldha were analyzed by qPCR in defined time 
points. (E) LDH activity and lactate secretion were analyzed in the latter condition. Means ± 
SD are from two independent experiments. (*p <0.05, **p <0.001) Significant differences 
related to uninfected BMMo (#p <0.05, ##p <0.001). 
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S4 Fig. Enhancement of mitochondrial function at later stages of L. infantum 
promastigotes and amastigotes infection.  
BMMo were infected with live and irradiated L. infantum (1:10 ratio). At 6 and 18 hours post-
infection the transcript levels of Ndufa9 and Cox4 (A) as well as Sdha, Complex III core I, 
Complex III core II and ATP synthase subunit b (all at 6 hours) were analysed by qPCR (B). A 
similar quantification was performed in naïve and infected macrophages recovered from the 
spleen of Balb/c mice after 12 and 48 hours of infection (C). BMMo were infected with live 
axenic L. infantum amastigotes or promastigotes (1:10 ratio). The Ppargc1a transcript (D) 
and the mtDNA/nDNA ratio were determined (E). Means ± SD are from three independent 
experiments. (*p <0.05, **p <0.001, ***p <0.0001). 
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S5 Fig. Energetic and glycolytic fluctuations during L. infantum infection. 
BMMo were infected with live and irradiated L. infantum (1:10 ratio). At different time points of 
infection AMP (A) and ATP (B) absolute levels were determined. Total ATP levels were 
determined in cells infected at different parasite doses (C) or in sorted infected and bystander 
cells (D). BMMo were infected with live axenic L. infantum amastigotes or promastigotes and 
the total levels of ATP were determined (E). At 10 hours post-infection, the levels of AMPK-P-
Thr172 and AMPK were quantified. Graphic represents the corresponding densitometry 
analysis. Means ± SD are from two independent experiments (F). The levels of AMPK-P-
Thr172, AMPK and PGC-1α were similarly quantified in uninfected and L. infantum infected 
BMMo recovered from LKB1-KO 14 hours p.i.. Graphic represents the corresponding 
densitometry analysis Means ± SD are from two independent experiments (G). The 
transcription levels of GLUTS were analyzed by qPCR.  Slc2a2 and Slc2a3 transcripts from 
WT infected BMMo (H), Slc2a1 and Slc2a4 from naïve, L .infantum infected splenic 
macrophages (I) and irradiated L. infantum BMMo (J). Means ± SD are from three 
independent experiments. (*p <0.05, **p <0.001, ***p <0.0001). Significant differences related 
to uninfected BMMo (#p <0.05, ##p <0.001). 
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S6 Fig. Glucose uptake and bioenergetic profile of L. infantum AMPK KO infected 
BMMo.  
BMMo from WT and AMPK KO cells were infected with L. infantum (1:10 ratio) for 18 hours. 
(A) The glucose uptake (2-NBDG staining) was measured as well as (B) the OCR and ECAR 
real-time values under the effect of distinct mitochondria inhibitors. (C) The OCR/ECAR ratio 
is shown. Means ± SD are from three independent experiments (**p <0.001). 
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S7 Fig. Absence of transcriptional modifications on SIRT3 and SIRT6.  
(A) BMMo were infected with live and irradiated L. infantum (1:10 ratio) at different time 
points of infection. The transcriptional profile of Sirt3 and Sirt6 transcripts were analysed at 
different time points. (B) BMMo from WT, SIRT1 mut and SIRT1 KO were infected with L. 
infantum (1:10 ratio) and the glucose uptake was measured by 2-NBDG staining. Means ± 
SD are from three independent experiments (*p <0.05). 
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S8 Fig. Absence of AMPK leads to a shift on macrophage polarization during L. 
infantum infection.  
BMMo were infected with L. infantum (1:10 ratio). The transcriptional profile of iNOS and 
Arg1 transcripts (A) and their ratio (B) were analyzed at 24 hours post-infection (*p <0.05 
**p<0.01). 
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S9 Fig. AICAR effects on infection are not associated to a concomitant inhibition of a 
potential Leishmania AMPK ortholog.  
L. infantum promastigotes were treated with AICAR, AICAR+compound c (cc) or compound c 
for 18 hours (A) Growth curve and (B) viability of untreated and treated parasites were 
analysed for the 5 days of culture. (C) BMMo were infected with parasites treated with 
AICAR, AICAR+compound c or compound c and the infection rate was determined. The 
percentage of infected macrophages was quantified at 24 hours pi. Means ± SD are from 
three independent experiments. (*p <0.05, **p <0.001, ***p <0.0001). Significant differences 
related to untreated parasites (#p <0.05, ##p <0.001, ###p <0.0001).
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2.2. Leishmania infantum modulates macrophage SIRT1-AMPK axis towards a 
permissive immunologic environment 

Leishmania survival and persistence within macrophages is achieved through the 
manipulation of host immunologic status towards an anti-inflammatory milieu. Leishmania-
infected macrophages are polarized towards an anti-inflammatory M2-like phenotype 
being characterized by a dependency on mitochondria metabolism. In opposition, 
activation of macrophages with pro-inflammatory stimuli (M1 macrophages) leads to a 
predominance of a glycolytic metabolism and ability to resolve Leishmania infection. We 
have previously demonstrated the importance of SIRT1 and AMPK for L. infantum 
survival. Both proteins were activated during an acute phase of infection and proved to be 
responsible for a metabolic deviation towards mitochondria metabolism associated with 
the establishment of an anti-inflammatory niche. In this context, it is crucial to identify and 
define the role of SIRT1 and AMPK in the establishment of an inflammatory/anti-
inflammatory environment and its potential impact on Leishmania survival. In the current 
work, we demonstrated an increase in the transcription of M2-associated markers (Arg1 
and Ym1) with a concomitantly decrease of nitric oxide (NO) secretion by infected 
macrophages at later time points of infection. In opposition, the absence of SIRT1 and 
AMPK in infected macrophages led to the establishment of an inflammatory environment 
characterized by the increase transcription M1-associated markers (iNOS and Cxcl9) as 
well as an increase of inflammatory cytokines (IL-6, IL12p40 and TNF-alpha). 
Interestingly, a downregulation of the transcription of anti-inflammatory markers and IL-10 
secretion appears to be restricted to macrophages devoid of AMPK protein. In vivo, 
employing myeloid-specific SIRT1 or AMPK knockout mice, we demonstrated that during 
Leishmania infection an inflammatory niche is settle during Leishmania infection 
associated with the production of inflammatory cytokines, namely IL-12 and TNF-α, by 
macrophages and CD4+ /CD8+ T cells, respectively. Ultimately, the absence of SIRT1 and 
AMPK allowed the development of an innate and adaptive response against L. infantum, 
as shown by the reduced splenic, hepatic and bone marrow parasite load. Overall, our 
data demonstrated the crucial role of SIRT1 and AMPK in the establishment of an 
immunologic environment permissive to Leishmania parasite. 

To be submitted 

�155



Objectives and results

156



Objectives and results

Leishmania infantum modulates macrophage SIRT1-AMPK axis 
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Abstract 

Leishmania survival and persistence within macrophages is achieved through the 
manipulation of host immunologic status towards an anti-inflammatory milieu. Leishmania-
infected macrophages are polarized towards an anti-inflammatory M2-like phenotype 
being characterized by a dependency on mitochondria metabolism. In opposition, 
activation of macrophages with pro-inflammatory stimuli (M1 macrophages) leads to a 
predominance of a glycolytic metabolism and ability to resolve Leishmania infection. We 
have previously demonstrated the importance of SIRT1 and AMPK for L. infantum 
survival. Both proteins were activated during an acute phase of infection and proved to be 
responsible for a metabolic deviation towards mitochondria metabolism associated with 
the establishment of an anti-inflammatory niche. In this context, it is crucial to identify and 
define the role of SIRT1 and AMPK in the establishment of an inflammatory/anti-
inflammatory environment and its potential impact on Leishmania survival. In the current 
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work, we demonstrated an increase in the transcription of M2-associated markers (Arg1 
and Ym1) with a concomitantly decrease of nitric oxide (NO) secretion by infected 
macrophages at later time points of infection. In opposition, the absence of SIRT1 and 
AMPK in infected macrophages led to the establishment of an inflammatory environment 
characterized by the increase transcription M1-associated markers (iNOS and Cxcl9) as 
well as an increase of inflammatory cytokines (IL-6, IL12p40 and TNF-alpha). 
Interestingly, a downregulation of the transcription of anti-inflammatory markers and IL-10 
secretion appears to be restricted to macrophages devoid of AMPK protein. In vivo, 
employing myeloid-specific SIRT1 or AMPK knockout mice, we demonstrated that during 
Leishmania infection an inflammatory niche is settle during Leishmania infection 

associated with the production of inflammatory cytokines, namely IL-12 and TNF-α, by 

macrophages and CD4+ /CD8+ T cells, respectively. Ultimately, the absence of SIRT1 and 
AMPK allowed the development of an innate and adaptive response against L. infantum, 
as shown by the reduced splenic, hepatic and bone marrow parasite load. Overall, our 
data demonstrated the crucial role of SIRT1 and AMPK in the establishment of an 
immunologic environment permissive to Leishmania parasite. 

Introduction 

 Leishmania spp. are the causative agent of leishmaniasis, a neglected tropical 
disease transmitted by the bite of an infected female sandfly [1]. The parasite after being 
immediately inoculated into the skin, initiates an immunologic contest with their host. In 
this particular interaction, macrophages are a central player, being considered an 
immunoprivileged site for Leishmania survival [2]. Interestingly, such niche has been 
considered deleterious for many pathogens, reflecting a remarkable strategy employed by 
Leishmania to subvert macrophage functions. 
 Macrophages are one of the first cell population to arrive at the site of infection. 
Apart from this role as an early cellular barrier, macrophages can in fact define the 
adaptive immune system influencing ultimately, the host response [2]. These cells 
presents a huge heterogeneity and plasticity, having the ability to change their activation 

status within a spectrum of different profiles [3]. They vary from an inflammatory to an anti-
inflammatory profile, accordingly to the stimuli, being this immunologic shift accompanied 
by metabolic alterations. For instance, macrophages treated with LPS or IFN-γ acquire 
simultaneously an inflammatory and a glycolytic profile, reflecting on an increase of 

microbicidal functions. Oppositely, when submitted to IL-4 or IL-13 an anti-inflammatory 
status is achieved with a reliance on mitochondrial metabolic pathways. In this context, 
macrophages develops an immunomodulatory role with poor microbicidal capacity [4].  
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 Different sets of pathogens have evolved to modulate macrophages activation 
profiles. Leishmania is not an exception, it survival and persistence within these cells is 
achieved through the manipulation of host immunologic status towards an anti-
inflammatory milieu. One of the first reports addressing this issue shows, that Balb/c mice 
harboring a deletion of IL4Ralpha, specifically in macrophage/neutrophil lineage, shows a 
decrease of disease progression, during L. major infection. In such context, was observed 
an increase of macrophages microbicidal functions and simultaneously a decrease of 
arginase I expression [5]. A more recent work described an anti-inflammatory profile of 

monocytes and macrophages recovered from post kala-azar dermal leishmaniasis (PKDL) 

patients. An increase of gene markers as Cd206, Arg1 and Pparg were observed in both 
cell types as well as an enhancement of CD206 and arginase-1 expression in 
macrophages [6]. In such model, Leishmania is able to circumvent the inflammatory 
program of monocytes/macrophages in order to establish an anti-inflammatory 
environment. In this alignment an interesting strategy has been acquired by L. donovani 

parasites through the manipulation of host PPARγ, which is a crucial transcription factor 
that modulates arginase I expression. The authors suggested a potential role of PPARγ in 
L. donovani survival given an increase of of the PPARγ during Balb/c infection, in the liver, 
spleen and in the peritoneal exudate.[7]. All of the referred proteins are commonly used as 
hallmarks of macrophages anti-inflammatory profile [3]. 
 We have previously defined a striking mechanism, used by L. infantum parasites, 
that was proved to be crucial to ensures a metabolic permissive niche. These parasites 
modulate macrophages AMPK and SIRT1 nutrient sensors, inducing a metabolic deviation 
towards mitochondria metabolism in order to sustain parasite survival. In particular, the 
absence of AMPK drives infected macrophages to a glycolytic profile accompanied by an 
increase ratio of iNOS/Arg1. The presence of lower levels of parasite DNA in mice-
myeloid restricted to SIRT1 or AMPK suggests the establishment of an inflammatory 
environment [8]. Interestingly, the role of AMPK has been addressed in a context of 

inflammation [9]. This protein dampens NF-kB signaling, not directly but through the 
phosphorylation of SIRT1, FOXOs, PGC-1α and p53 [10-12]. Moreover, the inhibition of 

mTORC1 by AMPK, in response to energy deprivation, and subsequently HIF-1α 
impairment blocks the formation of an inflammatory cytokine environment. The impact on 
these inflammatory pathways can ultimately alter macrophages activation into an anti-

inflammatory profile [13]. Apart from NF-kB deacetylation, SIRT1 also modulates 
inflammatory pathways through the impairment of the transcription factor activator 
protein-1 (AP-1). Similarly to AMPK, SIRT1 also drives macrophages polarization towards 
an anti-inflammatory profile [14]. Nevertheless, It remains unknown the potential role of 
SIRT1 and AMPK for the establishment of a permissive immunologic environment, during 
Leishmania infection. 
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 In the current work, we observed that L. infantum-infected bone marrow 
macrophages (BMMo) exhibits an increase in the transcription of anti-inflammatory 
associated markers (Arg1 and Ym1) with a concomitantly decrease of nitric oxide (NO) 
secretion, at a later time point of infection. The absence of SIRT1 and AMPK in infected 
BMMos lead to the establishment of an inflammatory environment characterized by the 
increase transcription of inflammatory-associated markers (iNOS and Cxcl9) as well as 

the secretion of inflammatory cytokines as, IL-6, IL12p40 and TNF-α. The subsequent 

downregulation of anti-inflammatory gene markers and IL-10 secretion are only observed 
in the absence of AMPK. Strikingly, SIRT1-depleted BMMos infected with Leishmania 
shows apparently, a glycolytic and a mitochondrial metabolic profile, simultaneously.  
 In myeloid-specific SIRT1 or AMPK knockout mice, Leishmania can not circumvent 
the inflammatory niche mounted, which is observed through the production of 
inflammatory cytokines by splenic macrophages and T cells. This type I immune response 
generated against Leishmania, reflects ultimately the parasite decrease in the liver, bone 
marrow and in the spleen. In the latter the differences in parasite load are only significants 
for AMPKMac KO mice [8]. 
 Our results highlights distinct immunologic roles develop by SIRT1 and AMPK 
during L. infantum infection, and the potential contribution for the establishment of a 
permissive niche for Leishmania survival. 

Results 

1. Leishmania infantum gradually polarizes macrophages to an anti-inflammatory 
phenotype over time 

 To understand more deeply the impact of Leishmania parasites on macrophages 
activation program during infection, we analyzed the transcription levels of iNOS and 
Arg1, which are considered two important hallmarks of macrophages activation profile. 
Bone marrow derived macrophages (BMMos) infected (1:10 cell:parasite ratio) with live L. 
infantum parasites shows a progressive decrease of iNOS, accompanied by a 
concomitantly increase of Arg1 transcripts, over time (Figure 1A). The secretion of nitrite 
(NO2-), one of the metabolites that results from Nitric oxide (NO) oxidation, was observed 
to be significantly enhanced until 10hours post-infection (p.i.), being its levels immediately 
reverted, almost at control levels, at 24hours p.i. (Figure 1B). An opposite phenotype was 
observed with the transcription of Arg1, which starts to be unregulated at that exact time 
point. This results suggests that arginine has been used preferentially as a substrate for 
arginase 1, as observed in the Figure 1B. The establishment of a macrophage anti-
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inflammatory profile, in the context of L. infantum infection, was corroborated with the 
transcriptional analysis of polarization hallmark genes ex vivo, at 48hours post-infection. 
Here,  infected-macrophages recovered from the spleen of Balb/c mice, exhibit a 
transcriptional increase of Arg1 and Ym1 (M2 markers) with no alterations of Cxcl9 and 
iNOS (M1 markers) genes (Figure 1C). 
 As conclusion, ours results demonstrated that L. infantum can gradually modulate 
macrophages activation program towards an an anti-inflammatory profile, resembling  an 
M2-like macrophage phenotype. Importantly, this inflammatory shift is actively induced by 
the parasite, since the irradiated parasites were unable to promote it. 

