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ABSTRACT 
 

The invariant natural killer T (iNKT) cells constitute a particular subset of T 

lymphocytes characterized by an innate-like profile. These cells rapidly respond to lipid and 

glycolipid antigens bound by the glycoprotein CD1d expressed by different antigen 

presenting cells. Once activated, they release large amounts of anti- and proinflammatory 

cytokines. Thus, iNKT cells are endowed with a remarkable immunomodulatory potential 

and they have been implicated in different disorders, such as allergy, autoimmunity, cancer 

and infection, among which is leishmaniasis.  

Leishmania spp. are a group of protozoan parasites that includes the causative 

agents of leishmaniasis. This is a neglected tropical disease in which the most severe form 

of manifestation affects visceral organs and could be fatal if left untreated. Importantly, the 

success of Leishmania infection relies on the capacity of the parasite to subvert host 

immune responses. Recently, a few groups, including ours, observed that Leishmania 

parasites release extracellular vesicles (EVs).  

EVs are vesicles formed by a lipid bilayer membrane, containing other lipids, 

proteins and genetic material on their surface as well as in their lumen. Due to their 

potential to transmit messages between pathogens and host cells without a direct cell 

contact, they have been a focus of great interest regarding infection. EVs derived from 

Leishmania and other protozoan parasites have been associated with pro-parasite effects, 

by creating a more permissive environment to the establishment of the infection.  

Herein, we studied the effect of the extracellular material (ExM), which encloses 

both EVs and vesicle-depleted material, released by L. infantum promastigotes in iNKT 

cells. In the first steps of this work, it was observed that L. infantum ExM is capable of 

impairing the expansion of human iNKT cells ex vivo from peripheral blood mononuclear 

cells. This evidenced the cross-talk between iNKT cells and L. infantum ExM that we 

explored further. L. infantum ExM also modulates the important capacity of iNKT cells to 

release cytokines, impairing the production of different cytokines, such as IL-4 and IFNγ by 

these cells. Furthermore, we also show that L. infantum ExM competes with α-GalCer, a 

potent iNKT cell agonist, for CD1d binding, which justifies its effect in the impairment of 

iNKT cell activation. Additionally, we also proved the lipids present in each fraction of L. 

infantum ExM take an important role in the inhibition of iNKT cell activation and 

expansion. Thus, L. infantum ExM, through their lipids, is suggested to participate in the 

impairment of CD1d-mediated activation of iNKT cells, adding a new evidence regarding 

the contribution of the parasite ExM to subvert host immune responses. 

To the best of our knowledge, this is the first time that the cross-talk between the 

ExM released by a microbe and iNKT cells was assessed, shedding light on a mechanism of 
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iNKT cell modulation that remained unexplored so far. This opens new perspectives 

regarding the study of the interaction of the ExM released by other pathogens with iNKT 

cells. Moreover, a further analysis of the lipid content of L. infantum ExM might allow the 

finding of new inhibitory molecules specific to iNKT cells, which can bring significant 

advantages in clinical approaches targeting the modulation of iNKT cell activation.  

 

 

Keywords: iNKT cells, extracellular vesicles, Leishmania infantum, CD1d, antigen 

presentation. 
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RESUMO 
 

As células iNKT (do inglês invariant natural killer T) constituem um grupo 

particular de linfócitos T que é caracterizado por um perfil de tipo inato. Estas células 

respondem rapidamente a antigénios de origem lipídica e glicolipídica, que são 

apresentados pela glicoproteína CD1d expressa por células apresentadoras de antigénios. 

Após serem ativadas, as células iNKT são capazes de produzir grandes quantidades de 

citoquinas anti-inflamatórias e proinflamatórias. Desta forma, as células iNKT são dotadas 

de um notável potencial imunomodulador. Devido a estas características, estas células têm 

sido implicadas em diferentes patologias, como por exemplo alergia, autoimunidade, cancro 

e infeção, dentro da qual se enquadra a leishmaniose.  

As diversas espécies do género Leishmania correspondem a um grupo de parasitas 

protozoários, no qual estão contidos os agentes causativos da leishmaniose. A leishmaniose 

é uma doença tropical negligenciada cuja forma mais severa está associada à invasão de 

órgãos internos e que pode ser fatal se não for tratada. O sucesso do estabelecimento da 

infeção depende da capacidade do parasita subverter a resposta imunitária do hospedeiro. 

Recentemente, alguns grupos, incluindo o nosso, reportaram que os parasitas Leishmania 

produzem vesículas extracelulares (VE). 

As VE são vesiculas formadas por uma membrana bilipídica, contento outros 

lípidos, proteínas e material genético na sua superfície, assim como no seu interior. As VE 

têm recebido bastante atenção no campo da infeção devido ao seu potencial de transmissão 

de mensagens entre agentes infeciosos e células do hospedeiro sem requerer um contacto 

direto entre as células. As VE produzidas por Leishmania e por outros parasitas 

protozoários têm sido associadas a efeitos pro-parasita, devido ao seu contributo para a 

criação de condições mais favoráveis ao estabelecimento da infeção.  

Nesta tese, foi estudado o efeito do material extracelular (ME), que inclui as VE e 

material sem as VE, libertado por promastigotas de L. infantum nas células iNKT. No início 

deste trabalho, foi observado que o ME de L. infantum impede a expansão ex vivo de células 

iNKT humanas a partir de células mononucleares de sangue periférico. Isto evidenciou a 

comunicação entre as células iNKT e o ME de L. infantum, algo que foi posteriormente 

explorado. O ME de L. infantum modula a importante capacidade de secreção de citoquinas 

pelas células iNKT, impedindo a produção de diferentes citoquinas como IL-4 e IFNγ. Foi 

também demonstrado que o ME de L. infantum compete com o α-GalCer, um potente 

ativador das células iNKT, para ligação ao CD1d, o que justifica o efeito inibitório na ativação 

das células iNKT. Adicionalmente, foi também demonstrado que os lípidos presentes em 

cada fração do ME de L. infantum têm um papel importante no impedimento da expansão 
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e ativação das células iNKT. Desta forma, o ME de L. infantum, por intermédio dos seus 

lípidos, coopera na alteração da ativação das células iNKT dependente do CD1d. Estas 

observações acrescentam uma nova evidência da contribuição do ME de L. infantum para 

a subversão da resposta imunitária do hospedeiro.  

Neste trabalho, a interação entre o ME libertado por agentes infeciosos e células 

NKT foi estudada pela primeira vez, tendo sido sugerido um mecanismo de modulação das 

respostas das células iNKT que ainda não tinha sido explorado. Este trabalho abre novas 

perspetivas relativamente ao estudo do efeito de ME libertado por outros agentes infeciosos 

em células iNKT. Adicionalmente, a análise do conteúdo lipídico do ME de L. infantum 

poderá potenciar a identificação de novas moléculas inibitórias específicas para células 

iNKT. Tal poderá trazer vantagens significativas para tratamentos que tenham como 

objetivo a modulação da ativação das células iNKT. 

 

 

Palavras-chave: células iNKT, vesículas extracelulares, Leishmania infantum, CD1d, 

apresentação antigénica.  
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RESUME 
 

Les cellules iNKT (de l’anglais invariant Natural Killer T) constituent un sous-type 

particulier de lymphocytes T caractérisé par un profil de type inné. Ces cellules répondent 

rapidement à des antigènes lipidiques et glycolipidique présentés par le CD1d, une 

glycoprotéine exprimée par les différentes cellules présentatrices d'antigène. Suite à 

l’activation, les cellules iNKT sont capables de produire de grandes quantités de cytokines 

anti-inflammatoires et pro-inflammatoires. Ainsi, les cellules iNKT sont douées d'un 

potentiel immunomodulateur très important. Pour cela, ces cellules sont impliquées dans 

différentes maladies, telles que l'allergie, l'auto-immunité, le cancer et les infections, parmi 

lesquelles la leishmaniose. 

Les espèces Leishmania forment un groupe des parasites protozoaires, dans lequel 

les agents causaux de la leishmaniose sont inclues. La leishmaniose est une maladie 

tropicale négligée dont la manifestation la plus grave affecte les organes viscéraux et qui 

peut être mortelle si elle n'est pas traitée. Le succès de l'infection dépend de la capacité du 

parasite à maitriser la réponse immunitaire de l'hôte. Récemment, quelques groupes, y 

compris le nôtre, ont observé que les parasites Leishmania libèrent des vésicules 

extracellulaires (VE).  

Les VE sont des structures membranaires formées par une bicouche membranaire 

lipidique, contenant des lipides, des protéines et du matériel génétique à leur surface, ainsi 

qu’à l’intérieur. Elles ont fait l’objet d'un grand intérêt dans l'infection, car elles peuvent 

transmettre des molécules dérivées des pathogènes aux cellules hôte sans contact direct 

entre les cellules. Les VE produites par les parasites Leishmania et aussi par d’autres 

protozoaires ont été associés à des effets pro-parasite, car elles favorisent un environnement 

plus permissif à l'établissement de l'infection. 

Dans cette thèse, nous avons étudié l'effet du matériel extracellulaire (ME), 

correspondant aux VE et aux molécules non-associées aux VE, libéré par les promastigotes 

de L. infantum sur les cellules iNKT. Dans le début de ce travail, il a été observé que le ME 

de L. infantum empêche l'expansion ex vivo des cellules iNKT humaines à partir de cellules 

mononucléaires du sang périphérique. Cela a mis en évidence la communication entre les 

cellules iNKT et le ME de L. infantum, ce qui a été exploré par la suite. Le ME de L. infantum 

module la capacité très importante des cellules iNKT à produire des cytokines. En effet, le 

ME de L. infantum empêche la production des différentes cytokines par les cellules iNKT, 

comme par exemple IL-4 et IFNγ. De plus, nous avons aussi démontré que le ME de L. 

infantum compète avec l’α-GalCer, un agoniste très puissant des cellules iNKT, pour la 

liaison à la molécule CD1d, ce qui justifie l’effet inhibiteur dans l'activation des cellules 

iNKT. Nous avons aussi montré que les lipides qui sont présents dans chaque fraction du 
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ME de L. infantum ont un rôle très important dans l’inhibition de l'activation et l'expansion 

des cellules iNKT. Ainsi, le ME de L. infantum, par ces lipides, peut participer à l’altération 

de l’activation des cellules iNKT dépendante du CD1d. Cela ajoute une nouvelle évidence de 

la contribution du ME de L. infantum dans la subversion de la réponse immunitaire de 

l’hôte.  

 La communication entre le ME libéré par un pathogène et les cellules iNKT a été 

étudié pour la première fois, ce qui a suggéré un mécanisme de modulation de ces cellules 

qui n’avait jamais été décrit. Ce travail ouvre des perspectives pour l'étude de l'interaction 

de ME libéré par d'autres pathogènes avec des cellules iNKT. De plus, l'analyse des lipides 

contenus dans le ME de L. infantum pourra aboutir à la découverte de nouvelles molécules 

spécifiques pour inhiber les cellules iNKT. Cela apporterait des avantages significatifs dans 

les approches cliniques ciblant la modulation de l'activation des cellules iNKT. 

 

 

Mots-clés : cellules iNKT, vésicules extracellulaires, Leishmania infantum, CD1d, 

présentation antigénique. 
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1. iNKT cells, a particular subset of T lymphocytes 
 

1.1 Characterization of NKT cells 
 

Brief historical overview 
The initial characterization of the natural killer T (NKT) cells was achieved through 

the work of several independent groups. First, the Tanigouchi group identified a canonical 

Vα14-Jα18 (previously named as Jα281) rearrangement in suppressor T cell hybridomas 

(Imai et al., 1986; Sumida et al., 1984; Sumida and Taniguchi, 1985) and in complementary 

DNA (cDNA) extracted from mouse lymphoid organs (Koseki et al., 1991; Koseki et al., 

1990). In parallel, two independent studies from Budd and Fowlkes identified in mice a 

subset of double negative (DN) T cells, i. e. cells lacking CD4 and CD8 markers, with a higher 

frequency of Vβ8 (Budd et al., 1987; Fowlkes et al., 1987). Next, a subset of DN T cells with 

a Vα24-Jα18 rearrangement was described in human peripheral blood lymphocytes by the 

groups of Porcelli and Dellabona (Dellabona et al., 1994; Porcelli et al., 1993).  

These studies were wrapped up later when additional groups identified a subset of 

CD4+ and DN thymocytes able to produce interleukin (IL)-4, while expressing markers 

previously associated to natural killer (NK) cells (Bendelac et al., 1992; Bendelac and 

Schwartz, 1991). Moreover, these cells were described as presenting a limited set of T cell 

receptor (TCR) Vβ-chains (Vβ2, Vβ7 and Vβ8) (Arase et al., 1992; Hayakawa et al., 1992), 

combined with a canonical Vα14-Jα18 in mouse and the homologous Vα24-Jα18 coupled 

with Vβ11 in humans (Exley et al., 1997; Lantz and Bendelac, 1994). A final important step 

was the finding that these cells were reactive to cells expressing CD1d (Bendelac, 1995b; 

Bendelac et al., 1994; Bendelac et al., 1995), which is a major histocompatibility complex 

(MHC) class I-like molecule that will be discussed ahead in this section.  

Regarding the name, although the basis of the designation was the expression of the 

NK cell marker NK1.1 along with a TCR (Bendelac, 1995a; Makino et al., 1995), nowadays 

“NKT” is associated with the abbreviation of “natural killer T cells”. However, the 

classification based in NK1.1 marker is highly inaccurate, as apart from C57BL/6 mice, NKT 

cells do not express this marker in most mice strains (Godfrey et al., 2004). In fact, the 

expression of NK markers is dependent on the developmental stage of NKT cells, on their 

activation state, and on mice background (Matsuda et al., 2008). Thus, this designation is 

recognized as extremely simplistic and misleading. However, although Godfrey et al. have 

proposed the designation of “CD1d-dependent natural killer-like T cells”, these cells are 

commonly referred as “CD1d-restricted NKT cells” (Godfrey et al., 2004), being divided in 

two groups: type I and type II NKT, as it will be elucidated next (Matsuda et al., 2008). 
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NKT cell TCR 
The TCR of NKT cells is composed by an α-chain and a β-chain and each of them is 

divided in a variable (V) and a constant (C) domain. The TCR α-chain (TRA) has the V 

domains encoded by V (TRAV) and joining (J; TRAJ) gene segments and the TCR β-chain 

(TRB) has V domains encoded by V (TRBV), diversity (D; TRBD) and J (TRBJ) gene 

segments. The V domains of α- and β-chains contain three complementarity-determining 

regions (CDRs), together forming the antigen binding site of the TCR. The V gene segments 

encode CDR1 and CDR2 loops, and CDR3 loop is encoded in the junction of V and J 

segments in α-chains, and V, D and J in β-chains. The different combinations between V, 

D, and J gene sequences justifies the diversity of CDR3 loops (Rossjohn et al., 2012). 

A schematic representation of the interaction between a NKT cell and an antigen-

presenting cell (APC) mediated by the TCR and the CD1d is depicted in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
Figure 1 Interaction of a NKT cell and an antigen-presenting cell (APC). The V domains 

of both α and β chains in NKT cell T cell receptor (TCR) contain three complementarity-determining 

regions (CDRs), which mediate the interactions with CD1d in APCs. C, constant; V, variable. This 

figure was modified from Rossjohn et al., 2012. 
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Type I and Type II NKT cells 

Based in the differences in the TCR, NKT cells are usually divided in two distinct 

subsets: type I and type II (Brennan et al., 2013; Marrero et al., 2015; Rhost et al., 2012; 

Rossjohn et al., 2012). 

Type I NKT cells are defined by an invariant TCR α-chain Vα24-Jα18 (TRAV10-

TRAJ18) in humans and Vα14-Jα18 (Trav11-Traj18) in mice, which are paired with a limited 

set of TCR β-chains (Vβ11 (TRBV21-1) in humans and Vβ8.2 (Trbv13-2), Vβ7 (Trbv1) and 

Vβ2 (Trbv29) in mice (Dellabona et al., 1994; Lantz and Bendelac, 1994; Porcelli et al., 

1993). This subset is commonly referred as invariant NKT (iNKT) cells due to their invariant 

TCR. However, this classification has been questioned as the CDR3β loop in these cells is 

highly variable (Matsuda et al., 2001) and thus “semi-invariant” is a more accurate 

definition of this population (Godfrey et al., 2004; Rossjohn et al., 2012). Type I NKT cells 

are further defined by their capacity to recognize antigens as α-galactosylceramide (α-

GalCer), a marine sponge-derived compound, firstly identified due to their anticancer 

potential in mice (Kawano et al., 1997). In fact, α-GalCer was shown to bind CD1d and act 

as a strong and specific activator of both mouse and human type I NKT cells (Brossay et al., 

1998; Burdin et al., 1998). The development of tetramers, formed by CD1d molecules loaded 

with α-GalCer, has enormously benefited the study of type I NKT cells, as they allow the 

identification of this cell type based on the TCR reactivity for a specific antigen (Benlagha 

et al., 2000; Matsuda et al., 2000). 

Type II NKT cells are also restricted by CD1d molecules but, unlike type I NKT 

cells, they are not associated with the Vα14-Jα18 or Vα24-Jα18 α-chains, presenting a more 

diverse TCR repertoire. For that, they are also called diverse NKT (dNKT) cells (Dhodapkar 

and Kumar, 2017). Regarding their antigens, type II NKT cells are not reactive to α-GalCer 

and their agonists usually do not overlap with the ones associated with type I NKT cells 

(Marrero et al., 2015). Among the scarce antigens that have been identified, sulfatide, a 

sulfated glycolipid highly abundant in neuronal tissue, is the best characterized antigen for 

type II NKT (Zajonc et al., 2005b). Of note, and in contrary to type I NKT cells, the type II 

subset is less prevalent in mice than in humans (Arrenberg et al., 2009; Exley et al., 2001).  

Table 1 resumes the major features of type I and type II NKT cells.  

The present work relied on the study of type I NKT cells and for that reason this 

thesis will focus on CD1d-restricted type I NKT cells, which will be referred from now 

onwards as iNKT cells.  

  

 

  



I. INTRODUCTION: iNKT cells 

	40 

Table 1 Major features of type I and type II NKT cells. This table was modified from Godfrey 

et al., 2004 and Rhost et al., 2012. 

 
 Type I Type II 

Alternative designation 
iNKT cells, classical  

NKT cells dNKT cells, non-classical NKT cells 

Restriction molecule CD1d CD1d 

TCR 
Vα14-Jα18 (mice) or Vα24-Jα18 (human) 

semi-invariant α-chain paired with a 
limited β-chain repertoire 

Partly diverse, partly oligoclonal 

Ligands 
Glycolipids with microbial, endogenous 
and synthetic origin (prototypic antigen: 

α-GalCer) 

Sulfatide, β-GluCer, β-GalCer, lyso-PC, 
pollen-derived lipids, small non-lipid 

molecules 

Auto-reactivity Yes Yes 

CD4/CD8 
CD4+ and DN in mice;  

CD4+, CD8+ and  
DN in humans 

CD4+ and DN in mice; CD4+, CD8+ and  
DN in humans 

Identification Tetramer CD1d-α-GalCer 
CD1d-restriction and absence of Vα14 / 

Vα24 TCR α-chain 

Cytokines Th1, Th2, Th17 Th1, Th2, Th17 

 
Abbreviations: α-GalCer, α-galactosylceramide β-GalCer, β-galactosylceramide; β-GluCer, β-glucosylceramide; 
lyso-PC, lysophosphatidylcholine. 
 
 
 
Distribution in mice and humans 

iNKT cells were first explored in mouse models, where they comprise 0.2–0.5% of 

the total lymphocytes (and 0.5–2% of total T cells) in the thymus, spleen, blood and bone 

marrow, while in the liver they constitute 15–35% of total liver lymphocytes (30–50% of 

liver T cells) (Berzins et al., 2011). Besides these organs, iNKT cells in mice can also be found 

in gastrointestinal tract and skin (Doisne et al., 2009; Matsuda et al., 2000). The 

recirculation of iNKT cells from tissues is limited and these cells are considered to be tissue 

resident, having already been identified in liver sinusoids, lung microvasculature and 

adipose tissue, from where they can be recruited upon antigen activation (Geissmann et al., 

2005; Lynch et al., 2012; Scanlon et al., 2011; Thomas et al., 2011; Velazquez et al., 2008).  

In human subjects, the frequency of iNKT cells is lower, corresponding to 0.001- 

3% (normally 0.01–0.1%) of total T lymphocytes in adult peripheral blood, even though 

these frequencies may vary up to 100-fold between healthy individuals (Chan et al., 2009; 

Gumperz et al., 2002; Lee et al., 2002a; Lee et al., 2002b; Montoya et al., 2007). The 

frequency of human iNKT cells in bone marrow and spleen is similar to the one found in 
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peripheral blood (Chan et al., 2010). On the other side, the frequency of these cells is lower 

in the thymus, where they account for 0.001–0.01% of total lymphocytes (Baev et al., 2004; 

Berzins et al., 2005). In contrast to mice, human iNKT cells are not enriched in liver, 

corresponding to 1% of total lymphocytes (Kenna et al., 2003). However, these cells are 

highly prevalent in the omentum, where they represent up to 10% of total T lymphocytes 

(Lynch et al., 2009). Of note, other innate and innate-like T cells such as type II NKT (Exley 

et al., 2001; Marrero et al., 2015), mucosal-associated invariant T (MAIT) cells (Gapin, 

2009) and CD1a-, CD1b- and CD1c-restricted T cells (Cohen et al., 2009) are more prevalent 

in humans than in mice. 

A summary of the major differences between mouse and human iNKT cells is 

represented in Table 2. 
 
 
Table 2 Differences between mouse and human iNKT cells. This table was modified from 

Berzins et al., 2011. 

Characteristic Mouse Human 

Semi-invariant TCR Vα14/Vβ 8.2, 7 or 2 Vα24/Vβ11 

Restriction molecule CD1d CD1d 

Functionally distinct mature iNKT 
cell subsets 

CD4+CD8–, CD4–CD8–, NK1.1+ and 
NK1.1– 

CD4+CD8–, CD4–CD8– and CD4–

CD8+ 

NK cell markers1 NK1.1, CD49b, NKG2A, NKG2C, 
NKG2D, NKG2E and Ly49a CD161, CD56 and CD16 

Thymic development  All mature subsets  
develop in the thymus 

They develop in the thymus, but 
functional maturity is reached in the 

periphery 

Cytokine  
production2 

 TNF, IFNγ, IL-2, IL-4,  
IL-10, IL-13, IL-17, IL-21, 

 IL-22 and GM-CSF 

TNF, IFNγ, IL-4, IL-10,  
IL-13, IL-17, IL-21,  
IL-22 and GM-CSF 

Mechanisms of cytotoxicity Perforin, CD95–CD95L  
and TNF 

Perforin, CD95–CD95L, 
TNF and granulysin 

Frequency in blood 0.2–0.5% 0.01–0.5% (highly variable: can 
range from undetectable to >3%) 

Relative iNKT cell frequency in 
tissues (% of total lymphocytes) 

• Highest in liver (~30%) 
• Similar in thymus, spleen, bone 

marrow and blood (0.2–0.5%) 
• Lowest in lymph nodes (0.1–0.2%) 

• Highest in liver (~1%) and 
omentum (~10%) 

• Similar in spleen, blood,  
bone marrow and  

lymph nodes (0.01–0.1%) 
• Lowest in thymus (<0.001–0.01%) 

 
1 The expression of NK cell markers by iNKT cells is heterogeneous.  
2 The cytokine profile varies according to iNKT cell subsets.  
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Beyond the distribution of these cells along the body in homeostasis, it was reported 

that iNKT cells can rapid accumulate in sites of injury or infection (Apostolou et al., 1999; 

Guinet et al., 2002; Hazlett et al., 2007; Joyee et al., 2007; Kawakami et al., 2001). These 

cells express a pattern of homing receptors that resembles effector memory T cells rather 

than naïve lymphocytes. For example, human iNKT cells do not express the adhesion 

molecule CD62L (L-selectin) nor the C-C chemokine receptor (CCR)7 and C-X-C motif 

chemokine receptor (CXCR)5, which are expressed by naïve T cells and that regulate their 

trafficking through secondary lymphoid organs. Human iNKT cells express chemokine 

receptors such as CCR2, CCR5, CCR6, CXCR3 and CXCR4, which is suggestive of 

preferential migration through non-lymphoid tissues and of direct homing to inflammation 

sites (Gumperz et al., 2002; Kim et al., 2002; Thomas et al., 2003). 

 
Main functions 

One of the major features of iNKT cells is their capacity to rapidly and robustly 

produce a wide range of cytokines (Macho-Fernandez and Brigl, 2015). Early reports 

described a rapid and dual production of IL-4 and interferon (IFN)γ in vivo, detectable by 

intracellular staining of iNKT cells 2h upon injection of α-GalCer (Matsuda et al., 2000). 

Additionally, iNKT cells further release other cytokines such as IL-2, IL-3, IL-5, IL-6, IL-10, 

IL-13, IL-17, IL-21, tumor necrosis factor (TNF)α, transforming growth factor (TGF)β and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) (Coquet et al., 2008; Coquet 

et al., 2007; Gumperz et al., 2002; Leite-de-Moraes et al., 2002; Michel et al., 2007; 

Moreira-Teixeira et al., 2011; Sakuishi et al., 2007). Of note, the messenger RNA (mRNA) 

of some of these cytokines can be found in the cytoplasm of resting iNKT cells, which might 

explain their capacity to rapidly respond to stimulation (Stetson et al., 2003). 

Furthermore, iNKT cells express high levels of granzyme B, perforin, TRAIL and 

FasL, accounting for their cytotoxic capacity (Arase et al., 1994; Ho et al., 2004). In in 

vitro assays, iNKT cells were shown to kill APCs previously pulsed with microbial antigens, 

in a CD1d-dependent mechanism (Nicol et al., 2000; Yang et al., 2000). Moreover, they 

were also implicated in tumor surveillance and tumor rejection in different mouse models 

(Kawano et al., 1998). However, it is still unclear whether the antitumor responses induced 

by iNKT cells are due to the transactivation of NK cell upon IFNγ production or through 

their cytolytic capacity (Crowe et al., 2002). Additionally, human iNKT cells may also 

express granulysin, which is an antimicrobial peptide that locates in cytotoxic granules and 

is active against bacteria, fungi and parasites (Gansert et al., 2003). 

Finally, iNKT cells play a major role in bridging innate and adaptive responses due 

to their capacity to interact and activate different immune cells. This will be exposed in the 

last part of this section. 
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Functional subsets 
Considering the expression of CD4 and CD8 markers, mice iNKT cells are divided 

in two subsets: CD4+CD8- and CD4-CD8- (DN) (Lantz and Bendelac, 1994; Lee et al., 2002a; 

Montoya et al., 2007). On the other hand, human iNKT cells can also express CD8 and a 

third subset of CD4-CD8+ iNKT cells has also been described (Takahashi et al., 2002).  

In mice, CD4 expression only partially determines differences among subsets and 

additional surface markers are needed to identify functionally distinct subsets, such as 

NK1.1 and IL-17 receptor B (IL-17RB) (Coquet et al., 2008; Stock et al., 2009; Terashima et 

al., 2008). Moreover, the distribution of iNKT cell subsets in mice varies among different 

mouse strains (Hammond et al., 2001).  

In contrast with mice, the different human iNKT cell subsets are associated to a 

specific phenotype. Indeed, CD4+ iNKT cells have the potential to secrete T helper (Th)2 

cytokines, whereas Th1 cytokines are secreted by both CD4+ and CD4- (comprising DN and 

CD4-CD8+) iNKT cells (Gumperz et al., 2002; Kim et al., 2002; Lee et al., 2002a). Moreover, 

CD4-CD8+ iNKT cells produce higher amounts of IFNγ and they are the most cytotoxic iNKT 

cell subset (O'Reilly et al., 2011). As a result of the differences in cytokine pattern production 

among different iNKT cell subsets, the frequency and the localization of each subset may be 

important to determine the role of these cells in the Th1/Th2 polarization and in the 

activation / suppression of the immune response (Takahashi et al., 2002). Therefore, it is 

important to take into account not only the absolute frequency but also the relative 

frequencies of the different subsets present in a given situation (Lee et al., 2002a).  

In the same way that MHC-restricted CD4+ T cells were divided in Th1, Th2, Th17, 

T regulatory (Treg) and T follicular helper (Tfh) cells (Zhu and Paul, 2008), similar subsets 

were identified among iNKT cells. Each subset of iNKT cells is likely dependent on modular 

transcriptional programs (Das et al., 2010). Some of the transcription factors associated 

with regulation of cytokine gene transcription in MHC-dependent T cells have also been 

identified in iNKT cells, such as T-bet (Townsend et al., 2004), GATA-3 (Kim et al., 2006), 

NF-kB (Stanic et al., 2004), c-Rel (Oki et al., 2004), NFAT (Wang et al., 2006), AP-1 (Zullo 

et al., 2007), STATs (Wang et al., 2006) and Itk (Au-Yeung and Fowell, 2007). A summary 

of the major characteristics of iNKT cells Th1, Th2 and Th17 are represented in Figure 2. 
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Figure 2 iNKT cell subsets. The figure depicts the three major subsets identified among iNKT 

cells and the transcription factors, surface markers, cytokines produced and associated tissues that 

are generally associated with each subset. This figure was adapted from Brennan et al., 2013.  

Cytokines produced IFNγ, low IL-4 IL-4, IL-9, IL-10, IL-13 IL-17, IL-21, IL-22 

Tissues associated Liver, spleen Lungs, intestine Lymph nodes, lungs and 
skin 
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1.2 Development and selection of iNKT cells 

As with MHC-restricted T cells, the development of iNKT cells occurs in the thymus, 

where they appear shortly after MHC-restricted T cells (Benlagha et al., 2002; Benlagha et 

al., 2005; Gapin et al., 2001; Pellicci et al., 2002). Therefore, iNKT cells are absent in nude 

mice (Coles and Raulet, 2000) and thymectomized mice (Hammond et al., 1998).  

The development of iNKT cells requires the stochastic generation of the canonical 

TCR. This particular rearrangement between Vα and Jα gene segments in TCRα locus is 

believed to be a random process that occurs at very low frequency (Benlagha et al., 2005; 

Shimamura et al., 1997). Indeed, early iNKT cell precursors in thymus correspond to 1 cell 

among 106 thymocytes (Benlagha et al., 2005). 

Similar to MHC-restricted T cells, the positive selection of iNKT cells also requires 

the recognition of self-antigens (Klein et al., 2014). However, iNKT cells are positively 

selected at the double positive (DP) stage by CD1d-expressing DP thymocytes displaying 

self-lipid antigens, rather than by epithelial cells (Bendelac, 1995b; Coles and Raulet, 1994; 

Egawa et al., 2005; Gapin et al., 2001). Of note, the repertoire of self-antigens that 

contribute to the thymic selection of iNKT cells remains undetermined (Brennan et al., 

2013). Some molecules have been considered candidates, as isoglobotrihexosylceramide 

(iGb3) (Zhou et al., 2004b) and plasmalogen lysophosphatidylethanolamine (lyso-PE) 

(Facciotti et al., 2012), as it will be discussed later on. The positive selection of iNKT cells 

depends on a strong TCR signaling (Moran et al., 2011) and more recently it was shown that 

the proper development of iNKT cells and the avoidance of negative selection is dependent 

on a narrow window of iNKT cell TCR affinity for self-lipid/CD1d complexes (Bedel et al., 

2014).  

The TCR engagement results in the expression of the early growth response (EGR) 

1 and EGR2 proteins (Seiler et al., 2012). ERG2 in turn modulates the expression of 

promyelocytic leukaemia zinc finger protein (PLZF), which is considered a “master 

regulator” of iNKT cell lineage through its capacity to instruct the acquisition of effector 

properties. This includes endowing iNKT cells with the capacity to migrate to peripheral 

organs, as well as their ability to rapidly produce cytokines upon stimulation (Dutta et al., 

2013; Kovalovsky et al., 2008; Savage et al., 2008).  

Besides the TCR engagement, upon homotypic interactions across the DP-DP 

synapse, there is also the generation of secondary signals mediated in part by the 

engagement of the homophilic receptors of at least two members of the signaling 

lymphocytic-activation molecule (SLAM) family (Slamf1 (CD150) and Slamf6 (Ly108)) 

(Griewank et al., 2007; Li et al., 2007). This engagement drives the downstream 

recruitment of the adaptor SLAM-associated protein (SAP) and the Src kinase Fyn, 
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molecules that were proven as essential for the expansion and differentiation of the iNKT 

cell lineage (Pasquier et al., 2005). 

The thymic development of mouse iNKT cells is divided in four stages: stage 0 

(CD24+CD44−NK1.1−), stage 1 (CD24−CD44−NK1.1−), stage 2 (CD24−CD44+NK1.1−) and 

stage 3 (CD24−CD44+NK1.1+) (Benlagha et al., 2002; Benlagha et al., 2005; Gadue and 

Stein, 2002). A simplified scheme representing the development steps of mouse iNKT cells 

is presented in Figure 3. 

Regarding human iNKT cells, they can be found in the fetal thymus in the beginning 

of the second semester but their frequency gradually declines from that moment. For this 

reason, the frequency of iNKT cells in the post-natal thymus is very low (Berzins et al., 2005; 

Sandberg et al., 2004). Importantly, contrary to mouse iNKT cells that may mature in 

parallel from stage 2 to stage 3 in the thymus and in the periphery, the maturation of human 

iNKT cells is likely to occur only in the periphery, since CD161-expressing iNKT cells are 

barely found in the human thymus (Baev et al., 2004; Berzins et al., 2005; Sandberg et al., 

2004). Indeed, iNKT cells in the human fetal thymus are mainly CD4+ CD161low, while in 

the human adult blood they are mostly CD4- CD161high (Baev et al., 2004; Sandberg et al., 

2004). It is still undetermined whether iNKT cells loose CD4 expression during the 

extrathymic differentiation or whether CD4- iNKT cells emerge in the thymus in a later 

developmental step (Berzins et al., 2005; Sandberg et al., 2004). Of note, while human iNKT 

cells from the cord blood demand additional stimuli in the periphery in order to produce 

cytokines in response to antigen activation (Baev et al., 2004; D'Andrea et al., 2000), mouse 

iNKT cells are already functionally mature in the thymus (Benlagha et al., 2002; Pellicci et 

al., 2002). 
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Figure 3 Mouse iNKT cell development and maturation. Mouse iNKT cells arise in the 

thymus from a common precursor pool of CD4+CD8+ double positive (DP) thymocytes upon random 

T cell receptor (TCR) gene rearrangement and expression. DPs expressing a TCR that binds CD1d-

self lipid or glycolipid complexes expressed on others DPs enter the iNKT cell lineage (right). After 

selection, iNKT cell precursors undergo several steps of differentiation that ultimately result in the 

iNKT cell pool. DPs expressing a TCR that binds MHC class I or II-peptide complexes expressed on 

thymic epithelial cells are positively selected as CD4+ or CD8+ T cells (left). MHC, major 

histocompatibility complex; SLAM, signaling lymphocytic-activation molecule. This figure was 

modified from Godfrey et al., 2010. 
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1.3 CD1d molecules  
 

Characterization of CD1 family 
Along with the early studies concerning the biology of iNKT cells, their restriction 

molecules, the CD1 family, were also explored (Calabi and Milstein, 1986). Soon CD1 

molecules were identified as glycoproteins capable of presenting lipid antigens rather than 

proteins (Beckman et al., 1994). Importantly, unlike proteins, lipids are not soluble in water 

and for that reason they are always associated with membranes or with lipid binding 

proteins in tissues and biological fluids. As such, only lipids able to bind CD1 molecules have 

the potential to be immunogenic for T cells (De Libero and Mori, 2005).  

