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GENERAL ABSTRACT 

This thesis has two independent parts. The first part is devoted to “basic research” and was 

addressed to evaluate the effect of VL infection in the BD of hard (polystyrene, PS) and soft-

matter (PLGA) nanocarriers. The rationale is that VL produces serious morphological alterations 

in the liver, spleen and bone marrow (BM), wherein infected macrophages and other cells of the 

mononuclear phagocyte system (MPS) reside, being at both organ and cellular level the natural 

destination of most types of NP. We optimized fluorescently labelled NP to this purpose. Our in 

vivo imaging, immunofluorescence and flow cytometry results revealed that VL caused several 

organ and cellular alterations that tend to modify NP organ sequestration, their cellular uptake, 

and produce changes in the pattern of NP cellular distribution. These results extended what was 

previously described for AmBisome® to other types of NP. Moreover, we observed that NP 

cellular distribution was highly specific for each type of NP. We ignore whether the observed lower 

NP accumulation in the infected organs is significant enough to have an effect in their efficacy. 

However, these quantitative changes occur at the same time that NP redistributed among different 

phagocytic cells. As the efficacy of antileishmanial drugs depends on the drug accumulation in 

the infected host cells, NP cellular distribution, that is a “hallmark” of each NP and that can be 

profoundly affected by VL infection, should be correlated with their efficacy. 

As we proceed with this “basic research” and with the need for better treatments for 

Leishmaniasis, the second part of this thesis was focused on the quaternary isoquinoline alkaloid 

Berberine (BER) and how pharmaceutical technology can be used to fully exploit its 

antileishmanial potential.  We chose this compound attracted by its low IC50 (around 1 µM, for L. 

infantum and L. major amastigotes) and its high selectivity index (SI of 115 and 89 µM, for L. 

infantum and L. major, respectively). However, BER rapid metabolism and excretion and its 

inadequate tissue distribution to target Leishmania spp. parasites, hider its application against 

VL. Thus, BER was encapsulated in liposomes to overcome these limitations, and their potential 

as antileishmanial treatment was evaluated in a murine model of VL. In vitro, the loading of BER 

in liposomes enhanced more than 7-fold its SI by decreasing its cytotoxicity. In vivo, in L. infantum 

infected BALB/c mice, BER-LP reduced the parasitaemia in liver and spleen by 99.2 and 93.5%, 

respectively. This improvement was explained by the higher accumulation of the drug in these 

organs. Unfortunately, their i.p. administration significantly reduced the plasma triglycerides 

levels. Finally, we evaluated the efficacy of BER in the cutaneous form of the disease, namely in 

CL caused by L. major. As drug delivery systems (DDS) have shown limited advantages after 

topical application, the drug was formulated in a conventional cream. The formulation combined 

the incorporation of menthol as permeation enhancer, and the ion-pairing complexation of BER 

with β-glycerophosphate (GP) in order to promote arrival of enough drug to dermal macrophages. 

After 35 days of treatment, lesions were significantly lower (8.5 times) than control lesions in 

infected non-treated mice and the parasite burden was decreased 99.9%, in agreement with BER 

dermal accumulation at a higher concentration than the IC50 for enough time to kill the parasites.
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INTRODUCTION 

The term ‘leishmaniasis’ describes a range of diseases caused by more than 20 different species 

of protozoans of the genus Leishmania, consisting of trypanosomatid protozoans belonging to the 

order Kinetoplastida, that are transmitted to their vertebrate hosts by the bite of female sandflies 

belonging to the genera Phlebotomus in the Old World (OW, Europe, Asia and Africa) and 

Lutzomyia in the New World (NW, Central and South America). The propagation of leishmaniasis 

relies on the accomplished transmission between the sandfly vector and a mammalian reservoir. 

Leishmania parasites have a complex life cycle: they reside in the sandfly gut, where they multiply 

as free flagellated promastigotes. Then, they are injected into the host during a sandfly blood 

meal as non-dividing metacyclic promastigotes (the elongated form with external flagellum), which 

are phagocytosed by different phagocytic cells in the host. Within cells of the mononuclear 

phagocyte system (MPS), promastigotes progress through various morphologically distinct 

stages of differentiation to transform into amastigotes (the round and replicative form without 

external flagellum). Then, they proliferate as obligate intracellular parasites, establishing the 

infection [1]. If an infected mammal is again bitten, the transmission cycle re-starts. 

The diseases caused by Leishmania parasites can be broadly categorized into cutaneous 

leishmaniasis (CL), characterized by self-resolving cutaneous lesions (the symptoms remain 

localized to the skin (localized CL; LCL) or mucosal surfaces (Mucosal Leishmaniasis (ML)), to 

more serious visceral leishmaniasis (VL), which is the most severe form of the disease, being 

fatal if left untreated. Post-kala-azar dermal leishmaniasis (PKDL) may occur as a complication 

of VL (in 5 – 15% of VL cases). These patients present macules, papules or nodules in the skin 

as a result of dermal parasitic persistence, what constitutes an important reservoir for future 

transmissions [2]. It is estimated that worldwide 12 million people have some form of 

leishmaniasis, and 350 million people in 98 countries are at risk of infection. Approximately, 

50,000 to 90,000 VL cases and 0.7 to 1.2 million CL cases occur each year. However, this number 

is likely to be an underestimate due to the lack of formal notification systems in these endemic 

countries [3-5].  

The dichotomy in evolutionary terms between OW and NW CL and VL is some 40 – 80 million 

years, which is comparable with the divergence of the mammalian orders. Therefore, different 

Leishmania species have evolved specific adaptations to insects and different vertebrate hosts. 

As a result of the interaction between different species of the parasite, the vector, the mechanisms 

of the immune response of the vertebrate and host genetic factors, a spectrum of clinical, 

histopathological, and immunopathological manifestations is observed in humans (Table 1).  
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Table 1. Main Leishmania species that affect humans and their clinical forms [3]. 

Clinical form Species Clinical manifestations 

Old World (OW)  

Visceral Leishmaniasis (VL) L. donovani-
infantum complex 

Persistent fever, hepatomegaly, splenomegaly, 
weight loss and anaemia. 

PKDL: multiple macular, papular or nodular 
cutaneous lesions after apparent resolution of VL. 

L. tropica (few 
cases) 

Cutaneous Leishmaniasis 
(CL) 

L. infantum Single nodules with little inflammation. 

L. tropica Painless multiple dry ulcers. 

L. major Inflamed and ulcerated lesions with rapid 
necrosis. 

L. aethiopica Localised cutaneous nodular lesions, rarely 
oronasal. 

Mucosal Leishmaniasis (ML)* L. infantum, L. 
major, L. tropica 

Lesions in the mouth, nose or genital mucosa. 

Diffuse Cutaneous 
Leishmaniasis (DCL) 

L. aethiopica Widely disseminated cutaneous macules, papules 
nodules or plaques and diffuse infiltration of the 
skin. 

New World (NW)  

Visceral Leishmaniasis (VL) L. infantum Persistent fever, hepatomegaly, splenomegaly, 
weight loss and anaemia. PKDL extremely rare. 

Cutaneous 
Leishmaniasis 
(CL) 

Subgenus 
Leishmania 

L. mexicana, L. 
infantum, L. 
amazonensis 

Ulcerating lesions, single or multiple. 

Subgenus 
Viannia (V) 

L. (V) braziliensis, 
L. (V) 
panamensis, L. 
(V) guyanensis, L. 
(V) peruviana 

Ulcerating lesions that can progress to 
mucocutaneous form. Palpable LN. 

Mucocutaneous 
Leishmaniasis (MCL) 

L. (V) braziliensis, 
L. (V) panamensis 

Metastasis to mucosal tissues of mouth and upper 
respiratory tract. Frequent secondary bacterial 
infections. 

Diffuse Cutaneous 
Leishmaniasis (DCL) 

L. Mexicana, L. 
amazonensis 

Similar to the OW form. Usually no mucosal 
lesions. 

Abbreviations: VL: visceral leishmaniasis; PKDL: Post-kala-azar dermal leishmaniasis; CL: 
cutaneous leishmaniasis; ML: mucosal leishmaniasis; DCL: diffuse cutaneous leishmaniasis; 
MCL: mucocutaneous leishmaniasis; LN: lymph node. * Rarely in the OW.  

Nanomedicine has emerged as one of the most useful strategies for improving the treatment of 

leishmaniasis. In fact, liposomal amphotericin B (AmBisome®) is used as first-line treatment in 

several countries for VL [4,6] and as second-line treatment for complex CL (patients with or at 

risk of MCL, DCL or unresponsive to earlier therapeutic attempts) [4]. The use of nanoparticles 

(NP) in has strongly benefit leishmaniasis (and more specifically VL) therapies due to the 

particular organ and cellular location of the parasites. In-depth, Leishmania parasites colonize 

macrophages in liver, spleen and BM, which are also responsible for drug delivery systems (DDS) 

clearance, creating an ideal situation for a high degree of drug-parasite interaction, hence 

providing better therapeutic effects [7]. Moreover, at intracellular level, Leishmania parasites 

survive within the phagolysosomes, which is also the natural destination of conventional DDS 

once inside the cells. This selective targeting at both organ and cellular level could increase the 
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drug activity while reducing the toxic effects of the free drug (as in the case of AmBisome®, which 

avoids the nephrotoxicity associated with amphotericin B (AmB) i.v. administration). Additionally, 

NP can enhance drug solubility of poorly soluble drugs and can sustain the release of drug over 

time, thus, permitting the improvement in the schedule of administration. There are several [7-9] 

and recent [10,11] reviews compelling the benefits of NP for improving the efficacy of several 

antileishmanial drugs. 

NP has served in leishmaniasis, but leishmaniasis may also be helpful in understanding the 

factors controlling NP biodistribution. In fact, Leishmania infection triggers inflammation, 

increases blood pressure and vascular permeability [12], and also modifies the population of 

immune cells in the affected organs, what could affect NP distribution and cellular uptake and, 

therefore, treatment efficacy. 

Throughout this introduction, we would like to justify the necessity to evaluate the influence of 

leishmaniasis immunopathology in NP targeting properties [13]. For that purpose, we firstly 

described the main alterations (both at organ and cellular level) produced by Leishmania infection 

and that could affect NP distribution. The NP fate depends on both their physicochemical 

properties (such as size, surface charge, shape and rigidity) and the physiological barriers that 

they encounter upon i.v. administration (proteins and cells of the blood, vascular permeability or 

organs and cells of the MPS), which are discussed along the text. We also analysed previous 

reports evidencing NP biodistribution changes produced under pathological conditions that have 

something in common with leishmaniasis infection. Finally, evidences in the different uptake or 

accumulation of DDS caused by Leishmania infection are stated. 

1. ORGAN ALTERATIONS IN VISCERAL LEISHMANIASIS 

VL results from the infection with the L. donovani-infantum complex. Parasites disseminate from 

the site of infection in the skin, migrating through the blood, to reside and multiply within 

macrophages of the liver, spleen and BM. Most people infected with visceralizing Leishmania 

species experience asymptomatic infection and only a small proportion of infections lead to 

clinically severe disease. Upon infection, the emergence of clinical symptomatology can take few 

days to over one year, and the most common symptoms are fever, weight loss, splenomegaly, 

hepatomegaly and disturbances in the haematopoietic homeostasis, including anaemia, 

leukopenia and thrombocytopenia [14]. One remarkable aspect of VL is the different growth rate 

of parasites in infected organs [15]. Moreover, a differential response in the target organs occurs 

(Table 2). Whereas tissue response correlates well with parasite load and immune status in the 

liver, this is less evident in the spleen and BM [16]. 

Once inoculated into the host dermis by an infected sandfly, Leishmania promastigotes are 

engulfed by a variety of immune cells, such as resident dermal dendritic cells (dDC), 

macrophages and infiltrating neutrophils that act as the first line of defence [17]. The rapid and 

massive recruitment of neutrophils to the site of parasite inoculation has been well documented. 
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However, their role in Leishmania infection is still unclear, their protective or damaging role 

depends on the parasite species, host or phase of the infection [18,19]. Previous to parasite 

detection, neutrophil-driven inflammation seems to occur due to the sand fly bite, what produces 

skin damage [20]. Neutrophils rapidly infiltrate the bite site and capture the injected parasites [18]. 

They contribute to parasite killing by different mechanisms, including phagocytosis, oxidative 

burst generation and neutrophil extracellular traps (NETs) extrusion, which limit parasite spread 

and can modulate the functioning of cells present in the inoculation site [21,22]. However, some 

Leishmania species have evolved mechanisms to escape NETs-mediated killing [23]. Although 

neutrophils have normally a very short life, their life-span highly expands during inflammation [24]. 

Thus, neutrophils serve as the first host cells and then, dying neutrophils secrete chemotactic 

factors such as macrophage inflammatory protein (MIP1α) and apoptotic marker molecules that 

attract macrophages and monocytes to the site of infection to phagocytose these apoptotic 

infected neutrophils. This silent entry of Leishmania spp. into macrophages, their primary host 

cell, is known as the “Trojan horse” strategy. Then, infected macrophages and dendritic cells (DC) 

may leave the infection site and migrate to other areas, disseminating parasites to internal organs, 

such as liver, spleen and BM, leading to VL. 

1.1 Liver granulomas 

Unlike the spleen and BM, in the liver, an acute resolving infection occurs, with minimal tissue 

damage and resistance to reinfection. Leishmania parasites are rapidly taken from blood by the 

resident tissue macrophages of the liver, the Kupffer cells (KC), which are the most prevalent 

population of hepatic resident macrophages. They are stationary within the sinusoids and display 

membrane activity. Thus, following contact with injected amastigotes, uptake is rapid and 

completed within minutes. This phagocytosis depends on both host cell type and parasite species 

[25]. The nature of the ligand responsible for Leishmania-macrophage interaction and uptake is 

still unclear. It has been reported that this interaction can be influenced by members of the C-type 

lectin receptors Dectin-1, mannose receptor (MR) and the specific intercellular adhesion 

molecule-3-grabbing nonintegrin receptor 3 (SIGNR3) [26]. While Dectin-1 and MR favour the 

host response by reactive oxygen species (ROS) production, SIGNR3 promotes Leishmania’s 

resilience. 

Once into the KC, parasites survive in these cells and their early proliferation has been associated 

with low levels of IFNγ and IL-12. Intracellular amastigotes grow rapidly but there is a control of 

the infection induced by a granulomatous inflammation [27] (Figure 1). Granulomas have been 

identified following infection with all species of Leishmania, often associated with the curative 

phase of the infection [28]. However, the efficacy of hepatic granulomas in killing parasites 

depends on their maturation grade [29]. In the first steps of granuloma formation, KC (both 

infected and uninfected) may fuse resulting in multinucleated cells, forming the core of the future 

granuloma, which will be encircled by cytokine secreting T cells and influxing leishmanicidal blood 

monocytes [30,31]. Beattie et al., by using intravital two-photon microscopy, observed CD8+ T 

cells accumulation in the granulomas in an antigen-specific manner. KC were the only 
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mononuclear population in situ interacting with effector CD8+ T cells for antigen recognition within 

L. donovani induced granulomas and suggested that a sustained interaction with antigen-specific 

CD8+ T cells may lead the lysis of the infected host cell [31]. Moreover, other cells of the immune 

system, Natural Killer cells (NK), are crucial in the early stages of granuloma formation, producing 

inflammatory cytokines such as IFNγ and mediating the production of CXCL10 by KC.  

Then, as infection proceeds, KC produce chemokines such as CCL2, CCL3 and CXCL10 that 

lead to the recruitment of both monocytes and neutrophils to the infected liver, within the first few 

days of infection. Monocytes are present in L. donovani induced granulomas but rarely contain 

intracellular amastigotes [31]. It is unknown if a proportion of macrophages in the granuloma core 

represents differentiated migratory monocytes. Nevertheless, it remains possible that lysis of KC 

occurs and that the leishmanicidal activity is delivered by granuloma-infiltrating monocytes or 

neutrophils that rapidly phagocytose the released amastigotes [28]. 

Moreover, both CD4+ and CD8+ T cells are indispensable for the effective formation and function 

of granuloma and also for parasite clearance [32]. Its recruitment leads to the formation of an 

inflammatory granuloma that generates Th1 cytokines such as IFNγ, TNFα and IL-12. Unlike 

spleen, moderate levels of TNFα make a major contribution to host protection in the liver [33]. 

IFNγ production is required for the optimal activation of infected KC. As a result of this T cell 

dependent KC activation, the production of reactive oxygen and nitrogen intermediates (ROI and 

RNI) is generated, leading to the killing of intracellular parasites [34-36]. Finally, after 8 – 12 

weeks, infection is controlled in the liver, although residual intracellular amastigotes persist in a 

quiescent stage. 

 

Figure 1. Granuloma formation in the liver after Leishmania spp. infection. Adapted from [35]. Leishmania 

parasites are rapidly taken from blood by the Kupffer cells (KC). Intracellular amastigotes grow rapidly but a 

control of infection induced by a granulomatous inflammation occurs. Natural killer cells (NK) are crucial in 

the early stages of granuloma formation, producing inflammatory cytokines such as IFNγ and mediating the 

production of chemokines (CXCL10, CCL2 and CCL3) that lead to the recruitment of both monocytes and 

neutrophils to the infection site, within the first few days. Recruitment of CD4+ and CD8+ T cells leads to the 

formation of inflammatory granuloma that generates Th1 cytokines (IFNγ, TNFα and IL-12) that activate KC, 
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which produce ROI and RNI, leading to the killing of intracellular parasites. After 8 – 12 weeks, the infection 

is controlled in the liver although residual amastigotes persist in a quiescent stage. 

Furthermore, it should be noted that detailed studies of granulomas in human systemic disease 

are few and far between [28], reflecting the difficulties in sampling these sites for histopathological 

investigation. In humans, the histopathology of active clinical kala-azar most commonly reflect 

what might be seen as a failure of granulomatous inflammation [36]. Nevertheless, in some cases, 

fibrin-ring granulomas (so named because of their ring of fibrinoid material) may be evident in the 

liver [37]. A retrospective analysis of liver biopsies in Iran also suggests that hepatic granulomas 

may form in some patients with VL [38]. 

Another important feature associated with liver human and experimental pathology is the 

development of hepatomegaly. Besides, fenestrae, which are dynamic structures, may undergo 

changes in response to local external stimuli [39] such as Leishmania infection. However, the 

impact of VL on liver fenestrations is still unknown. 

1.2 Spleen alterations 

The spleen is the largest secondary lymphoid organ, comprised of two functionally and 

morphologically different compartments: the red pulp (RP) and the white pulp (WP). The RP 

comprises the majority of the tissue and is composed of splenic cords and venous sinuses, and 

contains lymphocytes, macrophages, red blood cells (RBC) and plasma cells [40]. The RP filters 

out RBC and handles extramedullary haematopoiesis and storage of cellular reserves. On the 

other hand, in the WP, T and B cell differentiation takes place and they initiate immune responses 

to blood-borne antigens. It is constituted by the periarteriolar lymphocyte sheath (PALS) (T cell 

zones), lymphoid follicles (B cell zones) and marginal zones (MZ) [41,42]. Changes in the spleen’s 

architecture are common in many systemic infections caused by viruses, bacteria and parasites 

[43]. The spleen undergoes sequential changes during the course of VL (Figure 2). The most 

evident change is spleen enlargement (splenomegaly). In fact, classical clinical features used to 

evaluate therapeutic response in human VL include the normalization of spleen size.  

The spleen lacks afferent lymphatic vessels; thus, all cells and antigens enter the spleen via the 

blood. In the initial acute phase of the infection, parasites are rapidly removed from circulation by 

marginal zone and marginal metallophilic macrophages (MZM and MMM, respectively), which are 

found in the splenic MZ, and by the red pulp macrophages (RPM), in the splenic RP. DC acquire 

Leishmania antigen in the MZ and migrate into the T cell zones of the PALS. Once there, DC 

secrete IL-12 and present Leishmania antigen to T cells generating antigen-specific T cell 

responses [44]. Rarely, amastigotes are observed within the T cell zones, suggesting that they 

are phagocytosed by migratory DC [45]. During the chronic infection phase, the splenic 

architecture suffers dramatic structural and functional changes, leading to an 

immunocompromised status of the host. Lymphoid follicles are disrupted, the usual limits between 

the WP compartments progressively disappear and the MZ becomes less evident. In some cases, 

WP and RP are barely distinct and plasma cell aggregates replace the resident cell populations 
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of the RP. Moreover, da Silva et al. showed a decrease in number of CD4+ T cells in the lymphoid 

follicles [46], and increased T cell apoptosis in the disrupted WP have been described, suggesting 

that T cell reduction may play a role in the progression of splenic alteration and decreased 

responsiveness to leishmanial antigens [47,48]. These changes are produced due to an 

excessive production of TNFα by heavily parasitized macrophages that migrate into the PALS. 

This increase in TNFα production ultimately mediates the loss of MZM but not MMM [15,35,49] 

and the depletion of stromal fibroblastic reticular cells (FRC) in the PALS [50]. This depletion 

leads to a less chemokine expression and a loss of DC migration, mediated by a downregulation 

of CCR7 on their surface. Thus, the impact of the infection on the MZ is selective at the early 

stages of infection, targeting mainly MZM, whereas MMM and the marginal sinus are only 

significantly affected at later times [49]. Moreover, in parallel with the WP remodelling, expansion 

of the RP vasculature occurs, dependent on Ly6C+ inflammatory monocytes recruited to this site 

during the infection [51]. Substantial changes in the vascular network, including sprouting of 

vessels with active endothelial cell proliferation have been described [52]. Finally, alteration in 

stromal cell function occurs [44]. Stromal cell network supports the development of regulatory DC 

from haematopoietic progenitor cells, that produce IL-10 and further contribute to chronicity of 

infection in the spleen.  

 

Figure 2. VL progression in the spleen. Adapted from [35]. Acute phase: (1) Parasites are rapidly removed 

from circulation by MZM and MMM in the splenic MZ and by RPM in the splenic RP. (2) DC acquire 

Leishmania antigen in the MZ and migrate into the T cell zones of the PALS. (3) Once there, DC secrete IL-

12 and present Leishmania antigen to T cells. Chronic phase: (4) Lymphoid follicles are disrupted, the usual 

limits between WP compartments progressively disappear, (5) the MZ becomes less evident and (6) plasma 

cell aggregates replace the resident cell populations of the RP. (7) The production of TNFα by heavily 

parasitized macrophages that migrate into the PALS mediates the loss of MZM but not MMM. (8) This 

depletion leads to a loss of DC migration mediated by a downregulation of CCR7 on their surface. (9) Finally, 

stomal cell network supports the development of regulatory DC that produce IL-10, contributing to chronicity 

of infection. 
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1.3 Bone marrow and haematopoiesis 

BM has long been recognized as a site of infection in humans, dogs and experimental models 

with VL [53] but much less is known about the relationship between parasite dynamics in this 

organ, the changes in cytokine and chemokine expression, and the local hematopoietic activity 

[54]. In experimental VL, parasites persist in the spleen and BM over the course of infection and 

their proliferation in these organs is associated with increases in the hematopoietic activity. In 

fact, the presence of parasites in the BM could be taken as a marker of the degree of infection 

and its absence may be an indicator of protection [27].  

BM is the main site of haematopoiesis in adult mammals and it occurs within the cavities of long 

bones, vertebrae and iliac crest. It is a complex process through which hemopoietic stem cell 

(HSC) proliferate and differentiate into functionally mature blood cells of different lineages 

(monocytes, lymphocytes, platelets…), determined by the microenvironment. This differentiation 

requires contact with stromal cells and interaction with specific cytokines [55]. The first step 

towards the development of the individual types of blood cells is the formation of a series of 

precursor cells derived from HSC that have a strong bias towards either the lymphoid or myeloid 

lineages: the common lymphoid precursors (CLP) or common myeloid precursors (CMP). These 

CMP leave the BM and migrate to the spleen, liver and other inflamed target organs where they 

can directly contribute to haematopoiesis [56]. Several diseases have been shown to influence or 

alter haematopoiesis in general or erythropoiesis in particular, including myeloproliferative 

neoplasms and infectious diseases [57]. Haematopoietic alterations such as anaemia (the most 

common haematological manifestation), leukopenia, thrombocytopenia and pancytopenia are 

characteristics of VL. Anaemia and pancytopenia are signs of diminished HSC function and BM 

failure. Decreased levels of CXCL12 (SDF-1) and an increase in MIP1α/CCL3 have been 

observed in the L. donovani-infected BM environment [58]. CXCL12 is required for HSC 

maintenance, activation and release to peripheral sites [59] and MIP1α can promote the 

settlement of macrophages to the BM [60]. Thus, together the decrease in CXCL12 and the 

increase in MIP1α by VL infection is in accordance with HSC activation and a gradual loss of 

function. Moreover, anaemia and pancytopenia in VL occur due to a decreased erythropoiesis 

that tend to compensate the elevated levels of haematopoiesis [35]. Lafuse et al. investigated the 

impact of L. donovani infection on erythropoiesis in the spleen and BM of Syrian hamsters. They 

reported an increase in erythroid progenitors in both organs, indicating that disruption of 

erythropoiesis might occur in later stages of differentiation and not due to progenitor’s absence. 

Moreover, they showed decreased levels of erythroid differentiation genes in the BM, while 

increased levels were detected in the spleen of infected hamsters and the expression of cytokines 

able to inhibit erythropoiesis (IL-10, TGFβ and IFNγ) was highly increased in infected BM and 

spleens. Furthermore, the percentage of apoptotic erythroblasts (erythrocytes precursors) was 

higher in infected hamsters than control hamsters. According to these findings, the development 

of anaemia was suggested to be due to an impairment of terminal differentiation of erythrocytes 

and/or increased apoptosis of erythroblasts that resulted in the establishment of emergency 

extramedullary erythropoiesis in the spleen [61]. 
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CD169 BM stromal macrophages are also essential for supporting the later stages of 

erythropoiesis [62]. Preham et al. unveiled a reduction of medullary erythropoiesis in a murine VL 

model, coinciding with loss of CD169 stromal macrophages and a reduction of CXCL12-

expressing stromal cells. However, these events strictly require the presence of CD4+ T cells 

expressing IFNγ. Nevertheless, while the number of CD169 stromal macrophages was 

decreased, the total number of BM macrophages remained stable or increased during infection 

[63]. It has been recently shown that CD4+ T cells producing both IFNγ and TNFα accumulate in 

the BM of infected mice by a mechanism requiring CD4+ T cell-intrinsic TNFα receptor signalling 

[64]. Thus, CD4+ T cells play a pathogenic role in the BM that leads to BM failure. On the other 

hand, no changes in the amount of CD11b+ cells (monocytes) and a compensatory decrease in 

the frequency of B cells was reported [63]. 

Cotterell et al. demonstrated that chronic VL in L. donovani infected BALB/c mice resulted in an 

increase of hematopoietic progenitor cells in the spleen and BM, in parallel with increased parasite 

numbers [54]. Rapid transient mobilization of BM derived myeloid progenitor cells into the 

bloodstream occurs early after infection (within 5 h), associated with elevated levels of 

granulocyte/macrophage colony-stimulating factor (GM-CSF) and MIP1α in the peripheral blood 

but not in the spleen until the second week of infection. From day 7, sustained numbers of myeloid 

progenitors are seen in circulation and they continue increasing in the BM and spleen in parallel 

with increased parasite burden. This increase in progenitor cell numbers is due to a combination 

of recruitment and self-renewal, is associated with the upregulation of GM-CSF and is dependent 

upon the presence of T cells [54]. L. donovani targets and can infect BM stromal macrophages 

but not CD34+ progenitor cells. Thus, abnormal haematopoiesis is unlikely to be a direct result of 

infection of these progenitor cells. BM stromal macrophages once infected, produce GM-CSF and 

TNFα, supporting higher levels of myelopoiesis [65]. Moreover, an increased number of immature 

myeloid cells is observed together with an increase in parasite growth in the spleen and BM, 

suggesting that these cells can provide “safe-targets” for infection and rapid multiplication of 

amastigotes. However, Davis et al. evidenced a preferential infection of mature macrophages by 

L. donovani parasites [66]. 

Finally, Abidin et al. proposed that L. donovani modulates the host hematopoietic program to 

support its own expansion. As previously described, VL induces HSC progenitor’s proliferation in 

the BM and promotes the generation of Sca1+ (stem cell antigen) emergency granulocyte-

monocyte progenitors (GMP) and their differentiation into Ly6Chigh monocytes that will be infected. 

In contrast to the liver, the accumulation of Ly6Chigh monocytes in spleen and BM is detrimental 

to the host, resulting in higher parasite burden. They observed an increased frequency of IL-10 

and arginase (Arg1) Ly6Chigh monocytes in L. donovani infected mice with no upregulation of 

iNOS, suggesting that the myeloid cells adopt a M2 phenotype. This could be due to the different 

environmental factors that promote their conversion to a regulatory phenotype, permissive to 

infection but not able to kill the parasite [58]. 
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Table 2. Main organ and cellular changes in visceral leishmaniasis. 

 Organ macroscopic changes Cellular changes 

Liver - Hepatomegaly - Granuloma formation 
- KC fuse resulting in multinucleated cells 
- T cell recruitment and accumulation 

Spleen - Splenomegaly - Lymphoid follicles disruption 
- WP limits progressively disappear 
- MZ less evident 
- Plasma cell aggregates replace resident cell 

populations of RP 
- Loss of MZM 
- Depletion of FRC in the PALS 
- Vasculature expansion in the RP 
- Ly6C+ monocytes recruitment 
- Apoptosis of T cells in the WP 

Bone marrow - Anaemia 
- Leukopenia 
- Thrombocytopenia 
- Pancytopenia 

- Elevated levels of haematopoiesis 
- Decreased erythropoiesis (higher percentage 

of apoptotic erythroblasts) 
- Increased number of immature myeloid cells 
- Loss of CD169 stromal macrophages 
- Decreased numbers of B cells 
- Accumulation of CD4+ T cells 

Abbreviations: KC: Kupffer cell; WP: white pulp; MZ: marginal zone; RP: red pulp; MZM: marginal 
zone macrophages; FRC: fibroblastic reticular cells; PALS: periarteriolar lymphocyte sheath.  

2. CUTANEOUS LEISHMANIASIS AND PERMEABILITY ALTERATIONS 

CL is most frequently characterized by the development of ulcerative skin lesions at the site of 

the sand fly bite. Cutaneous lesions are generally localized (LCL) and may persist for months to 

years or heal spontaneously within weeks. CL can evolve into MCL or DCL, two more severe 

forms of the disease characterized by parasite migration to secondary sites and the formation of 

metastatic lesions. In MCL, parasites metastasize to mucosal tissue in the mouth and the upper 

respiratory tract, leading to localized tissue destruction, while in DCL, associated with 

immunosuppressed individuals, parasites can readily disseminate to subcutaneous tissue. This 

dissemination and reactivation of the infection can occur years after the apparent resolution of 

the primary cutaneous infection [3,24,67]. 

The skin provides a first line defence against microbial agents and physical insults. It is made up 

of two main layers: the epidermis and the dermis. The outer layer of dead epidermal cells is 

continuously sloughed off, making it difficult for microbes to attach and penetrate [55]. The 

epidermis is a non-vascularized compartment composed mainly of keratinocytes (90% of 

epidermal cells), which are critical in preventing dehydration, shaping and maintaining the 

immune response. Langerhans cells (LC) and dendritic epidermal T cells (DETC, innate-like T 

cell subset present in mice), are the major immune cells in the epidermis, both characterized by 

their dendritic-like behaviour. Rare T cells, mainly CD8+ cytotoxic T cells, can be found in the 

basal zone of the epidermis [68]. On the contrary, the dermis is a highly vascularized compartment 

composed of collagen, elastic tissue and reticular fibres that serves as scaffold for cell navigation. 

It contains many specialized immune cells such as fibroblasts, dDC, macrophages, neutrophils, 

mast cells and T cells (CD4 αβ and γδ). Blood and lymphatic vessels are also present throughout 
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the dermis. They serve as input and output to the cells through integrins and chemokine gradients 

[55,68].  

However, despite the skin being a protective layer, some pathogens, such as Leishmania spp., 

have the ability to bypass this barrier through an arthropod vector (sand fly). In this case, parasites 

are deposited directly to the dermis during a blood meal. After parasite inoculation into the skin, 

the complement system kills approximately 90% of the parasites [69]. The acute phase of the 

infection starts (Table 3). It is characterized by a local inflammatory reaction due to the infiltration 

of different immune cells (neutrophils, DC and inflammatory monocytes) and the release of pro-

inflammatory chemokines and cytokines by keratinocytes. The first cells encountered by 

Leishmania parasites are neutrophils, as previously described for VL. These neutrophils act as a 

“Trojan horse” and are taken up by macrophages promoting either their differentiation towards 

M2 phenotype, and thus, leading to better parasite survival, or favouring parasite clearance, 

depending on Leishmania species. Although macrophages are the primary host cell for 

Leishmania parasites, monocytes and DC that are recruited to the infection site can become 

infected and have distinct roles in shaping the immune response to infection. Once infected, 

macrophages may present leishmanicidal activity (classically activated or M1 phenotype) or they 

may become susceptible to infection (alternatively activated or M2 phenotype). The genetic 

background of host and Leishmania species will determine the disease outcome [67,70]. 

Following this initial acute inflammation and if the early immune response does not resolve the 

infection, a silent phase that favours parasite proliferation in the dermis without evident pathology 

takes place (Table 3). This observation clearly evidences that skin damage is caused by the 

immune response rather than by the parasite per se [75]. This phase can last from few weeks to 

months. It may end, leading to asymptomatic disease, or progress to an active phase of extensive 

inflammation of the infected tissue and formation of a cutaneous lesion at the site of the infection. 

During the ulcerative phase, there is a vigorous local inflammatory response (Table 3) and a 

prominent CD4+ and CD8+ T cell infiltration. CD8+ T cells are thought to participate in controlling 

the infection trough cytotoxic mechanisms such as granzymes and perforin production, which 

contribute to tissue damage. Granulomas appear, the number of B and plasma cells increases. 

Moreover, there is an upregulation of Fas, Fas ligand (FasL) and tumour necrosis factor-related 

apoptosis inducing ligand (TRAIL), which mediates keratinocyte apoptosis and skin ulceration 

[76,77]. The production of both inflammatory cytokines (TNFα and IFNγ) and regulatory cytokines 

(IL-10 and TGFβ) is upregulated. The balance between IFNγ and IL-10 will determine the intensity 

of the protective response. On the one hand, IFNγ leads to upregulation of iNOS in infected 

macrophages, which ultimately kills intracellular parasites by NO production. This results in rapidly 

growing lesions healing with low persistent parasite burdens. On the contrary, IL-10 supresses 

IL-12 pathway, promoting parasite persistence. However, although TNFα and IFNγ play a pivotal 

role in disease resolution, their upregulation is associated with promotion of tissue destruction. In 

ulcerative lesions, there is an exacerbated Th1 immune response that coexists with an elevated 

presence of T-regulatory cells expressing IL-10 and TGFβ, which could explain the progression 
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of the disease in spite of high production of inflammatory cytokines TNFα and IFNγ [78]. In 

addition, a second wave of neutrophil recruitment to the site of infection takes place, specially 

mediated by IL-17, what is associated with lesion progression and tissue damage [19]. Thus, 

neutrophils can be implicated in both protection and pathology of CL. 

In many cases, LCL is self-limiting after patients develop protective adaptive immunity. When 

infection resolution takes place in LCL, the healing phase starts with a gradual decrease of 

macrophages and parasites (Table 3). Dermal fibrosis occurs together with re-epithelialisation 

and keratinocytes proliferation, and giant cell granulomas are reported. Moreover, IFNγ, TNFα 

and IL-12 are upregulated at this stage [77]. Although self-cure is often the outcome of CL, 

development of a severe clinical form may occur. Some patients can develop MCL after resolution 

of their primary lesion, characterized by chronic inflammation of the nasal mucosa and by a 

hyperactive T cell response [70] associated with excessive levels of pro-inflammatory cytokines 

and decreased levels of IL-10 and TGFβ (Table 3). As previously described, low levels of IL-10 

ultimately lead to a more pronounced pro-inflammatory response and tissue damage. 

 

Figure 3. Lesion immune infiltration in different forms of CL. Adapted from [77]. Different immune cells can 

be found in normal skin (left). Ulcerative localized cutaneous leishmaniasis lesions (LCL, center) typically 

contain organized dermal granulomas with prominent infiltration of lymphocytes and activated macrophages. 

CD4+ T cells dominate the lymphocyte infiltrate. Neutrophils are found near the keratinocyte layer and may 

be involved in keratinocyte destruction and the resulting ulceration. On the contrary, non-ulcerative diffuse 

cutaneous leishmaniasis nodules (DCL, right) contain numerous disorganized macrophages laden with 

Leishmania amastigotes, few lymphocytes and marked plasma cell infiltration. Abbreviations: SC: stratum 

corneum; TEWL: trans-epidermal water loss. 

All these immunological processes encompass structural changes in both the epidermal and 

dermal layers. CL lesions vary in size, appearance (papule, plaque, nodule, or ulcer), time of 

lesion development, progression, and resolution time after disease onset. LCL lesions start with 

the development of erythema that eventually evolves into asymptomatic, small, pink or red papule. 

This papule slowly evolves to a firm, inflamed smooth nodule which eventually ulcerates 

becoming crusted in the centre. Gradually, the nodule loses its turgid feel and becomes firmer, 

indicating the replacement of granulomas by fibrosis in the process of spontaneous healing [79]. 
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Finally, the noduloulcerative lesions begin to regress and resolve completely, leaving a scar. 

Moreover, microscopic and histological examinations show significant alterations in the skin 

structure in CL. The centre of the ulcer is composed of dermis layer, either directly exposed to 

the surface or protected by a fibrin crust. This region is characterized by a profound necrosis. The 

induration that contours the ulcer or nonulcerative lesions present thickened epidermis [80] and 

the dermis beneath harbours the infiltrate of immune cells and parasites forming granulomas 

[81,82]. In any case, the stratum corneum (SC) has been removed. Therefore, it has to be taken 

into account that in CL, the permeability of the skin is highly variable in comparison to normal 

skin. In absence of SC, the skin barrier is damaged, and the permeability of drugs can be 

enhanced, especially hydrophilic drugs, that have low permeation into intact skin. Also, both in 

keratotic nodules and in scar tissues formed during the treatment, the SC barrier function is 

altered due to the presence of hyperkeratosis. In this case, the barrier function is also reduced, 

as it has been reported in Psoriasis Vulgaris, which is also characterized by the presence of 

hyperkeratosis, and the cohesiveness of corneocytes from superficial horny layers is lower [83]. 

Additionally, the ingress of inflammatory cells disturb the continuity of these layers, increases 

trans-epidermal water loss (TEWL), and leads to a higher permeation of the permeants caffeine 

and ibuprofen, as well as the antileishmanial drugs buparvaquone (BPQ) and paromomycin (PM), 

in Leishmania-infected skin compared to uninfected, which confirms a reduction in the skin barrier 

function. The hydrophilic molecules PM and caffeine showed much larger increases in flux 

through infected skin, compared to the more lipophilic molecules ibuprofen and BPQ. It seems 

that the subsequent oedema, caused by additional fluid accumulating in the interstitial spaces, 

facilitates permeation of the more water-soluble compounds. Another possible reason for the 

enhanced permeation of these water-soluble compounds could be the greater concentration 

gradient from donor to receptor phases for compounds with a higher aqueous solubility [84]. 

Finally, although the SC constitutes the most important barrier skin layer, in the viable layers 

beneath the SC (epidermis and dermis), various other processes will also became relevant to the 

overall transport, such as drug binding and sequestration, active transport and metabolism 

[85,86]. 

On the other hand, the blood and lymphatic clearance are profoundly altered in CL lesions, 

characterized by a more or less intense influx of inflammatory cells and leakage of plasma cells 

from the blood. This inflammatory status has a strong effect on the lymphatic and/or blood 

clearance of drugs, which can bind to proteins and drastically modify their dermal clearance [87].  
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Table 3. Main skin changes during cutaneous leishmaniasis. 

CL form Phase  Skin macroscopic changes  Cellular changes 

LCL 

 

Acute - No macroscopic changes 
- Increased TEWL 
- Increased vascular permeability 

- Neutrophils, DC and monocytes 
infiltration 

Silent - Infiltrate dominated by monocytes and 
macrophages 

- LC and dDC infiltration (DC become 
sessile and dendritic shaped) 

Active - Infiltration of CD4+ and CD8+ T cells 
- Recruitment of Ly6C+ monocytes 
- Keratinocytes proliferation 

Ulcerative - Skin ulceration 
- Increased TEWL 
- Increased vascular permeability 

- Prominent CD4 and CD8 T cells 
infiltration 

- Infiltration of activated macrophages 
- Keratinocytes apoptosis and necrosis 
- Dermal granulomas formation 
- Increase of B and plasma cells 
- Second wave of neutrophil recruitment 

Healing - Re-epithelialization 
- Dermal fibrosis 

- Decrease of macrophages 
- Keratinocytes proliferation 

MCL - - Inflammation of nasal mucosa 
- Tissue damage 

- T cell recruitment 
- Few infected macrophages 
- Neutrophil attraction 

DCL - - Nodules formation 
- Increased TEWL 
- Increased vascular permeability 

- Numerous disorganized and infected 
macrophages 

- Few lymphocytes 
- Plasma cells infiltration 

PKDL Sequel of VL - Skin rash consisting of macules, 
papules or nodules 

- T cell infiltration 
- Few plasma and B cells 

Abbreviations: CL: cutaneous leishmaniasis; LCL: localized cutaneous leishmaniasis; DC: 
dendritic cells; LC: Langerhans cells; dDC: dermal dendritic cells; MCL: mucocutaneous 
leishmaniasis; DCL: Diffuse cutaneous leishmaniasis; PKDL: Post-kala-azar dermal 
leishmaniasis; VL: visceral leishmaniasis; TEWL: Trans-epidermal water loss. 

3. PHYSIOLOGICAL FACTORS DETERMINING NANOPARTICLES BIODISTRIBUTION 

AFTER I.V. ADMINISTRATION 

NP are designed to modify the biodistribution and pharmacokinetic properties of drugs/contrast 

agents, improving the therapeutic index and/or offering better imaging signals for diagnosis. The 

fast development of different types of NP used for biomedical purposes has arisen attention about 

how these NP interact with the immune system and how the immune cells recognise and eliminate 

them from the body. The assessment of these interactions is crucial to determine efficacy and 

safety of NP. Several studies have shown that the interaction between NP and immune cells is 

rapid, very complex and influenced not only by the physicochemical properties of the NP (size, 

shape, surface charge, biodegradation and rigidity) but also by proteins and other biomolecules 

that are adsorbed onto the NP surface, named as protein corona (PC) (Figure 4). 

Although DDS can enter the body via different routes (e.g. pulmonary [88] or oral [89]), the most 

reproducible route is usually by peripheral i.v. injection. From the injection site, they first reach 

the heart and continue onto the pulmonary circulation, reaching the lungs. NP with diameters > 

6-10 µm are retained in the lung whereas NP smaller than 6 µm leave lung capillaries, return to 

the heart and are again pumped into the systemic circulation [90]. Then, they are distributed into 

other organs and tissues and simultaneously cleared by these organs. NP clearance mechanisms 
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can be broadly classified into three categories: i) disintegration of NP by protein adsorption, ii) 

opsonisation-mediated NP removal by immune cells in the bloodstream (leukocytes, monocytes, 

platelets and DC) and in organs (the MPS, in which macrophages, mainly of the liver and spleen 

phagocyte NP and gradually excrete them into the bloodstream); and iii) filtration by organs with 

fenestrated vasculature, mainly kidney and liver, which act as the main clearance organs for NP. 

Kidneys are responsible for blood filtration. The glomerular filtration allows the rapid clearance of 

NP and proteins smaller than 5.5 nm or with molecular weights (MW) around 60 kDa, as the 

fenestrated glomerular endothelium have pores with ~ 60-80 nm in size [91]. Thus, most NP are 

too large to be filtered without biodegradation [92,93]. Moreover, organ architecture also plays an 

important role in NP uptake. A cell located near the vascular inlet is more likely to take up a 

nanomaterial, and this cell will accumulate more nanomaterial when compared to a cell located 

near the vascular outlet [94] and pathological conditions usually cause microenvironmental 

changes at specific injury sites, affecting NP biodistribution. 

This section is focused on the principal physiological factors that determine NP biodistribution 

after its i.v. administration (Figure 4). A best understanding of how these principal anatomical and 

physiological barriers act capturing and removing external components can help in the designing 

of improved NP therapy for the treatment of leishmaniasis or other diseases. As liver, spleen and 

BM represent the major part of the MPS and are the major organs implicated in VL, special 

attention will be paid to physiological factors determining the NP distribution in these organs. 

One of the key factors that determine the targeting efficacy of NP is their blood-circulation time, 

which primarily depends on the rate of the biological clearance from the blood, spleen, liver and 

kidney, on the vascular permeability and on the NP physicochemical properties, especially on 

their size and geometry [95]. Some organs and tissues have naturally permeable vasculature in 

order to conduct their physiological functions. The inherent gaps between endothelial cells in 

vessels of those organs, called fenestrations, play a major role in determining the biological fate 

of NP. Furthermore, the size of a fenestration can change under pathological conditions, thus, 

affecting NP biodistribution.  
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Figure 4. Physicochemical properties of the nanoparticles (NP) and physiological factors determining their 

in vivo biodistribution. Interaction between NP and immune cells is complex and influenced not only by 

physicochemical properties of NP (size, shape, stiffness, composition or surface charge), but also by main 

physiological barriers. Once into the bloodstream, proteins and other biomolecules are adsorbed onto the 

NP surface, named as protein corona (PC). Then, NP face blood cells and endothelial barriers in the process 

of extravasation into the different organs. Endothelial fenestrations play a major role in determining the 

biological fate of NP. Finally, cells of the mononuclear phagocytic system (MPS), mainly of the liver and 

spleen, such as Kupfer cells (KC) or splenic macrophages are also crucial in capturing and removing NP. 

Abbreviations: SPIONS: superparamagnetic iron oxide nanoparticles; PEG: polyethyleneglycol. 

3.1 Nanoparticles interaction with blood cells and their targeting to inflamed tissues 

Once NP are sieved by lungs and kidneys, they are in direct contact with blood cells. Blood cells 

are composed of red blood cells (RBC or erythrocytes, 45-55%), white blood cells (WBC or 

leukocytes) and platelets (both cells around 1%). While RBC and platelets are non-phagocytic 

cells, phagocytic WBC include monocytes (about 5% of WBC, and their mature tissue-resident 

counterpart, macrophages) and neutrophils (polymorphonuclear granulocytes, 50-70%). Both of 

them are continuously generated in the BM and circulate in the bloodstream. Less frequent are 

eosinophils (2%), basophils (0.4%), DC, NK and lymphocytes. Neutrophils and monocytes, as 

first-line defence, are specialists in recognizing, ingesting and degrading pathogens and foreign 

bodies, including NP. The way in which activated neutrophils degrade pathogens is by destruction 

through proteolytic and oxidative enzymes, degranulation and secretion of antimicrobial agents 

or release of chromatin fibres decorated with antimicrobial proteins, such as neutrophils elastase 

(NE) and myeloperoxidase (MPO), known as NETs. Moreover, extracellular tramps are also 

produced to a lower extent by activated monocytes and macrophages [96]. 

Neutrophils and monocytes play a central role in acute inflammation and prevention against 

pathogens. Thus, based on their migratory ability and their potential to carry NP from circulation 

to these inflammation sites [97], their targeting is actually a strategy used in the designing of novel 

DDS for inflammatory diseases, including tumours [98,99]. In this context, albumin NP loaded 
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with an anti-inflammatory drug, inactivated the pro-inflammatory function of activated neutrophils 

preventing their adhesion to vascular endothelial cells and their migration to ischemic lung in a 

mice model of LPS-induced airway inflammation [100]. In the same model of acute inflammation, 

carboxylate polystyrene (PS) NP also reduced neutrophil adhesion at the vascular wall and NP 

were rapidly captured by circulating neutrophils that diverts to the liver, instead of lung 

accumulation [101]. Moreover, the fate of these NP-containing neutrophils will determine the drug 

accumulation in a determined organ. If the NP have no effect in neutrophils, they will be destroyed 

in the liver or BM after approximately 4 days. Nevertheless, the lifetime of mammalian neutrophils 

remains controversial and, of note, these lifetimes can be markedly extended in the context of 

inflammation [102]. 

Overall, it is worth noting that many microbes rely on leukocyte uptake to disseminate during 

infection. Thus, NP delivery to leukocytes might present an effective strategy for combating 

infections such as leishmaniasis.  

3.2 Nanoparticles and their capture by the liver 

NP that have not been captured by blood cells reach the liver. The major functions of the liver are 

the metabolism and clearance of foreign material. Approximately, between 30 – 90% of the 

administered NP with sizes > 6 nm are sequestered and cleared by the liver from the bloodstream. 

Liver endothelial sinusoids contain fenestrae with pores ranging from 150 to 200 nm, so smaller 

NP can pass through them and be cleared (Figure 5). Moreover, blood flow is significantly slower 

than in systemic circulation, what promotes preferential nanomaterial accumulation within the 

sinusoid [94]. 

Cells in the liver include hepatocytes (60%), liver sinusoidal endothelial cells (LSEC) (23%), KC 

(15%), hepatic stellate cells (HeSC), biliary endothelial cells and resident immune cells, including 

DC, NK and lymphocytes. KC, which are located inside the sinusoid capillaries, represent 80-

90% of the total macrophages in the body and are responsible for the majority of phagocytic 

activity in the liver, ingesting and degrading cellular debris, foreign material or pathogens [90]. 

Their strategic location allows them to act in antigen presentation, recruitment of immune cells or 

inhibition of pathogen replication. Moreover, KC are equipped with specific receptors that can be 

harnessed for their specific target [103]. Contacts between NP and macrophages occur via the 

recognition of opsonins on the NP surface or through interactions with scavenger receptors on 

KC. Furthermore, the size and curvature of NP highly influence both particle-cell contacts and 

internalization in vitro [104,105] and in vivo [106,107]. Thus, the great uptake of NP by KC is 

driven by their high phagocytic activity (in comparison with other macrophages), their strategic 

location to encounter foreign material circulating in the bloodstream, and also by the high and 

slow blood flow within the liver architecture, which heighten the chance of facing KC and, thus, 

being phagocytosed by them. 

Moreover, although KC are the major phagocytosing cells of the liver and the whole body, other 

liver cells have been shown to contribute to NP capture. Park et al. showed, by flow cytometry, 
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that 98% of liver KC captured poly(lactic-co-glycolic acid) (PLGA) NP (271 nm and negative Z-

potential), followed by LSEC, 89% of them captured NP, and HeSC (56%) [108]. On the other 

hand, despite being the most abundant cells of the liver, hepatocytes have been described to 

contribute to a much lesser extent than other liver cells to the NP capture. To interact with 

hepatocytes, NP may avoid KC and LSEC sequestration and extravasate into the space of Disse. 