2. In the absence of AMPK and SIRT1 Leishmania drives macrophages polarization 
towards a macrophage inflammatory profile 

 We have previously addressed the role of SIRT1 and AMPK nutrient sensors in the 
establishment of a metabolic permissive niche for L. infantum. AMPK-KO macrophage 
infected with Leishmania displayed a glycolytic profile associated with a simultaneous 
increase of iNOS/Arg1 ratio, which suggests the implementation of an inflammatory profile 
[8].  
 To evaluate in more detail if both proteins can actually modulate macrophages 
activation, during L. infantum infection, we determined transcriptionally the expression of 
inflammatory/anti-inflammatory markers in infected-BMMos from mice myeloid-restricted 
to AMPK or SIRT1. In such context, we denoted an upregulation of Cxcl9 and iNOS 
hallmark genes of inflammatory macrophages,  in AMPK or SIRT1 KO macrophages when 
compared to the WT. A decrease of anti-inflammatory markers as, Fizz1, Ym1 and Arg1, 
was observed in the absence of AMPK, while only Fizz1 transcript was found reduced 
during SIRT1 deprivation (Figure 2A). Overall, these results reflects an immunologic 
balance towards the inflammatory markers in the absence of AMPK (Figure 2B). During 
SIRT1 abrogation, no alteration was observed (Figure 2B).  
 To assess the functionality of this distinct macrophage profiles, we measured the 
cytokines secretion levels during L. infantum infection. We denoted an increase on the 

levels of inflammatory cytokines as IL-6, IL-12p40 and TNF-α in the absence of AMPK, 
compared to the WT and to the non infected cells (Figure 2C). In opposition, a significant 

decrease of IL-10, an anti-inflammatory cytokine, was denoted in relation to the WT. 
Similarly to AMPK KO, in macrophages SIRT1-depleted or with a mutation on the catalytic 
domain, an increase secretion of IL-6 and IL-12p40, in comparison with the WT and the 
non infected macrophages (figure 2D) were also observed. Moreover, it was also possible 

to depict a higher secretion of TNF-α in relation to the non infected cells. In these 
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conditions, no alterations were observed concerning IL-10 secretion compared to the WT 
or the non infected cells. 
The immunologic profile described in vitro for infected SIRT1-depleted macrophages is 
actually accompanied by striking metabolic alterations. The bioenergetic profile of 
infected-WT and -AMPK KO macrophages were analyzed previously by us. The former 
presents an increase of OCR and the latter shows a clear enhance of ECAR levels [8]. In 
the current work, we observed, by extracellular flux analyzer, a simultaneous increase of 
Oxygen consumption rate (OCR) and Extracellular acidification rate (ECAR) (Figure 3A). 
In WT mice we only detected an increase in  the OCR levels. The reliance on both 
metabolic pathways can be clearly detected by the bioenergetic profile traced in real time 
(Figure 3B) and also by the rapid recovery of ATP to higher levels, than the WT and 
AMPK KO macrophages (Figure 3C). Altogether, this data suggests that AMPK and 
SIRT1, in vitro, may develop distinct roles in an immunological context, during L. infantum 
infection. 

3. An inflammatory environment is established during Leishmania infection in 
AMPK or SIRT1 mice myeloid-restricted 

 We have previously demonstrated the crucial role for SIRT1-AMPK axis in the 
control/susceptibility to Leishmania infection. The absence of each of these proteins was 
associated with a significant reduction on the parasite burden at 10 days of infection [8]. 
Given that the data above demonstrated considerable differences in terms of macrophage 
polarization markers as well as in the secretion of cytokines in vitro, we pursued to 
evaluate the potential impact of such proteins in the immune response during an in vivo 
challenge. Both knockout mice presented an increase number of splenocytes compared to 
infected WT and non infected mice during the acute phase of the infection (10 days) 
(Figure 4A). Although no major alteration on the number of macrophages (Figure 4A) 
and DCs (data not shown), were observed, we detected significant differences in 
macrophages activation status. The analysis of intracellular cytokine production on 
uninfected and infected WT and KO mice displayed an increase of the absolute numbers 

of IL-12+ or TNF-α+ producing macrophages are increased in infected-SIRT1 and -
AMPKMac-KO mice. This increase were even more pronounced  in SIRT1 KO model 
being observed already in the percentile number of macrophages producing IL-12 and 
TNF-α (Figure 4B). Overall, these data highlights the generation of an inflammatory 

environment in the spleen of L. infantum AMPK or SIRT1 KO mice. This inflammatory 
status is associated with the formation of an adaptive immune response against L. 
infantum infection, in both mice models. In this alignment, we detected a significant 
increase of CD4+T cells, but not CD8+ T cells, in the spleen of infected-SIRT1Mac-KO 
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mice in comparison to the WT (Figure 5A). Additionally, we also denoted alterations on 

the activation profile of these lymphocyte populations, more precisely, in the increase of 
IFN-γ+ producing CD4+T cells in both mice models, compared to WT and to non infected 
mice. No remarkable alterations were verified for TNF-α+, Il-6+ and IL-10+ producing 

CD4+T cells (figure 5B). However, it should be noticed, that a tendency to increase the 
number of IL-10+ producing CD4+T cells was observed in non infected SIRT1 KO mice 
and such level, is eventually sustained in its infected counterpart. 

 These phenotypes were even enhanced in CD8+T cells we detected major 
alterations compared to CD4+T cells. A higher production of IFN-γ and IL-6 were detected 
in infected-SIRT1Mac-KO mice accompanied by an increase of TNF-α were depicted in 
CD8+T cells, in both mice models. IL-10+ producing CD8+T cells do not change 
significantly (Figure 5C). These results demonstrate that in the absence of AMPK or 
SIRT1 a prevalence of macrophages inflammatory profile is encountered, although at a 
higher extent in the latter mice model. This can in turn activate the helper and cytotoxic T 
cells that might ultimately influence macrophages for the Leishmania clearance. 

Discussion 

 Our data highlights two potential players, AMPK and SIRT1 in the modulation of 
Leishmania-host immunologic interaction. The absence of each protein alters 
macrophages towards an inflammatory profile, which dictates ultimately, a splenic T cell 
activation into a T helper-1 (Th1) citokine environment. The modulation of macrophages 
profile can constitute an important strategy adopted by Leishmania in order to subvert and 
manipulate host immune response towards an anti-inflammatory permissive niche. Our 
data, shows a progressive alteration of macrophages activation into an anti-inflammatory 
program, with a gradual increase of Arg1 transcript, loosing simultaneously their 
microbicidal capacity (NO secretion), during L. infantum infection. Such mechanism is 
controlled through a direct action of the parasite, since irradiated parasites were not able 
to modulate macrophages activation profile. Additionally, the modulation of splenic 
macrophages activation phenotype seems to be induced quite early (48 hours) after mice 
infection, with the increase transcription of anti-inflammatory hallmark genes. This data 
may indicate the striking ability of the parasites to promptly adapt and manipulate 
macrophages immune functions.  
 We have previously defining the importance of SIRT1-AMPK axis for L. infantum 
survival by the activation of macrophages mitochondrial pathways [8]. AMPK and SIRT1 
nutrient sensors, apart from their role in metabolic modulation, have an impact on 
inflammation and subsequently in macrophages polarization, driving macrophages 
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activation to an anti-inflammatory program [9, 14]. Indeed, the absence of AMPK or SIRT1 
proteins impairs L. infantum macrophages infection rate [8]. Our current work explore the 
immune status associated with such parasite clearance in these KO mice. Indeed, our 
data demonstrates that parasite elimination is associated with the establishment of a 
macrophage inflammatory profile, proved by the higher expression of inflammatory 
hallmark genes. Interestingly, SIRT1 KO macrophages shows predominantly an 
inflammatory profile, with the sustaining levels of IL-10 cytokine, at 18hours post-infection, 
exhibiting simultaneously an upregulation of glycolysis and mitochondria respiration. In 
infected SIRT1 KO macrophages the correlation between the inflammatory status and 
metabolism is not so clear as for AMPK KO macrophages. This data already indicate the 
different impact of each nutrient sensor for L. infantum immunologic environment. 
 The particular immunologic environment of SIRT1 KO macrophages, in vitro, is 
supported by metabolic alterations, with glycolysis and mitochondrial respiration being 
concomitantly upregulated. Despite the differences found between AMPK and SIRT1 KO 
macrophages, is important to mention that the infection rate, at a later time point of 
infection (18 hours), is similar [8]. At 6 hours post-infection we noticed a lower infection 
rate (not significant) on the AMPK KO in relation to SIRT1 KO macrophages. Within the 
time frame of 6-18 hours of infection, SIRT1 KO macrophages shows the ability to resolve 
more drastically the infection in relation to AMPK KO macrophages (data not shown). 
SIRT1 KO macrophages need to clear more rapidly and efficiently the parasites in order to 
obtain a similar infection rate at 18 hours of infection. At the light of these results, we could 
speculate that after 6 hours post-infection, SIRT1 KO macrophages might have a higher 
boost of inflammation, being such mechanism responsible for a more efficient parasite 
killing. As a consequence of this inflammatory environment, IL-10 levels are not impaired, 
and eventually it may raised to higher levels, at later time points, further than 18 hours. 
The role of IL-10 during infection could be critical to control a possible exacerbation of 
inflammation, which may indicate that infected-SIRT1 KO macrophages may in fact be 
more inflammatory. In fact, some authors claim that, in the particular case of VL, the 
disease progression is accompanied by the presence of Th1 cytokines with a concomitant 
accumulation of IL-10, which plays an immunosuppressive role in this disease context 
[15-17].  
 In an in vivo context, an inflammatory environment is established in macrophages 
depleted of AMPK or SIRT1, being these cells more prone to activate the adaptive 
immune system into a type I immune phenotype. Interestingly, a higher inflammatory 
context was found in Mac-SIRT1 KO mice, mainly by the ability to increase at a higher 

extent the levels of splenic macrophages producing IL-12 and TNF-α cytokines. IL-12 

produce by APCs, has a particular role in mediating the activation of T cells towards a Th1 
type of response, during Leishmania infection [18]. In fact, this type of T cell polarization is 
present in both mice model, although once again more evident, in Mac-SIRT1 KO by the 
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increment of CD4+ T cells producing IFN-γ. Additionally, a more pronounced inflammatory 
activation of cytotoxic CD8+ T cells were also clearly observed, accompanied by the 
production of IFN-γ, IL-6 and TNF-α cytokines. Importantly the production of IFN-γ by 

CD4+ or CD8+ T cells represents a hallmark for the activation of macrophages microbicidal 
functions [2]. Of note, the levels of CD4+ T and CD8+ T cells producing IL-10, are 
sustained in both mice models. Overall, a protective response to Leishmania has been 
apparently mounted, in the absence of SIRT1 or AMPK. Although, we have already 
published that a significant decrease of the parasite load was only noticed in Mac-AMPK 
KO mice. In the spleen, despite the fact that Mac-SIRT1 KO mice seem to present a more 
evident inflammatory status, the parasites are not eliminated, at this particular time frame 
[8].  
 We could not discard that AMPK protein is still present and able to be activated, in 
the SIRT1 KO system. The drop of ATP levels, and the production of IL-10 could actually 
constitute important triggers for AMPK activation in a SIRT1-independent manner [19]. We 
could speculate that the sustain levels of IL-10 detected in vitro and ex vivo might be 
above of a certain threshold level needed to activate AMPK, at least at some extent. In our 
published work, we detected a significant activation of AMPK in splenic macrophages of 
infected-SIRT1Mac KO mice, however the extent of activation was lower compared to the 
WT [8]. Moreover, in an in vivo context we have to consider the existence of additional cell 
sources able to produce IL-10. In our current work, we were able to detect two main 
sources such as CD4+ and C8+ T cells, that might promote a more significant AMPK 
activation in vivo. It was recently addressed that AMPK is indeed required for the 
activation of IL-10 anti-inflammatory pathways regulating the macrophages functional 
polarization [20]. The role of AMPK-IL-10 signaling pathway might support, the metabolic 
and immunologic alterations established in vitro and ex vivo by L. infantum, in the 
absence of SIRT1. Altogether, the environment promoted by Mac-SIRT1 KO mice, guided 
by immunologic and metabolic cues can be somehow a strategy adopted by the parasites, 
to this particular environment context, reflecting the huge plasticity of these parasites. 
Importantly these results reinforce once again the crucial role of AMPK during Leishmania 
infection, given that in its absence, macrophages may impair apparently any subversion 
strategy that may be employed by the parasite.   
 As conclusion, the absence of AMPK or SIRT1 may perturb, differently the 
immunologic response against L. infantum. We may suggest that the absence of SIRT1 
may trigger an immunologic unbalance favoring, at some extent, in a context of 
Leishmania infection, the presence of an anti-inflammatory environment. This could 
represent an immune evasion strategy that may precipitate the establishment of a chronic 
infection, even with the resolution of the infection in the liver. 
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Materials and methods 

Animals and Parasites 

Balb/c, Mac-Sirt1 KO mice with 98% C57BL/6 background (myeloid cell-specific Sirt1 

knockout mice),  Mac-AMPKα1 KO, Mac-LKB1 KO and the respective littermate lox 

controls (Lysozyme-Cre+/+ Sirt1flox/flox) mice were maintained at the Instituto de Biologia 
Molecular e Celular (IBMC, Porto, Portugal)  laboratory conditions, in sterile cabinets and 
allowed food and water ad libitum. All animals used in experiments were aged from six to 
twelve weeks. The enzyme-dead Sirt1-H355Y mice and the respective littermate lox 
controls were maintained at the animal facilities of Ottawa Hospital Research Institute. RS 
has an accreditation for animal research given from Portuguese Veterinary Direction 
(Ministerial Directive 1005/92). A cloned line of virulent L.infantum (MHOM/MA/67/
ITMAP-263) was maintained by weekly subpassages at 26°C in RPMI 1640 medium 
(Lonza, Swtzerland) supplemented with 10% heat-inactivated Fetal Bovine Serum - FBS 
(Lonza, Switzerland), 2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 
20 mM HEPES buffer (BioWhittaker, Walkersville, MD). Only L.infantum promastigotes 
under four to ten passages were used in the experiments.  

In vitro bone marrow macrophages differentiation and infection 

Bone marrow precursors were recovered with DMEM medium after flushing femurs and 
tibias from the hind legs of Balb/c, AMPK KO mice, LKB1 KO, Sirt1 KO and Sirt1 mutant 
as described previously [38] with minor modifications. The hind legs of Sirt1 KO, Sirt1 
mutant mice were kindly provided by Dr. Michael McBurney from Ottawa Hospital 
Research institute. The bone marrow cells obtained were suspended in complete 
macrophage medium (DMEM medium with glucose (4,5g/L) (Lonza, Switzerland) and 
HEPES buffer supplemented with 10% heat-inactivated Fetal Bovine Serum - FBS 
(Lonza, Switzerland), 2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin 
(BioWhittaker, Walkersville, MD)) and 5% of L-929 cell conditioned medium (LCCM) was 
added. After 4h of incubation non-adherent cells were recovered and seeded at 
5x105cells/ml in 96, 24 and 6-well plates, in complete medium and 5% of LCCM, to 
continue bone marrow differentiation. Renewal of LCCM was made at day 4 of culture. 
Macrophages acquired a definitive differentiation status at day 7 of culture with a purity 
superior to 90%. Seven-days differentiated BMMo were incubated with L.infantum 
promastigotes at a 1:10 ratio. At same co-culture ratios, we performed experiments with 
irradiated parasites (3000 Gy; Gammacell 1000 Elite). After 4 hours of incubation, cells 
were washed to remove the non-internalized parasites. 
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L. infantum promastigotes staining 
L.infantum promastigotes were used for CFSE (Invitrogen Molecular probes, Eugene, 
Oregon) labelled at a concentration of 6x107 promastigotes/ml. Promastigotes were 

washed two times with PBS and labelled with 5 μM CFSE for 10 min at 37°C followed by 

5 min incubation at 4°C to stop the reaction. The parasites were then washed twice and 
suspended in RPMI supplemented medium before proceeding to infections. 

Splenic Macrophages cell sorting 
Balb/c mice were infected intraperitoneally with 1 × 108 L. infantum promastigotes-CFSE 
labeled suspended in sterile PBS. After 48 hours of infection, the animals were euthanized 
and the spleen from naive and infected mice were aseptically collected. Splenocytes were 
stained with CD11b-PE, anti-Ly6C-PerCP/Cy5.5 and anti-Ly6G-Pacific Blue and sorted 
according the surface expression of CD11b+Ly6Cint/highLy6Glow and CFSE expression 
gated on infected (CFSE+CD11b+Ly6Cint/highLy6Glow) or bystander (CFSE-CD11b+Ly6Cint/

highLy6Glow) splenic macrophages. For all the experiments, CD11b+Ly6Cint/highLy6Glow cells 
from the spleen of non-infected mice were sorted as a control. Sorting experiments were 
performed in a FACSAria I using FACSDiva software (BD Biosciences). The purity of the 
separation was always higher to 90% as confirmed by flow cytometry. 

Quantitative PCR analysis 

Total RNA was isolated from cells with TRIzol reagent (Invitrogen, Barcelona, Spain) 
according to the manufacturer instructions. The RNA concentration was determined by 
OD260 measurement using a NanoDrop spectrophotometer (Thermo Scientific, 
Wilmington, DE). Total RNA (10-200ng) was reverse-transcribed using the iScript Select 
cDNA Synthesis Kit (BioRad, Hercules, CA, USA). Real-Time quantitative PCR (qRT-
PCR) reactions were run in duplicate for each sample on a Bio-Rad My Cycler iQ5 
(BioRad). Primer sequences were obtained from Stabvida (Portugal) and thoroughly 
tested. The resulting RT product was expanded using the Syber Green Supermix 
(BioRad). The results were then normalized to the expression of a housekeeping gene 
Rps29. After amplification, a threshold was set for each gene and cycle threshold-values 
(Ct-values) were calculated for all samples. Gene expression changes were analysed 
using the built-in iQ5 Optical system software v2.1 (BioRad). The sequences of the 
p r imers used were : RPS29 FW CACCCAGCAGACAGACAAACTG RV 
GCACTCATCGTAGCGTTCCA, Ym1 FW CAAAGAACAGTAGATCCTGGCAA RV 
ATACCGTGTCCAGACCTTGGT, Cxcl9 FW GGAGTTCGAGGAACCCTAGTG RV 
GGGATTTGTAGTGGATCGTGC, Fizz1 FW TTGCAACTGCCTGTGCTTAC RV 
CAAGAAGCAGGGTAAATGGG, 
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Determination of cytokines in culture supernatant 
Cytokines were quantified in the supernatants of infected BMMo stimulated for 24h with 
LPS 100ng/ml (Sigma-Aldrich). The quantification was performed using the commercial 

kits: IL-12p40, IL-6, IL-10 and TNF-α  ELISA MAX Deluxe (BioLegend, CA, USA), 

according to the manufacturer’s instructions. 