 The CD1 family encompasses five glycosylated proteins that are separated in three 

groups: Group 1, including CD1a, CD1b and CD1c; Group 2, corresponding to CD1d; and 

Group 3, containing CD1e (Calabi et al., 1989; Porcelli, 1995). Unlike CD1 molecules from 

group 1 and 2 that are transmembrane glycoproteins, CD1e does not reach the cell 

membrane but rather accumulates in the Golgi apparatus (Angenieux et al., 2000). Of note, 

mice only express CD1d molecules (Barral and Brenner, 2007).  

Human CD1 family presents a similar folding and an overall structure to MHC class 

I molecules, containing a heavy chain with three extracellular domains non-covalently 

bound with β2-microglobulin, which forms a binding groove with a narrow and deep 

hydrophobic cleft (Gadola et al., 2002; Scharf et al., 2010; Zajonc et al., 2003; Zeng et al., 

1997). The binding groove contain interconnecting pockets that vary in shape and size 

among CD1 family, being the repertoire of antigens specific to each isoform shaped by these 

differences (Moody et al., 2005).  

While CD1 molecules from group 1 present antigens to clonally diverse T cells that 

mediate adaptive immunity (Siddiqui et al., 2015), CD1d molecules restrict iNKT cells 

(Barral and Brenner, 2007; De Libero and Mori, 2005) and, for that reason, in this thesis 

the focus will be given to CD1 group 2. 

CD1d is expressed by APCs, namely dendritic cells (DCs), macrophages and B cells 

(particularly marginal zone B cells) (Brossay et al., 1997; Roark et al., 1998). Additionally, 

CD1d is also expressed by cortical thymocytes, an essential feature for iNKT cell intrathymic 

development (Bendelac, 1995b). In mice, CD1d was also identified in Kupffer cells and in 

endothelial cells lining liver sinusoids, which is in agreement with the significant numbers 

of iNKT cells that are found in this organ in mice (Geissmann et al., 2005). Moreover, CD1d 

is also constitutively expressed in mouse hepatocytes and its expression in human 

hepatocytes may be induced by pathologic conditions, such as hepatitis C infection (de Lalla 

et al., 2004). 
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Fate of CD1d  
Similar to MHC class I molecules, the synthesis and assembly of CD1d molecules 

occurs in the endoplasmic reticulum, where the molecules are folded and associated with 

β2-microglobulin (Park et al., 2004). Next, they associate with the endoplasmic chaperones 

calnexin and calreticulin (Kim et al., 1999), and the thiol oxidoreductase ERp57 (Kang and 

Cresswell, 2002) to surpass several steps that represent quality control check-points.  

Before leaving the endoplasmic reticulum, the CD1d-binding groove is filled with a 

lipid cargo in order to stabilize the molecule. The nature of these self-lipids is still under 

debate due to the technical limitations to study the interactions between proteins and lipids 

in cells, such as the disruption of CD1d–lipid interaction by the use of detergents and a 

possible contamination with cellular lipids during the extraction step (De Silva et al., 2002; 

Vartabedian et al., 2016). Within 1-2.5h after biosynthesis, CD1d reaches the plasma 

membrane using the secretory pathway through the Golgi apparatus (Kang and Cresswell, 

2002; Kim et al., 1999). 

After travelling to the plasma membrane, CD1d is internalized into endosomes by a 

clathrin-dependent pathway (Barral and Brenner, 2007). The subcellular trafficking of 

CD1d requires cytoplasmic targeting motifs to occur, namely a tyrosine motif encoded in 

the CD1d cytoplasmic tail (Chiu et al., 2002; Jayawardena-Wolf et al., 2001; Rodionov et 

al., 1999). This single tyrosine motif interacts with adaptor protein (AP)-2 or AP-3, directing 

CD1d from plasma membrane to late endosomal/lysosomal compartments, where this 

molecule accumulates (Cernadas et al., 2003; Elewaut et al., 2003; Lawton et al., 2005; 

Sugita et al., 2002). On one hand, the self-lipids can be located in different cell organelles 

and compartments but they all converge to the endosomal system where recycling and 

degradation take place. On the other hand, the exogenous lipids upon endocytosis also 

traffic to the endosomal system in order to be processed. Therefore, CD1d loading is 

dependent on the capacity to survey endosomal vesicles associated to endogenous or 

exogenous antigens (Roberts et al., 2002; Vartabedian et al., 2016).  

 The described processes of CD1d biosynthesis, control check-points and trafficking 

between endoplasmic reticulum, endocytic compartment and plasma membrane are 

represented in Figure 4. 

The uptake of extracellular lipids to be further loaded in CD1d molecules can be 

made by endocytosis. Generally, the uptake of foreign lipid antigens may occur by four 

different mechanisms: 1) clathrin-dependent internalization of apolipoprotein E (apoE) 

associated with lipid complexes bound to the low-density lipoprotein receptor (LDLR) 

(Schrantz et al., 2007; van den Elzen et al., 2005); 2) phagocytosis of particulate material 

or whole pathogens (Watts, 1997); 3) C-type lectins, which can bind mannose residues on 

glycolipids (Hunger et al., 2004; Prigozy et al., 1997); and 4) internalization through 
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scavenger receptors (Freigang et al., 2012). Generally, self-lipids are loaded onto CD1d 

molecules in the endoplasmic reticulum but it can also occur in other steps of the endocytic 

pathways, in a process that is facilitated by the microsomal triglyceride transfer protein 

(MTTP). Then, the exchange of those pre-loaded endogenous lipids by foreign lipids or 

other endogenous lipids may occur in endocytic compartments and different molecules 

such as saposins and CD1e have been linked to this exchange (Facciotti et al., 2011; Salio et 

al., 2013). 

Indeed, CD1 molecules are not able to extract lipids from membranes, requiring 

lipid transfer proteins (LTPs) to load lipids onto CD1. With this aim, CD1 molecules have 

co-opted LTPs that are also used to process and metabolize lipids and glycolipids in 

lysosomes (Vartabedian et al., 2016). The most relevant LTPs to lipid loading and lipid 

exchange in the groove of CD1 are saposins A, B, C and D, which are derivatives obtained 

upon proteolytic cleavage from prosaposin (Kang and Cresswell, 2004; Winau et al., 2004; 

Zhou et al., 2004a). Saposins are required to the degradation of glycolipids and 

sphingolipids in endosomes, functioning by non-enzymatic mechanisms but only at acidic 

pH conditions (Kolter and Sandhoff, 2005; Sandhoff et al., 1998). Gm2A, another lysosomal 

LTP that is fundamental to the enzymatic degradation of ganglioside GM2 (Zhou et al., 

2004a) and the Niemann–Pick type C1 and C2 proteins (Schrantz et al., 2007) were also 

shown to contribute to the lipid loading onto CD1d. Nonetheless, saposins and Gm2A are 

also able to unload lipids bound to CD1d (Zhou et al., 2004a), which might support the 

model of ‘tug-of-war’ for antigen loading and exchange that states that LTPs can either load 

or remove lipids from CD1 depending on the affinity for a specific lipid. However, this model 

still need to be confirmed (Vartabedian et al., 2016).  

Finally, when lipid loading is completed, CD1d molecules are recycled to the plasma 

membrane, where they can mediate antigen presentation to CD1d-restriced T cells (Barral 

and Brenner, 2007). 
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Figure 4 Intracellular trafficking of CD1 molecules. CD1 heavy chains are assembled in the 

endoplasmic reticulum. In this compartment, they also bind non-covalently β2-microglobulin (β2-m) 

and the chaperones calnexin, calreticulin and ERp57. Then, CD1 molecules traffic to the plasma 

membrane by the secretory route through the Golgi apparatus. The assembly of major 

histocompatibility complex (MHC) class I and II molecules also occurs in the endoplasmic reticulum; 

MHC class I follow a similar route as CD1, while MHC class II molecules complexed with invariant 

chain (Ii) are diverted from the trans-Golgi network to the endosomes. CD1 molecules in the plasma 

membrane are internalized in clathrin-coated pits, which is mediated by the interaction of the 

adaptor protein (AP)2 with tyrosine-based sorting motifs that are present in the cytoplasmic tails of 

CD1 molecules. Once in the sorting endosome, CD1 molecules can follow the slow recycling pathway 

and return to the plasma membrane through the endocytic recycling compartment (in the case of 

CD1a and CD1c) or they can traffic to late endosomal and lysosomal compartments due to the 

interaction of AP3 also with tyrosine-based motifs in the cytoplasmic tails of CD1 molecules (in the 

case of CD1b and CD1d). Finally, there is the recycling of CD1 and MHC class II from lysosomal 

compartments to the plasma membrane. During the traffic, CD1 may be loaded with endogenous or 

exogenous lipids that also survey the endocytic pathway. This figure was modified from Barral and 

Brenner, 2007. 
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Requirements for CD1d loading and iNKT cell TCR engagement  
The antigenicity of a given lipid depends not only on its capacity to be loaded onto 

CD1d molecules, but also on the stability of antigen-CD1d complex and on the orientation 

of the sugar headgroup of the lipid antigen (Girardi et al., 2011; McCarthy et al., 2007; Wun 

et al., 2011). The α/β prefix distinguishes the orientation of glycosidic linkage that is formed 

between the lipid backbone and the sugar headgroup (Brennan et al., 2013). 

The binding cleft of CD1d molecules is composed by two deep hydrophobic pockets 

designated A’ and F’ channels. Regarding the specific case of the binding established 

between CD1d and α-GalCer, the crystal structure of this complex showed that the acyl chain 

is buried in the A’-pocket and the phytosphingosine chain is buried in the F’-pocket, while 

the α-galactosyl headgroup protrudes from the cleft to the aqueous environment, rendering 

it accessible to iNKT cell TCR (Koch et al., 2005; Zajonc et al., 2005a). The determination 

of the structure concerning the complex formed between human iNKT cell TCR and CD1d 

associated to α-GalCer showed that iNKT cell TCR docked parallel over the CD1d-binding 

cleft (Borg et al., 2007). The same observation was made in mice, which pointed out the 

evolutionary conserved interaction between iNKT cells and the complex CD1d-α-GalCer 

(Pellicci et al., 2009). The contact of CD1d-loaded antigen induces conformational changes 

in iNKT cell TCR, which fits with a model of “lock and key” recognition (Borg et al., 2007). 

Regarding the differences between the binding of glycolipid antigens possessing an α and a 

β-linkage, it was observed that glycolipids with a β-linkage in the sugar headgroup, the most 

common in mammals, protrudes from CD1d, in contrast with the glycolipids with an α-

linkage that adopt a flattened conformation (Zajonc et al., 2008). iNKT cell TCRs were 

shown to flatten the β-linked glycolipid headgroups in order to mimic the conformation of 

α-linked molecules, which will help an “induced-fit” recognition of these molecules (Pellicci 

et al., 2011; Yu et al., 2011). Of note, the affinity in the interaction between iNKT cell TCR 

and β-linked glycolipids is lower than with α-linked molecules (Pellicci et al., 2011; Yu et al., 

2011). Additionally, the binding mode of CD1d loaded with α-linked glycerol-based 

microbial lipid such as the antigens from Borrelia burgdorferi and Streptococcus 

pneumonia to iNKT cell TCR is very similar to what is observed with α-GalCer, but in this 

case there is also small reorientation of the microbial α-linked headgroup to allow an 

“induced fit” in the binding pocket (Li et al., 2010). Importantly, the extension of the contact 

between CD1d and iNKT cell TCR conditions the affinity of a specific TCR (Matulis et al., 

2010). Indeed, the stability of the interaction between iNKT cells and APCs relies not only 

in the structure of the lipid antigens but also in the interaction per se between CD1d and α- 

and β-chains of iNKT cell TCR (Wun et al., 2008). 
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Overall, the studies regarding iNKT cell TCR recognition showed that rather than 

distinct strategies for TCR binding, there is a main strategy with various degrees of 

“induced-fit” that are adapted for the different lipids antigens (Brennan et al., 2013). As the 

“induced-fit” process requires energy to occur, for iNKT cells the structure of the antigen is 

very important not only for the specificity but mostly for the determination of the strength 

of the interaction between lipid-loaded CD1d and iNKT cell TCR (Brennan et al., 2013; 

Rossjohn et al., 2012). However, not every lipid can be induced to fit iNKT cell TCR: for 

instance, antigens with bulky sugar headgroups can bind CD1d but they will not be 

reoriented in TCR, blocking TCR recognition (Mallevaey et al., 2011). 

Moreover, some molecules were shown to require processing in order to become 

antigenic to iNKT cell responses. For example, molecules as Gal (α1-2)-α-GalCer (Prigozy 

et al., 2001) and α-galactopyranosyl (1à2)-α-glucosyl diacylglycerol of S. pneumoniae 

(Kinjo et al., 2011) only become stimulatory upon the hydrolysis of the additional galactose. 

In the same manner, the hydrolysis of the headgroup can also turn a glycolipid inactive 

(Darmoise et al., 2010). In line with this, the acyl chains can also be modified to allow 

antigen loading and/or antigenic capacity. For example, endogenous α-GalCer was shown 

to be degraded to α-lysogalactosylceramide, which contributes to the control of natural 

iNKT cell ligands that are available and therefore to the homeostasis of these cells (Kain et 

al., 2014).  
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1.4 CD1d ligands  
 

The lipids that were identified as antigens for iNKT cells belong to two main groups: 

ceramide-based glycolipids and glycerol-based lipids (Brennan et al., 2013). The different 

molecules can be grouped according to their origin: iNKT cell ligands may be synthetic, 

microbial/foreign and self/endogenous, as it was explored in more detail in the text below. 

 
Synthetic antigens 

α-GalCer, a ceramide-based glycolipid, was the first lipid shown to bind CD1d and 

activate iNKT cells, after being extracted from a marine sponge (Kawano et al., 1997). 

Nowadays, it is still considered the prototypical antigen for iNKT cells and it is widely used 

as an experimental tool in the study of these cells (Brennan et al., 2013; Rossjohn et al., 

2012). The most commonly synthetic derivative of α-GalCer used is KRN7000, which is 

formed by an α-linked galactose headgroup and a ceramide base with a 18-carbon 

phytosphingosine chain and a 26-carbon acyl chain (Morita et al., 1995).  

 Since α-GalCer can elicit both Th1 and Th2 responses, several efforts have been 

made in order to develop analogues capable of biasing iNKT cell immune responses in a 

single direction (Godfrey and Kronenberg, 2004). In fact, the structure of lipid antigens can 

determine the magnitude and the type of iNKT cells responses, with a polarization directed 

towards either to Th1 or Th2 (Yu et al., 2005). This may be justified by differences in the 

kinetics of CD1d-binding, in the subcellular localization of lipid-loaded CD1d and in the 

targeting of diverse APCs (Bai et al., 2012; Im et al., 2009; Wun et al., 2011). More 

concretely, molecular modifications in the sugar headgroup, in the acyl chain and in the 

sphingosine chain may be performed in order to alter the recognition by iNKT cell TCR and 

the further immune responses (Wun et al., 2011). For example, while 2′′-OH, 3′′-OH and 

4′′-OH groups of α-GalCer galactose headgroup were shown to form strong hydrogen bonds 

with the human iNKT cell TCR α-chain (Borg et al., 2007), 6′′-OH group did not establish 

these bonds and its substitution by aromatic rings led to a Th1 polarization in vivo and 

increased the antitumor response in mice (Aspeslagh et al., 2011). On the other hand, 

alterations in the acyl and sphingosine chains were also related with the specific iNKT cell 

response (McCarthy et al., 2007). For instance, C20:2 α-GalCer (possesses an unsaturated 

acyl chain) and OCH (exhibits a truncated sphingosine chain) where shown to promote a 

Th2 polarization in vivo (Miyamoto et al., 2001; Yu et al., 2005). 
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Microbial/exogenous antigens 
A few iNKT cell antigens with microbial origin have already been identified. Their 

structure is quite diverse, which stresses the high variety of antigens that can be recognized 

by iNKT cells and activate them (Rossjohn et al., 2012; Van Kaer et al., 2015a). There are 

several examples of microbes that were shown to synthetize these antigens, such as the 

bacteria Sphingomonas spp., B. burgdorferi, S. pneumoniae, Mycobacterium bovis, 

Helicobacter pylori and Bacteroides fragilis, the parasitic amoeba Entamoeba 

histolytica and the fungus Aspergillus fumigatus. The structures of the microbial products 

related to these aforementioned microorganisms are listed in Table 3. Additionally, a 

lipophosphoglycan (LPG) from Leishmania donovani was also identified as iNKT cell 

activator (Amprey et al., 2004b) but this topic will be discussed in more depth later in this 

thesis. 

 
Table 3 Microorganisms and respective products identified as cognate antigens for 
iNKT cells.  

Microbe Molecule Reference 

Sphingomonas spp. α-glucuronosylceramides, 
α-galacturonosylceramides 

(Kinjo et al., 2005; Mattner et al., 2005; 
Sriram et al., 2005) 

Borrelia burgdorferi α-galactosyldiacylglycerols  
(α-GalDAGs) (Kinjo et al., 2006) 

Streptococcus pneumoniae α-glucosyldiacylglycerols  
(α-GlcDAGs) (Kinjo et al., 2011) 

Mycobacterium bovis phosphatidylinositol mannosides  
(PIMs) (Fischer et al., 2004) 

Helicobacter pylori cholesteryl α-glucosides (Ito et al., 2013) 

Bacteroides fragilis α-galactosylceramideBf  
(α-GalCerBf) (Wieland Brown et al., 2013) 

Entamoeba histolytica lipopeptidophosphoglycan  
(EhLPPG) (Lotter et al., 2009) 

Aspergillus fumigatus asperamide B (Albacker et al., 2013) 

 
 

 

Strikingly, in contrast with all these molecules that were associated to the activation 

of iNKT cells, one report described that B. fragilis can also produce a different 

glycosphingolipid α-galactosylceramide (Bf717) that has an inhibitory function, impairing 

the binding of agonists to CD1d through competition with the final aim of regulating the 

homeostasis of host intestinal iNKT cells (An et al., 2014). 

  



I. INTRODUCTION: iNKT cells 

	56 

Except for the PIMs that are phospholipids, the other antigens identified in bacteria 

have a glycosyl headgroup conjugated to a ceramide or a diacylglycerol via a α-glycosidic 

linkage. This α-linkage is a feature of microbes, as mammalian cells synthetize mostly β-

glycosidic linkages (Rossjohn et al., 2012). As some of the microbial antigens present α-

linkages and similar structures when compared with α-GalCer, it was speculated that this 

potent activator may derive from bacteria that colonize the sponge Agelas mauritianus 

rather from the sponge itself (Van Kaer et al., 2016).  

The recognition of microbial antigens is suggestive of the involvement of iNKT cells 

in some infectious diseases, as it will be discussed in a following section of this thesis.  

 

Self/endogenous antigens 
The observation that iNKT cells can be activated by CD1d-expressing APCs in the 

absence of foreign antigens pointed out the existence of self-antigens capable of activating 

iNKT cells (Gapin et al., 2013). Moreover, the importance of self-antigens to iNKT cells 

relies also in the fact that positive selection of iNKT cells occurs based on CD1d-restricted 

recognition of self-antigens in the thymus (Gapin, 2016). In fact, the identification of self-

lipid antigens that are important in the intrathymic selection of iNKT cells have been 

extensively studied in the past years (Gapin et al., 2013). Among the antigens proposed, 

there is iGb3 (Zhou et al., 2004b), two peroxisome-generated ether-bonded phospholipids: 

plasmalogen lyso-PE and ether lysophosphatidic acid (Facciotti et al., 2012), and also 

phospholipids from biological membrane (Gumperz et al., 2000). 

The lysosomal glycosphingolipid iGb3 was previously considered a strong candidate 

as self-lipid antigen due to the lack of iNKT cells in mice deficient in β-hexosaminidase B, 

an enzyme required to synthesize this lipid (Zhou et al., 2004b). However, the facts that 

mice lacking iGb3 synthase have no anomaly in iNKT cells and that iGb3 synthase is absent 

in humans challenged this theory (Christiansen et al., 2008; Porubsky et al., 2007). Indeed, 

it was further proposed that the link between iNKT cell deficiency and lack of β-

hexosaminidase B might be related with an alteration in the lysosomal function that 

consequently impairs the antigen presentation needed to the thymic selection of iNKT cells 

rather than with a defect in the development of these cells due to the absence of iGb3 

(Gadola et al., 2006). 

Besides the study of the lipids involved in storage diseases, the attempts to identify 

self-lipid antigens for iNKT cells also included the elution and characterization of lipids that 

bind to membrane CD1d (Cox et al., 2009; Muindi et al., 2010). Although these studies have 

identified molecules belonging to different lipid classes such as glycerophospholipids and 

glycosphingolipids capable of binding CD1d, no iNKT cell activation was observed. The only 

exception was lysophosphatidylcholine (lyso-PC), a lysophospholipid (with a single fatty-
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acid tail) that activated a subset of human iNKT cell clones (Fox et al., 2009). However, this 

molecule showed no effect in mouse iNKT cells (Pei et al., 2011).  

Furthermore, synthetic and mammalian β-linked lipid antigens were shown to 

activate mice iNKT cells, albeit with a lower potency when compared with α-GalCer 

(Brennan et al., 2011; Parekh et al., 2004). However, more recent data pointed out that 

synthetic β-GluCer (β-glucosylceramide) used by Brennan et al. contained a small 

contamination of α-anomeric GluCer, which even in little amounts may have mediated the 

activation of iNKT cells rather than β-linked molecules (Brennan et al., 2014; Kain et al., 

2014). Additional studies with glycosphingolipid antigens enriched from mammalian cells 

showed that these cells are able to produce small amounts of α-linked molecules such as α-

GalCers and α-GluCers (α-glucosylceramide) that can lead to iNKT cell activation (Brennan 

et al., 2014; Kain et al., 2014). Moreover, although it is still undetermined how these α-

GalCers and α-GluCers molecules are generated in mammals, a recent report indicated that 

α-psychosine, a product generated by the in vivo degradation of α-GalCer, is able to activate 

iNKT cells (Deng et al., 2017).  

Some of the aforementioned structures can be analyzed in Figure 5. 



I. INTRODUCTION: iNKT cells 

	58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 5 Examples of iNKT cell agonists. Structures of synthetic (α-galactosylceramide, OCH 

and C20:2) and microbial/exogenous antigens (B. burgdorferi α-galactosyldiacylglycerol, 

Sphingomonas spp. α-glucuronosylceramide and M. bovis phosphatidylinositol tetramannoside, 

PIM4) and also of a proposed self/endogenous antigen (isoglobotrihexosylceramide, iGb3). These 

structures were extracted from Cerundolo et al., 2009.  
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1.5 Mechanisms of activation  
 

iNKT cell activation can be reached upon challenge by diverse microbes with 

different origins: bacterial, viral, fungal and protozoan. These microorganisms can promote 

iNKT cell activation either by direct or indirect mechanisms, depending on whether there is 

a dependency or not, respectively, on CD1d presentation of the microbial antigens (Van 

Kaer et al., 2015a).  

 

Direct activation 
Some of the microbial molecules described in the previous section dedicated to 

foreign antigens were shown to activate iNKT cells by cognate recognition in a CD1d-

dependent mechanism, such as glycosphingolipids of Sphingomonas (Kinjo et al., 2005; 

Mattner et al., 2005; Sriram et al., 2005), and diacylglycerol antigens of B. burgdorferi 

(Kinjo et al., 2006) and S. pneumoniae (Kinjo et al., 2011). 

However, although purified or synthetic molecules of these microbial antigens may 

activate iNKT cells in vitro and in vivo, the contribution of these antigens in a situation of 

infection where the intact microorganism is present is still unclear (Van Kaer et al., 2015a). 

Instead, a model of indirect activation where innate cytokine driven-signals play a major 

role was proposed (Brennan et al., 2013). 

 

Indirect activation  
 Unlike MHC-restricted T cells, iNKT cells are highly sensitive to cytokines (Brennan 

et al., 2013). Indeed, iNKT cells constitutively express receptors for IL-12 (Brigl et al., 2003; 

Kitamura et al., 1999), IL-18 (Leite-De-Moraes et al., 1999; Nagarajan and Kronenberg, 

2007), IL-23 (Doisne et al., 2009; Rachitskaya et al., 2008) and IL-25 (Stock et al., 2009; 

Terashima et al., 2008). 

Early works that explored indirect mechanisms of iNKT cell activation by microbes 

reported that Salmonella typhimurium and Staphylococcus aureus induced the production 

of IL-12 by APCs upon activation of Toll-like receptor (TLR) pathways, which in turn 

activated iNKT cells to produce IFNγ. Furthermore, the activation of APCs by those 

microbial antigens also amplified the CD1d-dependent activation promoted by self-lipid 

antigens. Thus, non-cognate antigens were able to indirectly activate iNKT cells by both 

cytokine and CD1d-mediated activation due to a previous effect on APCs (Brigl et al., 2003; 

Mattner et al., 2005). Additionally, along with the iNKT cell activation driven by the 

stimulation of TLR4 by lipopolysaccharide (LPS), the activation of the nucleic acid sensors 

TLR7 and TLR9 in DCs also led to activation of iNKT cells with the production of IFNγ. 

Moreover, the stimulation of TLR9 was also associated with the production of an 
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undetermined self-antigen, which also contributed to the activation of iNKT cells by CD1d-

associated mechanisms (Paget et al., 2007). Of note, the activation of TLRs was also linked 

to the modulation of the lipid biosynthetic pathway in APCs, which led to an enhancement 

in the recognition of CD1d-associated lipid self-antigens by iNKT cells (Salio et al., 2007). 

Besides bacteria, the eggs of the helminth Schistosoma mansoni were also shown to 

induce the activation of APCs, leading to the production of self-antigens. These CD1d-bound 

self-antigens in APCs induced the engagement of iNKT cell TCR, which was sufficient to 

activate iNKT cells to produce both IL-4 and IFNγ. Interestingly, this mechanism was 

independent of TLR activation and IL-12 production and it was rather supported by the 

engagement of other pattern recognition receptors (PRRs), yet to be determined, by the eggs 

of this helminth (Mallevaey et al., 2006). 

Furthermore, other microorganisms were shown to activate iNKT cells by the 

induction of cytokine release by activated APCs and independently of TCR engagement. For 

example, Escherichia coli LPS induced the activation of APCs with IL-12 and IL-18 release, 

which was sufficient to consequently activate iNKT cells to produce IFNγ (Nagarajan and 

Kronenberg, 2007). Moreover, murine cytomegalovirus (CMV), a pathogen that is 

recognized by DCs through TLR9, was able to induce the production of IFNγ by iNKT cells 

in a process that was dependent on the presence of IL-12 but where CD1d was dispensable, 

discarding the intervention of a self-antigen (Tyznik et al., 2008; Wesley et al., 2008).  

These diverse mechanisms of iNKT cell activation are depicted in Figure 6. 

 Finally, iNKT cells themselves express TLR3, 5 and 9 that can also contribute to the 

activation of this cell subset (Kulkarni et al., 2012). However, it is still under debate whether 

this mechanism occurs naturally during microbial infections (Van Kaer et al., 2015a).  
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Figure 6 Mechanisms of iNKT cell activation. Direct activation: A) Microbial molecules are 

cognate antigens, bind CD1d and directly activate iNKT cells by T cell receptor (TCR) engagement. 

In this scenario, inflammatory cytokines and the recognition of endogenous antigens are not 

required. Indirect activation: B) Microbial antigens act as ligands of pattern recognition receptors 

(PPRs) and induce the APC to release inflammatory cytokines such as IL-12 and IL-18 and to present 

CD1d-bound self-antigens to iNKT cells, which are activated by the engagement of both cytokine 

receptors and TCR. C) Microbial antigens activate PPRs, inducing the recognition of CD1d-bound 

self-antigens. This process is independent of proinflammatory cytokines. D) Microbial antigens 

activate PPRs and induce the release of proinflammatory cytokines that activate iNKT cells by the 

engagement of the cytokine receptors. This process is CD1d-independent. This figure was modified 

from Brennan et al., 2013 and Tupin et al., 2007. 
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1.6 Cross-talk with other immune cells 

 

Although iNKT cells comprise a small population among the immune cells, their 

ability to rapidly produce a wide range of cytokines allows them to interact with different 

cell populations, playing an important role in the orchestration of immune responses 

(Brennan et al., 2013). 

 

Dendritic cells 
DCs, which express constitutively CD1d molecules, were identified as the major 

population in mice spleen that mediates antigen presentation to iNKT cells (Barral et al., 

2012; Fujii et al., 2004). Indeed, these cells may phagocyte microbes or uptake lipid binding 

proteins, which places DCs as important platforms for lipid antigen presentation to iNKT 

cells (van den Elzen et al., 2005).  

Furthermore, the interaction between DCs and iNKT cells is bidirectional and 

activated iNKT cells can also promote DC activation. Indeed, upon iNKT cell TCR 

recognition of a cognate self or foreign lipid displayed by CD1d on DCs, there is the 

establishment of a CD40-CD40L interaction between these cells, which stimulates DCs to 

produce IL-12. This cytokine may in turn amplify the activation of iNKT cells already 

induced by TCR engagement (Fujii et al., 2004; Kitamura et al., 1999). This bidirectional 

interaction was also linked to NK cell transactivation (Bezbradica et al., 2005; Carnaud et 

al., 1999; Eberl and MacDonald, 2000), to enhanced responses to protein antigens by MHC-

restricted T cells (Fujii et al., 2003; Hermans et al., 2003) and also to the licensing of DC 

cross-presentation (Semmling et al., 2010). 

Moreover, the activation of DCs promoted by iNKT cells was also linked to the 

outcome of several antimicrobial immune responses. For instance, it was observed that 

iNKT cells may induce DC maturation towards a Th1 profile, which was crucial to induce 

protective responses in a model of pulmonary Chlamydia pneumoniae infection (Joyee et 

al., 2008).  

 

B cells 
 iNKT cells can also provide cognate signals to B cells, which occurs by the 

presentation of antigenic lipids loaded onto CD1d to iNKT cells. An early report referred 

that this cognate activation might be mediated by endogenous antigens (Galli et al., 2003). 

Moreover, it was shown that iNKT cells may provide cognate help to B cells through the 

loading onto CD1d of foreign lipids previously internalized via the B cell receptor (BCR). 

This process also required cell-to-cell interactions provided by CD40L and the 

costimulatory molecules B7.1 and B7.2 (Barral et al., 2008; Leadbetter et al., 2008). 
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Additionally, marginal zone B cells loaded with α-GalCer were reported to activate iNKT 

cells in vivo, inducing the production of IFNγ and IL-4 by iNKT cells, and the bystander 

activation of NK cells. Importantly, marginal zone B cells in vitro were shown to cooperate 

with DCs to obtain an optimal activation of iNKT cells in response to α-GalCer (Bialecki et 

al., 2009). Furthermore, it was described that an iNKT cell subset with features of Tfh
 
cells 

released IL-21 and induced the formation of early germinal centers without the formation 

of memory B cells (Chang et al., 2011; King et al., 2011). This was suggestive of a potential 

role of iNKT cells in early IgM and IgG responses during infection, without the generation 

of recall responses (Chang et al., 2011). More recently, it was described that systemic lupus 

erythematous patients present a defect in CD1d-mediated lipid presentation by B cells, 

which was linked to the low frequency of iNKT cells in those individuals. This highlighted 

the possible contribution of B cells to iNKT cell homeostasis and activation (Bosma et al., 

2012). On the other side, iNKT cells may also provide non-cognate help to B cells, although 

the expression of CD40 by B cells was still essential to this process (Tonti et al., 2009). 

Moreover, iNKT cell-derived Th2 cytokines were also associated to the activation of B cells 

(Kitamura et al., 2000). 

 The role of iNKT cells in the B cell response during infections has also been studied. 

For instance, it was observed that iNKT cell-deficient mice displayed an impaired capacity 

to mount specific antibody responses during Borrelia hermsii (Belperron et al., 2005) and 

Trypanosoma cruzi infection (Duthie et al., 2005), as well as against malarial 

glycosylphosphatidylinositol (GPI)-anchored antigens (Hansen et al., 2003) and 

pneumococcal polysaccharides (Kobrynski et al., 2005). 

 

Macrophages 

Kupffer cells and stellate cells, which are specialized macrophage populations that 

locate in the liver, are able to present lipid antigens to iNKT cells (Schmieg et al., 2005; 

Winau et al., 2007). For example, in the context of B. burgdorferi infection, Kupffer cells 

were associated with iNKT activation and bacterial clearance (Lee et al., 2010b). Moreover, 

a specific population of macrophages was also shown to be able to capture and present 

particulate antigens to iNKT cells in the lymph nodes (Barral et al., 2010). 

The interaction between activated iNKT and macrophages is also bidirectional. For 

instance, GM-CSF released by activated iNKT cells may shift blood monocytes towards a 

more DC-like phenotype (Hegde et al., 2007; Kotsianidis et al., 2006). Furthermore, iNKT 

cells were also associated with a contribution to the low degree of adipose tissue 

inflammation by shifting macrophage polarization towards a M2 profile and improving 

glucose homeostasis via IL-4 (Ji et al., 2012; Lynch et al., 2012). Finally, iNKT cells were 

also associated with an antitumor effect by the killing of tumor-associated macrophages 
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(Metelitsa, 2011; Vivier et al., 2012).  

The influence of iNKT cells in macrophages was also linked with infection. For 

example, IFNγ secreted by activated iNKT cells can promote phagocytosis and bacterial 

clearance by pulmonary macrophages, which was observed as beneficial in the context of 

Pseudomonas aeruginosa or Mycobacterium tuberculosis infection (Nieuwenhuis et al., 

2002; Sada-Ovalle et al., 2008). Additionally, iNKT cells contributed to the establishment 

of a chronic lung disease in a mouse model of post-viral airway disease through the 

induction of macrophage differentiation towards a M2 profile (Kim et al., 2008). 

 
Granulocytes  

Neutrophils also express CD1d molecules and their interaction with iNKT cells has 

also been studied. For example, it was shown that iNKT cells may switch the neutrophil 

profile, from a regulatory to a proinflammatory phenotype activity by diminishing the 

production of IL-10 and enhancing the production of IL-12 by neutrophils. This was 

suggestive that iNKT cells may boost a protective role of neutrophils in situations of tumors 

or infections (De Santo et al., 2010). Additionally, neutrophils are able to suppress cytokine 

production by iNKT cells in a contact-dependent mechanism that is still undetermined, 

which may shape the extent of inflammation (Wingender et al., 2012). Furthermore, it was 

observed that a specific population of iNKT cells contributes to neutrophil recruitment 

during airway neutrophilia elicited by intranasal exposure to α-GalCer or LPS, which was 

shown to be dependent on the secretion of IL-17 by iNKT cells (Michel et al., 2007). 

Moreover, it was also observed that activated iNKT cells release IL-3 and GM-CSF, which 

may induce the recruitment of neutrophils from the bone marrow or spleen to the periphery 

(Leite-de-Moraes et al., 2002). 

Regarding infection, in pulmonary infections with S. pneumoniae or P. aeruginosa, 

iNKT cells were shown to recruit neutrophils to the infection site by the secretion of 

chemokines such as CXCL2 (Kawakami et al., 2003; Nieuwenhuis et al., 2002).  

The main interactions between iNKT cells and other immune cell subsets are 

represented in Figure 7. 