Thus, their size must necessarily be smaller than the diameter of sinusoidal fenestrations (150-

200 nm). Therefore, only 7% of hepatocytes captured PLGA NP after 24 h i.v. injection to mice 

and, interestingly, this percentage was similar when KC were depleted. On the contrary, an 

increased retention in LSEC and HeSC was observed [108]. 

 

Figure 5. Effect of size in the biodistribution and clearance of NP. NP < 5 nm are easily eliminated from the 

blood and cleared by the kidney. Particles >1000 nm can be retained in the lungs. Phagocytic uptake by 

alveolar macrophages and mucociliary transporters are the main mode of excretion trough this organ. A 

second level of elimination is done by the liver, where particles of sizes 20 – 100 nm can pass through it. 

Particles between 20 – 200 nm start to accumulate in the spleen and BM. Finally, larger particles (200 – 250 

nm), which are not eliminated through the liver, are cleared by the MPS of the spleen. 

3.3 Nanoparticles and their capture by the spleen 

The spleen is a large, highly vascular lymphoid organ which main function is to filter the blood. 

The spleen architecture varies among species. The most prominent difference is the existence of 

sinusoidal (in human, rat and dog) and non-sinusoidal (in mice) splenic circulation. The unique 

arrangement of the endothelial cells lining the sinus wall forces the blood to pass through the slits 

to travel from the cords into the sinus. Slit size of the sinusoidal spleen varies between 200 and 

500 nm whereas non-sinusoidal spleen is characterized by flat endothelial cells and a 

conventional basement membrane [109]. Thus, large and stiff NP can be removed by the splenic 

filtration process (Figure 5). Because of differences in blood flow between liver and spleen, the 

splenic delivery is inversely related to hepatic uptake. In fact, when NP are i.v. injected, they are 
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predominantly taken up by liver KC and, approximately, a 15% of the dose is found in the spleen. 

Thus, low KC NP sequestration is needed for efficient targeting to the spleen [110].  

As explained above, the spleen is compartmentalized into red and white pulp that are separated 

by a MZ and sinuses with pores of approximately 3 μm in diameter. The RP contains 

macrophages that are involved in erythrocyte degradation, whereas the MZM, B cells and DC 

provide defence against pathogens. Metallophilic macrophages and tingible body macrophages 

reside in the WP and are responsible for innate immunity and clearing of apoptotic cells, 

respectively [111]. Macrophages in either the red or white pulp can potentially take up NP, but the 

specifics remain unclear [112]. Actually, sizes higher than 200 nm, irregular shapes, hydrophilic 

surfaces and a rigid nature of NP promote their splenic retention [90]. When PS NP of 500 nm 

were i.v. administered to mice, they were present in the RP and MZ, with extensive phagocytosis 

of MMM and B cells in the MZ and neutrophils in the RP, analysed 6 h post i.v. injection, by 

confocal microscopy. Furthermore, flow cytometry analysis determined that, after 3 hours, 

approximately a 46% of the cells were macrophages phagocytosing NP, followed by neutrophils 

and monocytes. After 48 hours, monocytes population was dramatically decreased and 

macrophages were increased until 73%, suggesting the ability of monocytes to differentiate into 

macrophages after NP treatment [113]. 

Moreover, it is important to mention that, as the splenic architecture is different between species, 

different distribution was observed when 400 nm irregular polymer lipid nanostructures 

(LIPOMER) containing glycerylmonostearate (GMS) were administered to sinusoidal and non-

sinusoidal spleen species. Higher splenotropy (spleen/liver ratio) was observed in rabbits (3-fold) 

and dogs (7.4-fold), having sinusoidal spleen, compared to mice with non-sinusoidal spleen [114]. 

Overall, a better knowledge of the spleen for different animal models along with more systematic 

studies are needed to optimize the properties of NP to improve splenotropic drug delivery, 

especially in splenic disorders, while minimizing toxicity. 

3.4 Nanoparticles and their interaction with the bone marrow 

As previously described, the BM is a complex, flexible, heterogeneous tissue that is found mainly 

in the medullary canal of long bones, as well as vertebrae and iliac crest. NP are naturally inclined 

to accumulate in the BM. Reticuloendothelial sinusoidal blood capillaries have pores as large as 

60 nm in diameter, so NP smaller than this size can enter the BM interstitial space [115] (Figure 

5), although NP of higher sizes (100 – 300 nm) have been shown to accumulate in this organ 

[116-118]. Various factors play roles in targeting of nanomedicines to the BM, including particle 

size, composition, and surface charge of NP. Negatively charged nanosystems increased their 

interaction and residence within the BM. Additionally, liposomes with high cholesterol content as 

well as polymer NP with high MW lead to increased BM accumulation [115]. In vivo, Mandl et al. 

revealed that DiD labelled PLGA NP with sizes of 120, 166, 282 and 443 nm (~ -21 mV) showed 

different BM cell capture in mice after i.v. administration. By In Vivo Imaging System (IVIS) and 

confocal imaging, small NP (120 nm) demonstrated enhanced internalization (2-fold) within the 
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BM compared to larger ones. These results were also confirmed by flow cytometry, where the 

accumulation of small NP in hematopoietic stem and progenitor cells (HSPC) cells (CD117+) was 

significantly greater (2-fold, 84% of double positive cells), with no differences among the bigger 

ones [117]. In another study, after 3 hours of 500 nm spherical PS NP i.v. administration in mice, 

BM neutrophils showed the higher interactions with NP, followed by B cells, monocytes and DC. 

After 96 hours, 34% of neutrophils internalized NP while 24% were capture by monocytes and 

33% by B cells, demonstrated prolonged retention of these big non-biodegradable NP in BM cells 

[113]. Besides, Cy5-labelled Au NP with diameters of 5, 30 and 50 nm revealed a size-dependent 

cell internalization by flow cytometry analysis after 24 hours of i.v. injection. 50 nm NP was 

captured, in a greater extent, by B cells, T cells, helper T cells, cytotoxic T cells, macrophages, 

DC, neutrophils and monocytes, being this capture significant for cytotoxic T cells and monocytes 

compared to 30 and 5 nm NP. 

4. MODIFICATION OF PHYSIOLOGICAL FACTORS OR PATHOLOGIES THAT CAN AFFECT 

NANOPARTICLES BIODISTRIBUTION 

Under pathological conditions, changes in organs architectures, blood flow dynamics or even in 

the different cellular types implicated in NP capture occur. These modifications can alter the 

distribution of DDS previously described in healthy conditions.  

This section describes previous works evidencing the effect of several diseases or pathological 

conditions in NP organ accumulation and distribution.  

4.1 Vascular permeability alterations 

Acute and chronic inflammation due to pathological conditions produce vascular permeability 

alterations that allow the passage of NP and immune cells, such as neutrophils and Ly6C+ 

monocytes. Most solid tumours have defective vasculature and may also produce several growth 

factors that enhance vascular permeability. This results in hyperpermeable vasculature, which 

allows macromolecules or NP to access tumour tissue, being retained there, due to a defective 

lymphatic drainage system [119]. This phenomenon is known as the enhanced permeability and 

retention (EPR) effect, a critical principle for the passive tumour targeting of NP [120]. 

Another disease that curses with chronic inflammation is rheumatoid arthritis (RA). Actual 

treatments need frequent and long administration of drugs which result in unwanted systemic side 

effects. Several DDS are being studied for the treatment of RA, taking advantage of the fact that 

macrophages play a central role in RA inflammation. Thus, due to the leaky capillaries in inflamed 

arthritic joints, NP can pass through them promoting selective targeting of inflamed joints and 

being directly captured by macrophages in the inflamed site [99]. In fact, superparamagnetic iron 

oxide NP (SPION), that can be visualize in vivo by Magnetic Resonance Imaging (MRI), are 

already used in preclinical and occasionally clinical studies to detect arthritis [121,122] as well as 

other inflammatory diseases [123,124]. 
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Moreover, systemic inflammation, triggered by a variety of infectious or non-infectious conditions, 

is also known to alter blood flow, increase vascular permeability and activate the immune system 

[125]. This inflammatory condition has been also described to modify the distribution profile of i.v. 

injected nanoparticles. Chen et al. studied the biodistribution of differently sized NP (20, 100 and 

500 nm) in a murine model of inflammation induced by lipopolysaccharide (LPS), 4 hours after 

their i.v. administration. When analysed by high-performance liquid chromatography (HPLC) and 

IVIS, PS NP accumulated in LPS-treated spleens in a greater degree than in healthy spleens, 

with higher NP accumulation for bigger sizes. Confocal microscopy determined colocalization of 

MMM with NP of 100 and 500 NP whereas MZM and DC showed strong colocalization with all 

sized NP. In contrast, neutrophils showed no visible colocalization for any NP size and RPM were 

more present in 500 nm NP, regardless of LPS treatment. When analysed by flow cytometry, 

LPS-induced inflammation did not alter the uptake of 20 nm NP in the examined cell subsets. 100 

nm NP were taken equally for all tested cell populations, but a significant increase in the uptake 

of neutrophils was observed during inflammatory conditions. Contrary, a significant decrease in 

the uptake of 500 nm NP was observed for MMM during inflammation as well as a significant 

increase for MZM and DC [126]. Finally, after injury or inflammation, BM activates, and an 

overproduction of inflammatory monocytes differentiate and accumulate in lesioned tissues. 

Formation of angiogenic blood vessels occurs and endothelial cell-cell junctions are less tight with 

pore diameters of several hundred nm, leading to increased permeability and leakiness [127]. 

These features have to be also present when designing NP for the treatment of chronic 

inflammation or haematological malignancies. 

4.2 Tuberculosis granulomas 

Granulomas are seen in a variety of diseases and their formation is a prominent feature of 

tuberculosis (TB). This granulomatous structure is similar to the observed in VL infected livers. 

One of the critical roles in TB treatment is drug penetration. TB bacteria reside in both cellular 

and necrotic regions of granuloma [128], thus, poor drug penetration can lead to subinhibitory 

concentrations of TB drugs which in turn increase the risk of developing drug resistances [129]. 

In efficacy studies that focused on bacterial populations surviving drug treatment, the lesion 

compartments that failed to be sterilized at the end of the therapy were mostly the necrotic core 

of the granulomas (caseum foci), where hypoxic conditions reduce the activity of many drugs 

[130]. Moreover, several studies have reported that patterns of drug penetration are highly 

dependent on the drug or metabolite, their intrinsic physicochemical properties, and extent of 

binding to caseum macromolecules [129,130]. 

Moreover, Datta et al. provided data concerning the similarities between TB granulomas and solid 

tumours, as both are hypoxic and consequently, both have the potential to stimulate angiogenesis 

and these new blood vessels are the conducts for drugs, either free or encapsulated in NP, to 

reach the diseased site [131]. Thus, the use of NP for the treatment of TB have been explored in 

the last years for replacing the administration of antibiotics or other drugs in the free form that 

nowadays require long therapy duration [132]. Various types of NP having a range of sizes were 
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able to extravasate from blood vessels adjacent to granulomas and accumulate in significant 

amounts next to infection foci of TB-infected zebra fishes. Moreover, in a murine model of TB, NP 

efficiently extravasated out of vessels and accumulated strongly in lung granulomas, while few 

NP were found in areas devoid of bacteria. Thus, this higher extravasation of NP was suggested 

to occur due to increased blood flow and permeability of newly endothelium adjacent to 

granulomas, mediated by the infection [133,134]. 

4.3 Removal of Kupffer cells 

As previously described, up to 99% of the injected NP are mainly deposited in organs where 

macrophages reside [112]. This could be desirable in some diseases but should be avoided in 

other situations. Hence, researchers have developed non-conventional strategies to improve the 

delivery efficiency of NP, including manipulation of MPS. Several strategies have been performed 

to prevent phagocytic uptake by the liver, such as manipulating size and shape or coating the NP 

surface with neutrally charged antifouling polymers (e.g. polyethyleneglycol (PEG)) [135,136]. 

However, even though these strategies have led to an increase in blood half-life, they do not allow 

to determine the contribution of phagocytic cells in mediating the delivery process and have not 

effectively advanced nanomedicine formulations to the clinic. Thus, a number of studies have 

characterized different agents to deplete phagocytic liver cells and to investigate how liver 

macrophages impact in the NP delivery process. For that purpose, clodronate liposomes have 

been previously used [137]. 

This depletion of KC in the liver and macrophages of the spleen has been widely investigated to 

decrease the sequestration of NP in the liver and spleen in favour of other organs, prolonging NP 

circulation time, and/or to modify their cellular distribution within these organs [108]. However, in 

absence of KC, although improvement in the delivery efficiency of NP to tumours was observed, 

this increase was not dramatic. By removing these cells, Tavares et al. showed that KC only 

contributed 2% to the delivery efficiency of NP to tumours [138]. Park et al. stated that, in absence 

of KC, NP liver sequestration still occurs and NP are redistributed to other cellular types such as 

LSEC and hepatic stellate cells, which increased NP uptake [108]. Moreover, a downside of this 

method of depletion is that the clodronate effect is transitory. After KC depletion by clodronate 

liposomes, KC were completely restored to basal levels in two weeks. Moreover, the percentage 

of blood monocytes and inflammatory macrophages is back to normal after 3 days [137,139] and 

monocytes can also differentiate into KC and DC in the liver when KC are massively depleted, 

giving rise to several subsets of hepatic DC with antigen presentation functions [140]. Thus, if NP 

circulate long enough, they may be taken up by repopulated KC. 

4.4 Liver fibrosis 

In liver diseases such as liver fibrosis, monocyte-derived macrophages infiltrate the liver, release 

proinflammatory mediators and promote the activation of collagen-producing myofibroblasts 

[141], leading to structural alterations (e.g. extracellular matrix), vascular (leaky endothelial barrier 

and angiogenesis) or immunological changes (immune cells infiltration) that affect the cellular 
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biodistribution of typical DDS [142]. These changes have been reported to modify the pattern of 

cellular distribution of different types of delivery systems (poly(N-(2-hydroxyprpyl) 

methacrylamide), pHPMA) polymers of 10 nm, PEGylated liposomes of 100 nm and poly(butyl 

cyanoacrylate)-based (PBCA) microbubbles of 2 µm). However, this effect was different for each 

delivery system. Polymers and microbubbles showed a decreased uptake by KC, monocyte-

derived macrophages and monocytes in fibrotic livers compared to healthy livers. In contrast, 

liposomes had an overall higher targeting efficacy for LSEC and myeloid cells in diseased livers, 

although showing the lowest specificity. Moreover, when spleen was analysed, an increased 

accumulation of the three carriers was observed in comparison to healthy mice and a shift in the 

cellular biodistribution of NP was observed. There was a tendency towards a decrease in the 

uptake of NP by RPM (significant only for polymers) and also a reduction in the internalization of 

NP by neutrophils (significant for liposomes). In contrast, an increase in microbubbles positive 

splenic monocytes was detected after 24 hours, by flow cytometry, in diseased spleens [142]. 

However, neither the amount of carrier uptake by the liver, nor carrier clearance were impaired 

after induction of fibrosis. 

5. NANOPARTICLES IN THE TREATMENT OF LEISHMANIASIS 

In leishmaniasis disease, parasites reside and multiply within macrophages in the dermis (in the 

case of CL) and in macrophage-rich organs, mainly liver spleen and BM, in the case of VL. 

Macrophages, and in a lesser extent neutrophils, DC and monocytes, efficiently engulf NP in the 

range of 50-500 nm [9]. The strategy of using NP for the treatment of leishmaniasis takes 

advantage of the particulate matter uptake mechanism by macrophages, which are the main 

phagocytic cells involved in leishmaniasis infection, improving efficacy and reducing toxic effects 

of the encapsulated drugs by reaching an effective intracellular concentration within 

phagolysosomes [7]. In the last decades, antileishmanial compounds have been loaded to several 

systems such as metallic NP, polymeric NP, lipid NP, dendrimers or carbon nanotubes (CNT) 

against either VL or CL with improved efficacy compared to the free drug, recently reviewed 

[9,11,143]. However, pathological changes in Leishmania-infected organs can alter NP 

biodistribution and, thus, efficacy. 

5.1 Effect of visceral leishmaniasis in NP biodistribution 

Among the drugs clinically available for leishmaniasis, amphotericin B (AmB) has been the most 

extensively studied for the development of new DDS. Two decades ago, 3 lipid-based 

formulations of AmB (AmBisome®, Abelcet® and Amphotec®/Amphocil®) reached the market. 

These formulations show much lower toxicity than the conventional micellar formulation 

composed of AmB and sodium deoxycholate marketed as Fungizone®. They are comprised of 

cholesterol-containing small unilamellar vesicles bearing the drug in their membrane. While 

AmBisome® formulation contains anionic liposomes of ~ 70-80 nm, Abelcet® and Amphotec® 

are composed of ribbon-like AmB-phospholipid complex of 1.6-11 µm in size or disk-like AmB-
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cholesteryl sulphate complex of 115 x 4 nm, respectively [144]. When Fungizone® is administered 

i.v., it causes haemolysis and binds to plasma lipoprotein LDL to be taken by cells expressing 

LDL receptors such as kidney cells, which leads to renal toxicity. In contrast, Abelcet® is rapidly 

sequestered by the MPS due to its bigger size and lower AmB levels in plasma than after 

administration of Fungizone® are determined. Moreover, Amphotec® remains largely intact after 

i.v. administration with prolonged circulation within the bloodstream due to its elongated shape 

and is sequestered from circulation preferably by liver KC. It is less haemolytic and nephrotoxic 

than Fungizone®, probably because of the strong affinity that exist between AmB and cholesterol. 

Finally, AmBisome® is characterized by a prolonged circulation in blood stream, which favours 

spleen retention, and is consistently the least nephrotoxic of all commercially available lipid 

formulations of AmB, as its lipid matrix is refractory to opsonization because is in the gel phase 

at physiological temperature [145,146].  

As it was expected, due to its large size, Abelcet® showed the highest AmB accumulation in 

spleen, being this amount 1.4, 3.6 and 4.9-fold higher than AmBisome®, Amphotec® and 

Fungizone®, respectively. In the liver, Abelcet® and AmBisome® showed similar accumulation 

and this accumulation was 2-fold higher than in the case of Amphotec® and Fungizone® [144]. 

Despite Abelcet® seems to accumulate in a wider degree in these organs, their activity against 

VL was ranked as follows: AmBisome® ~ Amphotec® > Abelcet®, after 5 days of treatment at 

2.5 mg/kg/day [147] and the mean effective doses (ED50) in experimental VL when administered 

i.v. were 0.3, 0.7 and 2.7 mg/kg for AmBisome®, Amphotec® and Abelcet®, respectively [148]. 

Thus, it seems that not only higher drug accumulation in organs is needed to achieve efficacy, 

but also the drug has to be internalised by infected macrophages and, perhaps, Abelcet® particle 

size is too large to favour macrophage uptake in vivo. Besides, AmBisome® is recognized more 

slowly by the MPS (due to smaller size), what results in longer circulation times, compared to 

Abelcet® or Amphotec®, and importantly, AmBisome® presents prolonged mean residence time 

in infected tissues, thus, explaining why sometimes a short-period treatment, or even a single 

dose, is effective against leishmaniasis. Actually, high AmB concentration was detected in liver 

and spleen after 72 hours of AmBisome® i.v. administration to healthy rats [149]. Moreover, the 

smaller size of AmBisome® allows its entrance and accumulation in the BM compared to larger 

systems. 

However, the pharmacodynamics and pharmacokinetics of current antileishmanial drugs have yet 

to be fully established in preclinical disease models. AmBisome® has been described to 

accumulate less in livers and spleens in an acute model of VL [150]. However, authors did not 

determine whether lower amounts of AmB found in infected tissues compared to non-infected 

were related to a reduced uptake of the drug (loss of macrophages phagocytic activity) or to 

increased elimination from the inflamed tissue (affected by leaking capillaries in inflamed tissues). 

Moreover, Mullen et al. stated that AmBisome® was less effective in the chronic stage of VL 

infection compared to acute [147]. 
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More recently, Voak et al. studied the potency and biodistribution of AmBisome® in VL infected 

BALB/c mice after administration of three different doses and at two different time points (21 or 

42 days after infection). A decrease in potency was observed in spleen when drug was 

administered in a chronic stage of the infection (day 35), compared to acute stage (day 14 post 

infection). However, opposite trends were observed in the liver at the lowest dose (0.6 mg/kg). 

Nonetheless, these data in the liver reflect a mixture of parasite killing by drug and a mature 

granulomatous host response resolving the infection [30,151]. They again showed a significantly 

lower AmB concentration in liver and spleen of VL-infected mice, whereas the opposite occurred 

in blood [12]. 

Thus, understanding the mechanisms of how the pathophysiology of experimental VL affects drug 

absorption, distribution, metabolism and elimination (ADME) will improve the development and 

use of antileishmanial drugs and delivery systems. 

5.2 Effect of cutaneous leishmaniasis in NP targeting 

I.v. administration of DDS for CL takes advantage of the inflammatory response that occurs at the 

skin in Leishmania spp. infection, which involves increased vascular permeability and 

vasodilatation of dermal blood vessels, and the infiltration of several types of immune cells, 

including macrophages, that play an important role in tissue swelling and the formation of skin 

lesion. Moreover, local capillary leakiness occurs [152], allowing the influx of drug-loaded 

macrophages into the skin [153]. 

Regarding liposomal AmB formulations, AmBisome® is used as second-line treatment for 

complex CL. Although at higher doses than for VL (ED50 of 25 mg/kg), it was effective in treating 

CL lesions, while Amphotec® showed lower activity, and Abelcet® and Fungizone® were the 

lowest effective after i.v. administration [148]. Actually, drug concentration in lesion site was 3-

fold higher for AmBisome® compared to Fungizone® after 5-time administration of the same 

dose. The lower circulation time of these formulations impaired extravasation into inflamed area 

at tissue lesions and, thus, the lower drug accumulation in comparison to AmBisome® is the 

reason for their reduced efficacy after i.v. injection [154]. The smaller size of AmBisome® (70 nm) 

facilitates its extravasation through the leaky capillaries in the inflamed skin lesion and then, its 

uptake by infected dermal macrophages. Alternatively, its longer blood circulation could enhance 

ingestion by phagocytic monocytes in blood while carrying it to the infection site, acting as drug 

reservoirs and increasing i.l. AmB levels. The role of circulating monocytes in capturing 

AmBisome® has been recently confirmed when increased i.l. AmB concentration (3-fold) was 

found after i.v. AmBisome® administration to mice with CL in earlier stages (5 days post-

infection), compared to established disease (20 days post-infection). The initial massive influx of 

blood phagocytes and inflammatory cells loading AmB and migrating into the skin as part of the 

immune response, increased drug concentration compared to later stages of the disease, where 

macrophages infiltrating the infected tissue are more limited and, thus, AmB accumulation could 

be lower. In a similar trend, after AmBisome® i.v. administration, AmB levels in L. major lesions 
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were 2-fold higher than in L. mexicana. A more heavily inflamed skin and leakiness of dermal 

capillaries along with higher numbers of infiltrating macrophages and inflammatory cells was 

observed in the L. major model at all stages of the disease [155]. Thus, the degree of local 

inflammation on CL lesions alters AmBisome® pharmacokinetics and efficacy. 

Focusing on topical treatments, the three lipidic formulations (AmBisome®, Amphocil® and 

Albecet®) commercialized for parenteral treatment of VL have been tested for topical CL therapy. 

Significant improvements in murine lesion size were obtained after topical treatment of L. major 

lesions with either Amphotec® or Abelcet® when dispersed in an aqueous solution containing 5 

to 25% ethanol, as permeation enhancer, compared to dispersed Fungizone®, and no or low 

levels of AmB were detected in internal organs after treatment, suggesting skin retention [156]. 

In fact, ex vivo studies in pig ear skin found higher AmB retention in the skin after application of 

Amphotec® compared to Fungizone®. However, no differences were observed between aqueous 

and ethanolic Amphotec® [157]. Subsequently, the ethanolic Amphotec® solution was effective 

in treating L. major lesions in patients from Israel [158]. Moreover, in vivo, in BALB/c mice, other 

topical liposomal AmB (0.4%, ~100 nm and -36 mV) resulted in complete clearance of L. major 

parasites from the skin site of infection (ulcerative lesions) [159], although a nanoliposomal 

formulation of AmB (SinaAmphoLeish® 0.4%) failed to cure CL caused by L. mexicana after 

topical treatment to non-ulcerative and ulcerative lesions [160]. Although some preclinical and 

clinical trials showed efficacy, it seems that the enhancement would not justify their routine use. 

Moreover, despite liposomal PM (the standard topical drug for CL) was successfully tested in L. 

major infected BALB/c mice, we have not found any information about the results in clinical trials 

that were apparently completed in 2012. 

The difficulties for topical CL treatment and for fully exploitation of NP benefits, would be due to 

the deep location of the parasites and the need of dermal drug retention for efficacy. As a function 

of their physicochemical properties, composition, and interaction with the drug and the skin, NP 

can enhance the solubility of poorly soluble drugs, promote drug penetration into the SC, or 

permeate through the skin and/or serve as rate-limiting membrane barriers that control the drug 

release rate [79,161]. This may result in an increased amount of drug accumulated in the different 

skin layers and a sustained drug release that reduces the absorption of the drug into the blood 

and its systemic side effects. However, intact NP will never reach the dermis or dermal 

macrophages, negating the possibilities of targeted delivery or control drug dermal clearance, the 

key parameter for efficacy in topical CL therapy. Even highly deformable and flexible vesicles 

such as transfersomes, designed for enhancing skin penetrating properties of conventional 

liposomes, at best reached viable epidermis [162-165]. 

Under these circumstances, a conventional formulation with an optimized combination of 

surfactants, co-solvents or penetration enhancers could, perhaps, offer similar benefits than NP. 

Moreover, NP drug loading should probably provide a topical formulation with a drug 

concentration lower than can be achieved in a conventional formulation.  

 



  Introduction 

35 

 

6. BIBLIOGRAPHY 

1. Kaye, P.; Scott, P. Leishmaniasis: complexity at the host-pathogen interface. Nature 

reviews. Microbiology 2011, 9, 604-615, doi:10.1038/nrmicro2608. 

2. Ismail, A.; Gadir, A.F.; Theander, T.G.; Kharazmi, A.; El Hassan, A.M. Pathology of post-

kala-azar dermal leishmaniasis: a light microscopical, immunohistochemical, and 

ultrastructural study of skin lesions and draining lymph nodes. Journal of cutaneous 

pathology 2006, 33, 778-787, doi:10.1111/j.1600-0560.2006.00531.x. 

3. WHO Expert Committee on the Control of the Leishmaniases. Meeting (2010 : Geneva); 

World Health Organization. Control of the leishmaniases : report of a meeting of the 

WHO Expert Committee on the Control of Leishmaniases, Geneva, 22-26 March 2010; 

World Health Organization: Geneva, 2010; pp. xiii, 186 p. 

4. Burza, S.; Croft, S.L.; Boelaert, M. Leishmaniasis. Lancet 2018, 392, 951-970, 

doi:10.1016/S0140-6736(18)31204-2. 

5. Alvar, J.; Velez, I.D.; Bern, C.; Herrero, M.; Desjeux, P.; Cano, J.; Jannin, J.; den Boer, M.; 

Team, W.H.O.L.C. Leishmaniasis worldwide and global estimates of its incidence. PloS 

one 2012, 7, e35671, doi:10.1371/journal.pone.0035671. 

6. Balasegaram, M.; Ritmeijer, K.; Lima, M.A.; Burza, S.; Ortiz Genovese, G.; Milani, B.; 

Gaspani, S.; Potet, J.; Chappuis, F. Liposomal amphotericin B as a treatment for human 

leishmaniasis. Expert opinion on emerging drugs 2012, 17, 493-510, 

doi:10.1517/14728214.2012.748036. 

7. Espuelas, S.; Plano, D.; Nguewa, P.; Font, M.; Palop, J.A.; Irache, J.M.; Sanmartin, C. 

Innovative lead compounds and formulation strategies as newer kinetoplastid 

therapies. Current medicinal chemistry 2012, 19, 4259-4288, 

doi:10.2174/092986712802884222. 

8. Romero, E.L.; Morilla, M.J. Drug delivery systems against leishmaniasis? Still an open 

question. Expert opinion on drug delivery 2008, 5, 805-823, 

doi:10.1517/17425247.5.7.805. 

9. de Souza, A.; Marins, D.S.S.; Mathias, S.L.; Monteiro, L.M.; Yukuyama, M.N.; Scarim, C.B.; 

Lobenberg, R.; Bou-Chacra, N.A. Promising nanotherapy in treating leishmaniasis. 

International journal of pharmaceutics 2018, 547, 421-431, 

doi:10.1016/j.ijpharm.2018.06.018. 

10. Nafari, A.; Cheraghipour, K.; Sepahvand, M.; Shahrokhi, G.; Gabal, E.; Mahmoudvand, H. 

Nanoparticles: New agents toward treatment of leishmaniasis. Parasite epidemiology 

and control 2020, 10, e00156, doi:10.1016/j.parepi.2020.e00156. 

11. Wagner, V.; Minguez-Menendez, A.; Pena, J.; Fernandez-Prada, C. Innovative Solutions 

for the Control of Leishmaniases: Nanoscale Drug Delivery Systems. Current 

pharmaceutical design 2019, 25, 1582-1592, 

doi:10.2174/1381612825666190621154552. 

12. Voak, A.A.; Harris, A.; Qaiser, Z.; Croft, S.L.; Seifert, K. Pharmacodynamics and 

Biodistribution of Single-Dose Liposomal Amphotericin B at Different Stages of 

Experimental Visceral Leishmaniasis. Antimicrobial agents and chemotherapy 2017, 61, 

doi:10.1128/AAC.00497-17. 

13. Kaye, P.M.; Cruz, I.; Picado, A.; Van Bocxlaer, K.; Croft, S.L. Leishmaniasis 

immunopathology-impact on design and use of vaccines, diagnostics and drugs. 

Seminars in immunopathology 2020, 42, 247-264, doi:10.1007/s00281-020-00788-y. 

14. Pace, D. Leishmaniasis. The Journal of infection 2014, 69 Suppl 1, S10-18, 

doi:10.1016/j.jinf.2014.07.016. 

15. Wilson, M.E.; Jeronimo, S.M.; Pearson, R.D. Immunopathogenesis of infection with the 

visceralizing Leishmania species. Microbial pathogenesis 2005, 38, 147-160, 

doi:10.1016/j.micpath.2004.11.002. 



Introduction   

36 

 

16. Sanchez, M.A.; Diaz, N.L.; Zerpa, O.; Negron, E.; Convit, J.; Tapia, F.J. Organ-specific 

immunity in canine visceral leishmaniasis: analysis of symptomatic and asymptomatic 

dogs naturally infected with Leishmania chagasi. The American journal of tropical 

medicine and hygiene 2004, 70, 618-624. 

17. Dos Santos Meira, C.; Gedamu, L. Protective or Detrimental? Understanding the Role of 

Host Immunity in Leishmaniasis. Microorganisms 2019, 7, 

doi:10.3390/microorganisms7120695. 

18. Peters, N.C.; Egen, J.G.; Secundino, N.; Debrabant, A.; Kimblin, N.; Kamhawi, S.; Lawyer, 

P.; Fay, M.P.; Germain, R.N.; Sacks, D. In vivo imaging reveals an essential role for 

neutrophils in leishmaniasis transmitted by sand flies. Science 2008, 321, 970-974, 

doi:10.1126/science.1159194. 

19. Goncalves-de-Albuquerque, S.D.C.; Pessoa, E.S.R.; Trajano-Silva, L.A.M.; de Goes, T.C.; 

de Morais, R.C.S.; da, C.O.C.N.; de Lorena, V.M.B.; de Paiva-Cavalcanti, M. The Equivocal 

Role of Th17 Cells and Neutrophils on Immunopathogenesis of Leishmaniasis. Frontiers 

in immunology 2017, 8, 1437, doi:10.3389/fimmu.2017.01437. 

20. Chen, G.Y.; Nunez, G. Sterile inflammation: sensing and reacting to damage. Nature 

reviews. Immunology 2010, 10, 826-837, doi:10.1038/nri2873. 

21. Wardini, A.B.; Pinto-da-Silva, L.H.; Nadaes, N.R.; Nascimento, M.T.; Roatt, B.M.; Reis, 

A.B.; Viana, K.F.; Giunchetti, R.C.; Saraiva, E.M. Neutrophil properties in healthy and 

Leishmania infantum-naturally infected dogs. Scientific reports 2019, 9, 6247, 

doi:10.1038/s41598-019-42687-9. 

22. Papayannopoulos, V. Neutrophil extracellular traps in immunity and disease. Nature 

reviews. Immunology 2018, 18, 134-147, doi:10.1038/nri.2017.105. 

23. Hurrell, B.P.; Regli, I.B.; Tacchini-Cottier, F. Different Leishmania Species Drive Distinct 

Neutrophil Functions. Trends in parasitology 2016, 32, 392-401, 

doi:10.1016/j.pt.2016.02.003. 

24. Rossi, M.; Fasel, N. How to master the host immune system? Leishmania parasites have 

the solutions! International immunology 2018, 30, 103-111, 

doi:10.1093/intimm/dxx075. 

25. Ueno, N.; Wilson, M.E. Receptor-mediated phagocytosis of Leishmania: implications for 

intracellular survival. Trends in parasitology 2012, 28, 335-344, 

doi:10.1016/j.pt.2012.05.002. 

26. Lefevre, L.; Lugo-Villarino, G.; Meunier, E.; Valentin, A.; Olagnier, D.; Authier, H.; Duval, 

C.; Dardenne, C.; Bernad, J.; Lemesre, J.L., et al. The C-type lectin receptors dectin-1, 

MR, and SIGNR3 contribute both positively and negatively to the macrophage response 

to Leishmania infantum. Immunity 2013, 38, 1038-1049, 

doi:10.1016/j.immuni.2013.04.010. 

27. Carrion, J.; Nieto, A.; Iborra, S.; Iniesta, V.; Soto, M.; Folgueira, C.; Abanades, D.R.; 

Requena, J.M.; Alonso, C. Immunohistological features of visceral leishmaniasis in 

BALB/c mice. Parasite Immunol 2006, 28, 173-183, doi:10.1111/j.1365-

3024.2006.00817.x. 

28. Kaye, P.M.; Beattie, L. Lessons from other diseases: granulomatous inflammation in 

leishmaniasis. Seminars in immunopathology 2016, 38, 249-260, doi:10.1007/s00281-

015-0548-7. 

29. Murray, H.W.; Squires, K.E.; Miralles, C.D.; Stoeckle, M.Y.; Granger, A.M.; Granelli-

Piperno, A.; Bogdan, C. Acquired resistance and granuloma formation in experimental 

visceral leishmaniasis. Differential T cell and lymphokine roles in initial versus 

established immunity. J Immunol 1992, 148, 1858-1863. 

30. Murray, H.W. Tissue granuloma structure-function in experimental visceral 

leishmaniasis. International journal of experimental pathology 2001, 82, 249-267, 

doi:10.1046/j.1365-2613.2001.00199.x. 



  Introduction 

37 

 

31. Beattie, L.; Peltan, A.; Maroof, A.; Kirby, A.; Brown, N.; Coles, M.; Smith, D.F.; Kaye, P.M. 

Dynamic imaging of experimental Leishmania donovani-induced hepatic granulomas 

detects Kupffer cell-restricted antigen presentation to antigen-specific CD8 T cells. PLoS 

Pathog 2010, 6, e1000805, doi:10.1371/journal.ppat.1000805. 

32. Stern, J.J.; Oca, M.J.; Rubin, B.Y.; Anderson, S.L.; Murray, H.W. Role of L3T4+ and LyT-2+ 

cells in experimental visceral leishmaniasis. Journal of immunology 1988, 140, 3971-

3977. 

33. Soong, L.; Henard, C.A.; Melby, P.C. Immunopathogenesis of non-healing American 

cutaneous leishmaniasis and progressive visceral leishmaniasis. Seminars in 

immunopathology 2012, 34, 735-751, doi:10.1007/s00281-012-0350-8. 

34. Murray, H.W.; Nathan, C.F. Macrophage microbicidal mechanisms in vivo: reactive 

nitrogen versus oxygen intermediates in the killing of intracellular visceral Leishmania 

donovani. The Journal of experimental medicine 1999, 189, 741-746, 

doi:10.1084/jem.189.4.741. 

35. Stanley, A.C.; Engwerda, C.R. Balancing immunity and pathology in visceral 

leishmaniasis. Immunol Cell Biol 2007, 85, 138-147, doi:10.1038/sj.icb7100011. 

36. Kaye, P.M.; Svensson, M.; Ato, M.; Maroof, A.; Polley, R.; Stager, S.; Zubairi, S.; 

Engwerda, C.R. The immunopathology of experimental visceral leishmaniasis. 

Immunological reviews 2004, 201, 239-253, doi:10.1111/j.0105-2896.2004.00188.x. 

37. Moreno, A.; Marazuela, M.; Yebra, M.; Hernandez, M.J.; Hellin, T.; Montalban, C.; 

Vargas, J.A. Hepatic fibrin-ring granulomas in visceral leishmaniasis. Gastroenterology 

1988, 95, 1123-1126, doi:10.1016/0016-5085(88)90192-8. 

38. Geramizadeh, B.; Jahangiri, R.; Moradi, E. Causes of hepatic granuloma: a 12-year single 

center experience from southern Iran. Archives of Iranian medicine 2011, 14, 288-289, 

doi:0011144/AIM.0012. 

39. Braet, F.; Wisse, E. Structural and functional aspects of liver sinusoidal endothelial cell 

fenestrae: a review. Comparative hepatology 2002, 1, 1, doi:10.1186/1476-5926-1-1. 

40. Cesta, M.F. Normal structure, function, and histology of the spleen. Toxicologic 

pathology 2006, 34, 455-465, doi:10.1080/01926230600867743. 

41. Mebius, R.E.; Kraal, G. Structure and function of the spleen. Nature reviews. Immunology 

2005, 5, 606-616, doi:10.1038/nri1669. 

42. Hermida, M.D.; de Melo, C.V.B.; Lima, I.D.S.; Oliveira, G.G.S.; Dos-Santos, W.L.C. 

Histological Disorganization of Spleen Compartments and Severe Visceral Leishmaniasis. 

Frontiers in cellular and infection microbiology 2018, 8, 394, 

doi:10.3389/fcimb.2018.00394. 

43. Lewis, S.M.; Williams, A.; Eisenbarth, S.C. Structure and function of the immune system 

in the spleen. Science immunology 2019, 4, doi:10.1126/sciimmunol.aau6085. 

44. Engwerda, C.R.; Ato, M.; Kaye, P.M. Macrophages, pathology and parasite persistence 

in experimental visceral leishmaniasis. Trends in parasitology 2004, 20, 524-530, 

doi:10.1016/j.pt.2004.08.009. 

45. Gorak, P.M.; Engwerda, C.R.; Kaye, P.M. Dendritic cells, but not macrophages, produce 

IL-12 immediately following Leishmania donovani infection. European journal of 

immunology 1998, 28, 687-695, doi:10.1002/(SICI)1521-4141(199802)28:02<687::AID-

IMMU687>3.0.CO;2-N. 

46. da Silva, A.V.A.; Figueiredo, F.B.; Menezes, R.C.; Mendes-Junior, A.A.; de Miranda, 

L.H.M.; Cupolillo, E.; Porrozzi, R.; Morgado, F.N. Morphophysiological changes in the 

splenic extracellular matrix of Leishmania infantum-naturally infected dogs is associated 

with alterations in lymphoid niches and the CD4+ T cell frequency in spleens. PLoS 

neglected tropical diseases 2018, 12, e0006445, doi:10.1371/journal.pntd.0006445. 

47. Das, G.; Vohra, H.; Rao, K.; Saha, B.; Mishra, G.C. Leishmania donovani infection of a 

susceptible host results in CD4+ T-cell apoptosis and decreased Th1 cytokine production. 



Introduction   

38 

 

Scandinavian journal of immunology 1999, 49, 307-310, doi:10.1046/j.1365-

3083.1999.00486.x. 

48. de Lima, V.M.; Fattori, K.R.; de Souza, F.; Eugenio, F.R.; dos Santos, P.S.; Rozza, D.B.; 

Machado, G.F. Apoptosis in T lymphocytes from spleen tissue and peripheral blood of L. 

(L.) chagasi naturally infected dogs. Veterinary parasitology 2012, 184, 147-153, 

doi:10.1016/j.vetpar.2011.08.024. 

49. Engwerda, C.R.; Ato, M.; Cotterell, S.E.; Mynott, T.L.; Tschannerl, A.; Gorak-Stolinska, 

P.M.; Kaye, P.M. A role for tumor necrosis factor-alpha in remodeling the splenic 

marginal zone during Leishmania donovani infection. The American journal of pathology 

2002, 161, 429-437, doi:10.1016/s0002-9440(10)64199-5. 

50. Ato, M.; Stager, S.; Engwerda, C.R.; Kaye, P.M. Defective CCR7 expression on dendritic 

cells contributes to the development of visceral leishmaniasis. Nature immunology 

2002, 3, 1185-1191, doi:10.1038/ni861. 

51. Yurdakul, P.; Dalton, J.; Beattie, L.; Brown, N.; Erguven, S.; Maroof, A.; Kaye, P.M. 

Compartment-specific remodeling of splenic micro-architecture during experimental 

visceral leishmaniasis. The American journal of pathology 2011, 179, 23-29, 

doi:10.1016/j.ajpath.2011.03.009. 

52. Dalton, J.E.; Maroof, A.; Owens, B.M.; Narang, P.; Johnson, K.; Brown, N.; Rosenquist, L.; 

Beattie, L.; Coles, M.; Kaye, P.M. Inhibition of receptor tyrosine kinases restores 

immunocompetence and improves immune-dependent chemotherapy against 

experimental leishmaniasis in mice. The Journal of clinical investigation 2010, 120, 1204-

1216, doi:10.1172/JCI41281. 

53. Leclercq, V.; Lebastard, M.; Belkaid, Y.; Louis, J.; Milon, G. The outcome of the parasitic 

process initiated by Leishmania infantum in laboratory mice: a tissue-dependent pattern 

controlled by the Lsh and MHC loci. J Immunol 1996, 157, 4537-4545. 

54. Cotterell, S.E.; Engwerda, C.R.; Kaye, P.M. Enhanced hematopoietic activity 

accompanies parasite expansion in the spleen and bone marrow of mice infected with 

Leishmania donovani. Infection and immunity 2000, 68, 1840-1848, 

doi:10.1128/iai.68.4.1840-1848.2000. 

55. Lydyard, P.; Whelan, A.; Fanger, M. BIOS Instant Notes in Immunology; Taylor & Francis: 

2004. 

56. Hu, S.; Wei, W.; Korner, H. The role of monocytes in models of infection by protozoan 

parasites. Molecular immunology 2017, 88, 174-184, 

doi:10.1016/j.molimm.2017.06.020. 

57. Pietras, E.M. Inflammation: a key regulator of hematopoietic stem cell fate in health and 

disease. Blood 2017, 130, 1693-1698, doi:10.1182/blood-2017-06-780882. 

58. Abidin, B.M.; Hammami, A.; Stager, S.; Heinonen, K.M. Infection-adapted emergency 

hematopoiesis promotes visceral leishmaniasis. PLoS pathogens 2017, 13, e1006422, 

doi:10.1371/journal.ppat.1006422. 

59. Ueda, Y.; Kondo, M.; Kelsoe, G. Inflammation and the reciprocal production of 

granulocytes and lymphocytes in bone marrow. The Journal of experimental medicine 

2005, 201, 1771-1780, doi:10.1084/jem.20041419. 

60. Li, Y.; Zheng, Y.; Li, T.; Wang, Q.; Qian, J.; Lu, Y.; Zhang, M.; Bi, E.; Yang, M.; Reu, F., et al. 

Chemokines CCL2, 3, 14 stimulate macrophage bone marrow homing, proliferation, and 

polarization in multiple myeloma. Oncotarget 2015, 6, 24218-24229, 

doi:10.18632/oncotarget.4523. 

61. Lafuse, W.P.; Story, R.; Mahylis, J.; Gupta, G.; Varikuti, S.; Steinkamp, H.; Oghumu, S.; 

Satoskar, A.R. Leishmania donovani infection induces anemia in hamsters by 

differentially altering erythropoiesis in bone marrow and spleen. PloS one 2013, 8, 

e59509, doi:10.1371/journal.pone.0059509. 

62. Chow, A.; Huggins, M.; Ahmed, J.; Hashimoto, D.; Lucas, D.; Kunisaki, Y.; Pinho, S.; 

Leboeuf, M.; Noizat, C.; van Rooijen, N., et al. CD169(+) macrophages provide a niche 



  Introduction 

39 

 

promoting erythropoiesis under homeostasis and stress. Nature medicine 2013, 19, 429-

436, doi:10.1038/nm.3057. 

63. Preham, O.; Pinho, F.A.; Pinto, A.I.; Rani, G.F.; Brown, N.; Hitchcock, I.S.; Goto, H.; Kaye, 

P.M. CD4(+) T Cells Alter the Stromal Microenvironment and Repress Medullary 

Erythropoiesis in Murine Visceral Leishmaniasis. Frontiers in immunology 2018, 9, 2958, 

doi:10.3389/fimmu.2018.02958. 

64. Pinto, A.I.; Brown, N.; Preham, O.; Doehl, J.S.P.; Ashwin, H.; Kaye, P.M. TNF signalling 

drives expansion of bone marrow CD4+ T cells responsible for HSC exhaustion in 

experimental visceral leishmaniasis. PLoS pathogens 2017, 13, e1006465, 

doi:10.1371/journal.ppat.1006465. 

65. Cotterell, S.E.; Engwerda, C.R.; Kaye, P.M. Leishmania donovani infection of bone 

marrow stromal macrophages selectively enhances myelopoiesis, by a mechanism 

involving GM-CSF and TNF-alpha. Blood 2000, 95, 1642-1651. 

66. Davies, E.V.; Singleton, A.M.; Blackwell, J.M. Differences in Lsh gene control over 

systemic Leishmania major and Leishmania donovani or Leishmania mexicana mexicana 

infections are caused by differential targeting to infiltrating and resident liver 

macrophage populations. Infection and immunity 1988, 56, 1128-1134. 

67. Scott, P.; Novais, F.O. Cutaneous leishmaniasis: immune responses in protection and 

pathogenesis. Nature reviews. Immunology 2016, 16, 581-592, doi:10.1038/nri.2016.72. 

68. Nestle, F.O.; Di Meglio, P.; Qin, J.Z.; Nickoloff, B.J. Skin immune sentinels in health and 

disease. Nature reviews. Immunology 2009, 9, 679-691, doi:10.1038/nri2622. 

69. von Stebut, E.; Tenzer, S. Cutaneous leishmaniasis: Distinct functions of dendritic cells 

and macrophages in the interaction of the host immune system with Leishmania major. 

International journal of medical microbiology : IJMM 2018, 308, 206-214, 

doi:10.1016/j.ijmm.2017.11.002. 

70. Kumar, R.; Chauhan, S.B.; Ng, S.S.; Sundar, S.; Engwerda, C.R. Immune Checkpoint 

Targets for Host-Directed Therapy to Prevent and Treat Leishmaniasis. Frontiers in 

immunology 2017, 8, 1492, doi:10.3389/fimmu.2017.01492. 

71. Ng, L.G.; Hsu, A.; Mandell, M.A.; Roediger, B.; Hoeller, C.; Mrass, P.; Iparraguirre, A.; 

Cavanagh, L.L.; Triccas, J.A.; Beverley, S.M., et al. Migratory dermal dendritic cells act as 

rapid sensors of protozoan parasites. PLoS pathogens 2008, 4, e1000222, 

doi:10.1371/journal.ppat.1000222. 

72. Leon, B.; Lopez-Bravo, M.; Ardavin, C. Monocyte-derived dendritic cells formed at the 

infection site control the induction of protective T helper 1 responses against 

Leishmania. Immunity 2007, 26, 519-531, doi:10.1016/j.immuni.2007.01.017. 

73. Bogdan, C. Natural killer cells in experimental and human leishmaniasis. Frontiers in 

cellular and infection microbiology 2012, 2, 69, doi:10.3389/fcimb.2012.00069. 

74. Scharton, T.M.; Scott, P. Natural killer cells are a source of interferon gamma that drives 

differentiation of CD4+ T cell subsets and induces early resistance to Leishmania major 

in mice. The Journal of experimental medicine 1993, 178, 567-577, 

doi:10.1084/jem.178.2.567. 

75. Belkaid, Y.; Mendez, S.; Lira, R.; Kadambi, N.; Milon, G.; Sacks, D. A natural model of 

Leishmania major infection reveals a prolonged "silent" phase of parasite amplification 

in the skin before the onset of lesion formation and immunity. Journal of immunology 

2000, 165, 969-977, doi:10.4049/jimmunol.165.2.969. 

76. Rethi, B.; Eidsmo, L. FasL and TRAIL signaling in the skin during cutaneous leishmaniasis 

- implications for tissue immunopathology and infectious control. Frontiers in 

immunology 2012, 3, 163, doi:10.3389/fimmu.2012.00163. 

77. Nylen, S.; Eidsmo, L. Tissue damage and immunity in cutaneous leishmaniasis. Parasite 

immunology 2012, 34, 551-561, doi:10.1111/pim.12007. 

78. Maretti-Mira, A.C.; de Oliveira-Neto, M.P.; Da-Cruz, A.M.; de Oliveira, M.P.; Craft, N.; 

Pirmez, C. Therapeutic failure in American cutaneous leishmaniasis is associated with 



Introduction   

40 

 

gelatinase activity and cytokine expression. Clinical and experimental immunology 2011, 

163, 207-214, doi:10.1111/j.1365-2249.2010.04285.x. 

79. Espuelas, S.; Schwartz, J.; Moreno, E. Nanoparticles in the Topical Treatment of 

Cutaneous Leishmaniasis. In Nanoscience in Dermatology, Michael R. Hamblin, P.A., Tarl 

W. Prow, Ed. Elsevier Inc.: 2016; 10.1016/B978-0-12-802926-8.00011-2pp. 135-155. 

80. Dantas, M.L.; Oliveira, J.M.; Carvalho, L.; Passos, S.T.; Queiroz, A.; Guimaraes, L.H.; 

Machado, P.; Carvalho, E.; Arruda, S. Comparative analysis of the tissue inflammatory 

response in human cutaneous and disseminated leishmaniasis. Memorias do Instituto 

Oswaldo Cruz 2014, 109, 202-209, doi:10.1590/0074-0276130312. 

81. Araujo, A.P.; Giorgio, S. Immunohistochemical evidence of stress and inflammatory 

markers in mouse models of cutaneous leishmaniosis. Archives of dermatological 

research 2015, 307, 671-682, doi:10.1007/s00403-015-1564-0. 