Metabolism assays 
ATP levels in macrophages were measured at each time point of infectionTo this end, cells 
were washed with PBS and suspended in Glo-lysis buffer (Promega, Madison, 
Wisconsin). After 15 min of incubation, supernatants were recovered after centrifugation 
and used to quantify ATP by a luciferin–luciferase method using an ATP determination Kit 
(Molecular probes, Eugene, OR) according to manufacturer instructions. For the 
determination of the bioenergetic profile of infected BMMo, oxygen consumption rate 
(OCR) and extracellular acidification rate (ECAR) were determined at 6 and 18 hours 
post-infection using an XF-24 Extracellular Flux Analyzer (Seahorse Bioscience). BMMo 

after 7 days of differentiation were seeded at 2x105cells/well in 400μl of complete 
macrophage medium in XF-24 cell culture plates. After an overnight period the cells were 
incubated with irradiated or not L. infantum promastigotes at a 1:10 ratio. One hour before 

the defined times of infection, the cells were washed and the medium change to XF 
medium (unbuffered DMEM supplemented with 4.5g/L of glucose, 2% of FBS, 2 mM L-

glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin). The real-time measurement 
of bioenergetic profile was obtained under basal conditions and in response to oligomycin 
(1μM), fluoro-carbonyl cyanide phenylhydrazone (FCCP - 1μM), Rotenone (1μM) and 
Antimycin A (1μM). The procedure used in the experiments was established according to 
Seahorse manufacturer instructions. 

In vivo experiments 
WT, Mac-Sirt1 KO and Mac-AMPK KO mice were infected intraperitoneally with 1 × 108 L. 
infantum promastigotes resuspended in sterile PBS. Ten days post-infection, the animals 
were euthanized and the spleen removed for further analysis. 

Flow cytometry 
The anti-mouse monoclonal antibodies used to perform this study were all purchased to 
BioLegend (CA, USA) except if otherwise stated: FITC-labeled anti-IgM (R6-60.2, BD 

Biosciences, NJ, USA), anti-IFN-γ (XMG1.2), PE-labeled anti-CD8 (53-6.7, BD), anti-
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CD11b (M1/70), anti-Siglec-F (E50-2440, BD), anti-F4/80 (BM8), and anti-IL-6 
(MP5-20F3); PerCP-Cy5.5-labeled anti-Ly6C (HK1.4), anti-F4-80 (BM8), and anti-TNFα 
(MP6-XT22); PE-Cy7-labeled anti-CD3 (HA2) APC-anti-IL-12/IL-23 p40 (C15.6) and anti-
IL-10 (JES5-16E3); BV510-labeled anti-CD4 (RM4-5); and Pacific BlueTM-labeled anti-
Ly6G (1A8). 
To analyze lymphoid and myeloid cell populations, two panels of antibodies were 
designed. The lymphoid panel was composed of anti-CD8, -CD3 and -CD4. The Myeloid 
panel comprised anti-CD11b, -Siglec-F, -Ly6C, and -Ly6G. Surface staining of splenic cells 
was performed in PBS + 0.5% BSA (20min, 4°C) followed by 15 min fixation using 1% 
PFA. For intracellular staining, splenocytes were cultured for 2 h with PMA/Ionomycin 

(50/500 ng/mL) with a subsequent incubation for 2 h with Brefeldin A (10 μg/mL). Cells 

were surface stained and then intracellularly after fixation and permeabilization with 1% 
saponin (all from Sigma) (21). Samples were acquired in a FACSCanto (BD) and analyzed 
using the FlowJo software v10 (TreeStar, OR, USA).  

Statistical analysis  
Statistical analyses were performed using the Student’s t test for paired observations or 
one-way ANOVA test with a Bonferroni multiple-comparison posttest for multiple group 
comparisons. Statistically significant values are as follows: *p < 0.05, **p < 0.01, ***p < 
0.001. 
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Figure 1. L. infantum guide macrophages to an anti-inflammatory profile during the 
course of infection. BMMo were infected with live or irradiated L. infantum (1:10 ratio) for 
different time points. (A) The transcriptional levels of iNOS and Arg1 were analyzed by 
qPCR and the (B) secretion of nitrite (NO2-) were analyzed  in vitro, at different time points 
of infection. (C) The levels of Cxcl9, iNOS, Arg1 and Ym1 transcripts were detected by 
qPCR in infected-macrophages recovered from the spleen. Means ± SD are from three 
independent experiments.*p <0.05, **p <0.01, ***p <0.001. 

Figure 2. L. infantum-infected macrophages acquires predominantly an 
inflammatory profile in the absence of AMPK or SIRT1. BMMo from Mac-SIRT1 KO or 
Mac-AMPK KO mice were infected with L. infantum (1:10 ratio) for 18hours. (A) The 

transcriptional levels of Cxcl9, iNOS, Arg1, Fizz1 and Ym1 were analyzed by qPCR and 
the (B) ratio inflammatory/anti-inflammatory cytokines was calculated. (C) Secretion levels 
of IL-6, IL-12p40, TNF-α and IL-10 cytokines were determined in the supernatants by 
ELISA. Means ± SD are from two independent experiments. *p <0.05, **p <0.01, ***p 

<0.001. #p <0.05, ##p <0.01 in relation to uninfected cells. 

Figure 3. The absence of SIRT1 modulates L. infantum-infected macrophages 
bioenergetic profile. BMMos from WT and Mac-SIRT1 KO mice were infected with live L. 
infantum (1:10 ratio) for 18 hours. At this time point ECAR and OCR was measured in real 
time under basal conditions and in response to specific inhibitors. (A) Basal OCR and 
ECAR and (B) bioenergetic profile were determined. ATP levels were obtained at different 
time points of infection. OCR and ECAR levels of WT macrophages were obtained from 
[8]. Means ± SD of from three independent experiments **p <0.01, ***p <0.001. 

Figure 4. Inflammatory environment established by splenic macrophages in L. 

infantum-infected mice KO to SIRT1 or AMPK. WT, Mac-AMPK KO and Mac-Sirt1 KO 
mice were infected intraperitoneally (i.p.) with 1x108 of L. infantum promastigotes during 
10 days. In the spleen recovered from the mice were determined the number of (A) 

splenocytes and macrophages. Quantification of macrophages-IL-12+ and TNF-α+ were 

obtained by FACS analysis, after an in vitro stimulation of splenocytes with PMA
+Ionomycin. Means ± SD of from three independent experiments *p <0.05, **p <0.01, ***p 
<0.001. #p <0.05, ###p <0.001 in relation to uninfected cells. 

�173



Objectives and results

Figure 5. L. infantum in the absence of SIRT1 or AMPK increases the inflammatory 
response of splenic T cells in mice. WT, Mac-AMPK KO and Mac-Sirt1 KO mice were 
infected intraperitoneally (i.p.) with 1x108 of L. infantum promastigotes during 10 days. In 
the spleen recovered from the mice were determined the number of (A) CD4+ and CD8+ T 

cells as well as the quantification of (B-C) IFN-γ+, TNF-α+, IL-6+ and IL-10+ were obtained 

by FACS analysis, after an in vitro stimulation of splenocytes with PMA+Ionomycin. Means 
± SD of from two independent experiments *p <0.05, **p <0.01, ***p <0.001. #p <0.05, ##p 
<0.01,  ###p <0.001 in relation to uninfected cells. 
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2.3. Modulation of macrophage fatty acid metabolism can dictate the success 
of Leishmania infection 

Intracellular pathogens are known to manipulate host cell regulatory pathways to 
establish an optimal environment for their growth and survival. We have recently 
identified the host energetic sensor AMP-activated protein kinase (AMPK) as a 
crucial player to maintain the energetic balance of infected macrophages 
contributing ultimately to L. infantum survival. AMPK has a central role in the 
modulation of fatty acid metabolism, as it increases fatty acid oxidation (FAO) while 
decreasing fatty acid synthesis. We hypothesized that FAO downstream to AMPK 
activation in Leishmania-infected macrophages could contribute to parasite 
persistence. Unexpectedly, the pharmacological inhibition of FAO with etomoxir, a 
carnitine palmitoyltransferase 1 (CPT-1) inhibitor, at a later time point of infection do 
not altered the percentage of infected macrophages nor the number of parasites per 
cell. In contrast, a significant increase of macrophage parasite load was detected 
when FAO is inhibited just before or at very early time points of infection. Targeting 
FAO at these early time points led to an increase of neutral lipids accumulation as 
well as an increase in ROS and mitochondrial membrane potential of infected cells. 
Our data suggests that the accumulation of lipid droplets (LDs) may also result from 
de novo fatty acid synthesis given that the surface expression of the fatty acid 
translocase CD36 receptor was not altered. Moreover, the LDs in infected cells co-
localize with the parasite, suggesting that it may serve as a nutrient source for 
parasites growth. In fact, LDs accumulation could be correlated with the increase 
levels of infected cells, obtained by the addition of sodium acetate. Interestingly, FAO 
inhibition promote the secretion of IL-1β only in pre-treated infected cells, which may 
associate inflamassome and LDs formation in Leishmania-infected macrophages. 
Overall, our results emphasize a potential impact of host fatty acid metabolism at 
early stages of Leishmania infection speculating on the role of host LDs to assure a 
permissive niche for parasite growth. 

To be submitted
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Modulation of macrophage fatty acid metabolism can dictate the 
success of Leishmania infection 
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Abstract 
 Intracellular pathogens are known to manipulate host cell regulatory pathways to 
establish an optimal environment for their growth and survival. We have recently identified 
the host energetic sensor AMP-activated protein kinase (AMPK) as a crucial player to 
maintain the energetic balance of infected macrophages contributing ultimately to L. 
infantum survival [1]. AMPK has a central role in the modulation of fatty acid metabolism, 
as it increases fatty acid oxidation (FAO) while decreasing fatty acid synthesis. We 
hypothesized that FAO downstream to AMPK activation in Leishmania-infected 
macrophages could contribute to parasite persistence. Unexpectedly, the pharmacological 
inhibition of FAO with etomoxir, a carnitine palmitoyltransferase 1 (CPT-1) inhibitor, at a 
later time point of infection do not altered the percentage of infected macrophages nor the 
number of parasites per cell. In contrast, a significant increase of macrophage parasite 
load was detected when FAO is inhibited just before or at very early time points of 
infection. Targeting FAO at these early time points led to an increase of neutral lipids 
accumulation as well as an increase in ROS and mitochondrial membrane potential of 
infected cells. Our data suggests that the accumulation of lipid droplets (LDs) may also 
result from de novo fatty acid synthesis given that the surface expression of the fatty acid 
translocase CD36 receptor was not altered. Moreover, the LDs in infected cells co-localize 
with the parasite, suggesting that it may serve as a nutrient source for parasites growth. In 
fact, LDs accumulation could be correlated with the increase levels of infected cells, 
obtained by the addition of sodium acetate. Interestingly, FAO inhibition promote the 

secretion of IL-1β only in pre-treated infected cells, which may associate inflamassome 

and LDs formation in Leishmania-infected macrophages. Overall, our results emphasize a 
potential impact of host fatty acid metabolism at early stages of Leishmania infection 
speculating on the role of host LDs to assure a permissive niche for parasite growth. 
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Introduction 

 Visceral leishmaniasis (VL) is a neglected tropical disease, induced by the 
transmission of L. infantum and L. donovani spp., that occupies predominantly 
macrophages, residing inside the phagolysosome [2]. The subversion of macrophages 
metabolic pathways, described by several authors, inclusively by us, has been currently 
considered one of the main strategies employed by Leishmania to acquire nutritional 
advantage and reprogram host metabolism into a metabolic permissive environment [1, 3]. 
 Several studies have begun to decipher the role of host fatty acid metabolism in 
parasite persistence. The intracellular growth of Trypanosoma cruzi was associated with a 
fatty acid oxidation of long chain and very long chain fatty acids in infected host cells [4]. 
Similarly, Trypanosoma brucei parasites occupy host adipose tissue being capable of 
using fatty acids as an external carbon source [5]. Leishmania, among other pathogens, 
can modulate the lipids storage through lipid droplets (LDs) biogenesis. During L. 
amazonensis or L. major infection a gradual induction of LDs accumulation in the host 
cells was observed, being these LDs in close contact with the parasites, inside the 
prasitophorous vacuole [3, 6, 7]. Interestingly, in an obesity mice model (diet-induced 
obesity) infected with L. infantum chagasi was observed a higher parasite burden 
compared to the standard-diet animals [8]. Moreover, other report shows a higher body 
mass index in individuals that were previously diagnosed for cutaneous leishmaniasis [9]. 
 In our previous work, we described an induction of host metabolic reprograming 
induced by AMPK activation, that actually develops an important role in the regulation of 
fatty acid metabolism [1]. AMPK is critical to increase catabolic pathways, as fatty acid 
oxidation, through the increase expression of fatty acid translocase (FAT)/CD36, important 
for long-chain fatty acids (LCFA) uptake, and also for the phosphorylation of acetyl-coA 
carboxylase (ACC) enzyme. This latter event dictates the flux of LCFA, through the 
CPT-1, into the FAO pathway [10]. In this alignment, we hypothesize that the modulation 
of host fatty acid metabolism, through inhibition of FAO pathway, might has a crucial 
impact on Leishmania infection outcome, at later time point of infection. Surprisingly, FAO 
inhibition through etomoxir, increases macrophages infection rate, when the cells are 
treated before or at early time points of infection. The former condition actually creates a 
more permissive environment, harboring higher number of intracellular parasites. Such 
event is also accompanied by an enrichment of LDs that co-localizes particularly with the 
parasites. Remarkably, despite the establishment of an inflammatory and microbicidal 
environment, the parasites are able to growth possibly to LDs-antioxidant mechanism. 
This field has recently gain relevance with some authors claiming that sites with a higher 
accumulation of lipids, as adipocytes, can be considered a safe niche for the pathogens, 
with the potential to induce chronicity, or even impair the efficacy of conventional therapy 
[5, 11]. 
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Results 

1. FAO inhibition increase macrophages Leishmania load before and at early time 
points of infection 

 In our previous work, we defined a crucial metabolic reprograming on L. infantum 
infected-macrophages, dictated by the activation of SIRT1-AMPK axis [1]. AMPK 
activation is indeed critical to switch on catabolic pathways, as FAO, and switch off 
anabolic pathways, as fatty acid synthesis (FAS) [10]. We hypothesize that the FAO may 
affect the infection outcome at later time points of infection (p.i.), after AMPK become 
presumably active. For that, we infected bone marrow derived macrophages (BMMo) with 
L. infantum promastigotes at a ratio of 1:10 (cell to parasite), and treated with 400uM of 
etomoxir before (pre-treatment - 1:30h) infection, being the drug added once again after 4 
hours of infection. We also treated at early (6 hours) and at later (24 hours) time points of 
infection. All these conditions were analyzed at 48 hours post-infection (p.i.). Strikingly, at 
24 hours treatment time we were not able to detect any alteration regarding infection rate. 
A significant increase was only determined at pre- and early-treatment, being more drastic 
in the former condition (Figure 1A). In fact, BMMo harbors significantly more intracellular 
parasites suggesting that parasites have a higher capacity to proliferate, at this 
experimental setting (Figure 1B). The increase percentage of cells containing, at least, 
three parasites per cell, particularly at pre-treatment condition, potentially supports our 
hypothesis (Figure 1C). Importantly, the cell viability is not affected in all experimental 
conditions (Figure 1D). Overall, this data suggests that FAO impairment was not a 
determinant factor of parasite persistence, although it has major impact at pre- and at 
early infection treatment. 

2. Lipid droplets (LDs) retention in etomoxir infected macrophages co-localize with 
parasites 
 As a response to FAO inhibition, we observed a reduction of Bodipy-FL C16   
(palmitate) expression in all experimental conditions, compared to the untreated cells. 
This data suggests, an impairment of palmitate uptake into mitochondria, which 
constitutes a substrate for FAO, due to CPT-1 inhibition (Figure 2A). As a result of FAO 
impairment, we decide to analyze if the infected cells may accumulate fatty acids (FA), at 
least at some extent, as neutral lipids within lipid droplets (LDs) organelles. Unexpectedly, 
LDs accumulation is observed at pre- and early treatment conditions, without any 
alteration at 24 hours treatment time (Figure 2B). Is important to refer that LDs 
accumulation was only significantly enhance at 48 hours post-infection (p.i.), a gradual 
increase of LDs occurred during etomoxir pre- and early-treatment, in infected cells (data 
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not shown). To analyze in more detail, LDs location and quantification, we performed 
transmission electron microscopy (TEM) at pre-treatment condition. Unexpectedly, we 
were only able to detect LDs co-localized with the parasites, being the number of LDs 
higher during etomoxir treatment (Figure 2C). According to these results a possible 
correlation might be established between the infection rate and LDs enrichment. Next we 
try to address the contribution of some metabolic pathways for LDs accumulation. In fact 
with our work we potentially discard all the major sources of LDs biogenesis. Glucose and 
glutamine, do no exert any effect on LDs accumulation in glucose- or glutamine-depleted 
media and we are not able to observed an alteration of CD36 expression in all conditions, 
suggesting that host LDs might not be derived from extracellular fatty acids (Figure 3A-
B). Acetate can also be considered a potential source, since it can be converted into 
acetyl-coA that is a crucial intermediate of fatty acid synthesis (FAS) in the cytosol, 
especially in cancer cells in hypoxic conditions [12, 13]. In our work we actually observed 
that the addition of sodium acetate seem to have an impact on LDs biogenesis, in 
etomoxir pre-treatment condition. The highest concentration of sodium acetate (5mM) 
together with etomoxir, induce a higher increase of the infection rate compared to the 
etomoxir alone, without alteration of cell viability (Figure 3C-E). This data was important to 
support our hypothesis of a possible correlation between LDs enrichment and the 
establishment of a permissive niche. 