  

Due to their properties and their ability to interact with different immune cells, iNKT 

cells have been associated with a wide variety of different diseases, ranging from auto-

immune disorders such as type 1 diabetes (Lehuen et al., 1998; Novak et al., 2007; Sharif 

et al., 2001; Wang et al., 2001; Wilson et al., 1998), multiple sclerosis (Illes et al., 2000; 

Van Kaer et al., 2015b), rheumatoid arthritis (Horikoshi et al., 2012; Kojo et al., 2003) 

and systemic lupus erythematosus (Chen et al., 2015; Cho et al., 2011); 

atherosclerosis (Getz and Reardon, 2017; Kyriakakis et al., 2010); obesity (Ji et al., 
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2012; Lynch et al., 2012; Satoh et al., 2016); cancer (Bricard et al., 2009; Chung et al., 

2006; Dhodapkar, 2009; Swann et al., 2009; Vivier et al., 2012) and allergic asthma 

(Akbari et al., 2006; Brooks et al., 2010; Grunig et al., 1998; Herrick and Bottomly, 2003; 

Holtzman, 2012; Kim et al., 2010; Lisbonne et al., 2003; Pham-Thi et al., 2006a; Pham-Thi 

et al., 2006b; Thomas et al., 2006). Finally, iNKT cells have also been implicated in several 

infectious diseases (Cohen et al., 2009; Tupin et al., 2007), as it was highlighted along 

this section. Among these, Leishmania infection has special interest to the 

comprehension of this thesis and further insights about this parasite and the associated 

diseases will be given in the following section. 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
Figure 7 Crosstalk between iNKT cells and other immune cells. CD1d-expressing antigen-

presenting cells (APCs) establish cognate interactions with iNKT cells in the presentation of self or 

foreign lipids, which includes DCs, macrophages, neutrophils and B cells. This interaction induces 

iNKT cell activation and consequently reciprocal activation or modulation of the APCs may also 

occur. Additionally, iNKT cell- or APC-derived cytokines may also affect other cell subsets such as 

MHC-restricted T cells and NK cells, in a CD1d-independent mechanism. CD40L, CD40-ligand; 

CXCR, C-X-C motif chemokine receptor; GM-CSF, granulocyte-macrophage colony-stimulating 

factor; IFN, interferon; IL, interleukin; TCR, T cell receptor; TNF, tumor necrosis factor. This figure 

was modified from Brennan et al., 2013. 
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2. Leishmania spp., the causative agents of leishmaniasis 
 

2.1 Taxonomy and brief historical overview 
Leishmania parasites are the causative agents of leishmaniasis (Herwaldt, 1999). 

They are distributed worldwide, namely in tropics and subtropics, comprising North, 

Central and South America and the Mediterranean basin, Southeast Europe, the Middle 

East, Central and Southeast Asia, India, Africa and recently they were also reported in 

Australia (Akhoundi et al., 2016). Until today, approximately 53 species were described, 

among which 31 species were identified as capable of infect mammals and 20 species were 

proven to be pathogenic for humans (Akhoundi et al., 2016). A simplified taxonomic 

overview of Leishmania is represented in Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 8 Taxonomy of Leishmania parasites. The diagram focuses the two subgenera that 

contain the main species pathogenic for humans. The species spotted with the same symbol are 

synonyms. This diagram was adapted from Akhoundi et al., 2016 and WHO, 2010.  

 

Looking for some historical facts, the first references to Leishmania date back to 

2,500 B.C., which was the starting point to several descriptions of manifestations that today 

are attributed to Leishmania infection in different locations such as Egypt, Sudan, India 

and South America (Akhoundi et al., 2016). 

However, it was only in the 20th century that the disease was well characterized. In 

1901, William Boog Leishman (Leishman, 1903) identified oval bodies in smears from the 

spleen of an Indian patient. In the same year, Charles Donovan (Donovan, 1905) identified 
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similar oval bodies in smears of other patients in India. Two years later, Ronald Ross (Ross, 

1903) associated those oval bodies observed by Leishman and Donovan to the causative 

agent of visceral Leishmania infection in India and named the pathogen as Leishmania 

donovani (Akhoundi et al., 2016; Dutta, 2008). After this important mark in the study of 

Leishmania, different designations for other diseases with an undetermined cause 

described in the past were revised and they were then associated to cutaneous and visceral 

forms of leishmaniasis. This was the case of “Bkh sore”, “valley sickness”, “Andean 

sickness”, “white leprosy”, “kala azar”, “Peruvian uta”, “occidental sore”, “Aleppo button” or 

“espundia” (Akhoundi et al., 2016).  

From these initial findings, an important body of work has been carried out to better 

characterize and understand the disease in order to improve and/or create methodologists 

to control and prevent and, in a further step, to reinforce the attempts to achieve the cure 

for this infection.  
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2.2 Disease manifestations and geographic distribution  
Leishmaniases correspond to a group of neglected tropical diseases that are 

transmitted by an insect vector. They represent a big concern in public health, particularly 

in developing countries where the disease is more prevalent (Banuls et al., 2011; WHO, 

2009). Indeed, leishmaniases are the leading cause of mortality and morbidity among 

neglected tropical diseases: in 2010, 50,000 deaths (Lozano et al., 2012) and 3.3 million 

disability adjusted life years were associated to these diseases (Murray et al., 2012). 

Along with the distribution of the parasites, leishmaniases were identified as 

endemic diseases in large regions of the tropics, subtropics and Mediterranean basin. On 

the other hand, no infected individuals were reported in New Zealand and the southern 

Pacific (Akhoundi et al., 2016). The figures concerning these diseases point out that about 

350 million people are in risk and 12 million people are infected among 98 countries (WHO, 

2010). Besides the disease in humans, canine leishmaniasis is also a serious concern. 

Indeed, taking as example the Mediterranean basin, it is estimated that around 2.5 million 

dogs are infected (Moreno and Alvar, 2002). 

Leishmaniases can cause a large spectrum of clinical manifestations in humans, 

ranging from self-healing cutaneous lesions to fatal visceral disease. According to this, they 

are generally divided in three distinct groups: cutaneous leishmaniasis (CL), 

mucocutaneous leishmaniasis (MCL) and visceral leishmaniasis (VL) (Banuls et al., 2011).  

 

Cutaneous leishmaniasis 
CL is generally associated to the infection with the species L. major, L. tropica, L. 

mexicana, L. amazonensis, L. braziliensis, L. peruviana, and L. guyanensis. The disease is 

commonly characterized by cutaneous nodules or lesions that can be detected at the site of 

the sandfly bite (localized CL). These lesions take at least one week to reach their final size 

and they are generally self-healing and well responsive to treatment; however, these round 

ulcers can leave permanent and depressed scars with altered skin pigmentation (Banuls et 

al., 2011; WHO, 2010). On the other side, CL can also cause multiple non-ulcerative nodules 

macules, papules or plaques resulting from the dissemination of the parasite through the 

skin, particularly on extensor surfaces of the limbs and on the face (diffuse CL) (Ameen, 

2010; Reithinger et al., 2007; WHO, 2010). These lesions generally do not heal 

spontaneously and there is an important risk of relapse after the treatment (Banuls et al., 

2011). However, several other kinds of lesions were already described as a result of CL, 

which can be an issue regarding the diagnosis. In fact, the diversity of presentation may 

potentiate a misdiagnosis with other diseases, which can cause important delays in the 

beginning of the treatment (Banuls et al., 2011).  



I. INTRODUCTION: Leishmania spp. 

	70 

Of note, in spite of its potential to cause VL, L. infantum is a frequent cause of CL in 

the Mediterranean Basin and southern Europe. Generally, these cutaneous lesions cause 

self-healing single nodules without significant inflammation and in immunocompetent 

individuals the infection generally does not progress to VL (WHO, 2010). 

In the endemic areas, the estimated incidence is about 0.7–1.2 million cases of CL 

per year. More concretely, 70-75% of those cases were identified in ten countries: 

Afghanistan, Algeria, Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa Rica, and 

Peru (Alvar et al., 2012). Geographical distribution of CL can be observed in Figure 9. 
 

Figure 9 Map of new cases of cutaneous leishmaniasis reported in 2013. This map was 

extracted from WHO, 2015. 

 

Mucocutaneous leishmaniasis 

MCL, also known as “espundia”, is mainly caused due to the infection by L. 

braziliensis (Guerra et al., 2011). Generally, MCL is secondary to cutaneous lesions: indeed, 

it can be detected from several months to 20 or more years after a cutaneous lesion (Murray 

et al., 2005; WHO, 2010). However, there are also reports of some cases of MCL as the first 

manifestation of leishmanisasis (Lessa et al., 2007). The disease results from the 

dissemination of the parasite through the lymphatic system or blood vessels (Reithinger et 

al., 2007) and the propagation directly from cutaneous lesions to mucosal does not seem to 

happen (Banuls et al., 2011). 90% of MCL lesions occur in the nasal mucosa, but the disease 

can also affect lips, palate, mouth, pharynx, larynx and the middle ear (Banuls et al., 2011). 

In fact, MCL leads to the obstruction and destruction of the nose, pharynx and larynx, 

resulting in highly disfiguring lesions and mutilation of the face, which inflicts a life-long 
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distress for the individual (Banuls et al., 2011). Secondary bacterial infections are frequent 

and pneumonia is the most common cause of death for these patients. MCL rarely cures 

spontaneously and most of the cases were reported in Bolivia, Brazil and Peru (WHO, 2010). 

  

Visceral leishmaniasis 

VL, also referred as kala-azar in the Indian subcontinent, is the more severe form of 

the disease because it can be fatal if left untreated (Murray et al., 2005). It is generally 

caused by L. donovani and L. infantum / L. chagasi. The disease associated to L. infantum 

infection is mostly zoonotic, affecting mainly dogs; in humans, it presents low endemicity, 

being associated to children or immunocompromised adults, as is the case of the individuals 

that are co-infected with human immunodeficiency virus (HIV) (Nasereddin et al., 2005; 

Postigo, 2010). On the other hand, L. donovani is specific of humans and it is associated 

with high mortality along with large-scale epidemics (Al-Salem et al., 2016; John et al., 

2011; Murray et al., 2005; Seaman et al., 1996). The establishment of VL is gradual and the 

incubation period is variable, ranging between 10 days and 1 year (WHO, 2010). 

Regarding the clinical manifestations, the disease is characterized by symptoms and 

signs of persistent systemic infection, which include fever, fatigue, weakness and loss of 

appetite and weight. Additionally, the parasitic invasion of the blood and reticulo-

endothelial system, as well as of spleen, liver, or other lymphoid tissues is also observed, 

leading to hepatosplenomegaly and/or lymphadenopathies. Another common 

manifestation of VL is pancytopenia, particularly anemia, which is caused by the permanent 

inflammatory state of the individual, by hypersplenism that leads to the destruction of 

erythrocytes in the enlarged spleen or, in more severe cases, by bleeding (Banuls et al., 2011; 

Chappuis et al., 2007). The clinical presentation of the disease can vary among the affected 

countries: for example, while enlarged lymph nodes are a hallmark of the disease in Sudan 

(Siddig et al., 1990; Zijlstra et al., 1991), in India, VL patients present darkening of their 

face, hand, feet and abdomen, which justified the first designation of the disease as “kala-

azar”, the Hindi name for “black fever” (WHO, 2010). The progression of the disease is 

usually followed by significant abdominal distension with pain and concomitant bacterial 

co-infections such as pneumonia and tuberculosis are also frequent. In the absence of 

treatment, VL patients usually die several weeks to months after the onset of the disease 

from bacterial co-infections, massive bleeding or severe anemia (Chappuis et al., 2007). 

The estimated incidence of VL in endemic regions is 0.2–0.4 million cases per year 

and 90% of the cases were detected in only six countries: India, Bangladesh, Sudan, South 

Sudan, Brazil, and Ethiopia (Alvar et al., 2012). It should be noted that statistics associated 

to VL are only approximate, since it is estimated that several cases of the disease are not 
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recognized or not reported (Collin et al., 2006; Singh et al., 2006). Geographical 

distribution of VL can be observed in Figure 10. 

Figure 10 Map of new cases of visceral leishmaniasis reported in 2013. This map was 

extracted from WHO, 2015. 

 

Of note, the co-infection with Leishmania and HIV is a growing concern because of 

the cumulative effects of both diseases (Singh et al., 2016). In fact, leishmaniasis may 

contribute to the deleterious effects of HIV by worsening the immunosuppressive state of 

the individuals and, on the other side, it is estimated that HIV increases the risk of VL 100 

to 1000 times in endemic areas. Furthermore, the combination of these two conditions 

highly potentiates the infection with VL outside the endemic areas. For example, in 

southern Europe, up of 70% of the adults infected with VL are also HIV positive and the 

numbers of co-infection around the world are increasing (Monge-Maillo et al., 2014; WHO, 

2009). Indeed, while in the past children between 1 to 4 years old were the major population 

affected with VL caused by L. infantum in southern Europe, North Africa and West and 

Central Asia, nowadays this paradigm has changed. With the increasing cases of HIV 

infection and treatments using immunosuppression for transplantation and chemotherapy, 

it was observed that about a half of the cases reported in Europe are now correspondents to 

adults (WHO, 2010). 

In the sequence of a successful primary response to therapy against VL, some 

individuals develop maculopapular or nodular rashes, a condition that is known as post-

kala-azar dermal leishmaniasis (PKDL) and whose presentation corresponds to 
hypopigmented macules, papules, nodules, or facial erythema (Mukhopadhyay et al., 2014; 
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Singh et al., 2016; Zijlstra et al., 2003). PKDL is very significant in Sudan, where it was 

associated to 50-60% of VL cases and it occurs generally 0–6 months after VL treatment. 

PKDL is also detected in India, affecting 5-10% of VL patients 6 months to 3 years after VL 

therapy (Ganguly et al., 2010a; Zijlstra et al., 2003). Of note, patients with PKDL are highly 

infective because their lesions contain many parasites, and for that reason they are also 

important reservoirs for anthroponotic VL (Addy and Nandy, 1992; Zijlstra et al., 2003). 

 Table 4 summarizes the data regarding the geographical distribution, the main 

parasite species and the main vector generally associated to each form of the disease in the 

Old World (Europe, Africa and Asia) and in the New World (the Americas). 
 
Table 4 Differences in geographical distribution, causative species and vectors among 
the three main clinic manifestations of leishmaniases. These data were extracted from 

Akhoundi et al., 2016. 

 Cutaneous 
leishmaniasis 

Mucocutaneous 
leishmaniasis 

Visceral  
leishmaniasis 

O
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Afghanistan, Algeria, Iran, 
Syria, Ethiopia, North Sudan - India, Bangladesh, Sudan, 

South Sudan, and Ethiopia 
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s 

L. tropica, L. major, and L. 
aethiopica - L. donovani and L. infantum 

V
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Phlebotomus and 
Paraphlebotomus - Euphlebotomus, Larroussius, 

and Synphlebotomus 

N
E

W
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R

LD
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Colombia, Brazil, Costa Rica 
and Peru 

Peru, Bolivia, Paraguay, 
Ecuador, Colombia, and 

Venezuela 
Brazil 

Sp
ec

ie
s 

L. mexicana complex, 
subgenus Viannia 

L. braziliensis (major agent), 
L. guyanensis, L. panamensis, 

and L. amazonensis 
L. chagasi (synonym for L. 

infantum) 

V
ec

to
rs

 

Nyssomyia, Psychodopygus, 
Lutzomyia s.str., and 

Verrucarum 
Psychodopygus 

Lutzomyia, Migonemyia, 
Nyssomyia, Pifanomyia, 

Psychodopygus, and 
Verrucarum 
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Remarkably, the ratio between subclinical and symptomatic VL is estimated to be 

up to 18 to 1 (Badaro et al., 1986), meaning that many subjects can be infected with visceral 

Leishmania species without manifesting the disease. In fact, there are several factors that 

can determine the outcome of the infection, which is dependent on the host, on the infective 

parasite and also on the sandfly vector (McCall et al., 2013).  

The major factors concerning the host are the genetic background (Lipoldova and 

Demant, 2006; Sakthianandeswaren et al., 2009), conditions of immunosuppression, 

particularly due to co-infection with HIV (Alvar et al., 2008; Ives et al., 2011; Reithinger et 

al., 2007), pre-exposure to the parasite in utero (Osorio et al., 2012), malnutrition (Dye and 

Williams, 1993; Maciel et al., 2008) and young age of the individuals (Muller et al., 2008; 

Singh et al., 2007).  

Concerning the sandfly vector, components of the saliva may take a part in the 

infective process. Indeed, some reports have described that the saliva from a vector 

associated to CL causes low levels of vasodilatation with a significant skin swelling, in 

contrast with the vectors associated to VL, which cause higher vasodilatation without 

cutaneous lesion formation (Warburg et al., 1994). Additionally, the number of parasites 

inoculated in the skin of the host by the vector can also be determinant, as it was observed 

that higher doses are associated to a stronger local immune response, limiting the parasite 

spread and preventing the dissemination to the visceral organs (Maia et al., 2011). 

Moreover, components of the vector saliva were also shown to trigger the host immune 

responses (Gomes et al., 2008; Vinhas et al., 2007).  

Finally, it should be noted that although host and vector characteristics play 

important roles in the outcome of the disease, the particularities of the parasite are the 

major constraints (McCall et al., 2013). Indeed, it has been reported that visceral species 

are better adapted than cutaneous species to survive and proliferate in the viscera, being 

more resistant to higher temperatures (Callahan et al., 1996; Scott, 1985) and oxidative 

stress (Sarkar et al., 2012). More precisely, in a genetic level several differences in species-

specific genes and other aspects as gene polymorphisms, gene amplifications and 

differences in posttranscriptional regulation have been linked to the progression of the 

disease (Depledge et al., 2009; Peacock et al., 2007; Zhang and Matlashewski, 2010; Zhang 

et al., 2008).  
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2.3 Life cycle of Leishmania spp. 
 

Leishmania has a digenetic lifecycle characterized by two distinct morphological 

forms: an extracellular flagellar and motile promastigote form that persists in the arthropod 

vector and a round-shape non-motile amastigote form that replicates intracellularly in the 

mammalian host (Kaye and Scott, 2011; Scott and Novais, 2016).  

Leishmania promastigotes are inoculated in the skin of the mammalian host 

through the bites of an infected female sandfly vector, during a blood meal. Phagocytic cells 

in the dermis, such as neutrophils, DCs and macrophages, rapidly internalize the parasites. 

After one week of infection most of the parasites are inside macrophages (Peters et al., 

2008). Then, promastigotes in the parasitophorous vacuole in macrophages differentiate in 

amastigotes, before the fusion with host lysosomes, forming the phagolysosome (Forestier 

et al., 2011). Once differentiated in amastigote, the parasite is able to survive and replicate 

in the harsh conditions of the phagolysosome. Eventually they destroy the cells and are 

released, being able to infect new cells and to propagate the infection (Sacks and Noben-

Trauth, 2002). Importantly, the amastigotes disseminate using lymphatic and vascular 

systems and they can further invade different organs such as bone marrow, liver and spleen 

(Chappuis et al., 2007). 

The cycle is maintained by the ingestion of circulating infected macrophages during 

blood feeding of the insect vector (Kaye and Scott, 2011; Sacks and Noben-Trauth, 2002). 

Within the vector midgut, the macrophages are lysed and they release amastigotes that 

transform in dividing non-infectious-stage promastigotes. These forms colonize the 

digestive tract of the sandfly, where they attach to the midgut wall and migrate to the 

anterior part. During the migration, the parasite differentiates into non-dividing, infectious 

metacyclic promastigotes that will be transmitted to the mammalian host during another 

vector blood meal (Sacks and Noben-Trauth, 2002). 

A scheme of Leishmania lifecycle is represented in Figure 11.  

The transmission of the disease can be either anthroponotic (transmitted from 

human to vector to human) or zoonotic (transmitted from animal to vector to human) and 

it is mainly dependent on sandfly vectors (Chappuis et al., 2007). Additionally, non-vector 

transmission, for example by accidental laboratory infection, blood transfusion, or organ 

transplantation is a possible scenario, but it is very rare (Cardo, 2006).  

Human beings, dogs, rodents, sloths, and opossums are some of the animals that 

were identified as possible reservoirs of the disease (Akhoundi et al., 2016; Pigott et al., 

2014). 
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Figure 11 Lifecycle of Leishmania. The parasite persists through an intracellular amastigote 

form in the mammalian host and an extracellular flagellated promastigote form within the insect 

vector. This scheme was modified from Kaye and Scott, 2011. 
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2.4 Control, diagnosis and treatment strategies 
 
Control 

As dogs constitute the main reservoir of L. infantum in zoonotic VL, the 

prevention or treatment of the infection in these animals would be an ideal strategy to 

control the spread of the disease (Alvar et al., 2004; Chappuis et al., 2007).  

In the past, the killing of infected dogs (dog culling) was a strategy adopted by 

countries as Palestine, China, and the Central Asian republics of Soviet Union as an attempt 

to control human VL (Costa, 2011). However, this is highly controversial, because besides 

ethical issues (Costa, 2011), there is no scientific evident that dog culling reduces zoonotic 

VL (Grimaldi et al., 2012; Romero and Boelaert, 2010). Some of the reasons that justify the 

inefficiency of this measure are the fact that other animals may represent important 

reservoirs of L. infantum (for example, marsupials or rodents) (Quinnell and Courtenay, 

2009) and that current methodologies do not allow an unequivocal screening for L. 

infantum infection in dogs (Silva et al., 2011).  

The treatment of infected dogs is a suitable approach, not only to improve their 

quality of life but also to decrease the parasite load and therefore their role as reservoirs. 

However, in spite of the improvements in chemotherapy to treat canine leishmaniasis in the 

past years (Reguera et al., 2016), relapses are frequent and there is still much to progress in 

this field (Alvar et al., 1994; Otranto and Dantas-Torres, 2013).  

Another big aim in the control of canine leishmaniasis is the development of 

vaccines that protect the dogs against the disease. Such as for chemotherapy, big efforts 

have been made and there are some vaccines that have already been proposed but some 

issues as their efficacy and prices still need to be addressed (Otranto and Dantas-Torres, 

2013; Reguera et al., 2016).  

The control of the vectors has also been considered. VL was strongly reduced in 

India following large scale spraying campaigns using dichloro-diphenyl-trichloroethane, an 

anti-malarial insecticide that is also efficient for Phlebotomus argentipes (Kaul et al., 1994); 

however, the disease re-emerged following the discontinuation of these campaigns 

(Chappuis et al., 2007). Furthermore, the use of insecticides may be useful in short-periods 

and in restricted areas or in-door environments in India, where the vector is more prevalent 

near the buildings (Chappuis et al., 2007), but it is not suitable in the long term nor in very 

large areas, as would be the case of endemic countries as Brazil, due to technical and 

economic reasons (Otranto and Dantas-Torres, 2013). 

 In line with this, the use of repellents in spot-on formulations or collars is currently 

the most effective method to prevent the blood feeding and the consequent infection of dogs 

(Otranto and Dantas-Torres, 2013). Generally, these repellents are synthetic pyrethroids 
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(Otranto et al., 2013; Otranto et al., 2010). Moreover, insecticide-treated bed nets was also 

shown to be protective (Bern et al., 2000; Ritmeijer et al., 2007) and the use of other 

insecticide-impregnated materials such as curtains and blankets is also being considered 

(Kroeger et al., 2002; Reyburn et al., 2000; Singh et al., 2016; Wilson et al., 2014).  

The early diagnosis is also considered as an important strategy to control 

leishmaniases (Guerin et al., 2002). In fact, for humans and for dogs an early diagnosis 

allows a quick onset of the treatment, which represents an improvement in the health status 

and also a reduction of the risk to the community by the control of a potential reservoir of 

the disease (Chappuis et al., 2007; Otranto and Dantas-Torres, 2013). Of note, in endemic 

areas of L. infantum, most humans and dogs that are infected remain asymptomatic (Costa 

et al., 2002; Dantas-Torres et al., 2006) and these infections are hardly detected due to 

limitations of serological and parasitological screenings (Costa et al., 2002; Miro et al., 

2008). Although the role of asymptomatic humans in the transmission of the disease is still 

unclear (Costa, 2011), asymptomatic dogs are potential reservoirs accessible to sandflies 

(Michalsky et al., 2007; Molina et al., 1994). Currently, several issues still preclude the 

detection of the parasite in asymptomatic dogs thus hindering an effective use of this arm 

of the control of leishmaniases (Otranto et al., 2009). 

 
Diagnosis  
 As the clinical presentation of the disease can lead to misleading diagnosis, it is 

important to apply confirmatory tests to assess if the patient requires treatment. The tests 

should be highly sensitive because VL is a fatal condition, highly specific, as the available 

treatments are very toxic, simple to use and affordable, in order to be accessible even to the 

poor populations that are severely affected in most of the endemic countries (Chappuis et 

al., 2007). 

Clinical symptoms that suggest disease but that are not specific, such as 

pancytopenia and hypergammaglobulinemia, were used as non-leishmanial tests 

(Boelaert et al., 2004). However, due to their very poor sensitivity, the use of these tests is 

not recommended (Sundar, 2003). 

The microscopic examination of the amastigotes forms in aspirates from lymph 

nodes, bone marrow or spleen is a common method for parasite detection (Babiker et 

al., 2007; Ho et al., 1948). The specificity of this method is satisfactory, mostly for spleen, 

but caution should to be taken because a considerable technical expertise is needed in order 

to avoid the risk of life-threatening hemorrhages in the spleen aspiration (Kager and Rees, 

1983). Moreover, this technique is restricted to facilities that are equipped with nursing 

surveillance, blood transfusion and surgery, and therefore it is not suitable to make 

diagnosis in the field (Chappuis et al., 2007).  
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The antibody-detection tests that were developed to assess specific anti-

leishmanial antibodies have two major drawbacks associated to the natural evolution of the 

disease (Chappuis et al., 2007). On one side, the level of antibodies in serum decrease upon 

successful treatment (Braz et al., 2002; Kumar et al., 2001) but they persist in circulation 

several years after cure and therefore it is not possible to detect VL relapse by serology (De 

Almeida Silva et al., 2006). On the other side, in endemic areas it is frequent that the 

individuals have anti-leishmanial antibodies in the context of an asymptomatic infection 

(Koirala et al., 2004; Sundar et al., 2006).  

The direct agglutination test and the rK39-based immunochromatographic test are 

two serological tests that have been developed in order to be used in the field (Chappuis et 

al., 2007). Aditionally, the antigen-detection tests aim to detect a heat-stable, low molecular 

weight carbohydrate antigen present in the urine of VL patients by latex agglutination (Attar 

et al., 2001; Sarkari et al., 2002). This method was shown to have good specificity but poor 

to moderate sensitivity, and there is the need to boil the urine to avoid false positive 

reactions (Chappuis et al., 2006; Rijal et al., 2004). 

 
Treatment 
 The treatment of VL requires not only the use of anti-leishmanial drugs but also the 

resolution of other conditions that often come along with leishmaniasis, such as 

concomitant bacterial or parasitic infection, anemia, hypovolemia and malnutrition 

(Chappuis et al., 2007). There are several issues regarding the drugs that are currently 

available to treat leishmaniasis, namely their severe side effects that can be potentially life-

threatening, their high costs that limit the access in the poor areas , the development of drug 

resistance in some endemic zones and the complexity of the regimens that compromise 

patient adherence (Chappuis et al., 2007). The main drugs that are currently used in the 

treatment of VL along with their routes of administration, described efficacy, advantages 

and limitations are summarized in Table 5.  

 
Vaccination 

After a successful response to the treatment, small numbers of parasites persist in 

the host and they are likely important in the induction and maintenance of a protective 

response in a process of concomitant immunity (Brown and Grenfell, 2001; Mandell and 

Beverley, 2017). The existence of this kind of immunity was taken as evidence that 

leishmaniasis could be controlled through vaccination. Unfortunately, although many 

attempts have been made in the past years, there is still no vaccine available for the control 

of human leishmaniasis (Kumar and Engwerda, 2014). Indeed, several promising 

candidates, such as leishmanization (Nadim et al., 1983), whole-killed (autoclaved) 
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promastigotes (De Luca et al., 1999), attenuated parasites (Breton et al., 2005), 

immunogenic surface antigens (Sharma et al., 2006) and recombinant proteins (Stager et 

al., 2000) have failed. Therefore, despite the efforts, the development of a vaccine to control 

Leishmania infection is still an urgent unmet need that withdraws a great attention in the 

field (Gillespie et al., 2016; Vaccines et al., 2011). 

 
Table 5 Treatment drugs for Leishmania infection. Anti-leishmanial drugs currently used in 

VL treatment and their corresponding route of administration, efficacy (%) and main advantages and 

limitations. These data were extracted from Singh and Sundar, 2014. 

Drugs Route Efficacy Advantages Limitations 

Pentavalent 
antimonials 

sodium stibogluconate 
(Pentostam) or 

meglumine antimoniate 
(Glucantime) 

i.m. 
80–90% 
(50% in 

Bihar, India) 

Low cost and easily availability 
in endemic area 

Pancreatitis, cardiac 
arrhythmias, acquired 

resistance in the Indian 
subcontinent 

Amphotericin B 
 

(Fungizone) 
i.v. >95% 

Effective in antimony resistant 
regions, primary resistance is 

unknown 

High cost, need of prolonged 
hospitalization, rigor, fever  
with renal complications, 

hypokalemia 

Liposomal 
amphotericin B 

 
(AmBisome) 

i.v. >96% Highly effective, low toxicity, 
resistance is not documented High cost 

Paromomycin 
 

(aminoglycoside 
antibiotic) 

i.m. 95% 

Acts synergistically w/ 
antimonials, effective, well 

tolerated, and cheapest drug for 
VL 

Reversible ototoxicity but no 
nephrotoxicity, lack of  
efficacy in East Africa 

Miltefosine oral 85–95% 
First oral drug for VL. Currently 
first line of treatment in Indian 

subcontinent 

Potentially teratogenicity, 
vomiting, diarrhea, occasional 

hepatic, renal toxicity 

Pentamidine i.m. or i.v. 70–80% May be used in combination 
with other drugs 

Gastrointestinal side effects, 
cardiac arrhythmias, 

hypotension, pancreatitis, 
irreversible insulin-dependent 

diabetes 

 
Abbreviations: i.m: intramuscular; i.v.: intravenous. 
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2.5 Host immune response to Leishmania infection 
 

In the 80s and 90s, the immune response to Leishmania infection was though to 

rely on a Th1/Th2 paradigm, with an important dependency on CD4+ T cells (Reiner and 

Locksley, 1995). Indeed, early studies in mouse models of L. major infection reported that 

IL-12 was essential for the development of Th1 protective responses (Heinzel et al., 1993; 

Sypek et al., 1993), while IL-4 was associated to a Th2 profile and to a consequent 

susceptibility to the infection (Chatelain et al., 1992). However, these clear observations 

were proven to be restricted to the infection of mouse strains susceptible to L. major. On 

the other hand, the immune responses in mice infected with visceral Leishmania species 

and also in diseased humans with CL and VL soon were proven to be conditioned by other 

mechanisms beyond Th2 polarization of CD4+ T cells (Karp et al., 1993; Kaye et al., 1991; 

Kenney et al., 1998; Sacks et al., 1987). Thus, it is widely accepted that the Th1/Th2 

paradigm is in fact an oversimplification and that the outcome of Leishmania infection is 

determined by complex immune responses (Alexander and Brombacher, 2012). 

 

Host cells for Leishmania invasion 
Although Leishmania maintains its life cycle through replication within 

macrophages of the mammalian host, it has been confirmed that there is a promiscuity in 

host cell invasion. In fact, upon being inoculated in the skin, metacyclic promastigotes aim 

to establish intracellular residence in macrophages without triggering anti-microbial 

responses and they may use other immune cells for this purpose (Kaye and Scott, 2011). 

 Neutrophils are the first cells to be recruited and to migrate towards the site of 

Leishmania infection to encounter the parasite. This was observed in species that cause 

both CL as L. major (Peters et al., 2008) and VL as L. infantum (Thalhofer et al., 2011). In 

in vitro studies, these cells were shown to phagocytose L. major (Laufs et al., 2002). 

Moreover, infected neutrophils secrete macrophage inflammatory protein (MIP)-1β, a 

chemokine that attracts macrophages (van Zandbergen et al., 2004). Furthermore, it was 

observed that the parasite persists during the first hours of infection within the neutrophil 

phagosome without being killed and it extends the lifespan of these cells by the delay of 

apoptosis, which provides an intracellular milieu for the survival of the parasites (Aga et al., 

2002). Later, infected neutrophils become apoptotic and they are a phagocytic meal for 

macrophages through receptor-mediated pathways, without triggering macrophage defense 

responses (van Zandbergen et al., 2004). Thus, being inside the neutrophil, the parasite 

remains protected by avoiding the recruitment of effector immune cells and, as it is able to 

survive to the harsh conditions, it maintains the infectivity until being delivered to 

macrophages. Hence, neutrophils are proposed to act as “Trojan horses” for L. major, 
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allowing a silent entry of the parasites in host macrophages (Laskay et al., 2003). However, 

these observations were shown to be dependent on the origin of the neutrophils and in the 

infective species, and therefore the role of neutrophils as “Trojan horses” in vivo still needs 

to be further explored (Hurrell et al., 2016). On the other side, neutrophils have also been 

linked to a protective mechanism in the host by the extrusion of neutrophil extracellular 

traps (NETs), which correspond to filamentous DNA decorated with antimicrobial peptides 

(Hurrell et al., 2016). The release of NETs was shown to be stimulated by L. amazonensis, 

L. chagasi and L. major promastigotes, eliminating the parasite (Guimaraes-Costa et al., 

2009; Rochael et al., 2015). Overall, there is the need to perform more studies in 

experimental models and humans to better ascertain the role of neutrophils in Leishmania 

infection and understand how these cells can play either a protective or a deleterious 

function (Hurrell et al., 2016). 

Furthermore, dermal DCs and resident dermal macrophages also 

phagocytose parasites in the first hours of infection (Ng et al., 2008; Peters et al., 2008). 

Moreover, monocytes are also recruited to the site of infection, which is dependent on the 

rapid release of CCL2 from leukocytes and mesenchymal cells, which in turn is induced by 

platelet-derived growth factor secreted by activated platelets (Goncalves et al., 2011). These 

inflammatory monocytes that are recruited to the site of infection differentiate in monocyte-

derived DCs (mo-DCs) (Leon et al., 2007). On one side, mo-DCs are permissive for the 

parasite and they contribute to the expansion of the lesion (De Trez et al., 2009). On the 

other side, although DCs that are resident in lymph nodes were shown to play a role in 

antigen presentation upon acquisition of soluble antigens possibly drained from the 

infection site (Iezzi et al., 2006), mo-DCs may migrate to the lymph nodes, where they 

become resident APCs important for the activation of T cell responses (Leon et al., 2007). 

Additionally, these mo-DCs constitute the main source of IL-12, which is important to 

induce Th1 responses (Leon et al., 2007; von Stebut et al., 1998). 

These immune cell subsets that internalize the parasite upon its entry in the host are 

depicted altogether in Figure 12. 

Besides the immune cells referred above, L. major was also detected in host 

stromal cells such as skin and lymph node fibroblasts (Bogdan et al., 2000). The residence 

of Leishmania in these cells provides a niche where the parasite is protected from host 

immune responses (Bogdan et al., 2000). Additionally, L. donovani infected stromal cells 

were shown to support the differentiation of DCs with a regulatory profile that enables them 

to suppress protective T cell responses, which represents a mechanism of immune evasion 

(Svensson et al., 2004). 
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Figure 12 Host cells for Leishmania invasion. Metacyclic promastigotes are inoculated in the 

skin of the mammalian host by the sandfly vector. The parasites are internalized by neutrophils that 

are rapidly recruited to the site of infection. Moreover, tissue-resident macrophages and dermal DCs 

also phagocytose parasites from the initial inoculum. Additionally, these cells can also phagocytose 

parasites released by infected neutrophils or apoptotic neutrophils containing viable parasites; this 

latter hypothesis corresponds to a model where neutrophils are considered “Trojan horses” for the 

parasite. Furthermore, mo-DCs are also recruited to the site of infection and they internalize the 

parasites. These cells were also proposed to traffic to the draining lymph nodes, where they can 

contribute to the activation of the cellular responses. This figure was modified from Kaye and Scott, 

2011 and Ribeiro-Gomes and Sacks, 2012. 