82. Cangussu, S.D.; Souza, C.C.; Campos, C.F.; Vieira, L.Q.; Afonso, L.C.; Arantes, R.M. 

Histopathology of Leishmania major infection: revisiting L. major histopathology in the 

ear dermis infection model. Memorias do Instituto Oswaldo Cruz 2009, 104, 918-922, 

doi:10.1590/s0074-02762009000600017. 

83. Shukuwa, T.; Kligman, A.M. Disaggregation of corneocytes from surfactant-treated 

sheets of stratum corneum in hyperkeratosis on psoriasis, ichthyosis vulgaris and atopic 

dermatitis. The Journal of dermatology 1997, 24, 361-369, doi:10.1111/j.1346-

8138.1997.tb02806.x. 

84. Van Bocxlaer, K.; Yardley, V.; Murdan, S.; Croft, S.L. Drug permeation and barrier damage 

in Leishmania-infected mouse skin. The Journal of antimicrobial chemotherapy 2016, 71, 

1578-1585, doi:10.1093/jac/dkw012. 

85. Ghafourian, T.; Samaras, E.G.; Brooks, J.D.; Riviere, J.E. Modelling the effect of mixture 

components on permeation through skin. International journal of pharmaceutics 2010, 

398, 28-32, doi:10.1016/j.ijpharm.2010.07.014. 

86. Jepps, O.G.; Dancik, Y.; Anissimov, Y.G.; Roberts, M.S. Modeling the human skin barrier-

-towards a better understanding of dermal absorption. Advanced drug delivery reviews 

2013, 65, 152-168, doi:10.1016/j.addr.2012.04.003. 

87. Oshima, S.; Suzuki, C.; Yajima, R.; Egawa, Y.; Hosoya, O.; Juni, K.; Seki, T. The use of an 

artificial skin model to study transdermal absorption of drugs in inflamed skin. Biological 

& pharmaceutical bulletin 2012, 35, 203-209, doi:10.1248/bpb.35.203. 

88. Choi, H.S.; Ashitate, Y.; Lee, J.H.; Kim, S.H.; Matsui, A.; Insin, N.; Bawendi, M.G.; 

Semmler-Behnke, M.; Frangioni, J.V.; Tsuda, A. Rapid translocation of nanoparticles 

from the lung airspaces to the body. Nature biotechnology 2010, 28, 1300-1303, 

doi:10.1038/nbt.1696. 

89. Rabinow, B.E. Nanosuspensions in drug delivery. Nature reviews. Drug discovery 2004, 

3, 785-796, doi:10.1038/nrd1494. 

90. Bertrand, N.; Leroux, J.C. The journey of a drug-carrier in the body: an anatomo-

physiological perspective. Journal of controlled release : official journal of the Controlled 

Release Society 2012, 161, 152-163, doi:10.1016/j.jconrel.2011.09.098. 

91. Liang, X.; Wang, H.; Zhu, Y.; Zhang, R.; Cogger, V.C.; Liu, X.; Xu, Z.P.; Grice, J.E.; Roberts, 

M.S. Short- and Long-Term Tracking of Anionic Ultrasmall Nanoparticles in Kidney. ACS 

nano 2016, 10, 387-395, doi:10.1021/acsnano.5b05066. 

92. Wei, Y.; Quan, L.; Zhou, C.; Zhan, Q. Factors relating to the biodistribution & clearance 

of nanoparticles & their effects on in vivo application. Nanomedicine (Lond) 2018, 13, 

1495-1512, doi:10.2217/nnm-2018-0040. 

93. Lee, S.-Y.; Cheng, J.-X. Clearance of Nanoparticles During Circulation. In Nanoparticulate 

Drug Delivery Systems: Strategies, Technologies, and Aplications, First Edition ed.; Yeo, 

Y., Ed. John Wiley & Sons, Inc.: Hoboken, New Jersey, 2013; 

10.1002/9780470571224.pse496pp. 209-239. 



  Introduction 

41 

 

94. Tsoi, K.M.; MacParland, S.A.; Ma, X.Z.; Spetzler, V.N.; Echeverri, J.; Ouyang, B.; Fadel, 

S.M.; Sykes, E.A.; Goldaracena, N.; Kaths, J.M., et al. Mechanism of hard-nanomaterial 

clearance by the liver. Nat Mater 2016, 15, 1212-1221, doi:10.1038/nmat4718. 

95. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming 

biological barriers to drug delivery. Nature biotechnology 2015, 33, 941-951, 

doi:10.1038/nbt.3330. 

96. Bartneck, M.; Keul, H.A.; Zwadlo-Klarwasser, G.; Groll, J. Phagocytosis independent 

extracellular nanoparticle clearance by human immune cells. Nano Lett 2010, 10, 59-63, 

doi:10.1021/nl902830x. 

97. Shi, C.; Pamer, E.G. Monocyte recruitment during infection and inflammation. Nature 

reviews. Immunology 2011, 11, 762-774, doi:10.1038/nri3070. 

98. Dong, X.; Chu, D.; Wang, Z. Leukocyte-mediated Delivery of Nanotherapeutics in 

Inflammatory and Tumor Sites. Theranostics 2017, 7, 751-763, doi:10.7150/thno.18069. 

99. Dolati, S.; Sadreddini, S.; Rostamzadeh, D.; Ahmadi, M.; Jadidi-Niaragh, F.; Yousefi, M. 

Utilization of nanoparticle technology in rheumatoid arthritis treatment. Biomedicine & 

pharmacotherapy = Biomedecine & pharmacotherapie 2016, 80, 30-41, 

doi:10.1016/j.biopha.2016.03.004. 

100. Wang, Z.J.; Li, J.; Cho, J.; Malik, A.B. Prevention of vascular inflammation by nanoparticle 

targeting of adherent neutrophils. Nat Nanotechnol 2014, 9, 204-210, 

doi:10.1038/Nnano.2014.17. 

101. Fromen, C.A.; Kelley, W.J.; Fish, M.B.; Adili, R.; Noble, J.; Hoenerhoff, M.J.; Holinstat, M.; 

Eniola-Adefeso, O. Neutrophil-Particle Interactions in Blood Circulation Drive Particle 

Clearance and Alter Neutrophil Responses in Acute Inflammation. ACS nano 2017, 11, 

10797-10807, doi:10.1021/acsnano.7b03190. 

102. Hidalgo, A.; Chilvers, E.R.; Summers, C.; Koenderman, L. The Neutrophil Life Cycle. 

Trends Immunol 2019, 40, 584-597, doi:10.1016/j.it.2019.04.013. 

103. Heymann, F.; Peusquens, J.; Ludwig-Portugall, I.; Kohlhepp, M.; Ergen, C.; Niemietz, P.; 

Martin, C.; van Rooijen, N.; Ochando, J.C.; Randolph, G.J., et al. Liver inflammation 

abrogates immunological tolerance induced by Kupffer cells. Hepatology 2015, 62, 279-

291, doi:10.1002/hep.27793. 

104. Champion, J.A.; Walker, A.; Mitragotri, S. Role of particle size in phagocytosis of 

polymeric microspheres. Pharmaceutical research 2008, 25, 1815-1821, 

doi:10.1007/s11095-008-9562-y. 

105. Nambara, K.; Niikura, K.; Mitomo, H.; Ninomiya, T.; Takeuchi, C.; Wei, J.; Matsuo, Y.; Ijiro, 

K. Reverse Size Dependences of the Cellular Uptake of Triangular and Spherical Gold 

Nanoparticles. Langmuir : the ACS journal of surfaces and colloids 2016, 32, 12559-

12567, doi:10.1021/acs.langmuir.6b02064. 

106. Colino, C.I.; Lanao, J.M.; Gutierrez-Millan, C. Targeting of Hepatic Macrophages by 

Therapeutic Nanoparticles. Front Immunol 2020, 11, 218, 

doi:10.3389/fimmu.2020.00218. 

107. Ergen, C.; Heymann, F.; Al Rawashdeh, W.; Gremse, F.; Bartneck, M.; Panzer, U.; Pola, 

R.; Pechar, M.; Storm, G.; Mohr, N., et al. Targeting distinct myeloid cell populations in 

vivo using polymers, liposomes and microbubbles. Biomaterials 2017, 114, 106-120, 

doi:10.1016/j.biomaterials.2016.11.009. 

108. Park, J.K.; Utsumi, T.; Seo, Y.E.; Deng, Y.; Satoh, A.; Saltzman, W.M.; Iwakiri, Y. Cellular 

distribution of injected PLGA-nanoparticles in the liver. Nanomedicine 2016, 12, 1365-

1374, doi:10.1016/j.nano.2016.01.013. 

109. Jindal, A.B. Nanocarriers for spleen targeting: anatomo-physiological considerations, 

formulation strategies and therapeutic potential. Drug delivery and translational 

research 2016, 6, 473-485, doi:10.1007/s13346-016-0304-0. 

110. Moghimi, S.M.; Hunter, A.C.; Murray, J.C. Long-circulating and target-specific 

nanoparticles: theory to practice. Pharmacological reviews 2001, 53, 283-318. 



Introduction   

42 

 

111. Davies, L.C.; Jenkins, S.J.; Allen, J.E.; Taylor, P.R. Tissue-resident macrophages. Nature 

immunology 2013, 14, 986-995, doi:10.1038/ni.2705. 

112. Wilhelm, S.; Tavares, A.J.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, H.F.; Chan, W.C.W. Analysis 

of nanoparticle delivery to tumours. Nature Reviews Materials 2016, 1, 16014, 

doi:10.1038/natrevmats.2016.14. 

113. Yang, Y.W.; Luo, W.H. Cellular biodistribution of polymeric nanoparticles in the immune 

system. Journal of controlled release : official journal of the Controlled Release Society 

2016, 227, 82-93, doi:10.1016/j.jconrel.2016.02.011. 

114. Devarajan, P.V.; Jindal, A.B.; Patil, R.R.; Mulla, F.; Gaikwad, R.V.; Samad, A. Particle 

shape: a new design parameter for passive targeting in splenotropic drug delivery. 

Journal of pharmaceutical sciences 2010, 99, 2576-2581, doi:10.1002/jps.22052. 

115. Deshantri, A.K.; Varela Moreira, A.; Ecker, V.; Mandhane, S.N.; Schiffelers, R.M.; 

Buchner, M.; Fens, M. Nanomedicines for the treatment of hematological malignancies. 

Journal of controlled release : official journal of the Controlled Release Society 2018, 287, 

194-215, doi:10.1016/j.jconrel.2018.08.034. 

116. McNeer, N.A.; Schleifman, E.B.; Cuthbert, A.; Brehm, M.; Jackson, A.; Cheng, C.; 

Anandalingam, K.; Kumar, P.; Shultz, L.D.; Greiner, D.L., et al. Systemic delivery of triplex-

forming PNA and donor DNA by nanoparticles mediates site-specific genome editing of 

human hematopoietic cells in vivo. Gene therapy 2013, 20, 658-669, 

doi:10.1038/gt.2012.82. 

117. Mandl, H.K.; Quijano, E.; Suh, H.W.; Sparago, E.; Oeck, S.; Grun, M.; Glazer, P.M.; 

Saltzman, W.M. Optimizing biodegradable nanoparticle size for tissue-specific delivery. 

Journal of controlled release : official journal of the Controlled Release Society 2019, 314, 

92-101, doi:10.1016/j.jconrel.2019.09.020. 

118. Swami, A.; Reagan, M.R.; Basto, P.; Mishima, Y.; Kamaly, N.; Glavey, S.; Zhang, S.; 

Moschetta, M.; Seevaratnam, D.; Zhang, Y., et al. Engineered nanomedicine for 

myeloma and bone microenvironment targeting. Proceedings of the National Academy 

of Sciences of the United States of America 2014, 111, 10287-10292, 

doi:10.1073/pnas.1401337111. 

119. Maeda, H. Tumor-Selective Delivery of Macromolecular Drugs via the EPR Effect: 

Background and Future Prospects. Bioconjugate chemistry 2010, 21, 797-802, 

doi:10.1021/bc100070g. 

120. Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood 

vessels for drug delivery, factors involved, and limitations and augmentation of the 

effect. Advanced drug delivery reviews 2011, 63, 136-151, 

doi:10.1016/j.addr.2010.04.009. 

121. Vermeij, E.A.; Koenders, M.I.; Bennink, M.B.; Crowe, L.A.; Maurizi, L.; Vallee, J.P.; 

Hofmann, H.; van den Berg, W.B.; van Lent, P.L.; van de Loo, F.A. The in-vivo use of 

superparamagnetic iron oxide nanoparticles to detect inflammation elicits a cytokine 

response but does not aggravate experimental arthritis. PloS one 2015, 10, e0126687, 

doi:10.1371/journal.pone.0126687. 

122. Dardzinski, B.J.; Schmithorst, V.J.; Holland, S.K.; Boivin, G.P.; Imagawa, T.; Watanabe, S.; 

Lewis, J.M.; Hirsch, R. MR imaging of murine arthritis using ultrasmall 

superparamagnetic iron oxide particles. Magnetic resonance imaging 2001, 19, 1209-

1216, doi:10.1016/s0730-725x(01)00448-9. 

123. Frericks, B.B.; Wacker, F.; Loddenkemper, C.; Valdeig, S.; Hotz, B.; Wolf, K.J.; Misselwitz, 

B.; Kuhl, A.; Hoffmann, J.C. Magnetic resonance imaging of experimental inflammatory 

bowel disease: quantitative and qualitative analyses with histopathologic correlation in 

a rat model using the ultrasmall iron oxide SHU 555 C. Investigative radiology 2009, 44, 

23-30, doi:10.1097/RLI.0b013e3181899025. 

124. Farrell, B.T.; Hamilton, B.E.; Dosa, E.; Rimely, E.; Nasseri, M.; Gahramanov, S.; Lacy, C.A.; 

Frenkel, E.P.; Doolittle, N.D.; Jacobs, P.M., et al. Using iron oxide nanoparticles to 



  Introduction 

43 

 

diagnose CNS inflammatory diseases and PCNSL. Neurology 2013, 81, 256-263, 

doi:10.1212/WNL.0b013e31829bfd8f. 

125. Juskewitch, J.E.; Platt, J.L.; Knudsen, B.E.; Knutson, K.L.; Brunn, G.J.; Grande, J.P. 

Disparate roles of marrow- and parenchymal cell-derived TLR4 signaling in murine LPS-

induced systemic inflammation. Scientific reports 2012, 2, 918, doi:10.1038/srep00918. 

126. Chen, K.H.; Lundy, D.J.; Toh, E.K.; Chen, C.H.; Shih, C.; Chen, P.; Chang, H.C.; Lai, J.J.; 

Stayton, P.S.; Hoffman, A.S., et al. Nanoparticle distribution during systemic 

inflammation is size-dependent and organ-specific. Nanoscale 2015, 7, 15863-15872, 

doi:10.1039/c5nr03626g. 

127. Alaarg, A.; Perez-Medina, C.; Metselaar, J.M.; Nahrendorf, M.; Fayad, Z.A.; Storm, G.; 

Mulder, W.J.M. Applying nanomedicine in maladaptive inflammation and angiogenesis. 

Advanced drug delivery reviews 2017, 119, 143-158, doi:10.1016/j.addr.2017.05.009. 

128. Hoff, D.R.; Ryan, G.J.; Driver, E.R.; Ssemakulu, C.C.; De Groote, M.A.; Basaraba, R.J.; 

Lenaerts, A.J. Location of intra- and extracellular M. tuberculosis populations in lungs of 

mice and guinea pigs during disease progression and after drug treatment. Plos One 

2011, 6, e17550, doi:10.1371/journal.pone.0017550. 

129. Prideaux, B.; Via, L.E.; Zimmerman, M.D.; Eum, S.; Sarathy, J.; O'Brien, P.; Chen, C.; Kaya, 

F.; Weiner, D.M.; Chen, P.Y., et al. The association between sterilizing activity and drug 

distribution into tuberculosis lesions. Nature medicine 2015, 21, 1223-1227, 

doi:10.1038/nm.3937. 

130. Sarathy, J.P.; Zuccotto, F.; Hsinpin, H.; Sandberg, L.; Via, L.E.; Marriner, G.A.; Masquelin, 

T.; Wyatt, P.; Ray, P.; Dartois, V. Prediction of Drug Penetration in Tuberculosis Lesions. 

ACS infectious diseases 2016, 2, 552-563, doi:10.1021/acsinfecdis.6b00051. 

131. Datta, M.; Via, L.E.; Kamoun, W.S.; Liu, C.; Chen, W.; Seano, G.; Weiner, D.M.; Schimel, 

D.; England, K.; Martin, J.D., et al. Anti-vascular endothelial growth factor treatment 

normalizes tuberculosis granuloma vasculature and improves small molecule delivery. 

Proceedings of the National Academy of Sciences of the United States of America 2015, 

112, 1827-1832, doi:10.1073/pnas.1424563112. 

132. Griffiths, G.; Nystrom, B.; Sable, S.B.; Khuller, G.K. Nanobead-based interventions for the 

treatment and prevention of tuberculosis. Nature reviews. Microbiology 2010, 8, 827-

834, doi:10.1038/nrmicro2437. 

133. Fenaroli, F.; Repnik, U.; Xu, Y.T.; Johann, K.; Van Herck, S.; Dey, P.; Skjeldal, F.M.; Frei, 

D.M.; Bagherifam, S.; Kocere, A., et al. Enhanced Permeability and Retention-like 

Extravasation of Nanoparticles from the Vasculature into Tuberculosis Granulomas in 

Zebrafish and Mouse Models. ACS nano 2018, 12, 8646-8661, 

doi:10.1021/acsnano.8b04433. 

134. Fenaroli, F.; Westmoreland, D.; Benjaminsen, J.; Kolstad, T.; Skjeldait, F.M.; Meijer, A.H.; 

van der Vaart, M.; Ulanova, L.; Roos, N.; Nystrom, B., et al. Nanoparticles as Drug 

Delivery System against Tuberculosis in Zebrafish Embryos: Direct Visualization and 

Treatment. ACS nano 2014, 8, 7014-7026, doi:10.1021/nn5019126. 

135. Walkey, C.D.; Olsen, J.B.; Guo, H.; Emili, A.; Chan, W.C. Nanoparticle size and surface 

chemistry determine serum protein adsorption and macrophage uptake. Journal of the 

American Chemical Society 2012, 134, 2139-2147, doi:10.1021/ja2084338. 

136. Dai, Q.; Walkey, C.; Chan, W.C. Polyethylene glycol backfilling mitigates the negative 

impact of the protein corona on nanoparticle cell targeting. Angewandte Chemie 2014, 

53, 5093-5096, doi:10.1002/anie.201309464. 

137. van Rooijen, N.; Hendrikx, E. Liposomes for specific depletion of macrophages from 

organs and tissues. Methods in molecular biology 2010, 605, 189-203, doi:10.1007/978-

1-60327-360-2_13. 

138. Tavares, A.J.; Poon, W.; Zhang, Y.N.; Dai, Q.; Besla, R.; Ding, D.; Ouyang, B.; Li, A.; Chen, 

J.; Zheng, G., et al. Effect of removing Kupffer cells on nanoparticle tumor delivery. 



Introduction   

44 

 

Proceedings of the National Academy of Sciences of the United States of America 2017, 

114, E10871-E10880, doi:10.1073/pnas.1713390114. 

139. Moreno, S.G. Depleting Macrophages In Vivo with Clodronate-Liposomes. Methods in 

molecular biology 2018, 1784, 259-262, doi:10.1007/978-1-4939-7837-3_23. 

140. Scott, C.L.; Zheng, F.; De Baetselier, P.; Martens, L.; Saeys, Y.; De Prijck, S.; Lippens, S.; 

Abels, C.; Schoonooghe, S.; Raes, G., et al. Bone marrow-derived monocytes give rise to 

self-renewing and fully differentiated Kupffer cells. Nature communications 2016, 7, 

10321, doi:10.1038/ncomms10321. 

141. Krenkel, O.; Tacke, F. Liver macrophages in tissue homeostasis and disease. Nature 

reviews. Immunology 2017, 17, 306-321, doi:10.1038/nri.2017.11. 

142. Ergen, C.; Niemietz, P.M.; Heymann, F.; Baues, M.; Gremse, F.; Pola, R.; van Bloois, L.; 

Storm, G.; Kiessling, F.; Trautwein, C., et al. Liver fibrosis affects the targeting properties 

of drug delivery systems to macrophage subsets in vivo. Biomaterials 2019, 206, 49-60, 

doi:10.1016/j.biomaterials.2019.03.025. 

143. Saleem, K.; Khursheed, Z.; Hano, C.; Anjum, I.; Anjum, S. Applications of Nanomaterials 

in Leishmaniasis: A Focus on Recent Advances and Challenges. Nanomaterials 2019, 9, 

doi:10.3390/nano9121749. 

144. Hamill, R.J. Amphotericin B formulations: a comparative review of efficacy and toxicity. 

Drugs 2013, 73, 919-934, doi:10.1007/s40265-013-0069-4. 

145. Stone, N.R.; Bicanic, T.; Salim, R.; Hope, W. Liposomal Amphotericin B (AmBisome((R))): 

A Review of the Pharmacokinetics, Pharmacodynamics, Clinical Experience and Future 

Directions. Drugs 2016, 76, 485-500, doi:10.1007/s40265-016-0538-7. 

146. Lanza, J.S.; Pomel, S.; Loiseau, P.M.; Frezard, F. Recent advances in amphotericin B 

delivery strategies for the treatment of leishmaniases. Expert opinion on drug delivery 

2019, 16, 1063-1079, doi:10.1080/17425247.2019.1659243. 

147. Mullen, A.B.; Baillie, A.J.; Carter, K.C. Visceral leishmaniasis in the BALB/c mouse: a 

comparison of the efficacy of a nonionic surfactant formulation of sodium 

stibogluconate with those of three proprietary formulations of amphotericin B. 

Antimicrobial agents and chemotherapy 1998, 42, 2722-2725, 

doi:10.1128/AAC.42.10.2722. 

148. Yardley, V.; Croft, S.L. A comparison of the activities of three amphotericin B lipid 

formulations against experimental visceral and cutaneous leishmaniasis. International 

journal of antimicrobial agents 2000, 13, 243-248, doi:10.1016/s0924-8579(99)00133-

8. 

149. Gershkovich, P.; Wasan, E.K.; Lin, M.; Sivak, O.; Leon, C.G.; Clement, J.G.; Wasan, K.M. 

Pharmacokinetics and biodistribution of amphotericin B in rats following oral 

administration in a novel lipid-based formulation. The Journal of antimicrobial 

chemotherapy 2009, 64, 101-108, doi:10.1093/jac/dkp140. 

150. Gershkovich, P.; Wasan, E.K.; Sivak, O.; Li, R.; Zhu, X.H.; Werbovetz, K.A.; Tidwell, R.R.; 

Clement, J.G.; Thornton, S.J.; Wasan, K.M. Visceral leishmaniasis affects liver and spleen 

concentrations of amphotericin B following administration to mice. J Antimicrob 

Chemoth 2010, 65, 535-537, doi:10.1093/jac/dkp465. 

151. Salguero, F.J.; Garcia-Jimenez, W.L.; Lima, I.; Seifert, K. Histopathological and 

immunohistochemical characterisation of hepatic granulomas in Leishmania donovani-

infected BALB/c mice: a time-course study. Parasites & vectors 2018, 11, 73, 

doi:10.1186/s13071-018-2624-z. 

152. Blot, S.I.; Pea, F.; Lipman, J. The effect of pathophysiology on pharmacokinetics in the 

critically ill patient--concepts appraised by the example of antimicrobial agents. 

Advanced drug delivery reviews 2014, 77, 3-11, doi:10.1016/j.addr.2014.07.006. 

153. Mehta, R.T.; McQueen, T.J.; Keyhani, A.; Lopez-Berestein, G. Phagocyte transport as 

mechanism for enhanced therapeutic activity of liposomal amphotericin B. 

Chemotherapy 1994, 40, 256-264, doi:10.1159/000239202. 



  Introduction 

45 

 

154. Wijnant, G.J.; Van Bocxlaer, K.; Yardley, V.; Harris, A.; Murdan, S.; Croft, S.L. Relation 

between Skin Pharmacokinetics and Efficacy in AmBisome Treatment of Murine 

Cutaneous Leishmaniasis. Antimicrobial agents and chemotherapy 2018, 62, 

doi:10.1128/AAC.02009-17. 

155. Wijnant, G.J.; Van Bocxlaer, K.; Fortes Francisco, A.; Yardley, V.; Harris, A.; Alavijeh, M.; 

Murdan, S.; Croft, S.L. Local Skin Inflammation in Cutaneous Leishmaniasis as a Source 

of Variable Pharmacokinetics and Therapeutic Efficacy of Liposomal Amphotericin B. 

Antimicrobial agents and chemotherapy 2018, 62, doi:10.1128/AAC.00631-18. 

156. Frankenburg, S.; Glick, D.; Klaus, S.; Barenholz, Y. Efficacious topical treatment for 

murine cutaneous leishmaniasis with ethanolic formulations of amphotericin B. 

Antimicrobial agents and chemotherapy 1998, 42, 3092-3096. 

157. Santos, C.M.; de Oliveira, R.B.; Arantes, V.T.; Caldeira, L.R.; de Oliveira, M.C.; Egito, E.S.; 

Ferreira, L.A. Amphotericin B-loaded nanocarriers for topical treatment of cutaneous 

leishmaniasis: development, characterization, and in vitro skin permeation studies. 

Journal of biomedical nanotechnology 2012, 8, 322-329, doi:10.1166/jbn.2012.1385. 

158. Vardy, D.; Barenholz, Y.; Naftoliev, N.; Klaus, S.; Gilead, L.; Frankenburg, S. Efficacious 

topical treatment for human cutaneous leishmaniasis with ethanolic lipid amphotericin 

B. Transactions of the Royal Society of Tropical Medicine and Hygiene 2001, 95, 184-186, 

doi:10.1016/s0035-9203(01)90158-0. 

159. Jaafari, M.R.; Hatamipour, M.; Alavizadeh, S.H.; Abbasi, A.; Saberi, Z.; Rafati, S.; Taslimi, 

Y.; Mohammadi, A.M.; Khamesipour, A. Development of a topical liposomal formulation 

of Amphotericin B for the treatment of cutaneous leishmaniasis. International journal 

for parasitology. Drugs and drug resistance 2019, 11, 156-165, 

doi:10.1016/j.ijpddr.2019.09.004. 

160. Varikuti, S.; Oghumu, S.; Saljoughian, N.; Pioso, M.S.; Sedmak, B.E.; Khamesipour, A.; 

Satoskar, A.R. Topical treatment with nanoliposomal Amphotericin B reduces early 

lesion growth but fails to induce cure in an experimental model of cutaneous 

leishmaniasis caused by Leishmania mexicana. Acta tropica 2017, 173, 102-108, 

doi:10.1016/j.actatropica.2017.06.004. 

161. Moreno, E.; Schwartz, J.; Fernandez, C.; Sanmartin, C.; Nguewa, P.; Irache, J.M.; 

Espuelas, S. Nanoparticles as multifunctional devices for the topical treatment of 

cutaneous leishmaniasis. Expert opinion on drug delivery 2014, 11, 579-597, 

doi:10.1517/17425247.2014.885500. 

162. Perez, A.P.; Altube, M.J.; Schilrreff, P.; Apezteguia, G.; Celes, F.S.; Zacchino, S.; de 

Oliveira, C.I.; Romero, E.L.; Morilla, M.J. Topical amphotericin B in ultradeformable 

liposomes: Formulation, skin penetration study, antifungal and antileishmanial activity 

in vitro. Colloids and surfaces. B, Biointerfaces 2016, 139, 190-198, 

doi:10.1016/j.colsurfb.2015.12.003. 

163. Bavarsad, N.; Fazly Bazzaz, B.S.; Khamesipour, A.; Jaafari, M.R. Colloidal, in vitro and in 

vivo anti-leishmanial properties of transfersomes containing paromomycin sulfate in 

susceptible BALB/c mice. Acta tropica 2012, 124, 33-41, 

doi:10.1016/j.actatropica.2012.06.004. 

164. Dar, M.J.; Din, F.U.; Khan, G.M. Sodium stibogluconate loaded nano-deformable 

liposomes for topical treatment of leishmaniasis: macrophage as a target cell. Drug 

delivery 2018, 25, 1595-1606, doi:10.1080/10717544.2018.1494222. 

165. Rabia, S.; Khaleeq, N.; Batool, S.; Dar, M.J.; Kim, D.W.; Din, F.U.; Khan, G.M. Rifampicin-

loaded nanotransferosomal gel for treatment of cutaneous leishmaniasis: passive 

targeting via topical route. Nanomedicine (Lond) 2020, 15, 183-203, doi:10.2217/nnm-

2019-0320. 

 



 

 



 

 

 

 

 

 

 

 

 

HYPOTHESIS AND OBJECTIVES 
  



 

 

 



  Hypothesis and objectives 

49 

 

HYPOTHESIS AND OBJECTIVES 

1. During visceral leishmaniasis (VL) parasites disseminate from the site of infection in the skin, 

migrating through the blood, to macrophages of the liver, spleen and bone marrow, where 

they reside and multiply, leading to serious alterations in the architecture and organization of 

these organs. Thus, we hypothesized that these pathological conditions could alter the NP 

biodistribution within the infected organs.The following partial objectives have been 

established in order to address this hypothesis: Preparation and optimization of Near-Infrared 

fluorescently labelled non-biodegradable polystyrene (PS) NP and biodegradable poly(lactic-

co-glycolic acid) (PLGA) NP. 

1.2. Evaluation of the modifications in the phagocytic cell populations over the course of VL 

infection. 

1.3. Comparation of the organ and subcellular biodistribution of the NP in healthy mice vs L. 

infantum-infected BALB/c mice. 

2. Berberine chloride (BER, 1,8,13α-tetra-hydro-9,10-demethoxy-2,3-(methyl-ene-dioxy)-

berberium chloride), an anti-inflammatory quaternary isoquinoline alkaloid extracted from 

plants, has demonstrated antileishmanial activity. However, its rapid metabolism and 

inadequate distribution to target Leishmania parasites hider its application. We hypothesized 

that BER encapsulation in liposomes could improve its therapeutic potential by increasing 

their in vivo bioavailability and targeting VL infected organs. Moreover, as BER poses suitable 

physicochemical properties for topical application, we hypothesized that BER topical 

treatment could be a good strategy to treat CL lesions. 

To that end, the following partial objectives were addressed: 

2.1. Design, optimization and characterization of BER-containing liposomes and evaluation 

of their in vitro and in vivo efficacy in L. infantum-infected BALB/c mice. 

2.2. Development of a topical formulation of BER by ion-pairing approach and evaluation of 

its in vitro and in vivo efficacy against L. major-infected BALB/c mice. 
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Nanoparticles uptake and distribution in visceral leishmaniasis affected 

organs 

 

 

Abstract  

This study investigates if visceral leishmaniasis infection has effect in the organ and cellular 

uptake and distribution of 100-200 nm near-infrared fluorescently-labelled non-biodegradable 

polystyrene latex beads (PS NP) or biodegradable polylactic-co-glycolic nanoparticles (PLGA 

NP), as this parasitic infection produces changes in liver, spleen and bone marrow, organs heavily 

involved in NP sequestration. The results showed that the magnitude of the effect was organ and 

NP specific. Except for the liver, the general trend was a decrease in NP organ and cellular 

uptake, mostly due to immune cells mobilization and/or weight organ gain, as vascular 

permeability was increased. Moreover, NP redistributed among the different phagocytic cells to 

adapt infection associated changes and cellular alterations. In the liver, it is noteworthy NP were 

not up taken by Kupffer cells (KC) forming granulomas, but only isolated KC. In the spleen, NP 

redistributed from macrophages and dendritic cells towards B cells and inflammatory monocytes 

although maintained their preferential accumulation in the marginal zone and red pulp. 

Comparatively, the infection rarely affected the NP cellular distribution in the bone marrow. NP 

cellular target changes in VL infection can affect their therapeutic efficacy and should be 

considered for more efficient drug delivery.  
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1. Introduction  

Leishmaniasis is a group of neglected parasitic diseases caused by Leishmania parasites. There 

are three main forms of the disease: cutaneous, mucocutaneous and visceral leishmaniasis (VL). 

This last form is a severe parasitic disease resulting from infection by Leishmania donovani-

infantum complex that affects both humans and dogs and is usually fatal if left untreated. It is 

estimated that worldwide 12 million people have some form of leishmaniasis and 350 million 

people are at risk. Approximately 500,000 new cases of VL are reported annually, although this 

is probably a considerable underestimate [1,2]. These species of Leishmania preferentially infect 

macrophages throughout the viscera causing several changes in the liver, spleen and bone 

marrow (BM) functions and architecture. The most evident changes are spleen and liver 

enlargement, accompanied by profound alterations in their microarchitecture and cellular 

populations.  

In mice liver, Leishmania parasites are initially captured by Kupffer cells (KC), specialized resident 

macrophages, and the main phagocytic population in the liver. Parasites survive and proliferate 

in these cells. Later control of parasite growth is observed following the formation of granulomas 

around infected KC, which requires infiltration of blood monocytes, neutrophils and T cells and 

the production of inflammatory cytokines that activate infected macrophages to eliminate 

intracellular amastigotes [3,4]. Contrary to the liver, spleen and BM are sites of chronic infection 

[5]. Following intravenous (i.v.) infection parasites are rapidly removed from circulation by 

marginal zone macrophages (MZM) and marginal metallophilic macrophages (MMM), which are 

located in the splenic marginal zone (MZ), and by the red pulp (RP) macrophages in the splenic 

RP [6]. This parasites recognition ultimately leads to splenic architecture modification, causing 

dramatic functional changes. Lymphoid follicles are disrupted, the usual limits between the white 

pulp (WP) compartments progressively disappear and the MZ becomes less evident and plasma 

cell aggregates replace the resident cell populations of the RP [5,7]. In addition to these structural 

changes, a loss of dendritic cells (DC) migration and alteration in stromal cell function occurs [6]. 

BM has long been recognized as a site of infection in humans, dogs and experimental models of 

VL [8], but much less is known about the relationship between parasite dynamics in this organ, 

changes in cytokine and chemokine expression, and local haematopoietic activity [9]. 

Haematopoietic alterations such as anaemia, leukopenia, thrombocytopenia and pancytopenia 

are characteristics of VL, which are signs of BM failure and responsible for extramedular spleen 

haematopoiesis [10]. 

This preferential location of VL parasites in the liver, spleen and BM inside macrophages well 

justifies the application of nanomedicines for drug targeting purposes. I.v. nanoparticles (NP) 

injection will present them first to the phagocytic cells that are in direct, open contact with the 

bloodstream: hepatic macrophages (KC), macrophages in the MZ and the RP regions of the 

sinusoidal spleens, as well as macrophages in the BM [11]. Thus, the use of NP as antileishmanial 

drug transporters would be extremely useful to selectively direct drugs to the affected organs and 
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cells, decreasing adverse effects. Over the last years, the use of drug delivery systems (DDS) to 

direct antileishmanial agents to the infected cells has been considered as an effective strategy for 

disease prevention and treatment. A regulatory approved liposomal formulation of amphotericin 

B (AmBisome®) is the gold standard treatment for VL, exemplifying the benefits of nanomedicines 

for the treatment of intracellular infectious diseases and other macrophages-related pathologies 

[12,13]. A long list of DDS including NP, liposomes, niosomes, nanosuspensions, carbon 

nanotubes and microsomes have been used for the treatment of experimental VL [14]. Despite 

this large list of studies focused on elaborating DDS for VL, few researchers have addressed the 

biodistribution (BD) of polymeric NP in the affected organs, analysing the relative importance of 

each cell population and the influence of the infection in the NP uptake. We therefore 

hypothesized that changes produced by VL could affect the NP uptake and distribution, thus, 

influencing their therapeutic outcome. 

With this in mind, the present study aims to analyse by in vivo near infrared (NIR) imaging 

techniques with NP, how the modifications caused by Leishmania infection affect the NP BD. For 

this purpose, Cy5.5 conjugated polystyrene NP (PS NP) and DiD encapsulated in polylactic-co-

glycolic NP (PLGA NP) were prepared and used to image in vivo BD in healthy or L. infantum 

infected BALB/c mice.  

2. Material and methods 

2.1 Material  

Polybead® amino 0.1 micron microspheres in a 2.5% aqueous suspension (polystyrene NP, PS 

NP) were supplied by Polysciences Inc. Cyanine 5.5 carboxylic acid (Cy5.5) and 1,1'-dioctadecyl-

3,3,3',3'-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD) were purchased 

from Interchim (Montluçon, France). Dicyclohexylcarbodiimide (DCC), Bovine Serum Albumin 

(BSA), Poly (vinyl alcohol) (PVA) (87-89% hydrolysed, MW: 13.000 – 23.000), 

diethylpyrocarbonate (DEPC), Evans blue and Formamide were supplied by Sigma-Aldrich (St. 

Louis, MO, Canada). N-hydroxysuccinimide (NHS) was obtained from Thermo Scientific 

(Waltham, Massachusetts, USA). Dimethylsulphoxide (DMSO) and N,N-dimethylformamide 

(DMF) were purchased from Panreac Applichem (Barcelona, Spain). Ethyl acetate was 

purchased from Merck Millipore (Darmstadt, Germany). Poly (D, L-Lactic-co-glycolic acid) 50:50 

(PLGA) Resomer® RG 504H was supplied by Boehringer-Ingelheim (Germany). Phosphate 

buffered saline (PBS) and foetal bovine serum (FBS) were received from Gibco (Gaithersburg, 

MD, USA). Purified anti-mouse CD16/32 (93), PE/Cy7 anti-mouse/human CD11b (M1/70), 

PerCP/Cy5.5 anti-mouse Ly6C (HK1.4), Brilliant Violet 510TM anti-mouse Ly6G (1A8), Pacific 

BlueTM anti-mouse CD11c (N418), APC anti-mouse/human CD45R/B220 (RA3-6B2), PE anti-

mouse F4/80 (BM8) and APC/Cy7 anti-mouse/human CD45R/B220 (RA3-6B2) were supplied by 

Biolegend® (San Diego, CA, USA). 
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2.2 Parasites 

L. infantum strain (BCN-150) was maintained at 26 °C in continuous stirred Schneider medium 

(Sigma) supplemented with 20% heat inactivated FBS, 100 UI/mL penicillin and 100 mg/mL 

streptomycin (Sigma) in flasks. Stationary cultures were obtained after 5 – 6 days in order to infect 

macrophages and animals. Parasites virulence was assured by constant maintenance and re-

isolation from infected BALB/c mice. 

2.3 Differentiation of BM macrophages 

BM derived macrophages (BMDM) were isolated from female BALB/c mice by flushing the femur 

and tibia with PBS. BM cells were resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM, 

Gibco) supplemented with 10% (v/v) heat inactivated FBS, 1% penicillin/streptomycin and 20% 

filtered supernatant from L929 cell line (source of granulocyte-macrophage colony stimulating 

factor (GM-CSF)), required to induce haematopoietic cell differentiation into macrophages). Cells 

were incubated for 8 days at 37 °C and 5% CO2 with medium change every 3 days. 

2.4 Animals 

Female BALB/c mice (Harlan, Spain) weighing approximately 20 g were kept under conventional 

conditions with free access to food and water. Animals were housed in groups of five in plastic 

cages in controlled environmental conditions (12:12 h light/dark cycle and 22 °C). This study was 

conducted according to ethical standards approved by the Animal Ethics Committee of the 

University of Navarra, in strict accordance with the European legislation in animal experiments. 

2.5 Preparation of fluorescent NP 

2.5.1 PS NP 

The NIR fluorescent tracker Cy5.5 was covalently linked to the surface of preformed amino-

terminated PS NP. For this purpose, depending on the desired Cy/PS ratio, 0.1, 0.4 or 2 mg of 

Cy5.5 were allowed to react with DCC and NHS in a molar ratio 1:1:2, respectively, in 1 mL of 

DMSO for 24 h. Afterwards, Cy5.5-NHS ester was added to 1.5 mL of the PS NP suspension and 

7.5 mL of PBS 0.1 M pH 8. The reaction was maintained under stirring for 24 h. Finally, PS NP 

were purified by dialysis against PBS pH 7.4 (20% DMSO) using MWCO 6-8 KDa membranes 

(Spectra/PorTM). PS NP were stored at 4 °C for further use. 

2.5.2 PLGA NP 

PLGA NP were prepared by using a single-emulsion solvent evaporation technique. PLGA (30 

mg) was first dissolved in 0.8 mL of ethyl acetate and, for encapsulation purposes, 0.1, 0.2 or 0.5 

mL of a solution of DiD (1 mg/mL) were added. Then, the preformed organic phase was added to 

a previously dissolved solution of 4 mL PVA 1% (w/v) and BSA 0.1% (w/v) in Milli-Q water. The 

oil-in-water (O/W) emulsion was obtained by homogenization using a MicrosonTM XL 2,000 

ultrasonic cell disruptor (Misonix, USA) for 2 min at 15 Watts and then, the organic solvent was 
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evaporated under vacuum by a Rotavapor R-300 (Buchi, Switzerland). Then, the free DiD was 

removed by a first centrifugation at 4,492 g for 3 min and then at 37,565 g for 20 min at 4 ºC. 

Finally, the NP were resuspended in 1 mL Milli-Q water and lyophilized with sucrose (5% w/v) as 

cryoprotectant, for further use. 

2.6 Characterization of PS NP and PLGA NP 

2.6.1 Physicochemical and optical properties 

PS NP and PLGA NP were characterized in terms of size, polydispersity and Zeta potential by 

photon correlation spectroscopy and electrophoretic laser Doppler anemometry, respectively, 

using a Zetaplus apparatus (Brookhaven Instrument Corporation, USA). The diameter of the NP 

was determined after their dispersion in distilled water (1:10) and measured at 25 °C with a 

scattering angle of 90 °C. The Zeta potential was measured after dispersion of the NP in 1 mM 

pH 6 KCl solution. Maximum emission wavelength was measured by a Photoluminescence 

Spectrometer (FLS920, Edinburgh Instruments) in PBS and FBS for PS NP and in FBS for PLGA 

NP and their emission efficiency was calculated compared to the free dye. The number of 

fluorophores per particle was calculated as previously described by Wagh et al. [15] from the 

following equation:  

Dyes per particle =  
����ℎ� �� �ℎ� ������������ �������ℎ���

�  �� �ℎ� �������ℎ��� ! ��"#�� �� ���������
 

2.6.2 Encapsulation efficiency 

Cy5.5 or DiD content was quantified by UV-visible spectroscopy (Agilent Technologies 8453) from 

a standard curve of Cy5.5 in DMF (0.1 to 5 µg/mL) or DiD in DMSO (0.25 to 5 µg/mL). Firstly, PS 

NP were digested with DMF and stirred for 10 min. After that, absorbance was measured at 680 

nm. PLGA NP were first digested with DMSO and absorbance was measured at 650 nm.  

2.6.3 Polymer concentration  

The amount of polymer per mL in the PS NP suspensions was determined by measuring the 

optical density at 350 nm in a spectrophotometer (Bio Tek Instruments), using a standard curve 

prepared from an initial batch of a known concentration according to manufacturer´s 

specifications.  

2.7 Stability studies 

PS NP or PLGA NP were dispersed in FBS at 1 µg/mL of each dye and kept at 37 ºC with shaking. 

One aliquot was taken at each time point (0, 4 and 18 h) and centrifuged at 37,565 g for 20 min. 

The supernatant was collected, and the NP pellet was redispersed in fresh FBS. The supernatants 

and the redispersed NP suspensions were placed in a 96-well plate and imaged by 

PhotonImagerTM (Biospace Lab) with an excitation and emission wavelength of 662 and 722 nm, 

for PS NP or 612 and 672 nm, for PLGA NP. Dye released in the supernatants was also quantified 
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by a Photoluminescence Spectrometer with an excitation and emission wavelength of 685 and 

720 nm, for PS NP or 645 and 680 nm, for PLGA NP. 

2.8 In vitro NP uptake by non-infected and L. infantum-infected macrophages 

106 BMDM, isolated as previously described, were plated in 24 well-plates and incubated for 24 

h. For infected cells, L. infantum parasites in stationary phase were added to wells in a ratio 1:20 

(macrophages:parasites) and allowed to infect for 18 h. After that, parasites were removed by 

washing wells with preheated PBS. Then, fresh media containing different concentrations of PS 

NP or PLGA NP was added. Cells without NP treatment were used as control. After 2 h incubation, 

cells were washed with PBS and detached with 400 µL of Accutase® (Thermo Scientific) solution 

at 37 °C for 15 min. Samples were analysed by flow cytometry using a CytoFlex LX flow cytometer 

(Beckman Coulter, Indianapolis, USA). Analysis was carried out using FlowJo V10 software and 

the percentage of positive cells (NP+) and the relative median fluorescence intensity (rMFI) were 

calculated. rMFI was calculated by dividing each MFI by the basal MFI of the control BMDM. 

In vitro infection was corroborated by quantitative real time polymerase chain reaction (qRT-PCR). 

Briefly, cells were washed twice with PBS and homogenized in 0.5 mL of TRI Reagent® (Sigma) 

for total cellular RNA extraction. The homogenate was further processed for phase separation 

and centrifuged. Isopropanol was added to the aqueous phase to precipitate the RNA and, after 

centrifugation, the pellet was washed with 75% ethanol, air-dried and resuspended in 20 µL DEPC 

RNAse-free water. After RNA quantification by NanoDrop (NanoDrop Technologies ND-1000 UV-

Vis Spectrophotometer), 1 µg of RNA was subjected to DNAse treatment and retro-transcribed 

into complementary DNA (cDNA) using SuperScript™ III Reverse Transcriptase (Invitrogen). 

qRT-PCR was performed using the iQ™ SYBR® Green Supermix (Bio-Rad) and specific primers 

(Supplementary Table 1) for β-actin and leishmania (leish 18S) by the CFX96 real time PCR 

detection system (Bio-Rad). The relative quantification of mRNA was calculated according to the 

–ΔΔCt method (2ΔCt = 2(CT reference gene- CT measured gene)) [16]. ß-actin was used as the reference gene. 

2.9 Mice infection with L. infantum parasites 

L. infantum-infected mice were obtained after i.v. inoculation of 108 parasites per mouse in 

stationary phase. Parasite burden was evaluated in the liver, spleen and BM of L. infantum-

infected mice at weeks 2, 4, 6, 9, 16 and 20 post infection (p.i.) by DNA isolation. Macherey-Nagel 

NucleoSpin® Tissue kit was used as per manufacturer's instructions. Parasite burden was 

measured by qRT-PCR of 10 ng of total DNA (previously quantified by NanoDrop (NanoDrop 

Technologies ND-1000 UV-Vis Spectrophotometer)). qRT-PCR was performed using the iQ™ 

SYBR® Green Supermix (Bio-Rad) and specific primers for minicircle kinetoplastic DNA (kDNA) 

of Leishmania (Leish kDNA, Supplementary Table 1) by the CFX96 real time PCR detection 

system (Bio-Rad). The number of kDNA copies was determined by extrapolation from the cycle 

threshold of each sample on a standard curve of a known concentration. The standard was 

generated by insertion of the Leishmania amplicon in a pCR2.1-TOPO vector (TOPO TA cloning 

kit; Invitrogen). Results are expressed as number of copies of the plasmid/ 10 ng of total DNA.  
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2.10 In vivo and ex vivo imaging of PS NP and PLGA NP BD in non-infected and L. infantum-
infected BALB/c mice 

PS NP or PLGA NP were administered to animals 12 weeks p.i. by tail vein injection at doses of 

0.2 or 2 mg/kg for PS NP, expressed in Cy5.5 content or at 0.5 mg/kg of DiD for PLGA NP. After 

4 h, blood was obtained by submandibular vein puncture and, after that, whole-body images were 

acquired under 2.5% isoflurane anaesthesia using a PhotonImagerTM with an excitation and 

emission wavelength of 662 and 722 nm for PS NP, and 612 and 672 nm for PLGA NP, 

respectively. Then, animals were humanely sacrificed and organs (spleen, liver, BM and blood) 

were collected and imaged in a PhotonImagerTM. The fluorescence of the regions of interest 

(ROI), expressed as ph/s/cm2/sr, was analysed using M3Vision software. Non-infected mice were 

used for comparison.  

2.11 Cy5.5 and DiD quantification in organs 

Livers and spleens of non-infected and L. infantum-infected mice were collected 4 h after the 

administration of the different formulations. For the extraction of DiD, 150-200 mg of tissue were 

disrupted and homogenized in 0.5 mL of 5% Triton X-100 solution (Sigma). The tissue 

homogenate was extracted with ethyl acetate three times and the organic phases were pooled. 

Then, the solvent was evaporated and the residue was dissolved in DMSO for analysis. On the 

other hand, Cy5.5 was extracted from homogenized tissues using three times DMF and pooling 

the obtained fractions for analysis. Finally, the two dyes were analysed by fluorometry using a 

Photoluminescence Spectrometer. Standard curves were constructed in DMSO or DMF, for DiD 

or Cy5.5, respectively, and were made in the following ranges: 0.01-0.5 µg/mL. The percentages 

of Cy5.5 recovery from liver and spleen samples were 102.3 ± 9.7 and 93.1 ± 1.3%, respectively. 

From DiD samples, 85.8 ± 6.4 and 86.4 ± 1.0% was recovered in liver and spleen samples, 

respectively, which is largely within the 80-110 range that is considered acceptable. 

2.12 Plasma extravasation assessment 

Vascular leakage in non-infected and L. infantum infected mice was assessed using Evans blue 

dye method as previously described [17]. Briefly, 50 µL of a solution of Evans blue 30 mg/mL in 

0.9% normal saline were i.v. injected in the tail vein. After 30 min, mice were anesthetized with 

inhalant isoflurane and mice were perfused with 10 mL of 50 mM sodium citrate, pH 3.5 to 

preserve Evans blue binding to albumin. Then, mice were humanly sacrificed by cervical 

dislocation and liver, spleen, kidneys and BM were excised, rinsed in PBS and cut in halves. After 

weighting each half, one of them was dried in an oven at 150 ºC, for 48 h, and the other half was 

placed in formamide for 48 h to extract the Evans blue. After incubation time, Evans blue was 

quantified in a UV-visible spectrophotometer at 620 nm. The amount of drug was calculated from 

a standard curve of Evans Blue in formamide (1 to 50 µg/mL). To calculate plasma extravasation, 

the dry tissue half was weighted and wet/dry weight ratio for each organ from each individual 

mouse was calculated. Then, the dry weight of the tissue half in formamide was calculated by 

dividing the wet weight of the tissue half before it was placed in formamide by the wet/dry ratio 
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for the organ of interest. Finally, plasma extravasation value was calculated by dividing the 

amount of extracted Evans blue by the dry weight of the tissue half in formamide. 