3. Etomoxir-infected macrophages enriched in LDs display an inflammatory profile 

 In order to define the type of environment generated in etomoxir-infected 
macrophages, we stimulated these cells at 24 hours p.i., with lipopolysaccharide (LPS) 
and analyzed the secretion of inflammatory and anti-inflammatory cytokines at 48 hours 
p.i.. For the particular case of IL-1β secretion, LPS and then ATP (second stimulus) were 
added and analyzed at 24hours p.i.. Infected-macrophages pre-treated with etomoxir are 
more prone to activate the inflamassome, since after the addition of ATP, we were able to 
detect IL-1β secretion meaning, that these cells have the capacity to induce the 
production of IL-1β, which is further mature by ATP second stimulus. Concomitantly, in the 

same condition, we also denoted lower levels of IL-10 and IL-12p40 and no alteration 

regarding TNF-α secretion. Etomoxir early treatment also render the infected cells to an 

inflammatory profile, although without IL-1β secretion (Figure 4A). At pre-treatment 

particular condition, we were also able to detect mitochondria alterations with an increase 
of mitochondrial membrane potential (tetramethylrhodamine, Ethyl Ester - TMRE), without 
altering mitochondria biogenesis (nonyl acridine orange - NAO) (Figure 4B-C). 
Furthermore, we detected an increase of total ROS (CellROX) and the particular 
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production of mitochondrial superoxide (dihydroethidine - DHE) (Figure 4D-E), with no 
alterations regarding nitric oxide (NO) production (Figure 4F). Overall, in the pre-
treatment condition, infected macrophages acquired an inflammatory and microbicidal 
profile, which surprisingly do not hampered parasite growth. 

Discussion 

 Our work shows a major impact of FAO impairment in L. infantum-infected 
macrophages, previously treated with etomoxir. Such metabolic manipulation guides the 
infected macrophages to an inflammatory profile, accompanied by LDs accumulation that 
co-localizes, specifically, with the parasites. Strikingly, we proved that such environment 
was in fact permissive for L. infantum growth.  
 Our first hypothesis, regarding the importance of FAO for parasites persistence, at 
later time points of infection, was completely refuted. Infected-macrophages seem to not 
dependent on FAO in order to acquire a metabolic permissive niche for parasite survival. 
This metabolic pathway may not be crucial, in our model, for the host metabolic 
reprograming, being for that reason, independent of parasite survival. In fact, FAO was 
also discarded in the early differentiation of murine macrophages into an anti-inflammatory 
profile [14]. Moreover, it was also shown to be totally apart from human macrophages 
IL-4-induced polarization [15].  
 The treatment of etomoxir before and at early (6 hours) infection time, actually 
brings some unexpected results, showing a drastic effect on the infection outcome. Both 
treatment conditions were able to induce an increase of infection rate, but only the pre-
treatment creates a permissive niche for parasite growth. As a result of FAO inhibition, the 
LCFAs, as palmitate, are not internalize, at some extent, through CPT-1 into mitochondria. 
These fatty acids could be accumulated as triglycerides that ultimately may lead to LDs 
biogenesis. We could not discard, in our work, other potential sources for fatty acids 
intracellular pool, as glucose and glutamine. Despite the unaltered levels of LDs 
accumulation in glucose or glutamine-depleted conditions, they may contribute moderately 
for LDs accumulation. Extracellular fatty acids, in our conditions, could also, in part, be an 
additional source of fatty acids for LDs biogenesis, since CD36 expression maintains 
constant during etomoxir treatment. Moreover, the increase of fatty acids storage might 
also be derived from acetate, since in our work the addition of 5mM stress-related 
concentration of sodium acetate, results in LDs accumulation and more importantly, in an 
enhancement of infection rate. Overall, the inhibition of FAO seem to induce in infected 
cells a metabolic alteration, becoming these cells moderately dependent on fatty acids 
synthesis, leading to an increase of lipid storage. This dependency on lipid synthesis, was 
already discussed in cancer cells located in areas of mild to moderate hypoxia levels [16]. 
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The glucose-derived pyruvate are diverted to lactate forcing the cells to use other carbon 
sources for fatty acids biosynthesis, as glutamine, acetate and the uptake of unsaturated 
lipids. A storage of lipids might also be increased for energy provision, when oxygen 
becomes available again [16]. Interestingly, in macrophages such metabolic profile seem 
to constitute an advantage to L. infantum survival and growth. In fact, this might be 
supported, in our model of infection, by a remarkable observation of LDs co-localization 
with the intracellular parasites. Strikingly, this particular event was indeed observed in 

macrophages infected with L. infantum chagasi, where LDs constitutes the site for PGF2α 
synthesis establishing, an anti-inflammatory intracellular niche  [17]. 

 Macrophages enriched in LDs, has been described, in distinct contexts, as foamy-
like macrophages (FM), presenting predominantly an inflammatory status [18]. In fact, at 

pre-treatment condition, our data shows a drastic alteration of macrophages activation 
profile, being the macrophages more prone to induce the activation of inflammasome, 
observed by IL-1β secretion, induced by ATP second stimulus. Concomitantly, a decrease 
of IL-10 is also depicted, suggesting the existence of an immunosupressor environment. 

Furthermore, at this experimental condition, infected-macrophages exhibit an 
enhancement of mitochondria membrane potential and also an increase of microbicidal 
functions, with total and mitochondrial ROS production. This microbicidal and 
inflammatory profile fits quite well with a recent mechanism that is based on the alteration 
of mitochondria electron transport chain (ETC), observed during macrophages LPS 
stimulation and during Escherichia coli infection, being essentially defined as an anti-
bacteria mechanism [19, 20]. Recently, was described the role of indolepyruvate, a 

metabolite that is excreted by T. brucei, that was able to impair an inflammatory program, 
mainly dictated by HIF-1α-IL-1β axis. The authors suggested the potential role of 
indolepyruvate to evade immune system, during T. brucei infection [21]. In our model, L. 

infantum seem to circumvent such inflammatory program, creating a safe niche to 
proliferate. Overall our data lead us to suggest that LDs accumulation, discussed earlier 
by us, might have an important impact for the infection outcome, in such harsh 
environment. LDs enrichment was already address, as an antioxidant defense mechanism 
in a model of drosophila neural stem cells proliferation, protecting these cells from 
hypoxia-triggered ROS [22]. This interesting data may indicate that LDs could act as a 
barrier against host microbicidal functions, which might have an impact in a context of 
infection.  
 As conclusion, we may speculate if the increase of host lipids storage, as during 
the development of metabolic disorders, as obesity, may contribute to the impairment of 
treatment efficacy, acting as an hydrophobic barrier against hydrophilic drugs, as was 
described for T. cruzi, or may block the action of ROS induced by some chemotherapeutic 
agents of leishmaniasis [11]. 
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Materials and methods 

Animals and Parasites 
Balb/c mice were maintained at the Instituto de Biologia Molecular e Celular (IBMC, Porto, 
Portugal) laboratory conditions, in sterile cabinets and allowed food and water ad libitum. 
All animals used in experiments were aged from six to twelve weeks. RS has an 
accreditation for animal research given from Portuguese Veterinary Direction (Ministerial 
Directive 1005/92). A cloned line of virulent L.infantum (MHOM/MA/67/ITMAP-263) were 
maintained by weekly subpassages at 26°C in RPMI 1640 medium (Lonza, Swtzerland) 
supplemented with 10% heat-inactivated Fetal Bovine Serum - FBS (Lonza, Switzerland), 
2 mM L-glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin and 20 mM HEPES buffer 
(BioWhittaker, Walkersville, MD). Only L. infantum promastigotes under four to ten 
passages were used in the experiments.  

In vitro bone marrow macrophages differentiation and infection 
Bone marrow precursors were recovered with DMEM medium after flushing femurs and 
tibias from the hind legs of Balb/c mice. The bone marrow cells obtained were suspended 
in complete macrophage medium (DMEM medium (Sigma-Aldrich, Darmstadt, Germany) 
and supplemented with 4 mM HEPES buffer, 4,5g/L glucose 10% heat-inactivated Fetal 
Bovine Serum - FBS (Lonza, Switzerland), 2 mM L-glutamine, 100 U/ml penicillin and 100 
mg/ml streptomycin (BioWhittaker, Walkersville, MD)). After 4h of incubation non-adherent 
cells were recovered and seeded at 5x105cells/ml in 96, 24 and 6-well plates, in complete 
medium and 20ng/ml of M-CSF (PrepoTech, London, UK), to continue bone marrow 
differentiation. Renewal of M-CSF was made at day 4 of culture. Macrophages acquired a 
definitive differentiation status at day 7 of culture with a purity superior to 90%. Seven-
days differentiated BMMo were incubated with L. infantum promastigotes at a 1:10 ratio, 
After 4 hours of incubation, cells were washed to remove the non-internalized parasites. 
Experiments performed in the presence or absence of etomoxir 400uM, sodium acetate 
1mM, 2,5mM and 5mM, glucose or glutamine (Sigma-Aldrich, Darmstadt, Germany). 

Determination of infection rate 
Infected-BMMo at distinct time points were recovered with DMEM-EDTA 50mM and 

resuspended in PBS. The cells were subjected to cytospin in 200 μL of PBS during 5 min 

at 1000 rpm using a Shandon Cytospin II (GMI, MN, USA). Cell preparations were fixed 
with 2% paraformaldehyde (PFA) for 20 min. A 45s immersions in Hemacolor reagent 1 
and reagent 2 (Merk Millipore, Germany) were performed. Finally, slides were washed 
with distilled water, air dried, and observed by optical microscopy (100× magnification). 
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For determination of the percentage of infected cells, 200 consecutive cells were 
differentially counted (infected versus non-infected). The number of parasites per infected 
cells was assessed by counting 100 different infected cells from which the mean was 
calculated.  

Determination of supernatant cytokines 
Cytokines were quantified in the supernatants of infected BMMo stimulated for 24h with 
LPS 100ng/ml (Sigma-Aldrich). The quantification was performed using the commercial 

kits: IL-12p40, IL-1β and TNF-α  ELISA MAX Deluxe (BioLegend, CA, USA). IL-10 was 

determined by  DuoSet ELISA (R&D Systems, MN, USA) according to the manufacturer’s 
instructions. 

Transmission electron microscopy  
Etomoxir pre-treated BMMo were infected with L. infantum at a ratio 1:10 (cell:parasite). 
3x106 BMMo infected cells were collected with complete DMEM plus EDTA at a final 
concentration of 50mM. This cell solution was fixed and centrifuged and the dry pellet 
resuspended in 100ul of fix solution. Lipid droplets were observed by Transmission 
Electron Microscopy (TEM) and examined under a JEOL JEM 1400 TEM.  

Flow cytometry 
CD36 anti-mouse monoclonal antibody (BioLegend, CA, USA), Tetramethylrhodamine - 
TMRE, Thermo Scientific, Nonyl Acridine Orange - NAO, Thermo Scientific, CellROX, 
Thermo Scientific and Dihydroethidium – DHE, Thermo Scientific. All samples were 
acquired by FACSCanto II and analyzed with FlowJo software. 

Statistical analysis  
Statistical analyses were performed using the Student’s t test for paired observations, 
one-way ANOVA test with a Dunnett's multiple-comparison posttest for multiple group 
comparisons and two-way ANOVA with a Tukey’s multi-comparison posttest. Statistically 
significant values are as follows: *p < 0.05, **p < 0.01, ***p < 0.001. 

Ethics Statement 
The experimental animal procedures were approved by the local Animal Ethics Committee 
of Institute for Molecular and Cell Biology, University of Porto, Portugal and licensed by 
DGV (Director of Veterinary, Ministry of Agriculture, Rural Development and Fishing, Govt. 
of Portugal in December 29, 2010 with reference 25406. All animals were handled in 
accordance with the IBMC.INEB Animal Ethics Committee and the DGV General 
guidelines and the principles and guidelines established in the European Convention for 
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the Protection of Vertebrate Animals Used for Experimental and Other Scientific 
Purposes (Council of Europe, ETS no. 123, 1991).  
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Figure 1. Pre- and early-treatment of etomoxir induces a higher increase of 
macrophages infection rate. 
BMMo were infected with L. infantum (1:10 ratio) for 48 hours and treated with etomoxir at 
pre-, early (6hours) and later (24hours) time points of infection. (B) Percentage of infected 
cells and (C, D) the number of amastigotes were determined by counting through 
Hemacolor I and II staining. (E) Death cells were excluded by 7-AAD marker. Samples 
acquired by FACSCanto II and analyzed by FlowJo. PT Pre-treatment, Eto Etomoxir. 
Means ± SD are from three independent experiments. *p <0.05 , **p <0.01, ***p <0.001. 

Figure 2. Accumulation of lipid droplets in etomoxir-infected macrophages co-
localize with L. infantum. BMMo were infected with L. infantum (1:10 ratio) for 48 hours 
and treated with etomoxir at pre-, early (6hours) and later (24hours) time points of 
infection. (A) Palmitate uptake was determined through Bodipy FL-C16 uptake. (B) Neutral 
lipids were detected by Bodipy 493/503. (C) Representative pictures, from one 
experiment, are shown for the uninfected (upper left panel), infected (lower left panel), 
uninfected etomoxir-treated (upper right panel) and infected etomoxir-treated (lower right 
panel). Lipid droplets were observed by Transmission Electron Microscopy (TEM) and 
examined under a JEOL JEM 1400 TEM. The arrows depicted lipid droplets and the 
asterisk represent the parasites. Scale depicted in the figure corresponds to 1um. All the 
samples were acquired by FACSCanto II and analyzed by FlowJo. PT Pre-treatment, Eto 
Etomoxir. Means ± SD are from three independent experiments. *p <0.05. #p <0.05 , ##p 
<0.01 in relation to the untreated infected cells.  

Figure 3. Acetate establish a more permissive niche to parasites in pre-treated 
infected-macrophages. BMMo were pre-treated with increasing concentrations of 
acetate or in the absence or presence of glucose or glutamine and then pre-treated with 
etomoxir. Treated and untreated macrophages were further infected with L. infantum (1:10 
ratio) for 48 hours. (A) Surface expression of CD36 was determined. (B and C) Neutral 
lipids were detected by Bodipy 493/503 for all the conditions referred. (D) Percentage of 
infected cells were determined by counting through Hemacolor I and II staining, in the 
presence of increasing concentrations of sodium acetate and (E) death cells were 
excluded by 7-AAD marker for acetate treatment.  All the samples were acquired by 
FACSCanto II and analyzed by FlowJo. PT Pre-treatment, Wo - without, + 1mM ++ 2,5mM 
and +++ 5mM of sodium acetate, +Etomoxir - 400uM etomoxir. Means ± SD are from two 
independent experiments. **p <0.01, ***p <0.001. #p <0.05, ##p <0.01 in relation to the 
infected without etomoxir. 
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Figure 4. A higher inflammatory and microbicidal profile was found in pre-treated 
infected-macrophages. 
BMMo were infected with L. infantum (1:10 ratio) for 48 hours and treated with etomoxir at 
pre-, early (6hours) and later (24hours) time points of infection. (A) BMMo at 24h post-
infection were stimulated for 24h with 100ng/ml of LPS. For inflamassome detection 
BMMo were treated for 4h with LPS 1ug/ml and then incubated for 15 minutes with ATP 
1mM. Cytokine quantification in BMMo supernatants were performed by ELISA. (B) 
Mitochondria membrane potential (Tetramethylrhodamine - TMRE), mitochondria mass 
(Nonyl Acridine Orange - NAO), (C) total ROS (CellROX) and mitochondrial ROS  
superoxide (Dihydroethidium – DHE) were acquired by FACSCanto II and analyzed by 
FlowJo. PT Pre-treatment, N.D. not detected. Means ± SD are from two independent 
experiments. *p <0.05 , **p <0.01, ***p <0.001. #p <0.05, ##p <0.01 in relation to 
uninfected cells. 
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Discussion and perspectives

1. Metabolism the third element of host-parasite interaction 

 Host-parasite interaction can be dynamically altered during infection, depending 
mostly on parasite intrinsic factors and also of the host status. Metabolic response to 
infection has been recently debated with various pathogens. Recent findings have begin 
to define a clear correlation between the progress of infection/inflammation with metabolic 
reprograming of host cells. Parasite infections are not an exception, being those 
pathogens able to modulate host metabolic pathways in order to fulfill their nutritional 
requirements and/or to acquire defenses against host microbicidal functions. In the 
particular field of Leishmania infection, an initial work developed within host-parasite 
metabolic coupling, began to decipher the existence of host metabolic alterations 
concerning the modulation of host glycolysis, through the enhancement of glycolytic 
enzymes transcripts (Rabhi et al. 2012). We clarified that such metabolic alteration, 
accompanied by energetic and redox impairment, is only transient, being further 
reprogramed towards mitochondrial pathways, through the activation of SIRT1-AMPK 
axis. The energetic and redox unbalance were recovered by an increase of mitochondria 
biogenesis and OXPHOS machinery. Importantly, this have a huge impact on parasite 
survival inside phagolysosome, which precedes the complete amastigote differentiation 
process (Moreira et al. 2015). Our data suggest that the activation of mitochondrial 
pathways modulation might be crucial to fulfill the parasite nutritional requirements, at that 
stage, and also to potentially create an anti-inflammatory permissive niche, since the 
absence of SIRT1 or AMPK generates predominantly, an inflammatory environment. 
Strikingly, the early impairment of mitochondria FAO, before L. infantum infection, creates 
an environment highly prone to parasite proliferation, even in the presence of microbicidal 
factors and an inflammatory environment. The increase accumulation of lipid droplets in 
the parasite, could constitute a survival strategy in such harsh environment. Indeed, the 
importance of host fatty acid modulation was already addressed by several authors, in a 
context of Leishmania infection. Mechanisms such as, host cholesterol scavenging, 
enhancement of host anti-inflammatory prostaglandins, biogenesis and recruitment of lipid 
droplets to the phagolysosome and/or to the parasite, have been in fact considered 
advantageous strategies for Leishmania survival and growth (Banerjee et al. 2009, Belley 
et al. 1995, Farrell et al. 1987, Ghosh et al. 2011, Lal et al. 2010, Tewari et al. 2010).  
 Metabolism can be considered a critical force that can dictate the success of a 
pathogen infection. Parasites during host-interaction evolution develop sensing and 
subversion mechanisms to orchestrate host metabolic pathways. Taking advantage of the 
host and of their own nutrient sensing mechanisms, parasites manipulate the fluxes of 
nutrients in accordance with time, space and demand conditions. 
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1.1. Mitochondria: a platform for host-parasite metabolic coupling 
  