 

Host innate immune responses  
Two very important mechanisms in the control of Leishmania infection are the 

production of reactive oxygen species (ROS) and nitric oxide (NO) (Murray and Nathan, 

1999). The ROS result from the respiratory burst mediated by the nicotinamide adenine 

dinucleotide phosphate (NADPH)-oxidase complex during phagocytosis. On the other side, 

NO is a product of the conversion of L-arginine to L-citrulline by the inducible NO synthase 

(iNOS) upon cell activation mediated by IFNγ. In response to Leishmania infection, 

monocytes can rapidly control the parasite due to their strong respiratory burst that leads 

to the production of high levels of ROS, promoting the parasite killing even without being 

pre-activated (Goncalves et al., 2011; Novais et al., 2014). On the contrary, the respiratory 

burst of non-activated macrophages following infection is not sufficient to kill the parasite, 
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probably due to the capacity of Leishmania to inhibit the generation of ROS inside the 

phagolysosome. Thus, infected macrophages need to be activated by IFNγ to enhance the 

respiratory burst and achieve parasite elimination (Novais et al., 2014). In addition to IFNγ, 

TNF was shown to act synergistically in this process, inducing iNOS and consequently 

promoting an optimal activation of macrophages and parasite killing (Bogdan et al., 1990; 

Green et al., 1990). Of note, NO can permeate membranes and therefore it can be used to 

promote parasite killing in cells that are not producing NO (Olekhnovitch et al., 2014). 

However, although the importance of NO to control Leishmania infection is well 

established in mouse models (Wei et al., 1995), in humans its contribution is still under 

debate due to contradictory observations (Gantt et al., 2001; Novais et al., 2014). 

The recognition of pathogen-associated molecular patterns (PAMPs) located in the 

surface of the parasite by TLRs expressed by innate immune cells is also determinant to 

the infection (Faria et al., 2012). Indeed, the activation of different TLRs such as TLR2, 

TLR4 and TLR9 by different Leishmania spp. was linked to protective immune responses, 

such as the production of inflammatory cytokines (Flandin et al., 2006; Kavoosi et al., 

2009), the induction of cell mediated immunity (Karmakar et al., 2012; Liese et al., 2007) 

and the promotion of NO production (Kavoosi et al., 2010; Paul et al., 2012). 

 

Host adaptive immune responses 
In a first stage upon infection, NK cells in draining lymph nodes are activated by 

DCs and release IFNγ, which enhances the production of IL-12 by DCs and contribute to the 

CD4+ T cell differentiation towards a Th1 profile (Bajenoff et al., 2006; Scharton and Scott, 

1993). Moreover, the release of IFNγ by NK cells is regulated by TGFβ (Laouar et al., 2005). 

 CD4+ T cells are essential in the immune response to Leishmania infection. These 

cells are polarized by IL-12 released by APCs, macrophages and DCs towards a Th1 profile 

and they are also recruited to the inflamed tissues (Filipe-Santos et al., 2009; Malherbe et 

al., 2000; Sypek et al., 1993). Here, they secrete IFNγ, which together with TNFα released 

by infected macrophages activate macrophages to produce NO and improve pathogen 

clearance (Liew et al., 1990). Moreover, it was shown that although CD4+ T cells only engage 

a minority of infected cells, the IFNγ that they produce can diffuse beyond the site of antigen 

presentation and activate other cells to produce NO, promoting the parasite killing and 

clearance even in the absence of immunological synapse formation (Filipe-Santos et al., 

2009; Muller et al., 2012).  

The initial steps of the antigen-specific immune response developed upon infection 

are depicted in Figure 13. 
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Figure 13 Early adaptive immune responses to Leishmania infection. Upon infection, 

monocytes are recruited from the blood to the site of the infection and they are able to efficiently kill 

the parasites by producing reactive oxygen species (ROS). These cells can originate monocyte-

derived DCs (mo-DCs) and migrate to the lymph nodes, where they promote the Th1 differentiation 

of CD4+ T cells by producing interleukin IL-12. Moreover, NK cells are also recruited to the lymph 

nodes upon infection and they release IFNγ, which enhances the production of IL-12 by DCs and they 

also account to CD4+ T cell Th1 differentiation. Then, Th1 cells migrate to the site of the infection and 

promote the activation of macrophages, which eliminate the parasites by producing ROS and nitric 

oxide (NO). This figure was modified from Scott and Novais, 2016. 

 

In spite of the deleterious role of IL-4 in the response to L. major infection detected 

in some mouse models (Chatelain et al., 1992), this cytokine is not significantly augmented 

in cutaneous lesions of CL patients. Indeed, some reports described a mixed pattern of Th1 

and Th2 cytokines in the site of infection, suggesting that CD4+ Th2-type responses are not 

the only determinants in the establishment of the parasite (Caceres-Dittmar et al., 1993; 

Louzir et al., 1998). Moreover, visceral infection can progress in spite of the presence of Th1 

cytokines (Anderson et al., 2005; Nylen and Sacks, 2007). Strikingly, IL-4 was shown to 

contribute to Th1 responses in some models (Biedermann et al., 2001). Additionally, the 

redundancy between the roles of IL-4 and IL-13 in Leishmania infection has also been 

investigated and it was shown that IL-13 can act independently of IL-4, inducing 
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susceptibility in experimental L. major infection (Matthews et al., 2000). Indeed, other 

factors may contribute to the progression of the infection, such as enhanced levels of IL-10, 

which is associated with in an important immunosuppressive capacity (Belkaid et al., 

2002a), along with inadequate IL-12 production and DC activation (Petritus et al., 2012). 

Additionally, prostaglandin E2 and TGFβ were also found in plasma and skin biopsies of 

CL patients (Franca-Costa et al., 2015). On the other side, although TNF contributes to the 

protective response of macrophages (Wilhelm et al., 2001), high levels of this cytokine were 

also associated with the severity and chronicity of the infection in CL patients (Melby et al., 

1994). Regarding IL-17, published data are also divergent. For instance, while the presence 

of this cytokine was associated with disease progression in mouse cutaneous infection 

(Lopez Kostka et al., 2009), IL-17 was suggested to contribute to protective responses in 

cases of human VL (Pitta et al., 2009). 

The function of Treg cells was also described as either protective or deleterious 

among different reports. For instance, their depletion was linked to the achievement of 

sterile immunity upon L. major infection of C57BL/6 mice (Belkaid et al., 2002a) but, on 

the other hand, their presence was associated with beneficial effects in mice infected with 

L. amazonensis (Ji et al., 2005) and L. panamensis (Ehrlich et al., 2014). 

A small population of DN T cells was also found to be expanded in the peripheral 

blood of patients infected with L. braziliensis (Antonelli et al., 2006) and in mouse models 

of L. major infection (Mou et al., 2014). Besides extensive proliferation, these cells in the 

draining lymph nodes and spleen of infected mice are also capable of producing cytokines 

such as IFNγ, TNF and IL-17 upon primary and secondary infection with L. major (Mou et 

al., 2014). The origin of this cell subset is still undetermined, but in mice these DN cells were 

shown to express αβ-TCR, to be restricted by MHC class II molecules and to be non-

associated with a regulatory/suppressive phenotype (Mou et al., 2014). 
CD8+ T cells have been associated either to a protective or deleterious outcome in 

Leishmania infection and it is still under debate which factors are determinant in this dual 

profile (Kaye and Scott, 2011). Early studies pointed out the importance of CD8+ T cells in 

the control of VL (Stern et al., 1988). Regarding CL, CD8+ T cells were initially indicated as 

dispensable in the control of a primary infection, in spite of being important in a secondary 

infection (Muller et al., 1993). However, further studies observed that CD8+ T cells were 

essential in the control of an infection with low doses of L. major due to their capacity to 

secrete IFNγ (Belkaid et al., 2002b; Uzonna et al., 2004). Nonetheless, the recruitment of 

CD8+ T cells expressing granzyme A was associated to the amplification of CL by promoting 

the progression from non-ulcerated to ulcerated lesions (Faria et al., 2009). In another 

report, the exhaustion of CD8+ T cells in the sequence of L. donovani infection was linked 

to the chronicity of the infection (Joshi et al., 2009). 
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A few studies have explored the role of iNKT cells in Leishmania infection. Due to 

the relevance of this cell subset in this thesis, this subject will be presented in more detail 

in the next topic. 

 

Role of iNKT cells in Leishmania infection 
A first report of Ishikawa and colleagues identified iNKT cells as the main effector 

cells in the early stage of infection with L. major. This cell subset was shown to accumulate 

in lymph nodes of C57BL/6 mice one week post-infection and it was associated to the 

induction of protective responses by macrophages. This was observed only in C57BL/6 

mice, which controlled the infection. On the other side, the recruitment of iNKT cell to the 

lymph nodes was not detected in BALB/c mice and these animals together with Jα281–/– 

mice (lacking iNKT cells) were more susceptible to the infection (Ishikawa et al., 2000).  

Subsequently, another group pointed out a protective role of iNTK cells in an early 

response against L. donovani infection. The authors observed that CD1d-/- mice (lacking all 

CD1d-restricted NKT cells) were more susceptible to the disease than BALB/c mice, as they 

presented a higher parasite burden in the liver and in the spleen and also a deficient 

formation of liver granulomas upon infection. Moreover, the infection of C57BL/6 mice led 

to an increase in the IFNγ by hepatic iNKT cells, which was abrogated by the administration 

of an anti-CD1d antibody. Moreover, LPG from the parasite bound CD1d in vitro with high 

affinity and although it did not activate iNKT cells in this condition, it blocked the α-GalCer-

dependent activation of those cells. Additionally, LPG-pulsed bone marrow-derived DCs 

(BM-DCs) activated liver lymphocytes in vitro and the administration of LPG to C57BL/6 

mice led to the activation of a small percentage of hepatic iNKT cells 2h post-injection 

(Amprey et al., 2004b).  

In an additional study, the in vitro infection with L. infantum and the treatment 

with purified LPG of mo-DCs obtained from monocytes isolated from human peripheral 

blood led to the up-regulation of CD1d expression in the surface of mo-DCs. Additionally, 

these conditions also favored the production of IFNγ and the recognition and killing of the 

infected mo-DCs by iNKT cells. These observations argued for an important role of iNKT 

cells in the early phase of infection, by the killing of infected cells and the promotion of Th1 

responses by other effector cells through the release of IFNγ (Campos-Martin et al., 2006).  

Furthermore, Mattner et al. observed that iNKT cells were dispensable to the control 

of L. major infection in the skin, as iNKT deficient mice, using both Jα281–/– and CD1d–/– 

models, controlled the lesions in the same extent as wild-type (WT) animals. However, 

when the parasites were inoculated i.v., iNKT cell deficient animals presented higher 

parasite burden in liver and spleen, as well as a deficient production of IFNγ and NK cell 

activation. Thus, this study highlighted a possible protector effect mediated by iNKT cells 
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in Leishmania infection in an organ-specific fashion (Mattner et al., 2006). 

On the other hand, Stanley et al. reported that Jα18–/– and CD1d–/– mice, as well as 

WT mice, equally controlled the parasite growth upon L. donovani infection, which 

indicated that iNKT cells were not essential in these conditions. Moreover, the 

administration of α-GalCer or α-GalCer-loaded BM-DCs along with L. donovani infection 

showed no impact in the parasite burden. However, the treatment with α-GalCer at the days 

7 and 14 post-infection induced significant increase of the parasite burden in the liver, 

arguing for a deleterious effect of iNKT cell activation in the course of the disease (Stanley 

et al., 2008).  

Later, another group pointed out the importance of iNKT cells to the protective 

response developed in the mouse liver following L. donovani infection. Indeed, it was 

observed that Jα18–/– mice presented higher parasite burden and a defective maturation of 

granulomas, which was also associated with the impairment of iNKT cell recruitment to the 

liver. Moreover, the authors reported that the mRNA of several genes encoding chemokines, 

cytokines and their receptors was significantly less represented in Jα18–/– mice. Thus, in 

this model, iNKT cells were suggested to act as main players in the recruitment of other cell 

subtypes to the liver of infected animals, creating an environment that favors the control of 

the parasite growth (Robert-Gangneux et al., 2012). 

Finally, Griewank et al., using a model of intradermal infection with low doses of L. 

major in C57BL/6 and BALB/c mice, described the recruitment of iNKT cells to the infected 

skin, lymph nodes and liver in both mouse models. Furthermore, Jα18–/– mice showed a 

lower IL-4 production and low parasite burden in ear and spleen than WT animals. 

Additionally, the effect of the administration of α-GalCer was dependent on the timing and 

on the dose of administration and also on the mouse strain. On one hand, α-GalCer 

administered in the onset of infection induced the exacerbation of the infection in C57BL/6 

mice but not in Jα18–/– mice, which was dependent on the production of IL-4. On the other 

hand, the administration of α-GalCer to BALB/c mice delayed the growth of lesions and 

prolonged mice survival (Griewank et al., 2014).  

Importantly, this last study highlighted that the variable and occasionally conflicting 

results among the different reports described above may be justified by important 

differences in the experimental settings. Indeed, different mouse strains, parasite species, 

routes of administration, local of inoculation, parasite inoculum and even parasite forms 

were used, which may blurry the comparison of the data generated by the diverse groups. 

Therefore, further work is still needed to better understand the importance of iNKT cells in 

Leishmania infection. 

The major studies published so far concerning the role of iNKT in Leishmania 

infection are summarized in Table 6.   
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Table 6 Summary of the reports about the role of iNKT cells in Leishmania infection. 

Leishmania spp. Mouse 
models Contribution of iNKT cells References 

L. major; 
5 x 106 promastigotes per 
50 µl; 
s.c. in foot pad 

BALB/c 
C57BL/6 
DBA/2 

Jα281–/– 

Protection 
- accumulation of iNKT cells in lymph nodes 1 week 
post infection in resistant C57BL/6 but not in 
susceptible BALB/c and Jα281–/– mice. 
- induction of HSP65 expression in macrophages by 
iNKT cells. 
 

(Ishikawa et al., 
2000) 

L. donovani; 
1 x 107 promastigotes or 
splenic amastigotes per 
200 µl; i.v. 

BALB/c 
CD1d–/– 
C57BL/6 

Protection 
- CD1d–/– mice more susceptible to infection than 
wild-type (WT) mice. 
- increase in IFNγ release by hepatic iNKT cells in 
C57BL/6 upon infection. 
- blocking of α-GalCer effect in vitro and little 
stimulation of iNKT cells in vivo by LPG. 
 

(Amprey et al., 
2004) 

L. donovani; 
2 x 107 amastigotes per 
200 µl; i.v. 

C57BL/6 
Jα281–/– 

Protection 
- release of IFNγ by iNKT cells, which is required to 
the expression of CXCL10. 
 

(Svensson et al., 
2005) 

L. infantum axenic 
amastigotes or 
promastigotes 

– 
1) 

 Protection 
- up-regulation of CD1d in infected-DCs. 
- killing of infected-DCs and IFNγ release by iNKT 
cells. 
 

(Campos-Martin 
et al., 2006) 

L. major; 
2.5 x 106 promastigotes per 
50 µl; s.c. in foot pad or 5 
x 106 promastigotes per  
100 µl; i.v. 

C57BL/6, 
Jα281–/– 

CD1d–/– 

Protection (organ-specific) 
- resolution of cutaneous infection in  
Jα281–/–, CD1d–/– and WT mice. 
- increased parasite burden in liver and spleen of 
Jα281–/– mice upon i.v. infection. 
- requirement of iNKT cells for NK cell cytotoxicity 
and early IFNγ production. 
 

(Mattner et al., 
2006) 

L. donovani; 
2 x 107 amastigotes; i.v. 

C57BL/6 
BALB/c 
Jα18–/– 

CD1d–/– 

Dispensable  
- resolution of visceral infection in Jα18–/–, CD1d–/– 

and WT mice. 
- increased parasite burden in the liver upon α-
GalCer treatment during the infection. 
 

(Stanley et al., 
2008) 

L. donovani; 
2-3 x 107 amastigotes; i.v. 

BALB/c 
CD47–/– 

Protection 
- up-regulation of surface expression of the signal 
regulatory protein-α (SIRP-α) in Kupffer cells upon 
infection. 
- binding of SIRP-α to CD47 in iNKT cells, which 
are activated to produce IFNγ. 
 

(Beattie et al., 
2010) 

L. donovani; 
1 x 108 promastigotes; i.p. 

C57BL/6 
Jα18–/– 

Protection 
- recruitment of iNKT cells to the liver upon 
infection. 
- higher parasite burden and defective granuloma 
formation in Jα18–/– mice. 
- establishment of a cytokine and chemokine 
network in the liver orchestrated by iNKT cells, 
favoring the control of the infection. 
 

(Robert-
Gangneux et al., 

2012) 

L. major; 
1 x 103 promastigotes; 
i.d. in ear skin 

C57BL/6 
BALB/c 
Jα18–/– 

CD1d–/– 

Worsening 
- recruitment of iNKT cells to the infected skin, 
lymph nodes and liver in WT mice. 
- lower parasite burden in ear and spleen of Jα18–/– 
and CD1d–/– mice. 
- α-GalCer administration deleterious for C57BL/6 
and protective for BALB/c mice. 
 

(Griewank et al., 
2014) 

 
1) This study was carried out using mo-DCs, with monocytes isolated from human peripheral blood. 
Abbreviations: i.d., intradermal; i.p., intraperitoneal; i.v., intravenous s.c., subcutaneous. 
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2.6 Subversion of host immune responses by Leishmania spp. 
 

As the success of Leishmania infection relies on its capacity to occupy, survive and 

replicate in an intracellular niche, the parasite has developed some strategies to attenuate 

and/or subvert host immune responses (Cecilio et al., 2014; Geiger et al., 2016; Gupta et al., 

2013). The study of these mechanisms may elucidate about new targets that can be explored 

for the development of new therapeutic approaches (Gupta et al., 2013). 

 

Escaping the complement system and phagocytosis 
The complement system is one of the first barriers that the parasite needs to surpass 

within the mammalian host. The resistance of Leishmania promastigotes to complement is 

associated with two major components of the glycocalyx of the parasite, which also 

represent two of its main virulence factors: LPG and the metalloprotease leishmanolisin 

(GP63) (Olivier et al., 2012). Indeed, LPG on the surface of infective metacyclic 

promastigotes blocks the insertion of lytic C5b-9 into the membrane of the parasite, 

avoiding complement-mediated lysis (McConville et al., 1992; Puentes et al., 1990). 

Additionally, GP63 cleaves the C3b to its inactive form C3bi, avoiding the formation of the 

C5 convertase complex (Brittingham et al., 1995). 

 Moreover, C3bi also takes a role in the phagocytosis because it acts as an opsonin, 

contributing to the binding to complement receptor 3 (CR3) in the surface of host 

macrophages and to the consequent “silent entry” of the parasite in these cells (Carter et al., 

2009; Mosser and Edelson, 1985). In line with this, it was shown that glycoconjugates on 

the surface of promastigotes can also contribute to the binding of the parasite to 

mannosyl/fucosyl receptors on macrophage membrane (Blackwell et al., 1985; Suzuki et al., 

2002). Similarly, GP63 promotes the binding to the fibronectin receptor (Brittingham et al., 

1999). These mechanisms constitute some examples of how Leishmania can induce its 

internalization on the macrophages in a “silent” way, avoiding the activation of the immune 

response (Gupta et al., 2013).  

 

Persisting in the phagosome 
Upon phagocytosis, another step in the establishemnt of Leishmania infection is the 

survival of the parasite under the harsh conditions of low pH, elevated temperature and 

oxidative/nitrosative stress within the phagosome of the macrophage (Moradin and 

Descoteaux, 2012; Zilberstein and Shapira, 1994).  

Promastigotes from the species L. donovani, L. infantum and L. major were shown 

to transiently delay the fusion between the phagosome and the lysosome, preventing 

phagosome maturation. This was confirmed by the analysis of the recruitment of the late 
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endocytic and lysosomal markers lysosomal-associated membrane protein (LAMP)1 and 

Rab7 (Desjardins and Descoteaux, 1997; Scianimanico et al., 1999). Moreover, LPG was 

shown to interfere with the vesicular proton-ATPase pump by impairing the recruitment of 

the exocytosis regulator synaptotagmin V, preventing phagosome acidification and 

therefore allowing the differentiation of promastigotes into amastigotes inside host 

macrophages (Vinet et al., 2009).  

Regarding L. mexicana and L. amazonensis, their amastigotes replicate in a very 

large phagolysosome and there is a continuous fusion between lysosomes and phagosomes 

(Wilson et al., 2008). Indeed, L. amazonensis was shown to induce the expansion of 

phagolysosomes, which allows the dilution of leishmanicidal factors as NO and favors 

parasite survival (Wilson et al., 2008).  

Additionally, Leishmania parasites have also developed defenses against the 

oxidative/nitrosative stress. For example, cytokines as IL-4, IL-10 or TGFβ, which are 

predominant in L. major susceptible BALB/c mice, were shown to promote a shift in the L-

arginine metabolism towards the production of L-ornithine in murine macrophages, 

contributing to a decrease in NO production and favoring parasite growth (Iniesta et al., 

2002). LPG was also proved to prevent ROS generation by blocking NADPH oxidase 

assembly at the phagosome membrane and by direct scavenge of ROS (Lodge et al., 2006; 

Spath et al., 2003).  

 

Modifying TLR activation pathways 

In order to avoid the engagement of TLRs in host cells and the consequent 

proinflammatory responses, Leishmania parasites have also developed mechanisms to 

modulate these pathways.  

For instance, it was shown that L. donovani can shift the responses of TLR2 towards 

a Th2 profile through mitogen-activated protein kinase (MAPK) inactivation, which results 

in an impairment of IL-12 production by macrophages (Chandra and Naik, 2008).  

Another example is the decrease of TLR9 expression, a TLR previously associated 

with anti-leishmanial responses through NK cells, following recognition of L. major derived 

LPG by TLR2 in murine macrophages (Schleicher et al., 2007; Srivastava et al., 2012).  

Recently, L. donovani infection was associated with increased levels of the 

macrophage anti-apoptotic protein Bcl-2 in a process dependent on TLR2, which favored 

parasite surival (Pandey et al., 2016).  

Furthermore, several other examples exist in literature describing the manipulation 

of TLR signalling by Leishmania parasites. However, it was also reported that LPG-TLR 

interactions may promote protective responses to the host and thus the interaction between 

Leishmania and TLRs should be further clarified (Faria et al., 2012).  
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Modulating antigen presentation and co-stimulation  
Leishmania is also capable of impairing T-cell mediated responses by interfering 

with the processes of antigen presentation and co-stimulation, which are fundamental in 

the activation of these cells.  

An early study reported that L. donovani is able to suppress the expression of both 

MHC class I and MHC class II in macrophages (Reiner et al., 1987). Furthermore, it was 

described that L. major interferes with the intracellular loading of MHC class II molecules 

in host macrophages (Fruth et al., 1993). Additionally, it was observed that Leishmania 

amastigotes promote the sequestration of parasite antigens, impairing MHC class II 

presentation (Kima et al., 1996). L. amazonensis amastigotes were shown to induce the 

internalization and further degradation of MHC class II (De Souza Leao et al., 1995). 

Leishmania can also modulate antigen presentation by modifying the structure of the lipid 

rafts in host cell membrane. Indeed, L. donovani was associated to an increase in the host 

cell membrane fluidity with the disruption of lipid rafts due to cholesterol depletion, which 

affects the MHC class II molecules and leads to a defect in antigen presentation and T cell 

responses (Chakraborty et al., 2005; Majumder et al., 2012). In addition, L. donovani 

amastigotes were also shown to interfere with antigen presentation by macrophages 

through inhibition of the capacity of MHC class II molecules to promote a sustained TCR 

engagement (Meier et al., 2003).  

The modulation of co-stimulatory molecules such as B7-1 and CD40 that are 

expressed on macrophages and are essential to the full activation of T cell responses also 

represents a mechanism through which Leishmania can evade the immune response 

(Gupta et al., 2013). For example, L. donovani-infected macrophages and L. major-infected 

Langerhan cells present a deficient expression of B7-1, which turns these cells incapable of 

delivering costimulatory signals to T cells (Kaye et al., 1994; Mbow et al., 2001; Saha et al., 

1995). Additionally, L. major-infected macrophages were also associated with the 

impairment of CD40 signaling (Awasthi et al., 2003).  

 These mechanisms described above are gathered in Figure 14.  
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Figure 14 Modulation of antigen presentation by Leishmania parasites. Leishmania 

parasites inside antigen-presenting cells (APCs) may modulate antigen presentation to T cells by 

different mechanisms, namely (1) impairment of the intracellular loading of antigens on major 

histocompatibility complex (MHC) class II molecules; (2) sequestration of antigens in the endosomal 

compartments; (3) impairment of MHC class II expression in the cell surface by inducing the 

internalization and degradation of this molecule; (4) alteration of the structure of membrane lipid 

rafts; (5) impairment of the T cell receptor (TCR) engagement; and (6) impairment of the expression 

of co-stimulatory molecules in the cell surface. This figure was modified from Cecilio et al., 2014 and 

Roche and Furuta, 2015. 

 
Modifying host cell signaling cascades 

The parasite survival within host macrophages is also dependent on the 

manipulation of cell signaling cascades. For instance, Leishmania parasites were shown to 

block the NADPH oxidase complex and consequently the production of ROS (De Leo et al., 

1996). This effect was dependent on the impairment of protein kinase C (PKC) signaling 

(Bhattacharyya et al., 2001) by mechanisms that can be dependent (Lodge et al., 2006; 

Spath et al., 2003) or not (Olivier et al., 1992) on LPG.  

These parasites were also associated with the blocking of the IFNγ signaling through 

the JAK/STAT pathway, leading to a decrease of NO production (Nandan and Reiner, 1995). 
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More concretely, Leishmania promastigotes were shown to activate the SRC homology 2 

domain phosphotyrosine phosphatase (SHP)-1, that in turn deactivates janus kinase (JAK)-

2 (Blanchette et al., 1999), leading to the impairment of NO production and consequent 

parasite survival (Blanchette et al., 1999). Moreover, Leishmania was also associated with 

the impairment of IFNγ signaling by the quenching of membrane cholesterol, which 

increases the fluidity of the cell membrane (Sen et al., 2011).  

Furthermore, GP63 was also shown to cleave mammalian mechanistic target of 

rapamycin (mTOR), promoting Leishmania proliferation (Jaramillo et al., 2011). 

The modulation of host cell signaling pathways is commonly linked to the 

modulation the cytokine profile of the host cells. For instance, L. donovani LPG was shown 

to modulate MAPK signaling pathway, by inhibition of the activation of EKR1/2, p38MAPK 

and JNK in naïve macrophages, impairing the production of proinflammatory cytokines 

(Prive and Descoteaux, 2000). Additionally, L. amazonensis induces the production of IL-

10 by the activation of ERK1/2, promoting parasite growth (Yang et al., 2007). Leishmania 

also cleaves the RelA-p65 subunit of NF-kB through GP63, leading to the activation of 

specific chemokines (CXCL2, CCL2, CCL3 and CCL4), which favor parasite multiplication 

(Gregory et al., 2008). Finally, the GP63-dependent inactivation of AP-1 by cleavage was 

associated to the inhibition of IL-12 expression (Contreras et al., 2010).  

Further information about the modulation of cytokine production in host cells by 

Leishmania infection will be presented in the next topic.  

 

Modulating the cytokine and chemokine profiles  
Early studies have reported that proinflammatory cytokines as IL-12 and IFNγ, 

which contribute to a successful host response against the infection, can be suppressed by 

the parasite (Belkaid et al., 2000; Reiner et al., 1994; Weinheber et al., 1998). On the other 

side, IL-10, which is associated with disease progression, was shown to be induced in 

infected monocytes and macrophages (Chandra and Naik, 2008). Moreover, besides the 

production of IL-10 by innate cells, it was also shown that Leishmania can induce the 

production of this cytokine by T cells. Indeed, the parasite may stimulate the accumulation 

of Treg cells in the site of infection, which secrete IL-10 and TGFβ, contributing to the 

downmodulation of Th1-polarized cells and macrophages, and avoiding a sterile cure. 

Although this represents an advantage to the host through the maintenance of a pool of cells 

that will rapidly respond in a situation of reinfection, it also renders the area of infection an 

immune privileged site for the parasite replication and maintenance (Belkaid et al., 2002a; 

Ganguly et al., 2010b; Mendez et al., 2004; Peters and Sacks, 2006; Rai et al., 2012). The 

accumulation of Treg cells was also found in human lesions and bone marrow (Ganguly et 

al., 2010b; Rai et al., 2012). Furthermore, besides the role of CD4+CD25+Foxp3+ T cells in 
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the release of IL-10, this cytokine is also produced by a population of CD4+CD25−Foxp3− T 

cells that locates in chronic lesions upon experimental L. major infection; importantly, this 

population was identified as a double producer of IFNγ and IL-10 (Anderson et al., 2007). 

Infected DCs, in contrast with bystander DCs, were also shown to promote the development 

of non-protective Tbet+IFNγ+IL-10+CD4+CD25−Foxp3− T cells, which were associated with 

the chronicity and parasite persistence (Resende et al., 2013). Recently, high levels of IL-

27, a cytokine previously associated to the restriction of Th1 responses, were found in mice 

and human VL, arguing for a role of this cytokine in the establishment of the infection by 

controlling the inflammation (Perez-Cabezas et al., 2016). 

Additionally, it was also described that Leishmania alters the chemokine profile of 

host cells in order to control the recruitment of immune cells (Oghumu et al., 2010). For 

example, the expression of CCL2 by macrophages was associated with the outcome of CL, 

where low levels were found in the disseminated form of the disease and the opposite 

situation was found in the localized form (Ritter et al., 1996). The synthesis of CCL2 by 

monocytes and the expression of cell surface adhesion molecules including E-selectin, 

intercellular adhesion molecule (ICAM)-1, and vascular cell adhesion molecule (VCAM)-1 

in endothelial cells was shown to be inhibited by Leishmania LPG, leading to a defect in the 

migration of monocytes across the endothelial wall (Lo et al., 1998). Moreover, Leishmania 

can also selectively recruit immune cells to favor its survival. Indeed, it was described that 

L. major induces the expression of CCL7 in the lesion site, which promotes the recruitment 

of IL-4-producing T cells (Katzman and Fowell, 2008). Additionally, Leishmania 

promastigotes secrete a chemotactic factor for neutrophils that induces the accumulation of 

these cells in the infected tissues (van Zandbergen et al., 2002). Regarding VL, L. donovani 

was also shown to inhibit the migration of DCs towards splenic T cells areas by inhibition 

of CCR7 expression on infected DCs (Ato et al., 2002). 

 

Finally, the extracellular vesicles (EVs) released by Leishmania have been 

shown to contain virulence factors of the parasite and to be able to modify the immune 

responses of host cells (Atayde et al., 2016; Silverman et al., 2010a; Silverman and Reiner, 

2011). Further insights regarding Leishmania EVs will be given in the following section.  
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3. Extracellular vesicles, shuttles of intercellular messages 

 
3.1 Brief history 

 

The EVs are membrane vesicles formed by a lipid bilayer that encloses cytosol 

acquired from the secreting cells (Colombo et al., 2014). The secretion of EVs is a process 

conserved through the evolution since different eukaryotes (from parasites to mammals) 

and prokaryotes have already been associated to the release of EVs (Colombo et al., 2014).  

The secretion of vesicles to the extracellular environment was reported for the first 

time in 1946 by the identification of procoagulant platelet-derived particles in normal 

plasma (Chargaff and West, 1946), which was designated later, in 1967, as “platelet dust” 

(Wolf, 1967). Other reports by that time referred the secretion of EVs in solid tissues such 

as cartilage (Anderson, 1969) or in biological fluids such as blood (Crawford, 1971) or semen 

(Stegmayr and Ronquist, 1982). Furthermore, mammalian cells such as tumor cells (Dvorak 

et al., 1981) and platelets (George et al., 1982) were also associated to the shedding of 

extracellular vesicles.  

While in these initial studies the vesicles were believed to be directly formed and 

shed from the membrane of the secreting cells, in the early 80s two groups described a more 

complex mechanism of EVs secretion, in which they were initially formed intracellularly 

inside multivesicular endosomes (MVEs), being subsequently secreted to the extracellular 

space (Harding et al., 1983; Pan and Johnstone, 1983). Indeed, in 1983 two papers came 

out within a week of each other, both reporting the secretion of transferrin receptors (TfRs) 

in small vesicles from blood reticulocytes into the extracellular space upon fusion with the 

plasma membrane (Harding et al., 1983; Pan and Johnstone, 1983). Both groups were 

studying the maturation of reticulocytes into erythrocytes, which can be analyzed by the loss 

of the TfR. Using different tools, namely transferrin bound to gold particles (Harding et al., 

1983) or anti-TfR antibodies (Pan et al., 1985), the authors used electronic microscopy to 

follow the fate of the TfR until the release from the cell. They observed that upon endocytosis 

from the plasma membrane, TfR was accumulated in MVEs grouped in small internal 

bodies of approximately 50 nm that were finally released to the extracellular space after 

fusion of the endosomes with the cell membrane. Two images from the study of Harding 

and colleagues are shown in Figure 15. 
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Figure 15 Release of exosomes containing transferrin receptor (TfR) by exocytosis of 
multivesicular endosome (MVEs). (Left) View of a MVE from a fixed reticulocyte sparsely 

labeled with colloidal gold-conjugated transferrin. An apparent fusion of the MVE and the plasma 

membrane can be observed. Bar, 100 nm. (Right) View of MVE exocytosis in a reticulocyte labeled 

with colloidal gold-conjugated transferrin. The reticulocyte was quick-frozen without prior fixation 

and freeze-substituted. Bar, 200 nm. The figure and the legend were adapted from Harding et al., 

1983. 

 

A few years later the term “exosome”, a designation that had already been used 

before to describe vesicles derived from cell membranes of various normal and neoplastic 

cell lines (Trams et al., 1981), was proposed by Rose Jonhstone to define these small 

membrane vesicles that are formed upon vesiculation of intracellular endosomes before 

being released by exocytosis (Johnstone et al., 1987).  

Following these initial studies, an impressive amount of research has been 

undertaken over the years in the field, leading to the achievement of important observations 

regarding the biogenesis, the functions and the possible clinical applications of EVs. Several 

cells were shown to release EVs, which may happen constitutively. On the other side, a given 

stimulus, such as pH or temperature variation, may trigger and/or increase the secretion of 

EVs (Colombo et al., 2014). Meanwhile, there are still many unsolved questions concerning 

the EVs and much work is still needed. In the scope of this thesis, we aimed to tackle the 

specific role of EVs in the context of a parasitic infection, which is still a relatively unknown 

ground of research but whose results so far have been quite promising. 
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3.2 Definition and characterization 
 
Nomenclature  

The EVs have received many designations in the literature over the years as different 

groups have chosen the nomenclature based on diverse criteria, such as size (microparticles, 

nanoparticles, microvesicles (MVs) or nanovesicles), origin (for example, prostasomes or 

oncosomes to refer EVs derived from prostate epithelial cells or cancer cells, respectively), 

function (for instance, tolerosomes to refer EVs that induce tolerance in naïve cells) or 

presence outside the cells (ectosomes, exosomes, exovesicles, exosome-like vesicles) 

(Colombo et al., 2014; Gould and Raposo, 2013). Generally, the terms ectosome, shedding 

vesicle, microparticle and MVs correspond to vesicles released by the budding from plasma 

membrane or by fragmentation of dying cells, with a size comprised between 100 and 1,000-

nm. On the other side, exosomes are considered to be small vesicles with endosomal origin 

and a size comprised between 30 and 100 nm (Colombo et al., 2014). A representation of 

the size ranges of the main types of EVs is shown in Figure 16. 

 

 

 

 

 

 

 

 
Figure 16 Size ranges of extracellular vesicles (EVs). Comparison of EVs, including exosomes 

and microvesicles, and apoptotic bodies, virus, bacteria, platelets and lymphocytes. This figure was 

modified from Gyorgy et al., 2011. 