2.13 In vivo cellular interaction of PS NP and PLGA NP with phagocytic cells 

Once organs of non-infected and L. infantum-infected mice were imaged, blood samples, spleens, 

and BM were kept on cold PBS and cells were processed for flow cytometry analysis. BM cells 

were collected by flushing the femur and tibia with PBS. Cells from the spleen were harvested by 

mashing the tissue with a 2 mL syringe plunger and subsequently passing them through 0.4 µm 

nylon cell strainers (BD Falcon®). Red blood cells were then removed using ACK (ammonium-

chloride-potassium) lysing buffer (Gibco) for 5 min, in the case of BM and spleens, or 25 min for 

blood samples. After that, cells were washed twice with PBS and centrifuged. 2·106 cells per well 

were incubated with purified anti-mouse CD16/32 (93) in 50 µl of FACS buffer (PBS supplemented 

with 2% FBS and 2.5 mM EDTA) per well for 10 min on ice, to block non-specific binding. 

Afterwards, cells were stained with either panel 1 of fluorochrome-conjugated antibodies, for PS 

NP or panel 2, for PLGA NP: (1) F4/80-PE, Ly6C-PerCP/Cy5.5, CD11b-PE/Cy7, B220-APC, 

CD11c-PB and Ly6G-BV510; (2) F4/80-PE, Ly6C-PerCP/Cy5.5, CD11b-PE/Cy7, B220-

APC/Cy7, CD11c-PB and Ly6G-BV510 and analysed with a Navios EX flow cytometer (Beckman 

Coulter). Cytometric analysis was performed with FlowJo V10 software. The different monocyte-

phagocyte cell percentages and the cellular uptake of NP were determined. BD of NP was 

calculated dividing AF700 positive cells (NP+) in PS NP or APC+ in PLGA NP, by the total number 

of single cells in blood, spleen or BM. The percentage of the phagocytic subset was calculated 

by dividing the number of AF700+ or APC+ subset by the total number of each given 

subpopulation in each organ. Moreover, the rMFI in the total cells and in each subset was 

determined. rMFI was calculated dividing each MFI calculated by FlowJo, by the MFI of the 

isotype control. Combining the parameters of rMFI and percentage of total organ homogenate 

allowed us to determine the most important cell types involved in the NP sequestration in each 

organ, measured as the Distance from Origin (DFO) [18].  

$%& =  '()�����*� �%+)- + (% 0���� &���� 1�"�������)- 

The uptake of NP by immune cells has been widely investigated and the results shown differently: 

as percentage of NP+ cells, either over total cells or per each cellular type. The distribution of 

cellular types within NP+ cells is also frequently provided. We showed the results in terms of rMFI 

and DFO. rMFI has inherent the percentage of NP+ cells, as we calculated it over the total cell 

population and not only over the NP+ positive cells. We consider this parameter as the best 

descriptor of the phagocytic capacity per cell. Therefore, DFO represents the relative contribution 

of each cellular type to the overall phagocytic uptake, as it considers the rMFI as well as the 

proportion of each cellular type over the total organ. Thus, cells with lower phagocytic activity can 

be important if their frequency is high. 

Full gating strategies of each organ are shown in Supplementary Figures 7 – 12. 
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2.14 Immunofluorescent staining examination of liver and spleen cryosections after PS NP 
or PLGA NP administration 

4 h after i.v. NP administration, spleens and livers of non-infected and infected mice were 

collected, embedded in Tissue-Tek® O.C.TTM compound (Sakura) and kept at -80ºC. 5 µm 

cryosections were prepared, transferred onto Poly-L-Lysin (0.1% in H2O for coating) coated 

Superfrost slides (Thermo Scientific), air-dried and fixed with formaldehyde. Specific proteins 

were recognized with the following rat anti-mouse antibodies: F4/80 (Biolegend, 123102 Dil: 

1:50), CD31 (Dianova, DIA310, Dil: 1:20), CD169 (Biolegend, 142401 Dil: 1:100) or NIMP-R14 

(Abcam, ab2557, Dil: 1:100). Second, a rabbit anti-rat IgG antibody (Vector labs, BA-4001, Dil: 

1:100) was added and finally, visualized with Alexa Fluor 555-labeled donkey anti-rabbit (Thermo 

Scientific, A31572, Dil: 1:500). DAPI (Biotium, 40009, Dil: 1:10000) was used as a nuclear 

counterstain. Images were taken by Vectra Polaris Automated Quantitative Pathology Imaging 

System (Perkin Elmer). NP fluorescence was quantified by ImageJ as integrated area intensity. 

2.15 Histopathological examination 

Tissue fragments of liver and spleen from euthanized infected and non-infected mice were fixed 

in 4% formaldehyde, pH 7 (Panreac), embedded in paraffin, cut in 3 µm sections and stained with 

hematoxylin and eosin (H.E.). Slide-mounted sections were studied by Aperio ImageScope (Leica 

Biosystems) using appropriate magnifications. 

2.16 Statistical analysis 

All statistical analyses and graphical representations of the data were performed using GraphPad 

Prism 6 software. After Shapiro-Wilk normality test, either Mann Whitney or Student’s t-test were 

performed and statistical significance was asserted whenever the p value was lower than 0.05 

and represented by *(p  <  0.05),**(p  <  0.01),***(p < 0.001) and ****(p < 0.0001). All values are 

expressed as mean ± standard deviation (SD).  

3. Results and Discussion 

The aim of this work was to evaluate the effect of VL infection in the BD of hard (PS) and soft-

matter (PLGA) nanocarriers. The rationale is that VL produces serious morphological alterations 

in the liver, spleen and BM, wherein infected macrophages and other cells of the mononuclear 

phagocyte system (MPS) reside, being at both organ and cellular level the natural destination of 

most types of NP. Furthermore, a significantly lower amphotericin B concentration was found in 

livers and spleens of VL-infected BALB/c mice, compared to non-infected, after administration of 

different doses of liposomal amphotericin B (AmBisome®), whereas the opposite occurred in 

blood. These differences were observed either at 21 or 42 days after infection, when the parasite 

burden was decreasing in the liver and progressing in the spleen [19,20]. The authors of this study 

suggested that the lower accumulation of amphotericin B (AmB) in these organs could be either 

attributed to a reduced phagocytic activity of infected macrophages, to a greater drug elimination 
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produced by alterations in the blood flow and vasculature permeability, or to a simple increase in 

the organ mass that produces a general decrease in the total amount of drug per organ. This 

study was designed with the purpose of evaluating if AmBisome® behaviour encompasses other 

type of nanocarriers and to assess the contribution of vascular permeability and phagocytic cells 

changes in the whole organ NP sequestration.  

3.1 Value of optical imaging systems (PhotonImager®) to visualize the effect of VL 
infection in organ NP sequestration: heavily affected by experimental conditions 

We used two types of nanoparticles, PS NP as a model of non-biodegradable NP and PLGA NP 

as biodegradable ones. Although they had slight differences in size, both NP were in the range 

between 100 and 200 nm (Tables 1 and 2). The size of 150-200 nm has been considered as a 

cut-off in order to control filtration by liver, spleen and BM. Considering spherical particles, it is 

generally accepted that NP smaller than 200 nm are captured by KC and splenic MZM, whereas 

particles larger than 200 nm are retained in the RP of the spleen [21]. Although the discontinuous 

endothelial fenestrations of the BM have not been studied in detail, theoretically, their 

fenestrations have a mean size of 100-200 nm, what would impede the entry of larger NP. 

However, prior studies have shown that NP with diameters of 100-300 nm accumulate in the BM 

[22-24]. Thus, the size of the NP included in the current study could be adequate for analysing 

the BD of NP and the effect of the infection in the mainly affected organs. 

Table 1. Physicochemical and optical properties of PS NP measured at 0.4 µg/mL of Cy5.5. 
Fluorophore content  Coupling 

efficiency 

(EE %) 

Size 

(nm) 
PDI 

Z-potential 

(mV) 

Emission λ 

max (nm) 

(PBS/serum) 

Emission 

efficiency 

(%) 

Dyes/ 

particle 
Used 

(% w/w) 

Loading 

(% w/w) 

0 0 - 107 ± 2 0.05 -25 ± 2 - - - 

0.27 0.14 ± 0.05 50 ± 9 112 ± 2 0.04 -29 ± 8 724/724 38.9 730 

1.07 0.31 ± 0.05 29 ± 5 114 ± 2 0.01 -22 ± 4 725/725 19.4 2,000 

5.33 0.93 ± 0.19 17 ± 4 143 ± 4 0.18 -26 ± 3 726/718 1.9 13,400 
 

Table 2. Physicochemical and optical properties of PLGA NP measured at 0.7 µg/mL of DiD. 
Fluorophore content Loading 

efficiency 
(EE %) 

Size 
(nm) 

PDI 
Z-potential 

(mV) 
Emission λ 
max (nm) 

Emission 
efficiency 

(%) 

Dyes/ 
particle 

Used 
(% w/w) 

Loading 
(% w/w) 

0 0 - 148 ± 3 0.12 -36 ± 5 - - - 

0.32 0.19 ± 0.02 58 ± 7 158 ± 2 0.11 -39 ± 4 670 9.5 3,000 

0.64 0.42 ± 0.05 65 ± 7 178 ± 5 0.09 -50 ± 5 670 9.4 9,000 

1.6 0.97 ± 0.14 61 ± 9 199 ± 6 0.10 -46 ± 2 669 2.4 29,100 

 

We prepared NIR NP aiming in vivo or ex vivo visualization of potential alterations produced by 

the infection, and we used different dyes for their tracking. Whereas Cy5.5 was conjugated to the 

surface of preformed PS NP, DiD was physically entrapped inside PLGA NP. These differences 

can either complicate the interpretation of the results but also strengthen the conclusions of the 

work. Cyanine dye was selected because of its easy conjugation to the surface of preformed 

aminated-PS NP via EDAC/NHS. On the other hand, the physical entrapment of DiD in PLGA NP 
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was enough to achieve a stable tracking of these NP in vivo without the need of covalent 

conjugation. The suitability of DiD for analysing the BD of PLGA nanoparticles have been 

previously demonstrated based on the stability of the dye entrapment in serum, as well as the 

non-fluorescence of the free dye dispersed in this medium, due to the formation of H-aggregates 

[25], what we confirmed in our work (Figure 1b, 1d). As far as PS NP are concerned, the emission 

spectra of the NP suffered variations in FBS (Table 1, Figure 1c), although no detectable release 

was observed after 24 h incubation, in the concentrations further administered to mice (Figure 1a, 

1c). However, it is noticeable whereas free dispersed DiD did not emit fluorescence in serum, this 

media greatly increased the fluorescence signal of Cy5.5 (Figure 1a), probably due to the high 

affinity of these family of dyes by serum albumin [26]. This observation would make DiD a more 

suitable NIR tracker for analysing the BD of NP, and moreover without need of covalent 

conjugation. On the contrary, cyanine dyes should be chemically linked in a range of 

concentrations that guarantee no detectable free dye in serum, as in the current study (Figure 

1b). 

 

Figure 1. Optical properties of NIR NP. a, b) Dye released from PS NP or PLGA NP suspended 

at 1 µg/mL of each dye in FBS after 0, 4 and 18 h of incubation. a) Dye released in the supernatant 

was quantified by a photoluminescence spectrometer. b) The supernatant (S) was collected and 

the NP pellet (P) re-dispersed in fresh FBS and imaged by PhotonImagerTM. c, d) Fluorescence 
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intensity of a) PS NP and b) PLGA NP with different dye loading and each free dye suspended in 

FBS or DMSO at 1 µg/mL of each dye. Scales expressed in ph/s/cm2/sr · 103. 

In accordance with previously reported, by increasing the NP dye loading, the progressive 

decrease of NP quantum yield was clear (see Table 1 and 2, Figure 1c, 1d), due to the 

confinement of larger number of molecule dyes inside the NP and aggregation-caused quenching 

[15,27,28]. Therefore, NP with low dye loading (0.1%) had been considered as more suitable for 

in vivo tracking of NP, because of their higher brightness and possibility to be detected at lower 

concentration. However, this point has not been demonstrated in vivo. Furthermore, NP drug 

loading has effect in the pharmacokinetic and efficacy of drugs because it can change their 

interaction with the phagocytic system, saturating their accumulation in the liver and spleen and 

allowing higher accumulation in other organs such as BM or tumours [29]. Thus, we decided to 

administer NP with different dye loading and to compare fluorescence signal detected ex vivo in 

the liver, spleen, BM and blood of non-infected and VL-infected mice (Figure 2) with data of dye 

extraction and quantification of the dyes in these organs (Tables 3 and 4).  

 

Figure 2. Ex vivo fluorescence of liver, spleen, bone marrow and blood after administration 

of PS NP and PLGA NP in non-infected and L. infantum-infected BALB/c mice. a, b) 

Fluorescence intensity of liver, spleen, BM and blood at 4 h post-injection (i.v.) of 0.2 mg/kg PS 

NP or 0.5 mg/kg PLGA NP, at two different loadings: 0.1 and 1% for PS NP and 0.2 and 1% for 

PLGA NP, in non-infected and L. infantum infected mice (L.i.). a, b) Fluorescence intensity 

expressed as ph/s/cm2 · 108. Data are expressed as mean ± SD (n = at least 4). Data were 

analysed using a non-parametric Mann Whitney test. *p < 0.05. c, d) Representative images of in 

vivo fluorescence imaging, imaged by PhotonImagerTM. Scale expressed in expressed as 

ph/s/cm2 · 106. 
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4 h after their administration, in agreement with previously described for AmBisome® [20], lower 

amount of dye was quantified in the liver and especially in the spleen of VL infected mice (see 

Tables 3 and 4). However, in our case significant differences were only found when the results 

were expressed per gram of organ and not when estimating the total amount of dye per whole 

organ. PLGA NP sequestration even increased in the liver when considering the whole organ. 

The differences between non-infected and infected animals were more or less similar in the three 

evaluated doses (see ratios in Tables 3 and 4). These observations would point towards 

hepatomegaly and splenomegaly as an important factor contributing to the differences observed 

in dyes accumulation between non-infected and infected mice. 

Table 3. Cy5.5 quantification in livers and spleens of non-infected and L. infantum-infected mice after 4 h 
NP administration at different doses (0.2, 0.5 and 2 mg/kg). Data are presented as mean ± SD (n = 4), 
analysed by non-parametric Mann Whitney test.  

PS NP 
µg dye/ g organ  µg dye/ total organ 

Non-infected L. infantum R p  Non-infected % L. infantum % R p 

0.2 mg/kg 
Liver   0.86 ± 0.34 0.78 ± 0.30 1.10 ns    0.72 ± 0.17 18.0   0.98 ± 0.21 25.0 0.73 ns 

Spleen   0.30 ± 0.14 0.08 ± 0.02 3.75 *    0.03 ± 0.02   0.8   0.03 ± 0.01   0.8 1.00 ns 

0.5 mg/kg 
Liver   4.93 ± 0.27 2.02 ± 0.06 2.44 *    3.60 ± 0.13 36.0   2.72 ± 0.08 27.0 1.32 * 

Spleen   1.38 ± 0.11 0.24 ± 0.03 5.75 *    0.14 ± 0.02   1.4   0.08 ± 0.02   0.8 1.75 * 

2 mg/kg 
Liver 15.76 ± 1.47 8.45 ± 2.44 1.87 *  13.97 ± 1.50 34.9 11.74 ± 3.18 29.4 1.19 ns 

Spleen   4.76 ± 3.30 0.85 ± 0.26 5.60 *    0.50 ± 0.29   1.3   0.29 ± 0.08   0.7 1.72 ns 
ns p > 0.05; *p < 0.05; R = ratio non-infected/L. infantum 

 
Table 4. DiD quantification in livers and spleens of non-infected and L. infantum-infected mice after 4 h NP 
administration at different doses (0.2, 0.5 and 2 mg/kg). Data are presented as mean ± SD (n = 4), analysed 
by non-parametric Mann Whitney test.  

PLGA NP 
µg dye/ g organ  µg dye/ total organ 

Non-infected L. infantum R p  Non-infected % L. infantum % R p 

0.2 mg/kg 
Liver   3.62 ± 0.76   2.66 ± 0.16 1.36 *    3.19 ± 0.66 79.8   3.75 ± 0.37 93.8 0.85 ns 

Spleen   2.56 ± 0.92   0.70 ± 0.14 3.66 *    0.19 ± 0.05   4.8   0.21 ± 0.04   5.3 0.90 ns 

0.5 mg/kg 
Liver   7.23 ± 1.23   5.54 ± 0.51 1.30 *    6.60 ± 0.94 66.0   7.55 ± 0.52 75.5 0.87 ns 

Spleen   3.53 ± 1.07   1.91 ± 0.37 1.85 *    0.77 ± 0.06   7.7   0.70 ± 0.09   7.0 1.10 ns 

2 mg/kg 
Liver 23.07 ± 2.72 25.88 ± 8.53 0.89 ns  21.68 ± 2.69 54.2 30.29 ± 5.59 75.7 0.72 ns 

Spleen 39.28 ± 3.11 17.69 ± 8.18 2.22 *    3.42 ± 0.28   8.6   3.61 ± 0.47   9.0 0.95 ns 

ns p > 0.05; *p < 0.05 R = ratio non-infected/L. infantum 
 

When comparing data revealed by dye quantification with those derived from ex vivo imaging, we 

observed that ex vivo imaging provided a similar conclusion about the effect of the infection in the 

spleen (Supplementary Figure 1a). However, the differences detected between non-infected and 

infected animals were clearly less evident from imaging data and were not detectable after the 

administration of NP with high dye loadings (1%, Figure 2) and high dose (Supplementary Figure 

5). In the liver, imaging data provided the opposite trend, with more fluorescence emission in 

infected mice receiving PLGA NP. We observed better correlation when results of 

PhotonimagerTM were expressed as ph/g organ instead of the commonly ph/cm2 (Supplementary 

Figure 1b) although the disappointment with PLGA NP in liver still persisted. 

Moreover, the imaging technique (PhotonImagerTM) was unable to allow comparison of dye 

accumulation between different organs, for example liver vs spleen, providing imaging more 

relative accumulation in the spleen/liver than the obtained by dye extraction, probably because 
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the high NP accumulation in the liver produced interparticle quenching and decreased the signal 

in this organ [25]. Furthermore, we would like also to outline that the differences in the 

fluorescence observed in the analysed organs after administration of NP with low and high 

loadings, were clearly lower than that detected in vitro in serum (Figure 1). It could indicate either 

differences in the dye accumulation (because a different number of NP are being administered) 

or interparticle quenching, higher after administration of NP with low loading.  

Besides the effect of the infection, we should also notice that the accumulation of PLGA NP in 

organs was higher than the obtained for PS NP (Tables 3 and 4) and this difference was correctly 

inferred from PhotonImagerTM, irrespective of NP dye loading (low or high). Moreover, PS NP 

accumulated more in the liver than in the spleen, compared to PLGA NP. For these NP, the ratios 

between dye accumulation in the liver and spleen were lower and progressively decreased while 

increasing dye doses, indicating a certain saturation of the liver at the high dose of 2 mg/kg (Table 

4). 

Overall, PhotonImagerTM does not appear to be entirely suitable to detect differences in NP organ 

accumulation between non-infected and infected mice, at least partially because these 

differences are not very significant, as occurs in the liver. In any case, NP with the lowest dye 

loading provided better correlation with the data of dye quantification. 

3.2 Effect of VL infection in the vascular permeability  

One of the main factors governing the NP BD is the vascular permeability. In-depth, NP mainly 

accumulate in organs with fenestrated endothelium that allow the passage of NP with sizes 

smaller than their fenestrations [30]. We analysed the effect of VL in the vascular permeability as 

changes in this factor are common to any inflammatory condition. Results showed that Evans 

blue dye content significantly increased in the liver, spleen, BM and kidneys of infected mice 

(Figure 3) and indicated that VL associated inflammation lowered the sieving effect of fenestrated 

endothelium in these organs. In general, vascular permeability alterations should facilitate NP 

extravasation and sequestration, as previously described in a mice model of LPS-induced acute 

inflammation,  in which NP higher accumulation in the spleen was well correlated with an increase 

in the vascular permeability of this organ [31].  
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Figure 3. Effect of VL infection in the vascular permeability. Vascular permeability of the liver, 

spleen, BM and kidney, measured by Evans blue quantification 12 weeks post-infection. Data are 

expressed as mean ± SD (n = 4), analysed using a non-parametric Mann Whitney test. *p < 0.05. 

3.3 Effect of VL infection in the cellular uptake and distribution of NP: specific for each NP 
and organ 

As the infection increased the vascular permeability, we next evaluated if the infection could be 

affecting the number or the phagocytosis capacity of the principal phagocytic cells of the affected 

organs, as previously suggested [19]. It could contribute to the observed decrease in the NP 

accumulation with organ weight changes. Actually, the predominant accumulation of NP in the 

liver, spleen and BM is the result of combining several factors such as blood vessels permeability, 

blood flow dynamics, organ microarchitecture and cellular phenotype [18]. Alterations in each one 

of them could have effects on NP BD. At the cellular level, the depletion of KC in the liver and 

MZM of the spleen has been widely investigated to decrease the sequestration of NP in the liver 

and spleen in favour of other organs [16] and/or to modify their cellular distribution within these 

organs [32]. For that purpose, we firstly performed an in vitro experiment addressed to compare 

the phagocytic activity of non-infected vs L. infantum-infected BMDM (Figure 4). The infection 

was confirmed by qRT-PCR (Supplementary Figure 3).The results clearly indicated that the 

infection has no effect in the NP uptake by macrophages, in line with previously reported with 

latex beads of different sizes [33,34]. In the wide range of evaluated concentrations we did not 

observe saturation of the process in spite that the parasite causes profound changes in the 

macrophages to survive inside them [35]. 

Besides no effect of infection in the NP uptake was observed, a 10-fold concentration of DiD NP 

was needed to achieve a similar percentage of NP+ cells and rMFI than PS NP, in agreement 

with the higher brightness of PS NP than PLGA NP at similar concentration (Figure 1). Moreover, 

we would like to underline that the incubation of BMDM with PS NP with low (0.1%) or high (1%) 

loading provided more or less the same evolution in the percentage of NP+ cells and rMFI on 

increasing concentration (Supplementary Figure 2), indicating dequenching and release of the 

dye inside NP, upon internalization. Changes in the fluorescence intensity have been previously 

reported after NP internalization [36]. Therein, internalized DiO-NP (a fluorophore very similar to 

DiD) emitted 4-fold more fluorescence that extracellular NP. Thus, although NP dye loading is 
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critical for in vivo NP tracking, it does not influence flow cytometry results, at least with the NP 

size used in the current study. 

 

Figure 4. In vitro cellular uptake of NP in non-infected and infected BMDM. a) PS NP and c) 

PLGA NP uptake and b, d) Relative Median fluorescence Intensity (rMFI) of non-infected and L. 

infantum-infected BMDM after 2 h NP incubation. Data are presented as mean ± SD (n = 4). 

Next, we addressed in vivo studies. In depth, the phagocytic activity of infected macrophages or 

other phagocytic cells in vivo could be indirectly impaired, either by physical or immunological 

constraints. For example, the location of KC in the core of granulomas could hinder the access of 

NP to them, or the disorganization of MZ and RP of the spleen may impede NP interaction with 

the different macrophage’s subsets. Therefore, the immunological bias produced by the parasite 

to survive and proliferate, such as the polarization of macrophages towards M2-phenotype, could 

also have effect in their phagocytic activity [37].  

When comparing NP+ cell populations in non-infected and L. infantum-infected mice 12 weeks 

after infection, the general trend was no change or a decrease (not always significant) in the 

percentage of NP+ cells detected in blood, spleen and BM of VL infected mice, as detailed below. 

3.3.1 Cellular distribution in blood 

4 h after NP i.v. administration, less proportion of NP+ cells (1.5-fold) was detected in blood cells 

of 12-weeks L. infantum-infected mice (Figure 5c). This decrease can be well justified by the 

increased vascular permeability of kidneys (Figure 3) as well as by the lower percentage of 

circulating phagocytic cells that we observed in infected mice (Figure 5a and 5b), circulating B 

cells (CD11c-, B220+) (p < 0.05) in the case of PLGA NP and neutrophils (PMN: Ly6G+) (ns) for 

PS ones, as B cells were the most important phagocytic cells for PLGA NP (followed by 

inflammatory monocytes: Ly6C+) and PS NP were mainly captured by PMN (Figure 5d). 

Numerous types of NP have been observed to be differentially internalized by phagocytic cells 

(mostly monocytes and neutrophils) according with their composition and their physicochemical 

properties [38-42]. Moreover, the mice strain background had also a great effect [43]. In this 
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context, although B cells have not the phagocytic activity of other antigen presenting cells [44], 

they are present in higher percentage than other cells such as monocytes or macrophages (see 

supplementary tables 2 – 4). They have been previously reported to be more relevant than 

expected over the total NP+ cells not only in blood [45] but also in other organs such as liver [18], 

spleen and BM [45]. On the other hand, the high affinity of PS NP by PMN could be explained by 

the covalent linkage of Cy5.5 onto their surface, that could favour their coating with albumin due 

to the strong affinity of this dye by this protein, as previously reported [26]. The specific targeting 

of albumin NP to neutrophils have been previously described [39]. 

 

Figure 5. In vivo infection progression and NP distribution in blood of L. infantum-infected 

BALB/c mice. a) Kinetics of the different cell populations evaluated by flow cytometry (control vs 

12 weeks post-infection). Data represents the mean ± SD (n = at least 4/time point), analysed 

using a non-parametric Mann Whitney test. *p < 0.05. b) Representative flow cytometry data to 

demonstrate the significant changes in the blood populations over the course of the infection (4, 

6 and 12 weeks post-infection). c) In vivo NP uptake in blood of non-infected and L. infantum-

infected mice after 4 h NP i.v. administration, at 0.2 mg/kg PS NP or 0.5 mg/kg PLGA NP. 

Representative contour plots of each group (n = 6) of NP+ cells (in blue) vs their control (in red) 

are presented. Data were analysed using a parametric (Shapiro-wilk normality test ns) t-test. *p 

< 0.05. d) Relative Median Fluorescence Intensity (rMFI) of the different cell subsets in non-

infected and L. infantum-infected mice after 4 h i.v. administration of PS NP at 0.2 mg/kg of Cy5.5 

and PLGA-DiD at 0.5 mg/kg of DiD and relative importance of each blood cell type to NP uptake, 

measured by the DFO. Data are presented as mean ± SD (n = at least 4). Data were analysed 

using a non-parametric Mann Whitney test. **p < 0.01. 

The fate of NP loaded blood cells is a matter that have been addressed in the context of tumour 

or inflammatory diseases. In-depth, the uptake of NP by either PMN or inflammatory monocytes 

is considered as a strategy for the delivery of NP loaded drugs into sites of inflammatory diseases 

[46]. Obviously, it will also depend on the effect of NP on these cells and vice versa, on the effect 
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of the cells on NP. In this context, albumin NP loaded with an anti-inflammatory drug were able 

to prevent the adhesion of neutrophils to vascular endothelial cells and their migration to ischemic 

lung in a mice model of LPS-induced airway inflammation [41]. In the same model of acute 

inflammation, carboxylate PS NP without any drug were also rapidly captured by circulating 

neutrophils that diverts to the liver, instead of lung accumulation [47]. We should highlight that the 

i.v. injection of both types of NP either in non-infected and infected mice, produced a significant 

and similar influx of neutrophils (Supplementary Table 2), whose fate should be investigated. If 

the NP had no effect in PMN, they will be destroyed in the liver or BM after approximately 4 days 

[48]. They could also migrate towards infected spleen, liver and BM. We did not investigate this 

matter in the liver, however, 4 h after NP injection we observed a significant increase in the 

percentage of PMN in the BM of VL infected mice that received PS NP (Supplementary Table 4). 

Another possibility is that the degradation of the NP and leakage of their content occurs. The high 

uptake of PS NP by PMN could result in the breaking of the covalent linkage of Cy5.5 attached 

to the NP surface and, thus, their elimination. This could explain the lower accumulation of this 

hydrophilic dye in the liver and spleen in comparison with DiD (Table 3). 

The lower percentage of NP+ cells in blood of infected mice contrasts with previously described 

for AmBisome®, that circulated longer in the blood of VL infected mice [20]. However, we should 

underline that in that work, they determined the drug (Amphotericin B) concentration in blood 7 

days after their administration, but not the carrier itself. Currently, lower accumulation in the liver 

and spleen has been correlated with prolonged circulation time in blood [49]. However, it was not 

the case in the current study and pointed towards faster clearance of the dye in VL infected mice, 

possibly as the infection increased the vascular permeability in the kidneys (see Figure 3), 

according to data of Evans blue quantification in them.  

3.3.2 Immunofluorescence of the liver 

BALB/c mice were infected with 108 L. infantum parasites in stationary phase and the evolution 

of the disease was studied at weeks 2, 4, 6, 9, 16 and 20 p.i. Parasite burden, measured by qRT-

PCR, decreased gradually in the liver, from 7.2 · 105 to 1.1 · 104 number of copies of the plasmid 

per 10 ng of total tissue DNA (Figure 6a). The liver weight significantly increased (1.5-fold, p < 

0.01), indicating the development of hepatomegaly over the infection (Figure 6a). Moreover, H.E. 

images of non-infected and L. infantum-infected livers (Figure 6b) showed changes in their 

architecture. At 4 weeks p.i. (top right and bottom left), amastigotes can be seen within the 

macrophages of the liver (KC) that are forming granulomas (circumscribed lesions formed as a 

result of an inflammatory reaction, characterized by a central accumulation of mononuclear cells, 

primarily macrophages). Nevertheless, by week 13 less granulomas are visible, they are smaller 

and free of parasites (bottom right). Thus, the effect of VL infection in the NP sequestration by the 

liver cells was analysed by immunofluorescence 4 weeks after infection. 

IF images of livers (Figure 6c) showed a slightly decrease of PS NP accumulation and increase 

of PLGA NP sequestration in infected livers, in agreement with data of PhotonimagerTM (Figure 



Chapter I    

74 

 

2) and dye quantification (Tables 3 and 4). These results would be indicating that the increment 

in the liver vascular permeability affects both types of NP in a different manner.  Next, in order to 

analyse cellular NP distribution, liver sections were stained (in yellow) with F4/80, to identify 

macrophages, or with CD31 (platelet endothelial cell adhesion molecule). In non-infected livers, 

PS NP mostly colocalized with F4/80+ cells (KC or other liver macrophages) and PLGA NP 

showed a similar distribution. It is well-known that KC are the primary target for most types of NP 

and responsible for around 30-70% NP sequestration in the whole body (according to their 

physicochemical properties). As seen by H.E., 4 weeks after infection, the redistribution of KC in 

infected livers was clear, they were observed forming granulomas, although a fraction of them 

remained isolated (Figure 6d). 4 or 24 h after their administration, PS NP were easily detected in 

the KC that remained isolated, but they were never present within the granulomas (Figure 6d (4 

h) and Supplementary Figure 4 (24 h)). In a murine model of tuberculosis, NP extravasate better 

from blood vessels adjacent to lung granulomas, while few NP were detected in areas of lung 

devoid of bacteria. The authors suggested higher extravasation of NP from blood circulation to 

areas of granulomas because the infection increased the blood flow and permeability of newly 

endothelium adjacent to the granulomas [50,51]. By immunofluorescence of livers with CD31 

(Figure 6d), we did not observe changes in the liver vasculature of VL infected mice, although 

CD31 cannot be really considered as a suitable marker for the detection of liver sinusoidal 

endothelial cells [52]. Whatever the case, NP were not detected in the core of the granulomas, 

although the consequences of this observation remain elusive. On the one hand, the drug should 

diffuse into the core granulomas where the amastigotes hide. On the other hand, the formation of 

granulomas is responsible of the liver’s ability for self-clearing the parasites without the need of 

treatment [53]. Tuberculosis granulomas pose a challenge for drugs to permeate although NP 

allow more selective extravasation in their vicinity [54,55]. 
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Figure 6. In vivo infection progression and NP distribution in L. infantum-infected livers. 

a) Parasite burden, expressed as number of copies of the plasmid per 10 ng of total DNA after 2, 

4, 6, 9, 16 and 20 weeks of infection, measured by qRT-PCR and changes in the liver weight over 

the course of infection. Results are expressed as mean ± SD (n = 5/time point). Data were 

analysed using a non-parametric Mann Whitney test. **p < 0.01. b) H.E. images of liver 

architectures: (top left) non-infected and (top right) L. infantum-infected (13 weeks p.i.) BALB/c 

mice showing the formation of granulomas. (Bottom left) liver granulomas containing amastigotes 

at 4 weeks p.i., and (bottom right) at 13 weeks p.i., where granulomas are visible but free of 

parasites. Black arrows indicate the presence of parasites inside the granulomas (square). c) 

Representative immunofluorescence images of livers of non-infected and L. infantum-infected 

mice 4 h after PS NP or PLGA NP (in red) administration and NP fluorescence quantification by 

ImageJ, expressed as integrated area intensity · 106. d) Immunofluorescence images of livers 

stained with F4/80 or CD31 (in yellow) before and 4 h after PS NP (in red) i.v. administration. 

DAPI (in blue) was used as a nuclear counterstain. Images were taken with Vectra Polaris 

Automated Quantitative Pathology Imaging System. Scale bars c) 100 µm and d) 200 µm. 

3.3.3 Cellular uptake and distribution in the spleen 

The evolution of the infection in the spleen, measured 2, 4, 6, 9 and 20 weeks post-infection, 

showed a progressive increase in the parasite burden (from 1.1 · 104 at week 2 to 2.7 · 105 number 

of copies of the plasmid/ 10 ng of total spleen DNA at week 20), together with the development 

of splenomegaly (Figure 7a). H.E. images of non-infected and L. infantum-infected spleens 

showed marked structural changes produced by Leishmania infection (Figure 7b). In the spleen 

of infected mice, the WP regions are poorly individualized, lymphoid follicles are barely distinct 
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from the RP and T-cell areas and marginal zones are almost non-existent. Parasites (black 

arrows) are located inside the macrophages distributed among the spleen. 

According to fluorescence imaging and dye quantification, the NP accumulation in the spleen was 

more affected by the infection than in the liver and especially for PS NP. At the cellular level, less 

proportion of NP+ cells was observed in the spleen of infected mice, although significant 

differences (2-fold decrease) were observed only between non-infected and infected mice that 

received PLGA NP (Figure 7e). This decrease was well correlated with the differences in the 

quantified dye accumulation (1.85-fold higher in non-infected vs infected spleens, Table 4) and 

confirmed by fluorescence microscopy (Figure 8a). However, the infection did not modify PS NP 

capture by spleen cells, although more differences were observed in the amount of dye quantified 

in non-infected vs infected spleens of mice receiving this type of NP (around 5-fold higher in non-

infected vs infected spleens, Table 3) and in the NP fluorescence intensity quantified in the 

immunofluorescence images. Thus, the infection would be affecting PS NP sequestered in the 

interstitial space of the organ (also detected by PhotonImagerTM) but not captured by cells 

(measured by flow cytometry) [23].  

The observed increase in the spleen vascular permeability of infected mice (Figure 3) should be 

disproportional to the weight gain, as NP accumulation in this organ decreased. Furthermore, the 

disorganization of spleen architecture [7] (Figure 7b) could be also impeding NP retention, 

although the endothelium allowed their extravasation.  

At the cellular level, the effect of the infection in the main phagocytic cells, as well as the specific 

pattern of cellular distribution, different and specific for each type of NP, well explains the 

observed differences between PLGA NP and PS NP in terms of percentage of NP+ cells. We 

observed that the infection progression was in parallel with a decrease (p < 0.0001) in the 

proportion of resident macrophages (characterized as F4/80+, CD11b+) and an increase (p < 

0.001) of inflammatory monocytes (CD11b+, Ly6C+) (Figure 7c and 7d). The recruitment of 

inflammatory monocytes in the spleen [56-58], has been reported during the course of infection 

by VL, as well as their contribution to the progression of the infection due to their regulatory, 

suppressor cell-like phenotype. As far as macrophages are concerned, previous published works 

have reported, by immunohistochemistry, irreversible loss of MZM and patchy distribution and 

transient decrease of MMM in the spleen [7]. We were not able to identify these subtypes of 

splenic macrophages by flow cytometry, but only RPM (characterized as F4/80high, CD11bint) that 

dramatically decreased (p < 0.0001) upon spleen infection progression. We also observed a 

significant increase (p < 0.001) in the proportion of B cells (CD11c-, CD45R(B220+)) (Figure 7c 

and 7d). In fact, the polyclonal activation of B cells and hypergammaglobulinemia is considered 

as hallmark of VL and IL-10 produced by these cells contributes to disease exacerbation [59]. 

The most important phagocytic cells for PS NP accumulation in the spleen, according to the DFO 

parameter, were B cells, followed by neutrophils and macrophages (Figure 7f). Although the 

infection dramatically decreased the proportion of resident macrophages, the rather scarce 

differences of their rMFI in comparison with neutrophils and B cells, as well as the increase in the 
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proportion of B cells produced by the infection in this organ, results in similar PS NP sequestration 

in non-infected and infected spleens. On the other hand, macrophages and DC (characterized as 

CD11c+) are the main cellular types implicated in the sequestration of PLGA NP by the spleen, 

and they captured significantly more NP of this type (as indicated rMFI) than B cells and 

neutrophils do. Thus, the depletion of the macrophages during the course of the infection cannot 

be entirely compensated and the result is a decrease in the sequestration of this type of NP in 

infected spleens (Figure 7f).  

 

Figure 7. In vivo infection progression and NP distribution in L. infantum-infected spleens. 

a) Parasite burden, expressed as number of copies of the plasmid per 10 ng of total DNA after 2, 

4, 6, 9, 16 and 20 weeks of infection, measured by qRT-PCR and changes in the spleen weight 

over the course of infection. Results are expressed as mean ± SD (n = 5/time point). Data were 
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analysed using a non-parametric Mann Whitney test. ***p < 0.001. b) H.E. images showing 

spleens architectures of (top left) non-infected and (top right and bottom) L. infantum-infected 

BALB/C mice (12 weeks p.i.). Black arrows indicate the presence of parasites. c) Kinetics of the 

different cell populations evaluated by flow cytometry (control vs 12 weeks post-infection with 108 

L. infantum parasites), reported as percentage of total cells in the spleen homogenate. Data 

represents the mean ± SD (n = 8), analysed using a parametric (Shapiro-Wilk normality test ns) 

t-test. ***p < 0.001, ****p < 0.0001. d) Representative flow cytometry data to demonstrate the 

significant changes in the spleen populations over the course of the infection (2, 4, 6, 9 and 12 

weeks post-infection). e) In vivo NP uptake in the spleen of non-infected and L. infantum-infected 

mice after 4 h NP i.v. administration at 0.2 mg/kg PS NP or at 0.5 mg/kg PLGA NP. Representative 

contour plots of each group (n = 6) of NP+ cells (in blue) vs their control (in red) are presented. 

Data were analysed using a parametric (Shapiro-wilk normality test ns) t-test. *p < 0.05. f) Relative 

Median Fluorescence Intensity (rMFI) of the different cell subsets in non-infected and L. infantum-

infected mice after 4 h i.v. administration of PS NP at 0.2 mg/kg of Cy5.5 and PLGA-DiD at 0.5 

mg/kg of DiD and relative importance of each spleen cell type to NP uptake, measured by the 

DFO. Representative histograms evidencing the significant rMFI changes observed after L. 

infantum infection. Data are presented as mean ± SD (n = at least 4). Data were analysed using 

a non-parametric Mann Whitney test. *p < 0.05, **p < 0.01. 

Either in infected or non-infected mice, immunofluorescence microscopy confirmed, for both types 

of NP, their preferential accumulation in the RP and MZ in the spleen (Figure 8), that still remain 

easily discernible in 12 weeks L. infantum-infected mice, although flow cytometry for PS NP 

indicated a more homogeneous sequestration by macrophages, neutrophils and B cells (with 

similar rMFI values) than for PLGA NP, that were preferentially captured by macrophages and 

DC (Figure 7f). This matter has been previously reported [45]. Previous studies have shown that 

splenic cellular distribution is specific for each type of NP and determined by their 

physicochemical properties, although they were generally confined in the marginal zone and red 

pulp of the spleen. In general, the highest the particle size, the more selective the target to splenic 

macrophages and the lower the percentage of positive cells over total splenocytes. Microbubbles 

of 2 mm and branched polymers of 67 KDa were mostly captured by RPM in the spleen, whereas 

liposomes of 100 nm were also avidly captured by inflammatory monocytes [60]. Cells of the 

lineage monocyte-macrophage and DC were also those that better captured 500 nm PS NP in 

the spleen [45]. Moreover, the uptake by neutrophils in the spleen 2 h after administration of 300 

nm NP, was critically affected by the strain background [43]. 
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Figure 8. Immunofluorescence images of spleens of non-infected and L. infantum-infected 

mice. a) 4 h after PS NP or PLGA NP (in red) i.v. administration. Scale bar 400µm. NP 

fluorescence of non-infected and L. infantum-infected spleens was quantified by ImageJ, 

expressed as integrated area intensity · 106. b) Spleens of non-infected and L. infantum-infected 

mice, stained with F4/80, CD169 or NIMP-R14 (in yellow) before and 4 h after PS NP (in red) i.v. 

administration. Scale bar 200 µm. DAPI (in blue) was used as a nuclear counterstain. Images 

were taken with Vectra Polaris Automated Quantitative Pathology Imaging System. 

3.3.4 Cellular uptake and distribution in the bone marrow 

The harbouring of parasites by the BM and the progressive increase of the parasite load in this 

organ with the progression of the infection (Figure 9a), produced serious haematological and 

immunological alterations that not only affected the BM, but also seem to be responsible of the 

VL blood alterations such as anaemia (and other haematological alterations), neutropenia and 

lymphopenia, well described in humans although not clearly confirmed in mice as happens in the 
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current and previous studies [61]. These changes are also responsible for extramedular spleen 

haematopoiesis [10]. In the BM, flow cytometry analysis confirmed a decrease (or phenotype 

changes) of BM stromal macrophages (F4/80+; p < 0.001) (Figure 9b and 9c), as previously 

published, that should be implicated in the alterations of erythropoiesis and the promotion of the 

increase of myelopoiesis with hematopoietic stem cells (HSC) with phenotypes more prone to 

favour infection progression [61]. A significant decrease in the proportion of B cells (CD11c-, 

CD45R(B220+); p < 0.05) was also observed (Figure 9b and 9c), previously reported [10,61] 

probably due to their polyclonal activation and differentiation into plasma cells with reduced 

expression of this marker. Similarly, it has been also described the differentiation of hematopoietic 

precursors towards immunosuppressive DC, what could justify the observed increase in the 

percentage of DC in the BM (Figure 9b and 9c). Moreover, PMN reserve in the BM of infected 

mice is markedly reduced (p < 0.001), what supports a previous report where BM neutrophils 

were diminished in VL patients [62].  

In agreement with what was observed in spleen and blood, are the results about NP sequestration 

by BM cells, rather affected by the infection (Figure 9d). In the case of PLGA NP probably because 

the increase in the proportion of inflammatory monocytes (CD11b+, Ly6C; p < 0.0001) 

compensated the decrease of B cells (CD11c-, B220+; p < 0.05) and PMN (Ly6G+; p < 0.001) 

produced by the infection, the three most important types of phagocytic cells for PLGA NP 

accumulation in the BM (according to their DFO) (Figure 9e). As for PS NP, the infection only 

significantly affected the involvement of DC (CD11c+; p < 0.01) in the NP capture (Figure 9e). 

However, their DFO is small enough to be relevant in the overall BM NP cellular uptake. 

Whatever the effect of the infection, it should be noticed the good NP sequestration in the BM, 

with percentage of positive cells even higher than observed in the spleen, in agreement with a 

previously published work with 120 nm PLGA NP [23]. 
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Figure 9. In vivo infection progression and NP distribution in L. infantum-infected BM. a) 

Parasite burden, expressed as number of copies of the plasmid per 10 ng of total DNA after 2, 4, 

6, 9, 16 and 20 weeks of infection, measured by qRT-PCR. Results are expressed as mean ± SD 

(n = 5/time point). b) Kinetics of the different cell populations evaluated by flow cytometry (control 

vs 12 weeks post-infection with 108 L. infantum parasites), reported as percentage of total cells 

in the BM homogenate. Data represents the mean ± SD (n = at least 4/time point), analysed using 

a parametric (Shapiro-Wilk normality test ns) t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001. c) Representative flow cytometry data to demonstrate the significant changes in the BM 

populations over the course of the infection (2, 4, 6, 9 and 12 weeks post-infection). d) In vivo NP 

uptake in the BM of non-infected and L. infantum-infected mice after 4 h NP i.v. administration at 

0.2 mg/kg PS NP or at 0.5 mg/kg PLGA NP. Representative contour plots of each group (n = 6) 

of NP+ cells (in blue) vs their control (in red) are presented. Data were analysed using a 

parametric (Shapiro-wilk normality test ns) t-test. e) Relative Median Fluorescence Intensity 
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(rMFI) of the different cell subsets in non-infected and L. infantum-infected mice after 4 h i.v. 

administration of PS NP at 0.2 mg/kg of Cy5.5 and PLGA-DiD at 0.5 mg/kg of DiD and relative 

importance of each spleen cell type to NP uptake, measured by the DFO. Representative 

histograms evidencing the significant rMFI changes observed after L. infantum infection. Data are 

presented as mean ± SD (n = at least 4). Data were analysed using a non-parametric Mann 

Whitney test. *p < 0.05, **p < 0.01. 

3.3.5 Overall: From organ to cellular level and vice versa 

NP organ sequestration depends on multiple factors such as blood flow, endothelium sieving 

effects, organ architecture and cellular uptake. The combination of all these factors produce the 

mainstream accumulation of 100-200 nm NP in liver, spleen and bone marrow. In the current 

study, we demonstrated that VL increased the vascular permeability in these organs (Figure 3). 

Moreover, the infection induced hepatomegaly (Figure 6a), splenomegaly (Figure 7a), 

granulomas formation in the liver (Figures 6b and 6d) and a certain disorganization of spleen 

(Figure 7b). At the cellular level, we observed changes in the proportion of resident macrophages, 

DC, monocytes, neutrophils and B cells. All those alterations either modified NP organ 

sequestration, their overall cellular uptake and/or their cellular distribution in an organ and NP 

specific manner. In general, the magnitude of the effect was rather modest. 

The observed increase in the vascular permeability should facilitate NP extravasation in the 

infected organs. However, it does not seem to increase proportionally with organ weight/immune 

cells proliferation especially in the spleen, as dye accumulation was similar (in the liver) or lower 

(in the spleen). On the other hand, although the alteration of endothelium in VL infected organs 

can allow passage of more NP, it does not necessarily lead to higher retention in them if 

microarchitecture and phagocytic cells alterations also occur. VL infection produced changes in 

the proportion of phagocytic cell populations that affect, in more or less extension, the overall 

percentage of NP+ cells according to their pattern of cellular BD, specific for each type of NP. 

However, these changes in the phagocytic cell populations during the course of VL infection play 

a minor role in the decrease of NP sequestration, as it occurs irrespective of their cellular uptake. 

The disagreement between both observations was clearly evident for PS NP and when increasing 

NP dose administration. The percentage of NP+ cells at 2 mg/kg of PS NP increased till near 

100% in the three organs analysed, either in non-infected or infected mice (Supplementary Figure 

6), whereas the dye accumulation persisted lower in infected mice (see Table 3). According to 

that, VL infection is mostly affecting the extracellular retention of NP in the spleen, and especially 

the entrapment of PS NP, as the ratio between the dye accumulations in non-infected vs infected 

spleens was the highest after administration of this type of NP (Table 4).  

Thus, it only remains the effect of the infection in the organ microarchitecture and weight as the 

main factor responsible for NP uptake and distribution changes, as we have demonstrated in vitro 

that the infection did not affect the phagocytic capacity of host cells. The depletion of KC has been 

described as a strategy to prevent the liver NP sequestration and prolong circulation time of NP. 
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However, although KC are the macrophages with the highest phagocytic activity (higher i.e. than 

splenic macrophages [18]), the predominant NP sequestration in the liver is mostly the result of 

factors at the organ-level such as blood flow and organ microarchitecture that favour KC uptake, 

that, moreover have higher phagocytic activities. This is an evident and disregarded sequential 

justification of NP body distribution. Therefore, in absence of KC, NP liver sequestration occurs 

and moreover, NP redistributed to other cellular types such as liver sinusoidal endothelial cells 

and hepatic stellate cells [32]. Consistent with this, although VL infection produced changes in 

phagocytic cells, NP redistributed among the different cellular types with rather poor effect in the 

%NP+ cells of VL infected organs. Liver fibrosis has been also reported to modify the pattern of 

cellular distribution of different types of delivery systems [63]. The effect was different for each 

delivery system, as we observed in the current study, differences between PS and PLGA NP. At 

organ level, VL had more effect in the spleen than in the liver. LPS-induced inflammation also 

produced more changes in NP accumulation in this organ [31]. In this model of acute 

inflammation, NP sequestration in the spleen was increased and differences were higher for 

bigger NP than for smaller ones. The authors demonstrated that LPS increased the vascular 

permeability more significantly in the spleen than in other organs, thus, allowing higher NP 

accumulation. The authors also reported changes in NP cellular distribution although they were 

not significant and thus, they were not responsible for changes in NP spleen accumulation 

produced by LPS administration.  

In spite of cellular alterations produced by the infection (observed in the current study), the 

infection only had a marginal effect in % NP+ cells because NP redistributed among the different 

cellular types. The efficacy of antileishmanial agents loaded NP depend on the drug concentration 

inside host cells. Currently, the superior efficacy of AmBisome® vs Fungizone® for the treatment 

of VL and CL has been correlated with higher accumulation of the drug in the infected organs 

[64,65]. Furthermore, AmBisome® was comparatively more effective than other lipidic AmB 

formulations because AmBisome® size allowed better accumulation in the three major infected 

organs [66]. However, it could be interesting to have more precise information about the cellular 

distribution of these formulations for further improvement of their efficacy. For example, if we 

assume that Leishmania parasites mostly harbor macrophages or failing this, inflammatory 

monocytes, NP cellular distribution of PLGA NP should be much more suitable for specific cellular 

targeting purposes that PS NP (as a model). The pharmacodynamics effect of drugs against 

intracellular parasites should be closely correlated with the drug accumulation inside the infected 

cells [67]. 

4. Conclusions 

VL infection in mice encompasses organ and cellular alterations that tend to modify NP organ 

sequestration, their cellular uptake and their cellular distribution. The magnitude of the effect was 

organ and NP specific. In the liver, the most relevant observation was that NP did not access KC 

inside granulomas. In the spleen, the infection mainly reduced NP extracellular sequestration, 
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especially for PS NP. At the cellular level, NP redistributed from RPM and DC towards B cells and 

inflammatory monocytes, although the preferential accumulation in the MZ and RP was still 

preserved. Less proportion of NP+ cells was detected in blood of infected mice due to a decrease 

in the percentage of B cells. Comparatively, the infection rarely affected the NP cellular distribution 

in the BM.  