 The first contact established between a pathogen and the host occurs mainly 
through the activation of innate immune receptors, that are able to trigger a cascade of 
signaling pathways that delineate the host immune functions. Mitochondrion is often found 
in the core of such innate signaling pathways, governing metabolic reprograming, 
commonly seen in innate immune cells polarization (O'Neill et al. 2016, Stanley et al. 
2014, Weinberg et al. 2015, West et al. 2011). During L. infantum infection, mitochondria 
can actually be considered the basis of host immunometabolic alterations, which 
ultimately dictate Leishmania infection success. The early modulation of mitochondrial 
pathways might be considered the initial trigger for the glycolytic profile observed in L. 
infantum-infected macrophages (Moreira et al. 2015). Infantino and colleagues, define an 
increase of mitochondrial citrate carrier (CIC), in the TCA cycle, after LPS-TLR4 
engagement. This highly expression of CIC increases the citrate export to the cytosol, 
before OXPHOS impairment by NO. As a consequence citrate or acetyl-coA, can be 
relocated to the nucleus, regulating the transcription of Ldha, Pfk1 and Hk2 genes, 
through histone acetylation (Infantino et al. 2013). In our model, one of the first transcripts 
found upregulated was Ldha, at 2 hours after promastigotes infection (Moreira et al. 
2015). At this particular time, we simultaneously detect an increase of LDH activity and 
lactate secretion, which could suggest that Ldha transcription can be upregulated earlier, 
probably by epigenetic alterations. We can speculate that an early export of citrate to the 
cytosol might initiate or predispose the pyruvate flux towards lactate production. A 
subsequent mitochondria alteration was detected, with the downregulation of mitochondria 
complexes transcripts at 6 hours post-infection. These potential ETC alterations and the 
mitochondria morphology alteration observed in infected cells (experimental observation), 
might account for the energetic and redox impairment observed. This event become 
critical to activate the SIRT1-AMPK axis, which reverts the metabolic profile, towards 
mitochondria pathways (Moreira et al. 2015). The observed mitochondria profile was 
indeed crucial for L. infantum survival, since Mac-AMPK KO mice, has a predominant 
inflammatory environment leading to a decrease of parasite load (to be submitted). Finally, 
the blocking of mitochondria FAO before infection, leads to dramatic alterations in terms of 
mitochondria functionality. An increase of ROS and mitochondria membrane potential was 
detected, becoming the cells more prone to activate the inflammasome complex with the 
secretion of IL-1β and the decrease of IL-10. The profound mitochondria alterations 
observed, might be associated with an alteration of mitochondria ETC, known as RET 
mechanism. This mechanism was in fact considered the major trigger of the same 
inflammatory profile described before, during LPS treatment and bacteria infections 
(Garaude et al. 2016, Mills et al. 2016). Unexpectedly, L. infantum parasites were able to 
proliferate in such harsh environment. 
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 Mitochondria constitute an important metabolic platform, during L. infantum 
infection, regulating the balance between distinct immunometabolic pathways and the  
infection outcome. 

2. Host metabolic reprograming: a nutritional strategy for L. infantum 
survival 

 Leishmania, at the early interaction phase with macrophages, needs to adjust 
rapidly to significant environmental alterations. Despite the delay impose by some 
Leishmania spp., the maturation of phagolysosome is indeed responsible for such abrupt 
changes, leading to the establishment of an acidic intracellular niche. This environmental 
factor and the higher temperature of the host constitutes the major stress inducers of 
amastigotes differentiation (Debrabant et al. 2004, Gupta et al. 2001, Somanna et al. 
2002). Furthermore the dynamic nature of phagolysosome maturation, interacting with 
distinct organelles and vesicles, being permeable to some host metabolites, impacts 
profoundly the nutritional composition of this intracellular niche (McConville et al. 2011, 
Ndjamen et al. 2010). Phagolysosome become enriched in carbon sources and essential 
nutrients, although with some limitations regarding hexoses, that were abundantly present 
in the sand fly vector (McConville et al. 2015). All these environmental and nutritional cues 
exerts a huge pressure, forcing the parasites to alter and adapt, subverting host 
immunologic and metabolic pathways. The first 5 hours after exposure to differentiation 
signals, parasites follow distinct developmental phases, until the final phase, that can take 
1 to 5 days in order to get a complete differentiation into amastigote (Barak et al. 2005). 
The time-lapse events, from macrophages interaction until the survival/adaption phase 
(0-24 hours) need to be quite regulated, since they can contribute heavily for the infection 
outcome. Within this time frame, we observed a striking alteration of host metabolic 
pathways. Until 6 hours, infected macrophages exhibit simultaneously an upregulation of 
glycolysis, towards the formation of lactate, and a decrease of mitochondria functions. A 
metabolic reprograming is initiated between the 6 and 18 hours, being the metabolic 
profile completely reverted at 18 hours post-infection. The gradual nutrient flow 
established in this time frame, guided by host nutrient sensors, reveals essential for L. 
infantum survival (Moreira et al. 2015). 
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2.1. Early alterations in L. infantum-infected macrophages creates the path for 
mitochondria metabolic reprograming 

 The increase of glycolysis towards the formation of lactate, a hallmark of cancer 
cells, is crucial to obtain a faster ATP production and glycolytic intermediates important for 
cell growth and proliferation (Macintyre et al. 2013). Innate immune cells exhibit a similar 
metabolic profile when activated by TLR ligands or pro-inflammatory cytokines (Krawczyk 
et al. 2010, O'Neill et al. 2013). In a context of infection, the reliance on glycolytic 
pathways supports a rapid and vigorous inflammatory response, which includes the 
production of ROS and pro-inflammatory cytokines (Macintyre et al. 2013). Our work 
clearly demonstrate that L. infantum promastigotes induces a similar immunometabolic 
profile in macrophages, at an early infection time, with the concomitantly decrease of 
mitochondria functions. In infected cells the upregulation of glycolytic transcriptional 
program might be initiated after macrophages TLRs activation (before 2 hours of 
infection), with the increase of Ldha enzyme transcription, regulated by histone 
acetylation, as previously observed (Infantino et al. 2013). At 2 hours p.i., we already 
detected an increase of LDH activity and subsequently lactate secretion, which is 
indicative of an early deviation of pyruvate from mitochondria TCA. An increase of Pdk1, 
redirecting pyruvate flux to lactate through PDC inhibition, and Pkm2 transcripts, were 
also observed at this particular time point (Moreira et al. 2015). Interestingly, PKM2 
enzyme in its inactive monomeric/dimeric form, is highly expressed in cancer cells and is 
induced by LPS-treated macrophages (Altenberg et al. 2004, Palsson-McDermott et al. 
2015). This inactive dimer is able to translocate to the nucleus interacting with HIF-1α 
activating its target genes. An increase of the glycolytic transcriptional program and IL-1β 
transcription is established. PKM2 enzyme provides a feedforward mechanism that 
amplify HIF-1α metabolic reprograming (Luo et al. 2011, Palsson-McDermott et al. 2015, 
Wang et al. 2014). Importantly, HIF-1α have a dual localization. It can be found in the 
nucleus and in the cytoplasm, ensuring that the final step of glycolysis, the conversion of 
PEP into pyruvate could be sustained (Luo et al. 2011). Ldha, Pdk1 and Pkm2 are in fact 
HIF-1α target genes, being such transcriptional events probably regulated by PKM2-
HIF-1α cycle. Strikingly, an increase transcription of Pkm2 gene was also detected in 
bystander cells, non-parasitized cells within the infected cellular pool (Moreira et al. 2015). 
The work from Palsson-McDermott and colleagues actually defines an important role 
regarding PKM2 (tetramer form) activation. They observed an inhibition of LPS-induced 
nuclear translocation, accompanied with a metabolic reprograming towards OXPHOS, in 
PKM2-activated macrophages. Moreover, an impairment of IL-1β and an increase of IL-10 
was observed in mice serum during LPS-sepsis model and in Salmonella Typhimurium 
infection, subjected to PKM2 activation (Palsson-McDermott et al. 2015). In accordance 
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with this, given that all the other glycolytic transcripts, driving pyruvate into lactate 
formation, are only increased in infected cells, we could postulate that in bystander cells 
an active tetrameric form might be predominantly expressed. We could speculate that 
bystander cells rely on mitochondria pathways and potentially have an anti-inflammatory 
profile. This type of environment, with the secretion of IL-10, could potentially support the 
metabolic reprograming of the infected cells, since IL-10 is define as an inducer of AMPK 
protein (Sag et al. 2008). The referred transcriptional program together with the increase 
of LDH activity and lactate secretion, constituted the major drivers of an increase 
fermentation rate, confirmed by the ECAR values (Moreira et al. 2015). It is important refer 
that we were not able to detect an increase of glucose uptake, although such mechanism 
might be different in an in vivo context, since an increase of Slc2a1 transcription (GLUT1) 
was detected by us in infected macrophages recovered from the spleen of L. infantum-
infected mice (Moreira et al. 2015). 
 These early metabolic alterations occurs exclusively in macrophages infected with 
L. infantum promastigotes. We could hypothesize that such mechanism could be 
modulated by parasite virulence factors, as GP63 or LPG, that are highly expressed in 
promastigotes form. Important roles were already attributed for these virulence factors, 
used by the parasites to subvert host signaling pathways. Apart from the virulence factors, 
an indirect role of the parasite could be in part responsible for the modulation of glycolysis 
transcriptional program. The iron nutritional dependency of Leishmania parasites might 
impact the PKM2-HIF-1α cycle. The iron scavenging from the host inhibits the enzymatic 
activity of PHD and stabilize HIF-1α complex (Degrossoli et al. 2007, Singh et al. 2012). 
Interestingly, GP63, and/or extracellular vesicles containing GP63, could in fact control the 
inflammatory response induce by HIF-1α through the inhibition of IL-1β maturation, being 
associated with Leishmania survival (Shio et al. 2015). The suppression of immune cells 
inflammatory function was defined by the work developed by Hammami and colleagues. 
They describes the role of L. donovani in the induction of HIF-1α by IRF-5 transcription 
factor in DCs, with the promotion of IL-10, while limiting IL-12 secretion. A delay expansion 
and functionality of CD8+T cells was ultimately obtained (Hammami et al. 2015).  
 Along with the glycolytic alterations, L. infantum-infected macrophages exhibit as 
well mitochondria metabolic changes. The potential citrate export from TCA cycle and the 
diversion of pyruvate into lactate might suggests a possible impairment of mitochondria 
functionality. Indeed, we observed a decrease of mitochondrialDNA/nuclearDNA ratio, 
indicative of mitochondria biogenesis impairment or mitophagy, and a downregulation of 
ETC complexes transcription, namely CI and CIV until 6 hours p.i. (Moreira et al. 2015). 
The capacity to alter mitochondria ETC has been described by several authors, as an 
important mechanism to modulate innate immune functions. In fact the capacity to alter 
host mitochondria ETC (CI and CII) was also define in macrophages infected with 
Escherichia coli (Garaude et al. 2016). CI is an unstable multiprotein complex and it 
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assembly is highly influenced by the oxidative environment present in ETC (Enriquez 
2016). The engagement of TLR, by E. coli infection, was in fact able to increase ROS 
expression within the ETC, by the recruitment of mitochondria to the phagolysosome 
NADPH oxidase complex (West et al. 2011). Garaude and colleagues, suggested that 
such mechanism may constitute a potential source of ROS to destabilize CI assembly 
(Garaude et al. 2016). We could hypothesize that such mechanism might be induced 
during Leishmania infection being responsible for the early inhibition of CI. The induction 
of a transient mitochondria fragmentation, only present at an early time point of infection, 
can account for the mitochondria impairment (data not shown). This striking event is not 
exclusive of Leishmania infection, as it was also observed in a context of Listeria 
monocytogenes infection (Stavru et al. 2011). Interestingly, these two pathogens were 
able to alter transiently mitochondria morphology and both induce a strong reduction of 
host intracellular ATP (approximately 50%). None of these pathogens reduces host 
viability, meaning that mitochondria alterations were not permanent and a later reversion 
of the host energetic status is actually obtained (Moreira et al. 2015, Stavru et al. 2011). 
We also detected, an interesting phenomenon still related with mitochondria morphology. 
Infected cells exhibit an intermediate stage of mitochondria fragmentation, until 24 hours 
of infection. Mitochondria presented mix morphology constituted by a punctuated and a 
tubular morphology, at the same time. Most importantly, the infected macrophages that 
presents such mitochondria morphology harboured significantly more parasites than the 
macrophages with an intact mitochondria (data not shown). This phenomenon might 
suggest the existence of a permanent mitochondria leakage, without affecting cell viability 
and energetic recovery, favoring the exchange of mitochondria metabolites with the 
phagolysosome. In fact, in our model of infection, we were able to observed mitochondria 
organelles in close proximity to the parasites inside phagolysosome (data not shown).  
 Contrary to the glycolysis regulation, the decrease of mitochondria functionality, 
observed by the down regulation of OCR and SRC levels, were detected in L. infantum- 
and, at some extent, in irradiated-infected macrophages. As was referred before, a 
potential impairment of mitochondria ETC, mitochondria fragmentation, or pyruvate 
diversion from mitochondria, may explained the decrease levels of ATP obtained during 
amastigote infection. Overall, the mitochondria due to their central role within innate 
immune signaling pathways, might constitute one of the first targets exploited within host-
pathogen interaction or in a context of immune activation by TLR agonists, such as LPS. 
Although its worth to mention that modulation of mitochondria ETC was not observed with 
irradiated parasites as well as heat-killed bacteria, which highlights a direct role of the 
pathogens to modulate specifically the mitochondria complexes (Garaude et al. 2016, 
Moreira et al. 2015). In fact, the impairment of complex I has been associated with the 
establishment of an anti-inflammatory profile, with the increase secretion of IL-10 (Jin et 
al. 2014, Kelly et al. 2015). Leishmania might take advantage of such mitochondria 
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alteration, in order to dampen early the host inflammatory mechanisms establishing a 
more permissive niche. 

 The higher glycolysis rate and the concomitantly mitochondria impairment 
constitute an important metabolic network to hijack SIRT1 and AMPK nutrient sensors. 
The described mitochondria alterations account for the decrease levels of NAD+/NADH 
ratio at early time points of infection. In more detail, the impairment of CI might be 
responsible for the higher levels of NADH, however without the concomitantly decrease of 
NAD+. This NAD+ unbalance might have an impact on mitochondria functionality, 
amplifying mitochondria ETC impairment, in our model. Indeed, we were able to detect a 
decrease of ATP, as was previously referred, as early as 6 hours post-infection, although 
without any variations in terms of cell viability (Moreira et al. 2015). Strikingly, the 
upregulation of glycolysis rate, could not compensate for the decrease levels of ATP, 
suggesting that the ATP produced by glycolysis, as the same for NAD+, is mostly reused in 
the upstream glycolytic branches. Despite the poor contribution to maintain energetic 
levels, the glycolysis rate might be important to sustain macrophages viability, 
compensating for the mitochondria impairment with glycolytic intermediates that play 
major roles in several metabolic pathways. Furthermore, as was already refer, the 
mitochondria damage, during L. infantum infection, was not permanent, suggesting that 
this impairment was not sufficient to induce cell death. The maintenance of a higher 
glycolysis rate, with the constant reutilization of NAD+ pool in the cytosol, might also bring 
limitations for its use, as a cofactor during Sirtuins activity. We detected, a particular 
decrease of SIRT1 at transcriptional and translational levels, without major differences 
regarding others sirtuins (Moreira et al. 2015). We could only speculate that SIRT1 
deacetylase activity might be impaired mainly due to the NAD+ compartmentalization. The 
existence of a potential downregulation of SIRT1 activity might also constitute an 
important factor to maintain the conversion into the PKM2 monomeric/dimeric form, with 
low pyruvate kinase activity, in the nucleus. Acetylation, among other factors, constitutes 
an important signaling event for the modulation of PKM2 enzymatic activity (Lv et al. 
2011). Interestingly, it was recently reported that deacetylation of PKM2 by SIRT6 leads to 
the export of PKM2 from the nucleus. The authors also noted that, a reduction of SIRT6 
levels is associated with an enhancement of nuclear acetylated lysine 433-PKM2 
(AcK433-PKM2), which correlates with the increasing tumor grade (Bhardwaj et al. 2016). 
This work might support the existence of such mechanism, being in our model modulated 
by SIRT1 protein. 