 

Although several studies specifically use the terms MVs or exosomes, most cells are 

likely to secrete both and the distinction between these two populations is experimentally 

very hard to perform. Therefore, very often there is the lack of solid experimental evidences 

about their unequivocal origin and consequently the use of a specific classification might 

not be accurate (Colombo et al., 2014). Indeed, the distinction between exosomes and MVs 

has been a challenge in the field, mostly because the methods of isolation and purification 

that are currently available do not allow a clear distinction between these two populations 

(Colombo et al., 2014). For these reasons, the nomenclature of these vesicles is still under 

debate. Meanwhile, the generic and less strict term “EVs” have been increasingly used to 

refer released vesicles (Gould and Raposo, 2013).  
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Methods of isolation 

One the first protocols that was developed to purify EVs from culture supernatants 

is based on a differential centrifugation, in which the larger vesicles sediment and are 

discarded upon successive steps of centrifugations at increasing speeds and the smallest 

vesicles, including exosomes and MVs, are recovered in a final ultracentrifugation at 

100,000 g (Johnstone et al., 1987; Raposo et al., 1996; Zitvogel et al., 1998). This initial 

approach is still currently used although some modifications have been introduced, such as 

an increase in the speed of the ultracentrifugation (up to 140,000 g, for example) (Baietti et 

al., 2012). Furthermore, nowadays it is also common to pre-treat the samples before the 

ultracentrifugation, for example by filtration in order to eliminate debris or larger vesicles 

(Thery et al., 2006). Additionally, to avoid the interference of protein aggregates that can 

co-sediment at 100,000 g, a sucrose gradient can be used, allowing the sedimentation of 

protein aggregates through sucrose while the lipid-containing EVs float upward according 

to their equilibrium buoyant density, ranging from 1.13 to 1.19 g/ml in sucrose (Escola et 

al., 1998; Raposo et al., 1996). However, attention should be paid to the analysis of EVs 

using density sucrose gradients because EVs with different sizes are probably characterized 

by different densities (Colombo et al., 2014). On the other side, the purification of larger 

EVs requires centrifugations at lower speed, generally ranging between 10,000 g 

(Muralidharan-Chari et al., 2009) and 50,000 g (Baj-Krzyworzeka et al., 2006).  
More recently, several commercial kits allowing the isolation of EVs have been 

developed. Generally, these methods do not require ultra-centrifugation and they may 

depend on polymer-based precipitation or on immunocapture using antibody-coated beads 

(Colombo et al., 2014). The advantages and the caveats of these methods compared among 

themselves and ultra-centrifugation have been exposed in several reports (Helwa et al., 

2017; Peterson et al., 2015; Witwer et al., 2013). Nonetheless, each technique must be 

validated for the intended purpose of the study, confirming that the identity and the purity 

of the recovered EVs are fully assured. Generally, this validation relies in the use of a 

combination of methods that may explore morphological, biochemical and physical features 

of the EVs in order to determinate a panel of characteristics of each EVs population 

(Colombo et al., 2014).  
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Analysis of size and morphology  
The method that has been most commonly used in the characterization of EVs is the 

transmission electron microscopy (TEM) since it allows the direct detection of EVs in the 

preparations (Raposo et al., 1996). This method uses heavy metal stains such as osmium 

tetroxide and uranyl acetate to enable the recognition of membrane-surrounded vesicles 

and an embedding in methylcellulose to enhance the contrast (Witwer et al., 2013). A 

variation of this technique is the immuno-TEM, where TEM is combined with 

immunoglobulins coupled with nanogold particles, which allows the recognition of specific 

markers in the EVs (Akesson et al., 2011; Brisson et al., 2017). Another variation is the cryo-

EM, the major advantage of which is the use of frozen samples, avoiding the deformations 

in EVs structure that otherwise can be induced by the steps of dehydration and chemical 

fixation of the samples required in this method (Tatischeff et al., 2012). Of note, the use of 

cryo-EM showed that the “cup-shaped” appearance previously described as a distinctive 

feature of EVs was in fact an artifact of the fixation/contrast step that induces the shrinkage 

of subcellular structures (Gyorgy et al., 2011). Indeed, more recent data about the 

morphology of EVs stated that they are characterized by a round-shape form (Colombo et 

al., 2014). Still focusing on the microscopy techniques, larger EVs can be visualized by 

fluorescence microscopy (Muralidharan-Chari et al., 2009). Nevertheless, although some 

groups used this technique to observe EVs smaller than 100 nm, attention should be taken 

because regarding the 200nm resolution limit of classical optical microscopes, the 

observations probably refer to EVs aggregates rather that individualized EVs (Colombo et 

al., 2014). Of note, although these techniques can give important insights about morphology 

and size, as well as the presence of markers in the case of immuno-EM, microscopy does 

not allow to determinate the concentration of EVs in the preparations (Witwer et al., 2013).  

Another approach to study EVs is the dynamic light scattering (DLS), a 

technique where monochromatic light from a laser is directed into particles that are in 

suspension. These particles scatter the light and the time-dependent fluctuations in 

scattering intensity caused by movement of the particles due to Brownian motion are 

measured by a sensor. Then, taking into account the signals of those time-dependent 

fluctuations in light intensity, the software calculates the average particle size of the 

particles present in the suspension (Lawrie et al., 2009). However, this determination is 

only accurate for monomodal samples because in the presence of EVs with different sizes, 

the software calculates the average particle size, which does not allow to discriminate 

between different populations within the same preparation (for example, larger particles 

will “shadow” the smaller ones, once larger particles scatter light more intensely). To avoid 

this issue, another method named nanoparticle tracking analysis (NTA) can also be 

used. NTA also relies on the analysis of the Brownian motion of the particles, but this 
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method allows the analysis of individual particles and thus it does not yield a biased average 

particle size (Dragovic et al., 2011). Differently to DLS, NTA allows a direct and real-time 

visualization of the EVs dispersed in a liquid and videos can be recorded. In addition to size 

determination, the software can also estimate the volume distribution of the particles and 

the relative concentration can be extrapolated, which might be very inaccurate especially 

for small particles (Colombo et al., 2014; Dragovic et al., 2011; Gardiner et al., 2013). 

Although this method is faster and cheaper than microscopy, the differentiation between 

EVs and protein aggregates with a similar size can be an issue (Colombo et al., 2014).  

There are also several attempts to analyze EV by flow cytometry. However, most 

of flow cytometers cannot properly distinguish between noise and vesicles of sizes below 

300 nm and for this reason smaller EVs are not detected. Therefore, despite the important 

insights about the surface markers of EVs that this technique might give, several 

optimizations are still needed (Colombo et al., 2014). 

 

Composition 

The protein content of EVs has been extensively studied in the past years, mostly 

due to the advances on proteomic analysis (Colombo et al., 2014). There are proteins that 

can be found in most of the EVs, being considered as pan-EVs markers. Moreover, 

important attempts have been made in order to find proteins that are specific of an EV 

population and that relate to their localization, secretory cells and secretion mechanism 

(Ostergaard et al., 2012). Early studies reported that EVs contain specific cellular proteins 

mostly from endosomes, plasma membrane and cytosol, which corroborates the idea that 

EVs are formed in specific subcellular compartments and that they are not just random cell 

fragments. Remarkably, proteins from the nucleus and mitochondria are typically absent in 

the composition of EVs (Colombo et al., 2014). However, although some protein panels 

might be linked to specific groups of EVs, there is no single marker that can be associated 

to EVs. Among the proteins that are frequently located in EVs there are various tetraspanins 

(CD9, CD63, CD81 and CD82), MHC molecules, heat shock proteins (HSPs), and other 

molecules such as tumor susceptibility gene 101 (TSG101) and Alix (Witwer et al., 2013). 

The use of these proteins as identity markers is not linear. For instance, although the 

tetraspanins CD9, CD63 and CD81 were previously considered to be specifically present on 

exosomes, it is now recognized that they can also be found in apoptotic bodies and MVs 

(Crescitelli et al., 2013). Additionally, EVs may carry cytokines, such as IL-1β (MacKenzie 

et al., 2001; Pizzirani et al., 2007; Qu et al., 2007), IL-18 (Gulinelli et al., 2012), TNFα 

(Zhang et al., 2006) and vascular endothelial growth factor (VEGF) (Taraboletti et al., 

2006), and chemokines, such as CXCL8 (Baj-Krzyworzeka et al., 2011), CX3CL1 (Truman 

et al., 2008), CCL2, CCL3, CCL4, CCL5 and CCL20 (Chen et al., 2011). 
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The first evidences about the presence of nucleic acids in EVs came up in 2006 

and 2007 when functional RNA was proven to exist in EVs derived from murine embryonic 

stem cells and from murine mast cells. These EVs were shown to be taken up by 

hematopoietic progenitor cells and human mast cells, respectively (Ratajczak et al., 2006; 

Valadi et al., 2007). In the first report, the transference of intact and functional mRNA 

through EVs was confirmed by the increase of Oct4 protein expression in murine bone 

marrow mononuclear cells upon the treatment with EVs enriched in Oct4 mRNA. 

Moreover, this was abrogated by a pre-treatment of EVs through RNAse digestion 

(Ratajczak et al., 2006). In the second work, the translation of murine proteins was 

observed upon the treatment of human mast cells with EVs derived from mouse mast cells 

(Valadi et al., 2007). Following these studies, several reports focused on the presence of 

genetic material in EVs, such as intact mRNA (Baj-Krzyworzeka et al., 2006), mRNA 

fragments (Batagov and Kurochkin, 2013), long non-coding RNA (ncRNA) (Huang et al., 

2013), micro-RNA (miRNA) (Mittelbrunn et al., 2011) and fragments of transfer RNA 

(tRNA) (Nolte-'t Hoen et al., 2012). On the other side, contrasting with their abundance in 

the cells, the presence of ribosomal RNA (rRNA) 18S and 28S in EVs is very scarce (Nolte-

't Hoen et al., 2012). Indeed, the enrichment of some specific sequences in EVs argues that, 

similarly to proteins, mRNA that is included in EVs is specifically sorted and not randomly 

accumulated (Skog et al., 2008; Valadi et al., 2007). Most studies refer that RNA is present 

inside of the EVs, being protected from RNAse digestion (Valadi et al., 2007). Moreover, 

some authors attributed the presence of nucleic acids outside EVs to a non-specific 

attachment of material released upon dead cells lysis or EV breaking during high-speed 

centrifugation (Colombo et al., 2014). Remarkably, it was observed that miRNA contained 

in EVs can alter gene expression in distant cells (Ismail et al., 2013; Montecalvo et al., 2012; 

Pegtel et al., 2010), which raised high expectations about the possible use of EVs containing 

nucleic acids in therapeutic. 

Fewer studies have addressed the lipid content of EVs. Despite this, some lipids as 

sphingomyelin, phosphatidylserine and cholesterol were described to be enriched in EVs 

comparing to the plasma membrane of secreting cells (Brouwers et al., 2013; Llorente et al., 

2013). Strikingly, cholesterol and sphingolipids such as sphingomyelin are characteristic 

from the lipid rafts located in plasma membrane (Simons and Ikonen, 1997). Additionally, 

GPI-anchored proteins and flotillins, which are also generally associated to cell membrane 

lipid rafts, were also detected in EVs (Wubbolts et al., 2003). Remarkably, the presence of 

these components of lipid rafts was shown not only for MVs that bud directly from plasma 

membrane but also in exosomes, suggesting that the endocytosis of lipid rafts from plasma 

membrane and further incorporation into exosomes might occur during their biogenesis 

(Tan et al., 2013). Of note, cholesterol and long saturated fatty acids of sphingolipids allow 
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a tighter lipid packaging along the membrane than the phospholipids since they are 

constituted mainly by unsaturated acyl chains. Thus, the composition of EVs with an 

enrichment in the referred lipids endows them with structural rigidity and elevated 

resistance to physiochemical changes (Yanez-Mo et al., 2015). 

An exemplificative representation of an EV and some of the constituents that are 

typically found in its composition is presented in Figure 17. Out of curiosity, a broad list of 

different components that were already identified in several studies reporting the EV 

secretion by multiple organisms can be consulted in two online databases: the Exocarta 

(http://www.exocarta.org/) and the Vesiclepedia (http://www.microvesicles.org/). 

 

 

 

 
 
 
 
 
 
 
 
 

 
 
 

Figure 17 Representation of the molecular composition of an extracellular vesicle (EV). 
Diverse examples of components that were already identified in the lumen and in the membrane of 

different EVs are depicted in the figure and grouped below according to their structure or function. 

CXCR, C-X-C motif chemokine receptor; ERMs, ezrin, radixin, and moesin proteins; GAPDH: 

glyceraldehyde 3-phosphate dehydrogenase; HSP, heat shock protein; ICAM, intercellular adhesion 

molecule; Mfge8, milk-fat globule-EGF factor 8; MHC, major histocompatibility complex; miRNA, 

micro-RNA; mRNA, messenger RNA; TCR, T cell receptor; TfR, transferrin receptor; Tsg101, tumor 

susceptibility gene 101. This figure was modified from Gutierrez-Vazquez et al., 2013 and Pitt et al., 

2014. 
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3.3 Fate of extracellular vesicles 

 
Biogenesis  

The endocytic pathway corresponds to membrane compartments that mediate the 

internalization of extracellular ligands or components of the cell, and their subsequent 

recycling to the plasma membrane and/or their degradation (Klumperman and Raposo, 

2014). During the maturation of early endosomes into late endosomes, there is the 

formation of MVEs also referred as multivesicular bodies (MVBs), with accumulation of 

intraluminal vesicles (ILVs) in their lumen. These MVBs are formed by inward budding of 

the early endosomal membrane and they uptake their components (proteins, lipids, nucleic 

acids and cytosol) by a specific process of sorting (Colombo et al., 2014). While in most cases 

MVBs are degraded upon fusion with lysosomes, some MVBs bearing hallmarks such as 

CD63, LAMP1 and LAMP2 or other molecules characteristic of late endosomes (for 

instance, MHC class II in APCs) may escape of being degraded and fuse with the plasma 

membrane, being released as exosomes (Jaiswal et al., 2002; Raposo et al., 1996).  

The best-studied mechanism of MVBs biogenesis is dependent on the endosomal 

sorting complex required for transport (ESCRT), which is formed by around 30 proteins 

that are assembled into four complexes (ESCRT-0, -I, -II and -III) with associated proteins 

(Vps4, VTA1, Alix) (Hanson and Cashikar, 2012). In this process, proteins can be 

transported from the Golgi or they can be internalized from cell surface and they are 

ubiquitylated on their cytosolic domains. Of note, not all proteins required ubiquitinylation 

for targeting to vesicles (such as MHC class II-protein complexes). The ESCRT-0 complex 

mediates the recognition of ubiquitylated proteins on the cytosolic side of endosome/MVB 

membrane and their segregation into microdomains. Next, the ESCRT-0 complex binds the 

ESCRT-I complex, that recruits ESCRT-II subunits. Together, ESCRT-I and -II promote the 

reverse budding of nascent ILVs inside MVBs. In this moment, the forming vesicles are 

directly accessible to cytosolic RNAs and proteins. Then, ESCRT-III subunits are recruited 

by the ESCRT-II complex inside of the neck of nascent vesicles, leading to their cleavage 

and consequent formation of free vesicles. Finally, free ubiquitin molecules and ESCRT 

subunits are released into the cytosol for recycling (Hanson and Cashikar, 2012; Robbins 

and Morelli, 2014).  

Additionally, the biogenesis of MVBs can also rely on ESCRT-independent 

mechanisms, such as an alternative process that requires the tetraspanin CD63 (van Niel et 

al., 2011). Another alternative process is coordinated by two lipid metabolism enzymes: the 

neutral sphingomyelinase, which transforms sphingomyelin in ceramide (Trajkovic et al., 

2008), and the phospholipase D2, which converts phosphatidylcholine to produce 

phosphatidic acid and choline (Ghossoub et al., 2014).  
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Then, the formed MVBs follow either the secretory or degradative pathway, in which 

they can traffic to the plasma membrane and be released as exosomes upon fusion or they 

can enter the degradative route upon fusion with lysosomes (Robbins and Morelli, 2014).  

The budding of MVs at the plasma membrane was shown to be dependent on the 

recruitment of TSG101 by arrestin domain-containing protein 1 (ARRDC1) located in the 

plasma membrane, a mechanism independent of ESCRT-0 proteins (Nabhan et al., 2012). 

The outward budding of EVs from the plasma membrane of platelets and red blood cells 

was also associated to a strong increase in the intracellular levels of calcium, leading to the 

activation of the protease calpain, the cleavage of cytoskeletal proteins and thus to the 

remodeling of the cytoskeleton (Fox et al., 1991) and to the loss of membrane asymmetry 

due to the activity of the enzymes flippase, floppase and scramblase (Hugel et al., 2005; 

Rubin et al., 2012). Furthermore, acid sphingomyelinase originating from lysosomes was 

also associated to the budding o MVs from plasma membrane in astrocytes (Bianco et al., 

2005). Another example of a player associated to the budding of MVs is the GTPase Rab22A 

in breast cancer cells under hypoxia (Wang et al., 2014). 

 

Some of the processes implied in the biogenesis of EVs that were explained above 

are represented in Figure 18. 
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Figure 18 Biogenesis of extracellular vesicles (EVs). Exosomes and microvesicles (MVs) have 

different processes of biogenesis. Exosomes are generated as intraluminal vesicles (ILVs) within 

multivesicular bodies (MVBs) by a ESCRT-dependent mechanism. Moreover, alternative ESCRT-

independent processes have also been described, such as the formation of ILVs upon coalescence of 

the microdomains induced by ceramide, which is derived from the action of sphingomyelinases in 

raft-based microdomains rich in sphingolipids. Upon formation of ILVs inside MBVs, they can traffic 

to cell membrane and be released as exosomes, or they can be destroyed if they fuse with lysosomes. 

The fusion with the plasma membrane can occur either constitutively or it can be induced by the 

activation of surface receptors that trigger calcium influx. On the other hand, MVs bud directly from 

the plasma membrane. One of the proposed mechanisms to mediate this budding depends on the 

interaction of TSG101 with the ARRDC1, which locates in the plasma membrane through its arrestin 

domain. ARRDC1: arrestin domain-containing protein 1; ESCRT, endosomal sorting complex 

required for transport; MHC, major histocompatibility complex; miRNA, microRNA; mRNA, 

messenger RNA; PLP, proteolipid protein; TSG101; tumor susceptibility gene 101. This figure was 

modified from Robbins and Morelli, 2014 and Nabhan et al., 2012.  
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Interaction of extracellular vesicles with recipient cells  
The binding of EVs to the surface of recipient cells may be dependent on the 

expression of specific surface-exposed receptors or ligands on both EVs and plasma 

membrane. Moreover, these surface receptors or ligands can also assure the target of a given 

subset of EVs to specific recipient cells and condition their biodistribution (Colombo et al., 

2014). There are several studies describing different ligand/receptor pairs, such as 

lymphocyte function-associated antigen (LFA)-1 on DCs that binds ICAM-1 in DC-derived 

EVs (Segura et al., 2005) or α2,3-sialic acid in B cell-derived EVs and the lectin receptor 

Siglec (or CD169) in macrophages of spleen and lymph nodes (Saunderson et al., 2014). 

Upon targeting recipient cells, EVs may affect them by a direct interaction between 

surface markers or ligands as referred above, or they may need to be internalized.  

Regarding the first hypothesis, it was shown that EVs bearing preformed peptide-

MHC complexes can be bound at cell surface of DCs and directly activate T cells, in a process 

that does not require the internalization and processing of the EVs (Segura et al., 2005).  

On the other side, the internalization of EVs can occur through different 

mechanisms, which may vary with the recipient cell, such as receptor-mediated endocytosis 

by DCs (Morelli et al., 2004), phagocytosis by DCs (Montecalvo et al., 2012) and 

macrophages (Feng et al., 2010) or micropinocytosis by the microglia (Fitzner et al., 2011). 

Moreover, the direct fusion between plasma membrane and EVs was also proposed. 

However, as this process requires that both membranes display the same fluidity, it has 

been questioned. Indeed, EVs and plasma membrane present the same membrane fluidity 

at pH 5.0 but not at neutral pH, where membranes are more rigid (Laulagnier et al., 2004). 

For that reason, the direct fusion of EVs with plasma membranes may be restricted to 

conditions of low pH such as the tumor microenvironment, which mimics the inside of late 

endosomes or phagosomes of recipient cells (Parolini et al., 2009).  

Finally, EVs may contain surface-anchored and soluble matrix metalloproteinases 

that can be proteolytically active and therefore cleave extracellular matrix proteins or 

membrane-anchored receptors in recipient cells (Shimoda and Khokha, 2013).  

These referred mechanisms of interaction are represented together in Figure 19. 

Once internalized, the content of EVs may access the intracellular space of recipient 

cells, which is a necessary condition, for instance, to the gene silencing by nucleic acids 

enclosed in EVs. Besides the passage through the plasma membrane, an additional fusion 

with the limiting membrane of endocytic compartments may also be necessary (Colombo et 

al., 2014). 
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Figure 19 Mechanisms of interaction between extracellular vesicles (EVs) and 
recipient cells. 1) Receptor binding: EVs carrying protein-MHC complexes directly engage the TCR 

and activate signaling pathways within the recipient cell. 2) Endocytosis: EVs are internalized by 

endocytosis, releasing their content within the recipient cell. 3) Fusion: EVs release their content 

within the recipient cell upon direct fusion between the two membranes. 4) Cleavage: proteases 

located in the surface of EVs cleave membrane receptors in the recipient cell membrane. MHC, major 

histocompatibility complex; TCR, T cell receptor. This figure was modified from Meckes and Raab-

Traub, 2011. 

 

The secretion of EVs in vivo was already proved to happen due to its detection in 

several biological fluids. Moreover, EVs bearing markers associated to cells that are not only 

present in blood vessels (such as immune cells or tumor cells) were also found in the blood, 

showing that, upon secretion, EVs can migrate through the body (Colombo et al., 2014). 

These observations raise the question about the half-life of EVs in blood circulation, which 

is likely to reflect a balance between their generation and their clearance (Yanez-Mo et al., 

2015). For example, Takashi et al. observed by in vivo tracking that tumor-derived EVs were 

cleared from the circulation 2 min upon intravenous injection; however, these EVs were 

detected in the liver, spleen and lungs 4h later, which suggests that although they rapidly 

disappear from the circulation, they can accumulate in specific organs (Takahashi et al., 

2013). In fact, EVs were shown to express GPI-anchored CD55 and CD59, which may 

promote their protection from complement-mediated lysis (Clayton et al., 2003). Thus, the 

clearance of EVs from circulation might be associated with retention and/or uptake in target 

organs (Yanez-Mo et al., 2015).  
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3.4 Transmission of intercellular messages 

 

During evolution, both prokaryotes and eukaryotes have developed different 

mechanism of cell-to-cell communication, such as direct interaction (juxtacrine signaling) 

or the secretion of soluble factors as cytokines, hormones and growth factors, the latter 

acting in the cell itself (autocrine signaling) or on other cells in the neighborhood (paracrine 

signaling) or in distant areas (endocrine signaling) (Yanez-Mo et al., 2015). Furthermore, 

nowadays the importance of EVs in the intercellular communication mediated by 

components in their surface and/or in their lumen is already well-established in both 

prokaryotes and eukaryotes (Lo Cicero et al., 2015).  

Indeed, one of the major features of EVs is their role as messengers that allows 

intercellular communication, mediating the transference of information between the 

secreting cell and the recipient cell with induction of its physiology and/or function (Yanez-

Mo et al., 2015). The release of EVs was already described in almost all cell types and they 

were also identified in several biological fluids, namely urine, saliva, bile, blood, ascites, 

breast milk and feces, as well as in the synovial, cerebrospinal, brochoalveolar, uterine, 

amniotic and seminal fluids (Colombo et al., 2014; Yanez-Mo et al., 2015). Moreover, a wide 

range of studies have linked EVs to several physiological processes such as coagulation, 

pregnancy, embryonic development, tissue repair, bone calcification, liver homeostasis, 

neural cell communication and cancer (Maas et al., 2016; Yanez-Mo et al., 2015). In spite of 

the impressive body of work that has been constructed around the various features of EVs, 

in this thesis special attention will be paid to the role of EVs in the immune responses.  

 
Extracellular vesicles as carriers of MHC molecules 

In 1996, Raposo and colleagues reported that Epstein-Barr virus (EBV)-transformed 

B cell lines were capable of secreting exosomes bearing MHC class II, co-stimulatory and 

adhesion molecules in their membranes and to further stimulate specific CD4+ T cell clones 

in vitro (Raposo et al., 1996). In a subsequent study, it was observed that, upon the 

vaccination of mice with EVs derived from murine DCs previously pulsed with tumor 

peptides, tumor-specific cytotoxic T lymphocytes (CTLs) were primed and there was the 

suppression of tumor growth (Zitvogel et al., 1998). Later, EVs derived from DCs were also 

shown to express MHC class I molecules and to be able to transfer peptide-MHC class I 

complexes between DCs, allowing an efficient activation of CD8+ T cells (Andre et al., 2004). 

Furthermore, EVs derived from human mo-DCs pulsed in vitro with peptides from different 

pathogens such as from EBV, CMV and influenza virus were able to trigger the secretion of 

IFNγ by a small amount of autologous peripheral CD8+ T cells in the absence of DCs 

(Admyre et al., 2006). Overall, these studies indicated that EVs released by APCs may 
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expose MHC class I and class II molecules, having the capacity to directly stimulate CD8+ 

and CD4+ T cells in the absence of APCs (Robbins and Morelli, 2014). 

In experimental conditions where APC-derived EVs bearing peptide-MHC 

complexes are present in high concentrations, they were described to act as antigen-

presenting EVs for T cells (Admyre et al., 2007; Muntasell et al., 2007; Nolte-'t Hoen et al., 

2009; Raposo et al., 1996). Nonetheless, the EVs are 10-20-fold less potent than secreting 

cells in the stimulation of T cell responses (Muntasell et al., 2007; Raposo et al., 1996; Thery 

et al., 2002; Vincent-Schneider et al., 2002). The poor ability of free APC-derived EVs to 

stimulate naïve T cells in vitro might be justified by the small size of EVs and by their 

dispersion in vitro due to the Brownian motion. Indeed, the immobilization of APC-derived 

EVs in latex beads or a significant loading of EVs with peptide antigens increased their 

capacity to stimulate T cells in culture (Hsu et al., 2003; Qazi et al., 2009; Vincent-

Schneider et al., 2002).  

Alternatively, the stimulation of T cells mediated by peptide-MHC complexes of EVs 

may require their interaction with APCs. In some cases, EVs are internalized in the cells by 

phagocytosis or micropinocytosis (Feng et al., 2010; Fitzner et al., 2011; Montecalvo et al., 

2008). Within the cell, EV-derived peptide-MHC complexes may be degraded or processed. 

In the latter hypothesis, the resulting antigens may be loaded onto cellular MHC molecules, 

which can be further expressed in the surface membrane of these cells (Mallegol et al., 2007; 

Montecalvo et al., 2008).  

On the other side, upon contact of the EVs with the surface of the DCs, some of them 

remain in the cell surface. In this scenario, peptide-MHC complexes in EVs are directly 

presented to T cells by APCs without antigen reprocessing, which is known as “cross-

dressing” (Robbins and Morelli, 2014). In this case, optimal T cell stimulation only occurs 

when, besides peptide-MHC complexes in EVs, the acceptor APC also provides co-

stimulatory molecules (Montecalvo et al., 2008; Segura et al., 2007; Thery et al., 2002). 

The different processes by which peptide-MHC complexes of EVs may stimulate T 

cells are represented in Figure 20. 

 

 

 
 

 
 



I. INTRODUCTION: Extracellular vesicles 

	112 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 

 

 

 

 

 

Figure 20 Potential roles of extracellular vesicles (EVs) in antigen presentation. 1) 

Antigen-presenting cells (APCs), in this figure a DC, release EVs bearing peptide-MHC class II 

complexes, which may further activate CD4+ T cells in the absence of APCs. 2) Upon internalization 

and processing of EVs bearing peptide-MHC class II complexes by APCs, there is the loading of the 

acquired antigens onto host MHC class II molecules, which are further expressed in the cell surface. 

3) EVs bearing peptide-MHC class II complexes are retained in the surface of the APCs and directly 

stimulate T cells with the help of co-stimulatory molecules provided by the APCs. Similar processes 

were also described for peptide-MHC class I complexes regarding the activation of CD8+ T cells. 

MHC, major histocompatibility complex. This figure was modified from Robbins and Morelli, 2014. 

 
 
 
 
  



I. INTRODUCTION: Extracellular vesicles 

	 113 

Extracellular vesicles as carriers of antigens  
Another important feature of EVs is their capability to transfer native antigens to 

APCs. This process has been deeply studied regarding tumor antigens. Indeed, EVs 

released by tumor cells may contain native tumor antigens that, in turn, can be internalized 

by DCs, which proceed to antigen processing and consequent cross-presentation to tumor-

specific CTLs (Andre et al., 2002; Wolfers et al., 2001). Strikingly, it was observed that 

whether the vaccination of mice was made using syngeneic or allogeneic tumor-derived 

EVs, the CD8+ T cell-mediated antitumor effect was equally effective, suggesting a 

mechanism of cross-protection against tumors dependent on the processing of exosome-

derived tumor antigens by host DCs rather than on the MHC molecules present in donor 

EVs (Wolfers et al., 2001). Similar results were obtained in humans by the observation that 

tumor-derived EVs containing the melanoma antigen recognized by T cell 1 (MART1) and a 

mismatched human leukocyte antigen (HLA) haplotype were able to promote the activation 

of a HLA-A2-restricted CTL clone specific for MART1 upon the capture of the EVs by HLA-

A2+ DCs (Andre et al., 2002). These studies drew the attention to the possibility of using 

EVs as vaccines in prophylactic or therapeutic approaches against cancer. 

However, although the aforementioned reports have referred the ability of tumor-

derived EVs to suppress tumor responses, these EVs have also been implicated in tumor 

invasion and metastasis. For example, Poutsiaka and colleagues described that EVs released 

by murine melanoma cells inhibited the expression of MHC class II by macrophages 

(Poutsiaka et al., 1985). Furthermore, tumor-derived EVs were shown to home lymph 

nodes, creating a privileged niche to the subsequent recruitment and metastasis of tumor 

cells in these organs (Hood et al., 2011). Moreover, tumor-derived EVs were associated with 

the “education” of bone marrow progenitor cells, inducing the migration and metastatic 

dissemination of these cells to the sites of metastasis (Peinado et al., 2012). Tumor-derived 

EVs may also bear matrix metalloproteinases that contribute to the migration of tumor cells 

in solid tissues (Muralidharan-Chari et al., 2009). Furthermore, tumor-derived EVs may 

present a function of proangiogenis by the transference of epidermal growth factor receptor 

(EGFR) for epithelial cells, a receptor with an abnormally high activity in most human solid 

tumors and that has been associated to the formation of new blood vessels (Al-Nedawi et 

al., 2009; van Cruijsen et al., 2005). 

Several pathogen antigens were also detected in APC-derived EVs. For example, 

it was observed that the vaccination of mice with EVs secreted by Toxoplasma gondii-

pulsed DCs induced protective responses against parasite infection and promoted cellular 

immunity (Beauvillain et al., 2007). Another study showed that T. cruzi metacyclic 

trypomastigotes induced the release of EVs by blood cells upon infection and that these EVs 

were able to inhibit complement-mediated lysis of T. cruzi, conferring protection to the 
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parasite. Furthermore, in vivo assays showed an increase in the levels of TGFβ-bearing EVs 

in mouse plasma upon T. cruzi infection and an increase in parasitemia when mice were 

infected in the presence of infected THP-1-derived EVs, which also argued for a role of EVs 

in the promotion of parasite infection (Cestari et al., 2012). 

Moreover, macrophages infected by Mycobacterium avium, M. tuberculosis, M. 

bovis BCG, S. typhimurium and Toxoplasma gondii were shown to release EVs containing 

PAMPs and to trigger a proinflammatory response dependent on TLR4/myeloid 

differentiation factor 88 (MyD88) in naïve macrophages (Bhatnagar and Schorey, 2007; 

Bhatnagar et al., 2007). Moreover, another group described the generation of memory CD4+ 

and CD8+ T cells upon intranasal administration of EVs released by M. bovis-infected 

macrophages containing bacterial antigens (Giri and Schorey, 2008). More recently, EVs 

released by M. tuberculosis-infected macrophages were shown to enhance T cell activation 

during experimental infection, contributing to the priming of protective proinflammatory 

responses. These EVs were proposed to act as a source of microbial antigens, mediating a 

process of cross-presentation, counteracting the poor capacity of M. tuberculosis-infected 

macrophages and DCs to present antigens and elicit host immune responses (Smith et al., 

2017).  

Besides parasites and bacteria, viral antigens were also found to influence T cells 

responses. For example, EVs released by CMV-infected endothelial cells were shown to 

contain glycoprotein B from CMV and to stimulate memory CD4+ T cells in the presence of 

APCs (Walker et al., 2009). Another example are the EVs released by rotavirus-infected 

intestinal epithelial cells, which were shown to inhibit CD4+ T cell proliferation and to 

promote cell death by a TGFβ-dependent mechanism (Barreto et al., 2010; Jaimes et al., 

2002). Finally, it was also observed that HIV-infected lymphocytes secrete Nef-containing 

EVs, which can trigger T cell apoptosis (Lenassi et al., 2010). 

Interestingly, microbes themselves are also capable of releasing EVs and this feature 

will be explored in the following topic of this thesis.  
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3.5 Extracellular vesicles secreted by protozoan microbes 
 

The EVs produced by mammalian cells have been extensively studied in the last 

years, which contributed to a better understanding of their biology, from the biogenesis 

until the interaction with recipient cells, and of their potential therapeutic and clinical uses 

(Colombo et al., 2014; Lener et al., 2015). Along with these findings, it was also highlighted 

that many protozoan parasites that are pathogenic to humans are also able to release EVs, 

which play different roles in the interaction between host and pathogens (Coakley et al., 

2015; Lener et al., 2015; Twu and Johnson, 2014). Of note, although in this thesis a great 

attention is paid to EVs associated with protozoan parasites, other pathogens such as 

parasitic worms, bacteria, viruses and fungi were also shown to release EVs themselves or 

to induce the release of EVs by infected host cells (Altan-Bonnet, 2016; Brown et al., 2015; 

Joffe et al., 2016; Pathirana and Kaparakis-Liaskos, 2016; Rodrigues et al., 2015; Schorey 

et al., 2015; Schorey and Harding, 2016; Schwab et al., 2015; Schwechheimer and Kuehn, 

2015). 

 

Trichomonas vaginalis 

T. vaginalis is a urogenital parasite that belongs to the phylum Metamonada and it 

is the most prevalent non-viral pathogen associated with sexually transmitted infections 

(Kissinger, 2015).  

Twu and colleagues described that this parasite is able to release EVs upon 

exposition to host ectocervical cells. Moreover, these EVs were found to be highly similar to 

mammalian EVs in size, density and protein composition (Twu et al., 2013). Remarkably, 

the incubation of a poorly adherent parasite strain with EVs derived from a highly adherent 

parasite strain led to an increase of the adherence to ectocervical cells. Moreover, these EVs 

were also able to transfer this phenotype of higher adhesion to other strains that 

preferentially adhere to both male prostate epithelium cells and female ectocervical cells. 

This was suggestive that T. vaginalis-derived EVs may play a role in the adaptation to the 

epithelium of the urogenital tract in both males and females, which is advantageous to the 

pathogenesis of this extracellular parasite (Twu et al., 2013).  