Overall, although VL has a rather poor effect in NP organ accumulation and the overall cellular 

uptake inside them, VL significantly changes their cellular distribution among the phenotypes 

analysed in the current study. These alterations in NP cellular distribution could have an effect in 

their efficacy, as it depends on the drug accumulation in the infected host cells. 
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5. Supplementary material 

Table 1. Primers used for parasite burden quantification.  

 Sense primer (5´-3´) Antisense primer (5´-3´) 

ß-actin CGCGTCCACCCGCGAG CCTGGTGCCTAGGGCG 

Leish 18S CCAAAGTGTGGAGATCGAAG GGCCGGTAAAGGCCGAATAG 

Leish kDNA CCTATTTTACACCAACCCCCAGT GGGTAGGGGCGTTCTGCGAAA 

 

 
Figure 1. Dye quantification ratios (non-infected/L. infantum-infected) comparing results obtained 
by dye extraction and quantification (NP of low dye loading), and PhotonImagerTM ex vivo 
fluorescence intensity (low and high dye loadings). a) Imaging ratios expressed as ph/cm2. b) 
Imaging ratios expressed as ph/g organ. Data are expressed as mean ± SD (n = 4). 

 

 
Figure 2. In vitro NP uptake and rMFI of non-infected and L. infantum-infected BMDM after 2 h 
NP incubation of PS NP with different loadings (0.1 and 1%). 

 

**

 
Figure 3. In vitro infection of BMDM with L. infantum parasites in stationary phase, in a ratio 1:20 
(macrophages:parasites) after 18 h, quantified by qRT-PCR of total RNA. Data presented as 
mean ± SD (n = 6). Differences were analysed by a parametric t-test. **p < 0.01 
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Table 2. Percentage of the different cell subsets in blood of a) non-infected and b) L. infantum-
infected mice before and after 4 h i.v. administration of PS NP at 0.2 mg/kg of Cy5.5 or PLGA NP 
at 0.5 mg/kg of DiD. Data are presented as mean ± SD (n = at least 4). Data were analysed using 
a non-parametric Mann Whitney test. ****p < 0.0001. 

a) non-infected non-infected  
+ PS NP 

non-infected  
+ PLGA NP 

B cells 11.3 ± 3.8 12.1 ± 4.0 11.5 ± 3.6 
PMN 30.5 ± 3.0     58.9 ± 4.2****     48.4 ± 5.6**** 
Ly6C- monocytes   1.7 ± 0.4   5.8 ± 1.8   2.3 ± 0.6 
Ly6C+ monocytes   6.0 ± 1.0   3.3 ± 0.5   6.4 ± 1.5 
    
b) L. infantum L. infantum 

+ PS NP 
L. infantum 
+ PLGA NP 

B cells   5.4 ± 1.3 5.9 ± 1.3 10.9 ± 5.7 
PMN 23.7 ± 8.2     46.7 ± 14.7****     51.5 ± 6.9**** 
Ly6C- monocytes   3.1 ± 1.3  1.6 ± 0.9   1.8 ± 1.0 
Ly6C+ monocytes   5.2 ± 1.6  7.2 ± 3.4    6.8 ± 2.7 

 

Table 3. Percentage of the different cell subsets in the spleen of a) non-infected and b) L. 

infantum-infected mice before and after 4 h i.v. administration of PS NP at 0.2 mg/kg of Cy5.5 or 
PLGA NP at 0.5 mg/kg of DiD. Data are presented as mean ± SD (n = at least 4). 

a) non-infected non-infected 
+ PS NP 

non-infected  
+ PLGA NP 

B cells 42.3 ± 4.9 43.8 ± 5.8 45.3 ± 3.5 
PMN   7.1 ± 3.8   7.5 ± 3.0   7.3 ± 1.6 
Ly6C- monocytes   2.0 ± 0.6   2.8 ± 0.8   2.1 ± 0.4 
Ly6C+ monocytes   2.1 ± 0.5   4.0 ± 1.2   2.3 ± 0.5 
RPM   0.6 ± 0.3   0.7 ± 0.3   0.7 ± 0.3 
pDC   0.5 ± 0.2   0.2 ± 0.1   0.7 ± 0.2 
mDC   1.2 ± 0.4   0.8 ± 0.2   0.8 ± 0.1 
    
b) L. infantum L. infantum 

+ PS NP 
L. infantum 
+ PLGA NP 

B cells 51.6± 6.1 54.9 ± 6.0 55.0 ± 8.8 
PMN  5.1 ± 1.0   8.3 ± 3.2   3.7 ± 1.6 
Ly6C- monocytes  1.8 ± 0.4   1.5 ± 0.7   1.4 ± 0.4 
Ly6C+ monocytes  3.5 ± 0.7   2.5 ± 0.7   2.6 ± 0.3 
RPM  0.1 ± 0.1   0.2 ± 0.1   0.1 ± 0.1 
pDC  0.6 ± 0.2   0.7 ± 0.2   1.5 ± 0.5 
mDC  1.3 ± 0.3   1.5 ± 0.2   2.1 ± 0.2 
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Table 4. Percentage of the different cell subsets in BM of non-infected and L. infantum-infected 
mice before and after 4 h i.v. administration of PS NP at 0.2 mg/kg of Cy5.5 or PLGA NP at 0.5 
mg/kg of DiD. Data are presented as mean ± SD (n = at least 4). Data were analysed using a 
non-parametric Mann Whitney test. ****p < 0.0001. 

a) non-infected non-infected + 
PS NP 

non-infected  
+ PLGA NP 

B cells 34.3 ± 5.9 30.3 ± 2.7 35.8 ± 4.1 
PMN 40.9 ± 7.2 40.9 ± 4.6 36.6 ± 2.7 
Ly6C- monocytes   5.4 ± 1.2   5.2 ± 1.5   4.1 ± 0.5 
Ly6C+ monocytes   4.7 ± 0.9   7.3 ± 2.4   4.7 ± 0.7 
RPM   6.1 ± 2.4   4.3 ± 0.6   4.3 ± 0.6 
pDC   1.9 ± 0.5   1.3 ± 0.3   1.7 ± 0.1 
    
b) L. infantum L. infantum 

+ PS NP 
L. infantum 
+ PLGA NP 

B cells 27.6 ± 4.2 25.2 ± 3.7 26.8 ± 5.4 
PMN 31.6 ± 6.7     40.8 ± 2.4**** 34.5 ± 7.4 
Ly6C- monocytes   4.7 ± 1.7   4.4 ± 1.6   3.0 ± 0.6 
Ly6C+ monocytes   7.6 ± 1.0   8.5 ± 1.6   8.2 ± 1.5 
RPM   1.5 ± 1.5   5.1 ± 1.8   4.1 ± 0.8 

 

  

Figure 4. Immunofluorescence images of livers stained with F4/80 (in yellow), showing the 
formation of granulomas in L. infantum-infected mice and the inability of PS NP (in red) to reach 
its core after 24 h i.v. administration. Scale bar 200 μm. 
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Figure 5. In vivo fluorescence of PS NP after 4 h i.v. injection of 2 mg/kg Cy5.5 in non-infected 
and L. infantum-infected organs. Scale expressed in ph/s/cm2/sr · 106. Data are expressed as 
mean ± SD (n = 6). 

 

 

Spleen  Blood  BM 

  Liver Spleen BM Blood  

P
S

 N
P

 

N
on

-in
fe

ct
ed

 

    

L
. 

in
fa

n
tu

m
 

    

50 

30 

20 

60 

x 106 

40 

NP 

F4/80 



Chapter I    

88 

 

non-infected  L. infantum  non-infected  L. infantum  non-infected  L. infantum 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. In vivo NP uptake in Spleen, Blood and BM of non-infected and L. infantum-infected 
mice after 4 h NP i.v. administration, at 2 mg/kg PS NP. Representative contour plots of each 
group (n = 6) of NP+ cells (in blue) vs their control (in red) are presented. 
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Figure 7. Immunophenotyping cells from the monocyte-phagocytic system in mouse spleen of a) 
non-infected and b) L. infantum infected mice treated with 0.2 mg/kg PS NP. Total mouse 
splenocytes from BALB/c mice were prepared as described in material and methods. Debris (SS-
H vs FS-H) and doublets (FS-A vs FS-H) were excluded from mouse splenocytes. After gating 
out CD11c+ cells (B220- (mDC) and B220+ (pDC)) and B220+ cells (B cells), Ly6G+ (PMN) were 
gated out and the remaining Ly6G- cells were divided into two populations (F4/80 vs CD11b): 
RPM (F4/80+, CD11bint) and monocytes (CD11b+). Monocytes subpopulation was further divided 
into Ly6C+ and Ly6C- monocytes. The MFI of each population for AF700 of the control (grey 
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histogram) and NP+ (a) blue histogram in non-infected and b) red histogram in L. infantum 
infected mice) is represented. 

 

 

Figure 8. Immunophenotyping cells from the monocyte-phagocytic system in mouse spleen of a) 
non-infected and b) L. infantum infected mice treated with 0.5 mg/kg PLGA NP. Total mouse 
splenocytes from BALB/c mice were prepared as described in material and methods. Debris (SS-
H vs FS-H) and doublets (FS-A vs FS-H) were excluded from mouse splenocytes. After gating 
out CD11c+ cells (B220- (mDC) and B220+ (pDC)) and B220+ cells (B cells), Ly6G+ (PMN) were 
gated out and the remaining Ly6G- cells were divided into two populations (F4/80 vs CD11b): 

Le
is

h
m

a
n

ia
 i

n
fa

n
tu

m
 

N
o

n
-i

n
fe

ct
e

d
 

a) 

b) 



  Chapter I 

91 

 

RPM (F4/80+, CD11bint) and monocytes (CD11b+). Monocytes subpopulation was further divided 
into Ly6C+ and Ly6C- monocytes. The MFI of each population for APC of the control (grey 
histogram in non-infected and blue histogram in L. infantum infected mice) and NP+ (blue and 
red histograms for non infected and infected mice, respectively) is represented. 

 

 

 

Figure 9. Immunophenotyping cells from the monocyte-phagocytic system in mouse blood of a) 
non-infected b) L. infantum infected mice at 0.2 mg/kg PS NP. Blood cells were prepared as 
described in material and methods. Debris (SS-H vs FS-H) and doublets (FS-A vs FS-H) were 
excluded from mouse splenocytes. After gating out B220+ cells (B cells), CD11b+ cells were 
divided into two populations (Ly6C vs Ly6G): Ly6G+ (PMN) and monocytes (Ly6G-). This last 
population was further divided into Ly6C+ and Ly6C- monocytes. The MFI of each population for 
AF700 of the control (grey histogram) and NP+ (a) red histogram is represented. 
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Figure 10. Immunophenotyping cells from the monocyte-phagocytic system in mouse blood of a) 
non-infected b) L. infantum infected mice at 0.5 mg/kg PGA-DiD NP. Blood cells were prepared 
as described in material and methods. Debris (SS-H vs FS-H) and doublets (FS-A vs FS-H) were 
excluded from mouse splenocytes. After gating out B220+ cells (B cells), CD11b+ cells were 
divided into two populations (Ly6C vs Ly6G): Ly6G+ (PMN) and monocytes (Ly6G-). This last 
population was further divided into Ly6C+ and Ly6C- monocytes. The MFI of each population for 
APC of the control (grey histogram) and NP+ (a) red histogram is represented. 
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Figure 11. Immunophenotyping cells from the monocyte-phagocytic system in mouse BM of a) 
non-infected b) L. infantum infected mice at 0.2 mg/kg PS NP. Blood cells were prepared as 
described in material and methods. Debris (SS-H vs FS-H) and doublets (FS-A vs FS-H) were 
excluded from mouse splenocytes. After gating out B220+ cells (B cells) and CD11b+ cells (DC), 
Ly6G+ (PMN) were gated out and the remaining Ly6G- cells were divided into three populations 
(Ly6C vs CD11b): Ly6Chigh, Ly6Clow and Ly6C-. Finally, MOS subset (F4/80+) was gated from 
Ly6C- (F4/80 vs CD11b). The MFI of each population for AF700 of the control (red histogram) 
and NP+ (a) blue histogram is represented. 
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Figure 12. Immunophenotyping cells from the monocyte-phagocytic system in mouse BM of a) 
non-infected b) L. infantum infected mice at 0.5 mg/kg PLGA NP. Blood cells were prepared as 
described in material and methods. Debris (SS-H vs FS-H) and doublets (FS-A vs FS-H) were 
excluded from mouse splenocytes. After gating out B220+ cells (B cells) and CD11b+ cells (DC), 
Ly6G+ (PMN) were gated out and the remaining Ly6G- cells were divided into three populations 
(Ly6C vs CD11b): Ly6Chigh, Ly6Clow and Ly6C-. Finally, MOS subset (F4/80+) was gated from 
Ly6C- (F4/80 vs CD11b). The MFI of each population for AF700 of the control (red histogram) 
and NP+ (a) blue histogram is represented.  
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Berberine-loaded liposomes for the treatment of Leishmania Infantum-

infected BALB/c mice 

 

 

Abstract  

Berberine (BER), an anti-inflammatory quaternary isoquinoline alkaloid extracted from plants, has 

been reported to have a variety of biological properties, including antileishmanial activity. This 

work addressed the preparation of BER loaded liposomes with the aim to prevent its rapid liver 

metabolism and improve the drug selective delivery to the infected organs in visceral 

leishmaniasis (VL). BER liposomes (BER-LP) displayed a mean size of 120 nm, negative Z-

potential of -38 mV and loaded 6 nmol/μmol lipid. In vitro the loading of BER in liposomes 

enhanced more than 7-fold its selectivity index by decreasing its cytotoxicity to macrophages. In 

mice, BER-LP enhanced the drug accumulation in the liver and the spleen and consequently, the 

liposomal delivery of the drug reduced parasite burden in liver and spleen by 3 and 1 logarithms 

(99.2 and 93.5%), whereas the free drug only decreased the infection in the liver by 1-log. The 

organ drug concentrations, far away IC50 values, are indicating that BER immunomodulatory 

activity or drug metabolites are also contributing to the efficacy. Although BER-LP decreased 10-

fold the extremely rapid clearance of free drug in mice, the value remains very high. Moreover, 

BER-LP reduced plasma triglycerides levels.  
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1. Introduction 

Leishmaniasis encompasses a variety of pathologies caused by different species of the protozoan 

parasite Leishmania and spread by the bite of sand flies. The World Health Organization (WHO) 

classifies this disease to be prominent among the causes of death by infectious diseases 

worldwide, with 12 million infected people in 98 endemic countries [1]. Clinical manifestations 

produced by Leishmania include tegumentary and visceral forms. Regarding tegumentary forms, 

cutaneous leishmaniasis (CL) is the most common type of leishmaniasis, but CL infections are 

mild or asymptomatic in many cases. However, visceral leishmaniasis (VL) is the most severe 

form of the disease, affecting internal organs, in particular the spleen, liver and bone marrow 

(BM). It is highly fatal if untreated and responsible for 50,000 to 90,000 cases in 2017 [2].  

At present, there are no effective vaccines and chemotherapy is the sole choice to treat this 

disease. For decades, antimonial derivatives have been the reference drugs for treating VL. 

However, these toxic compounds exhibit a narrow therapeutic window and resistance has 

become widespread. Alternative drugs such as miltefosine, paromomycin or amphotericin B are 

also associated with toxicity, high costs, long-term regimens and emergence of resistance [3]. 

Thus, the development of novel treatments against VL is an urgent need. 

Berberine chloride (BER, 1,8,13α-tetra-hydro-9,10-demethoxy-2,3-(methyl-ene-dioxy)-berberium 

chloride), an anti-inflammatory quaternary isoquinoline alkaloid present in medicinal plants 

(Berberis vulgaris and Berberis aristata), has been reported to have a variety of biological effects 

[4,5], including antileishmanial activity. BER and different extracts containing BER exhibited 

activity in healing CL lesions [6,7]. Moreover, BER was effective in treating VL in vitro [8,9]. It has 

been shown to mediate its antileishmanial activity in L. donovani promastigotes and amastigotes 

by inducing a redox imbalance following enhanced generation of reactive oxygen species (ROS) 

and concomitant depletion of non-protein thiols, which culminated in a caspase-independent 

apoptotic-like death [9,10]. Moreover, mitochondrial superoxide caused depolarization, inhibited 

electron transport chain and depleted ATP, thus, leading to apoptosis. Furthermore, BER also 

activated macrophages inducing iNOS and IL12p40 up-regulation and finally NO production 

(essential to kill intracellular amastigotes), in both non-infected and L. donovani infected 

macrophages [10]. In vivo, the antileishmanial activity of BER was tested in L. donovani-infected 

golden hamsters with a parasite burden reduction of 48.5 and 61.1% after 50 or 100 mg/kg 

intraperitoneally (i.p.) administered for 4 days or a reduction of 1 logarithm (by 90%) in liver and 

spleen, when treated for 10 days at 50 mg/kg/day [11]. In another study, BER administered 

intramuscularly (i.m.) against L. donovani-infected hamsters at a total dose of 52 mg/kg caused 

a 20% of suppression, whereas a dose of 208 mg/kg had an infectiveness reduction of 36% in 

livers [12]. This BER mild, but improvable, in vivo leishmanicidal activity could be explained by its 

rapid metabolism and excretion [5] and its inadequate tissue distribution to target Leishmania 

parasites. Thus, to circumvent these problems, in the last years, the development of different 

delivery systems (DDS) containing BER such as albumin-based nanoparticles [13], polymeric 
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nanoparticles [14], self-micro/nanoemulsifying drug delivery systems [15,16], micelles [17], 

liposomes [18] or solid lipid nanoparticles [19] for different applications such as cancer [18], 

cardiac dysfunction [18] or metabolic diseases [19], resulted in increased efficacy compared to 

the free drug [20]. However, there are no studies, up to our knowledge, in the development of 

DDS containing BER for the treatment of leishmaniasis. Regarding VL disease, many different 

DDS have been reported to target the drug to Leishmania-infected organs, reducing the parasitic 

load and enhancing the therapeutic outcome [21]. Liposomes are considered appropriate carriers 

to treat VL for their natural tendency to be taken up by the mononuclear phagocyte system, 

namely by macrophages which are the cells where Leishmania parasite resides [22]. For many 

years, Amphotericin B has been used in clinical therapy for leishmaniasis in the form of a safe 

liposomal formulation known as AmBisome® [23]. Moreover, promising approaches have been 

done in VL with other antileishmanial drugs like meglumine antimoniate [22,24] or paromomycin 

[25] encapsulated in liposomes.  

Thus, this study aimed to evaluate the potential use of BER-containing liposomes for the 

treatment of VL. For this purpose, BER-LP were developed and characterized. Their 

pharmacokinetic profile was determined, and their antileishmanial activity was assessed in a L. 

infantum-infected mice model. This in vivo model is considered appropriate to first assay the 

efficacy of new drugs or treatments. If the results show a promising potential, they could be further 

evaluated in a hamster model, which best resemble the infection in humans [26]. 

2. Material and methods 

2.1 Material 

Berberine chloride (BER), amphotericin B (AmB), dimethylsulfoxide (DMSO), 3-[4,5-

dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid sodium salt (HEPES), adenine, haemin, biotin, ethylenediaminetetraacetic 

acid (EDTA), cholesterol (Chol), dicetyl phosphate (DP), didodecyldimethylammonium bromide 

(DDAB), D-α-tocopherol succinate (TS) and D-(+)-trehalose dihydrate were obtained from Sigma 

(St. Louis, MO, Canada). Soybean phosphatidylcholine (PC) was kindly gifted by Lipoid GmbH 

(Ludwigshafen, Germany). Fungizone® (FGZ) was obtained from X-GEN Pharmaceuticals INC 

(Horseheads, NY, EEUU). All other reagents were of analytical grade.  

2.2 Parasites 

Leishmania infantum promastigotes (BCN-150) were maintained in flasks at 26 °C in continuous 

stirred M199 1X medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) (Gibco, Gaithersburg, MD, USA), 25 mM HEPES (pH7.2), 0.1 mM adenine, 0.0005% (w/v) 

haemin, 0.0001% (w/v) biotin, and 100 UI/mL penicillin and 100 mg/mL streptomycin (Gibco). 

Media was changed each day to achieve exponential growth. Parasites were also maintained in 

Schneider´s modified medium (Sigma) supplemented with 20% FBS and 100 UI/mL penicillin and 

100 mg/mL streptomycin for 5-6 days in order to obtain stationary cultures for the infection of 
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macrophages and animals.  

2.3 Obtainment and culture of bone marrow-derived macrophages (BMDM)  

Bone marrow derived macrophages (BMDM) were isolated from BALB/c mice by flushing the 

femur and tibia with phosphate buffered saline (PBS, Gibco). Bone marrow cells were then 

resuspended in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% 

FBS, 1% penicillin/streptomycin and 20% filtered supernatant from L929 cell line as source of 

granulocyte-macrophage colony stimulating factor (GM-CSF), required to induce hematopoietic 

cell differentiation into macrophages. Cells were incubated for 8 days at 37 °C and 5% CO2 with 

medium change every 3 days.  

2.4 Animals  

BALB/c mice (Harlan, Spain) weighing approximately 20 g were kept under conventional 

conditions with free access to food and water. Animals were housed in groups of 5 in plastic cages 

in controlled environmental conditions (12:12 hours light/dark cycle and 22 ± 2 °C). This study 

was conducted according to ethical standards approved by the Animal Ethics Committee of the 

University of Navarra in strict accordance with the European legislation in animal experiments. 

Animals were infected by intravenous (i.v.) inoculation of 108 stationary-phase promastigotes of 

L. infantum in the tail vein. 

2.5 Preparation of BER-containing liposomes 

BER liposomes were obtained by the thin-film hydration method [27]. Briefly, different stock 

solutions of PC (600 mg/mL), Chol (50 mg/mL), TS (50 mg/mL), DDAB (50 mg/mL) and DP (50 

mg/mL) were dissolved in an organic phase composed of chloroform and methanol (9:1, v/v). 

Three different types of liposomes were prepared: PC, Chol and either TS, DDAB or DP were 

mixed at a molar ratio of 75:40:5 mM, respectively, in a round-bottom flask. For BER containing 

liposomes, 5 mg of BER dissolved in 400 μL of methanol were mixed with the three lipids before 

the film formation. Organic solvents were evaporated in a rotary evaporator R-300 (Buchi, Flawil, 

Switzerland) at 40 °C for approximately 20 minutes, to form a film. The film was finally hydrated 

with 3 mL of PBS PH 7.4 during 30 minutes at 40°C in a rotary evaporator without vacuum. Then, 

obtained liposomes were sonicated in a MicrosonTM XL 2000 ultrasonic cell disruptor (Misonix, 

USA) for 3 minutes at 8 Watts and stored at 4 °C overnight. To remove the free BER, BER 

precipitated overnight was discarded and BER liposomes were passed through a PD10 

Sephadex® G-25M column (GE Healthcare, UK) using PBS as elution buffer. Finally, liposomes, 

named as PC:Chol:TS, PC:Chol:DDAB or PC:Chol:DP, were lyophilised with trehalose (10% w/v) 

and stored at 4 °C until further use. 
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2.6 Characterization of BER liposomes 

BER liposomes were characterized in terms of size, polydispersity and Z potential by photon 

correlation spectroscopy and electrophoretic laser Doppler anemometry, respectively, using a 

Zetaplus apparatus (Brookhaven Instrument Corporation, USA). The diameter of the liposomes 

was determined after their dispersion in distilled water (1:100) and measured at 25 °C with a 

scattering angle of 90 °C. The zeta potential was measured after dispersion of 2 mg of the 

formulation in distilled water. Moreover, encapsulated BER was quantified in a UV-visible 

spectrophotometer at 349 nm after disruption of liposomes with an aqueous solution of 1% (v/v) 

Triton X-100. The amount of drug was calculated from a standard curve of BER (0.25 to 15 µg/mL) 

made in methanol. Lipid content was ascertained using the phosphate assay method, as 

previously described [28]. 

2.7 In vitro cytotoxicity of BER and BER liposomes 

In vitro cytotoxicity assays were performed in BMDM, using MTT. Briefly, 5 x 104 BMDM, were 

seeded in 96-well plates and incubated at 37 °C for 24 hours in supplemented DMEM medium. 

Then, different concentrations of BER, BER liposomes and AmB were added to each well and 

plates were again incubated for 48 hours. Cells without drug treatment were used as control. After 

incubation, 20 µL of MTT (5 mg/mL) were added to each well and plates were incubated for 4 

hours. 100 µL of DMSO were added after removing the medium from each well and plates were 

gently shaken for 30 minutes. Cell viability was determined using a microplate reader (iEMS 

Reader MS, Labsystems) at 570 nm and the 50% cytotoxic concentration (CC50) for each 

formulation was calculated. Results are expressed as mean ± SD for at least three independent 

experiments in triplicate wells.  

As PC:Chol:DP and PC:Chol:DDAB liposomes were discarded, from now on, PC:Chol:TS 

liposomes will be named as BER-LP.  

2.8 Nitric oxide production 

Nitrites (NO2−) accumulation in cell culture supernatants of BMDM was used as an indicator of 

nitric oxide (NO) production and it was determined by the Griess reaction. Briefly, 5 x 104 BMDM 

were seeded in 96-well plates and incubated at 37 °C for 24 hours in supplemented DMEM 

medium. Then, different concentrations of BER, BER-LP or blank LP (LP, in a concentration 

equivalent to 25 µM BER in BER-LP), alone or plus 0.1 μg/mL of Escherichia Coli 

lipopolysaccharide (E. Coli LPS, Sigma-Aldrich) were added to each well and plates were again 

incubated for 48 hours. Cells without drug treatment were used as control. After incubation, 50 μl 

of culture supernatants from macrophage culture were dispensed in 96-well plates. Then, 50 μl 

of a mixture 1:1 of Griess-Ilosvay’s A and B reagents (Panreac, Spain) were added to each well 

and plates were incubated at room temperature for 30 minutes. The optical density of the colored 

product formed was measured on a microplate reader (iEMS Reader MS, Labsystems) at 540 

nm. The amount of NO formed in each sample was calculated by comparing them with a standard 
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sodium nitrite (NaNO2) concentration curve. Cells incubated with 0.1 μg/mL LPS were use as 

positive control. Results are expressed as mean ± SD for at least three independent normalized 

experiments.  

2.9 In vitro antileishmanial activity of BER and BER-LP against L. infantum promastigotes  

The leishmanicidal effect of BER and BER-LP was determined in L. infantum promastigotes 

grown in supplemented M199 1X medium by the MTT assay. Briefly, 3 x 105 parasites in 

exponential phase per well were seeded in 96-well plates with different concentrations of BER. 

Plates were then incubated at 26 °C for 48 hours. Parasites without drug treatment were used as 

control. AmB was used as positive control. After incubation time, 20 µL of MTT solution (5 mg/mL 

in PBS) were added to each well and plates were incubated at 26 °C for 4 hours. Then, 80 µL of 

DMSO were added and plates were gently shaken for 30 minutes. Parasite viability was 

determined using a microplate reader (iEMS Reader MS, Labsystems) at 570 nm. The 

concentrations inhibiting the parasite growth by 50 and 90% (IC50 and IC90, respectively) were 

calculated with GraphPad Prism7 version. Results are expressed as mean ± SD for at least three 

independent experiments in triplicate. 

2.10 In vitro antileishmanial activity of BER and BER-LP against L. infantum amastigotes: 
Back transformation assay (BTA) 

The activity of BER and BER-LP against L. infantum amastigotes was also evaluated by the BTA 

at 48 h, as previously reported [29]. Briefly, 5 x 104 BMDM were seeded in 96-well plates and 

incubated at 37 °C for 24 hours in DMEM medium. Then, cells were infected with stationary 

promastigotes of L. infantum in a proportion 20:1 (parasite:macrophage) and incubated with 

parasites overnight at 37°C and 5% CO2. After that, cells were washed at least three times with 

complete DMEM and treated with different concentrations of BER and BER-LP. AmB was used 

as a positive control. After incubation times, medium was removed and plates were incubated at 

26 °C with complete Schneider´s modified medium to favour the release of remaining viable 

amastigotes. After 7 days, wells containing medium with remaining parasites were transferred to 

new 96-well plates and the MTT assay was performed as mentioned above. The selectivity index 

(SI) of each compound was calculated as the ratio between cytotoxicity (CC50) in BMDM and 

activity (IC50) against L. infantum amastigotes. Data presented as mean ± SD for at least three 

independent experiments in triplicate wells. 

2.11 In vitro BER release study in serum 

The release of BER from BER-LP was evaluated at 25 °C in PBS with a 10% (v/v) of methanol, 

to ensure sink conditions. Briefly, 20 mg of BER-LP were dispersed in 1 mL of FBS. The 

suspension was allowed to dialyse (100 KDa MWCO) against 20 mL of PBS 10% methanol in a 

continuously stirred beaker. At predetermined intervals of time, 1 mL of the buffer was taken and 

the same volume of fresh buffer was added to the dialysis. Samples were stored at -20 °C prior 

to analysis. Total amount of BER released from BER-LP was then quantified measuring the 

absorbance at 349 nm, as mentioned above. Free BER, dissolved in 10% of methanol, was also 
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dialysed for comparison. Results are expressed as mean ± SD (n = 3). 

2.12 Pharmacokinetic studies of BER and BER-LP 

BALB/c mice (n = 9) were treated intravenously (i.v.) or i.p. with free BER or BER-LP at a dose of 

7.5 mg/kg (i.v.) or 15 mg/kg (i.p.) of BER. Previously, BER was dissolved in type I water with 5% 

glucose (w/v) at 1 mg/mL. Blood was collected from the submandibular plexus of mice at 

determined time-points: 0.08, 0.5, 1, 2, 4, 8, and 24 hours. Plasma samples were obtained by 

centrifugation of blood at 6,000 g for 10 minutes and were kept at -80 °C until analysis. For 

quantifying, samples were allowed to thaw at room temperature for 10 minutes. After vortexing, 

50 µL of plasma were treated with 400 µL of acetonitrile containing 1% (v/v) formic acid. Then, 

samples were vortexed and centrifuged at 6,000 g for 10 minutes. 350 µL of each plasma sample 

containing BER were collected, put into vials and assayed using HPLC/UV. Verapamil 

hydrochloride was used as internal standard. Analysis was carried out in a 1200 series LC (Agilent 

Technologies, Waldbronn, Germany) with a diode-array detector set at 349 nm. The 

chromatographic system was equipped with a C18 column (75 mm × 3 mm, 2.7 µm particle size; 

Waters, Milford, MA, USA) operating at 40 °C and sample injection volume was 10 µL. The mobile 

phase, pumped at 0.7 mL/min, was a mixture of 0.1% (v/v) formic acid in acetonitrile and 0.1% 

(v/v) formic acid in type I water (30:70) using isocratic conditions. For the quantification, calibration 

curves were made in the following range: 2.5–500 ng/mL and were prepared using blank plasma. 

All curves met the previously established performance criteria (R 2 > 0.999, slopes significantly 

different from 0 and a relative error (in %) for calibrators < 15%). Finally, pharmacokinetic 

parameters were calculated using Excel Solver program [30]. The following parameters were 

estimated: half-life (t1/2), time of maximum concentration (tmax), maximum observed plasma 

concentration (Cmax), rate of clearance (Cl), area under the concentration–time curve (AUC0 – t) 

and mean residence time (MRT0 – t). Furthermore, the relative bioavailability (Fr) of BER or BER-

LP after their i.p. administration was estimated by the following equation:  

Fr (%) = (AUCi.p.·Dosei.v./AUCi.v.·Dosei.p.) × 100 (1) 

Where AUCi.v. and AUCi.p. are the areas under the curve for the i.v. or i.p. administrations, 

respectively. To calculate BER-LP Fr, AUC of BER-LP after their i.v. administration was used. Cl 

for i.p. route was calculated as: 

Dose × Fr/AUCi.p.. (2) 

2.13 Tissue distribution of BER and BER-LP 

The amount of BER after i.p. injection of 15 mg/kg of free BER or BER-LP resuspended in PBS 

was evaluated in spleens and livers of BALB/c mice (n = 3, per time). At 8, 24 and 48 hours after 

drug administration, organs were dissected, weighted and stored at -80 °C before HPLC analysis. 

BER was extracted from liver and spleen as previously described [31]. Briefly, 20 μL of a solution 

100 ng/ml of Verapamil hydrochloride were added (internal standard) and vortexed. A solution 
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containing 100 μL methanol and 300 μL acetonitrile was then added for protein precipitation under 

vigorous vortex for 5 minutes and samples were then centrifuged at 18,000 g for 15 minutes. The 

supernatant was evaporated under vacuum and then reconstituted with 100 μL of the mobile 

phase. After centrifugation at 18,000 g, the supernatant was transferred to a new vial for HPLC/UV 

analysis, as previously described. The percentages of recovery from liver and spleen samples 

were 94.6 ± 15.3 and 97.6 ± 16.9%, which are largely within the 90 – 110 range that is considered 

acceptable. 

2.14 In vivo efficacy studies of BER and BER-LP 

4 weeks after i.v. infection of mice with 108 stationary L. infantum parasites, i.p. treatments were 

initiated. Different groups were evaluated (n = 6 per group): untreated control (group 1 for 5 days 

and group 2 for 10 days of treatment), 5 mg/kg of free BER during 5 consecutive days (group 3), 

5 mg/kg of BER-LP during 5 consecutive days (group 4), 10 mg/kg of free BER during 5 

consecutive days (group 5), 10 mg/kg of BER-LP during 5 consecutive days (group 6), 15 mg/kg 

of free BER during 10 consecutive days (group 7), 15 mg/kg of BER-LP during 10 consecutive 

days (group 8) and FGZ at 1 mg/kg i.v., during 5 and 10 consecutive days (groups 9 and 10, 

respectively, as positive control). Once treatments were finished, spleen, liver and BM were 

aseptically removed and the parasite load was quantified by qRT-PCR. 

2.15 DNA extraction and parasite quantification 

The Macherey-Nagel NucleoSpin® Tissue kit was used as per manufacturer's instructions to 

isolate DNA from the liver, spleen and bone marrow of infected mice. The parasite burden was 

measured by quantitative real time - polymerase chain reaction (qRT-PCR) of 10 ng of total DNA 

(quantified by NanoDrop (NanoDrop Technologies ND-1000 UV-Vis Spectrophotometer)), using 

the iQTM SYBR® Green Supermix (Bio-Rad) and specific primers for minicircle kinetoplastic DNA 

(kDNA) of Leishmania (Leish kDNA, Table 1) by the CFX96 real time PCR detection system (Bio-

Rad, Hercules, CA, USA). The number of kDNA copies was determined by extrapolation from the 

cycle threshold of each sample on a standard curve of known concentrations. The standard was 

generated by insertion of Leishmania amplicon in a pCR2.1-TOPO vector (TOPO TA cloning kit; 

Invitrogen, Carlsbad, CA, USA). Results are expressed as number of copies of the plasmid/ 10 

ng of total DNA. 

Table 1. Primers used for parasite burden quantification. 

 Sense primer (5´-3´) Antisense primer (5´-3´) 

Leish kDNA CCTATTTTACACCAACCCCCAGT GGGTAGGGGCGTTCTGCGAAA 

2.16 Biochemical analysis after BER and BER-LP administration: in vivo toxicity studies 

Blood samples taken at the end of the in vivo efficacy study, after 10 days i.p. treatment with free 

BER and BER-LP, were kept at room temperature for 30 minutes and then centrifuged at 3,500 

g for 10 minutes. In order to evaluate the renal and liver toxicity, serum was harvested from each 

blood sample and alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline 
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phosphatase (ALP), total cholesterol (CHO), HDL cholesterol (HDL), LDL cholesterol (LDL), 

lactate dehydrogenase (LDH), urea (BUN) and triglycerides concentrations (TRIG) were 

measured in a Cobas® biochemistry analyser (Roche). Serum levels of treated mice were 

compared to untreated ones. Data expressed as mean ± SD (n = 6/group). 

2.17 Statistical analysis 

Statistical analyses between three groups were performed by using Kruskal Wallis (non-

parametric) followed by Dunn’s multiple comparisons tests. Differences between two groups were 

analysed by an unpaired t-test. GraphPad Prism7 version (GraphPad Software Inc., San Diego, 

CA) was used to perform the analyses. Significance was established for a p value < 0.05.  

3. Results 

3.1 Characterization of BER liposomes 

Three different liposomal formulations were prepared by the thin-film hydration method for the 

encapsulation of BER. The physicochemical characteristics of the different liposomes are 

presented in Table 2. Liposomes presented sizes that ranged from 120 to 250 nm. PC:Chol:TS 

liposomes had a mean size of 133.8 nm, and this size did not increase with the encapsulation of 

BER (121.6 nm). They showed a negative Zeta potential, decreasing with BER encapsulation (-

22 mV vs -38 mV) and the obtained loading was 6.6 nmol BER/μmol lipid. On the contrary, 

liposomes formulated with DDAB (PC:Chol:DDAB) were positively charged (Z-potential around 

55 mV) and their mean sizes were 159.6 and 151.4 nm, for blank and BER-loaded liposomes, 

respectively. However, low encapsulation efficiency (EE) was reached, only 1.3 nmol BER/μmol 

lipid were loaded. As shown in Table 2, the use of DP in the film formation increased BER 

encapsulation efficiency to 28.7% (loading = 17.9 nmol BER/μmol lipid). The loading of BER in 

PC:Chol:DP liposomes importantly increased the mean size of the resulting nanocarriers (245.2 

nm for BER loaded liposomes vs 195.4 nm for blank liposomes) but has negligible effects on their 

Z-potential and PDi. Thus, PC:Chol:DP liposomes displayed a negative charge of -47 mV. 

Moreover, all types of liposomes displayed homogeneous distribution (PDi below 0.3) and high 

lipid yields, around 80-90%.  
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Table 2. Physicochemical properties of blank and BER containing liposomes.  

Liposomes 

(75:40:5 mM) 
Mean diameter 

(nm) 
PDi Z-potential 

(mV) 
BER EE 

(%) 
nmol BER/ 

μmol lipid 

PC:Chol:TS 133.8 ± 1.4 0.19 -22 ± 1 -- -- 

PC:Chol:TS-BER 121.6 ± 1.3 0.25 -38 ± 1 14.1 ± 2.9 6.6 ± 1.8 

PC:Chol:DDAB 159.6 ± 0.9 0.27  52 ± 1 -- -- 

PC:Chol:DDAB-BER 151.4 ± 0.8  0.27  58 ± 3 2.1 1.3 

PC:Chol:DP 195.4 ± 4.8 0.28 -47 ± 1 -- -- 

PC:Chol:DP-BER 245.2 ± 2.3 0.21 -46 ± 1 28.7 ± 1.4 17.9 ± 3.8 

Abbreviations: PDi: polydispersity index; EE: encapsulation efficiency; PC: soybean 

phosphatidylcholine; Chol: cholesterol; TS: D-α-tocopherol succinate; DP: dicetyl phosphate; 

DDAB: didodecyldimethylammonium bromide. 

3.2 In vitro cytotoxicity of BER and BER liposomes and NO production 

Previous to the activity studies, cytotoxicity of BER, the three different liposomal formulations and 

AmB, as positive control, was assessed in BMDM after 48 hours (Table 3). AmB, one of the first 

line treatments for VL, showed the highest toxicity (CC50 = 4.5 μM). The cytotoxic effect of free 

BER was 125.3 μM. However, after its encapsulation into PC:Chol:TS or PC:Chol:DDAB 

liposomes, this value increased 10-folds, to a CC50 higher than 1,000 μM (last concentration 

tested, without any sign of toxicity), indicating an important decrease in toxicity. On the other 

hand, although the incorporation of BER into PC:Chol:DP liposomes was the highest (17.9 nmol 

BER/μmol lipid, Table 2), the cytotoxic effect of this formulation was much higher than PC:Chol:TS 

or PC:Chol:DDAB liposomes (CC50 of 140.2 vs >1,000 μM, respectively) and similar to the CC50 

obtained for free BER. Regarding the higher toxicity of PC:Chol:DP liposomes and the very low 

EE of PC:Chol:DDAB formulation, we decided to continue our experiments with PC:Chol:TS 

liposomal formulation, from now on named as BER-LP. Regarding NO concentration determined 

in the supernatants of BMDM, an increase in the NO production was observed after 48 hours of 

treatment with BER or BER encapsulated in liposomes plus LPS (Figure 1), with values higher 

than the positive control. This NO production increased with increasing concentrations of BER (in 

presence of LPS). Contrary to what was previously reported [9], BER alone had no effect in NO 

production. BER-LP added with LPS showed comparable NO production to free BER although, 

at 5 µM, NO production for BER-LP was 1.6-fold higher than BER. Contrary, blank LP did not 

influence NO production either alone or plus LPS. 
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Table 3. In vitro cytotoxicity (CC50) of free BER, PC:Chol:TS, PC:Chol:DDAB, PC:Chol:DP 

liposomes or amphotericn B (AmB) in bone marrow derived macrophages (BMDM) after 48 hours 

treatment. 

Drug BMDM CC50 (μM) 

BER   125.3 ± 18.4 

PC:Chol:TS-BER > 1,000 

PC:Chol:DDAB-BER > 1,000 
PC:Chol:DP-BER 140.2 ± 1.6 
AmB     4.5 ± 1.2 

 

**

 

Figure 1. Nitrites production by bone marrow derived macrophages (BMDM) after 48 hours 

treatment with different concentrations of free BER, BER-LP or blank LP (LP, equivalent to 25 µM 

BER in BER LP), alone or plus Escherichia coli lipopolysaccharide (LPS) (0.1 μg/mL). 

Macrophages stimulated with LPS were used as positive control. Results are expressed as mean 

± SD (n = 5). Data were analyzed by one-way ANOVA followed by Dunnett’s multiple 

comparisons test. * p < 0.05 

3.3 In vitro drug release study in serum 

In order to study the influence of serum proteins on the stability of liposomes, BER-LP were 

incubated with 100% FBS. Figure 2 represents the in vitro release profile of encapsulated BER 

(BER-LP) as cumulative percentage of drug released versus time. Free BER was used as a 

control of drug diffusion across the dialysis membrane. BER-LP showed a slower drug release, 

compared to the diffusion of free BER over the first 4 hours, followed by a sustained release up 

to 72 hours. 1 hour after incubation in FBS, only a 15.7% of BER was released from liposomes. 

On the contrary, 86.3% of free BER was detected (6.4-times higher). 
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Figure 2. In vitro release of BER from BER-LP using dialysis bag diffusion method in PBS with 

10% (v/v) methanol, at 25 °C. Data presented as mean ± SD (n = 3). 

3.4 In vitro antileishmanial activity of BER and BER-LP 

Table 4 shows the antileishmanial activity of BER, BER-LP and AmB (used as positive control). 

In L. infantum parasites, BER-LP activity was similar to free BER in both promastigotes (IC50 = 

6.8 ± 0.6 and 5.2 ± 0.1 μM, respectively) and amastigotes (IC50 = 1.4 ± 0.2 and 1.1 ± 0.1 μM, 

respectively). Moreover, although AmB activity against L. infantum extracellular promastigotes 

was higher (4-fold) than free or encapsulated BER, their activity against intracellular amastigotes 

was similar. Importantly, despite the high AmB activity, a low SI was observed. Free BER SI was 

much higher than AmB (115.0 vs 3.5, respectively) and BER-LP were much more selective in 

killing intracellular parasites than macrophages, increasing the SI to a value higher than 714.3 

(Table 4). 

Table 4. In vitro antileishmanial activity (IC50 and IC90) on L. infantum promastigotes and 

amastigotes, and selectivity index (SI) in bone marrow derived macrophages (BMDM) after 48 

hours of treatment with free BER, BER-LP and amphotericin B (AmB, as positive control). 

Drug 
Promastigotes 

(μM) 
Amastigotes 

(μM) 
SI 

(CC50/IC50) 

BER IC50   5.2 ± 0.1   1.1 ± 0.1 115.0 

BER IC90 46.6 ± 0.1   9.8 ± 0.1 -- 

BER-LP IC50   6.8 ± 0.6   1.4 ± 0.2 >714.3 

BER-LP IC90 60.8 ± 0.6 12.2 ± 0.2 -- 

AmB IC50   1.4 ± 0.3   1.3 ± 0.2 3.5 

AmB IC90 12.6 ± 0.3 11.4 ± 0.2 -- 

 

3.5 Pharmacokinetic studies 

As seen in Figure 3, free BER is characterized by a quick disappearance from circulation, either 

i.v. or i.p. administered. Thus, we analysed whether liposomal encapsulation was able to 

modulate the pharmacokinetic profile of BER in vivo after i.p. or i.v. administration (Figure 3). The 
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plasma concentration-time curve clearly indicated that, in comparison with the quick clearance of 

free BER after injection (Figure 3, ○), liposomal BER displayed an increased retention in blood 

circulation (Figure 3, ■). 4 hours after BER i.v. administration at 7.5 mg/kg (Figure 3, a), BER 

plasma concentration was 4-fold higher when encapsulated in liposomes, compared to the free 

administered drug (65 vs 17 ng BER/mL, respectively). However, similar BER levels were 

observed at 24 hours post-administration (20 and 16 ng/mL, for BER-LP and free BER, 

respectively). When BER-LP were i.p. administered at 15 mg/kg (Figure 3, b), BER plasma 

concentration after 8 hours was 13-fold compared to free BER i.p. administered at the same dose 

(277 vs 22 ng BER/mL, respectively). Moreover, these differences were maintained and even 

greater at 24 hours (19-fold, 214 vs 11 ng/mL for BER-LP and free BER, respectively) and BER 

persisted in the bloodstream for 48 hours after its administration in liposomes. 

 
Figure 3. Plasma concentration-time curve of BER in mice after a) i.v. or b) i.p. administration of 

free BER and BER-LP at a) 7.5 or b) 15 mg/kg. Data represents mean ± SD, n = 3 mice per group. 

Table 5 summarizes the pharmacokinetic parameters estimated for a non-compartmental 

analysis of the experimental data obtained. Either by i.v. or i.p. route, it is noteworthy that BER-

LP significantly decreased the Cl of the free drug (9,399.8 and 9,334.5 mL/h·kg, for free BER after 

i.v. or i.p. administration, respectively, versus 1,716.8 and 1,978.8 mL/h·kg, for BER-LP i.v. or i.p. 

administered). The i.p. route provided higher and sustained plasmatic levels of BER than its i.v. 

administration (AUC values of 806.8 vs 504.6 ng/mL·h for free BER and 11,756.7 vs 4,253.8 

ng/mL·h for BER-LP, respectively). Therein, i.p. BER-LP increased 2.6-fold the Fr value obtained 

for free BER (62%). Moreover, BER-LP Cmax value was lower than the obtained by i.v. route (461.5 

vs 2,565.1 ng/mL, for i.p. vs i.v. administration, respectively).  
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Table 5. Pharmacokinetic parameters of free BER and BER-LP in BALB/c mice after i.v. or i.p. 

administration at 7.5 or 15 mg/kg, respectively. Data expressed as mean ± SD (n = 3). 

  i.v. 7.5 mg/kg i.p. 15 mg/kg 

Parameter Unit BER BER-LP BER BER-LP 

t1/2 h 12.9 ± 3.5    4.1 ± 1.4*  11.7 ± 4.9 16.2 ± 8.2 

tmax h 0.25 0.25 0.25 0.25 

Cmax ng/mL 99.2 ± 36.0   2,565.1 ± 1349.6*  276.8 ± 29.7   461.5 ± 47.7** 

Cl† mL/h·kg 9,399.8 ± 3,148.9 1,716.8 ± 882.4* 9,334.5 ± 250.4    1,978.8 ± 265.3*** 

AUC0 – t ng/mL·h 504.6 ± 213.8    4,253.8 ± 1,246.1*  806.8 ± 83.2 11,756.7 ± 976.4** 

MRT0 – t h 9.2 ± 1.5      2.2 ± 0.6**    6.1 ± 0.5    25.3 ± 4.1** 

Fr % - - 62.0 160.0 
Abbreviations: T1/2: half-life; tmax: time of maximum concentration observed; Cmax: maximum 

observed plasma concentration; Cl: rate of clearance; AUC: area under the concentration-time 

curve; MRT: mean residence time; Fr: relative bioavailability. Results were analysed by an 

unpaired t-test. * p < 0.05, ** p < 0.01 

†Cl for i.p. administration was calculated as Dose·Fr/AUC 

Moreover, BER accumulation in liver and spleen was measured after i.p. administration of 15 

mg/kg of free BER or BER-LP at 8, 24 and 48 hours (Figure 4). At 8 hours post-administration, 

BER concentrations were similar in livers and spleens (10.7 and 11.1 ng/mg, respectively) after 

i.p. administration of BER-LP, and much higher than free BER in both organs (107 and 27-fold, 

for liver and spleen, respectively). Higher levels of BER were also detected at 24 hours post-

administration of BER-LP vs free BER (47 and 27-fold, in liver and spleen, respectively), and 

higher BER accumulation was detected in livers (3.3 ng/mg) than spleens (1.9 ng/mg) at 24 hours. 

After 48 hours, BER was still detected after BER-LP treatment in these organs. 

 
Figure 4. BER accumulation in livers and spleens after 8, 24 and 48 hours post i.p. administration 

of 15 mg/kg of free BER or BER-LP. Data presented as mean ± SD, n = 3 mice per group. 

3.6 In vivo efficacy studies of BER and BER-LP 

To evaluate the in vivo efficacy (Table 6 and Figure 5) of BER and BER-LP, BALB/c mice were 

infected i.v. with 108 L. infantum parasites. After 4 weeks, treatments were started. Parasite 

burden in liver, spleen and BM of mice treated i.p. for 5 consecutive days, was similar in mice 

treated with either 5 or 10 mg/kg of free BER and BER-LP than in non-treated mice (Table 6). 

Although FGZ was used as positive control for parasite elimination, its administration during 5 
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consecutive days did not show efficacy in removing L. infantum parasites. On the contrary, when 

FGZ was administered for 10 consecutive days (also at 1 mg/kg), a significant decrease of 

parasite burden in the liver (p < 0.001), spleen (p < 0.0001) and BM (p < 0.05) was observed 

(Table 6). Thus, free BER and BER-LP were also administered for 10 days at 15 mg/kg. In this 

case, parasite burden in the BER group slightly decreased compared to non-treated mice 

(reduction of 1 logarithm in both liver and spleen). When BER was encapsulated into liposomes, 

a significant reduction in parasite burden of both liver (Figure 5, p < 0.05, reduction of 3 

logarithms) and spleen (Figure 5, p < 0.01, reduction of 1.3 logarithm) was observed. This parasite 

reduction was not observed after 10 days treatment with either free BER or BER-LP in the BM 

(Table 6). 