 The decrease of NAD+/NADH and  ATP/AMP ratios, in our model of infection, are 
considered the major triggers for the establishment of mitochondria metabolic shift, 
through SIRT1-AMPK activation. We could not discard the possible impact of IL-10 
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secretion, due to CI impairment and to PKM2 activation, potentially found in bystander 
cells, as possible inducers of AMPK protein. One key question still remains, could the 
parasites have a role in such energetic variation, guiding indirectly the host cells to a 
immunometabolic permissive niche? 
 Leishmania parasites display several strategies to sense the microenvironment in 
order to respond in accordance to their nutritional requirements and host nutritional 
fluctuations. When facing striking environmental alterations, for example after entering 
mammalian host, parasites express at their surface different permeases, translocases or 
transporters, as a response to stress nutritional conditions. The auxotrophy for several 
nutrients guides the parasites to adopt such metabolic behavior. Leishmania parasites are 
auxotrophic to all purines and also for NAD+. In our model, we were able to detect until 6 
hours p.i. a decrease of ATP compared to the controls, without altering AMP levels. This 
energetic deficit, that was also observed earlier than 6 hours of infection (data not shown), 
may result primarily from the early impairment of mitochondria ETC. In response to purine 
starvation, Leishmania upregulate purine salvage components located at the cell surface 
like L. donovani nucleoside transporter 1 (LdNT1), that participate in adenosine 
acquisition (Carter et al. 2000, Martin et al. 2014). Leishmania is not able to acquire 
directly ATP and for that reason express at the surface, and in some organelles, 
ectonuclotidases, namely ecto-nucleoside triphosphate diphosphohydrolase (E-
NTPDase). This ecto-enzyme exert an important role during infection, being able to 
hydrolyze extracellular ATP to adenosine, in order to scavenge purines from the host, 
modulating at the same time host immune response (Berredo-Pinho et al. 2001, Cohn et 
al. 1997, Pinheiro et al. 2006).  Adenosine is defined as an anti-inflammatory intermediate. 
The absence of a concomitantly increase of AMP, lead us to hypothesize that part of the 
AMP, that results from the ATP hydrolysis, is being potentially degraded by the parasite 
into adenosine. This nucleoside is then able to be scavenge by the parasite, at some 
extent, by LdNT1 receptor. After 6 hours of infection, the ATP hydrolysis rate might be 
faster than the scavenging rate, which might explain the concomitantly increase of AMP, 
until 14 hours of infection. The intervention of Leishmania together with host mitochondria 
impairment might contribute for the AMPK activation and the subsequent metabolic shift. 
Interestingly, this ecto-enzyme was also found in amastigotes from naturally infected 
dogs, which might account for the possible decrease of ATP observed in amastigote-
infected macrophages (Vasconcellos Rde et al. 2014). 
 Leishmania, as was already referred, are auxotrophic for NAD+ using nicotinamide 
(NAM), among others intermediates, for NAD+ synthesis (Gazanion et al. 2011). The 
potential compartmentalization of NAD+ in the cytosol, which reflects an unbalance of 
NAD+ in mitochondria, may exert a nutritional stress on the parasites, in terms of NAD+ 
availability. This may lead the parasites to scavenge NAM amplifying the downregulation 
of NAD+ salvage biosynthetic pathway and simultaneously, may lower NAM intracellular 
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levels below the threshold necessary to induce a SIRT1 inhibitory effect (Michan et al. 
2007). Such mechanism may promote the further recovery of SIRT1 expression and it 
potential activity, together with the increase levels of NAD+, induced mainly by redox 
metabolism and de novo NAD+ biosynthetic pathways (Mesquita et al. 2016). This 
parasite nutritional strategy may constitute an important mechanism to drive SIRT1 into 
the macrophages metabolic shift.  

2.2. Subversion of host nutrient sensors induce a metabolic reprograming crucial 
for Leishmania survival 

 The early modulation of host metabolic pathways by Leishmania parasites have 
create the conditions for the activation of host SIRT1-LKB1-AMPK axis. The recovery of 
SIRT1 expression, to similar levels as the uninfected cells, is accompanied by the 
enhancement of NAD+ levels. The early increase of this cofactor, which precedes AMPK 
activation, might be regulated by NAD+ biosynthetic pathways. NAD+ salvage pathway 
shouldd be excluded, since Leishmania may scavenge NAM intermediate, as was already 
suggested, affecting salvage biosynthesis. This mechanism might be essential to restore 
SIRT1 activity promoting possibly the interaction with their subsequent downstream 
targets. Our preliminary data, indicates that SIRT1 is mainly localized in the nucleus 
during L. infantum infection (data not shown). This localization of SIRT1 may promote 
deacteylation of LKB1 favoring its translocation to the cytosol, where it further interacts 
with the adaptor proteins, STRAD and MO25, becoming active. This complex will then be 
able to phosphorylate AMPK at Thr172. Interestingly, we observed that the total recovery 
of SIRT1 expression is only acquired at 14 hours p.i., during the time frame of AMPK 
activation. These results led us to hypothesize that a possible competition for NAD+ 
salvage pathway intermediates (NAM) still occur, at this time frame. This competition may 
not have a significant impact on the levels of NAD+ needed to activate SIRT1-LKB1-AMPK 
axis. Several authors observed the existence of an activation cycle between SIRT1 and 
AMPK, where an interaction loop can be established through NAMPT enzyme by AMPK 
activation. NAD+ synthesis, in our context, might be increased being able then to induce 
SIRT1 activity (Ruderman et al. 2010). Nevertheless, we did not established a direct 
correlation between NAD+ abundance and SIRT1 activity, throughout infection. Although, 
we could suggest that SIRT1 might be exerting its deacetylase activity, within the nucleus, 
potentially through epigenetic gene regulation, such phenomenon was indeed observed 
for SIRT2 during L. monocytogenes infection. During Listeria infection, InlB a bacteria 
factor, was able to induce SIRT2 expression, mainly in the chromatin, which in turn was 
able to deacetylate a specific histone defined as H3K18. This mechanism induces a host 
response reprograming enhancing Listeria infection (Eskandarian et al. 2013). 
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 The establishment of SIRT1-AMPK axis, results in the enhancement of 
peroxisome-proliferator-activated receptor γ︎ coactivator 1 ︎α (PGC-1α), a transcriptional 

coactivator, that might be activated by AMPK phosphorylation (Jager et al. 2007). PGC1-
α/PGC-1β are key metabolic intermediates that activate several transcription factors 
involved in mitochondria biogenesis, reactive oxygen scavenging enzymes, oxidative 
phosphorylation components, mitochondria metabolic pathways, proteins involved in 
mitochondria fusion and fission, among others (Cunningham et al. 2007, Handschin et al. 
2011, Mootha et al. 2003, Uldry et al. 2006). In fact, our data reports a recovery of 
mitochondria homeostasis. Moreover, we were able to detect an increase of Slc2a4 
(GLUT4) transcription, an AMPK downstream target, which reflects later an increase of 
glucose uptake. Glucose in such context was mainly driven to mitochondria to be 
oxidized, since the transcription of HIF-1α target genes returns to the control levels. An 
important role has been attributed to SIRT1 protein as an inhibitor of HIF-1α pro-
inflammatory signaling in DCs, altering the polarization of T cells into a Th1 differentiation 
(Liu et al. 2015). SIRT1 might be crucial to dampen inflammatory and glycolytic program 
mediated by HIF-1α, during host-parasite metabolic reprograming. All these metabolic 
events occurs after SIRT1-AMPK activation, between 10-14 hours p.i. and after the initial 
enhancement of Ppargac1 transcript (14 hours p.i.), suggesting that these players may 
constitute the major drivers of mitochondria metabolic reprograming, in Leishmania-
infected cells. 
 Although we did not demonstrate a direct interaction between SIRT1, LKB1 and 
AMPK, we were able to determine indirectly, using a pharmacological approach and a KO 
system for the referred proteins, the possible functional regulation between them. A clear 
downregulation of mitochondria metabolic reprograming was achieved in infected-bone 
marrow derived macrophages (BMMo) from myeloid-restricted Mac-SIRT1, LKB1 or 
AMPK KO mice. Interestingly, such metabolic reprograming was only recovered after 
AMPK activation, with AICAR, in infected-BMMo recovered from Mac-SIRT1 KO (Moreira 
et al. 2015) or LKB1 KO mice (data not shown). This data support our hypothesis that 
SIRT1 is the upstream regulator of AMPK metabolic pathways, being such interaction 
established via LKB1 protein (Moreira et al. 2015). SIRT1 is also described as a critical 
regulator of mitochondria biogenesis, through PGC-1α acetylation. However, such 
mechanism seem to be absent from our model, since SIRT1 KO mice exhibit a 
downregulation of Ppargac1 (PGC-1α) transcription, being only recovered after AMPK 
activation (Moreira et al. 2015). Phosphorylation of PGC-1α by AMPK might be the 
predominant post-translational mechanism that ultimately controls PGC-1α function. This 
data reinforces the crucial link established between SIRT1 and AMPK nutrient sensors, to 
hijacked host metabolic reprograming. SIRT1-LKB1-AMPK protein axis had huge 
implications for the infection outcome. In vitro, the modulation of AMPK activity, through 
AICAR treatment, leads to a significant enhancement of infection compared to the WT, 
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even in BMMo from SIRT1 KO mice. This phenotype is completely reverted, in the 
presence of compound c (AMPK inhibitor). None of these changes were observed in 
BMMo from AMPK or LKB1 KO mice, even after SIRT1 activation by SRT1720. The 
biologic relevance of host metabolic reprograming for L. infantum survival, is corroborated, 
in AMPK KO infected-macrophages, by a strong alteration of their activation profile, with 
the potential to establish a more glycolytic and inflammatory environment (Moreira et al. 
2015). This data reinforce the decrease levels of infection detected in AMPK KO 
macrophages. It is important to refer that mitochondria metabolic reprograming is not 
established in irradiated-infected macrophages. Promastigotes and amastigotes seem to 
rely on this type of metabolic environment in order to establish successfully, inside 
phagolysosome. 
 Remarkably, SRT1-LKB1-AMPK axis might occur in vivo during L. infantum-
infected mice, since we were able to detect AMPK activation in infected-splenic 
macrophages. Furthermore, we still detect AMPK activation although significantly 
decreased compared to the WT, in infected-splenic macrophages from Mac-SIRT1 KO 
mice. Despite being almost abrogated, the expression of AMPK-P was significantly higher 
when compared to the uninfected counterpart. This data lead us to ask what could be the 
real impact of SIRT1 and AMPK, during in vivo L. infantum infections. Mac-AMPK or 
SIRT1 KO mice exhibit lower parasite load in the major Leishmania-parasitized organs, 
such as the liver, bone marrow and the spleen. These results corroborated the activation 
of SIRT1-AMPK axis during Leishmania infection, inducing a metabolic reprograming that 
is crucial for parasite survival. An exception was observed concerning the parasite load in 
the spleen of Mac-SIRT1 KO mice. No significant alterations were obtained compared to 
the control. This striking evidence seem to correlate quite fine with the aforementioned 
expression of AMPK-P in infected-splenic macrophages from those mice. This led us to 
speculate that in the SIRT1 KO mice, AMPK is sustained being able to be activated, 
independently of SIRT1. In a recent work was described a striking mechanism where 
energy stress triggers the SUMO1 modification of LKB1, leading to the recognition and 
phosphorylation of AMPK via a SUMO-interacting motif (Ritho et al. 2015). The existence 
of such mechanism in our model may suggests an induction of host mitochondria 
pathways, which may explain the unaltered parasite load measured in the spleen. SIRT1 
has been associated with the establishment of an anti-inflammatory environment, 
modulating inflammatory pathways such as NF-kB and FOXO1 (Haigis et al. 2010). The 
absence of SIRT1, due to the derepression of their inflammatory targets, should induce 
predominantly, in our model, an inflammatory environment. Leishmania is able to 
modulate such environment, even in the absence of SIRT1, through AMPK activation, 
which highlights the crucial role of AMPK during Leishmania infection. One key question 
remains, why the potential activation of AMPK in the spleen of Mac-SIRT1 KO mice, was 
not observed in the other parasitized organs? In the context of Leishmania infection the 
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macrophages from the spleen (mainly red pulp macrophages) have higher innate immune 
functions, compared to the kupfer cells in the liver, clearing almost 50% of the initial 
parasite inoculum, in the first 24 hours of infection. Although, along infection the spleen 
become the site where parasites persist, with the establishment of a chronic infection 
(Engwerda et al. 2004). The immunologic defects in the spleen that occur during chronic 
VL are mainly regulated by IL-10, that is a suppressive cytokine with anti-inflammatory 
effects over distinct immune cells (Kumar et al. 2012, Nylen et al. 2007). An interesting 
role was recently described for IL-10 as an activator of AMPK signaling (Sag et al. 2008). 
In our model, the parasite load was determined during the acute phase, within the first two 
weeks of infection (10 days p.i.). At that time, after the initial parasite killing in the spleen, 
the parasite load may already be sustained, with the acquisition of a fine tune between 
parasite replication and parasite elimination mechanisms, as described by (Engwerda et 
al. 2004). The immune response, in such lymphoid organ, should be already alter since 
the host can not clear the parasites. This may suggest an early establishment of an 
immunologic permissive environment, maybe through an IL-10 suppressor role 
(Rodrigues et al. 2016).  
  

2.3. Host dynamic metabolic profile during Leishmania infection might be guided by 
parasite nutritional requirements 

 Leishmania promastigotes seem to be quite dependent on host glycolysis 
immediately after host interaction. The major reasons for glycolysis upregulation may be 
related with the sudden environmental changes inside the host as well as related with the 
promastigotes metabolic requirements. The glycolytic pathway interacts directly with 
distinct metabolic pathways as PPP and serine metabolism, which may play a role during 
Leishmania interaction. Parasites might use several intermediates that results from these 
pathways in order to survive in such harsh environment. PPP is an important contributor 
of reduced glutathione, that made part of the antioxidant defenses employed by the host. 
This pathway contributes simultaneously with NADPH for the assembly of host NADPH 
oxidase complex (NOX2) and also to be used as an intermediate of fatty acid synthesis.  
Importantly, the latter pathway might contribute for the fatty acids pool present in the 
phagolysosome millieu. Parasites may take advantage of reduced glutathione host 
defense mechanism, in order to survive to the oxidative burst mainly induced by NOX2. 
Furthermore the nucleotides obtained from the non-oxidative branch of PPP might also 
constitute important metabolites for the phagolysosome nutritional content (McConville et 
al. 2015). Serine and subsequently glycine amino acids obtain from the 3-
phosphoglycerate branch of glycolysis, known as one-carbon metabolism, are important 
intermediates of Leishmania folate cycle. Interestingly, Leishmania develops a strategy to 
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acquire extracellular nutritional metabolites even containing the proper enzymatic 
machinery to synthesize these compounds. As examples, this allosteric control occurs in 
promastigotes for example for serine, glycine and proline as demonstrated by a reduced 
biosynthesis is repressed in the presence of exogenous amino acids (Saunders et al. 
2011). Serine and glycine, generated from glycolysis, are acquired by the parasites, to be 
used as intermediates of the folate cycle. Importantly, Leishmania is auxotroph for folate, 
which could reflect the importance of serine and glycine glycolytic intermediates to 
promastigotes survival inside phagolysosome. The serine metabolism and PPP are found 
enhanced in cancer cells that are highly dependent on glycolysis, acquiring crucial 
intermediates to maintain their uncontrolled growth rate. All these metabolic intermediates, 
are also present in inflammatory activated macrophages constituting part of their innate 
effector functions. Remarkably, promastigotes are able to subvert macrophages metabolic 
pathways, modulating the host glycolysis pathway, to maturate the nutritional content of 
the phagolysosome and at the same time contributing for their own nutritional 
requirements.  
 The metabolic shift performed by SIRT1-AMPK axis, is crucial for L. infantum 
survival. This metabolic reprograming might be independent of the parasite form given 
that both promastigoTes and amastigotes are able to activate AMPK, and the main 
downstream target PGC-1α resulting in the enhancement of mitochondria biogenesis. This 
indicates how they rely on modulating host mitochondria pathways to fulfill their nutritional 
requirements. This mechanism might suggest, at some extent, a similarity in terms of 
nutritional dependencies between fully amastigotes and the parasite form found at 18 
hours p.i..  
 Mitochondria comprehends several distinct pathways that are crucial to maintain 
metabolic homeostasis, cell survival and a proper innate immune response. It constitutes 
probably one of the most important host sources to ensure parasite survival, ensuring the 
functionality of pathways such as ETC and OXPHOS, fatty acid oxidation (FAO) and TCA 
cycle. Apart from the importance of ATP and NAD+ cofactors, that could be obtained from 
all the referred pathways, others mitochondria intermediates may have a critical function 
for parasite metabolic pathways. FAO and TCA cycle might yield critical metabolites for 
parasites mitochondria metabolic pathways, which are found upregulated during the 
amastigote stage. An alternative role was addressed for some intermediates of the TCA 
cycle during T. brucei differentiation when transmitted to the insect vector. Citrate and cis-
aconitate are crucial for Trypanosoma brucei differentiation from stumpy to procyclic form. 
Such mechanism is regulated by a transporter defined as proteins associated with 
differentiation (PAD), which is found highly expressed at low temperatures (Dean et al. 
2009). We may speculate that Leishmania promastigotes may acquire host metabolic 
intermediates as key components to induce amastigotes differentiation. In fact such 
nutrient flow should be quite feasible to occur, since mitochondria, as was already 
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referred, is found in an intermediate state of fragmentation, until 24 hours of infection. 
Apart from mitochondria pathways, the infected cells also exhibit an increase of glucose 
uptake although, shifting from an early fermentative pathway to pyruvate oxidation in 
mitochondria. Moreover, an additional glycolytic pathway, known as hexosamine, might 
also be upregulated at this stage of infection. In fact, this pathway was already defined as 
a crucial hallmark of anti-inflammatory activated macrophages, as a source for N-
glycosylation post-translational mechanism of surface receptors (Jha et al. 2015). Glucose 
and potentially glucosamine and N-acetyl-glucosamine, obtained from host hexosamine 
pathway, are crucial to maintain the PPP and glycolysis pathways of the parasite, 
converting these sugars into surface glycoconjugates (McConville et al. 2015). 
Importantly, the dependency on amino sugars was only reported for the amastigotes form 
(Naderer et al. 2015).  
 The similarity between the promastigotes or amastigotes with their host in terms of 
metabolic profile might not be only coincidence. This may constitute a nutritional strategy 
to obtain intermediates of the host pathways that are found also upregulated in the 
parasite. 
 Our work, as far as we know, was the first to define a striking metabolic 
reprograming during Leishmania infection, modulated by the subversion of host nutritional 
sensors. Our data clearly shows the dynamic nature of host metabolic pathways, 
highlighting the possible nutrient flow that could be established within host-parasite 
metabolic coupling. Modulation of metabolism, under the context of infection diseases, 
should be an advisable strategy to follow in the drug discovery field. However the plasticity 
of the parasites to overcome harsh niches should be taken into consideration. 