Furthermore, an impairment in IL-8 secretion was also observed when ectocervical 

cells were treated with T. vaginalis-derived EVs prior to the infection (Twu et al., 2013). As 

IL-8 contributes to the recruitment of neutrophils to the site of infection (Shaio et al., 1994), 

the impairment of its secretion may represent a mechanism through which T. vaginalis-

derived EVs contribute to the evasion of host immune responses and, consequently, to the 

establishment of the infection (Twu et al., 2013). 
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Plasmodium spp.  

Plasmodium spp. belong to the phylum Apicomplexa and they are transmitted by 

Anopheles mosquitoes. Among these parasites, certain species are responsible for malaria, 

namely P. falciparum, P. vivax and P. malariae in humans and P. berghei and P. yoelii in 

mice experimental models (Cowman et al., 2012). 

Plasmodium spp. infection was associated with an increase in the overall number of 

circulating EVs derived from erythrocytes and other cell types such as platelets and 

leukocytes (Campos et al., 2010; Nantakomol et al., 2011). Moreover, the increase in the 

production of EVs was also correlated with the severity of the disease (Campos et al., 2010; 

El-Assaad et al., 2014). 

Furthermore, different species of Plasmodium were shown to be capable of 

modifying the quantity and the content of EVs produced by host infected erythrocytes, with 

inclusion of proteins, lipids and nucleic acids with parasitic origin in these EVs (Mantel et 

al., 2013; Nantakomol et al., 2011). For instance, it was observed that a resistant P. 

falciparum strain transferred episomal DNA associated with drug resistance through EVs 

to a sensitive P. falciparum strain. This was suggestive of the implication of parasite-derived 

EVs in the development of drug resistance (Regev-Rudzki et al., 2013). Moreover, EVs 

released by infected erythrocytes were also implicated in the differentiation of P. falciparum 

from asexual into sexual forms (gametocytes). This transition is an essential step to the 

transmission of the parasite to mosquito vectors and therefore to the maintenance of the 

life cycle (Mantel et al., 2013; Regev-Rudzki et al., 2013).  

Several studies in mouse models addressed the immunomodulatory potential of EVs 

in the context of Plasmodium spp. infection. For example, EVs purified from plasma of P. 

berghei-infected mice presenting cerebral malaria led to the activation of macrophages 

through the engagement of the TLR4 pathway and to the increase of TNF and CD40, verified 

in vitro (Couper et al., 2010). In another report, it was observed that EVs isolated from P. 

falciparum-infected erythrocytes in vitro activated monocytes isolated from naïve human 

peripheral blood mononuclear cells (PBMCs), upregulating the inflammatory response 

markers CD40, CD54 and CD86 and downregulating CD163, a marker associated with anti-

inflammatory conditions (Mantel et al., 2013). In this last study, it was also observed that 

human monocyte-derived macrophages were activated by the EVs, with an increase of the 

regulatory cytokine IL-10, as well as the proinflammatory cytokines IL-6, IL-12 and IL-1β 

(Mantel et al., 2013).  

Of note, these aforementioned studies were performed in the inter-erythrocytic 

stages of parasite life cycle and it is still undetermined whether the extracellular forms are 

also capable of producing EVs (Szempruch et al., 2016a).  
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Trypanosoma brucei 

T. brucei belongs to the class of Kinetoplastida. It is transmitted by tsetse flies and 

is the causative agent of African sleeping sickness (Ponte-Sucre, 2016).  

Szempruch et al. described that T. brucei forms membranous nanotubes from its 

flagellar membrane, which disassociate into free EVs. Moreover, these EVs contain several 

flagellar proteins that were previously associated with parasite virulence, such as calflagin, 

adenylate cyclase, glycosylphosphatidylinositol phospholipase C and metacaspase 4 

(Szempruch et al., 2016b). Moreover, EVs released by T. b. rhodesiense, a subspecies that 

is pathogenic to humans, were shown to contain the serum resistance-associated (SRA) 

protein that allows human infectivity. Importantly, these EVs were capable of transferring 

the SRA protein to T. b. brucei, a subspecies that otherwise does not infect human cells 

(Szempruch et al., 2016b).  

Additionally, T. brucei-derived EVs were also reported to fuse with mammalian 

erythrocytes and to induce alterations in physical properties of the cell membrane, leading 

to the loss of these cells and, consequently, to anemia (Szempruch et al., 2016b). These 

observations suggested that the severe anemia that is characteristic of T. brucei infection 

might be associated to biochemical and biophysical remodeling of the erythrocyte 

membrane induced by parasite-derived EVs (Szempruch et al., 2016a).  

More recently, it was described that T. brucei is also capable of releasing EVs 

through a mechanism very similar to what was described for exosomes released by 

mammalian cells dependent on MVBs and on the ESCRT machinery. Furthermore, these 

EVs were linked to the transmission of information between parasites, notably with effects 

in their social motility. Moreover, the authors proposed that these EVs might play a role in 

the control of the parasite migration within the insect vector, helping the fit parasites to 

keep a distance from damaged cells, which may favor a productive infection (Eliaz et al., 

2017).  

 

Trypanosoma cruzi 

T. cruzi also fits in the class of Kinetoplastida. It is transmitted by a triatomine vector 

and is the cause of Chagas disease (Lewis and Kelly, 2016).  

An early report described the secretion of vesicles by non-infective T. cruzi 

epimastigotes in conditions of acid pH, mostly originated from the plasma membrane and 

flagellar pocket of the parasite (da Silveira et al., 1979). Later, Gonçalves et al. observed the 

spontaneous release of EVs by tissue culture-derived trypomastigotes, in a time- and 

temperature-dependent process (Goncalves et al., 1991). In the same study, Tc-85, a 

member of the trans-sialidase (TS)/gp85 glycoprotein superfamily that is involved in host 

cell adhesion and invasion by the parasite, was found to be a major component of the EVs 
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(Goncalves et al., 1991). Of note, the presence of Tc-85 in EVs released by trypomastigotes 

from their flagellar pocket was also reported by Ouaissi et al. (Ouaissi et al., 1990). This 

group also showed, in a subsequent study, that the main T. cruzi flagellar antigen, the 

flagellar calcium-binding protein (FCaBP), could also be found in EVs released by infective 

trypomastigotes (Ouaissi et al., 1992).  

More recently, other groups, taking advantage of proteomic analysis, described the 

presence in parasite-derived EVs of other proteins that were identified in the past as 

virulence factors of T. cruzi. It was the case of α-galactosyl-containing glycoproteins, 

proteases such as cruzipain, cytoskeleton proteins and also mucin-associated surface 

proteins (MASP), many of them being involved in the processes of adhesion and cell 

invasion (Nakayasu and Almeida, 2008; Torrecilhas et al., 2012). More recently, another 

group identified a novel family of antigens designated as T. cruzi surface membrane 

proteins (TcSMPs). Importantly, these antigens were shown to be present in both EVs and 

soluble fraction of T. cruzi secretome (Martins et al., 2015).  

Furthermore, it was described that EVs derived from infective metacyclic 

trypomastigotes were able to deliver their cargo into mammalian (HeLa) cells, which also 

argued for a role of T. cruzi-derived EVs in parasite survival and replication (Bayer-Santos 

et al., 2013). Additionally, Trocoli-Torrecilhas et al. reported that the injection of EVs 

isolated from T. cruzi trypomastigotes in naïve mice prior to T. cruzi infection induced an 

increase in the parasitemia, along with an impairment in mice survival (Trocoli Torrecilhas 

et al., 2009). In these experiments an increase of IL-4 and IL-10 mRNA levels in cardiac 

tissue was also observed, which was related with the increased mortality, since the 

treatment with monoclonal antibodies against both cytokines increased mice survival 

(Trocoli Torrecilhas et al., 2009). 

Of note, the presence of small RNA was also identified in T. cruzi-derived EVs, 

arguing for a role of these EVs in the regulation of host-cell genes (Bayer-Santos et al., 2014; 

Garcia-Silva et al., 2014). 

 

Leishmania spp. 

Leishmania spp. also belongs to the class of Kinetoplastida and they are the 

causative agents of leishmaniases, as it was exposed in the preceding section of this thesis.  

The first evidences about the secretion of EVs by Leishmania parasites were 

described by Silverman and colleagues in 2008. In this work, the proteomic analysis of the 

Leishmania secretome was revealed for the first time. Interestingly, this study reported that 

98% of the identified proteins lacked a classical amino-terminal secretion signal, suggesting 

that the secretion of Leishmania proteins relies on non-classical secretion pathways such 

as the release of EVs (Silverman et al., 2008).  
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In subsequent studies, several immunomodulatory proteins previously identified as 

Leishmania virulence factors, such as such as HSP10, HSP70, GP63 and elongation factor 

(EF)-1α, were proven to be present in L. donovani-derived EVs (Silverman et al., 2010a). 

Moreover, through the use of a fluorescent labeling, these EVs were shown to be released 

within infected macrophages and to be internalized by naïve macrophages from the 

extracellular environment (Silverman et al., 2010a).  

Additionally, L. donovani- and L. major-derived EVs induced the release of IL-8 

upon in vitro incubation with macrophages from the human pro-monocytic cell line THP-1 

(Silverman et al., 2010a). This cytokine might contribute to pathogenesis by recruiting 

neutrophils that can phagocytose the parasites and allow their “silent entry” in macrophages 

by the mechanism of “Trojan horse” previously mentioned (Peters and Sacks, 2009; van 

Zandbergen et al., 2004). L. donovani-derived EVs were also shown to modulate the 

responses of human monocytes isolated from PBMCs to IFNγ, promoting IL-10 and 

inhibiting TNFα production (Silverman et al., 2010b). Additionally, the treatment of human 

mo-DCs with those latter EVs induced a decrease in the release of IL-12p70, TNFα and IL-

10 by these cells (Silverman et al., 2010b). Interestingly, the pre-treatment of C57BL/6 mice 

with L. donovani-derived EVs prior to infection with L. dononavi led to the exacerbation of 

the infection, with increased levels of IL-10 production in the spleen. Of note, the 

exacerbation of the disease was also verified when BALB/c mice were pre-exposed to L. 

major-derived EVs, showing that the pro-parasitic effect of Leishmania EVs is not species 

specific (Silverman et al., 2010b). Overall, these studies by the Silverman group suggested 

that Leishamia-derived EVs are predominantly endowed with an immunosuppressive and 

pro-parasitie capacity (Silverman et al., 2010a; Silverman et al., 2010b).  

More recently, the presence of L. infantum- and L. major-derived EVs in the midgut 

of sandfly vectors was reported. Moreover, these EVs were shown to be co-egested along 

with the parasite inoculum during the vector blood meal that mediates the infection of 

mammalian hosts (Atayde et al., 2015). In this report, the co-inoculation of L. major-

derived EVs and the parasite itself in mice footpad led to the exacerbation of cutaneous 

manifestations, which was observed by the significant increase in footpad swelling and by 

an increase in IL-17 production detected in draining lymph nodes (Atayde et al., 2015).  

Additionally, Hassani et al. observed that a thermal shift similar to the natural 

conditions of infection, in which the parasite goes from room temperature in the sandfly 

vector to 37ºC in the mammalian host, induced the release of EVs (Hassani et al., 2011). 

Moreover, the EVs recovered from L. mexicana upon this thermal shift induced the cleavage 

and activation of host PTPs in a murine BM-derived macrophage cell line, leading to the 

attenuation of the inflammatory response in host cells (Hassani et al., 2011). In a 

subsequent study, this group observed that the modulation of cell host macrophages and 
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transcription factors by L. major-derived EVs was GP63-dependent since, contrary to EVs 

released by WT parasites, EVs derived from L. major g63-/- did not induce cleavage and 

modulation of host PTPs (Hassani et al., 2014). Of note, GP63 was identified in the 

composition of Leishmania-derived EVs by different groups, including ours (Atayde et al., 

2015; Hassani et al., 2011; Santarem et al., 2013; Silverman et al., 2010a). 
Furthermore, Ghosh et al. observed that GP63 targeted hepatic cells through EVs 

released by Leishmania. These EVs were linked to the cleavage of the pre-miRNA 

processing enzyme Dicer1, preventing the formation of miR-122 and causing alterations in 

the expression of genes that are related to lipid metabolism (Ghosh et al., 2013; Girard et 

al., 2008). Furthermore, the restoration of miR-122 and Dicer1 expression led to an increase 

in serum cholesterol and to a decrease of the parasite burden (Ghosh et al., 2013). Therefore, 

by the transport of GP63, Leishmania-derived EVs were proposed to contribute to the 

alterations of the lipid profile and to the low levels of serum cholesterol that are usally 

detected in VL (Ghosh et al., 2013).  

Finally, L. donovani and L. braziliensis were shown to release EVs containing small 

ncRNAs. Although their role in infection is still unclear, this finding shed light on the 

possibility that parasite-derived EVs transport small regulatory RNA and modify host cell 

phenotype, contributing to chronic infection (Lambertz et al., 2015). 

 

 The main information regarding protozoan parasites-derived EVs, as well as their 

recipient cells and major effect described in this topic is gathered in Figure 21. 
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Figure 21 Interactions and main effects of extracellular vesicles (EVs) released by 
protozoan parasites. These EVs can affect the response of other parasite populations and the 

immune response of host cells. This figure was modified from Szempruch et al., 2016a. 
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3.6 Clinical applications  
 

As aforementioned, upon the observation of the induction of antitumor responses 

by tumor cell-derived EVs carrying tumor antigens, great expectations emerged concerning 

the potential use of these EVs in antitumor vaccines (Andre et al., 2004; Zitvogel et al., 

1998). Indeed, clinical trials were settled to evaluate the clinical application of this strategy 

in humans (Besse et al., 2016; Chaput et al., 2006; Escudier et al., 2005; Lener et al., 2015; 

Pitt et al., 2014; Viaud et al., 2009). On the other side, although much less information and 

research exist regarding the clinical application of EVs released by pathogens or infected 

cells, a few works drew the attention to their potential use in therapeutics (Schorey and 

Harding, 2016).  

 

Vaccination 

Different studies found encouraging observations about the use of pathogen-derived 

EVs as vaccines. For instance, Schnitzer et al. reported that EVs derived from L. 

major antigen-loaded BM-DCs induced protective responses in CL, leading to the decrease 

of the parasite load in mice (Schnitzer et al., 2010). Furthermore, another group showed 

that murine diphtheria toxoid-loaded BM-DCs released EVs that were capable of inducing 

IgG responses specific for that toxin in naïve mice (Colino and Snapper, 2006). Moreover, 

EVs released by S. pneumoniae capsular polysaccharide 14 antigen-loaded BM-DCs 

stimulated protective responses against bacterial infection, which were mediated by IgG 

and IgM in naïve mice (Colino and Snapper, 2007).  

Indeed, the use of EVs as cell-free vaccines against infectious diseases is a tempting 

approach due to some potential advantages over conventional vaccine strategies. For 

instance, EVs may allow an improved biodistribution of the antigens due to their capacity 

to spread in diverse body fluids and reach distant organs; they have a stable membrane 

structure; they efficiently bind and may be internalized by APCs through surface adhesion 

molecules; and they may mediate a more physiologic way to transfer antigens between cells 

(Schorey and Harding, 2016). However, there are also several issues that must be 

considered before the translation to human therapies, such as the difficulty in the 

obtainment of EVs with a defined and desired antigen composition; the development of 

protocols that allow the reproducibility between different batches of EVs; and the potential 

risk of administering non-self-molecules to the individuals (Schorey and Harding, 2016). 

 

Diagnostic biomarkers 

Another promising clinical application of EVs in infectious diseases in their use as 

diagnostic biomarkers. Several studies in other fields, such as pathologies of the urinary 
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system and cancer, showed quantitative and qualitative differences in the composition of 

EVs between healthy and diseased individuals (Carvalho and Oliveira, 2014; Chaput and 

Thery, 2011; Gamez-Valero et al., 2015; Nawaz et al., 2014). Regarding infectious diseases, 

although this is still a poorly explored field, some studies identified pathogen-derived 

components in the EVs that were proposed to correspond to disease biomarkers. For 

instance, the levels of EVs detected in the serum of BCG- or M. tuberculosis-infected mice 

were significantly higher than the values found in uninfected controls and the number of 

EVs was also correlated with the bacterial load (Singh et al., 2012). Additionally, EVs 

isolated from the serum of mice and human patients infected with M. tuberculosis 

contained mycobacterial proteins (Kruh-Garcia et al., 2014). Finally, EVs released by M. 

tuberculosis-infected macrophages were also shown to contain RNA from the bacteria 

(Singh et al., 2012). Overall, these reports suggest that the detection of these 

Mycobacterium-related EVs could be linked with the active disease. 

Indeed, EVs represent excellent candidates to be used as biomarkers, as they are 

easily accessible when they are recovered from fluids such as plasma or urine. Moreover, 

their composition potentially changes in a pathologic condition and they can be abnormally 

enriched in host- or pathogen-derived proteins, lipids or RNA, which is an easy way to 

assess a disease state (Schorey and Harding, 2016). However, if the source from where EVs 

are recovered is too complex, a high background can make the detection of a specific 

composition difficult. Thus, the use of good purification protocols of EVs prior to their 

analyses is essential (Schorey and Harding, 2016). 

 

Delivery of therapeutic molecules 
As the biogenesis of exosomes relies on the endocytic route, they might include and 

transport antigens that were internalized by the secreting cell, such as therapeutic 

molecules artificially introduced in the milieu (Robbins and Morelli, 2014). Furthermore, 

the material that is included in EVs may be influenced by alternations in the secreting cells 

by genetic engineering, allowing the inclusion of molecules that are not naturally present or 

that are only represented in low amounts (Alvarez-Erviti et al., 2011; Andaloussi et al., 

2013). Finally, as EVs may transport genetic information between different cells, they are 

also promising candidates for delivery platforms in gene therapy (Alvarez-Erviti et al., 2011; 

Andaloussi et al., 2013; Jiang et al., 2017; Ohno et al., 2013).  

However, most of work already developed in this field targeted cancer (Cesi et al., 

2016) and although EVs may have great advantages in the treatment of intracellular 

infections, there are still no studies about the use of EVs in therapy against infectious 

diseases (Schorey and Harding, 2016).  
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1. Scope of the thesis 
 

 Taking into account that iNKT cells respond to lipid and glycolipid antigens 

(Rossjohn et al., 2012) and that EVs are composed by multiple molecules, including 

different lipids in the membrane or within the lumen (Yanez-Mo et al., 2015), we asked 

whether EVs could impact iNKT cell responses. Moreover, some of the antigens already 

identified for iNKT cells have microbial origin (Kronenberg and Kinjo, 2009) and EVs 

released by different microbes have been established as important vehicles of virulence 

factors between the pathogens and the host cells (Santarem et al., 2013). Therefore, in this 

work we focused our attention in the effect of EVs released by L. infantum promastigotes in 

iNKT cells and we hypothesized that molecules from Leishmania parasites present in their 

EVs might reach iNKT cells, affecting their properties. Moreover, we extended our work to 

the total extracellular material (ExM) released by the parasite, which comprehends not only 

the EVs but also the vesicle-depleted ExM (VDE), the latter corresponding to the non-

vesicular material that is also released by the parasite to the extracellular environment. 

 

 In line with this hypothesis, the main aims of this work were: 

 

1. determine whether the ExM released by L. infantum promastigotes could influence 

human iNKT cell expansion and activation in vitro; 

2. understand the mechanism of this modulation; 

3. ascertain the group of molecules from the parasite and also present in the ExM that 

contributes to the modulation of iNKT cell responses. 
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2. Results 

 
2.1 Effect of L. infantum extracellular material in iNKT cells 
 
“Extracellular material released by Leishmania infantum impairs in 
vitro human iNKT cell expansion and activation” 
 

Renata Belo, Nuno Santarém, Cátia Pereira, Fátima Macedo, Begoña Pérez-Cabezas, Maria 

Leite-de-Moraes, and Anabela Cordeiro-da-Silva 

 

To be submitted  

 

In this study, we have investigated the effect of the ExM released by L. infantum 

promastigotes in iNKT cell expansion and activation in vitro. 

 

Main results: 

- L. infantum ExM affected ex vivo human peripheral blood iNKT cell expansion and 

cytokine production in response to α-GalCer. 

- The inhibition of iNKT cell activation by L. infantum ExM was CD1d-dependent, relying 

on a competition with an activator for CD1d binding.  

- Lipids extracted from ExM mimicked the actions of the whole fractions, suggesting that at 

least part of the observed effect was due to lipid molecules. 

- The impairment of iNKT cell expansion and activation was observed for EVs but also for 

the non-vesicular fraction of the ExM, suggesting that molecule(s) of the parasite that affect 

iNKT cell responses is (are) present in both fractions. 

 

Conclusions: 

L. infantum ExM may mediate the cross-talk between parasite promastigotes and iNKT 

cells, modulating the immune responses of this cell population. 
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Extracellular material released by Leishmania infantum 
impairs in vitro human iNKT cell expansion and activation 
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Short title: L. infantum extracellular material and iNKT cells. 

 

Keywords: iNKT cells, extracellular vesicles, Leishmania, α-GalCer, CD1d, immune 

evasion. 

 

Abbreviations: α-GalCer (alpha-galactosylceramide), APCs (antigen-presenting cells), 

BM-DCs (bone marrow-derived dendritic cells), EVs (extracellular vesicles), ExM 

(extracellular material), hEVs (heterologous EVs), iNKT cells (invariant Natural Killer T 

cells), LPG (lipophosphoglycan), PBMCs (peripheral blood mononuclear cells), TCR (T cell 

receptor), TLA (total Leishmania antigens), VDE (vesicle-depleted ExM).  
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ABSTRACT  

Invariant natural killer T (iNKT) cells specifically recognize lipids and glycolipids 

presented by CD1d molecules. These cells have been implicated in several infectious 

diseases, including leishmaniasis. Leishmaniasis is a tropical neglect disease caused by 

parasites belonging to the genus Leishmania. Similar to other pathogens, Leishmania 

parasites release extracellular vesicles (EVs), capable of transmitting information to host 

cells in the absence of a direct cell contact. Indeed, Leishmania EVs were shown to contain 

parasite-derived proteins and nucleic acids and presented a pro-parasitic effect verified in 

monocytes and dendritic cells. However, no information exists concerning their lipid 

composition and their possible influence on the functional properties of iNKT cells. Herein, 

we studied the effect of L. infantum extracellular material (ExM), which encompasses the 

EVs and also the non-vesicular fraction released by the parasite, in iNKT cell expansion and 

activation. We report that the ExM released by L. infantum promastigotes inhibited the ex 

vivo expansion of human peripheral blood iNKT cells. iNKT cell activation was also affected 

by the presence of L. infantum ExM, since cytokine production induced by α-GalCer was 

impaired. Moreover, further observations strongly suggested that the inhibitory effect of L. 

infantum ExM in iNKT cell activation was dependent on the competition with α-GalCer for 

CD1d binding. Finally, lipids isolated from L. infantum ExM mimicked the effect of the 

whole fractions, suggesting that lipid molecules of the parasite present in its ExM may 

mediate at least part of the inhibition of iNKT cell expansion and activation. Overall, our 

results suggest for the first time that L. infantum ExM may mediate a cross-talk between 

promastigotes and iNKT cells, modulating the expansion and activation of this cell 

population.  
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INTRODUCTION  

Invariant Natural Killer T (iNKT) cells are a unique population of lymphocytes that 

express a semi-invariant T cell receptor (TCR) (1-3). These cells specifically recognize 

endogenous or foreign lipid and glycolipid antigens that are presented by CD1d molecules 

expressed by antigen-presenting cells (APCs) (4, 5). α-galactosylceramide (α-GalCer) was 

the first glycolipid identified as iNKT cell agonist, and remains the most used antigen to 

study these cells (6). Upon activation, iNKT cells are able to rapidly release a wide range of 

pro- and anti-inflammatory cytokines, such as IFNγ, IL-4 or IL-17, which endows them with 

an exceptional immunomodulatory potential (7-13). These features justify their interaction 

with other immune cells and also their involvement in different pathological conditions, 

such as cancer, auto-immune disorders, allergy and infectious diseases (14-24).  

Leishmaniasis is among the infectious diseases for which the role of iNKT cells has 

been explored (25-32). The clinical manifestations of this neglected tropical disease range 

from self-healing lesions to the invasion of visceral organs, which can ultimately lead to 

death if left untreated (33, 34). The causative agents of leishmaniasis are a group of 

protozoan parasites that belongs to the genus Leishmania. These parasites have a complex 

digenetic life cycle, adopting an extracellular motile form in the insect vector 

(promastigotes) and an intracellular non-motile form in the vertebrate host (amastigotes) 

(35). Upon the inoculation of infective promastigotes in the skin of a mammalian host by 

the sandfly vector, the success of the infection relies on the ability of the parasite to subvert 

host immune responses, which is strongly dependent on different virulence factors 

developed by the parasite, such as the metalloproteinase GP63 and the lipophosphoglycan 

(LPG) (36-38).  

Extracellular vesicles (EVs) released by different types of eukaryotic and prokaryotic 

cells have been a focus of great interest due to their capacity to shuttle information 

intercellularly, independently of a direct cell contact (39-43). In the context of infection, 

EVs released by pathogens have been consistently implicated on the mechanisms of 

invasion and persistence developed by different microbes (44-46). More recently, a few 

groups demonstrated that Leishmania parasites also release EVs and that they might be 

important in the establishment of the infection (47-50). Indeed, it was observed that EVs 

released by promastigotes carry virulence factors such as GP63 and that they can be taken-

up by host cells, dampening inflammation and playing a pro-parasite role (48, 51-53). Thus, 

EVs have been considered as virulence factors, contributing to the creation of an 

environment auspicious for parasite survival (54, 55).  

Regardless of their origin, EVs are characterized by a lipid bilayer membrane 

enclosing components from the releasing cell such as proteins, nucleic acids and other lipids 

(39-41). Although only scattered information exists on the interaction of EVs and iNKT cells 
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(56, 57), the lipid nature of EVs places them as privileged candidates to mediate the 

communication between EV-secreting cells and iNKT cells. Whether a cross-talk occurs 

between Leishmania EVs and iNKT cells remains unknown. Herein we studied the effect of 

L. infantum extracellular material (ExM), which encompasses the EVs and also the non-

vesicular fraction, released by L. infantum promastigotes on the functional properties of 

iNKT cells. To the best of our knowledge, this is the first time that the interaction between 

iNKT cells and an ExM with parasite origin, as well as with their lipids, are studied.  
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MATERIALS AND METHODS  
 

Biological samples  

 Peripheral blood mononuclear cells (PBMCs) were collected from healthy donors at 

the Etablissement Français du Sang, Paris, France and at the Blood Bank of Hospital de São 

João, Porto, Portugal. Experiments were performed in accordance with the Helsinki 

Declaration. PBMCs were isolated by density-gradient centrifugation (Histopaque-1077, 

Sigma). C57BL/6J mice used to obtain bone marrow-derived dendritic cells (BM-DCs) were 

maintained in the animal facility at the Instituto de Biologia Molecular e Celular (IBMC, 

Porto, Portugal) in accordance with the IBMC.INEB Animal Ethics Committees and the 

Portuguese National Authorities for Animal Health guidelines (directive 2010/63/EU).  

 

Parasites  

A cloned line of virulent L. infantum (MHOM/MA/67/ ITMAP-263) was 

maintained by weekly subpassages at 26°C in RPMI 1640 medium supplemented with 10% 

heat- inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, 

and 20 mM HEPES (all from Lonza). Only promastigotes up to 10 passages were used in 

these experiments (58). Before ExM recovery, parasites were transferred to cRPMI, a 

protein deprived medium constituted by RPMI base supplemented with SDM base and 

hemin, which was previously optimized for the study of the L. infantum ExM (59). The 

starting inoculum for all cultures was 1x106 parasites/ml.  

 

Preparation of L. infantum ExM 	

The ExM released by L. infantum was isolated as previously described (48). Briefly, 

logarithmic promastigotes were grown in cRPMI for 4 days. The parasites were quantified 

and removed of the culture supernatant by centrifugation and filtration through a 0.45 µm 

filter. To recover the total ExM (herein referred as Exo), the filtrated supernatant was 

concentrated in a centrifugal filter unit with a nominal membrane molecular weight limit 

(NMWL) of 3 kDa. To recover EVs, the filtrated supernatant was concentrated in a 100 kDa 

NMWL centrifugal filter unit and ultracentrifuged overnight at 100,000 g, 4ºC. The volume 

that passed through the 100 kDa filter was further concentrated in a 3 kDa NMWL 

centrifugal filter unit, in order to obtain the vesicle-depleted ExM (VDE). These 3 

preparations were dialyzed twice against PBS and suspended in a final volume of PBS 

adjusted to the mass of parasites determined before supernatant recovery to a theoretical 

concentration of 1x107 parasites/µl. Each final preparation was filtered using a 0.2 µm filter.  
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Human iNKT cell expansion assay  

PBMCs were cultured in 24-well plates (Falcon) at a density of 1x106 cells per well 

in RPMI 1640 medium containing 100 U/ml penicillin, 100 µg/ml streptomycin, 10% heat- 

inactivated FBS, 200 mM glutamine, and 10 mM HEPES (all from Lonza) with 100 ng/ml 

α-GalCer (Avanti) as previously described (8, 60). When indicated, L. infantum EVs, VDE 

and Exo (hereafter referred altogether as the L. infantum ExM), Total Leishmania antigens 

(TLA) or EVs isolated from BxPC-3 cell line (herein designed by heterologous EVs, hEVs) 

were added in the onset of the culture in a dose of 1x. When indicated, L. infantum ExM, 

TLA and hEVs were added only at day 4 or day 8 of cell culture. The volume corresponding 

to this dose was determined as the quantity that allowed to see an effect in iNKT cell 

expansion without affecting overall cell viability; that was 8 µl of each preparation in a final 

volume of 2 ml. Twenty-four hours later, 100 U/ml rhIL-2 (kindly provided by the National 

Cancer Institute) was added. After 8-12 days, cells were harvested, extensively washed and 

viable cells were counted by trypan blue dye exclusion. Cells were further stained and 

analyzed by flow cytometry.  

 

iNKT cell activation assays  

iNKT cell activation assays were performed using CD1d-transfect C1R cells as APCs 

or soluble mouse CD1d.  

In the long-term iNKT cell activation assay using APCs, CD1d-transfected C1R cells 

were cultured for 4h with 5 or 25 ng/ml α-GalCer alone or in the presence of increasing 

doses (1, 10 or 20x) of L. infantum ExM. The doses were defined based on the dose of 1x 

determined in the iNKT cell expansion assays. Then iNKT cells from a human iNKT cell line 

(61) were added and the supernatants from this co-culture were harvest 40h later in order 

to determine the production of GM-CSF by ELISA using the purified (BVD2-23B6) and 

biotinylated (BVD2-21C11) anti-GM-CSF mAbs (Biolegend).  

In the short-term iNKT cell activation assay using APCs, CD1d-transfected C1R cells 

were cultured for 2h with 5 or 25 ng/ml α-GalCer alone or in the presence of L. infantum 

ExM in a single dose (20x). Then iNKT cells from a human iNKT cell line and 10 µg/ml 

brefeldin A (Sigma-Aldrich) were added. After an incubation of 5h, cells were harvested, 

extensively washed and fixed with 2% paraformaldehyde to further intracellular staining.  

In the iNKT cell activation assay using soluble mCD1d (kindly provided by the NIH 

tetramer core facility), CD1d was immobilized on 384-well Maxisorp treated microplates 

(Nunc) (61). Then, a mixture of 25 or 100ng/ml α-GalCer and increasing doses of L. 

infantum ExM, TLA and hEVs (1, 10 and 20x) or lipid extracts from each preparation of the 

L. infantum ExM (4 µg and 40 µg for EVs and VDE and 4 µg, 40 µg and 80 µg for Exo) were 

incubated overnight at 37ºC. After an extensive washing, iNKT cells from a murine cell 
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hybridoma were added and incubated for 20h. Culture supernatants were then recovered 

and IL-2 concentration was determined by ELISA using the purified (JES6-1A12) and 

biotinylated (JES6-5H4) anti-IL-2 mAbs (Biolegend). Cells were harvested and their 

viability was accessed by flow cytometry.  

 

Detection of CD1d/α-GalCer complexes formation 	

The BM-DCs were derived from mice bone marrow precursors as previously 

described (62). In brief, bone marrow cells were recovered with RPMI medium by flushing 

femurs and tibias from the hind legs of C57BL/6J mice. Cells were suspended in RPMI 

supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, 100 µg/ml 

streptomycin, 10 mM HEPES (all from Lonza), 50 µM 2-Mercaptoethanol (Sigma 

Chemical) and 10% of GM-CSF-containing supernatant from J558 cell conditioned medium 

(63) (DCs medium), and cultured at 37°C with 5% CO2. At day 3 the same amount of DCs 

medium was added to each flask. At day 6 and 8, half of the volume of each flask was 

recovered, centrifuged, and the cell pellet was resuspended in the same amount of fresh DCs 

medium. At day 9, BM-DCs were harvested, washed and cultured in RPMI 2% FBS with 

100ng/mL α-GalCer alone or with increasing doses (1, 10 and 20x) of L. infantum ExM for 

4h. After this period, the CD1d expression and the formation of CD1d/α-GalCer complexes 

in the surface of BM-DCs were determined by flow cytometry.  

 

Flow cytometry  

Cell viability was assessed using 7-AAD Viability Staining Solution (Sigma) or 

Fixable Viability Stain 780 (BD Horizon).  

Surface staining after the iNKT cell expansion assay was performed in PBS 

containing 2% FBS and 0.01% NaN3, using PBS57-loaded-CD1d-tetramers (kindly 

provided by the National Institutes of Health Tetramer Core Facility), and the following 

anti-human directly conjugated monoclonal antibodies: PerCP-Cy5.5-labeled anti-CD3 

(OKT3), PE-Cy7-labeled anti-CD4 (RPA-T4) and APC-labeled-anti-CD8 (RPA-T4) 

(eBioscience).  

Intracellular staining after the short-term iNKT cell activation assay was performed 

upon permeabilization with PBS containing 2% FBS, 0.01% NaN3 and 1% saponin. The 

following anti-human directly conjugated monoclonal antibodies were used: PerCP-Cy5.5- 

labeled anti-CD3 (OKT3), APC-labeled anti-IL-4 (8D4-8), and PE-Cy7-anti-IFNγ (4S.B3) 

(eBioscience).  

Surface staining of BM-DCs was performed in PBS containing 2% FBS and 0.01% 

NaN3 using the following mAbs: anti-mouse CD1d (51.1) (eBioscience) or anti-mouse 

CD1d/α- GalCer (L363) (Biolegend) (64).  
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Data were acquired on a FACS Canto II flow cytometer using the FACS Diva software 

(BD Biosciences) and analyzed with FlowJo software version 10.2.  

 

Lipid extraction and quantification  

The total lipids from L. infantum ExM were isolated by the Bligh and Dyer method 

(65). The lower organic phase was dried under nitrogen at 40ºC and the samples were kept 

at -20ºC until quantification.  

The lipid content in each sample was assessed by the sulpho-phospho-vanillin 

colorimetric assay (66). Briefly, lipid extracts were solubilized in chloroform and incubated 

at 90ºC in a heater block until solvent evaporation. In parallel, increasing concentrations of 

cholesterol (Sigma-Aldrich) dissolved in chloroform were equally treated in order to be used 

as standard. Then 96% sulfuric acid was added and the samples were incubated at 90ºC for 

20 min. After this step, samples were kept at 4ºC for 4 min and 0.2mg/mL vanillin in 17% 

phosphoric acid was added. Samples were then incubated at room temperature for 10 min 

and absorbance was measured at 540 nm in a Synergy 2 Multi-Detection Microplate Reader 

(BioTek Instruments) using the Gen5 software. Lipids were finally redried and resuspended 

in RPMI 10% FBS in the correct concentrations in order to be used in functional assays. To 

help the solubilization of lipid extracts in an aqueous medium, samples were dissolved in a 

minimum volume of methanol prior to being solubilized in culture medium.  