Table 6. In vivo efficacy studies in a Leishmania infantum visceral murine model. Parasite burden 

in liver, spleen and BM was measured by qRT-PCR after 5 or 10 consecutive days of i.p. treatment 

with free BER and BER-LP at 5, 10 and 15 mg/kg. Fungizone (FGZ) i.v. administered at 1 mg/kg 

was used as positive control. Results are expressed as median ± 95% IC (n = 6 per group). Data 

were analysed using a non-parametric Kruskal Wallis test, followed by Dunn’s multiple 

comparison. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 

     Liver Spleen BM 

 
Dose 

(mg/kg) 
 median 95% IC median 95% IC median 95% IC 

5 
Days 

 Control 3.4·107  4·106 – 8·107 2.8·103 1·103 – 5·103 5.6·105 3·105 – 1·106 

5  
BER 4.4·106 9·105 – 1·107 2.5·103 6·102 – 2·104 8.7·105 2·105 – 3·106 

BER-LP 3.5·107 1·107 – 1·108 2.9·103 2·103 – 1·104 1.1·106 2·105 – 4·106 

10  
BER 4.9·107 2·107 – 1·108 2.3·103 7·102 – 9·103 2.0·106 8·105 – 3·106 

BER-LP 1.7·107 7·106 – 5·107 2.5·103 2·103 – 6·103 6.6·105 1·105 – 1·106 

1  FGZ 8.0·105 3·105 – 1·107 6.0·102 2·102 – 2·103 2.3·105 2·104 – 5·105 

10 
Days 

 Control 5.0·107 4·105 – 9·107 6.1·103 2·103 – 1·104 5.1·105 8·104 – 2·106 

15  
BER 7.3·106 1·106 – 2·107 1.1·103 4·102 – 3·104 7.9·105 1·105 – 3·106 

BER-LP 5.6·104 * 1·104 – 2·106 3.2·102 ** 2·102 – 9·102 1.1·106 8·104 – 5·106 

1  FGZ 1.8·102 *** 1 – 7·102 5.2 **** 1 – 1·101 1.3·101 * 6 – 2·101 

 

*

**

 
Figure 5. Parasite burden in liver and spleen, measured by qRT-PCR, after 10 consecutive days 

of i.p. treatment with free BER and BER-LP at 15 mg/kg. Results expressed as median ± 95% IC 

(n = 6 per group). Data were analysed using a non-parametric Kruskal Wallis test, followed by 

Dunn’s multiple comparison. * p < 0.05, ** p < 0.01 
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3.7 In vivo toxicity studies 

The results of the evaluation of the toxicity in vivo, after 10 days i.p. treatment at 15 mg/kg BER, 

are given in Table 7. There were no significant changes (p > 0.05) among the samples for the two 

transaminase levels (ALT and AST) and the LDH and CHO levels (total CHO, HDL and LDL). 

Free BER significantly decreased (p < 0.01) urea levels (BUN), although these levels are within 

the normal values reported by Charles Rivers for healthy BALB/c mice [7 – 31 mg/dL] [32]. 

However, BER and BER-LP caused a decrease (p < 0.05 for BER-LP) in triglycerides out of 

normal range (TRIG, normal values reported by Charles Rivers for healthy BALB/c mice [101 – 

595 mg/dL]) [32]. 

Table 7. Biochemical analysis after BER and BER-LP administration. In vivo toxicity of BER and 

BER-LP compared to untreated control mice after 10-days i.p. administration. 

    Control BER   BER-LP 

ALT (U/L)     94.7 ± 23.7     61.0 ± 12.2   60.8 ± 42.9 

AST (U/L)   120.6 ± 16.4   105.2 ± 14.1   88.3 ± 24.2 

BUN (mg/dL)   41.8 ± 7.3      26.0 ± 4.0** 29.8 ± 3.0 

LDH (U/L)   366.8 ± 55.4     372.5 ± 108.6   457.8 ± 245.3 

TRIG (mg/dL)   109.5 ± 15.4     89.1 ± 25.1    70.3 ± 21.6* 

CHO (mg/dL) 114.3 ± 8.5 111.4 ± 4.8 116.8 ± 16.3 

HDL (mmol/L)     2.7 ± 0.1     2.6 ± 0.1   2.2 ± 0.3 

LDL (mmol/L)     0.4 ± 0.1     0.5 ± 0.1   1.3 ± 0.6 
Abbreviations: ALT: alanine aminotransferase; AST: aspartate aminotransferase; BUN: urea; 

LDH: lactate dehydrogenase; TRIG: triglycerides; CHO: cholesterol; HDL: high-density 

lipoprotein; LDL: low-density lipoprotein. Results expressed as mean ± SD (n = 6 per group). Data 

were analysed by Kruskal-Wallis test followed by Dunn's multiple comparisons test.  * p < 0.05. 

4. Discussion 

Although VL affects millions of poor people worldwide, current therapy is far from being 

satisfactory. BER has been reported to have a variety of biological effects against cancer, 

diabetes, hypertension, Alzheimer’s disease, cardiovascular diseases or infectious diseases, 

among others [33,34] and it is currently being tested in clinical trials phase IV for hyperglycaemia 

and metabolic syndrome, what would reduce the costs and time for its use in other therapeutic 

applications (drug repurposing). Moreover, it was effective against different Leishmania species 

either in vitro or in vivo [11,12]. However, its use as an antileishmanial drug is hampered by a 

rapid metabolism and inadequate tissue distribution to target Leishmania parasites. After oral or 

i.v. administration of BER to rats, it is predominantly distributed in the liver and its metabolism 

occurs primarily in this organ. Several metabolites of BER have been identified in the liver of rats 

and humans after its administration and subsequent demethylation, glucuronidation and reduction 

processes. These metabolites include berberrubine, thalifendine, demethyleneberberine, 

jatrorrhizine, palmatine, columbamine, oxyberberine or dihydroxiberberine, among others [35,36]. 

Many studies have already revealed that BER metabolites exert similar bioactivities [35]. 
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However, studies in vitro and in vivo carried out with palmatine, jatrorrhizine, oxyberberine, or a 

mixture of jatrorrhizine and columbamine against L. donovani strain showed reduced 

antileishmanial activity compared to BER [12,37]. To overcome these limitations, nanotechnology 

has been considered as a main strategy [20]. In this study, we prepared common liposomes as a 

vehicle for BER delivery, aiming to target infected organs.  

Injecting drugs encapsulated in liposomes have several advantages compared to free drugs. Due 

to their colloidal nature, liposomes are recognized as foreign particles and can readily be taken 

up by phagocytic cells such as macrophages. Consequently, they inherently accumulate in the 

mononuclear phagocyte system (MPS), preferably, in organs with fenestrated endothelium such 

as liver, spleen and BM, what constitutes an advantage for the treatment of VL, whose 

amastigotes harbour inside macrophages of these organs [38]. Moreover, the physicochemical 

properties of liposomes, such as particle size and membrane charge, are critical issues in the 

ability of liposomes to target desired tissues and influence the pharmacokinetics and 

antileishmanial efficacy of liposome-encapsulated drugs. Spherical particles smaller than 200 nm 

are captured by Kupffer cells of the liver and marginal zone splenic macrophages, whereas 

particles higher than 200 nm are retained in the red pulp of the spleen [39]. Moreover, 

nanoparticles between 100-200 nm have been shown to accumulate in the BM [40,41]. Thus, 

liposomes of 100-200 nm in size have been considered as suitable for their distribution in the 

three infected organs (liver, spleen and BM). Different methods have been previously used for 

the obtention of common BER liposomes, such as the pH gradient-film method [31] or ethanol 

injection method [18], with variable encapsulation efficacies (85 and 10.4%). In this study, we 

prepared liposomes by film-hydration method and homogenization of their size by sonication. 

Three different types of liposomes that presented the same proportion of PC and Chol and an 

anionic or cationic lipid in their composition were prepared (Table 2). Generally, charged particles 

are more likely to be taken up by macrophages than neutral particles. Moreover, Chol and 

saturated or cationic lipids have been associated with the induction of pro-inflammatory 

macrophage polarization and then, suitable for the preparation of liposomes with indirect 

antileishmanial activities (macrophage-mediated). Positively charged liposomes have shown 

antiparasitic activity [42-44], which might be attributed to charge-based interactions of cationic 

liposomes with negatively charged membranes of parasites in addition to their pro-inflammatory 

activity. Actually, DDAB cationic liposomes (33.6 mV) containing sodium stibogluconate were 

reported as effective in killing L. donovani parasites in vivo [44]. Although positively charged 

liposomes have often been associated with cytotoxicity [45], PC:Chol:DDAB liposomes containing 

BER showed no cytotoxicity in vitro in BMDM (CC50 > 1,000 µM, Table 3). However, the 

encapsulation efficiency of BER in these liposomes was very low (2%, Table 2), probably due to 

the electrostatic repulsions between the positively charged BER molecule and the cationic lipid 

DDAB, which led us to discard this liposomes composition. DP was used for the preparation of 

anionic liposomes as the previously reported strong affinity of BER by phosphate groups [46] 

could increase its encapsulation. Although a higher encapsulation efficiency was reached (28.7%, 

Table 2), PC:Chol:DP-BER showed much higher toxicity than PC:Chol:TS-BER (> 7-fold, Table 
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3) and similar to free BER, as well as higher size compared to PC:Chol:TS-BER (122 vs 245 nm, 

Table 2). TS have been described to stabilize liposomes structure comparable to Chol and to 

inhibit leakage from liposomes [47]. Although electrostatic interactions with lipids affected the 

loading of BER into the different liposome composition, we hypothesized that the drug would be 

mainly located in the aqueous core of the liposome, based on its logP of -1.5 [48] and its aqueous 

solubility (around 2 mg/mL [49]). Moreover, this location would better explain the observed BER 

sustained release profile from BER-LP, prolonged for more than 72 h (Figure 2). 

Although BER encapsulation in liposomes formulated with TS (named as BER-LP) could be 

improved, we decided to continue our studies with this formulation because of its high SI. In fact, 

the in vitro determination of the 50% inhibitory concentration (IC50) against L. infantum-infected 

macrophages was similar for BER and liposome-entrapped BER (IC50 1.1 vs 1.4 µM, Table 4). 

However, the low toxicity of BER-LP lead to a higher SI for liposomes than BER (6.2-fold 

increase). The increased NO levels found in vitro (Figure 1) could enhance the therapeutic 

potential of BER once reaching the organs, inducing a Th1 immune response and leading to a 

reduction in the parasite load. BER have been described to stimulate the MAPK pathway via 

inducing the production of NO [9]. Moreover, BER encapsulation in liposomes did not impair this 

NO production (Figure 1). 

In vivo, in a mice model of VL, after i.p. daily administration of 15 mg/kg BER-LP for 10 days, 

BER-LP significantly reduced the parasitaemia in liver and spleen by 3 and 1.3 logarithms (99.2 

and 93.5%), respectively (Table 6 and Figure 5), whereas the free drug was only able to decrease 

the parasite burden in the liver by 1-log. This efficacy improvement can be explained by the higher 

accumulation of the drug in these organs in mice that received the liposomal formulation (Figure 

4). As shown in Table 5, BER-LP have a profound effect in the bioavailability and pharmacokinetic 

profile of the free drug, probably because free and BER-LP are cleared very differently from the 

peritoneum. BER-LP would be captured by peritoneal macrophages or cleared via the draining 

lymphatics since they are too large to cross the blood capillary endothelium. Once taken up by 

the lymphatic capillaries and passed through regional lymph nodes, they reach the general 

circulation. On the contrary, BER would be absorbed into the mesenteric vessels which drain into 

portal vein and pass through the liver, thus, undergoing hepatic metabolism before reaching 

systemic circulation [50,51]. The result is that BER-LP greatly decrease the Cl of the free drug. 

Although BER-LP enhanced drug concentration in liver and spleen compared to the free drug 

(Figure 4) and showed antileishmanial activity (Figure 5), it is noteworthy that the drug 

concentration in these organs was much lower than the in vitro IC50 values (0.41 μg/mL, Table 4). 

As the antileishmanial activity of drugs is dependent on drug concentrations in organs where the 

parasites are located [52] (liver, spleen and BM for VL and skin lesions in the case of CL), this 

observation is indicating that either BER metabolites or BER immunomodulatory activities 

(macrophage-mediated effect) are also contributing to the efficacy of BER-LP, reinforcing, on one 

hand, the idea that several BER metabolites exert similar bioactivities [35], and, on the other hand, 

the immunomodulatory effect of BER via production of NO [9]. The low plasmatic levels obtained 
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after i.p. or i.v. administration of the free drug (Figure 3) are in agreement with a previously 

published work, where only a 0.14 and 0.7% of the administered BER was detected after i.p. or 

i.v. administration, respectively [53]. Thus, these low plasmatic levels (0.3% after i.p. and 0.2% 

after i.v. administration) provided an extremely high Cl value (Table 5). The pharmacokinetic 

characteristics of BER as well as its organ accumulation have been much more widely 

investigated in rats [31,54]. According to Cl value in rats, BER would present an intermediate rate 

of clearance [31], whereas it would be considered as very rapid in mice. Although BER-LP 

decreased the clearance of the drug by 10-fold, it was still very high. On the other hand, whereas 

BER accumulation in organs was higher than plasma levels in rats after oral administration [26], 

we obtained very lower concentration of BER in mice livers and spleens than in plasma. Our data 

of BER concentration in these organs were much lower than previously reported with another 

liposomal BER formulation after its i.v. administration at 5 mg/kg in BALB/c nude mice [31]. These 

liposomes had different composition, showed high drug loading, and better sustained release 

properties. More important, the route of administration was different, as we administered BER-LP 

by the i.p. route. We chose i.p. administration because it provided higher and sustained plasmatic 

levels of BER than its i.v. injection (Table 5, AUC0 – t of 806.8 vs 504.6 ng/mL·h, for i.p. vs i.v. 

administration, respectively) and overall enhanced the bioavailability (Fr = 160, Table 5) 

compared to i.v. BER-LP. Moreover, the obtained Cmax was lower after i.p. administration, and 

acute cardiac toxicity of BER have been also previously reported to be directly correlated with this 

parameter [53]. Thus, this administration route would offer better therapeutic interval for the 

administration of higher doses than by the i.v. route. However, the drug accumulation in the 

organs after i.v. injection should be determined to decide the most appropriate administration 

route for BER-LP with regard to VL treatment. 

Unfortunately, blood samples taken at the end of in vivo efficacy experiment showed that this 

schedule of BER and specially BER-LP i.p administrations significantly reduced the plasma 

triglycerides levels [32] (Table 7). Although this result confirms the therapeutic potential of BER 

in hyperlipidaemia [55], it could be considered as an off-target or side effect in a VL treatment.  

Overall, although liposomal BER delivery enhanced the antileishmanial activity of free drug, their 

clearance remained very high and had lipid-lowering effect. However, we hypothesized that a 

liposomal formulation with long-circulating properties (i.e. pegylated liposomes) could decrease 

BER accumulation in the liver slowing down their clearance and its effect in the lipid metabolism. 

Moreover, we plan to test the efficacy of the improved formulation with an in vivo protocol of 

infection more suitable to proof the stability of parasite reduction, leaving a time delay between 

end of treatment and parasite load quantification.  

Thus, we consider that liposomal BER merit further investigations as a strategy to combat VL.  
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GENERAL DISCUSSION 

Nanomedicine has emerged as one of the most promising anti-leishmanial strategies. Since the 

early approval in mid-1990s of the liposomal formulation of Amphotericin B (AmB) for fungal 

infections, the “Food and Drug Administration” (FDA) has approved more than half a hundred new 

nanomedicines and almost 80 are currently in clinical trials [1]. The rise of this technology applied 

to leishmaniasis is due to several reasons. First, drug delivery systems (DDS) may provide 

protection and enhance solubility of the loaded compounds. Moreover, Leishmania spp. 

amastigotes live and multiply inside resident macrophages in different anatomic sites. Thus, their 

hidden location is responsible for impairing the access of therapeutic drugs. In that sense, DDS 

target the affected organs and cells by Leishmania spp. and therefore, may reduce the systemic 

toxicity of the drugs and enhance their efficacy at lower doses.  

However, there is a lack of studies regarding how the structural and cellular alterations associated 

to the infection influence the nanoparticles (NP) capture and biodistribution (BD). Hence, this was 

the objective of Chapter I: to analyse how the modifications caused by Leishmania spp. infection 

affect the NP BD in vivo. We consider that there are many reasons justifying the rationality of this 

work. As a status of chronic inflammation, the infection could alter the vascular permeability and 

produce serious alterations in the microarchitecture of the infected organs, namely liver, spleen 

and bone marrow (BM) [2], the most important organs implicated in NP sequestration. 

Furthermore, at cellular level Leishmania spp. produced immune cells mobilization and infect the 

macrophages, that adapt to survive inside them [3]. Macrophages are the most important 

phagocytic cells for NP [4]. In other pathologies, changes in the vascular permeability [5,6], blood 

flow alterations [7], formation of granulomas [8], liver fibrosis [9] or depletion of Kupffer cells (KC) 

[10] have been previously described to modify NP distribution. 

To meet this objective, we used fluorescent NP. For the NP labelling, two Near Infrared (NIR) 

dyes were selected: Cy5.5 was conjugated to the surface of non-biodegradable preformed-

polystyrene NP (PS NP) and DiD was physically entrapped inside polylactic-co-glycolic NP (PLGA 

NP). Most of the currently used fluorescent probes have several drawbacks, such as low body 

penetration and high phototoxicity, because they are excited by ultraviolet (<400 nm) or short 

wavelength visible (400–700 nm) light. NIR light solves these problems and provides a new 

opportunity to observe deep parts of the body with low phototoxicity. Because of this, the NIR 

wavelength range (700–1800 nm) is called the ‘biological window’ and is widely used for in 

vivo fluorescence imaging [11]. Thus, although Cy5.5 and DiD were considered appropriate for 

the studies, dyes with longer wavelength would have been more suitable, as wavelengths 

between 700 and 900 nm are more advantageous for in vivo imaging because of the low 

absorption of biological molecules in this region [12]. 

Our in vivo imaging, immunofluorescence and flow cytometry results revealed that VL caused 

several organ and cellular alterations that tend to modify NP organ sequestration and their cellular 

uptake and produced changes in the pattern of NP cellular distribution. These results extended 
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to other types of NP what was previously described for AmBisome® (lower AmB concentrations 

were detected in the liver and spleen of visceral leishmaniasis (VL) infected mice) [13]. Moreover, 

we observed that NP cellular distribution was highly specific for each type of NP. We ignore 

whether the observed lower NP accumulation in the infected organs is significant enough to have 

an effect in their efficacy. However, these quantitative changes occur while NP redistributed 

among different phagocytic cells. As the efficacy of antileishmanial drugs depends on the drug 

accumulation in the infected host cells, NP cellular distribution, that is a “hallmark” of each NP 

and that can be profoundly affected by VL infection, should be correlated with their efficacy. Thus, 

further studies simultaneously imaging parasites and cells (i.e. utilizing fluorescent parasites in 

vivo, would be of great interest to define the therapeutic target for VL disease and NP 

physicochemical properties able to provide the best confluence degree. In fact, although it is 

widely demonstrated that Leishmania spp. parasites infect and multiply inside macrophages, they 

are also found inside dendritic cells (DC), inflammatory monocytes and neutrophils.  

Another finding of this chapter was that NP did not access to KC inside the granulomas, although 

we ignore if this observation can be or not relevant in terms of NP efficacy, as granuloma formation 

in the liver allows the self-clearing of the parasite [14]. On the other hand, we have also 

demonstrated an increase in the vascular permeability of liver, spleen and BM. This alteration 

could be of interest for defining a higher NP size cut-off suitable for effective targeting of BM, 

besides spleen and liver. NP of higher size would allow more selective targeting of macrophages 

[15] vs other cells such as B cells or monocytes, although, as said before, inflammatory 

monocytes could be also harbouring the parasites. Overall, this chapter will be followed by other 

studies addressed to evidence NP best physicochemical properties for targeting Leishmania spp. 

infected cells in vivo, on considering that the infection modified determinant factors in NP organ 

and cellular distribution. 

We have used fluorescent NP to study their cellular distribution and fluorescent trackers whose 

stability of interaction with the carrier guarantee that we are analysing NP BD. However, drugs 

are not always strongly associated to carriers. Usually, drug release can occur, in more or less 

extension, immediately upon their administration, before reaching target cells. Thus, it would be 

better to analyse the cellular distribution and uptake of the loaded drug to really correlate its 

efficacy with the cellular target specificity. Therefore, we should envisage the necessity of using 

techniques such as Matrix-assisted laser desorption/ionization mass spectrometric imaging 

(MALDI MSI) to simultaneously image drug and cells and to shed light on the spatial distribution 

of the drug in healthy and diseased organs over time [16]. 

As we proceed with this “basic research” and with the need for better treatments for 

Leishmaniasis, we focused our attention in the compound Berberine (BER), an anti-inflammatory 

quaternary isoquinoline alkaloid present in medicinal plants (Berberis vulgaris and Berberis 

aristata) that has been reported to have a variety of biological effects [17], including 

antileishmanial activity. We chose this compound attracted by its low IC50 against promastigotes 

(5.2 and 1.9 µM, for L. infantum and L. major, respectively) and amastigotes (around 1 µM, for L. 
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infantum and L. major) and its high selectivity index (SI of 115 and 89 µM, for L. infantum and L. 

major, respectively). However, BER rapid metabolism and excretion [18], its cardiovascular 

adverse reactions caused by BER i.v. administration as a free drug [19], and its inadequate tissue 

distribution to target Leishmania spp. parasites, hider its application against VL. Thus, in Chapter 

II, we aimed to encapsulate BER in a DDS, to overcome these limitations. Our initial objective 

was to encapsulate BER in PLGA NP as, according to Chapter I, this type of NP showed a pattern 

of cellular distribution very suitable for the treatment of leishmaniasis, assuming the accumulation 

of amastigotes mainly in macrophages. However, this NP were not able to control BER release. 

Therefore, BER was encapsulated in conventional liposomes and their potential as 

antileishmanial treatment was evaluated in a murine model of VL. As previously described, 

liposomes inherently accumulate in the mononuclear phagocyte system (MPS), preferably, in 

organs with fenestrated endothelium such as liver, spleen and BM, what constitutes an advantage 

for the treatment of VL, whose amastigotes harbour inside macrophages of these organs [20]. 

BER liposomes (BER-LP) displayed a mean size of 120 nm, negative Z-potential of -38 mV and 

loaded 6 nmol/μmol lipid. In vitro the loading of BER in liposomes enhanced more than 7-fold its 

SI by decreasing its cytotoxicity to macrophages. Therefore, their antileishmanial activity was 

tested in vivo in L. infantum infected BALB/c mice. BER-LP reduced the parasitaemia in liver and 

spleen by 3 and 1.3 logarithms (99.2 and 93.5%), respectively. This improvement was explained 

by the higher accumulation of the drug in these organs in mice that received the liposomal 

formulation. However, BER levels were lower than the IC50, what could indicate that either BER 

metabolites or BER immunomodulatory activities (macrophage-mediated effect via NO 

production) are also contributing to the efficacy of BER-LP. Unfortunately, blood samples taken 

at the end of in vivo efficacy experiment showed that this schedule of BER and specially BER-LP 

i.p. administrations significantly reduced the plasma triglycerides levels. Although this result 

confirms the therapeutic potential of BER in hyperlipidaemia [21], it could be considered as an 

off-target or side effect in a VL treatment.  

In research against VL it could exist the idea that parasites location justifies the use of DDS for 

targeting purpose of many drugs. However, we should underline that the suitability of these DDS 

will depend on the drug accumulation profile itself and its toxicity mechanism. In this context, BER 

accumulation in the liver should be the main responsible for hypotriglyceridaemic effect. The use 

of DDS cannot avoid the targeting of BER to the liver and this toxic effect.  

Moreover, we also wanted to evaluate the efficacy of BER in the cutaneous form of the disease, 

namely in CL caused by L. major. Current topical therapy for CL is limited by its variable clinical 

efficacy as well as by the fact that it has no effect on the process of reepithelialisation and healing 

of the lesions with reduced scarring [22]. Moreover, it poses a challenge because the immune 

response required for parasite elimination (IFNγ, NO, TNFα) is the opposite of the response that 

favours lesion healing without scarring (IL-10, TGFβ).  

The use of DDS for topical delivery has shown several advantages as they can enhance the 

solubility of poorly soluble drugs [23], promote drug penetration into the stratum corneum (SC) 
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[24] or permeate through the skin and/or serve as rate-limiting membrane barriers that control the 

drug release rate [25]. This may result in an increased amount of drug accumulated in the different 

skin layers and a sustained drug release. In this context, despite new DDS are being investigated 

to reformulate already existing antileishmanial drugs, their advantage in skin delivery remains 

controversial, as they do not seem to cross the different skin layers and thus, they may not be 

directly phagocytosed by the infected macrophages in the dermis. Conventional topical 

formulations such as creams, ointments and gels could allow the solubilization of very high 

amounts of drug compared to nano-DDS. Therefore, considering that very small concentrations 

of drugs may be able to cross the skin barrier, and that the major force driving diffusion through 

the skin is drug concentration [26], they may be a more adequate choice, and specially in 

Leishmania spp. cutaneous infection, as parasites are located in the deepest dermis. Therefore, 

Chapter III aimed to test BER for the topical treatment of CL in a conventional cream. BER was 

considered appropriate for topical treatment because of its physicochemical properties, its slightly 

hydrophilic logP (-1.5) could constitute an advantage on its application through damaged CL 

lesions [27], in which the SC is partially removed [28]. Secondly, its high intrinsic antileishmanial 

activity, as the more active a drug is, the less amount of drug have to permeate through the skin 

to exert its activity and finally, its rapid liver metabolism makes it a good candidate for topical 

treatment, once in the bloodstream it will be rapidly metabolized, avoiding toxic side effects. On 

the other hand, its positive charge in nitrogen 7 constitutes a limitation for skin penetration. Thus, 

an ion-pairing complexation with β-glycerophosphate (GP) was performed. GP was selected 

inspired in the strong affinity of BER with DNA, concretely by its binding with phosphate groups 

[29]. Moreover, menthol (2.5% w/w) was incorporated in the cream as a permeation enhancer. In 

vivo, the formulation was assayed in L. major infected BALB/c mice. After 35 days of treatment, 

lesions were significantly lower (8.5 times) than control lesions in infected non-treated mice and 

even lower than in the PM treated lesions (2-fold), used as control for effective treatment. These 

results of lesion size reduction well correlated with the parasite burden in the skin, quantified by 

qRT-PCR, where a 99.9% of reduction was measured. Moreover, this antileishmanial activity 

should be correlated with BER dermal accumulation. The twice daily application of BER cream 

provided plasmatic levels of the drug from which values of drug accumulation around 3 µg/mL in 

the dermis can be inferred, thus, reaching the IC90 longer time than required for efficacy. 

Overall, BER cream constituted a promising and safe formulation associated with an important 

parasite burden reduction and wound healing in lesion due to CL. However, this study should be 

completed to ensure efficacy stability, as El-On reported relapse of CL lesions after 10 to 30 days 

BER treatment [30]. On the other hand, for drugs with immunomodulatory activity, L. major-

C57BL/6 has been considered as the most appropriate animal model [31]. 
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CONCLUSIONS 

The results retrieved from this work have brought us to the following conclusions: 

1. Fluorescently labelled Cy-PS NP and and PLGA-DiD NP in the range between 100 – 200 

nm and with a suitable PDi were developed to study the effect of VL infection in the 

nanoparticle organ and cellular biodistribution. 

2. At organ level, although the infection increased the vascular permeability of liver, spleen 

and BM, NP accumulation tends to decrease in these organs, except for the liver in L. 

infantum-infected BALB/c mice when expressing the results by grams of organ, but not 

when calculated over the entire organ. This pointed towards organ weight changes as the 

main factor responsible for the observed differences. IVIS was able to detect the effect of 

the infection per organ only after the administration of the brightness NP (NP with low dye 

loading). 

3. At cellular level, VL infection produced significant changes in the proportion of phagocytic 

cell populations. In the spleen and BM a decrease in the proportion of resident 

macrophages (F4/80+, CD11b+) and an increase of inflammatory monocytes (CD11b+, 

Ly6C+) was observed. Moreover, significant changes in the proportion of B cells (CD11c-

, CD45R(B220+) were obtained, with increased percentages in the spleen and decreased 

in the BM and blood, as well as an increase in the BM dendritic cells percentage and a 

decrease in BM neutrophils. 

4. The effect of these changes in the NP cellular distribution was specific for each NP and 

organ and play a minor role in the overall organ NP accumulation. 

5. BER was encapsulated into liposomes by the thin-film hydration method. Liposomes 

containing TS were the system of choice for berberine delivery because they presented 

the highest lipid yield and low toxicity in vitro. 

6. BER-LP containing TS were active against L. infantum promastigotes and amastigotes 

(IC50 = 6.8 and 1.1 μM, respectively) and showed a higher selectivity index (SI > 714) 

than free berberine or amphotericin B (115.0 and 3.5, respectively). In vivo, berberine 

liposomes were able to reduce parasite burden in liver and spleen by 99.2 and 93.5%, 

respectively, although no reduction was observed in the bone marrow.  

7. With the aim to enhance its skin permeation, BER (0.5%) was solubilized in an O/W 

cream by the ion-pairing approach with β-GP and the terpenoid menthol (2.5%) as 

permeation enhancer. When topically applied in L. major-infected BALB/c mice, berberine 

cream was able to reduce and regenerate skin lesions better than paromomycin (15%) 

cream (the standard treatment). Moreover, parasite burden in skin and lymph node 

diminished by 99 and 83%, respectively. 
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CONCLUSIONES 

Los resultados obtenidos en este trabajo nos han llevado a concluir lo siguiente: 

1. Se desarrollaron nanopartículas (NP) fluorescentes de Cy-PS y PLGA-DiD, en el rango 

de 100 – 200 nm y con un PDi adecuado para estudiar el efecto de la infección por 

leishmaniasis visceral en la biodistribución por órganos y a nivel celular. 

2.  A nivel de órgano, aunque la infección aumentó la permeabilidad vascular del hígado, 

bazo y médula ósea, la tendencia general fue una disminución en la captura de NP en 

estos órganos, excepto en el hígado en ratones BALB/c infectados con L. infantum, al 

expresar los resultados en gramos por órgano, pero no al calcularlo sobre el órgano total. 

Estos resultados apuntan hacia los cambios en el peso de los órganos como el principal 

factor responsable de las diferencias observadas. Mediante IVIS, se detectó el efecto de 

la infección por órgano únicamente tras la administración de las NP más brillantes (NP 

con baja carga). 

3. A nivel celular, la infección por leishmaniasis visceral produjo cambios significativos en 

la proporción de células fagocíticas. En el bazo y médula ósea se observó una 

disminución en el porcentaje de macrófagos residentes (F4/80+, CD11b+) y un aumento 

de los monocitos inflamatorios (CD11b+, Ly6C+). Además, se obtuvieron cambios 

significativos en los porcentajes de células B (CD11c-, CD45R(B220+), con un aumento 

de su porcentaje en el bazo y una disminución en la médula ósea y la sangre, además 

de una mayor proporción de células dendríticas y un menor porcentaje de neutrófilos. 

4. El efecto de estos cambios en la distribución celular de NP fue específico para cada tipo 

de NP y órgano. Además, juegan un papel menor en la acumulación global de NP en los 

órganos. 

5. La Berberina fue encapsulada en liposomas por el método del film. Los liposomas 

formados por D-α-tocopherol succinate (TS) fueron los elegidos como sistema de 

liberación de berberina debido a su alto rendimiento lipídico y a su baja toxicidad in vitro. 

6. Los liposomas de Berberina con TS en su formulación fueron activos frente a 

promastigotes y amastigotes de L. infantum (IC50 = 6.8 y 1.1 μM, respectivamente). In 

vivo, los liposomas de berberina fueron capaces de reducir la carga parasitaria en el 

hígado y bazo en un 99.2 y 93.5%, respectivamente. Sin embargo, no se observó 

reducción en la médula ósea.  

7. Con el objetivo de aumentar su permeabilidad de través de la piel, la Berberina (0.5%) 

fue solubilizada en una crema O/W, mediante la estrategia de ion-pairing con βGP y el 

uso del terpenoide mentol (2.5%), como potenciador de permeabilidad. Cuando esta 

crema fue aplicada de manera tópica en ratones BALB/c infectados con L. major, 

disminuyó la carga parasitaria en la piel y el ganglio en un 99 y 83%, respectivamente. 
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A B S T R A C T

Vaccine delivery using microneedles (MNs) represents a safe, easily disposable and painless alternative to tra-

ditional needle immunizations. The MN delivery of DNA vaccines to the dermis may result in a superior immune

response and/or an equivalent immune response at a lower vaccine dose (dose-sparing). This could be of special

interest for immunization programs against neglected tropical diseases such as leishmaniasis. In this work, we

loaded a MN device with 60 μg of a plasmid DNA cocktail encoding the Leishmania infantum nucleosomal his-

tones H2A, H2B, H3 and H4 and compared its immunogenicity and protective capacity against conventional s.c.

or i.d. injection of the plasmid. Mice immunized with MNs showed increased ratios of IFN-γ/IL-10, IFN-γ/IL-13,

IFN-γ/IL-4, and IFN-γ/TGF-β in the spleens and lymph nodes compared with mice immunized by s.c. and i.d.

routes. Furthermore, CCXCL9, CXCL10 and CCL2 levels were also higher. These data suggest that the nucleic

acid immunization using MNs produced a better bias towards a Th1 response. However, none of the im-

munizations strategies were able to control Leishmania major infection in BALB/c mice, as illustrated by an

increase in lesion size and parasite burden.

1. Introduction

Leishmaniasis is an infectious disease caused by protozoan parasite

species of the genus Leishmania. This disease is one of the six major

tropical diseases classified by the World Health Organization.

Approximately, one billion people are at risk of infection worldwide

and more than 1.3 million new infections occur each year (Alvar et al.,

2012). Depending on the species, Leishmania can cause visceral leish-

maniasis (VL), which is fatal if untreated, or cutaneous leishmaniasis

(CL). Current treatments are expensive, toxic and do not prevent disease

relapse. Drug resistance is also increasing (Akbari et al., 2017). How-

ever, people previously infected with Leishmania can gain resistive

immunity to reinfection and therefore the development and delivery of

anti-leishmanial vaccines could be an effective means of controlling or

eliminating CL or VL (Gillespie et al., 2016). Although great efforts have

been made in this area, there is still no effective vaccine against human

leishmaniasis (Costa et al., 2011).

In recent decades, potential candidate antigens such as killed and

lived attenuated parasites, crude parasites, pure or recombinant

Leishmania spp. proteins, DNA encoding leishmanial proteins or im-

munomodulators from sand fly saliva have been tested in animal

models, but very few candidate vaccines have progressed beyond the

experimental stage (Badiee et al., 2013; Jain and Jain, 2015;

Khamesipour et al., 2006; Srivastava et al., 2016). DNA vaccines have

numerous advantages over other vaccine strategies: (i) simple and

cheap to produce, (ii) enhanced temperature stability, (iii) concurrent

expression of multiple proteins in vivo, which are folded and modified in

a comparable manner to their corresponding native proteins, and (iv)

ability to elicit Th1 responses and induce both CD4+ and CD8+ T cells,

which is necessary for parasite eradication (Cui, 2005; Kumar and

Samant, 2016). A variety of antigens have been studied as DNA vaccine

expression products against Leishmania spp. including gp63 (Mazumder
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et al., 2011), LACK (Ramos et al., 2008), CP-Ldccys1 (Ferreira et al.,

2008), ORF (Sukumaran et al., 2003), KMP-11 (Guha et al., 2013),

LiPABPs (Soto et al., 2015), LiP0 (Pereira et al., 2015) and LEISHD-

NAVAX (Das et al., 2014). Whilst varying degrees of efficacy have been

demonstrated in animal models, the level of protection elicited by DNA

vaccines improves when multiple antigens are co-administered.

There are five main classes of histones and four of them, H2A, H2B,

H3 and H4, form the nucleosomal unit core of chromatin. Several stu-

dies suggest that Leishmania spp. histones are immunologically im-

portant during leishmaniasis (Baharia et al., 2014; Chenik et al., 2006;

de Carvalho et al., 2003), making them attractive targets in the de-

velopment of Leishmania spp. vaccines. Moreover, it is also known that

Leishmania spp. histones are highly conserved between different species

(Iborra et al., 2004). Studies carried out with these histones of L. in-

fantum concluded that the combination of the four nucleosomal his-

tones, expressed via a DNA vaccine, provided stronger immunity than

separate or paired histone immunizations. This study also revealed that

the DNA cocktail maintained protection against L. major reinfection

(Carrion et al., 2008b). This plasmid DNA cocktail resulted in a specific

Th1 response with enhanced IFN-γ production and low IL-4 levels,

which contributed to control L. major infection in immunized mice

(Iborra et al., 2004). Carneiro et al. also determined that BALB/c mice

immunized with the plasmid DNA mixture expressing four different L.

infantum chagasi nucleosomal histones (homologous immunization,

DNA/DNA) was as effective as the combination of the DNA cocktail

followed by the corresponding recombinant proteins and CpG as an

adjuvant (heterologous vaccination, DNA/rprotein + CpG) (Carneiro

et al., 2012). Furthermore, HISA70, a DNA vaccine composed of the

Leishmania spp. histones (H2A, H2B, H3 and H4), A2 and HSP70, was

able to shift the response away from the more undesirable Th2

pathway, producing high levels of IL-17 and IFN-γ in vaccinated mice.

These observations correlated with a complete absence of parasites in

spleens after L. major infection (Dominguez-Bernal et al., 2012).

DNA vaccines provide promising candidates in the pursuit of new

vaccines against Leishmania spp. In most cases these vaccines have been

administered by the intramuscular (i.m.) or subcutaneous (s.c.) route.

However, intradermal (i.d.) vaccination may provide an opportunity to

increase the immunogenicity of DNA vaccines (Engelke et al., 2015).

Muscle and subcutaneous tissue contains relatively few dendritic cells

(DCs) compared to the dermis and epidermis of skin, which are densely

populated by different subsets of DCs. These competent antigen pre-

senting cells (APCs) play a central role in developing adaptive immune

responses (Banchereau and Steinman, 1998), undoubtedly important in

Leishmania spp. infection control. The delivery of DNA vaccines to the

dermis may therefore result in a superior immune response and/or an

equivalent immune response at a lower vaccine dose (dose-sparing)

(Kenney et al., 2004; Van Damme et al., 2009). Dose-sparing and the

resulting reduction in unit costs could be of special interest for im-

munization programs in resource-poor areas.

Currently, the Mantoux method is the conventional technique for

i.d. vaccination. This technique, used for tuberculosis and rabies im-

munization, involves insertion of a hypodermic needle into the skin at

an acute angle. It is painful and administration requires trained

healthcare personnel (Scheiblhofer et al., 2013). Furthermore, the reuse

of contaminated needles is a risk, particularly where their supply is

short. The introduction of minimally-invasive microneedle (MN) de-

vices may confer a number of advantages for i.d. injection: (i) ease of

use and disposal, (ii) painless administration, (iii) reduced risk of in-

fection through minimal blood contact, and (iv) potential for self-ad-

ministration by patients (Larraneta et al., 2016). In addition, simulta-

neous delivery of antigen at multiple skin sites using MN arrays could

result in effective distribution of vaccines, leading to superior immune

responses (Fehres et al., 2013). The coating of therapeutic antigen onto

the outer surface MNs has been successfully used for vaccination pur-

poses (Larraneta et al., 2016). Antigen delivery is achieved by diffusion

of the antigen from the MN surface following their insertion into the

skin, depositing the payload to a depth determined by the MN length

and application process (Bal et al., 2010). Silicon MNs coated with a

vaccine against malaria showed an efficacy comparable to conventional

i.d. injection after challenge with live Plasmodium berghei sporozoites

(Pearson et al., 2015). Kim et al. revealed that a single dose of an in-

fluenza vaccine coated onto stainless steel MNs produces superior im-

mune response compared to i.m. vaccination (Kim et al., 2010). More

recently, a solid MN patch coated with influenza virus induced higher

Th1 responses, such as IgG2a isotype antibodies and IFN-γ, compared to

those induced by i.m. injection (Kim et al., 2015). In another study,

stainless steel coated MNs were used to vaccinate against human pa-

pillomavirus and stimulated strong protective immune responses (Kines

et al., 2015).

This study aims to develop and test, for the first time, a minimally-

invasive method of vaccination against Leishmania spp. by coating a

solid MN device with a plasmid DNA cocktail encoding the nucleosomal

histones of Leishmania infantum. The study compares the im-

munogenicity of the MN approach with conventional s.c. and i.d. in-

jection and evaluates the protective capacity in BALB/c mice that have

been challenged with L. major parasites.

2. Material and methods

2.1. Animals and parasites

Female BALB/c mice (Harlan, Spain) weighing approximately 20 g

and aged 8 weeks were kept under conventional conditions, with un-

restricted access to food and water. Animals were housed in groups of 5,

in controlled environmental conditions according to ethical standards

approved by the Animal Ethics Committee of the University of Navarra

and in strict accordance with the relevant European legislation.

The appropriate virulency of Leishmania major parasites (clone VI,

MHOM/IL/80/Friedlin) was maintained by serial passages in BALB/c

mice. Promastigotes were cultured in flasks at 26 °C in continuous

stirred Schneideŕs modified medium (Sigma, USA), supplemented with

20% FBS and 40 mg/mL of gentamicin (Sigma, USA). L. major amasti-

gotes were obtained from popliteal lymph nodes or lesions and, after

transformation to the promastigote form, parasites were grown to the

stationary phase (5–6 days) before they were used for subcutaneous

murine inoculation at the base of the tail.

2.2. Preparation of DNA plasmids and recombinant proteins

The recombinant plasmids used in these experiments (Iborra et al.,

2004) (pcDNA3-LiH2A, pcDNA3-LiH2B, pcDNA3-LiH3 and pcDNA3-

LiH4) were obtained using the endotoxin-free Giga-preparation Kit

(Qiagen, Germany) following the manufacturer’s instructions. Purified

DNA was re-suspended in phosphate buffered saline (PBS, Gibco, USA)

and stored at − 20 °C until use. Expression and purification of the His-

tagged recombinant proteins (pQEH2A, pQE-H2B, pQE-H3 and pQE-

H4) were performed as previously described (Iborra et al., 2004). After

binding to a Ni-NTA agarose column (Qiagen, Germany), recombinant

proteins were gradually refolded on the affinity column as described

(Shi et al., 1997). Recombinant proteins were eluted with 0.3 or 0.5 M

imidazole (Sigma) and dialyzed against PBS. Finally, proteins were

passed through a polymyxin-agarose column (Sigma) in order to elim-

inate endotoxins (endotoxin-free, less than 30 ng/mg of recombinant

protein) and kept at − 80 °C until use.

2.3. Microneedle fabrication

Solid MNs were fabricated at Cardiff School of Engineering by

cutting needle structures from stainless steel sheets using wire electrical

discharge machining (wire-EDM). The steel needles were then electro-

polished to debur MN edges and sharpen the tips. The electro-polishing

was carried out using a method described previously (Gill and

E. Moreno et al.



Prausnitz, 2007). Briefly, a 300 ml glass beaker containing a solution of

glycerol: ortho-phosphoric acid (85%): deionized water (6:3:1) was

stirred (150 rpm) and heated to 70 °C. The cathode was connected to a

copper plate and the anode to a MN array. Subsequently, a current

density of 1.8 mA/mm2 was applied to each MN array for 15 min. MNs

were cleaned by three immersions in deionized water and then 25%

nitric acid for 30 s each. This was followed by another washing step in

hot water and a final wash in deionized water. A MN applicator capable

of concurrent insertion of three planar rows of ten MNs (30 MNs in

total) was fabricated from biocompatible acrylate polymer (e-Shell 200,

EnvisionTEC) using an additive manufacturing technique (Zhao et al.,

2016).

2.4. Imaging microneedles

The surface morphology of MNs was imaged using a Zeiss Stemi

2000C stereomicroscope associated with an Olympus C3040-ADL di-

gital camera, and was further characterized by scanning electron mi-

croscopy (SEM, Veeco FEI XL30, Philips). All pictures were post-pro-

cessed using ImageJ software.

2.5. Coating microneedles with DNA

MNs were visualized under the stereomicroscope throughout the

coating process. A 4.5 μl (Tris-EDTA (TE) buffer, Qiagen) solution of a

plasmid DNA 60 μg cocktail containing 15 μg of each recombinant

plasmid from L. infantum (pcDNA3-LiH2A, pcDNA3-LiH2B, pcDNA3-

LiH3 and pcDNA3-LiH4; pHIS) was loaded into a 10 μl ultra-long tip

using a 2.5 μl pipette. The plasmid DNA cocktail was then deposited

onto three rows of ten MN arrays, using a brushing method, reported

previously (Zhao et al., 2016), resulting in a total coating of 60 μg

across 30 individual MNs (optimization studies, as shown in Fig. 1f,

investigated application of a target dose of 10, 20, 30 or 60 μg of DNA

per 30 MNs). The same procedure was also used to coat 60 μg of non-

recombinant plasmid (4.8 μl, as negative control; pC). To determine if

the coating process affected plasmid stability, the MN coated material

was recovered in 150 μl of TE buffer. Aliquots from the TE buffer were

then loaded into a 2% agarose gel supplemented with ethidium bro-

mide and was subject to electrophoresis at 100 V for 1 h. Coating effi-

ciency was calculated by recovering the coated pDNA from the MNs, in

200 μl TE buffer, for quantitative analysis (NanoDrop®, ND-1000

UV–vis Spectrophotometer; NanoDrop Technologies).

2.6. DNA delivery studies

The 30 MNs coated with 60 μg of either pcDNA3 WT (negative

control, pC) or the plasmid DNA cocktail (pHIS) were applied directly

to shaved mouse skin for 5 or 10 min. The delivery efficiency was

calculated by determining the mass of DNA remaining on the MN de-

vice following skin insertion (NanoDrop®).

% delivered = (calculated mass before delivery − mass post-delivery)/

(calculated mass before delivery) x 100

2.7. Visualization of fluorescence-conjugated DNA delivery into skin

The plasmid DNA cocktail, containing Leishmania histones, was

fluorescently labelled with Cy3 (Label IT® Cy™ 3 Labeling kit, Mirus Bio

LLC) following the manufacturers instructions. 60 μg of the fluores-

cence-conjugated DNA cocktail was then coated on MNs that were

subsequently inserted into shaved mouse skin for 10 min before the

treated skin was post-stained with methylene blue 20% (w/v), sec-

tioned and fixed in 4% (w/v) paraformaldehyde (Sigma) overnight.

Samples were then washed twice with PBS for 30 min, embedded in

OCT® medium and stored at − 80 °C. Skin sections of 10 μm were

captured onto Superfrost Plus® microscope slides using a cryostat

(CM3050S Leica Microsystems), dried overnight and observed with an

OlympusBX50 light/fluorescence microscope supplied with URFL-T

power and attached to an Olympus DP-10 digital camera. Uncoated

MNs were also applied for 10 min with subsequent skin staining using

methylene blue (20%) to identify MN-created microchannels (Pearton

et al., 2012). The skin samples were fixed, sectioned (10 μm) and

stained with haematoxylin and eosin (H & E) for histological evaluation.

2.8. Immunization strategies and parasite challenge

Immunizations were carried out in groups of 10 mice with 6 dif-

ferent groups evaluated. The day before each immunization mice were

anaesthetized using isoflurane and the upper back (site of injection)

was shaved with electric clippers (Contura, Wella). Control groups

(pcDNA3; pC) and groups receiving the DNA cocktail (pcDNA3-LiH2A,

Fig. 1. Light microscopy images of MNs (a) before and (b) after electropolishing. The coating technique, (c) and (d), used a fine pipette tip filled with 60 μg of pHIS. Gel electrophoresis of

pHIS before and after coating (e). Percentage of pC and pHIS coated onto MNs (f). MNs were coated with pC and pHIS and applied to mouse skin for 5 or 10 min. The remaining peptide

was dissolved off the MNs and quantified to calculate the percentage delivered into skin (g).

E. Moreno et al.



pcDNA3-LiH2B, pcDNA3-LiH3 and pcDNA3-LiH4; pHIS) were in-

oculated either s.c. or i.d., at an equivalent DNA dose derived from the

MN delivery efficiency studies in a total volume of 30 μl sterile PBS,

using 29G insulin needles. For the groups immunized with MNs, the

coated MN arrays were mounted into the applicator device, manually

inserted into the skin of the mice and held in place for 10 min. Mice

were immunized three times at three-week intervals between each

immunization. Finally, four weeks after the last inoculation, spleens

and inguinal lymph nodes for 5 mice were collected for evaluation.

While spleens were stimulated to detect cytokine expression, draining

lymph nodes were immediately placed in RNA later® and stored at

−20 °C for further studies. The remaining mice (5 mice per group) were

challenged with infective 105 L. major metacyclic promastigotes by s.c.

injection in the base of the tail. Lesion size was monitored every week

using a digital caliper and recorded.

2.9. Determination of antibody titres and isotypes

Blood samples for serology assessment were obtained by orbital

plexus puncture eighteen days after the second and third immunization.

Serum samples were analyzed for specific antibodies against Leishmania

spp. histones. Briefly, high-binding ELISA plates (Greiner Bio-one) were

coated overnight at 4 °C with 100 μl of rLiH2A, rLiH2B, rLiH3 or rLiH4

(2 μg/mL in PBS), respectively. In order to determine the titre, defined

as the inverse of the highest serum dilution factor giving an absor-

bance>0.2, serial dilutions of the sera were performed. The isotype-

specific analyses were done using peroxidase-labelled anti-mouse IgG1

(1:1000) or IgG2a (1:500) (Nordic Immunology, The Netherlands) as

secondary antibodies. The peroxidase substrate, 2,2′-azino-bis(3-ethyl-

benzothiazoline-6-sulphonic acid 0.01% (w/v) (ABTS, Sigma) in citrate

buffer pH = 4 and hydrogen peroxide 0.004% (v/v), was added and the

absorbance was recorded at 405 nm after a 30 min incubation period

(iEMS Reader MS, Labsystems).

2.10. Cytokine detection in supernatants of immunized mice

Briefly, splenocyte suspensions were prepared in complete RPMI

medium (RPMI 1640 supplemented with 10% fetal bovine serum (FBS),

1% penicillin/streptomycin, 1% non-essential aminoacids, 0.5% so-

dium pyruvate and 0.1% 2-mercaptoethanol). 100 μl of the suspensions

(final concentration of 5·106 cells/mL) were seeded in 96-well plates

(Corning) and stimulated for 48 h in the presence of the recombinant

cocktail (rLiH2A+ rLiH2B + rLiH3 + rLiH4, 12 μg/mL of each pro-

tein). Culture supernatants were harvested at − 80 °C for analysis. The

release of several cytokines related with Th1/Th2/Treg bias was mea-

sured in the supernatants of splenocytes cultures by commercial ELISA

Kits (BD Biosciences, USA) or Multiplex assays (Milliplex®, Millipore).

2.11. Quantitative real-time RT-PCR

IFN-γ, IL-4, IL-10, IL-12p35, TGF-β, iNOS, TNF-α and β-actin ex-

pression were measured in the draining lymph nodes of immunized

mice by quantitative real time PCR using iQ SYBR Green supermix (Bio-

Rad) and specific primers for each gene (see Table 1) in a CFX96 system

from Bio-Rad.