3. SIRT1 and AMPK in the modulation of Leishmania-host immunologic 
interaction 

 The progression of leishmaniasis is mostly regulated by a fine balance of immune 
parameters associated with parasite persistence and parasite elimination. A protective 
response to Leishmania is in fact dependent on the development of a type I immune 
response with the development of Interferon γ (IFN-γ)-producing Th1 T cells (Muller et al. 
1989). These cells are then able to eliminate the parasites within the infected cells, mainly 
through the activation of macrophage microbicidal functions such as, nitric oxide (NO) and 
reactive oxygen species (ROS) (Kaye et al. 2011). Our previous work highlight the role of 
two host nutrient sensors, SIRT1 and AMPK, that reprogram host metabolic pathways, 
promoting a metabolic permissive niche. Such host factors are subverted by the parasites 
constituting important metabolic players for parasite persistence. Beyond their nutrient 
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sensing role, SIRT1 and AMPK, are being recently associated with the modulation of 
immune cells activation status, among them macrophages, modulating their immunologic 
context into an anti-inflammatory profile (Mounier et al. 2013, Sag et al. 2008, Schug et al. 
2010). Therefore, it become imperative to determine the impact of each nutrient sensor 
during Leishmania-macrophages immunologic context, in order to get a more clear vision 
of the immunometabolic environment originated during Leishmania infection. 
 Since the early interaction phase with the host, Leishmania modulates gradually 
the polarization profile of macrophages, changing from a predominant inflammatory 
profile, as we observed by iNOS transcription, to an anti-inflammatory program, defined by 
Arg1 transcription, at later time of infection (24 hours).  Despite the absence of 
significative differences, a clear dynamic profile can be denoted from our data. 
Interestingly the transition phase where occurs a shift from one polarization profile to 
another, comprehends the period between 10-14 hours of infection (to be submitted). This 
match exactly with the same time frame where SIRT1-AMPK axis become activated in our 
previous work, suggesting that this protein axis, might modulates the metabolic as well as 
the immunologic context of infected macrophages to a more anti-inflammatory phenotype 
(Moreira et al. 2015). It is important to refer that macrophages infected with irradiated 
infected-macrophages also exhibit an increase of iNOS transcription, until 10 hours of 
infection. This event is ultimately corroborated by the higher levels of nitrite (NO2-) 
secretion, one of the metabolites that results from nitric oxide (NO) oxidation, mainly found 
between 14 and 18 hours post-infection. Macrophages infected with live parasites are 
able to control this host microbicidal action, with no alterations regarding nitrite secretion 
compared to the uninfected cells. NO that is considered the most relevant microbicidal 
molecule against Leishmania, are being redirected through arginase 1 enzyme for the 
conversion of L-arginine to L-citruline (Gostner et al. 2013). Leishmania infected-
macrophages might control this NO production through TGF-β secretion, direct action of 
Leishmania virulence factors (GIPL) or through their own detoxifying enzymatic machinery 
(Boutard et al. 1995, Modolell et al. 1995, Proudfoot et al. 1996, Tovar et al. 1998). 
 The anti-inflammatory environment that might be generated at later time points of 
infection, could be eventually depicted from the higher transcription levels of anti-
inflammatory hallmark genes detected in splenic macrophages from infected mice (to be 
submitted). This phenotype allow us to define more precisely the dynamic nature of 
macrophages polarization in our model of infection, although this was already expected  
as described by (Holscher et al. 2006, Mukhopadhyay et al. 2015). To address how this 
immunologic context should be altered in response to SIRT1 or AMPK we take advantage 
of Mac-SIRT1 or AMPK KO mice models, where we were able to obtained a clear 
predominance of an inflammatory profile in infected macrophages. A higher expression of 
inflammatory (Cxcl9 and iNOS) and the concomitantly decrease of anti-inflammatory 
hallmark genes (Fizz1, Arg1 and Ym1) were observed for each system, compared to the 
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WT. An exception was detected concerning infected-SIRT1 KO macrophages, where no 
alteration was observed for Arg1 and Ym1 genes. The differences in the referred 
transcriptional patterns, actually alters macrophages functionality, increasing the secretion 
of pro-inflammatory cytokines, such as IL-6, IL-12p40 and TNF-α, and the dampening of 
IL-10. Infected-SIRT1 KO macrophages do not exhibit alteration of TNF-α and maintain 
IL-10 secretion, when compared to the WT. It is important to refer that at basal levels 
(without infection) we were not able to detect any substantial differences between the 
different mice models in terms of cytokine secretion. We may postulate that all the 
alterations observed could be due to the presence of the parasite and not due to the 
genetic deletion itself. Within the infected group, we could not inferred if these 
mechanisms might result from an active process of Leishmania, since we do not use 
irradiated parasites. We could hypothesize that the inflammatory response induced in both 
mice models, SIRT1 and AMPK KO, should be promoted by the presence of live or 
irradiated parasites. These two nutrient sensors are crucial components of macrophages 
anti-inflammatory activation program and their abrogation might promote macrophages to 
respond more actively through the upregulation of an inflammatory program. However, the 
induction of mitochondria respiration (OCR) and the possible maintenance of an 
immunosupressive environment (IL-10 secretion), in SIRT1 KO macrophages, might be 
induced only by live parasites. The production of IL-10, together with the drop of ATP, 
observed in our current data, constitute important triggers for AMPK activation. Moreover 
we could not discard that AMPK protein could be expressed and activated, in this SIRT1 
KO system (Sag et al. 2008). In was previously suggested by us. Indeed in our previous 
work, we were able to activate AMPK by AICAR in SIRT1KO macrophages, being this 
mechanism specifically dependent on live parasites (Moreira et al. 2015). Leishmania  
parasites might be able to induce AMPK activation in infected-SIRT1 KO macrophages, 
which in turn regulate positively IL-10 secretion (Zhu et al. 2015). In fact, some authors 
claim that, in the particular case of VL, the disease progression is accompanied by the 
presence of Th1 cytokines with a concomitant accumulation of IL-10, which plays an 
immunosuppressive role in this disease context (Carvalho et al. 1992, Cillari et al. 1991, 
Sacks et al. 1987). This type of activation profile actually have impact on the Leishmania 
infection course. SIRT1 KO macrophages shows the ability to resolve more drastically the 
infection in relation to AMPK KO macrophages (data not shown), within the time frame of 
6-18 hours of infection. This data may suggest that SIRT1 KO macrophages are indeed 
more inflammatory early after 6 hours of infection, in response to Leishmania. SIRT1 KO 
macrophages need to clear more rapidly and efficiently the parasites, since both 
macrophages KO models present a similar infection rate at 18 hours of infection. Overall 
this rapid inflammatory burst, in infected-SIRT1 KO macrophages may explained the 
sustained levels of IL-10, in order to control the possible exacerbation of inflammation. 
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One key question stands out, could this in vitro immunologic environment be mimetize 
during an in vivo infection and account for the parasite load already reported by us? 
 In the previous work we obtained some clues regarding the type of inflammatory 
profile generated in vivo, during Leishmania infection, by both KO models. A significant 
decrease of parasite load were indeed determined in the spleen, liver and bone marrow,  
within the acute phase of infection, at 10 days post-infection (Moreira et al. 2015). This 
data already stress out the generation of a possible inflammatory program. A striking 
result was observed concerning the parasite load in the spleen of SIRT1 KO mice, which 
was maintained at the same level as the WT, this means that somehow the parasites may 
circumvent the possible inflammatory environment generated in SIRT1 KO spleen. We 
have already point out in the previous section of this discussion, that after the early 
elimination of Leishmania in the spleen, the parasite levels become to stabilize (within the 
first two weeks), and we actually proposed that the immunosuppressor environment that 
might initiate at this particular time, mainly dictated by IL-10, could be sufficient to activate 
AMPK (Engwerda et al. 2004). The detection of AMPK activation in infected-splenic 
macrophages from SIRT1 KO mice, might corroborate our hypothesis (Moreira et al. 
2015). In order to understand in more detail the type of immune response generated in 
both KO models, during Leishmania infection, we focus our work in the spleen, since is 
one of the main targets of VL parasite being considered an important immunoprivileged 
site for Leishmania survival. Moreover, we also intend to decipher the main immunologic 
constrains that may dictate SIRT1 KO phenotype. At first, we were able to observed, ex 
vivo, a higher quantity of IL-12+ and TNF-α+ producing macrophages mainly from SIRT1 
KO mice. This result in fact support our previous hypothesis regarding a higher 
predominance of an inflammatory profile, in vitro, in infected-SIRT1 KO macrophages. 
Macrophages from infected SIRT1 KO mice, that constitutes one of the main cell 
populations within splenic host-protective response, might be indeed more prone to trigger 
an adaptive T cell response, displaying a higher capacity to present antigens mainly via 
IL-12 axis, as described by (Muller et al. 1989). Moreover, TNF-α production in the spleen 
was also associated with the increase levels of IL-10, becoming crucial for the disease 
progression (Ato et al. 2002, Murphy et al. 2001). This cytokine may also contribute, for 
the structural changes observed, in the spleen, immediately after the onset of the chronic 
phase (Engwerda et al. 2000). We may speculate that SIRT1 KO mice might alter the 
spleen host-response dynamic, in part due to the higher amounts of TNF-α produced, that 
in fact may influence an early trigger of an immunosuppressor environment, crucial for the 
establishment of a chronic infection. The inflammatory profile established by these 
macrophages, have in fact an impact on the activation profile of CD4+ T helper cells (Th) 
and CD8+ cytotoxic T cells (CTL). The major alterations rely on CD8+ T cells activation, 
although we were also able to detect an increase of IFN-γ+ producing CD4+ T cells from 
SIRT1 and AMPK KO mice. The prevalence of an inflammatory activation status were 
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indeed observed by the higher numbers of IFN-γ+, TNF-α+ and IL-6+ producing CD8+ T 
cells. All these alterations were detected in the spleen of SIRT1 KO mice. Its worth to note 
that IL-10+ producing CD4+ and CD8+ T cells are actually unaltered compared to WT mice, 
which might suggest, at some extent, the existence of a feedback mechanism to control 
the inflammatory program, as was already discussed by us. CD4+ and CD8+ T cell 
populations, are important mediators of splenic host-response against Leishmania 
infection. The production of IFN-γ and TNF-α, actually constitutes important triggers to 
enhance macrophages microbicidal functions, mainly by NO and ROS production, with an 
impact on parasite elimination (Lehmann et al. 2000, Tsagozis et al. 2003, Tsagozis et al. 
2005, Zhu et al. 2010).  
 Strikingly, our data suggest a predominant inflammatory landscape in SIRT1 KO 
mice infected with Leishmania, within the spleen. Such phenotype although present in 
AMPK KO mice, is observed at a lower extent. These data do not seem to fit exactly with 
the data of our previous work concerning the parasite load in the spleen (Moreira et al. 
2015). As we already refer during the discussion, AMPK activation should also play a role 
in this infection context, being mainly activated by IL-10. We may have defined with our 
data that CD4+ and CD8+ T cells are indeed the main producers of IL-10, although other 
cells present in an in vivo context can made part of this AMPK-rescue mechanism, being 
abrogated in AMPK KO mice. We may suggest that the absence of AMPK might impair 
the induction of an immunosuppressive environment, even in the presence of IL-10, which 
in turn may impair the induction of Leishmania chronic infection. Such remarkable event 
may reinforces the critical role of AMPK for the induction of a permissive niche for the 
parasite. One important question remains, how far can be maintained the inflammatory 
profile of Mac-AMPK KO mice, if the parasites are being continuously eliminated? In the 
SIRT1 KO mice, we may speculate that the parasite pool might induce a constant 
pressure on the host in order to induce an inflammatory program and at the same time an 
immunosupressor environment, through AMPK. At a later time of infection in AMPK KO 
mice, we may obtain a clear protection or we may create a residual pool of parasites as 
the one induced in the liver by the granuloma formation. 
 The particular time frame analyzed, in vitro or ex vivo, represent only a picture of 
the immunologic context present at a particular moment and do not exhibit the dynamic 
environment that can occur during infection. A transient activation of some immunologic 
networks during infection, might explained the presence of an inflammatory and an anti-
inflammatory program, simultaneously, in the same cell population. The dynamic nature of 
the immune response during Leishmania infection was indeed observe in a non-human 
primate model. In here, a gradual increase of IFNG transcript is observed from 11 to 28 
days of infection. At this later time point is trigger the increase of IL10 transcription. After 
250 days of infection, the authors observed a clear reversion of the cytokine transcription 
profile, being IL10 highly transcribed and IFNG transcript quite reduced (Rodrigues et al. 
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2014). It could be reasoned that the cell sources of these cytokines can also alter 
transiently during infection. Such phenomenon was also demonstrated during Leishmania 
infection. A crucial subset of Th1 cells, defined as CD4+CD25-IFN-γ+IL-10+, that 
represents a major source of IL-10, are dynamically altered, reaching its peak at the 
transition between acute and chronic phase, although their relative abundance, in a later 
chronic phase, is maintained elevated. Such phenomenon constitutes a nonprotective 
mechanism that is critical to parasite persistence, being associated with the establishment 
of a chronic infection (Resende et al. 2013). We may speculate that this cell dynamic in 
the spleen, can be modulated in the absence of SIRT1, and also may constitute one of the 
potential sources of IL-10 to activate AMPK. 
 With our work we actually defined two distinct immunologic landscapes in the 
absence of AMPK or SIRT1, which may reflect different infection outcomes. These nutrient 
sensors may perturb at different levels the host immune response, where probably AMPK 
may play a more prominent role for the parasite persistence.  

4. Host lipids enrichment can favor L. infantum growth  

 The metabolic reprograming, described in our previous work, define the 
importance of AMPK as a guiding force to establish a metabolic permissive environment 
for Leishmania survival. AMPK modulate an intricate metabolic network with an impact on 
different pathways affecting particularly those related with mitochondria fatty acid oxidation 
(FAO) metabolism. In more detail, it can increase the expression of FAT/CD36 scavenger 
receptor and also is able to phosphorylate the enzyme acetyl-CoA carboxylase (ACC) 
dictating the flux of long-chain fatty acids (LCFA), through the carnitine 
palmitoyltransferase 1 (CPT-1), into the FAO pathway (Foretz et al. 2011). FAO has been 
indeed described as a critical modulator of macrophages anti-inflammatory activation 
profile (Huang et al. 2014). Within the scope of AMPK-FAO modulation we postulated that 
such metabolic pathway may have indeed an impact on Leishmania survival and growth, 
at later time points of infection, after mitochondria metabolic reprograming. The inhibition 
of FAO, through etomoxir, that is a quite potent inhibitor of CPT-1, at a later time point of 
infection (24 hours) did not exert any impact on macrophages infection outcome, at 48 
hours post-infection (p.i.). Strikingly, we were able to observe increase levels of 
macrophages infection rate, when treated before or at early time points of infection, with 
the former treatment inducing more drastic alterations. In this pre-treatment condition, the 
microenvironment generated seem to create a more permissive niche to the parasites, 
since a higher proliferation rate might be suggested by the increase numbers of 
intracellular parasites. FAO inhibition seem to have an impact on infected macrophages, 
that might be dependent on the immunometabolic profile at the time of etomoxir addition. 
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At 24 hours of infection in the absence of etomoxir, infected macrophages may have 
already upregulated mitochondrial pathways, through the activation of SIRT1-AMPK axis, 
which was crucial to establish a potential anti-inflammatory environment (Moreira et al. 
2015). In the presence of etomoxir, our data suggests that this immunometabolic niche 
may not be disturb. So we may speculate that infected-macrophages are less dependent 
on FAO, in fact this was recently claimed by Tan and colleagues, where they described 
this pathway as dispensable for the early phase of murine macrophages polarization into 
an anti-inflammatory profile (Tan et al. 2015). This pathway seem to not have also an 
impact on human macrophages IL-4-induced polarization (Namgaladze et al. 2014). At 24 
hours, Leishmania parasites might be well adapted to the phagolysosome nutritional 
environment, initiating their final phase of amastigotes differentiation. The fully 
differentiated amastigotes rely mainly on FAO pathways, acquiring fatty acids and possibly 
FAO intermediates, from the host (McConville et al. 2015). Since at 24 hours p.i., they 
may not rely yet on FAO pathway, we may hypothesize that the depletion of host FAO 
intermediates may not exert any impact on parasite survival. 