 

Statistical Analysis  

Statistical significance of the differences between the data sets was assessed using 

GraphPad Prism 6. To compare paired data of control versus treated conditions from the 

same donor in the assay of iNKT cell expansion, Wilcoxon signed-rank test was used. To 

compare data from the different assays of iNKT cell activation, one-way ANOVA test 

followed by Dunn's multiple comparison test were used. All p-values were two-tailed and 

the statistical significance level was defined as a p≤0.05.  
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RESULTS  

 

1. The ExM released by L. infantum promastigotes impaired ex vivo expansion 

of human iNKT cells  

iNKT cells correspond to a scarce population in PBMCs of healthy donors, generally 

ranging between 0.01-1% among peripheral blood T cells (11). To overcome the low 

frequency and promote the expansion of primary human iNKT cells, an optimized system 

requiring α-GalCer and IL-2 is commonly used (8, 60). To understand whether the ExM 

released by L. infantum promastigotes could affect iNKT cell responses, human PBMCs 

were cultured with α-GalCer alone or in combination with L. infantum ExM in a single dose 

(1x). When any of this material was added, the expansion of iNKT cells at the end of cell 

culture was significantly decreased when compared to the control condition with α-GalCer 

alone (p≤0.0001 for EVs and p≤0.001 for VDE and Exo) (Figure 1). TLA, which contains 

in theory all parasite antigens, also impaired iNKT cell expansion (p≤0.001), contrarily to 

non-related hEVs, which had no effect in this system (Figure S1 in Supplementary 

Material). Additionally, the percentage of conventional CD4+ and CD8+ T cells detected at 

the end of the culture was not altered by the presence of L. infantum ExM (Figure S2 in 

Supplementary Material).  

Moreover, the impairment of iNKT cell expansion was significant only when L. 

infantum ExM was present since the beginning of the cell culture, being incubated 

simultaneously with α-GalCer (p≤0.05), indicating that in this system the timeframe in 

which the fractions were incubated with PBMCs was relevant to their effect (Figure S3 in 

Supplementary Material). Of note, a toxic effect of L. infantum ExM material in PBMCs was 

ruled out as the chosen dose did not impact cell viability (data not shown).  

Collectively, these results suggest that L. infantum ExM interferes with the ex vivo 

expansion of iNKT cells.  

 

2. L. infantum ExM impaired the cytokine production of human iNKT cells 	

To further explore the findings described above, it was addressed whether ExM 

released by L. infantum promastigotes impacted the capacity of iNKT cells to release 

cytokines. To assess this parameter, CD1d-transfected C1R cells used as APCs were loaded 

with increasing concentrations of L. infantum ExM (1, 10 and 20x) in the presence of two 

different doses of α-GalCer (5 and 25 ng/ml). Then, their capability to further activate iNKT 

cells from a human iNKT cell line was studied by the analysis of the amounts of GM-CSF 

present in the supernatant after 40h of co-culture. It was observed that L. infantum ExM 

impaired the activation of iNKT cells in a dose-dependent manner when cells were 

stimulated with 5 ng/ml α-GalCer (Figure 2A, left panel). Moreover, this inhibition was 
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strongly related with the dose of α-GalCer that was used, as the inhibitory effect was either  

diminished (in the case of Exo) or lost (in the case of EVs and VDE) in the presence of 25 

ng/ml α-GalCer (Figure 2A, right panel).  

In order to strengthen the previous observations, the effect of L. infantum ExM in 

the production of cytokines by iNKT cells was analyzed intracellularly. With this aim, CD1d- 

transfected C1R cells were loaded for 2h with two different concentrations of α-GalCer (5 

and 25 ng/ml), alone or in combination with a single dose (20x) of L. infantum ExM. These 

cells were then co-cultured with a human iNKT cell line and 5h later the production of IL-4 

and IFNγ was analyzed intracellularly in iNKT cells by flow cytometry. It was observed that 

L. infantum ExM impaired the cytokine production by iNKT cells, as the percentages of IL-

4 and IFNγ single and double producing cells were decreased (Figure 2B and 2C). 

Although both doses of α-GalCer yielded equivalent levels of activation in the control 

conditions, the effect of the ExM was more evident in the presence of the lower 

concentration of α-GalCer (5 ng/ml) (Figure 2B and 2C, upper panels). Additionally, 

TLA also decreased the cytokine production, but it was only detected for IL-4 and upon 

stimulation with 5 ng/ml α-GalCer; on the other side, hEVs did not change the cytokine 

profile of iNKT cells in these conditions (data not shown).  

Altogether these results suggest that L. infantum ExM decreases the activation and 

modifies the function of iNKT cells, impairing their capacity to produce cytokines.  

 

3. The inhibitory effect of L. infantum ExM in iNKT cells is due to a direct 

competition for CD1d binding  

As one of the most well-described mechanisms of iNKT cell activation relies on the 

presentation of antigens loaded in CD1d on the APCs (5), here it was hypothesized that L. 

infantum ExM could impair this process. Thus, to directly assess whether the presentation 

of agonists to iNKT cells mediated by CD1d was affected by the presence of L. infantum 

ExM, a plate-bound mCD1d system was used. First, plate-bound mCD1d was pre-incubated 

with increasing doses of L. infantum ExM (1, 10 and 20x) alone or in the presence of two 

different doses of α-GalCer (25 and 100 ng/ml) and then iNKT cells from a murine iNKT 

cell hybridoma were added. After 20h of co-culture, the IL-2 released by iNKT cells was 

determined in the supernatants in order to analyze whether iNKT cells were activated by 

the molecules that had bound to CD1d. While L. infantum ExM did not directly activate 

iNKT cells (Figure 3A), when mCD1d was pre-incubated with α-GalCer and the ExM, iNKT 

cell activation was impaired in a dose-dependent manner, relative to the control condition 

(α-GalCer alone) (Figure 3B and 3C). Again, it was observed that the dose of α-GalCer 

impacted the magnitude of the inhibition, as the effect of the ExM was more evident with 

the lower α-GalCer dose that was used (25 ng/mL) (Figure 3B). This effect was also 
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mimicked by TLA, while hEVs showed no influence in iNKT cell activation (Figure S4 in 

Supplementary Material). These results suggest that L. infantum ExM competes with α-

GalCer for CD1d binding, which is dependent on both doses of the agonist and ExM.  

To further strengthen this hypothesis, BM-DCs isolated from C57BL/6J mice were 

loaded with α-GalCer in the presence of increasing doses of L. infantum ExM (1, 10 and 

20x) and 4h later cells were stained with L363 mAb, which specifically recognizes and 

identifies CD1d:α-GalCer complexes. We observed that increasing doses of L. infantum 

ExM diminished the amounts of complexes present in the surface of BM-DCs, compared 

with α-GalCer alone (Figure 3D). Of note, the expression of CD1d was not altered by L. 

infantum ExM (data not shown), ruling out that the inhibitory effect observed is dependent 

on the downregulation of surface CD1d.  

Taken together, these results suggest that L. infantum ExM is capable of interfering 

with the potent activator α-GalCer through competition for CD1d binding, impairing the 

activation of iNKT cells.  

 

4. Lipids from by L. infantum ExM are important to the impairment in iNKT 

cell activation and expansion  

As the major ligands that are known to bind CD1d are glycolipids (1) and as the 

surface of L. infantum is covered by a glycocalix (67), it was tempting to hypothesize that 

lipids from the parasite displaying an immunomodulatory capacity might be present in its 

ExM and support its inhibitory effect in iNKT cell activation. In order to test this hypothesis, 

the total lipid content from each fraction was isolated and their capacity to impact iNKT cell 

activation was accessed taking advantage of the plate-bound mCD1d assay. Thus, iNKT cells 

of a murine iNKT cell hybridoma were incubated with plate-bound CD1d previously loaded 

with lipids isolated from each fraction of L. infantum ExM (4 and 40 µg for EVs and VDE 

and 4, 40 and 80 µg for Exo) together with α-GalCer (25 ng/ml). As observed with the whole 

ExM fractions, the higher dose of each lipid extract significantly impaired the activation of 

iNKT cells induced by α-GalCer, as measured by IL-2 release (p≤0.0001) (Figure 4A).  

Next, the capacity of the lipid extracts to interfere with the ex vivo expansion of iNKT 

cells from human PBMCs was also evaluated. In line with the previous results, total lipid 

extracts from L. infantum ExM impaired the expansion of human primary iNKT cells 

(Figure 4B and 4C).  

Collectively, these data suggest that lipids that are present in the ExM mediate at 

least part of the observed inhibition induced by L. infantum ExM in iNKT cell activation 

and expansion.  
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DISCUSSION  

The results of this study indicate that ExM released by L. infantum promastigotes 

affects iNKT cell responses. Although the effect of Leishmania EVs in other host immune 

cells such as monocytes and DCs has already been addressed by others (52), here we were 

interested in iNKT cells, a particular subset that has not been explored in this context yet.  

A few reports dissected the role of iNKT cells in the resolution of Leishmania 

infection but the conclusions were divergent. Although the majority of the works pointed 

out iNKT cells as one of the players of the host response to the infection (25, 26, 29-31), a 

few others stated that they are dispensable (27, 28). However, there are important 

differences in the experimental settings among the various studies, which might explain 

some of the contradictory observations (27). Thus, although it is tempting to hypothesize 

that iNKT cells might be activated in the early steps of Leishmania infection and modulate 

both innate and adaptive immunity (14, 33), the implication of this cell subset in the course 

of Leishmania infection is still a matter of debate. Therefore, further information is still 

missing and this study adds a new clue to the possible mechanisms of cross-talk between 

iNKT cells and Leishmania promastigotes.  

L. infantum ExM impaired the expansion of iNKT cells in vitro, suggesting that the 

parasite material affects iNKT cells even in the absence of promastigotes. Strikingly, this 

impairment only occurred when L. infantum ExM was incubated in the onset of the cell 

culture together with α-GalCer, which might suggest that the ExM is not able to counteract 

an activator effect already initiated by the agonist. Moreover, L. infantum TLA mirrored the 

effects of the ExM, which was not surprising as the content of the ExM should match at least 

qualitatively with part of the molecules that are present in the TLA. Of note, quantitative 

differences between the ExM and TLA are expected, once the sorting of EVs components is 

thought to be a selective process (40).  

Furthermore, L. infantum ExM modulates the cytokine profile of iNKT cells, leading 

to a decrease of the cytokines detected both intracellularly and in the supernatants upon a 

shorter or a longer period of activation, respectively, with α-GalCer. These results support 

previous studies, where the capacity of EVs released by Leishmania promastigotes to 

modulate the immune response of other host cells was also described (51, 52). For instance, 

the pre-treatment of human monocytes with released by L. donovani dampened the 

response to IFNγ upon parasite infection, by decreasing the release of the proinflammatory 

cytokine TNF-α and, on the other side, inducing the anti-inflammatory cytokine IL-10 (52). 

Moreover, the immunomodulation of host cell responses favoring the establishment of the 

infection was also described for other protozoan parasites, such as Trypanosoma brucei, 

Trichomonas vaginalis and Plasmodium falciparum-infected erythrocytes, (68-71).  

Regarding the mechanism of interaction, our findings indicate that L. infantum 
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ExM affects iNKT cells responses by competition with α-GalCer for CD1d binding. 

Importantly, in the APCs-free assay using plate-bound CD1d, this competition is probably 

justified by the rapid loading of L. infantum ExM onto CD1d, directly blocking the access 

for α-GalCer. However, whether a more complex interaction with CD1d in APCs, dependent 

for instance on the internalization of the ExM by the APCs, might occur was not determined. 

Moreover, although L. infantum ExM did not downregulate the expression of CD1d in BM-

DCs upon 4h of incubation, we cannot exclude that a longer incubation period may 

influence the levels of this molecule. Indeed, the modulation of CD1d expression in the cell 

surface was already described for different pathogens as a mechanism of evasion towards 

iNKT cell recognition. For instance, Leishmania may increase the membrane fluidity and 

promote the disruption of lipid rafts, which relocates CD1d in non-lipid raft regions and 

consequently affects antigen presentation to iNKT cells (72-74). Additionally, other 

pathogens such as herpes simplex virus, human immunodeficiency virus and Chlamydia 

trachomatis were also shown to modify the expression of CD1d by impairing the recycling 

or by the inducing the degradation of this molecule (75-77).  

At least part of the impairment in iNKT cell activation and expansion observed in 

this work is mediated by lipid molecules from Leishmania ExM. Furthermore, both 

vesicular (EVs) and non-vesicular (VDE) fractions led to the same inhibitory effect. These 

observations might have one out of two explanations: 1) the described effects are due to the 

same molecule(s) that is (are) present in both EVs and VDE; 2) there are different molecules 

distributed in EVs and VDE that lead to the same inhibitory outcome. The first hypothesis 

is feasible, since some components of the glycocalyx of Leishmania promastigotes, such as 

GP63 and LPG, can exist as membrane-bound forms or be shed from the cell surface (78, 

79) and thus the same molecule could be found in EVs membrane and also free within VDE. 

However, the second option cannot be excluded, since the differential lipid composition of 

each fraction was not discriminated. Further lipidomic analyses of L. infantum ExM are 

currently ongoing in the laboratory, in order to differentiate the lipid composition of EVs 

and VDE, as it was performed before at a protein level by Santarem et al. (48).  

In conclusion, our findings demonstrate that L. infantum ExM can inhibit iNKT cell 

expansion and activation by competition with agonists for CD1d binding. Importantly, this 

work shed light for the first time on the cross-talk between released material with microbial 

origin and iNKT cells. This opens new perspectives regarding other pathogens that might 

also communicate with iNKT cells through their ExM. Attention should be given to 

microbes that were already proved to synthetize cognate antigens for iNKT cells, such as the 

bacteria Sphingomonas spp. (80, 81) and Borrelia burgdorferi (82). Moreover, as there are 

still very few iNKT cell antagonists identified so far (83, 84), a further characterization of 

the molecules that are present in L. infantum ExM might be beneficial for other usages. 
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FIGURE LEGENDS 
 

Figure 1. iNKT cell expansion was impaired in the presence of ExM released by 

L. infantum promastigotes. A) Representative FACS dot-plots showing the percentage 

of iNKT cells after 8-12 days of cell expansion from PBMCs (1x106 cells/well) in the presence 

of IL-2 and 100 ng/ml α-GalCer in control versus addition of L. infantum ExM in a single 

dose (1x). iNKT cells were double stained with anti-CD3 and PBS57-loaded CD1d-tetramer. 

B) Treatment with L. infantum ExM led to significantly lower percentages of expanded 

iNKT cells when compared with the control. Each symbol represents an individual donor. 

The p values were determined by a Wilcoxon matched-pairs signed rank test and data are 

from 14-24 donors. ***, p≤0.001; ****, p≤0.0001. 

 

Figure 2. L. infantum ExM impaired the cytokine profile of iNKT cells. A) iNKT 

cells from a human iNKT cell line (50,000 cells/well) were incubated in 384-well plates 

with a fixed number of CD1d-transfected C1R cells (25,000 cells/well) previously loaded 

with 5 (left panel) or 25 (right panel) ng/ml α-GalCer alone or in the presence of increasing 

doses (1, 10 and 20x) of L. infantum ExM for 4h. The activation of iNKT cells was measured 

by the assessment of the amounts of GM-CSF in 40h culture supernatants by ELISA. Data 

show mean ± SEM and the results are representative of two independent experiments. Data 

are expressed as percentage of GM-CSF relative to the amounts quantified in the positive 

control (response to CD1d-transfected C1R cells loaded with α-GalCer alone). Negative 

control corresponds to the response of iNKT cells to unloaded CD1d-transfected C1R cells. 

B-C) iNKT cells from a human iNKT cell line (100,000 cells/well) were incubated in 96-well 

plates with a fixed number of CD1d-transfected C1R cells (50,000 cells/well) previously 

loaded with 5 (B-C, upper panel) or 25 (B-C, lower panel) ng/ml α-GalCer alone or in the 

presence of L. infantum ExM, in a single dose (20x) for 2h. Five hours later, cells were 

harvested, extensively washed and the activation of iNKT cells was measured by the 

assessment of the intracellular amounts of IL-4 and IFNγ by flow cytometry. (B) 

Representative plots show IL-4 and IFNγ production in gated iNKT cells from one 

experiment. (C) Bar graphs show mean ± SEM and the results are representative of three 

independent experiments. Data are expressed as percentage of cytokine-producing cells 

relative to the amounts quantified in the positive control (response to CD1d-transfected C1R 

cells loaded with α-GalCer alone). Negative control corresponds to the response of iNKT 

cells to unloaded CD1d-transfected C1R cells. The p values were determined in normalized 

data by an ordinary one-way ANOVA test followed by a Dunn's multiple comparison test, 

comparing with the positive control. *, p≤0.05; **, p≤0.01; ***, p≤0.001; ****, p≤0.0001. 
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Figure 3. L. infantum ExM impaired the activation of iNKT cells by α-GalCer in 

a CD1d-dependent manner. (A-C) Plate-bound mouse CD1d was loaded o/n with 25 

and 100 ng/ml α-GalCer or with increasing doses (1, 10 and 20x) of L. infantum ExM alone 

(A) or a mixture of 25 (B) or 100 (C) ng/ml α-GalCer with increasing doses of L. infantum 

ExM. Then iNKT cells from a murine iNKT cell hybridoma (25,000 cells/well) were added. 

The activation of iNKT cells was measured by the assessment of the amounts of IL-2 in 20h 

culture supernatants by ELISA. Data are expressed as percentage of IL-2 relative to the 

amounts quantified in the positive control (response to plate-bound CD1d loaded with α-

GalCer alone). Negative control corresponds to the response of iNKT cells to unloaded 

plate-bound CD1d. Data show mean ± SEM and they are representative of two independent 

experiments. The p values were determined on normalized data by an ordinary one-way 

ANOVA test followed by Dunn's multiple comparison test, comparing with the negative (A) 

or positive control (B and C). *, p≤0.05; **, p≤0.01; ***, p≤0.001; ****, p≤0.0001. (D) BM-

DCs (100,000 cells/well) were cultured with 100 ng/mL α-GalCer with increasing doses (1, 

10 and 20x) of L. infantum ExM for 4h. Then, cells were stained with anti-mouse CD1d or 

anti-mouse CD1d:α-GalCer (L363) and analyzed by flow cytometry. Data show mean ± SEM 

and they are representative of three independent experiments. 

 

Figure 4. Lipids from ExM released by L. infantum play a role in the 

impairment of iNKT cell activation. A) Plate-bound mouse CD1d was loaded o/n with 

25 ng/ml α-GalCer alone or with increasing doses (4 and 40 µg for EVs and VDE, 4, 40 and 

80 µg for Exo) of lipid extracts from L. infantum ExM. Then iNKT cells from a murine iNKT 

cell hybridoma (25,000 cells/well) were added. The activation of iNKT cells was measured 

by the assessment of the amounts of IL-2 in 20h culture supernatants by ELISA. Data are 

expressed as IL-2 release relative to the amounts quantified in the positive control (response 

to plate-bound CD1d loaded with α-GalCer alone). Negative control corresponds to the 

response of iNKT cells to unloaded plate-bound CD1d. Data show mean ± SEM and they are 

representative of two independent experiments. The p values were determined in 

normalized data by an ordinary one-way ANOVA test followed by Dunn's multiple 

comparison test, comparing with the positive control. ****, p≤0.0001. B-C) PBMCs (1x106 

cells/well) were incubated in the presence of IL-2 and 100 ng/ml α-GalCer in control versus 

addition of total lipid extracts from L. infantum ExM in a single dose (40 µg). After 12 days 

of cell culture, cells were harvested, extensively washed, double stained with anti-CD3 and 

PBS57-loaded CD1d-tetramer and analyzed by flow cytometry. Panel B shows 

representative dot-plots of one donor. Panel C shows data from 3 donors, in which each 

symbol corresponds to an individual donor.  
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Figure 4 
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SUPPLEMENTAL FIGURES  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. iNKT cell expansion was impaired in the presence of L. infantum 

TLA but hEVs had no effect. A) Representative FACS dot-plots showing the percentage 

of iNKT cells after 8-12 days of cell expansion from PBMCs (1x106 cells/well) in the presence 

of IL-2 and 100 ng/ml α-GalCer in control versus treatment with a single dose (1x) of L. 

infantum TLA and hEVs. iNKT cells were double stained with anti-CD3 and PBS57-loaded 

CD1d-tetramer. B) Treatment with TLA but not hEVs led to significantly lower percentage 

of expanded iNKT cells when compared with the control. Each symbol represents an 

individual donor. The p values were determined by a Wilcoxon matched-pairs signed rank 

test and data are from 14 donors. ***, p≤0.001. 
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Figure S2. ExM released by L. infantum did not affect conventional T cells. The 

frequency of CD4+ (A) and CD8+ (B) T cells after cell culture for iNKT cell expansion from 

PBMCs in the presence of IL-2 and 100 ng/ml α-GalCer and a single dose (1x) of L. infantum 

ExM is not altered when compared with the control condition. The percentage of CD4+ and 

CD8+ T was determined by flow cytometry among the population CD3+ PBS57-loaded 

CD1d-tetramer-. Each symbol represents an individual donor and data are from 14-24 

donors. 
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Figure S3. The effect of L. infantum ExM was dependent on the time-frame of 

the treatment. Representative FACS dot-plots showing the percentage of iNKT cells after 

12 days of cell expansion in the presence of IL-2 and 100 ng/ml α-GalCer in control versus 

treatment with L. infantum ExM in a single dose (1x) added at day 1 or 4 or 8 of culture. 

iNKT cells were double stained with anti-CD3 and PBS57-loaded CD1d-tetramer at day 12. 

Panel A shows representative dot-plots of one donor and panel B data show mean ± SEM. 

The p values were determined by Friedman test and data are from three donors. *, p≤0.05. 
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Figure S4. L. infantum TLA but not hEVs impaired the activation of iNKT cells 

by α-GalCer in a CD1d-dependent manner. Plate-bound mouse CD1d was loaded o/n 

with 25 and 100 ng/ml α-GalCer or increasing doses (1, 10 and 20x) of L. infantum TLA or 

hEVs alone (A) or with a mixture of 25 (B) or 100 (C) ng/ml α-GalCer with increasing doses 

of TLA or hEVs. Then iNKT cells from a murine iNKT cell hybridoma (25,000 cells/well) 

were added. The activation of iNKT cells was measured by the assessment of the amounts 

of IL-2 in 20h culture supernatants by ELISA. Data are expressed as percentage of IL-2 

relative to the amounts quantified in the positive control (response to plate-bound CD1d 

loaded with α-GalCer alone). Negative control corresponds to the response of iNKT cells to 

unloaded plate-bound CD1d. Data show mean ± SEM and they are representative of two 

independent experiments. The p values were determined on normalized data by an ordinary 

one-way ANOVA test followed by Dunn's multiple comparison test, comparing with 

negative (A) or the positive control (B and C). *, p≤0.05; ***, p≤0.001; ****, p≤0.0001. 
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2.2 Additional results  
Along the way in the study of the effect of L. infantum ExM in iNKT cells that was 

described in the section 2.1, we generated additional data in order to tackle different points 

that contributed to the progression and to a better understanding of the overall picture. 

Regarding the assays of iNKT cell expansion from human PBMCs, we carried out the 

analysis of L. infantum ExM effect in the overall cell viability, in the capacity of T cells to 

divide and also in the frequency of APCs present in the culture. Moreover, we optimized a 

protocol to isolate and quantify total lipid extracts from each fraction of L. infantum ExM 

and total Leishmania antigens (TLA), in order to perform the functional assays of iNKT cell 

activation that were described in the previous section. Finally, we also addressed the 

contribution of the protein content of L. infantum ExM for its inhibitory effect in iNKT cell 

activation.  

Although we have decided to not include these data in the paper to be submitted, 

they are noteworthy for an in-depth discussion of the major results of this work and for that 

reason they will be presented below.  

 

 

Material and methods 
 

Biological samples 

 Blood samples were collected from healthy donors at the Etablissement Français du 

Sang, Paris, France and at the Blood Bank of Hospital de São João, Porto, Portugal. 

Experiments were performed in accordance with the Helsinki Declaration. The PBMCs used 

were isolated from the blood by density-gradient centrifugation (Histopaque-1077, Sigma).  

 

Parasites 

A cloned line of virulent L. infantum (MHOM/MA/67/ ITMAP-263) was maintained 

by weekly subpassages at 26°C in RPMI 1640 medium supplemented with 10% heat-

inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 µg/ml streptomycin, and 20 

mM HEPES (all from Lonza). Only promastigotes up to 10 passages were used in these 

experiments (Moreira et al., 2012). Before ExM recovery, parasites were transferred to 

cRPMI, a protein deprived medium constituted by RPMI base supplemented with SDM 

base and hemin, which was previously optimized for the study of the L. infantum ExM 

(Santarem et al., 2014). The starting inoculum for all cultures was 1x106 parasites/ml.  
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Preparation of L. infantum ExM  

The ExM released by L. infantum were isolated as described previously (Santarem et 

al., 2013). Briefly, logarithmic promastigotes were grown in cRPMI for 4 days. The parasites 

were quantified and removed of the culture supernatant by centrifugation and filtration 

through a 0.45 µm filter. To recover total ExM (herein referred as Exo), the filtrated 

supernatant was concentrated in a centrifugal filter unit with a nominal membrane 

molecular weight limit (NMWL) of 3 kDa. To recover EVs, the filtrated supernatant was 

concentrated in a 100 kDa NMWL centrifugal filter unit and ultracentrifuged overnight at 

100,000 g, 4ºC. The volume that passed through the 100 kDa filter was further concentrated 

in a 3 kDa NMWL centrifugal filter unit, in order to obtain the VDE. These 3 preparations 

were dialyzed twice against PBS and suspended in a final volume of PBS adjusted to the 

mass of parasites determined before supernatant recovery to a theoretical concentration of 

1x107 parasites/µl. Each final preparation was filtered using a 0.2 µm filter. The main steps 

of this protocol are depicted in Figure 22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 22 Diagram representing the steps for the isolation of each preparation of L. 
infantum extracellular material (ExM): extracellular vesicles (EVs), vesicle-depleted ExM 

(VDE) and total ExM (Exo).  
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Human iNKT cell expansion assay 

Human PBMCs were cultured in 24-well plates (Falcon) at a density of 1x106 cells per 

well in RPMI 1640 medium containing 100 U/ml penicillin, 100 µg/ml streptomycin, 10% 

heat-inactivated FBS, 200 mM glutamine, and 10 mM HEPES (all from Lonza) with 100 

ng/ml α-GalCer (Avanti) as previously described (Moreira-Teixeira et al., 2011; Moreira-

Teixeira et al., 2012).  

When indicated, L. infantum EVs, VDE and Exo (referred altogether as the L. 

infantum ExM), TLA or EVs isolated from BxPC-3 cell line (herein designed by heterologous 

EVs, hEVs) were added in the onset of the culture in a dose of 1x or 5x. The volume 

corresponding the dose of 1x was determined as the quantity that allows to see an effect in 

iNKT cell expansion without affecting overall cell viability; that was 8 µl of each preparation 

in a final volume of 2ml. Twenty hours later, 100 U/l rhIL-2 (kindly provided by the 

National Cancer Institute) was added. In the experiments to track cell division, human 

PBMCs were labeled with 5 𝜇M carboxyfluorescein diacetate succinimidyl ester (CFSE) 

before being cultured (Moreira-Teixeira et al., 2012). After 8-12 days, cells were harvested, 

extensively washed and viable cells were counted by trypan blue dye exclusion. Cells were 

further stained and analyzed by flow cytometry.  

 

Flow cytometry 

Cell viability was assessed using 7-AAD Viability Staining Solution (Sigma) at the end 

of the cell culture and also at day 1 and 2 when indicated.  

Surface staining for the analysis of APCs was performed in PBS containing 2% FBS 

and 0.01% NaN3, using PE-labeled anti-CD14, APC-labeled anti-CD19 (both from 

eBioscience), PE-Cy7-labeled anti-BDCA-1 and PB-labeled anti-BDCA-3 (both from 

Miltenyi Biotec). 

Surface staining after the iNKT cell expansion assay was performed in PBS containing 

2% FBS and 0.01% NaN3, using PBS57-loaded CD1d-tetramers (kindly provided by the 

National Institutes of Health Tetramer Core Facility), and the following anti-human directly 

conjugated monoclonal antibodies: PE-Cy7-labeled anti-CD3, APC-Cy7-labeled anti-CD4 

and PB-labeled anti-CD8 (eBioscience). 

Data were acquired on a FACS Canto II flow cytometer using the FACS Diva software 

(BD Biosciences) and analyzed with FlowJo software version 9.7.7. 

 

Lipid extraction and quantification 

The total lipid content from L. infantum ExM was isolated by the Bligh and Dyer 

method (Bligh and Dyer, 1959) after sonication. The lower organic phase was dried under a 

stream of nitrogen at 40ºC and the samples were kept at -20ºC until quantification.  



II. OBJECTIVES AND RESULTS 

	162 

The total lipid content of each sample was assessed by the sulpho-phospho-vanillin 

colorimetric assay (Osteikoetxea et al., 2015). Lipid extracts were solubilized in chloroform 

and incubated at 90ºC in a heater block until solvent evaporation. In parallel, crescent 

concentrations of cholesterol (Sigma-Aldrich) dissolved in chloroform were equally treated 

in order to be used as standard. Then 96% sulfuric acid was added and the samples were 

incubated at 90ºC for 20 min. After this step, samples were kept at 4ºC for 4 min and 

0.2mg/mL vanillin in 17% phosphoric acid was added. Samples were then incubated at 

room temperature for 10 min and absorbance was measured at 540 nm in a Synergy 2 Multi-

Detection Microplate Reader (BioTek Instruments) using the Gen5 software. Lipids were 

finally re-dried and stocked at -20ºC to be further used in functional assays. A diagram 

summarizing the steps of lipid quantification is depicted in Figure 23. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23 Diagram representing the steps for lipid quantification by sulpho-phospho-
vanillin colorimetric assay. Lipids from the extracellular material (ExM) released from L. 

infantum are extracted by the method of Bligh and Dyer and dried under nitrogen, before being 

quantified and redried until further use in functional assays. 
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iNKT cell activation assay 

In order to eliminate the protein content, each preparation of L. infantum ExM was 

treated with 100 µg/ml proteinase K (Merck) at 37ºC for 30 min. The samples were then 

incubated at 90ºC for 10 min to promote enzyme inactivation. The protein content of 

treated samples was analyzed by SDS-PAGE. These proteinase K-treated samples and the 

respective untreated controls were used in iNKT cell activation assay with plate-bound 

CD1d. Soluble mCD1d kindly provided by the NIH tetramer core facility), CD1d was 

immobilized on 384-well Maxisorp treated microplates (Nunc). After overnight incubation 

at 37°C, a mixture of 25 ng/ml α-GalCer and L. infantum ExM (1, 10 and 20x), pre-treated 

or not with proteinase K, were added for 24h. After an extensive wash, iNKT cells from 

nurine iNKT cell hybridoma were added and incubated for 20h. Culture supernatants were 

recovered and IL-2 concentration was determined by ELISA using the purified and 

biotinylated anti-IL-2 mAbs (Biolegend). Cells were harvested and their viability was 

accessed by flow cytometry.  

 

Statistical Analysis  

Statistical significance of the differences between the data sets was assessed using 

GraphPad Prism 6. To compare data from lipid quantification, Kruskal-Wallis test followed 

by Dunn's multiple comparison were used. To compare data from iNKT cell activation 

obtained in plate-bound mCD1d assays, one-way ANOVA test followed by Dunn's multiple 

comparison test were used. All p-values were two-tailed and the statistical significance level 

was defined as a p≤0.05.  
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Results and discussion 
  

Effect of L. infantum ExM in human iNKT cell expansion ex vivo 

For the initial steps in the analysis of our first question regarding the possible cross-

talk between L. infantum ExM and iNKT cells, we took advantage of a system for ex vivo 

iNKT cell expansion from human PBMCs, since it allowed a simple and direct scanning. In 

preliminary experiments, by the incubation of increasing doses of L. infantum EVs in the 

cell culture with α-GalCer and IL-2, we observed the impairment of iNKT cell expansion 

with a minimum dose that we considered onward from that moment as “1x” (data not 

shown). Then, we confirmed that the co-culture of L. infantum ExM in that dose did not 

compromise the overall cell viability in the first days and at the end of the cell culture, 

contrary to the higher dose of “5x” (Figure 1). For that reason, the concentration of “1x” 

was established as the maximum dose to be used in the assays with human PBMCs, once it 

allowed to observe an effect of L. infantum ExM in iNKT cells in culture without affecting 

cell viability.  

 Next, we aimed to investigate whether L. infantum ExM could modify iNKT cell 

expansion. For that, PBMCs were labeled with CFSE before being cultured with α-GalCer 

and IL-2 in the presence of parasite released material and the dilution of CFSE labeling was 

analyzed at the end of the culture. In two independent assays, the low frequency of iNKT 

cells obtained in the presence of L. infantum ExM divided as much as the control (Figure 

2). This suggests that although iNKT cells were unable to significantly expand in the 

presence of L. infantum ExM (Figure 1, section 2.1), a small fraction could divide normally, 

similar to what was verified for CD4+ and CD8+ T cells. Taking into account the observations 

that L. infantum ExM bind CD1d molecules (Figure 3, section 2.1), we can hypothesize that 

the division of this small iNKT cell fraction resulted from the ability of some α-GalCer 

molecules to bind CD1d. The minimum α-GalCer/CD1d complexes formed were capable of 

inducing the proliferation of a limited number of iNKT cells. 

Lastly, we analyzed whether the APCs present in PBMCs could be affected by the 

parasite ExM during iNKT cell expansion. For that, a surface staining to identify the major 

subsets of APCs, namely DCs, B cells and monocytes, was performed in different days of the 

cell culture (Figure 3). We observed that L. infantum ExM did not alter the frequency of 

any subset over time. However, the expression of CD1d or the capacity of these different 

cells to present antigens to iNKT cells in the presence or not of L. infantum ExM were not 

evaluated. Therefore, a further analysis is still missing to ascertain the effect of the material 

released by the parasite in the different APCs.  

Importantly, although the system of iNKT cell expansion allowed to obtain the first 

clues about a potential role of L. infantum ExM in iNKT cells, there are several issues 
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associated to this experimental approach. One of the major challenges in the work with 

human iNKT cells is the fact that their frequency as well as the yield of the ex vivo expansion 

might vary significantly among different healthy subjects (Gumperz et al., 2002). 

Furthermore, this optimized system to favor iNKT cell expansion is likely to be highly 

dynamic over time and it depends on a mixture of APCs present in the whole PBMCs, which 

is also expected to be variable. Therefore, we also took advantage of other tools, namely 

iNKT cell lines and soluble CD1d or isolated populations of APCs, to tackle the subsequent 

questions of this work. 

 

Effect of L. infantum ExM in iNKT cell activation in vitro 

After having observed that L. infantum ExM also impacted the cytokine profile of 

iNKT cells and that its effect was dependent on the competition with α-GalCer for CD1d 

binding (Figure 2 and 3, section 2.1), we decided to isolate the total lipids from each 

preparation and to test them in functional assays (Figure 4, section 2.1). This step required 

a previous optimization of a protocol for the extraction and for the quantification of total 

lipids in the samples (Bligh and Dyer, 1959; Osteikoetxea et al., 2015). Although the 

quantification was extremely valuable, in order to use equivalent amounts of lipids from 

each sample in the assays of iNKT cell activation and iNKT cell expansion, this technique 

has some caveats. For instance, the yield of the extraction is unknown because it is not 

possible to measure the initial amount of lipids, as the quantification relies on a colorimetric 

determination and the samples of L. infantum ExM are colored before being extracted due 

to the hemin that precipitates in the medium during the parasite growth. On the other side, 

the values that were obtained for lipid extracts from L. infantum ExM and TLA in 

independent determinations were within the same range, giving an internal control of the 

determinations (Figure 4). Therefore, the use of more refined techniques would be 

extremely useful in the study of the lipids present in L. infantum ExM, as it will be further 

discussed in the next part of this thesis. 