2.12. Parasite load quantification

Animals were euthanized fifteen weeks post-infection and livers,

spleens and lymph nodes were aseptically excised. The number of vi-

able parasites was calculated by PCR.

2.13. Statistical analysis

Statistical significance was analyzed using Prism 6.0 software.

Differences were tested using the One–Way ANOVA with Dunńs post-

test for multiple comparisons. *p< 0.05; **p< 0.01; ***p< 0.001.

3. Results

3.1. Coated MNs for the delivery of plasmids into murine skin

Stainless steel solid MNs with the same dimensions and character-

istics to those used previously (Zhao et al., 2016) were deburred and

sharpened by electropolishing (Fig. 1a and b). Scanning electron mi-

croscopy (SEM) revealed that the polishing process reduced the MNs

length from 477.1 ± 20.3 μm to 404.2 ± 29.2 μm. MN protrusions

were then coated with either a control plasmid or the DNA cocktail (pC

and pHIS, respectively). One row of ten MNs were coated with either 10

or 20 μg and this was then repeated in order to load 30 or 60 μg over

three rows of ten MNs (Fig. 1c and d). The coating process changed the

tertiary structure of the DNA (Fig. 1e). Before coating gel electrophor-

esis indicated that the pHIS mixture was in the supercoiled form,

however after coating an additional band was detected, corresponding

to linear DNA (upper band) (Fig. 1e). The mean coating efficiency was

between 87 and 99% (Fig. 1f). All further experiments were performed

with the highest coating dose of plasmids i.e. 60 μg (mean mass of

58.2 ± 4.8 μg for pC and 59.3 ± 3.4 μg for pHIS coated onto MNs,

which means a 97% and 98% coating efficiency, respectively) coated

onto three arrays and assembled into an applicator device to enable the

concurrent insertion of 30 MNs in a single application (Zhao et al.,

2016). The dose of plasmid delivered into the mouse skin was depen-

dent on the insertion time (Fig. 1g), with a greater and more re-

producible delivery of both pC and pHIS after a 10 min insertion time

compared to a 5 min insertion time. These experiments predict the dose

of plasmid delivered into the skin to be approximately 50 μg for pC and

55 μg for pHIS. Equivalent doses were therefore administered by con-

ventional s.c. and i.d. injection.

3.2. DNA delivery to ex vivo mouse skin

To confirm successful MN insertion, MNs (uncoated) were applied

to skin for 10 min (Fig. 2a). Methylene blue staining was used to detect

puncture sites from individual MNs (Fig. 2b). Histological analysis of

skin sections confirmed MN insertion sites in the mouse skin. MNs pe-

netrated to a depth of approximately 150 μm (Fig. 2c). Fig. 2f shows a

10 μm mouse skin cryosection following treatment with MNs coated

with 60 μg of the fluorescently labelled-DNA cocktail (pHIS) (Fig. 2d).

After a 10 min insertion the majority of the pDNA was release from the

MNs (Fig. 2e) and plasmid deposition was evident in the uppermost

layers of the skin.

Table 1

Primers used for PCR analysis.

Genes Nucleotide sequence (5′-3′)

IFN-Υ TCAAGTGGCATAGATGTGGAAGAA

TGGCTCTGCAGGATTTTCATG

IL-4 GCTATTGATGGGTCTCAACC

TCTGTGGTGTTCTTGTTGC

IL-10 GGACAACATACTGCTAACCG

AATCACTCTTCACCTGCTCC

IL-12p35 CACGCTACCTCCTCTTTTTG

AGGCAACTCTCGTTCTTGTG

TGF-β CGGCAGCTGTACATTGAC

TCAGCTGCACTTGCAGGAGC

TFN-α CTTCCAGAACTCCAGGCGGT

GGTTTGCTACGACGTGGG

iNOS TCCTACACCACACCAAACTG

AATCTCTGCCTATCCGTCTC

β-actin CGCGTCCACCCGCGAG

CCTGGTGCCTAGGGCG

E. Moreno et al.



3.3. A comparison of the immunogenicity of the L. infantum histones-DNA

vaccine delivered by different routes

The DNA cocktail of four plasmids encoding each one of the L. in-

fantum core histones was used to immunize BALB/c mice 3 times at 3

week intervals. Three different administration routes were investigated,

s.c., i.d. or MNs, and results were compared to a negative control. Two

weeks after the final immunization, IgG2a-specific antibodies against

H2A and H4 L. infantum histones were detected in the sera of mice

(Fig. 3), although antibodies against H2 B and H3 were not detected.

Moreover, the levels of IgG2a were greater in the group immunized

with MNs compared to conventional i.d. injection, although the dif-

ferences were not significant (p> 0.05). Mice immunized by s.c. route

did not produce any antibodies. Finally, no IgG1 subclass anti-histone

antibodies were detected.

The cellular response induced in mice after immunization with the

control DNA (pC) or the DNA cocktail (pHIS) was also evaluated. Four

weeks after the last immunization supernatants of splenocytes, stimu-

lated for 48 h with a mixture of the recombinant histone proteins, were

harvested and analyzed. Fig. 4 indicates that MN vaccination stimulates

greater immune responses than s.c. or conventional i.d. administration.

A significant increase in IFN-γ/IL-4 ratio (Fig. 4a, p< 0.01), IFN-γ/IL-

13 ratio (Fig. 4b, p< 0.01), IFN-γ/IL-10 ratio (Fig. 4c, p< 0.001) and

CXCL10 (Fig. 4e, p< 0.05) and CCL2 chemokines (Fig. 4f, p< 0.05)

was observed after MN vaccination with pHIS compared to s.c. pHIS.

The levels of IFN-γ/IL-4 ratio (Fig. 4a, p< 0.05) and the chemokine

CXCL9 (Fig. 4d, p< 0.05) were also significantly higher than those

detected after conventional i.d. vaccination with pHIS. Interestingly,

mice immunized with MNs coated with pC and pHIS had significantly

higher IL-6 and IL-1β levels than mice immunized with pC via the s.c.

route (Fig. 4g, p< 0.05 and p< 0.05, respectively; Fig. 4h, p< 0.01

and p< 0.05, respectively). Regarding cytokine expression in lymph

nodes, a significant increase in IFN-γ/IL-4 (Fig. 5a, p< 0.01), IFN-γ/IL-

10 (Fig. 5b, p< 0.05), and IFN-γ/TGF-β (Fig. 5c, p< 0.05) ratios was

observed after pHIS MN vaccination compared to pHIS vaccination

using the s.c. route. Furthermore, the expression of iNOS (Fig. 5e) and

TNF-α (Fig. 5f) was significantly increased (p< 0.05) after MN vac-

cination, compared to pC administration via the s.c. route. Conversely,

IL-12 levels were very low (data not shown) and IL-12/IL-10 ratio was

comparable between all administration routes in both spleens (data not

shown) and lymph nodes (Fig. 5d). Finally, no significant differences

were observed between the different groups in the production of IL-2,

IL-17, CCL5 or CCL3 in the spleens (data not shown).

3.4. Vaccination with the pcDNA3 cocktail, using coated MNs, does not

protect mice against L. major challenge

This study also evaluated whether the MN immunization strategy

could provide protection against L. major infection in BALB/c mice.

Four weeks after MN vaccination with pHIS, encoding the L. infantum

histones mixture, mice were challenged with 105 L. major stationary

promastigotes. There was no reduction in the size of the lesion when

mice were treated with pC (control plasmid) administered by s.c. route

or pHIS administered by MNs (Fig. 6a). In addition, parasite burden in

spleens, livers and lymph nodes was similar in treated (MN pHIS) and

control (s.c. pC) mice (Fig. 6b).

4. Discussion

Vaccination is the most important weapon for combating infectious

diseases. However, as conventional liquid vaccine injections require

trained personal, controlled storage and careful disposal, a number of

alternative vaccine delivery technologies have received attention.

Given their reduced dimensions, MNs significantly reduce patient pain

and apprehension and, more importantly, accurately deposit the vac-

cine into the epidermis and dermis. In this context, MNs could facilitate

improved targeting of DCs and enhanced immunogenicity, potentially

Fig. 2. MN array penetration and formation of mi-

crochannels after a 10 min application into mouse

skin (a). Methylene blue post-staining further reveals

MN puncture sites following microneedle application

(bar = 500 μm) (b). H & E stained histological sec-

tion (10 μm) of mouse skin treated with micro-

needles and showing the point of microneedle pe-

netration (bar = 300 μm) (c). Fluorescent images of

MNs coated with the fluorescently labeled pHIS be-

fore (d) and after (e) a 10 min insertion into mouse

skin (bar = 500 μm). Skin cryosection (10 μm) of ex

vivo mouse skin observed by flourescence micro-

scopy after a 10 min application of MNs coated with

fluorescently labelled pHIS (bar = 50 μm).

Fig. 3. Specific humoral response induced in immunized mice with the DNA cocktail or

the control plasmid administered by s.c. route (s.c. pHIS and s.c. pC), by conventional i.d.

injection (i.d. pHIS and i.d. pC) or using MNs (MN pHIS and MN pC). Two weeks after the

last immunization, mice were bled and sera were tested by Elisa for anti-H2A,-H2B, −H3

and −H4 antibody responses of both IgG1 and IgG2a isotypes.
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at reduced dose, compared against i.m., s.c. or i.d. injection using

classic needle and syringe methods (Fehres et al., 2013). Comparative

studies using MNs have demonstrated superiority over i.m. or i.d.

vaccination in a number of applications (DeMuth et al., 2014; Hsueh

et al., 2017; Kim et al., 2009). In this study coated MNs were used to

deliver a vaccine payload in a ‘dried form’. This offers practical ad-

vantages in terms of stability during transport and storage, and while

the laboratory scale manual coating process used in this study is time

consuming and labor intensive, automated methods of MN coating

provide opportunities for scale up.

Leishmania spp. nucleosomal histones elicit interesting immune re-

sponses and have been investigated as potential candidate vaccines to

prevent leishmaniasis (Carneiro et al., 2012; Carrion et al., 2008b;

Iborra et al., 2004). Herein, MN administration of these histones, in the

form of a plasmid DNA vaccine, has been explored and may result in a

superior immune response compared to conventional i.m., s.c. or i.d.

injection administration. The data presented suggests that the MN im-

munization strategy for pHIS produces an improvement in immune

response compared to conventional delivery methods. This improve-

ment was demonstrated in terms of increased Th1/Th2 cytokines ratio

Fig. 4. Cytokine production by splenocytes of im-

munized mice either with the DNA cocktail or the

control plasmid administered by s.c. route (s.c. pHIS

and s.c. pC), by conventional i.d. injection (i.d. pHIS

and i.d. pC) or using MNs (MN pHIS and MN pC).

Mice were immunized three times at three-week in-

tervals. Four weeks after the last immunization, mice

were sacrificed. After ex vivo 48 h splenocytes sti-

mulation with the histones cocktail, supernatants

were collected and cytokine levels were determined

by Multiplex kit. *p < 0.05, **p < 0.01,

***p < 0.001.

Fig. 5. Cytokine expression in lymph nodes of im-

munized mice either with the DNA cocktail or the

control plasmid administered by s.c. route (s.c. pHIS

and s.c. pC), by conventional i.d. injection (i.d. pHIS

and i.d. pC) or using MNs (MN pHIS and MN pC).

Mice were immunized three times at three-week in-

tervals. Four weeks after the last immunization, mice

were sacrificed and cytokine expression was de-

termined by PCR. Gene expression has been nor-

malized using β-actine. *p < 0.05, **p < 0.01.
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(IFN-γ/IL-4 and IFN-γ/IL-13 ratios) and also Th1/Treg ratio (IFN-γ/IL-

10 and IFN-γ/TGF-β ratios) in spleens and lymph nodes (Figs. 4a–c and

5a–c). It is well established that IFN-γ production is fundamental for the

development of a Th1 response. In contrast, IL-4 promotes susceptibility

to infection, driving Th2 responses. Similarly, IL-13 might block the

onset of Th1 development towards a Th2 bias. Additionally, the im-

munosuppressive IL-10, produced by Treg cells among other cells, is

crucial for parasite survival (Kedzierski and Evans, 2014).

TGF-β has also been shown to inhibit Th1-type immune response,

leading to Leishmania spp. progression, by blocking IFN-γ, TNF-α and

NO production (Kedzierski and Evans, 2014). This study showed that

MN immunization with the pHIS mixture results in a cytokine profile

indicative of a polarized Th1 immune response, which is essential for

the prevention of leishmaniasis. However, low IL-12 production, a

crucial cytokine for Th1 cell differentiation, was observed in spleens

and lymph nodes of immunized mice (data not shown). IL-12p35/IL-10

ratio in the lymph nodes was also not significantly greater in the groups

vaccinated with MNs (Fig. 4d). The modulation of the immune response

towards a Th1-type was later confirmed by increased levels of CXCL9,

CXCL10 and CCL2 chemokines after in vitro stimulation of splenocytes

with recombinant L. infantum histones (Fig. 4d–f). These chemokines

can be down-regulated by L. major as an immune response evasion

strategy (Guerfali et al., 2008). Furthermore, CXCL9 and CXCL10 are

also implicated in Th1 lymphocyte migration. However, CCL2 plays an

important role in early immunity against CL and works in synergy with

IFN-γ in order to activate macrophages to kill Leishmania spp. parasites.

CCL3 and CCL5 production in spleens of immunized mice was com-

parable between the tested groups (data not shown). CCL3 is associated

with a Th2 dominant response whereas CCL5 function presents a cri-

tical balance between persistence and resistance in CL (Oghumu et al.,

2010). These results also support a preference for a Th1 response.

Moreover, the higher expression of iNOS and TNF-α in the lymph nodes

after immunization with MNs and the plasmid DNA cocktail (Fig. 5e

and 5f) also correlates with high Th1 lymphocyte activation as these are

markers of M1 macrophage polarization. The generation of these cy-

tokines by macrophages could be induced by IFN-γ produced by Th1

lymphocytes. However, the significantly higher levels of IL-6 and IL-1β

secreted in the spleens after vaccination with MNs and pHIS, compared

to the empty plasmid (pC) delivered via the s.c. route, does not support

a clear Th1 response. IL-6 can act as both a pro-inflammatory or anti-

inflammatory cytokine, being a susceptible element in CL. Several

studies have associated IL-1β with induction of Th1 responses by acti-

vating the inflammasome and promoting IL-12, IFN-γ and NO produc-

tion (Scott and Novais, 2016). No significant differences were observed

in IL-2 and IL-17 in the spleens of the test groups (data not shown). Both

cytokines have been implicated in protection or resistance against

leishmaniasis (Maspi et al., 2016).

Regarding antibody production, the MNs and pHIS immunization

strategy produced low, although detectable, levels of IgG2a against

H2A and H4 recombinant histones, which indicates a preference to a

Th1 response. Other treatments did not stimulate any antibody re-

sponse. Indeed, vaccination using DNA elicits a negligible humoral re-

sponse, biasing towards cellular responses (Aguilar-Be et al., 2005). The

humoral immune response is of reduced importance in the protection

against Leishmania spp. parasite. Although the increased Th1/Th2

lymphocyte and Th1/Treg ratio indicates a predominant Th1 response,

which was greater in MN vaccinated mice, this strategy was not able to

control L. major infection in BALB/c mice. Lesion size and parasite

burden in spleens, livers and lymph nodes were comparable in both

vaccinated and non-vaccinated mice (Fig. 6a and b). Although the im-

munization schedule was performed with nucleosomal histones ob-

tained from L. infantum and, after that, mice were challenged with L.

major parasites, the sequences for histones in L. infantum and L. major

have high identity values (Iborra et al., 2004).

The protective efficacy of Leishmania histones administered as a

DNA vaccine, either homologous (plasmid DNA only) or heterologous

immunization (plasmid DNA + recombinant protein and/or adjuvant)

has been previously reported against different species of Leishmania

with contradictory results. This homologous vaccine was effective in

murine models of CL caused by L. major (Carrion et al., 2008b; Iborra

et al., 2004) and L. braziliensis (Carneiro et al., 2012) but it was not able

to control infection against VL caused by L. infantum in mice (Carrion

et al., 2008a) or hamsters (Pereira et al., 2015). However, Baharia et al.

found optimum prophylactic efficacy using recombinant histone pro-

teins of L. donovani instead of L. infantum plasmids in those hamsters

infected with L. donovani (Baharia et al., 2014). These findings high-

light the remarkable differences in disease development and host im-

mune response depending on the immunization strategy, animal model

and parasite specie used in the experiment.

Additionally, the route of administration may also influence the

effectiveness of a vaccine. While in the studies cited above the plasmid

DNA cocktail was administered either i.m. (Carneiro et al., 2012; Iborra

et al., 2004; Pereira et al., 2015) or s.c. (Carrion et al., 2008a, b), i.d.

vaccination has also been used with recombinant histone proteins of L.

donovani, in combination with a BCG adjuvant, and conferred a high

degree of protection (Baharia et al., 2014). Results using different ad-

ministration routes and homologous vs. heterologous regimens are

therefore not comparable. The number and also the life-cycle stage of

parasites inoculated for challenge experiments could be another ex-

planation for the inability of the vaccine to offer protection. It is well-

known that selective metacyclic promastigotes are highly infective but

stationary-phase promastigotes are also highly virulent due to the

presence of apoptotic Leishmania parasites that provide survival ad-

vantage for viable parasites, favoring evasion from the immune system

(van Zandbergen et al., 2006). In this study, we infected immunized

mice with L. major metacyclic promastigotes, whereas in earlier studies

the same number of parasites (but L. braziliensis) plus a salivary gland

sonicate were inoculated in the stationary growth phase (Carneiro

et al., 2012). In addition to using different parasite species and stages,

we performed the challenge with 105 L. major metacyclic promastigotes

compared to the lower doses (5·104 or 3·104 L. major stationary pro-

mastigotes) used in previous reports (Carrion et al., 2008b; Iborra et al.,

2004). This high parasite dose does not mimic the natural conditions of

infection. Similarly, vaccination with the Leishmania spp. chimeral Q

protein induced strong protection in dogs after challenging with 5·105

promastigotes of L. infantum (Carcelen et al., 2009) but was unable to

Fig. 6. Course of L. major infection in vaccinated mice. BALB/

c mice (n = 5) were immunized either s.c with pC or by the

use of MNs with pHIS (a). 4 weeks later, mice were chal-

lenged with infective 105 L. major metacyclic promastigotes

injected by s.c. route in the base of the tail. After 15 weeks, no

differences in lesion size were observed between the two

groups. The number of parasites in spleen, liver and lymph

nodes was equivalent in vaccinated and control mice (b).
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control infection when dogs were challenged with 5·107 L. infantum

promastigotes (Poot et al., 2009). The anatomic site of parasite in-

oculation might be another factor that affects vaccine efficacy, just as it

can determine disease severity and immune responses induced by in-

fection (Baldwin et al., 2003). For challenge experiments in the current

study, parasites were inoculated in the base of the tail. However, in-

oculation in the ear (Carneiro et al., 2012) or footpad (Carrion et al.,

2008b; Iborra et al., 2004) has also been performed previously. The

dose of vaccine administered to mice could also contribute to the lack of

efficacy.

In this study, we hypothesized that it was possible to obtain com-

mensurate or greater immune responses using a reduced dose of DNA

vaccine when it is administered via MNs since the device would be

better than conventional injections at targeting the payload to DCs.

Previous studies with this plasmid DNA cocktail obtained protection

against Leishmania spp. infection by administering a dose of 80, 100 or

200 μg (Carneiro et al., 2012; Carrion et al., 2008b; Iborra et al., 2004).

This study developed a MN device with 30 MNs (10 MNs per row) able

to coat 60 μg of plasmid DNA (pC or pHIS). Coating optimization re-

vealed that the entire surface of the MNs was coated with plasmid

(Fig. 2d). Attempts to coat greater doses resulted in deposition of the

plasmid on the base plate rather than the MN protrusions, which pre-

cludes subsequent delivery into the skin. The delivery studies revealed

that approximately 55 μg (Fig. 1g) of the DNA cocktail was removed

from the coated MN structures after application to the skin, which is

1.5, 2 and 4-fold lower than that delivered in previous studies using

comparable plasmids (Carneiro et al., 2012; Carrion et al., 2008b;

Iborra et al., 2004). In this study histology indicates that MNs pene-

trated to a depth of 150–200 μm (Fig. 2c). However, it is difficult to

obtain accurate measurements for the penetration depth of MNs using

traditional histology. This is partly due to changes in the tissue during

histology processing but most importantly due to the mechanical

properties of the tissue and its tendency to re-seal following physical

insult by the MN. Whilst this study demonstrates that delivery of the

DNA cocktail using coated MNs was more effective than conventional

s.c or i.d. injection in terms of improved immune response, the dose of

vaccine delivered into the viable epidermis and dermis by the MNs may

have been too low to confer protection. Future studies should in-

vestigate the potential of higher dosing strategies, by increasing the

number of MN protrusions (40–50 vs. 30 MNs) or using greater MN

lengths (to increase the coating capacity and depth of penetration).

Hollow MN delivery systems may also offer an alternative method of

delivery that has advantages in terms of dosing capacity, flexibility and

reproducibility. These MN delivery systems are particularly suited to

DNA delivery as they are able to improve intracellular delivery in the

skin using a hydrodynamic mechanism (Dul et al., 2017). They are also

more amenable to early clinical testing and scale up as they negate the

complexities of MN coating and therefore future studies should in-

vestigate their potential in leishmaniasis pDNA immunizations.

5. Conclusions

In summary, this study highlights interesting perspectives for the

prevention of leishmaniasis and addresses, for the first time, the use of

MNs for Leishmania spp. vaccination. The reduced pain and ease of self-

administration of MNs compared to conventional injections could be

particularly attractive in developing countries, diminishing healthcare

costs and improving compliance. WHO and the PATH program

(Program for Appropriate Technology in Health), have indicated that

more rigorous studies are required to compare vaccinations in terms of

doses, routes and number of administrations. Overall, results indicate

that although a MN administered L. infantum histones-DNA vaccine

improved immunogenicity, it did not confer protection against L. major

challenge in the susceptible BALB/c mouse model. Further studies using

MN devices that facilitate higher plasmid loads are warranted.

Furthermore, research on the immune mechanisms underlying the

therapeutic effect of histones and the influence of type (homologous vs.

heterologous) and regimen of immunization, administration of im-

munoadjuvants and the animal models used are critical aspects to

consider in the development of potent vaccines against Leishmania spp.
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A B S T R A C T

Background: Cutaneous leishmaniasis (CL) skin lesions are the result of a deregulated immune response,

whichisunableto eliminate Leishmaniaparasites. The control of both, parasites and host immune response,

is critical to prevent tissue destruction. The skin ulceration has been correlated with high TNF-α level.

Objective: Because human anti-TNF-α antibodies (Ab) have been successfully assayed in several mice

inflammatory diseases, we hypothesized that their anti-inflammatory effect could optimize the healing of CL

lesions achieved after topical application of paromomycin (PM), the current chemotherapy against CL.

Methods and results: We first compared the in vitro efficacy of PM and Ab alone and the drug given in

combination with Ab to assess if the Ab could interfere with PM leishmanicidal activity in L. major-infected

bone marrow-derived macrophages. The combination therapy had similar antileishmanial activity to the

drug alone and showed no influence on NO production, which allows macrophage-mediated parasite

killing. Next, we demonstrated in an in vivo model of Imiquimod1-induced inflammation that topical Ab

and PM inhibit the infiltration of inflammatory cells in the skin. In the efficacy studies in L. major-infected

BALB/c mice, PM combined with Ab led to a sharp infection reduction and showed a stronger anti-

inflammatory activity than PM alone. This was confirmed by the down-regulation of TNF-α, IL-1β, iNOS, IL-

17, and CCL3 as well as by a decrease of the neutrophilic infiltrate during infection upon treatment with the

Ab.

Conclusions: In terms of parasite elimination and inflammation reduction, topical application of Ab in

combination with PM was more effective than the drug alone.

© 2018 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.

1. Introduction

Cutaneous leishmaniasis (CL) is caused by a broad range of

species of the genus Leishmania. In the skin lesions that appear

following the phlebotomine bite, pro- and anti-inflammatory

cytokines play different roles in resistance/susceptibility and

determine the immunopathogenesis of Leishmania spp. infection

[1]. Therefore, T helper 1 (Th1) inflammatory cytokines, especially

interferon-g (IFN-g), tumor necrosis factor-α (TNF-α), and

interleukin (IL)-12, are crucial in the initiation of protective

immunity against L. major infection [2,3]. However, it has been

observed that the onset of inflammatory reactions in the skin due

to the presence of the parasite leads to collateral tissue damage and

to ulcer formation through upregulation of these pro-inflamma-

tory mediators [4]. In order to balance the immune response, T

regulatory cells produce regulatory cytokines such as transforming

growth factor-β (TGF-β) and IL-10 that might inhibit possible
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macrophages; CL, cutaneous leishmaniasis; IFN-g, interferon-g; IL, interleukin;
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injures caused by increased inflammatory responses in the

infection site. However, the result may be the release of an excess

of proinflammatory cytokines that allow parasite survival and

cause tissue destruction [5].

Among these cytokines, TNF-α has been linked to both

immunoprotection and immunopathology of CL and visceral

leishmaniasis (VL). Previous publications have shown different

results about its role in the outcome of infection, depending on

Leishmania strains and mice genetic background [6]. In vitro, TNF-α

is produced by infected macrophages and synergizes with IFN-g to

produce nitric oxide (NO) and therefore kills the intracellular

parasites [7]. However, in vivo data from knockout mice or anti-

TNF-α antibodies treatments did not clarify whether the role of

TNF-α may be crucial to resolve the infection or it could be partially

overlapped with other cytokines. In addition, soluble TNF or TNF-

receptor (TNFR) deficiencies could lead to different outcomes. For

example, TNF-α-deficient C57BL/6 mice infected with L. major

showed fatal visceral infection [8] whereas lesions in TNFR-

knockout mice resolved. Moreover, in L. major infected C57BL/6

mice, treatment with anti-TNF-antibodies led to a significant

increase in lesion size and a delay in the healing process.

Oppositely, neutralization of TNF-α activity did not alter the

course of CL infection in BALB/c mice [9] but BALB/c mice did

succumb to infection by L. donovani in the same conditions [10].

In CL patients, different studies have associated the upregula-

tion of the pro-inflammatory cytokines (especially TNF-α and IFN-

g) with increased tissue damage at the site of infection [11]. In this

regard, a positive correlation between lesion size with IFN-g and

TNF-α levels was observed in patients infected with L. braziliensis

[11]. IFN-g and TNF-α levels were lower in asymptomatic L.

brazilienzis-infected individuals, whereas patients with typical

signs of the disease had excessive levels of IFN-g and TNF-α despite

the presence of the regulatory cytokine IL-10, and suffered from

inflammatory reactions and skin ulcers at the site of infection [11].

In patients showing a subclinical infection, the moderate produc-

tion of IFN-g and TNF-α was associated with control of parasite

growth without induction of tissue destruction [12]. Furthermore,

Th1 cells from mucocutaneous leishmaniasis (MCL) patients, who

display more severe skin pathology, have been reported to secrete

higher levels of IFN-g and TNF-α and lower levels of IL-10

compared to Th1 cells from CL patients [13]. Therefore, these pro-

inflammatory cytokines act like a double-edged sword that may

induce protection against leishmaniasis but are also implicated in

tissue destruction at increased levels. Thus, a balance in the

production of pro- and anti-inflammatory cytokines may be

required to speed up the healing process and prevent scar

formation [14].

Currently, numerous cases of reactivation of latent infections in

asymptomatic patients who were treated against autoimmune and

rheumatological diseases with anti-TNF-α antibodies are being

reported [15]. This observation points out to a central role for TNF-

α in leishmaniasis development and could warn against the use of

anti-TNF-α therapy in the context of this disease. However,

topically applied anti-TNF-α antibodies could assure the rapid

and effective delivery of the antibodies in the lesion without

increasing the risk of systemic side effects. This therapeutic

approach seems to be promising, as the acceleration of wound

healing has been reported in patients who received Infliximab as a

topical treatment against chronic ulcers [16].

Thus, the aim of our work was to analyse the effect of the topical

application of anti-TNF-α antibodies in the evolution and outcome

of CL lesions produced by L. major in BALB/c mice. This local

immunomodulatory strategy was assayed in combination with

paromomycin (PM), the current topical chemotherapy in clinical

practice [17], in order to control the inflammation and eliminate

the parasite simultaneously [18].

2. Materials and methods

2.1. Materials

PM, ethylenediaminetetraacetic acid (EDTA), and dimethyl

sulphoxide (DMSO) were obtained from Sigma (Italy) and sodium

hydroxide, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium

bromide (MTT) was obtained from Sigma-Aldrich (Canada). Stearic

acid, cetylic alcohol, glycerol monoestearate, solid paraffin and

white vaselin were supplied by Fagron (Spain). Liquid paraffin was

obtained from Guinama (Spain). Remicade1 (anti-TNF-α) was

obtained from Janssen Biotech (The Netherlands). Aldara1

(Imiquimod 5%) was supplied by 3 M Pharmaceuticals (USA). All

other reagents were of analytical grade and were used without

further purification.

2.2. Parasites

L. major (clone VI, MHOM/IL/80/Friendlin) were maintained at

26 �C in continuous stirred M199 medium (Sigma, St Louis, MO,

USA) supplemented with 10% heat-inactivated fetal bovine serum

(FBS) (Gibco, Gaithersburg, MD, USA) and 100 UI/mL of penicillin

and 100 mg/mL of streptomycin (Sigma, St Louis, MO, USA) in

flasks. M199 medium was supplemented with 25 mM HEPES (pH

7.2), 0.1 mM adenine, 0.0005% (w/v) hemin, 0.0001% (w/v) biotin,

10% (v/v) heat-inactivated fetal calf serum (FCS), and 100 UI/mL of

penicillin and 100 mg/mL of streptomycin. Procyclics were

obtained after 1–2-days culture and metacyclics were purified

from 5 to 6 days stationary cultures [19] by treatment with peanut

agglutinin (PNA) (Sigma, St Louis, MO, USA) in order to infect

macrophages and animals.

2.3. In vitro bone marrow macrophages differentiation, infection and

treatment effect

Bone marrow derived macrophages (BMDM) were isolated

from female BALB/c mice as previously described [20] by flushing

the femur and tibia with PBS. The bone marrow cells were

resuspended in DMEM supplemented with 10% (v/v) heat-

inactivated FCS, penicillin/streptomycin and 20% filtered superna-

tant from L929 cell line. Cells were incubated for 8 days at 37 �C and

5% CO2 with medium change every 3 days. For experimental

setups, BMDMs were plated with a density of 500.000 cells per

well in 24-well plates. After 24 h incubation, macrophages were

infected with metacyclic promastigotes of L. major, isolated as

previously described, in a proportion 7:1 (parasites:macrophages).

Infected cells were incubated overnight at 37 �C and 5% CO2. Then,

wells were washed with complete DMEM and treated with PM

(500 mM), anti-TNF-α (50 mg/mL), IFN (100 UI/mL), IL-4 (20 ng/

mL), LPS (1 mg/mL), or their combinations for 48 h at 37 �C. In some

cases, the cells were also pre-treated with IFN-g (100 UI/mL) or IL-

4 (20 ng/mL) 24 h prior to their infection. Untreated infected cells

were used as a negative control of infection. After 48 h, the

supernatant was collected for nitrites quantification as previously

described [21]. The cells were lysated with 500 mL of TRI Reagent1

(Sigma) and stored at �80 �C until RNA extraction.

2.4. Preparation of formulations for the in vivo inflammation and

infection assays

To obtain the water in oil creams that were applied on the

infected mice skin, 25 g of oily phase cointaining cetyl alcohol

(13%), stearic acid (20%), solid paraffin (5%), liquid paraffin (25%),

glyceryl monoestearate (22%), and white vaseline (15%) were melt

in a mortar that was heated in a bath at 70 �C. Then, water (Q.S. for

50 g), preservatives (0.16%) and EDTA (0.07%) were poured on the
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oily phase under agitation with a pistil until the mixture had

cooled. PM (15%) was dissolved in the water, and anti-TNF-α

(20 mg/mL) was added after formulation preparation to have a final

concentration of 0.4% (w/w). All formulations were stored,

protected from light in plastic container at 4 �C. Anti-TNF-α

aliquots were kept frozen and mixed up with the cream only before

application on the animals to avoid degradation. When combined

with PM, they were added to the formulation containing PM. When

used alone, they were added to the cream base.

2.5. Animals

The in vivo assays were carried out in female BALB/c mice

(Harlan, Spain) weighing approximately 20 g and being 8 weeks of

age. Animals were kept under conventional conditions with free

access to food and water. Animals were housed in groups of five in

plastic cages in controlled environmental conditions (12:12 h light/

dark cycle and 22 � 2 �C). This study was conducted according to

ethical standards approved by the Animal Ethics Committee of the

University of Navarra in strict accordance with the European

legislation in animal experiments.

2.6. Induction of psoriasis-like skin in mice and effect of treatments

To induce inflammation in mice, an in vivo model of mouse

psoriasis was used [22]. 5% imiquimod (IMQ) cream (Aldara1) was

applied once daily before treatment on the right ear of the mice for

one week. The left ear was kept as a control. In the morning, once

the Aldara1 cream was absorbed, the formulations containing PM

or anti-TNF-α were applied to the right mouse ear (50 mg/cm2) in

order to assess their influence in the inflammation process.

Treatments were applied twice a day for 7 days. Throughout the

experiment, the thickness of both ears was measured using a

digital calliper. At the end of the treatment, mice were sacrificed

and their ears were cut into slices and fixed in 4% formaldehyde

(Panreac, Spain) for 24 h. Finally, they were washed with tap water

and were put in 70% ethanol until they were processed. To score

the severity of the ear skin inflammation, an objective scoring

system based on the clinical Psoriasis Area and Severity Index

(PASI) was employed. Erythema, scaling, and thickening were

scored independently from 0 to 4 as follows: 0, none; 1, slight; 2,

moderate; 3, marked; 4, very marked. The cumulative score

(erythema plus scaling plus thickening) served to indicate the

severity of inflammation (scale 0–12).

2.7. L. major infection and monitoring of the disease

Animals were infected by subcutaneous inoculation of 105

infective metacyclic promastigotes of L. major in the base of the tail.

Lesions in mice took different times to reach the same median

surface; therefore, animals were incorporated to the efficacy assay

at different times. After 6–8 weeks, lesions of measurable size

(average area of 12 mm2) had developed and topical treatments

were initiated. To monitor the progression, lesions were measured

every 2 days with a digital caliper. Three different treatments were

evaluated: PM only, anti-TNF-α only, and PM plus anti-TNF-α. 10–

12 mice were used in each group (negative control untreated mice,

positive control mice treated with PM alone, and the groups

treated with the antibodies alone and the combination of PM plus

the antibodies). Topical treatment was administered twice daily

(50 mg/cm2) for a period of 30 days. Once treatments were

finished, animals were kept for 3 days before sacrifice. Results were

expressed as mean of the lesion area (mm2) � SD. The parasitic

load and cytokine expression were quantified by real time PCR. For

this purpose, skin fragments from lesions as well as spleen, liver

and popliteal lymph nodes of infective mice were aseptically

removed. Those used for L. major DNA quantification were put in

cryotubes and were conserved at �80 �C, whereas samples used for

cytokine quantification were immersed in 0.5 mL of RNAlater

solution (Invitrogen) in order to preserve them from RNA

degradation, and they were conserved at 2–4 �C.

2.8. Histological analysis and immunohistochemistry

Skin fragments were excised in both the in vivo inflammation

assay and in the efficacy study with infected mice. These fragments

were formalin-fixed, paraffin-embedded and cut in 3 mm thick

sections. Some sections were stained with hematoxylin and eosin

(HE). Immunohistochemistry was applied using the following

primary antibodies: rat anti-mouse F4/80 (1:400; eBiosciences,

14–4801), rat anti-mouse NIMP-R14 (1:10,000; Abcam, ab2557),

rabbit anti-CD3 (1:300; Thermo Scientific, RM9106), rabbit anti-

iNOS (1:500; Santa Cruz Biotechnology, sc-650), rabbit anti-Arg-1

(1:4000; Sigma, HPA003595), and rabbit anti-KRT6A (1:800;

Proteintech, 10590-1-AP). Antigen retrieval was performed treat-

ing the samples with 2 mg/ml proteinase K at 37 �C for 30 min (for

F4/80, NIMP-R14 andKRT6A) or heating for 30 min at 95 �C in

001 M Tris-1 mM EDTA pH 9 in a Pascal pressure chamber (Dako,

S2800) (for CD3, iNOS and Arg-1). In the case of rat primary

antibodies, sections were first incubated with rabbit anti-rat

(Dako, E0468) secondary antibody. Then, the EnVision
TM

system

(Dako, K4011) was used in all cases according to manufacturer

instructions. For each assay, digital images were scanned using a

digital microscope system (Aperio ScanScope CS2, Leica Biosys-

tems, Nussloch, Germany) and snapshots of higher magnification

images were captured using image software (Aperio ImageScope,

Leica Biosystems). Then, the percentage area stained in each image

was quantified by counting the number of pixels staining above a

threshold intensity and normalising to the total number of pixels.

The software used was Fiji 2.0.

2.9. Measurement of cytokines by real time PCR

Cytokines expression in BMDM, ear lesions and skin lesions of

infected mice was determined by reverse transcription-real time

PCR. RNA was extracted following TRI Reagent1 protocol [23].

Then, 1 mg of RNA was treated with DNase (Gibco-BRL) prior to

reverse transcription with M-MLV reverse transcriptase (Gibco-

BRL) in the presence of RNase OUT (Gibco-BRL). Real-time PCR was

performed with iQ SYBR Green supermix (Bio-Rad) in a CFX96

system from Bio-Rad, using specific primers for each gene (see SI

Table 1). To determine specificity, final PCR products were analysed

by melting curves and electrophoresis. Results were normalised to

β-actin. The amount of each transcript was expressed by the

formula: 2ct(β�actin)�ct(gene), with ct being the point at which the

fluorescence rises appreciably above the background fluorescence

[24].

2.10. Leishmania major quantification

The quantification of L. major in BMDM was performed

measuring the mRNA levels of 18S ribosomal gene from

Leishmania spp. by reverse transcription followed by real-time

PCR, as above described for cytokines gene expression, with

specific primers (see SI Table 1).

Parasite load from lesion tissue, spleen, liver and popliteal

lymph nodes was carried out quantifying L. major DNA by real-time

PCR. Thus, total DNA from these tissues was obtained with

NucleoSpin Tissue kit (Macherey Nagel) following the manufac-

turer’s protocol. After obtaining DNA, concentrations were

measured with a nanodrop (ND-1000 spectrophotometer). One

nanogram of DNA was used to quantify Leishmania by real-time
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PCR with iQ SYBR Green supermix in a CFX96 system, using

primers for minicircle kinetoplastic DNA (kDNA) of l. major (see SI

Table 1). The number of kDNA copies was determined by

extrapolation from the cycle threshold of each sample on a

standard curve of known concentration and gave us the number of

parasites x 104. The standard was generated by insertion of the

Leishmania amplicon in a pCR2.1-TOPO vector (TOPO TA cloning

kit; Invitrogen).

2.11. Statistical analysis

Statistical significance was analyzed using Prism 6.0 software

(Graphpad Software Inc., San Diego, CA, USA). Differences were

tested using the One–Way ANOVA with Dunnett�s post hoc test for

multiple comparison (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results

3.1. The in vitro leishmanicidal effect of PM was unaffected by human

anti-TNF antibodies in several immunological conditions

BMDM were infected with L. major in order to evaluate

treatment efficacy with PM, anti-TNF-α or the combination of both

molecules as well as to analyse if the efficacy could be affected by

the polarization status of macrophages induced with IFN-g, IFN-g

+LPS (M1-like macrophages) or IL-4 and IL-4+LPS (M2-like). The

highest reduction of infection was achieved with LPS and when

macrophages were polarized towards M1 macrophages before

infection. As observed in Fig. 1, the activity of PM was enhanced

when macrophages were polarized towards M1-macrophages

with IFN-g (62% of infection reduction for PM vs. 96% for PM + IFN-

g, p < 0.05) and IFN + LPS (62% for PM vs. 96% for IFN-g+LPS + PM,

p < 0.05). When macrophages were polarized towards M2 (IL-4),

the infection of macrophages was higher (ns) although the activity

of PM was not affected (64% PM vs. 76% PM+IL-4, ns; 61�21% IL-4

+LPS vs 90�5% IL-4+LPS+PM, ns). Treatment with anti-TNF-α did

not significantly affect the antileishmanial effect of PM (62�20%

PM vs 88�7% PM+Ab, ns), IFN+LPS (89�65% vs 88�9%, IFN- g

+LPS + Ab ns) or IFN-g+LPS + PM (94 � 6% vs 86 � 5% IFN- g

+LPS + PM + Ab, ns).

The effect of the different immunomodulatory treatments in

the parasite burden was closely correlated with iNOs expression

and NO production, as the most effective treatments were those

inducing the highest iNOS expression and nitrites production (IFN-

g+LPS, IFN-g+LPS + PM, IFN-g+LPS + PM + anti-TNF-α) (embedded

Table in Fig. 1), except when used in combination with the

leishmanicidal agent PM. These parasite load results, determined

by 18S RNA expression, agreed with those determined by Giemsa

staining. The later method confirmed that the activity of PM was

not affected by its co-administration with anti-TNF-α (SI Fig. 1)

although co-administration with IL-4 in the Giemsa staining assay

swept away the activity of PM (S1 Fig. 1).

3.2. PM and anti-TNF-α antibodies produced changes in the

polarization status of infected macrophages

Unlike human lesions, where a dissociation between lesion size

and parasite load has been observed, in the mouse model, lesion

size and inflammatory cells accumulation correlate with an

increased parasite load [25]. In this context, it is difficult to clarify

if the efficacy of the tested drugs in topical therapy of CL could be

partially due to a certain anti-inflammatory effect or if it could

simply be due to parasite death. Because of this, we compared the

expression of several cytokines and inflammatory markers in non-

infected and infected macrophages exposed to the inflammatory

effect of LPS in the presence of either IFN-g or IL-4. The results are

shown in Fig. 2. It can be observed that in both uninfected and

infected/treated macrophages, PM up-regulated the expression of

the M2 markers Arg-1 and CD206 (p < 0.05). IL-6 and COX-2, which

have been linked to inflammatory conditions, were also down-

regulated by PM (p < 0.05). Compared to PM given alone, the

combination of PM with anti-TNF-α slightly increased the

expression of IL-10 (p < 0.05). Also, PM and/or PM with antibodies

(Ab) downregulated CCL3 (p < 0.05) and CCL17 (p < 0.001)

chemokines expression, which have been associated with the

attraction of Th2 and Th1 cells, respectively. However, this effect is

Fig. 1. In vitro anti-L. major amastigote activity assessment in bone marrow-derived macrophages.

The leishmanicidal effect of IFN-g, IL-4, LPS, PM 500 mM, and their combinations (48h-treatment) were assessed through the determination of Leishmania 18S expression in

the lysed cells (***1 p < 0.001 compared to control; ***2 p < 0.001, *2 p < 0.05 compared to LPS group; *3 p < 0.05 compared to PM group). Embedded table shows iNOs relative

expression and nitrite production for each treatment combination (*p < 0.05 compared to basal expression). No data indicated as -.
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probably indirectly mediated by parasite clearance, as an elevated

expression of these chemokines was only observed in the infected

macrophages (p < 0.001 vs non infected macrophages for CCL17,

p < 0.05 vs non infected cells for CCL3, see Fig. 2). Administration of

Ab alone was also tested in M1 and M2 macrophages but no

immunomodulatory effect was observed (data not shown).

Overall, PM and PM plus anti-TNF-α may have switched

macrophages towards a phenotype with more regulatory features

in an IL-4 cytokine environment, thus, more suitable for skin repair.

These results diverge from previously reported studies with

other Leishmania spp. species such as L. infantum because in our

study, treatment of macrophages with IFN-g plus LPS or IL-4 plus

LPS was required to observe signature markers in L. major infected

macrophages [26]. This difference could be due to the time of

measurement of gene expression after parasite infection (4 h vs

48 h in our study).

3.3. PM and anti-TNF-α showed an anti-inflammatory effect in an in

vivo mouse model of IMQ-induced inflammed skin

A psoriasis-like induced skin inflammation mouse model was

used to evaluate the in vivo anti-inflammatory effect of PM and

anti-TNF-α. Both PM and anti-TNF-α prevented the skin inflamma-

tion induced by the TLR7 agonist IMQ. As we can see in Fig. 3a, both

compounds were able to decrease ear thickness by 0.2 mm

compared to the control (ear thickness was reduced from

0.58 mm in mice treated with IMQ to 0.38 mm in the case of PM

and 0.29 by anti-TNF-α). The PASI score graph (Fig. 3b) shows that

treatment with PM and anti-TNF-α reduced erythema, thickness

and scaling by nearly 5 points compared to the positive control (PM

score = approximately 2 and anti-TNFα approximately 0.8). The

macroscopic reduction of ear thickness was confirmed with anti-

KRTA6 immunostaining (Fig. 3c) and H&E staining of skin sections

(Fig. 3d). As illustrated in Fig. 3c, PM and anti-TNF-α significantly

reduced epidermal thickness (p < 0.05). At the end of the

treatment, epidermal thickness was 40.8 mm after PM treatment

and 40.5 mm in mice treated with anti-TNF-α compared to 92.6

mm, the reference value obtained from control mice treated with

IMQ. The hematoxylin-eosin staining (Fig. 3d) revealed that the

skin was thickened after treatment with IMQ. However, epidermis

staining was much lower (and very similar to the negative control

image, C-) in the skin sections of the mice treated with PM or anti-

TNF-α (Ab).

Consistent with ear thickness reduction on day 8 after

beginning of the treatment, the immunohistochemical stain-

ing (shown in Fig. 4a) of skin lesions confirmed a lower

number of neutrophils (NIMP-14) after treatment with PM

and with anti-TNF-α (p < 0.01). Also, mice that received topical

PM (p < 0.05) and anti-TNF-α (p < 0.01) presented a significantly

lower macrophage infiltration (F4/80 percentage of staining

area = 0.2% and 0.005%, respectively, compared to 1.2% in IMQ-

treated mice). Finally, the reduction that was observed in the

Fig. 2. Effect of PM and anti-TNF-α in L. major infected and non-infected macrophages polarization markers.

qRT-PCr analysis of biological markers for M1 (IFN-g+LPS) or M2 (IL-4+LPS) polarization program in bone marrow derived macrophages from BALB/c mice either non-infected

or infected with L. major. * p < 0.05, ** p < 0.01 and *** p < 0.001 showed significant effect of PM or PM+Ab (symbol put above) compared to their respective control, either M1

or M2, non-infected or infected macrophages MØs.

Significant differences between non-infected and infected MØs were put above a line that linked both conditions: M2 infected vs M2 non infected MØs CCL7 expression (p <

0.001); M1 infected vs M1 non infected MØs CCL3 expression (p < 0.05); M2 infected vs M2 non infected MØs CCL3 expression (p < 0.01); M1 infected vs M1 non infected MØs

IL-1b expression (p < 0.001); M1 infected vs M1 non infected MØs IL-6 expression (p < 0.05).
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number of lymphocytes (CD3) was statistically significant only for

anti-TNF-α (p < 0.05). The analysis of expression of several genes

involved in IMQ-induced inflammation was evaluated at day 4

after the beginning of the treatments (Fig. 4b). As it is shown in

Fig. 4b, both PM and anti-TNF-α downregulated the mRNA levels

of TNF-α, IL-1β, COX-2 and CCL3 compared to IMQ-treated mouse

ear tissue, although with different degree of significance, as a

higher reduction was achieved with anti-TNF-α antibodies. IL-17

expression was also decreased with anti-TNF-α local therapy (p <

0.05) (Fig. 4b).

Fig. 3. Ear thickness (mm) (a), PASI score (b), epidermal thickness (c) and H&E staining skin sections (d) in BALB/c mice after 7 days of topical treatment with PM and anti-TNF-

α.

IMQ was used as a positive control for inflammation. PASI score evaluates erythema + thickness + scaling and assigns them values from 0 to 4 throughout the treatment.

Epidermal thickness was determined by staining epidermal keratin with anti-KRTA antibodies. All results are expressed as median � SD (n = 6 per group). (*p < 0.05 and ** p <

0.01).

Fig. 4. (a) Immunohistochemical staining for neutrophils (NIMP-14), macrophages (F4/80), T cells (CD3) and (b) mRNA expression in skin from mouse ear.

From left to right, percentage of stained area for neutrophils (NIMP14 staining), macrophages (F4/80 antibody staining), and lymphocytes (anti-CD3). Staining was quantified

using the percentage of area stained in each image by counting the number of pixels staining above a threshold intensity and normalizing to the total number of pixels. IMQ

was used as a positive control for inflammation. The levels of mRNA expression were measured using real-time PCR. Results are expressed as mean � SD (n = 4 mice per group).

(* p < 0.05, ** p < 0.01 and *** p < 0.001).
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3.4. Topical anti-TNF-α combined with PM enhanced healing of CL

lesions in L. major infected BALB/c mice

To evaluate the in vivo efficacy of PM or anti-TNF-α applied

alone and the combination of PM plus anti-TNF-α, BALB/c mice

were infected subcutaneously by inoculating 105 metacyclic

promastigotes of L. major in the base of the tail. Parasite infection

induced a progressive increase in the lesion size in all the animals.

Topical application of the formulations started (day 0) 6–8 weeks

after infection and finished at day 30 of treatment. Mice treated

with the antibodies alone showed a continuous increase in lesion

size (Fig. 5). In fact, on day 30, lesion sizes of anti-TNF-α-treated

mice were very similar to those of untreated mice (Fig. 5a).

However, treatment with PM and its combination with anti-TNF-α

led to smaller size lesions: PM only = 39.73 mm2, PM combined

with anti-TNF-α = 2.32 mm2 (Fig. 5a). Therefore, at the end of the

experiment, the mean lesion size in the case of PM plus anti-TNF-α

was smaller than in mice treated with PM alone although the

differences were not statistically significant. The size of the lesions

did not entirely correlate with parasite burden in the skin lesions,

as the parasite number reduction was higher in mice that received

PM alone than in those that received the combination therapy (p <

0.01 for PM + Ab vs. control in comparison with p < 0.001 for PM vs.

control) (Fig. 5b). However, these differences between treatments

with PM alone or PM + anti-TNF-α regarding lesions size and

parasite load in the skin were not statistically significant. In spleen,

liver and lymph nodes, both PM and PM + Ab treatments led to a

similar reduction in the parasite load. Topical application of Ab

alone had no effect, either positive or negative, in parasitic

infection. Despite this observation, immunohistochemistry studies

carried out in the lesions of the infected mice indicated that

treatment with PM + Ab led to a significant reduction of the

neutrophilic infiltrate (p <0.01, Table 1), whereas the other

formulations did not significantly modify the immune cell

infiltration pattern of the diseased skin.