 As we previously reported, Leishmania-infected macrophages relies on glycolysis 
pathway to the formation of lactate, until 6 hours post-infection. Concomitantly to this 
metabolic alteration, occurs a decrease of mitochondria pathways, possibly by an 
impairment on ETC (Moreira et al. 2015). When the inhibition of FAO by etomoxir is 
established, during pre- and early infection time, macrophages might sustain or amplify 
the referred metabolic phenotype. Such mechanism was reported in a model of pancreatic 
cancer cells, where the inhibition of lipid oxidation by etomoxir, was responsible for the 
establishment of the Warburg effect (Schlaepfer et al. 2015). Moreover, this mechanism 
might also be important to overcome a possible energetic depletion, due to FAO inhibition, 
that eventually could result in cell death. Apart from a possible energetic compensation, 
the consequences of FAO impairment, through CPT-1 inhibition, might reside on 
macrophages fatty acid metabolism. In fact, the diversion of LCFA, such as palmitate, 
away from FAO, might support in our model of infection, an accumulation of lipid droplets 
(LDs) at 48 hours p.i., when treated before and at early infection time. Concerning the 
mechanism(s) that could inhibit LDs biogenesis/accumulation at 24 hours of etomoxir 
treatment time, is tempting to speculate that etomoxir-infected macrophages, at this 
particular context, might rely on glucose oxidation to maintain mitochondrial function and 
TCA cycle intermediates. A decrease of de novo fatty acid synthesis may occur which 
could account, in part, for the absence of LDs accumulation, in our model. Such metabolic 
phenotype can indeed be depicted in the activation of macrophages anti-inflammatory 
profile (Huang et al. 2014). Not all the fatty acids diverted from FAO by etomoxir are used 
to generate LDs. They could be in part incorporated into membranes to secure their 
remodeling or even, at some extent, be integrated into the phagolysosome compartment, 

�222



Discussion and perspectives

being accessible to the parasites. In fact we have some preliminary data that suggest a 
gradual increase of LDs in infected cells during infection, which may suggest that 
parasites may acquire, at some extent, some of these fatty acids early diverted from FAO. 
This could constitute in fact a mechanism to protect the host from lipotoxicity that could be 
potentially induced by the retention of cytosolic fatty acids, mainly saturated fatty acids 
(SFA), as palmitate (Wei et al. 2006). During L. infantum infection, the presence of 
etomoxir, at pre- or early-infection time, might potentiate a gradual uptake of host fatty 
acids, increasing the parasite fatty acid pool and amplifying the formation of parasite LDs. 
Alternatively, the parasites might recruited host LDs to the phagolysosome, and eventually 
to the parasite itself, that were immediately formed after FAO inhibition. Interestingly, our 
data might support our previous hypothesizes, since we were able to visualized a higher 
LDs retention in pre-treated infected macrophages compared to the untreated. Although 
such accumulation was only observed in the intracellular parasite, with or without etomoxir 
treatment. Such remarkable data was already observed during L. infantum chagasi 
infection, where the authors were not able to detect LDs in the cytosol of infected 
macrophages, only in the parasites. Moreover, they also proved that amastigotes are able 
to synthesize their own LDs at a higher extent than promastigotes. Although this latter 
form become enriched in LDs gradually during their life cycle, reaching a pick on the 
metacyclic parasites (Araujo-Santos et al. 2014). In our model we may speculate that the 
LDs observed in the intracellular parasites might have different origins they may result 
from the scavenging of free fatty acids or LDs, and/or being synthesize directly by the 
parasite. The synthesis of LDs might be supported by the presence of an enzyme define 
as glycerol-3-phosphate acyltransferase (GAT), in L. major promastigotes, that is 
important for the triacylglycerol synthesis (Zufferey et al. 2005). The gene that codifies for 
GAT enzyme can also be depicted in L. infantum (LINJ_03_0070) and L. donovani 
(LDBPK_030070) genome. Remarkably, the potential mechanism of LDs accumulation, in 
L. infantum, during host cell infection was not depicted in L. major and in L. amazonensis 
species. In fact, an enrichment of LDs to the vicinity of the phagolysosome was detected,  
in these cutaneous species, being some of the them eventually observed in the parasite. 
Such phenomenon was proved to be important for the parasite growth (Lecoeur et al. 
2013, Rabhi et al. 2012, Rabhi et al. 2016). 
 The particular condition of etomoxir pre-treatment time has been associated with 
the establishment of a more permissive environment that correlates with a higher 
accumulation of LDs. The establishment of a lipid-enriched environment in macrophages 
(foamy-like phenotype), quite common among distinct metabolic disorders, can amplify 
macrophages inflammatory response. Interestingly, the intracellular retention of saturated 
fatty acids, as palmitate, could actually lead to the activation of an inflammasome program 
(Haversen et al. 2009, Wen et al. 2011). In fact, in our model we were able to detect an 
inflammatory environment with the secretion of IL-1β and the concomitantly decrease of 

�223



Discussion and perspectives

IL-10. No alteration was observed regarding TNF-α secretion, as was already described 
by (Tannahill et al. 2013). Such striking inflammatory profile fits quite well with a recent 
mitochondria electron transport chain (ETC) mechanism, induced during bacteria 
infections (Garaude et al. 2016). When a live bacteria interacts with macrophages, it 
affects promptly mitochondria complexes, with a downregulation of complex I (CI) and an 
upregulation of complex II (CII) activity (Garaude et al. 2016). These ETC alterations 
together with the change of fuel sources that replenish TCA cycle, where glutamine plays 
the main role, alters the NADH/FADH2 ratio. This further saturates the activity of CII, 
inducing a reverse electron transfer (RET) toward CI (Garaude et al. 2016). Such striking 
alteration is previously modulated by ROS produced mainly by mitochondria and by 
NADPH oxidase complex. Such events are accompanied by mitochondria 
hyperpolarization (Garaude et al. 2016, Mills et al. 2016). In our model of infection we 
were actually able to detect the earlier triggers of mitochondria ETC alteration such as 
ROS production and elevated mitochondria membrane potential, at etomoxir pre-
treatment time. Overall, these early triggers together with the establishment of an 
inflammassome program might strongly suggest the existence of a mitochondria ETC 
alteration, in a context of L. infantum infection and LDs enrichment. The described 
mechanism has been considered an important microbicidal strategy employed by the host 
against bacteria infections (Garaude et al. 2016). Moreover, in a recent work was 
addressed the possible role of indolepyruvate in the modulation of this inflammatory 
mechanism. This aromatic ketoacid that results from the tryptophan metabolism, is found 
enriched in T. brucei bloodstream form cultures. Indolepyruvate was able to hydroxylate 
HIF-1α, leading to the impairment of LPS-polarized macrophages glycolytic shift and 
ultimately to IL-1β abrogation and IL-10 secretion (McGettrick et al. 2016). This work 
suggests a potential strategy employed by the parasite in order to evade immune 
response. Strikingly, our data clear indicates that the inflammatory environment generated 
is not able to clear the parasites, instead L. infantum is able to proliferate, particularly at 
the pre-treatment condition. As was described elsewhere during discussion, Leishmania 
parasites per se, are able to induce macrophages HIF-1α stabilization, as a survival 
strategy, being observed during L. amazonensis and L. donovani infections (Degrossoli et 
al. 2007, Singh et al. 2012). HIF-1α actually plays an important role for the establishment 
of an inflammasome program, it modulates the transcription of IL1B gene. However, 
GP63, and/or extracellular vesicles containing GP63, could in fact control the 
inflammatory response induced by HIF-1α through the inhibition of IL-1β maturation (Shio 
et al. 2015).  
 As a final remark we may ask if LDs accumulation may in fact contribute to the 
inflammatory environment and at the same time having a major role for the survival and 
growth of L. infantum. We actually try to addressed this key question, although we can 
only have a glimpse of LDs impact, in our model. The modulation of cytosolic acetyl-coA, 
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through acetate treatment, of etomoxir-infected macrophages establish a direct 
association between LDs accumulation and the infection rate. A higher level of infection  
was detected compared to the etomoxir-infected macrophages. This may suggest that 
LDs are indeed crucial to sustain parasites in such inflammatory context. Interestingly, the 
role of acetate has been recently addressed in a context of cancer model, being 
considered the major source for cancer cells proliferation during stress conditions, as 
hypoxia (Kamphorst et al. 2014, Mashimo et al. 2014). Interestingly, this type of virulence 
strategy has not been reported so far in cutaneous species, so we may suggest that this 
mechanism might constitute an important visceralization factor. 
 It has been discussed by several authors the possible immunologic or metabolic 
contribution of LDs in order to favor the parasite growth. It was demonstrate, in a recent 
manuscript, that LDs, localized in the proximity of Drosophila neural stem cells, act as an 
antioxidant mechanism, protecting these cells from hypoxia-triggered ROS. Interestingly, 
the ROS production actually leads to LDs formation in this model. Lipids sequester from 
the membranes, polyunsaturated fatty acids (PUFA) become protected in the core of LDs, 
avoiding peroxidation by ROS species. This impressive antioxidant defense support 
ultimately the proliferation of these neural stem cells (Bailey et al. 2015). Moreover, in P. 
falciparum the LDs formation in the parasite, within the erythrocyte stage, are involved in 
the detoxification of heme (Jackson et al. 2004). In addition, other report suggests that 
LDs can store and “neutralize” hydrophobic proteins with tendency to form toxic 
aggregates (Cermelli et al. 2006, Welte 2007). We could reason that these type of 
mechanisms present advantages to the parasite, creating a more permissive niche. This 
might explain the parasite growth during etomoxir pre-treatment conditions, even in the 
presence of a microbicidal environment. Additionally, the accumulation of LDs can 
constitute an important site for the synthesis of prostaglandins, particularly PGF2α, 
promoting, in situ, an anti-inflammatory microenvironment (Araujo-Santos et al. 2014). We 
should not discard that LDs are also considered important nutrient reserves, with the 
parasites possibly acquiring them, particularly, in stress conditions. Finally, as was 
suggested by Araujo-Santos in L. infantum chagasi, the LDs highly accumulated in the 
metacyclic form could be considered a virulence strategy. Indeed this may represent a 
crucial advantage when they have to face stress conditions as during an oxidative and 
hypoxic environment, being able to increase their LDs pool. This type of niche is easily 
found in the liver within the granuloma, in the spleen due to a higher proliferation of 
splenocytes in response to Leishmania, or as was recently described during T. brucei 
infection (Trindade et al. 2016), within the adipose tissue. Interestingly, this type of 
virulence strategy has not been reported so far in cutaneous species, so we may suggest 
that this mechanism might constitute an important visceralization factor. More importantly, 
this strategy may increment parasite plasticity, increasing their capacity to adapt at 
different and harsh environments. 
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 The development of obesity is tightly associated with the establishment of an 
inflammatory environment and due to the increase incidence of such metabolic disorder, it 
might be important in the future to be addressed, as an additional risk factor of 
Leishmaniasis progression. This disorder may contribute to the impairment of treatment 
efficacy, acting as an hydrophobic barrier against hydrophilic drugs, or impairing the action 
of ROS produced by some agents of the conventional therapy against Leishmaniasis. A 
final question in this context could be raised. Can the adipose tissue in fact create a safe 
niche for L. infantum, being the occupancy of such environment a strategy to evade the 
immune system and establish a chronic infection. Or could be an adaptation process 
developed over time by the parasite to bypass the drugs action. This latter mechanism 
could, in part, explain the relapses and/or resistance events established during 
leishmaniasis chemotherapy. 

5. Perspectives and final conclusion

 The work presented in this thesis have in fact highlighted the crucial impact of 
metabolism, as a support platform for host-parasite metabolic coupling. Our work, as far 
as we know, was the first to define a striking metabolic reprograming during parasite 
infection, modulated by the subversion of host nutritional sensors. Our data clearly shows 
the dynamic nature of host metabolic pathways towards the establishement of a metabolic 
tolerant environment. The remarkable plasticity of host metabolic pathways is actually 
accompanied by an immunological shift contributing for an immunometabolic permissive 
niche. 
 The early glycolytic modulation of host metabolism upon Leishmania phagocytosis 
might be important for phagolysosome maturation in terms of nutritional content. Also it 
resembles closely the promatigotes metabolic dependencies. The metabolic mimic 
between host and parasite might be depicted after host mitochondria metabolic 
reprograming, where parasites might already initiated the final phase of amastigotes 
differentiation, and at that stage they might be more dependent on mitochondria 
intermediates. In the core of such metabolic network it stands out a possible dynamic 
nutrient flow between the host and the parasite. One of the drawbacks of our work was 
the inability to measure the nutrient flow that might establish within host-parasite 
interaction. An important approach, that results from the combining deuterium labelling 
with Raman spectral (RMS) imaging, was recently described within T. gondii-host 
interaction, in vitro. These authors were able to measure in real time at single-cell level, 
the uptake of deuterium-labelled L-Phenylalanine (L-Phe(D8)) by individual T. gondii 
tachyzoites. T. gondii acquired L-Phe (D8) from pre-labelled host cells, becoming L-Phe 
substituted with L-Phe(D8) within 7-9 hours after infection, in the parasite. This exciting 
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new technique might constitute indeed a powerful tool to measure the metabolites flow 
established in a context of Leishmania-host infection (Naemat et al. 2016). Other 
important pitfall of our work, is the absence of an in vivo measurement of host-parasite 
metabolic coupling. In a recent approach, infected Balb/c mice labelled with heavy water  

(2H2O), deuterium labelling, was used to measure metabolic dynamics and 

macromolecule turnover in intracellular stages of Leishmania, recovered from mice  
granuloma (Kloehn et al. 2015). This type of approach may indeed be useful to determine 
host-parasite metabolic dynamics in vivo, constituting an important starting point to 
analyze in more detail this complex network, being also closer to a more relevant biologic 
system.  
 A predominant inflammatory profile was generated in the spleen, of infected-Mac-
SIRT1 and AMPK KO mice. SIRT1 KO mice despite a predominant inflammatory profile, 
also present an immunosupressor environment, which might be responsible for the 
inability to eliminate the parasites. Oppositely, AMPK KO with a lower inflammatory grade 
exhibit indeed a decrease of the parasite load. The use of one time frame is a severe 
limitation given that we loose the dynamic profile of the cytokines as well as the specific  
cellular sources. With a wider temporal window, we would be able to correlate all these 
immunological changes with the parasite load. Moreover, the role of other immune cells, 
like dendritic cells (DCs) that play a major role during T cell priming, should also be taken 
into consideration in this dynamic host response (Engwerda et al. 1998, Gorak et al. 
1998). An important event regarding CD8+ T cell activation was clearly depicted in infected 
SIRT1 KO mice, although without parasite elimination. It will be interesting address the 
role of  CD8+ T cells, in this particular context, in order to clarify if they can developed a 
protective or a detrimental role, during infection. Such dichotomy was described during 
Leishmania infection, particularly in cutaneous leishmaniasis (CL) (Belkaid et al. 2002, 
Faria et al. 2009, Muller et al. 1994). This phenomenon was not yet clearly assessed 
during visceral leishmaniasis. One of the limitations of our work, was the fact that we 
analyzed the total T cell population. The parasite-specific T cell pool, was indeed not 
determined in our context of infection. To overcome this issue we may detect antigen-
specific T cells using a multimeric MHS/peptide complexes (MHC tetramers). Finally, to 
discard the potential impact of IL-10 as a possible inducer of AMPK, we could deplete the 
main producer (s) of IL-10 or as an alternative, block IL-10 signaling in infected-SIRT1 KO 
mice. Our work left several open questions that need to be address in order to get a clear 
vision of the environment dictated, in a context of Leishmania infection, by host nutrient 
sensors. 
 The impairment of host fatty acid oxidation, previously to L. infantum infection, 
creates an inflammatory and microbicidal environment enriched in LDs, that are 
strategically located in the parasite. The unexpected growth of the parasites in such niche 
raise several questions regarding the role of LDs, in this particular context. One important 
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event that should be scrutinized is the trigger of such inflammatory and lipidic 
environment. Garaude et al already demonstrated that ROS production is the main 
inducer of inflammasome program and Bailey and colleagues, out of the infection scope, 
correlates ROS production with LDs accumulation (Bailey et al. 2015, Garaude et al. 
2016). It should be important to determine if parasite persistence, inflammassome 
activation and LDs retention occurs in a ROS-independent manner, using for that 
antioxidant compounds, during infection. The induction of LDs accumulation, using the 
conventional method of oleate-BSA complex, previously to infection, should be important  
in order to assess the impact of LDs for the infection outcome, to trace an association 
between LDs and inflammassome activation and finally to clarify if LDs may develop a 
protective role, acting as an antioxidant defense. In the latter, the measurement of lipids 
peroxidation, could be an important strategy to adopt (Bailey et al. 2015). One key 
question remains in our work. Could the enrichment of LDs actually impede the action of 
leishmaniasis chemotherapy (miltefosine, amphotericine B, among others), as was 
already reported for T. cruzi (Francisco et al. 2015) ?. For that we could establish an 
obese  mice model using a high-fat diet vs. low-fat diet, being the parasite burden assess, 
in treated and non-treated animals. This work is quite preliminary although, it raise 
concerns regarding parasite plasticity. In fact, this represent an advantage to evade 
immune system and to overcome the mechanism of action of conventional drugs, 
occupying a higher diversity of unexpected niches.  
  
 Immune cells, particularly macrophages in this context, presents an extraordinary 
plasticity to sense different stimuli adapting their immunologic and metabolic profile, 
changing from a glycolytic inflammatory profile to a mitochondria metabolic environment, 
mainly with anti-inflammatory functions. The parasites may acquire different genomic 
landscapes for each particular environment, as was recently observed during T. brucei 
adipose tissue infection (Trindade et al. 2016). This phenomenon also highlights the 
existence of different immunometabolic microenvironments, in the same organ, which may 
favor the development of distinct types of host-pathogen interaction (various pathogens 
subsets).  Such remarkable event was first addressed in a context of bacteria infection 
(Bumann 2015). 
 The dynamic interplay, established between the host and the parasite, and the 
constant competition for some essential resources, suggested during our work, may 
constitute the basis for the establishment of two recent concepts defined as “nutritional 
immunity” and “nutritional virulence”, as was previously discussed by us (Mesquita et al. 
2016). In the former the host may try to limit the access of the parasites to its nutrients 
pool, and the parasites responds to that by increasing at the surface receptors for a 
variety of nutrients, ensuring its import from the host to fulfill its needs. In fact such 
strategy might be present in our work, with the host trying to impair mitochondria energetic 
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pool and the possible compartmentalization of NAD+ in the cytosol. In fact the host 
response against Leishmania become the parasite main weapon, inducing AMPK 
metabolic reprograming. In turn, “Nutritional virulence”, was first demonstrated in 
Legionella, Coxiella and Chlamydia bacteria infections (Abu Kwaik et al. 2013). They are 
able to target major host biosynthetic and degradation pathways (proteasomes, 
autophagy and lysosomes) or nutrient-rich sources, acquiring a huge source of amino 
acids for carbon and energy support. In our work several mechanisms may resemble this 
nutritional virulence concept, namely 1) the possible scavenging of NAM by Leishmania, 
that may impede a higher decrease of SIRT1 activity, 2) the modulation of host nutrient 
sensors in order to activate mitochondria energetic pathways, 3) the possible scavenging 
of host fatty acids and/or LDs, specifically to the parasite, and finally 4) the use of LDs by 
the parasites, not properly as a nutrient source, but rather as an antioxidant defense 
mechanism. 
 Leishmania capacity to overcome harsh environments, with distinct nutritional and 
immunologic pressures, constitutes in fact the major drivers of parasite plasticity, 
becoming more complex the host-parasite immunometabolic interaction. This quite 
amazing field raise more questions although, it also brings other perspectives and 
possibilities to trace anti-parasitic strategy through the modulation of host metabolism. 
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