Finally, we also aimed to analyze whether the proteins present in the L. infantum 

ExM contribute to the inhibitory effect in iNKT cell activation. To test this hypothesis, we 

chose an “inverse” approach, eliminating the proteins of each preparation of ExM with 

proteinase K before analyzing their effect in iNKT cell activation assays (Figure 5). To 

confirm that the treatment with proteinase K removed the proteins of each sample, an 

analysis by SDS-PAGE was performed upon the incubation with the enzyme. In the lane of 

VDE and mostly in the one of Exo, it was still possible to detect a band between 45 and 66.2 

kDa, indicating that some protein(s) remained upon the proteinase K treatment. This can 

be due to the fact that these samples are very complex and therefore difficult to be 

completely digested enzymatically and/or the digested material might aggregate and not 
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run properly in the gel. Furthermore, in the activation assay with plate-bound CD1d, L. 

infantum ExM pre-treated or not with proteinase K impaired the activation of iNKT cells 

induced by α-GalCer, suggesting that the inhibitory effect of L. infantum ExM is 

independent of proteins. This is congruent with the previous descriptions in literature 

indicating that CD1d binds lipid or glycolipid antigens and that iNKT cell TCR is responsive 

to this kind of molecules rather than proteins (Vartabedian et al., 2016). Overall, although 

we cannot fully discard the presence of proteins in the samples, these results suggest that, 

contrary to lipids, proteins are not essential to the inhibitory effect observed with the whole 

L. infantum ExM. 

 

 

Concluding remarks 
The set of experiments presented above was helpful to drive some of the experiments 

described in the section 2.1. Despite the limitations of the results obtained using in vitro 

iNKT cell expansion and iNKT cell activation by plate-bound CD1d molecules, they shed 

new lights on the possible effect of L. infantum ExM in immune cells, namely iNKT cells, 

during human infections.  

A global discussion of all results described in these two sections will be present at 

the next part of this thesis.  

 
  



II. OBJECTIVES AND RESULTS 

	 167 

Figures 

 

 

 

 
 

 

Figure 1 Cell viability in different time-points of the iNKT cell assay in the 

presence of L. infantum ExM, TLA and hEVs. The percentage of the viable cells in 

culture was determined at day 1, 2 and 13 using 7-AAD. Human PBMCs were cultured in 

the presence of IL-2 and α-GalCer in the control condition or IL-2, 100 ng/ml α-GalCer and 

2 doses (1x and 5x) of ExM from L. infantum promastigotes (on the left) or L. infantum TLA 

or hEVs (on the right). Each symbol represents an individual donor and the horizontal bars 

represent the mean values.  
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Figure 2 Tracking of cell division in the assay of iNKT cell expansion in the 

presence of L. infantum EVs. The cell division of conventional CD4+ and CD8+ T cells 

and of iNKT cells was tracked by CFSE labeling. Human PBMCs were labeled with 5 𝜇M 

CFSE and they were then cultured in the presence of IL-2 and 100 ng/ml α-GalCer in the 

control condition (Control) or IL-2, α-GalCer and a single dose (1x) of EVs from L. infantum 

promastigotes (EV) for 9 days. At the end of the cell culture, cells were harvested, 

extensively washed and stained to further flow cytometry analysis. Upper and lower panels 

correspond to data from two independent experiments, with two different donors.  
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Figure 3 Frequency of different antigen-presenting cells (APCs) during time in 

the iNKT cell expansion assay. The percentage of monocytes (CD14+), B cells (CD19+) 

and conventional dendritic cells (DCs; BDCA-1+ and BDCA-3+) at day 1, 2, 3, and 6 of cell 

culture is plotted in the graphics. Human PBMCs were cultured in the presence of IL-2 and 

100 ng/ml α-GalCer in the control condition (C) or IL-2, α-GalCer and a single dose (1x) of 

EVs from L. infantum promastigotes (EV). Conventional DCs were gated among CD14- and 

CD19- and they were then determined as BDCA-1+ or BDCA-3+ and HLA-DR+. The graphics 

correspond to 2 independent experiments and each symbol represents an individual donor. 

The horizontal bars represent the mean values.  
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Figure 4 Lipid quantification of L. infantum ExM and TLA. The total lipids of L. 

infantum ExM and TLA were extracted by the method of Bligh and Dyer and quantified by 

the sulfo-phospho-vanillin assay. Data are expressed as 𝜇g of lipid determined in the assay 

by 𝜇l of each preparation of L. infantum ExM and TLA used for extraction. The p values 

were determined by a Kruskal-Wallis test followed by a Dunn's multiple comparison test. 

The horizontal bars represent the mean values. **, p≤0.01; ****, p≤0.0001.  
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Figure 5 Effect of L. infantum ExM after protein digestion in iNKT cell 

activation. L. infantum ExM was treated with 100 𝜇g/ml proteinase K for 30 min at 37ºC 

and then the enzyme was inactivated by heating for 10 min at 90ºC. The protein content 

was verified by SDS-PAGE, comparing the sample before and after proteinase K digestion 

(upper panel). Then, plate-bound mouse CD1d was loaded o/n with 25 ng/ml α-GalCer 

alone or with increasing doses (1, 10 and 20x) of L. infantum ExM, untreated (lower panel, 

left) or after digestion with proteinase K (lower panel, right). In the latter condition, 

negative (unloaded CD1d) and positive (CD1d loaded with α-GalCer alone) were also 

incubated with the same amount of proteinase K used for the digestion in order to control 

the effect of the enzyme. Then iNKT cells from a murine iNKT cell hybridoma were added. 

The activation of iNKT cells was measured by the assessment of the amounts of IL-2 in 20h 

culture supernatants by ELISA. Data are expressed as percentage of IL-2 detected in culture 

supernatants from positive control. Data show mean ± SEM and they are representative of 

two independent experiments. The p values were determined on normalized data by an 

ordinary one-way ANOVA test followed by Dunn's multiple comparison test, comparing 

with the positive control. ****, p≤0.0001.
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1. Modulation of iNKT cell cytokine profile: can L. infantum ExM silence 
iNKT cells? 

Our observations reporting the immunomodulatory effect of L. infantum ExM in the 

cytokine profile of iNKT cells support the previous works that pointed out the relevance of 

parasite-derived EVs in the subversion of host immune responses. Indeed, EVs released by 

pathogens might act as messengers of intercellular communication, and they are likely to 

promote the creation of a “safe niche” more prone to the infection, priming host cells before 

the pathogen arrival (Silverman and Reiner, 2011; Twu and Johnson, 2014). Regarding 

Leishmania, it was already shown that EVs released by promastigotes can impair 

inflammatory responses of host cells, namely macrophages, monocytes and DCs (Silverman 

et al., 2010a; Silverman et al., 2010b). Moreover, Leishmania EVs were also associated with 

the exacerbation of the infection when they were administered in mice models prior to 

(Silverman et al., 2010b) or alongside the parasite (Atayde et al., 2015), which also argues 

for their pro-parasite role. Of note, EVs released by T. cruzi and T. vaginalis were also 

shown to downmodulate host immune responses (Trocoli Torrecilhas et al., 2009; Twu et 

al., 2013).  

In this work, we tackled the influence of microbe EVs in iNKT cell responses for the 

first time. In this context, it is tempting to hypothesize that “silencing” the capacity of iNKT 

cells to produce cytokines would influence the response of other immune cell subsets whose 

activation is dependent on activated iNKT cells and that could be crucial for the control of 

the parasite. For instance, the blocking of IFNγ production by iNKT cells might contribute 

to the impairment of the activation of macrophages (Nakagawa et al., 2000), DCs (Naumov 

et al., 2001), NK cells (Carnaud et al., 1999) and also conventional T cells (Eberl et al., 

2000). Furthermore, besides IFNγ, IL-4 production was also impaired by L. infantum EVs. 

The inhibition of the secretion of both Th1 and Th2 cytokines by Leishmania EVs was also 

described for human mo-DCs cultured with L. donovani EVs (Silverman et al., 2010b). 

Thus, although we did not determine which signaling pathways are affected in the presence 

of L. infantum ExM, our results suggest that this material is likely to induce a broad 

inhibition in host cells.  

While definitive evidence for a protective role for iNKT cells during Leishmania 

infection is still missing, our findings suggest that their silencing is a mechanism of immune 

escape developed by the parasite. As such, our work supports the notion that iNKT cells play 

a host-protective role during Leishmania infection. Nevertheless, future research should 

provide conclusive evidence on whether these cells are required for the resolution of 

Leishmania infection, either directly or by activation of other immune cells.  
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2. Escaping CD1d-mediated activation of iNKT cells through L. infantum 
ExM: a step further towards immune evasion? 

The modulation of CD1d-mediated antigen presentation has been described for 

different pathogens as an important mechanism of immune evasion. For instance, herpes 

simplex virus (HSV) type 1 promotes the redistribution of endocytosed CD1d in the 

lysosome membrane and impairs the trafficking of newly synthesized CD1d to the cell 

surface, leading to the reduction of CD1d expression in the surface of APCs (Yuan et al., 

2006). In a similar way, the viral protein U (Vpu) of HIV-1 interacts with CD1d and 

promotes its retention in early endosomes, impairing the recycling and thus the expression 

of this molecule in the cell membrane (Moll et al., 2010). A different mechanism was 

described for EBV, which induces the expression of the heavily glycosylated protein gp150 

at the cell membrane, creating a shield that hinders its interaction with TCRs (Gram et al., 

2016). Additionally, the chlamydial proteasome-like activity factor (CPAF) of Chlamydia 

trachomatis interacts with CD1d and promotes its proteasomal degradation (Kawana et al., 

2007). Regarding Leishmania, the infection with L. donovani was associated with the 

increase of membrane fluidity and disruption of lipid rafts, which causes the relocation of 

CD1d molecules from membrane lipid rafts to non-lipid raft regions, impairing antigen 

presentation (Chakraborty et al., 2005; Karmakar et al., 2011; Park et al., 2005).  

Our data also suggest that the effect of L. infantum ExM is dependent on the 

impairment of CD1d-mediated activation of iNKT cells. Indeed, the assays using plate-

bound CD1d (Gumperz et al., 2000) and the antibody L363 (Yu et al., 2012; Yu et al., 2007) 

indicated that L. infantum ExM may compete with iNKT cell agonists, such as α-GalCer, for 

CD1d binding. However, it remains undetermined whether L. infantum ExM acts only by 

direct binding to CD1d at the cell surface or whether L. infantum ExM might be internalized 

by APCs and loaded within the cell. Indeed, EVs from different parasites such as L. 

donovani (Silverman et al., 2010b), T. vaginalis (Twu et al., 2013) and P. falciparum-

infected cells (Mantel et al., 2013) can be internalized by host cells. On one side, the results 

in the free-APC system using plate-bound CD1d suggest that the parasite material can be 

directly loaded onto CD1d without the need of internalization, acting by blocking the access 

of agonists to this presenting molecule. Moreover, when BM-DCs were incubated for 4h 

with crescent doses of L. infantum ExM, the expression of CD1d was not altered, which 

suggested that in these conditions the ExM impairs the loading of agonist onto CD1d 

independently of the modulation of CD1d expression. However, we did not evaluate the 

expression of CD1d in the surface of APCs upon longer periods of exposition to L. infantum 

ExM. Therefore, we cannot discard that the parasite material could influence the 

intracellular trafficking of CD1d and thus impairing its function. This would not be 

surprising, as it is known that Leishmania parasites have developed mechanisms of 
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immune evasion dependent on the subversion of MHC class II-mediated presentation of 

parasite antigens to conventional T cells (De Souza Leao et al., 1995; Fruth et al., 1993; Kima 

et al., 1996). 

Furthermore, the internalization of L. infantum ExM might alter its effects on iNKT 

cells upon antigen processing and/or intracellular loading onto CD1d (Bai et al., 2009; Im 

et al., 2009; Prigozy et al., 2001; Salio et al., 2010). In fact, some molecules need to be 

processed to become antigenic for iNKT cells (Kinjo et al., 2011; Prigozy et al., 2001). 

Additionally, other molecules might be presented more efficiently after intracellular 

loading, as it was observed for α-GalCer (Kang and Cresswell, 2004). In the case of 

Leishmania derived lipids, if we conjecture, for instance, LPG as a potential antigen for 

iNKT cells, the need for processing is highly probable. LPG is composed by a saturated chain 

containing 24-26 carbons (Ferguson, 1999), which is within the range of α-GalCer that is 

formed by two carbon chains containing 18 and 26 carbons (Morita et al., 1995). However, 

LPG also contain a very complex glycan core, which is likely to be too bulky to allow the 

interaction with iNKT cell TCR. Thus, as a potential iNKT cell antigen, LPG likely requires 

internalization and processing by APCs before recognition by iNKT cells. 

Finally, although we focused our attention on the effects of L. infantum ExM in 

CD1d-mediated iNKT cell activation, we cannot discard the possibility that indirect 

mechanisms of activation could also be affected. For instance, we did not assess whether L. 

infantum ExM could downmodulate the activation of APCs by impairing TLR signaling 

pathways. This could affect the release of IL-12 and IL-18 by APCs and thus impact a 

possible process of iNKT cell activation mediated by these cytokines (Kitamura et al., 1999; 

Leite-De-Moraes et al., 1999). Furthermore, we also cannot discard the hypothesis that L. 

infantum ExM could modulate the production of self-antigens by APCs, with consequences 

in iNKT cell activation (Brigl et al., 2011).  
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3. Effect of L. infantum ExM in iNKT cell responses through the 
disruption of the axis promastigote-derived ExM–APCs–iNKT cells: 
who, where and when? 

Based on the observations that L. infantum ExM modulates the presentation of 

antigens to iNKT cells by a CD1d-dependent mechanism, it is tempting to ask “who” are the 

cells, among the CD1d-expressing APCs, that could be affected by the ExM with implications 

in iNKT cell activation. The determination of the major CD1d-expressing APCs that activate 

iNKT cells in vivo is still a matter of debate. Indeed, different cell subsets have been 

proposed, such as CD8α+DEC-205+ DCs in the spleen (Arora et al., 2014), Kupffer cells in 

the liver (Lee et al., 2010a) and CD169+ macrophages in the lymph nodes (Barral et al., 

2010). Moreover, B cells were also shown to be capable of presenting antigens to human 

iNKT cells, taking an important role in the homeostasis of these cells (Bosma et al., 2012). 

On the other side, it is well-established that different subsets of DCs are crucial for the 

outcome of Leishmania infection (Ashok and Acha-Orbea, 2014). For instance, Langerhans 

cells and mo-DCs can uptake the parasites and transport their antigens to the draining 

lymph nodes, where they prime T cells (Leon et al., 2007; Moll et al., 1993). Moreover, 

conventional DCs resident in lymph nodes can also uptake soluble antigens that traffic from 

the skin through the lymph (Iezzi et al., 2006). However, evidence is still lacking as to 

whether any of these subsets do indeed present Leishmania antigens to iNKT cells during 

an actual Leishmania infection in vivo. 

In the context of this work, it is important to discuss where L. infantum ExM could 

encounter the APCs, leading to the disruption of iNKT cell activation by those cells. We can 

hypothesize that upon being co-egested along with promastigotes during the sandfly blood 

meal in the skin of the mammalian host (Atayde et al., 2015), ExM from L. infantum 

promastigotes could be taken up by APCs in the skin or they could traffic to lymph nodes 

through the lymph. Interestingly, it was recently demonstrated that upon intradermal 

injection in mouse models, EVs can be efficiently transported through the lymph and can 

traffic and accumulate in organs such as the lymph nodes, spleen and kidney. Moreover, 

part of the inoculum can be retained and accumulate at the injection site (Srinivasan et al., 

2016). Thus, we can hypothesize that L. infantum ExM, upon entry in the mammalian host, 

could be concentrated in strategic sites as the skin and lymph nodes, where it impairs APC 

function and consequently iNKT cell activation. Indeed, a specific population of iNKT cells 

was already identified in the skin and in the peripheral lymph nodes (Doisne et al., 2009).  

On the other hand, although they are mainly tissue-resident, iNKT cells can be 

recruited to specific organs upon infection by different microbes (Slauenwhite and 

Johnston, 2015). For instance, Griewank et al. observed the recruitment of iNKT cells to the 

skin and lymph nodes upon L. major infection (Griewank et al., 2014). Moreover, 
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considering the visceral forms of the infection, iNKT cells were shown to be recruited to the 

liver upon L. donovani infection, where they support an environment favorable to the 

resolution of the infection (Robert-Gangneux et al., 2012). However, there is no information 

indicating that EVs derived from promastigotes injected in the skin might traffic and keep 

their integrity until reaching visceral organs such as the liver.  

Overall, the cross-talk between L. infantum ExM, APCs and iNKT cells is likely to 

occur in an initial phase of parasite invasion, when it is expected that iNKT cells and the 

promastigote-derived ExM are more important to the course of the infection. Indeed, it is 

expected that the parasite ExM contacts with APCs right after being inoculated in the host. 

Additionally, although we do not know the stability of EVs in vivo, it is likely that they are 

more stable as soon as they are injected in the skin of the host. Furthermore, the importance 

of iNKT cells in this situation is also likely to be linked to their effect in the orchestration of 

the initial response of other immune cell subsets, through their capacity to be rapidly 

activated upon infection. 

Moreover, although we have only studied the ExM released by promastigotes, 

intracellular amastigotes, which could reach the extracellular space upon rupture of the host 

cell, are likely to be capable of releasing EVs as well. Additionally, infected host cells can 

also release EVs carrying molecules from the parasite, as it was already shown in a previous 

work (Hassani and Olivier, 2013). In this latter situation, one can also think in the 

possibility of cross-dressing (Leavy, 2011). Indeed, it was previously shown that DCs can 

release EVs bearing preformed peptide-MHC complexes, which once taken up by naïve DCs 

can promote the activation of T cells (Andre et al., 2004; Thery et al., 2002). Therefore, we 

can speculate that infected cells could release EVs bearing Leishmania lipid-CD1d 

complexes, which could in turn interact with iNKT cells upon being taken up by other APCs. 

Considering these hypotheses, the encountering possibilities between Leishmania ExM and 

iNKT cells increase.  
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4. Delivery of lipid messages from Leishmania promastigotes to iNKT 
cells: which molecules are present in L. infantum ExM? 

Beyond GP63, other virulence factors such as EF-1α (Silverman et al., 2010a), as 

well as nucleic acids such as mRNA and miRNA (Lambertz et al., 2015), were identified as 

cargo of Leishmania EVs. It is also highly probable that many other unidentified molecules 

may be involved in the effects of those EVs in host cells. Importantly, to the best of our 

knowledge, there is no study concerning the lipid content of Leishmania EVs. 

In our work, the effect of L. infantum ExM was shown to be mediated, at least in 

part, by lipid components. This was not surprising, as most of the iNKT cell antigens 

described so far are glycolipids and some of them have microbial origin (Albacker et al., 

2013; Fischer et al., 2004; Ito et al., 2013; Kinjo et al., 2011; Kinjo et al., 2006; Kinjo et al., 

2005; Lotter et al., 2009; Mattner et al., 2005). Strikingly, the production of non-antigenic 

molecules as a mechanism of immune evasion was developed by a few microbes to avoid 

iNKT cell responses. For instance, beyond the molecules synthetized by B. burgdorferi and 

Sphingomonas spp. that were shown to be cognate antigens to iNKT cells (Kinjo et al., 

2006; Kinjo et al., 2005; Mattner et al., 2005; Sriram et al., 2005), it was further described 

that these bacteria also produce other molecules that, despite binding CD1d, are not 

antigenic for iNKT cells, thus contributing to the impairment of the activation of these cells 

(Kinjo et al., 2008; Wang et al., 2010).  

The observation that the effects of EVs were mimicked by VDE was against our 

initial hypothesis considering that the transport of material by EVs should be an advantage 

to the delivery of effector molecules to host cells. Indeed, in theory, EVs allow an efficient 

packaging of the released cell material, avoiding the dilution of those molecules in the 

extracellular environment and contributing to an effective transport through body fluids 

(Wolf and Casadevall, 2014). However, we did not evaluate the influence of L. infantum EVs 

and VDE in iNKT cells in vivo and, therefore, it remains undetermined whether both 

fractions can reach APCs and affect iNKT cell responses with the same efficiency. Moreover, 

Leishmania Exo, corresponding to EVs and VDE isolated together, yielded the same 

inhibitory effects observed for EVs and VDE individually. Although the study of EVs and 

VDE was important to our attempts to detect potential differences between those fractions, 

the study of Exo is likely to be more relevant in a biological context in which EVs and VDE 

are not separated and act together.  

Furthermore, although we have figured the importance of lipid molecules from L. 

infantum ExM, their identity was not determined. This would allow to know whether the 

equivalent effect of EVs and VDE is due to the same molecule(s) that is (are) present in both 

fractions or whether they display a distinct composition. It is well established that molecules 

of the promastigote glycocalyx, such as LPG and GP63, may exist bound to the promastigote 
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cell membrane and also in a free form that is shed to the extracellular space (McGwire et 

al., 2002; Proudfoot et al., 1995). Therefore, it would not be surprising that the same 

molecule might be found simultaneously in the membrane of EVs and free in VDE. 

However, in the absence of a lipidomic analysis, this pertinent question remains unsolved. 

Different approaches are described in the literature to determine antigen molecules 

for iNKT cells among microbial lipids. Some groups directly tackled this subject accessing 

the effect of molecules identified as highly abundant in the composition of the 

microorganisms. It was the case of the first studies based in the diacylglycerols from B. 

burgdorferi (Ben-Menachem et al., 2003; Kinjo et al., 2006) and the glycosphingolipids 

from different Sphingomonas species (Kawahara et al., 2002; Kinjo et al., 2005). A different 

strategy is based on the finding of unknown molecules upon an initial screening of the whole 

microbial extracts. This was applied for the study of glycolipids from Streptococcus 

pneumoniae, in which, upon the observation that the whole bacteria lysates activated iNKT 

cells, lipids were fractionated and further analyzed by electrospray ionization (ESI)-mass 

spectrometry (MS), nuclear magnetic resonance (NMR) and gas chromatography (GC)-MS. 

This led to the identification of two main glycolipids, which were further tested in iNKT cell 

activation assays, confirming that these molecules mimicked the effect of the whole 

fractions (Kinjo et al., 2011). Finally, another technique to determine the identity of CD1d 

ligands is the elution of lipids from lipid-CD1d complexes, which relies on a sequence of 

immunoprecipitation, elution and analysis by MS (Vartabedian et al., 2016). As an example, 

this approach was used to find endogenous antigens among cellular glycerophospholipids 

and sphingolipids. Here, lipid-CD1d complexes formed in a human B cell line and further 

secreted to the supernatants were recovered by affinity chromatography. Then, the lipids 

were released and separated from CD1d by the method of Bligh and Dyer and the eluted 

compounds were fractioned by high-performance liquid chromatography (HPLC) and their 

structure were analyzed by MS (Cox et al., 2009).  

In the case of Leishmania, only scarce information exists concerning the study of 

potential microbial molecules that can act as iNKT cell agonists. The effect of isolated lipids 

from Leishmania parasites in the activation of iNKT cells was addressed by Spaeth’s group 

(Amprey et al., 2004a). In this work, a similar rationale comparing to the studies with B. 

burgdorferi and Sphingomonas bacteria was likely to be used, as two main glycocalyx 

components, LPG and glycoinositolphospholipids (GIPLs), were purified from L. donovani 

before being directly tested in activation assays with iNKT cells. In agreement with what we 

observed for the total lipids from L. infantum ExM, LPG and GIPLs competed with α-GalCer 

for the binding to soluble CD1d in a dose-dependent manner, causing an impairment of the 

activation of the iNKT cell hybridoma DN32D3. Moreover, LPG loaded in BM-DCs failed to 

activate and also blocked the activation of iNKT cell hybridoma DN32D3 and of iNKT cells 
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from mice spleen. Moreover, the administration of LPG to mouse models induced the 

activation of liver iNKT cells but as the percentage of activated cells was very low (1.4%), 

this molecule cannot be considered as a strong iNKT cell agonist (Amprey et al., 2004a). 

Additionally, EVs recovered from LPG-/- parasites showed to be endowed with 

immunomodulatory properties just as their WT counterpart, suggesting that LPG is 

dispensable to the pro-parasite effects observed for L. donovani EVs (Silverman et al., 

2010b). Therefore, in spite of the abundance and the well-established roles of LPG in 

parasite escape mechanisms (Forestier et al., 2014), the contribution of Leishmania EVs to 

the subversion of host immune responses is likely to be dependent on other lipid molecules 

yet to be identified.  

Nonetheless, in spite of the works with EVs derived from LPG-/- parasites (Silverman 

et al., 2010b), no lipidomic analysis of Leishmania EVs has been performed so far and 

therefore there is still no clue about their lipid composition. We can expect that some lipids 

previously identified in the parasite, such as phospholipids (predominantly 

phosphatidylcholine, phosphatidylethanolamine and lysophosphatidyl-ethanolamine), 

triacylglycerols, free fatty acids, cholesterol and ergosterol (Bouazizi-Ben Messaoud et al., 

2017; Zhang and Beverley, 2010), are likely to be present in their released ExM. However, 

the study of the EVs biogenesis in other cells has concluded that their composition is likely 

to be a selective process (Yanez-Mo et al., 2015). Therefore, similar to what was previously 

done at a proteomic level (Atayde et al., 2015; Hassani et al., 2011; Santarem et al., 2013; 

Silverman et al., 2008), lipidomic analyses must be performed to determine which 

molecules are present in Leishmania EVs and VDE.  

Furthermore, it is known that the sugar moiety of CD1d-bound antigens affects their 

recognition by iNKT cell TCR, being galactose-containing glycolipids more antigenic than 

the ones containing glucose or mannose (Girardi and Zajonc, 2012). Thus, it would be 

important to address whether the differences that were detected in the structure of 

glycophospholipid molecules among different Leishmania species (Forestier et al., 2014) 

would impact the interaction between parasite-derived ExM and host cells. For instance, 

GIPLs from L. infantum and L. donovani are enriched in mannose, while the ones from L. 

braziliensis have higher amounts of galactose (Assis et al., 2012). Therefore, finding 

differences in the iNKT cell response to the ExM released by these different Leishmania 

species would be not surprising.  

 

  



III. DISCUSSION AND PERSPECTIVES 

	 183 

5. Clinical application of L. infantum ExM: how far are we from the use 
of the ExM released by microbes in pharmacological therapies? 

Due to their important interactions with other immune cells, the study of the factors 

that affect iNKT cells is extremely valuable to create new strategies to harness this cell 

population in the context of different disorders. Although much effort is ongoing to identify 

new and selective iNKT cell agonists (Anderson et al., 2013; East et al., 2014), only a few 

molecules were proposed to act as antagonists. One of the best studied antagonists is the di-

palmitoyl-phosphatidyl-ethanolamine polyethyleneglycol (DPPE-PEG). This is a 

synthetically modified lipid that through the blocking of CD1d-mediated activation of iNKT 

cells was proven to be beneficial in models of contact hypersensitivity (Nieuwenhuis et al., 

2005), allergen-induced airways hypersensitivity (Lombardi et al., 2010) and 

atherosclerosis induced by hyperlipidemia (Li et al., 2016). In a different context, other 

inhibitory glycosphingolipids for iNKT cells were described to be synthetized by the 

intestinal microbe Bacteroides fragilis, which were proposed to contribute to the shaping 

of iNKT cell homeostasis in the mammalian gut (An et al., 2014). Therefore, taking into 

account the scarce panel of pharmacological antagonists that are currently described for 

iNKT cells, the finding of new candidates will be highly beneficial. Regarding the lipids of 

L. infantum ExM, upon a lipidomic analysis of its content, it would be interesting to assess 

whether they could represent promising iNKT cell antagonists or suitable candidates to be 

structurally modified to better target or inhibit CD1d. 

Furthermore, defects in frequency or functionality of iNKT cells have also been 

associated to different pathologies as autoimmune diseases, cancer and certain infections 

(Berzins et al., 2011). Thus, another goal in the therapeutic proposals targeting iNKT cells 

is the stimulation of proliferation or cytokine production by these cells. For instance, 

different groups reported that the activation of iNKT cells upon injection of α-GalCer is 

beneficial in anticancer immunity by the production of IFNγ and the transactivation of NK 

cells (Vivier et al., 2012). However, an important issue regarding α-GalCer administration 

is the induction of iNKT cell anergy in mice models, which turns the cells unresponsive to 

further stimuli (Parekh et al., 2005). Thus, alternative delivery methods have been 

investigated, such as the administration of α-GalCer-pulsed mo-DCs rather that soluble α-

GalCer (Chang et al., 2005). Strikingly, EVs released by mo-DCs previously pulsed with α-

GalCer and ovalbumin where shown to contain α-GalCer-CD1d complexes and to be able to 

stimulate iNKT cells without causing anergy, inducing tumor-specific adaptive immune 

responses (Gehrmann et al., 2013). In our work, we did not address how parasite EVs dock 

and interact with iNKT cells. However, this kind of information might allow to gain further 

insight into the interaction of these lipid vesicles with iNKT cells and motivate the creation 

or modification of EVs as vehicles carrying stimulatory molecules. 
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6. Perspectives  
Although in this work we have only focused our attention in ExM released by L. 

infantum promastigotes, it would also be interesting to assess whether the ExM and/or the 

lipids from other Leishmania species would cause the same effects in iNKT cells. For 

instance, the analysis of non-infective species, such as L. tarantula, or species associated to 

cutaneous manifestations of the infection, such as L. major, should be considered. 

Moreover, our results may encourage future studies of the ExM released by other 

pathogens, especially by microbes that were already identified as producers of iNKT cell 

cognate antigens (Fischer et al., 2004; Ito et al., 2013; Kinjo et al., 2011; Kinjo et al., 2006; 

Kinjo et al., 2005; Lotter et al., 2009; Mattner et al., 2005). Furthermore, while the ExM 

released by Leishmania promastigotes is likely to be important in the modulation of early 

host responses, it is reasonable to conjecture that other forms of the parasite may release 

ExM that can contribute to the establishment and maintenance of a chronic infection. Thus, 

the study of the composition and effect of ExM released by intracellular amastigotes and/or 

by infected host cells and even by bystander cells should also be addressed. However, for 

technical reasons, the isolation of intracellular amastigote-derived EVs would be very hard 

to perform. 

Moreover, it would also be valuable to understand whether a pre-treatment with L. 

infantum ExM in vivo could affect the responses upon mouse infection, as it was addressed 

with L. donovani- and L. major-derived EVs by Silverman’s group (Silverman et al., 2010b). 

In this case, it would be interesting to compare the responses of infected WT and iNKT cell-

deficient mice. Additionally, it would also be important to understand whether L. infantum 

ExM and α-GalCer could compete in vivo when administered together and whether this 

possible competition impacts the outcome of the infection. 

Regarding the lipid analysis, a major difference between our study and the ones 

referred before is the fact that the lipid extracts from L. infantum do not activate iNKT cells, 

which can make the determination of an “active” fraction difficult. Thus, possible strategies 

to tackle this question might depend on the isolation of different fractions, for instance 

separated by HPLC according to their polarity. Subsequently, those fractions could be tested 

in activation assays along with α-GalCer, in order to narrow the spectrum of molecules to 

be submitted to an analytical technique such as MS. Furthermore, the elution of the lipids 

that bind soluble CD1d prior to a MS analysis might also be suitable to answer this question. 

In either case, it would be important to simultaneously analyze the lipid profile of total 

extracts from the parasite and its ExM, in order to determine possible quantitative 

differences. Notably, although lipidomic analysis of EVs is becoming more common (Yanez-

Mo et al., 2015), there are still a few reports concerning the lipidome of EVs from pathogen 

origin (Vallejo et al., 2012) and thus this is a field that still needs to be pushed further.  
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Finally, it would also be important to assess whether the effect of L. infantum ExM 

depends on the direct CD1d loading and blocking in the cell surface or whether the 

molecules could also be internalized by APCs. These two proposed mechanisms of 

interaction between L. infantum ExM and CD1d in APCs are depicted in Figure 24.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 24 Proposed mechanisms of interaction between L. infantum extracellular 
material (ExM) and CD1d molecules in antigen-presenting cells (APCs). iNKT cell 

agonists, such as α-galactosylceramide (α-GalCer), bind CD1d directly at the cell surface of APCs or 

upon internalization and activate iNKT cells. The activation of these cells leads to the release of 

cytokines, such as IL-4 and IFNγ, which may mediate the activation of other immune cell subsets 

(upper panel). L. infantum promastigotes release ExM, encompassing both extracellular vesicles 

(EVs) and vesicle-depleted ExM (VDE), which contains molecules of the parasite. These molecules 

may bind CD1d at the cell surface or in the endosomal compartment, hindering the binding of iNKT 

cell agonists and, consequently, the activation of iNKT cells (lower panel). Whether L. infantum ExM 

acts only by a direct blocking of the access of iNKT cell agonists to CD1d or whether it induces a defect 

in CD1d function is still undetermined. 
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The possible uptake of the parasite ExM could be analyzed by confocal microscopy. 

This could be performed by the incubation of naïve APCs with GFP-labeled EVs released 

from GFP-expressing promastigotes, as it was done in a previous work with L. donovani-

derived EVs (Silverman et al., 2010a). Alternatively, if we could determine the molecular 

structure of the lipid(s) that bind(s) CD1d, it would also be possible to conjugate those lipids 

with BODIPY and analyze their fate upon the contact with APCs also by microscopy. This 

approach was previously used to analyze the trafficking of α-GalCer variants to lysosomes 

(Bai et al., 2009). Moreover, it would also be important to understand the fate of CD1d 

molecules in the presence of L. infantum ExM. Indeed, if internalized, the parasite ExM 

might impair CD1d function intracellularly, for instance by impeding the loading of lipid 

antigens, by promoting the degradation of CD1d or by impairing its trafficking to the plasma 

membrane. To tackle these questions, CD1d alone or complexed with α-GalCer could be 

stained with specific antibodies in order to be further analyzed by microscopy techniques 

(Bai et al., 2009; Jayawardena-Wolf et al., 2001). 
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7. Concluding remarks 

In this work, we addressed the cross-talk between ExM released by a pathogen and 

iNKT cells for the first time. In line with previous studies that have already placed 

Leishmania EVs as important players in the subversion of the immune responses of host 

DCs and monocytes (Silverman et al., 2010b; Silverman and Reiner, 2011), here we showed 

that L. infantum ExM modulates the activation and the expansion of another immune cell 

subset, namely iNKT cells. Furthermore, we pointed out that lipids from L. infantum ExM 

are involved in the inhibitory effect in iNKT cell responses, shedding light on a new way of 

interaction between pathogens and iNKT cells that has been underestimated so far.  

The axis between promastigotes and iNKT cells linked by L. infantum ExM that we 

propose in this work is likely to be much more complex in a situation of disease. However, 

the knowledge about new forms of interaction between this pathogen and this important 

immune cell subset, as well as the determination of new approaches to harnessing iNKT cell 

functions are extremely valuable. Indeed, although iNKT cells have been associated to a 

wide range of experimental models of infection and, in a lesser extent, to different human 

diseases, Leishmania infection being one of them, there is still a lot more to be uncovered.  

Thus, this work reflects our small contribution to the answer of those questions, 

adding a new piece to the very complex puzzle of iNKT cell response to pathogens. Finally, 

although the EVs released by different protozoan parasites have been increasingly looked 

at as important virulence factors, this is still an emerging field into which we believe that 

our study also represents an important input. In conclusion, there is surely much left to be 

done and we hope that the results of this work may help the following paths of investigation 

in these fields.  
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