The reduction of the neutrophilic infiltrate produced by the

combination of PM plus anti-TNF-α was correlated with a

significant reduction in the expression of IL-17 (p < 0.01), CCL3

(p < 0.01) and IL-1β (p < 0.01) in the mice lesions (Fig. 6). Other

markers of inflammation and/or migration of inflammatory cells

Fig. 5. (a) In vivo efficacy studies. Lesion size in L. major infected BALB/c mice after 30 days of treatment with topical W/O emulsions containing PM + Ab, PM only, and Ab only.

Results are expressed as median � SD (n = 10–12 per group). (b) In vivo efficacy studies. Parasite burden comparison after 30-days treatment in skin, lymph nodes, spleen, and

liver after treatment with PM only, PM + Ab, and Ab only. Results are expressed as mean � SD (n = 10–12 per group). (*p < 0.05, **p < 0.01 and ***p < 0.001).
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such as TNF-α, MCP-1, iNOS, COX-2, and CXCL10 were also

downregulated by both, PM alone and PM + anti-TNF-α, although

lesion reduction was higher in the mice group treated with the

combination therapy.

4. Discussion

The aim of this work was to explore the capacity of the topical

treatment of CL lesions with a combination of PM and human anti-

TNF-α antibodies (Infliximab1) to influence in the skin inflam-

matory response. Due to the fact that parasite load may be

considered as the master regulator of lesion size in mice (especially

in BALB/c mice) and also the final responsible of immune

deregulation [25], we first analysed in vitro if anti-TNF antibodies

could negatively affect the leishmanicidal effect of PM. Treatment

efficacy was tested in two cytokine environment conditions. On the

one hand, BMDM were polarized towards pro-inflammatory M1

(IFN-g or IFN-g+LPS) and, on the other hand, a M2 macrophage

(anti-inflammatory) bias was induced (IL-4 or IL4 + LPS). In the

range of concentrations tested, Infliximab1 did not modify the

antileishmanial effect of PM or LPS and similar levels of expression

of iNOS and nitrites production were detected in M1 (IFN-g+LPS)

macrophages (Fig. 1). Therefore, PM showed an immumodulatory

effect stated by the up-regulation of markers such as Arg-1 and

CD206 (Fig. 2) and reduced expression of COX-2, IL-6, CCL17 and

CCL3 (Fig. 2), thus towards a phenotype which seemed to be

distant from the one displayed by M1-macrophages [27]. This

finding contrasts with the previously reported ability of PM to

interact with human TLR4 [28,29] and to induce Th1-bias because

we did not observe significant changes in the typical features of M1

macrophages (iNOs and TNF-α expression, Fig. 2) upon treatment

with this aminoglycoside, although both iNOs and TNF-α expres-

sion tended to increase with PM (see non infected M1 vs M1 + PM

in Fig. 2). However, we evaluated the effect of PM at high doses

(500 mM) and LPS has shown a differential and dose-dependent

effect, although this still remains a matter of debate [30].

Compared with PM alone, the combined therapy (Infliximab plus

PM) may have led to further changes in macrophages towards a

phenotype more suitable for skin repair as stated the up-regulation

of IL-10 marker (Fig. 2) [31,32].

In order to carry out these experiments, we chose human anti-

TNF-α because previous works evidenced its anti-inflammatory

effect in several mouse preclinical models of inflammation such as

chronic colitis, diabetes and colon cancer [33,34]. It was further

demonstrated that Infliximab triggers these effects independently

of TNF-α neutralization [35] and principally through the induction

of apoptosis and necrosis of host inflammatory cells provoked by

the natural immunogenicity of Infliximab in mice. The fact that the

use of human anti-TNF-α has no cross-reactivity with mice TNF-α

[35] could explain the results obtained in the in vitro antileishma-

nial activity assay (Fig. 1).

Aiming to find out if the anti-inflammatory effect that we

observed in vitro could be observed in animals, we chose a

psoriasis-like mice model to explore the topical anti-inflammatory

activity of PM and anti-TNF-α (Fig. 3). In addition, the IMQ-induced

psoriasis mouse model has been established as a good approach to

test drug permeability and local application of IMQ leads to the

production of hyperkeratosis [36], which is a characteristic of the

skin lesions caused by L. major in BALB/c mice. This is important in

order to study the potential of new candidates for the topical

treatment of CL and MCL, since drugs should also be evaluated via

diseased skin. PM presents physicochemical characteristics that

could hinder its penetration across the skin, such as high molecular

weight and hydrophilicity [37]. The observation that it did show a

local effect in the mouse model could be explained by the fact that

IMQ may have produced skin alterations that could have allowed a

certain degree of skin penetration. Besides, psoriasis and MCL

lesions in human share inflammatory genes and proteins expres-

sion [38,39] and drugs that are suitable for the treatment of

psoriasis could be also useful for preventing the inflammatory

response in CL lesions.

In our inflammation studies, both PM and anti-TNF-α reduced

ear thickness (Fig. 3a) and the symptoms related to skin

inflammation (Fig. 3b), in agreement with a decrease in the

infiltration of immune cells (Fig. 4a) and down-regulation of

several pathways implicated in psoriasis process in this mice

model (TNF-α, IL-1β, and IL-17, main axe involved in the

pathogenesis of psoriasis) (Fig. 4b). Infliximab applied alone was

also effective in this mouse model (Fig. 4a), despite no effect was

observed in vitro with macrophages (data not shown). Thus, we

suggest that, in vivo, the antiinflammatory effect occurs indirectly,

through the inhibition of IMQ-mediated keratinocytes activation,

as indicated by the down-regulation of IL-6 and IL-1β, which are

mainly produced by these cells.

Both the capacity of PM to modulate macrophages towards a

regulatory phenotype (as reported in the in vitro experiments,

Fig. 2) and the anti-inflammatory effect observed in the in vivo

IMQ-psoriasis mice model, suggest an immunomodulatory profile

for PM. Together with its leishmanicidal activity, PM may be

suitable not only to eliminate the parasite but also to promote the

skin healing in CL cutaneous lesions and this could contribute to

the unexpected good efficacy of this aminoglycoside in the topical

treatment of CL besides its good skin permeability. The in vitro

inhibition of other genes such as IL-12, IL-1β, COX-2 and chemo-

kines associated with T-cell infiltration (CCL3) also strengths this

possibility.

Considering these results, we addressed the in vivo evaluation

of the topical formulations in L. major-infected BALB/c mice

(Fig. 5a). Similarly to the in vitro antileishmanial activity experi-

ments, treatment with anti-TNF-α antibodies neither had an effect

in the parasite load nor significantly affected the effect of PM.

However, mice treated with PM combined with the antibodies

showed smaller lesion sizes at the end of the experiment (Fig. 5a).

This was probably due to the higher anti-inflammatory action of

this combination, as confirmed the reduction of the neutrophilic

infiltrate (Table 1) and the down-regulation of the mRNA

expression of the inflammatory markers TNF-α, IL-1β, IL-17, and

CCL3 (Fig. 6) compared to the untreated mice group or mice treated

with PM alone. These data are in agreement with previous works in

which neutrophil infiltration in the lesions has been linked to

necrosis and ulceration [40]. Although mice treated with the

combination of PM and anti-TNF-α showed smaller lesion sizes

than mice treated with only PM, and in spite of the anti-

inflammatory effect observed, the parasite load in the skin was

similar or even higher in the mice that received the combination

therapy (Fig. 5b). This dissociation between parasite load and

inflammation observed in our study could suggest that the efficacy

of PM in CL lesions may be simultaneously mediated by parasite

elimination and an independent anti-inflammatory effect there-

fore triggered by the antibodies in the combination therapy. In fact,

this combination improved the anti-inflammatory potential of PM

Table 1

Quantification of the percentage of inflammatory cells infiltrated in mouse skin

lesions after treatment with PM, PM + anti-TNF-α antibodies, and the antibodies

applied alone. Results are expressed as median � SD (n = 10–12 per group).

% infiltrated cells NIMP14 F4/80 CD3

C 16.4 � 6.6 2.4 � 6.3 0.6 � 0.1

PM 5.6 � 3.8 2.4 � 2.8 0.6 � 0.3

PM + Ab 1.0 � 0.7** 1.4 � 1.5 0.5 � 0.5

Ab 16.8 � 11.7 0.1 � 0.2 0.8 � 1.1

** p < 0.01.
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applied alone, that was only able to reduce iNOS significantly and

which probably occurred indirectly mediated by parasite clearance

(Fig. 6).

Because in BALB/c mice lesion size evolution is mainly related to

the parasite load, this model may have hindered the analysis of the

overall contribution of the anti-inflammatory effect on the efficacy

of the topical CL therapy. In C57BL/6 mice, systemic treatment with

anti-TNF-antibodies led to a significant increase in lesion size and a

delay in the healing process [9,10]but the efficacy of topical

application of antibodies has not been evaluated, so it could be an

alternative model in which our treatment combination could be

tested. However, it has to be taken into account that this mouse

strain is relatively resistant to L. major, as these mice develop a

Th1-type immune response and small lesions that self-heal

without disseminating [41,42].

In summary, topical treatment of CL lesions in BALB/c mice with

PM and human anti-TNF-α was the most successful approach

because it significantly decreased the neutrophilic infiltrate and it

mediated the down-regulation of TNF-α, IL-1β, IL-17, and CCL3,

leading to smaller lesions in the infected animals. In light of our

results, anti-TNF-α may further enhance the anti-inflammatory

activity of PM, although animal models of CL more similar to

human disease are required to confirm an anti-inflammatory effect

of PM that may not be indirectly mediated by its leishmanicidal

activity. Although currently used antileishmanial drugs and pro-

inflammatory mediators present an immunoactivating ability that

has been regarded as advantageous because they may promote

parasite elimination, in our study, suppression of immune factors

that are implicated in tissue damage seemed to be a suitable

strategy in the topical treatment of CL because it favored lesion

healing without blocking parasite elimination. Therefore, topical

application of formulations with both leishmanicidal and anti-

inflammatory activities could benefit the process of wound

healing, which is a major concern in patients [1].

Besides, we have demonstrated the anti-inflammatory effect of

PM in IMQ-like psoriasis mice model. This new therapeutic

application for the aminoglycoside should be deeply analyzed.

Regarding anti-TNF-α, our results are in agreement with

previously published works, in which, in addition to minimization

of systemic distribution and side effects, topically applied anti-

bodies showed potential benefits in the treatment of localized

diseases [43–45]. Topical anti-TNF-α antibodies (at 1 mg/mice/day)

reduced the carrageenan-induced inflammation in the footpad of

mice [43]. Similarly, topically applied Flightless I neutralizing

antibodies (at 8 mg/mice/day) improved the healing of blistered

skin in a murine model [45]. Therefore, these works demonstrated

that the antibodies penetrated into the epidermis and papillary

dermis in spite of their high molecular weight and hydrophilic

nature [43–45]. Moreover, antibodies were not detected in the

blood stream or other organs apart from the skin, probably because

of their very slow and low absorption [43]. According to these

results, further studies exploring dermatokinetic assays to

rationalize the schedule of administration of antibodies, are

warranted.

Fig. 6. Gene expression analysis in the lesion of infected mice after treatment with PM and PM plus Ab.

Results are expressed as mean � SD (n = 10–12 per group). (* p < 0.05, ** p < 0.01 and *** p < 0.001).
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Abstract: The oral administration of dapsone (DAP) for the treatment of cutaneous leishmaniasis (CL)

is effective, although serious hematological side effects limit its use. In this study, we evaluated this

drug for the topical treatment of CL. As efficacy depends on potency and skin penetration, we first

determined its antileishmanial activity (IC50 = 100µM) and selectivity index in vitro against Leishmania

major-infected macrophages. In order to evaluate the skin penetration ex vivo, we compared an O/W

cream containing DAP that had been micronized with a pluronic lecithin emulgel, in which the drug

was solubilized with diethylene glycol monoethyl ether. For both formulations we obtained similar

low flux values that increased when the stratum corneum and the epidermis were removed. In vivo

efficacy studies performed on L. major-infected BALB/c mice revealed that treatment not only failed

to cure the lesions but made their evolution and appearance worse. High plasma drug levels were

detected and were concomitant with anemia and iron accumulation in the spleen. This side effect was

correlated with a reduction of parasite burden in this organ. Our results evidenced that DAP in these

formulations does not have an adequate safety index for use in the topical therapy of CL.

Keywords: dapsone; topical treatment; cutaneous leishmaniasis; pluronic lecithin emulgel; iron

1. Introduction

Leishmaniasis is a set of infectious diseases caused by intracellular protozoan parasites of the

genus Leishmania. Over 12 million people are infected with leishmaniasis and about 1.2 million new

cases appear annually [1]. There are three main clinical manifestations depending on the tissues and

organs affected by the parasite: cutaneous, mucosal, or visceral leishmaniasis. Focusing on cutaneous

leishmaniasis (CL), it causes localized skin lesions that may disappear without treatment or persist,

causing severe tissue damage, permanent disfigurement, and serious disability. In general, species that

are prevalent in the “old world” (i.e., Leishmania major and Leishmania tropica) produce limited clinical

manifestations compared with “new world” species (i.e., Leishmania braziliensis, Leishmania amazonenesis,

and Leishmania mexicana).

Currently, therapy for CL is based on the use of pentavalent antimonials, pentamidine, miltefosine,

and amphotericin B (AmB). However, they have variable efficacy, serious side effects, high cost,
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and prolonged treatment that affects patient adherence. Additionally, parasite strains resistant to

some of these treatments have led to failure of therapy in many cases. As these chemical approaches

do not guarantee successful treatment of CL, the World Health Organization (WHO) recommends

finding more effective oral or topical treatments with relatively less adverse effects [2]. In this context,

topical treatments are desirable because of the lower systemic toxicity and costs, the ease of use and

accessibility, and the higher patient compliance. Among the topical treatments, paromomycin (PM)

has been the drug of choice for more than 50 years. Different formulations have been tested in patients

with variable cure rates. A mixture of 15% PM plus 12% methylbenzethonium chloride was used to

treat CL caused by L. braziliensis and L. mexicana, with cure rates around 80% [3]. Furthermore, L. major

CL patients were treated with 15% PM or PM plus 0.5% gentamicin, with cure rates of 84% and 81%,

respectively [4]. In a similar study of patients infected with Leishmania panamensis, 67% and a 94% of

the lesions were healed after treatment with PM or PM plus gentamicin, respectively. Apart from

the differences in efficacy depending on the Leishmania species, PM and its combinations also caused

erythema, skin irritation, and pain [5].

New topical products against CL not only have to exhibit intrinsic antileishmanial activity but also

penetrate deeply into the dermis where the infected macrophages are and reside there long enough

time to kill Leishmania parasites. Additionally, the capability of these products to modulate the immune

system towards a bias that favors wound healing without scaring is needed [6].

Dapsone (DAP, 4,4-diaminodiphenylsulfone, Table 1) is a sulfone derivative with a dual ability

to act as an antimicrobial and anti-inflammatory agent. It was first used in the 1940s to treat leprosy.

It was later introduced in the treatment of skin disorders such as acne or dermatitis herpetiformis [7].

Furthermore, its use as an antimalarial and antileishmanial drug has also been described. In 1986,

Dogra et al. tried DAP treatment in Indian patients suffering from CL for the first time. A dose of

2 mg/kg administered orally for 21 days produced 80% cure rate, and no relapses were declared after

6 months [8]. In a double-blind study conducted in India, oral DAP was also used successfully in

the treatment of CL. Here, 82% of the patients that received 100 mg DAP (approximately 4 mg/kg)

twice-daily for 6 weeks were cured at the end of treatment [9]. These results led to oral DAP being

recommended as a first-line drug for CL in India. Recently, Indian children with CL lesions due to

L. tropica were treated with oral DAP at a dose of 20 mg/kg per day for 4–6 weeks, with complete healing

in 67% of patients. Moreover, the combination of DAP and rifampicin at the same dose produced

a 90% cure rate [10]. Despite its efficacy, its use by oral route is limited by its low water solubility,

low bioavailability, and severe toxic effects, including hemolytic anemia and methemoglobinemia [11].

Table 1. Physico-chemical properties of dapsone (DAP, 4,4-diaminodiphenylsulfone) of interest in

topical delivery.

MW LogP Melting Point (◦C) nON nOHNH

248.3 0.94 175–176 4 4

Abbreviations: MW, molecular weight; LogP, logarithm of compound partition coefficient between n-octanol and
water; nON, number of hydrogen bond acceptors; nOHNH, number of hydrogen bond donors.

In recent years, topical DAP formulations have appeared as well-tolerated medications with

mild side effects. A twice-daily 5% DAP gel demonstrated efficacy and safety in patients with acne

vulgaris [12]. Additionally, a twice-daily 5% DAP gel was successfully used to treat papulopustular

rosacea [13] and dermatitis herpetiformis [14]. However, topical DAP is approved only for treating

acne vulgaris in some countries.

Because oral DAP has shown efficacy in the treatment of CL lesions, and also because of its topical

use in inflammatory skin diseases, we hypothesized that topical DAP could have a potential therapeutic

profile against CL. For this purpose, in vitro antileishmanial activity and cytotoxicity studies of DAP
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were carried out. Moreover, studies comparing the capacity of DAP to permeate and penetrate across

pig ear skin formulated in a conventional O/W cream or in a pluronic-lecithin-based emulgel (PLE)

were performed. Finally, the efficacy of a twice-daily topical DAP treatment in two in vivo models of

CL due to L. major was determined. To the best of our knowledge, this is the first report evaluating the

topical efficacy of this affordable and widely available drug against CL.

2. Material and Methods

2.1. Materials

Dapsone (DAP), stearic acid, cetylic alcohol, glycerol monoestearate, solid paraffin, and white

vaseline were supplied by Fagron (Terrassa, Spain). Liquid paraffin was obtained from Guinama

(La Pobla de Valbona, Spain). Lipoid S100® (soybean lecithin) was kindly gifted by Lipoid GMBH

(Ludwigshafen, Germany). Amphotericin B (AmB), ethylenediaminetetraacetic acid (EDTA), dimethyl

sulphoxide (DMSO), sodium hydroxide, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide

(MTT), methanol, phosphate buffered saline tablets, and Pluronic® F-127 were obtained from

Sigma-Aldrich (St Louis, MO, USA). Miglyol 810® and Transcutol® were purchased by Gattefossé

(Saint-Priest, France). Aldara® (IMQ 5%) was supplied by 3M Pharmaceuticals (St. Paul, MN, USA).

Acetonitrile was provided by Merck (Germany). Water (>18 MΩ/cm resistivity) was obtained from an

Ultramatic Type I system (Wasserlab, Spain). All other reagents were of analytical grade and were

used without further purification.

2.2. Parasites

L. major (clone VI, MHOM/IL/80/Friendlin) and L. braziliensis (clone BA788) were maintained at

26 ◦C and continuously stirred with M199 or Schneider’s modified medium (Sigma, St. Louis, Mo,

Canada) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco, Gaithersburg, MD,

USA) and 100 UI/mL of penicillin/streptomycin (Sigma) in flasks. M199 medium was supplemented

with 25 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES, pH 7.2), 0.1 mM adenine

(Sigma), 0.0005% hemin (Sigma), 0.0001% biotin (Sigma), 10% heat-inactivated fetal calf serum (FCS,

Gibco), and 100 UI/mL of penicillin/streptomycin. Procyclics were obtained after 1–2 days culture and

metacyclics were purified in the case of L. major from 5 to 6 days in stationary cultures by treatment with

peanut agglutinin (PNA) (Sigma) in order to infect peritoneal macrophages and animals. In contrast,

L. braziliensis metacyclics were not purified. Briefly, stationary promastigote cultures were washed

twice in phosphate buffered saline (PBS, pH 7.4, Gibco), resuspended to 2 mL of simple Roswell

Park Memorial Institute (RPMI) 1640 medium (Gibco, Gaithersburg, MD, USA), and incubated with

20 µg/mL of PNA (5 mg/mL in PBS) to purify metacyclics from L. major. After 20 min of incubation,

10 mL of RPMI 1640 was added carefully and the suspension was centrifuged (Allegra X-30 centrifuge,

Beckman Coulter, Fullerton, CA, USA) at 58× g for 5 min. The non-agglutinated promastigotes

were collected from supernatants, washed two times in PBS, and used to infect macrophages or

animals afterwards.

2.3. Isolation of Mouse Peritoneal Macrophages and Cell Cultures

To obtain mice peritoneal macrophages, BALB/c mice were inoculated with 1 mL of 3% (w/v)

thioglycolate (Sigma). After 3 days, animals were euthanized and 5 mL of cold, simple RPMI 1640

medium were injected into the peritoneal cavity and then recovered with a syringe. Cells were

collected from the peritoneal fluid by centrifugation (Allegra X-30 centrifuge) at 524× g for 10 min.

Then, the pellet was resuspended in RPMI 1640 supplemented with 10% FBS and 100 UI/mL of

penicillin/streptomycin and incubated at 37 ◦C in 5% CO2.

The 3T3 fibroflasts and HaCaT keratinocytes, obtained from the ATCC collection, were cultured in

5% CO2 at 37 ◦C in Dulbecco´s modified Eagle´s medium (DMEM, Gibco) containing 10% FBS, 2 mM

l-glutamine (Gibco), and 100 UI/mL of penicillin/streptomycin.
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2.4. Animals

The in vivo assays were carried out in female BALB/c mice (Harlan, Spain), weighing approximately

20 g. Animals were kept under conventional conditions with free access to food and water. Animals

were housed in groups of five in plastic cages in controlled environmental conditions (12:12 h light/dark

cycle and 22 ± 2 ◦C). This study was conducted according to ethical standards approved (21 October

2014, identification protocol code E15-18(126-14E6)) by the Animal Ethics Committee of the University

of Navarra in strict accordance with the European legislation on animal experiments.

2.5. In Vitro Activity Against L. major and L. braziliensis Promastigotes

To determine the antileishmanial effect of DAP, MTT assays were carried out. Briefly, 2 × 105

parasites per well were seeded in 96-well plates with different concentrations of DAP. Plates were

then incubated at 26 ◦C for 48 h. After incubation, 20 µL of a MTT solution (5 mg/mL in PBS) was

added to each well and plates were incubated at 26 ◦C for 4 h. Finally, 100 µL of DMSO was added

and plates were gently shaken for 30 min to ensure complete solubilization of the formazan crystals.

Parasite viability was determined using a microplate reader (iEMS Reader MS, Labsystems, Bradenton,

FL, USA) at 570 nm. DAP was dissolved in DMSO and untreated cells were used as control. Wells

containing only medium were included to subtract the medium background. Results are expressed as

mean ± SD for at least three independent experiments in sextuplicate wells. Half-maximum-effect

substance concentration (EC50) values were obtained by fitting the data to a dose-effect sigmoid curve

using Prism 6.0 software (Graphpad Software Inc., San Diego, CA, USA).

2.6. In Vitro Cytotoxicity in Peritoneal Macrophages, Fibroblasts, and Keratinocytes

In vitro cytotoxicity assays were performed in mouse peritoneal macrophages, fibroblasts, and

keratinocytes using MTT. Briefly, 2 × 105 peritoneal macrophages, fibroblasts, or keratinocytes were

seeded in 96-well plates and incubated at 37 ◦C for 24 h. Then, different concentrations of DAP were

added to wells and plates were again incubated for 48 h. Cells without drug treatment were used as

control. After 48 h incubation, 20 µL of MTT (5 mg/mL) was added to wells and plates were incubated

for 4 h. Then, 100 µL of DMSO was added after removing the medium from each well and plates

were gently shaken for 30 min. Cell viability was determined using a microplate reader (iEMS Reader

MS, Labsystems) at 570 nm. Results are expressed as EC50 mean ± SD for at least three independent

experiments in sextuplicate wells.

2.7. Effect of DAP on L. major and L. braziliensis Amastigotes

Peritoneal macrophages of BALB/c mice were collected as described above. Macrophages in a

concentration of 3 × 104 cells/well were seeded in Labtek plates (BD Biosciences, Franklin Lakes, IL,

USA) and incubated at 37 ◦C with humidified atmosphere containing 5% CO2. After 24 h incubation,

macrophages were washed twice with supplemented RPMI 1640 medium and infected with metacyclic

promastigotes of L. major, isolated as previously described, at a ratio of 7:1 (parasites/macrophages).

For L. braziliensis infection, the infection rate was 10:1. Cells were incubated with parasites overnight

at 37 ◦C and 5% CO2. Then, wells were washed at least three times with complete RPMI 1640 and

treated with different concentrations of DAP (25–1000 µM) for 48 h at 37 ◦C. AmB at 2 µM was used as

positive control of treatment and was previously dissolved in DMSO. After 48 h, wells were washed

twice using PBS and then slides were fixed with cold methanol and stained with Giemsa for evaluation

(Merck Darmstadt, Germany). The infected macrophage percentage and the number of amastigotes per

100 macrophages were evaluated by counting 200 macrophages using an optical microscope (Nikon

Eclipse E400, Y-THM, and Y-THR, Chiyoda-ku, Tokyo, Japan). The experiment was performed three

times in duplicate wells and results are presented as EC50 mean ± SD. The selectivity index (SI) was

calculated as the ratio between cytotoxicity (EC50) against peritoneal macrophages and activity (EC50)

against Leishmania amastigotes.
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2.8. Preparation and Physicochemical Characterization of DAP Formulations

To obtain the O/W DAP cream, 15 g of oily phase containing cetyl alcohol, stearic acid, solid

paraffin, liquid paraffin, glyceryl monostearate, and white vaseline (Table 2) were melted in a mortar

that was heated in a water bath at 70 ◦C. Then, water (35 g) was added to the oily phase under

agitation with a pistil until the mixture was cooled. Finally, DAP (10% w/w) was incorporated as a

micronized powder. The formulation was stored and protected from light in a plastic container at room

temperature. This cream composition was chosen because PM (15% w/v) solubilized in this vehicle

was used as an effective treatment in a CL mice model [15].

Table 2. Composition of the two blank formulations evaluated in this study.

Phase
Percentage Composition (w/v)

O/W Cream PLE

Oil Phase

Cetyl alcohol, 3.9%

Medium chain triglycerides (MCT, Miglyol 810®), 20.6%
Soybean lecithin (Lipoid S100®) 4.4%

Stearic acid, 6%

Solid paraffin, 1.5%

Liquid paraffin, 7.5%
Glyceryl monoestearate, 6.6%

White vaseline, 4.5%

Aqueous phase Purified water, 70%
Purified water, 58%

Pluronic F127®, 16%

On the other hand, to prepare the PLE of DAP, lecithin was dissolved in medium chain triglycerides

(MCT, Miglyol 810®) in an ultrasonic bath and an aqueous solution of Pluronic F-127® was allowed to

dissolve overnight at 4 ◦C. Then, the PLE was prepared on ice by adding the aqueous phase slowly

to the oily phase at a volume ratio of 2.9:1.1, respectively (Table 2). Afterwards, DAP (10% w/v) was

dissolved in diethylene glycol monoethyl ether (DEGEE, Transcutol®) and immediately incorporated

into the emulgel. In this case, the formulation was stored and protected from light in a plastic container

at room temperature.

Viscosity measurements of the cream and PLE were carried out at 32 ◦C using a Haake Viscotester

550 rotational viscometer with a SV2 rotor (Karlsruhe, Germany) and equipped with a thermostatic

bath Thermo Phoenix II (Karlsruhe, Germany). Measures were taken from 0 to 700 1/s. Viscosities at

150 1/s were chosen for comparison and are expressed as Pascal per second (Pa.s). The pH values of

the formulations were measured using a digital pH meter (GPL 21, Crison Instruments, Barcelona,

Spain). Briefly, 500 mg of the formulations were uniformly dispersed in 50 mL of distilled water, and

afterwards pH values were determined. The spreadability tests were carried out using the parallel plate

method with modifications [16]. First, 100 mg of the cream and PLE were placed within a circle of 1 cm

diameter premarked on a glass plate, over which a second glass plate was placed. A 10 g weight was

allowed to rest on the upper glass plate for 5 min. The increase in the diameter due to spreading was

noted. All experiments were carried out in triplicate. Organoleptic characteristics of the formulations

were recorded in terms of odor, color, texture, consistency, and external appearance. Formulations

were also investigated by optical microscopy using a Leica DMD 108 (Leica Microsystems, Wetzlar,

Germany). Measurements were performed either directly or at a 1:10 distilled water dilution just after

formulation at a 40×magnification.

2.9. Stability Studies

The stability assessment of DAP formulations was carried out over a 60 day period of storage at

three different temperatures: 4, 25, and 40 ◦C. On days 15, 30, 45, and 60, pH, spreadability, organoleptic

properties, phase separation, drug precipitation, and gravitational stability were evaluated and
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compared with the initial parameters. For the gravitational stability test, preparations were centrifuged

at 25 ◦C and 2700× g for 30 min to assess accelerated deterioration [17].

2.10. Preparation of Pig Ear Skin

Skin tissues were obtained from domestic pig ears in a local slaughterhouse. Ears were taken

from the animals and transported to the laboratory within a maximum of 2–3 h. After washing with

deionized water, the outer region of the ear was excised with a scalpel and sectioned at a thickness of

ca. 1 mm using a dermatome (Aesculap GA 630, Tuttlingen, Germany). Then, skins were stored in

Parafilm® (Bemis, Neenah, WI, USA) at −20 ◦C for no longer than two months. Studies were carried

out with intact skin (IS) and damaged skin (without stratum corneum (SC) or epidermis). Before the

experiments, the skin was allowed to thaw at room temperature in PBS for 30 min. For damaged skin,

a tape stripping procedure was performed. Adhesive tape (Scotch Transparent Tape 600, 3M, St. Paul,

MN, USA) was pressed onto the skin and then removed with one quick movement. To determine the

number of adhesive applications required to eliminate the SC, 0, 15, 30, and 60 pieces of tape were

applied. After that, samples were staining with Mayer’s hemalum (Merck Darmstadt, Germany) and

analyzed under a microscope (Olympus BH2, Hamburg, Germany). It was observed that 30 pieces

of adhesive tape were necessary to remove all of the SC (taped tripped, TS) [18]. In the studies with

dermal membranes (DM, without epidermis), full-thickness skin was immersed in water at 60 ◦C for

45 s to separate the epidermal layer [18].

2.11. In Vitro Permeation and Penetration Studies

Permeation studies using Franz diffusion cells were carried out on a MicroettePlusTM apparatus

(Hanson Research Corp., Chatsworth, CA, USA). Transcutaneous diffusion was assessed according to

OECD guideline 428 [19]. The Franz cell receptor compartments (4 mL) were filled with 30 mM PBS and

methanol (70:30) to ensure that sink conditions were maintained over the time course of the experiment.

Moreover, the receptor medium was homogenised by magnetic stirring (400 rpm) and maintained at

32 ± 1 ◦C. Skin biopsies were placed horizontally between the donor and the receptor compartments

with the SC, epidermis or dermis side up, ensuring their contact with the receptor medium. The

whole device was then fixed with a clamp. All Franz diffusion cell experiments were conducted under

infinite doses conditions: 500 mg of the two DAP formulations (cream and PLE) were deposited on

1.74 cm2 of skin in the donor compartment. The punch areas were devoid of visible structural changes

(scratches, erosion, or scars); as such, skin damage could affect the diffusion and metabolism of the

tested compound. The drug diffusion kinetic was evaluated by manual sampling 1 mL aliquots of the

receptor fluid at the following predetermined times: 0, 0.5, 1, 2, 3, 4, 6, 8, and 24 h. Each withdrawn

aliquot was replaced with an equal volume of receptor phase. Franz cell blank experiments were

conducted with the formulations without drugs. At the end of the experiment, the excess formulation

was removed and the skin pieces were washed with deionized water and stored at −80 ◦C until

analysis. Skin sections were pretreated with 10 µL of proteinase K (10 mg/mL, Sigma) in 200 µL of

Tris-Ethylenediaminetetraacetic acid (TE) buffer for 12 h at 56 ◦C. Then, the treated samples were

vortexed, mixed with 800 µL of acetonitrile, and filtered. Next, 500 µL of the filtrate was evaporated

and resolved in 500 µL of mobile phase. The corresponding calibrators were prepared, treating DAP

in the same way as skin samples. DAP was quantified by HPLC-UV. Analysis was carried out in a

1200 series LC (Agilent Technologies, Waldbronn, Germany) with a diode-array detector set at 295 nm.

The chromatographic system was equipped with a C18 column (150 mm × 4.6 mm, 5 µm particle size;

Phenomenex, CA, USA) operating at 40 ◦C. The mobile phase, pumped at 1 mL/min, was a mixture

of methanol and PBS 0.03 M (30:70) in isocratic conditions. For the quantification, calibration curves

were made in the following ranges: 0.01–50 µg/mL (for reception medium samples) and 2.5–98 µg/mL

for skin samples. All of the calibration curves met the previously established performance criteria

(R2 > 0.999, slopes significantly different from 0 and a relative error (in %) for calibrators <15%).

Samples from the receptor compartment were directly injected after appropriate dilution in the mobile
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phase (PBS/methanol, 70:30). The corresponding standards for calibration were also prepared in the

mobile phase. The percentage of DAP recovery from skin samples was 100.2 ± 2.2%, which is largely

within the 90–110% range that is considered acceptable. Results are expressed as mean ± SD (n = 6 for

each skin model), performed for at least two independent experiments.

The flux of drug permeated (Jss, µg/cm2
·h) was calculated from the slope of the steady-state

portion of the permeation profile by linear regression analysis [20]. The lag time (h) was calculated

from the back extrapolation of the steady-state portion of the graph. The permeability coefficient (Kp,

cm/h) was also calculated as Jss/Cdonor, with Cdonor being the drug concentration applied to the

skin surface.

2.12. In Vivo Efficacy Studies of DAP Formulations in L. major-infected BALB/c Mice

Animals were infected by subcutaneous inoculation of 103 or 105 infective metacyclic promastigotes

of L. major in the ear or the base of the tail, respectively. Lesions took different times to reach a similar

size, so mice were incorporated into the efficacy assay at different times. After 4–6 weeks, lesions of

measurable size (average surface of 10 mm2 or volume 5 mm3) had developed in mice and topical

treatments were initiated. Three different groups (n = 8) were evaluated in the tail model of infection:

(i) untreated infected mice; (ii) mice treated with DAP cream; and (iii) mice treated with DAP–PLE.

Moreover, two groups were evaluated in the ear model (n = 5): (i) untreated infected mice; and (ii) mice

treated with DAP–PLE. Topical treatments were administered twice daily with 50 mg of DAP cream or

DAP–PLE for a period of 30 days. Once treatments were finished, animals were kept for 3 days before

sacrifice. Lesions were measured every 3 days with a digital caliper. A paromomycin cream (PMN,

15% w/w) was used as positive control. Final results were expressed as the mean of the lesion diameter

or volume (mm2 or mm3) ± SD. The parasitic load was quantified by PCR and results are expressed as

the median. For this purpose, skin fragments from lesions as well as spleen, liver, and popliteal lymph

nodes of infective mice were aseptically removed and conserved at −80 ◦C until quantification.

2.13. Blood Sampling

At treatment points coinciding with blood sampling (days 0, 1, 2, 3, 12, and 18), samples were

drawn prior to the morning application of topical DAP. Plasma concentrations of DAP were assayed

using HPLC/UV at the same conditions previously described. The mobile phase was a mixture of

methanol and PBS 0.03 M at a ratio of 20:80 in isocratic conditions. For the quantification, calibration

curves were made in the range of 1–40 µg/mL. The percentage of DAP recovery from blood was

51.2 ± 3.4%. Finally, the determination of hemoglobin and hematocrit was performed in total blood

using a ABX pentra 60 hematology system. Results are expressed as mean ± SD (n = 6).

2.14. Iron Determination in Spleens

Representative samples of spleen were weighed and later dried in an oven (70 ◦C) to a constant

weight. An accurately weighed sample of dried spleen (100–150 mg) was digested with 6 mL sub-boiling

nitric acid (distilled from nitric acid 65%, Merck, Darmstadt, Germany) in a closed acid decomposition

microwave system (Ethos Plus, Millestone s.r.l., Sorisole, Italy). Digested samples were then made

up to 25 mL with ultrapure deionized water. Iron measurements were performed by flame atomic

absorption spectrophotometry (Perkin–Elmer Analyst 800, Norwalk, CT, USA) at 248.3 nm, using a

hollow cathode lamp operated at 30 mA and a bandwidth of 0.2 nm. A high-sensitivity nebulizer and

an air/acetylene flame with oxidant and fuel flow amounts of 17.0 and 2.0 mL min−1, respectively,

were used. Digested samples solutions were analyzed in triplicate. Iron detection limit (LOD) was

set at three times the standard deviation of the blank reagent and corresponded to 0.11 mg/g (n = 6),

expressed in terms of dry weight. A recovery study was carried out from the spleen samples to check

the accuracy of the analytical method (98.2–103.9%; n = 6).
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2.15. qRT-PCR

Parasite DNA from lesion tissue, spleen, liver, and popliteal lymph nodes was obtained following

the Genomic DNA tissue protocol of Nucleospin (NucleoSpin Tissue Macherey Nagel). After DNA

obtention, concentrations were measured in a Nanodrop (ND-1000 spectrophotometer, Thermo

Scientific, Waltham, MA, USA). One nanogram of DNA was used to quantify Leishmania with a

qRT-PCR system (Bio-Rad, Hercules, CA, USA) by using iQ SYBR Green supermix (Bio-Rad, Hercules,

CA, USA) and primers for minicircle kinetoplastic DNA (kDNA) of L. major. The number of kDNA

copies was determined by extrapolation from the cycle threshold of each sample on a standard curve

of known concentration, which gave the number of parasites × 104. The standard was generated

by insertion of the Leishmania amplicon in a pCR2.1-TOPO vector (TOPO TA cloning kit; Invitrogen,

Carlsbad, CA, USA).

2.16. Statistical Analysis

Statistical significance was analyzed using Prism 6.0 software. Differences were tested using the

Mann–Whitney test for two groups comparison or the one-way ANOVA with Dunnett´s post hoc test

for multiple comparison (in vivo efficacy study), with * p < 0.05; ** p < 0.01; *** p < 0.001.

3. Results

3.1. In Vitro Antileishmanial Activity and Citotoxicity Studies

Table 3 shows the antileishmanial activity of DAP. In L. major promastigotes, DAP activity was

1.6-fold higher than in L. braziliensis promastigotes (EC50 at 92 µM vs. 147 µM). Moreover, it showed low

toxicity against peritoneal macrophages, fibroflasts, and keratinocytes. We evaluated the cytotoxicity

of DAP in these cells, as they are the most frequently found type of skin cells and are also involved in

skin repair and wound healing. In fact, the lowest toxicity was found in HaCaT cells (EC50 at 3186 µM)

followed by peritoneal macrophages (1490 µM) and 3T3 fibroblasts (433 µM) after 48 h of treatment.

When DAP was tested against intracellular amastigotes, the activity in L. major amastigotes was similar

to than in promastigotes (EC50 at 92 µM vs. 94 µM). However, in the case of L. braziliensis, DAP was

2.7-fold more effective in amastigotes than in promastigotes. Moreover, the number of L. major and

L. braziliensis amastigotes decreased at increasing doses (Figure 1). At 500 µM of DAP, a reduction

of 71% was found in L. braziliensis, whereas a 45% decrease was obtained for L. major. At the lowest

dose tested (25 µM), DAP showed 2-fold more activity in L. braziliensis than in L. major (9.1 µM vs.

20 µM, respectively). Finally, this compound was more selective in killing intracellular parasites than

macrophages, showing selectivity index values higher than 15 (Table 3).

Table 3. In vitro activity on L. major and L. braziliensis promastigotes and amastigotes, and toxicity in

mouse peritoneal macrophages, fibroblasts, and keratinocytes after 48 h of treatment with DAP.

EC50 (µM)

L. major L. braziliensis Peritoneal
Macrophages

3T3
Fibroblasts

HaCaT
Keratinocytes

Promastigotes Amastigotes Promastigotes Amastigotes

91.8 ± 28.4 93.7 ± 11.4 147.2 ± 42.6 54.5 ± 8.3 1490 ± 300 433 ± 109 3186 ± 208
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Figure 1. Percentage of L. major or L. braziliensis amastigote reduction at different concentrations of

DAP after 48 h of treatment. Results are expressed as mean ± SD (n = 6).

3.2. Physicochemical Characterization of the DAP Formulations

The formulations without or containing DAP were characterised in terms of viscosity, spreadability,

and pH, and results are presented in Table 4. It can be observed that when DAP was incorporated in

the cream, the viscosity and the pH were similar to those in the blank cream (2.46 vs. 2.43 Pa.s and

pH 6.52 vs. 6.57). However, the spreadability was slightly decreased (0.85 vs. 0.6 cm). In the case of

the PLE formulation, the viscosity was lower when DAP was incorporated in the PLE (3.31 vs. 2.21

Pa.s). In contrast, the spreadability value was 2-fold higher than in the PLE without DAP (1.77 vs.

0.92 cm). Moreover, DAP–PLE showed 3-fold higher spreadability than DAP cream (1.77 vs. 0.6 cm).

The spreadability plays an important role in patient compliance and allows uniform application to the

skin. According to spreadability data, the PLE DAP formulation was more comfortable and easier to

apply over CL diseased skin than the conventional O/W cream.

Table 4. Physicochemical characteristics of the cream and PLE formulations (mean ± SD, n = 3).

Formulation Viscosity (Pa.s) Spreadability (cm) pH

Cream 2.46 ± 0.61 0.85 ± 0.14 6.52 ± 0.01
DAP cream 2.43 ± 0.55 0.62 ± 0.07 6.57 ± 0.04

PLE 3.31 ± 0.13 0.92 ± 0.17 4.97 ± 0.19
DAP–PLE 2.21 ± 0.04 1.77 ± 0.06 4.84 ± 0.04

Comparing the pH values, the PLE formulations showed lower pH than the cream, but all of them

were within the acceptable limits for topical application (between pH 4.8 and 6.6). Concerning the

organoleptic characteristics of the DAP cream, it was odorless, had an opaque white color with high

consistency, and had no signs of exudation. Moreover, DAP–PLE had a noticeable odor, appeared as

opaque light beige, was greasy, soft, and easily spreadable without any visible signs of phase separation

or drug precipitation.

Regarding microscope images, plain (data not shown) or DAP (Figure 2b) cream showed

aggregation of the inner oily vesicles, whose sizes ranged from 20 to 60 µm. The particles of micronized

DAP (light brown color) dispersed in the O/W cream had sizes ranged from 10 to 60 µm, similar to

what was observed in water (Figure 2a). On the other hand, DAP, solubilized in DEGEE, was easily

precipitated when water was added (Figure 2c) in the form of big and long crystals (between 100 and

350 µm, approximately). Although no visible signs of drug precipitation were found in DAP–PLE,

microphotographs (Figure 2d arrows) revealed some DAP precipitation, consistent with solubilization

until saturation level. However, these crystals were smaller than in Figure 2c, with sizes around

40–80 µm. Finally, microscope images revealed PLE as an O/W emulgel. The oily vesicles of MCT with

a mean diameter of 35 µm would be stabilized with lecithin and Pluronic F127® gelled aqueous phase.
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Figure 2. Optical photomicrographs at 40x magnification of (a) micronized DAP in water, (b) O/W

cream containing DAP and diluted 1:10, (c) DAP in diethylene glycol monoethyl ether (DEGEE)/water

(1:10 v/v), and (d) DAP–PLE at a 1:10 dilution. Scale bar = 500 µm. Arrows represent DAP.

Regarding stability studies, DAP cream was shown to be stable during the evaluation time at

the three different storage temperatures. Only pH values seemed to increase slightly compared to the

initial formulations (Table S1). However, DAP–PLE was not stable over time. Although at 4 ◦C all

parameters, with the exception of noticeable drug precipitation (only 15 days), were maintained for

60 days, at 25 and 40 ◦C, there was a clear degradation over time. This lack of stability was observed

not only in color, pH, and spreadability, but also in organoleptic properties, phase separation, and drug

precipitation. After 60 days at 25 and 40 ◦C, pH decreased (from pH 4.84 to 3.67 and 3.55, respectively).

Besides, spreadability increased 1.8-fold after 25 ◦C storage, probably due to exhudation phenomenon.

Moreover, none of the formulations of the DAP–PLE overcame the gravitational stability test (Table S2).

3.3. In Vitro Permeation and Penetration Studies in Pig Ear Skin

Skin CL lesions can vary widely across the infecting Leishmania strains, from small dry lesions to

large ulcers or even keratolytic nodules. As an attempt to mimic the conditions of skin lesions observed

in CL, the permeation studies were conducted in three skin models: IS, TS (removal of the SC, which

was used to mimic the damaged skin), and DM (skin without epidermis). DM has been considered

as a good model for ulcerated skin lesions [18,21,22]. The results are summarized in Table 5 and

Figure 3. As was expected, it was determined that there were higher cumulative amounts of DAP in

the receptor compartment 24 h after dosing in DM than in TS (around 20-times higher) and IS (around

100-times higher) for both DAP cream and PLE. Regarding the flux, similar and low Jss were obtained

for PLE and cream in IS (0.05 vs. 0.06 µg/cm2/h). These values increased with the use of TS only after

application of PLE (0.32 µg/cm2/h). Finally, they greatly increased in DM and similarly increased for

both DAP cream and DAP–PLE (3.96 vs. 4.22 µg/cm2/h). In relation to lag times, similar results were

obtained from the two formulations, with values ranging from 2 to 3 h.

In addition permeated drugs, the amount of DAP retained in the skin after 24 h was also analyzed

(Table 5). The cream formulation presented higher capacity to retain the drug in the skin than the PLE.

In IS and TS skin, the amount of DAP deposited was around 2-fold higher for the DAP cream than for

the DAP–PLE. However, it was 4-fold higher when DM were used (0.68 and 2.87 µg of DAP/mg skin

quantified in DM, for DAP-PLE and DAP cream, respectively).
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Table 5. In vitro permeation and penetration values obtained for DAP formulations across pig ear skin

after 24 h.

Formulation
Jss

(µg/cm2/h)
Kp

(cm/h)
Lag Time

(h)
Cumulative Permeated DAP

(µg/cm2)
DAP in Skin (µg/mg)

DAP–PLE

IS 0.05 ± 0.02 5.13 × 10−7 3 0.73 ± 0.57 0.10 ± 0.07

TS 0.32 ± 0.16 3.24 × 10−6 3 5.22 ± 2.55 0.14 ± 0.03

DM 3.89 ± 1.71 3.89 × 10−5 2 116.47 ± 37.65 0.68 ± 0.54

DAP
Cream

IS 0.06 ± 0.01 6.13 × 10−7 3 1.29 ± 0.19 0.21 ± 0.02

TS 0.11± 0.09 1.14 × 10−6 3 1.42 ± 1.04 0.28 ± 0.09

DM 3.96 ± 1.43 3.96 × 10−5 2 134.75 ± 51.47 2.87 ± 0.95

Abbreviations: IS, intact skin; TS, tape stripped; DM, dermal membranes; Jss, steady-state flux; Kp,
permeability constant.

Figure 3. Amount of DAP permeated in vitro for the cream and PLE in the three different skin models

evaluated using pig ear skin after 24 h of application. Abbreviations: IS, intact skin, TS, tape stripped;

DM, dermal membranes.

3.4. Evaluation of Efficacy in L. major-infected BALB/c Mice: Tail and Ear Models

To evaluate the in vivo efficacy of DAP, BALB/c mice were infected with L. major metacyclic

promastigotes in the base of the tail. Once lesion size increased to 10 mm2, topical application of the

cream and PLE started. Mice showed a continuous increase in lesion size (Figure 4a,b). In fact, mice

treated with DAP cream and DAP–PLE exhibited a faster increment in lesions than non-treated mice.

After 18 days of treatment, the topical administration of PLE was stopped because lesion sizes were

2.5-fold higher than in the control group (125 mm2 and 50 mm2, respectively, p < 0.05).

After 30 days DAP cream treatment, lesions had sizes around 186 mm2 compared to 125 mm2

for control mice (p < 0.05) (Figure 4a,b). Furthermore, the amount of DAP quantified in the lesions

treated with DAP cream was 9.6 ± 8.5 µg of DAP/mg of skin, which is 0.5 ± 0.4 mg/mice. Finally,

parasite burden in skin, lymph node, and liver was similar in mice treated with the cream than in

non-treated mice. However, the number of parasites found in the spleen was significantly lower

(p < 0.05) (Figure 4c). Moreover, when DAP–PLE was administered, parasite burden in lymph node

(p < 0.05) and spleen (p < 0.001) was also significantly reduced.

On the other hand, in the ear model, treatment with DAP–PLE was started when lesion sizes

reached 5 mm3 (Figure 5a,b). At day 10, treatment was stopped as the volume in PLE-treated ears was

2.6-fold higher than in the control (24 mm3 vs. 9 mm3, respectively). Moreover, skin irritation, peeling,

and hair loss were found in mice treated with DAP–PLE (Figure 5b). Parasite burden quantified in
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skin was similar to that in the control. However, parasites quantified in spleen were also reduced, as in

the tail model (Figure 5c).

Figure 4. In vivo efficacy study in the tail model. (a,b) Lesion progression during the treatment with

DAP cream or DAP–PLE. PM cream was used as positive control. (c) Parasite burden in skin, lymph

node (LN), liver, and spleen after 18 days (PLE) or 30 days (cream) of treatment compared with a 30

day treatment of PMN cream. Results are expressed as the median (n = 8). Note: * p < 0.05, ** p < 0.01,

and *** p < 0.001).

Figure 5. In vivo efficacy study in the ear model. (a) Lesion progression during the 10 day treatment

with DAP–PLE. (b) Skin sections stained with H&E after treatment with PLE. Images are taken at 10x

magnification; Scale bar = 300 µm. (c) Parasite burden in skin and spleen after 10 days of treatment.

Results are expressed as the median (n = 5).

3.5. Plasma Levels, Hematologic Effect, and Iron Content in Spleen after DAP Treatment

Plasma concentrations of DAP were detected 8 h after the first application of DAP cream,

with a mean value of 23 µg/mL. After 24 h, this concentration was maintained (21 µg/mL). However,

it decreased slightly throughout the days. Finally, 13 µg/mL of the drug was determined at day 18

(Figure 6). Furthermore, as is shown in Table 6, after DAP treatment significantly lower levels of either

hemoglobin (12 vs. 17 g/dL, p < 0.01) or hematocrit (39 vs. 51%, p < 0.01) were detected compared to
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control untreated mice. Besides, at the end of treatment, a significantly higher amount of iron was

quantified in spleen (2.9 vs. 3.5 mg/g, p < 0.05). H&E staining of spleen revealed no signs of toxicity

after DAP treatment.

Figure 6. DAP plasma concentration as function of time. Blood was extracted 24 h after the last daily

administration. Results are expressed as the mean ± SD (n = 6).

Table 6. Hemoglobin and hematocrit levels after 18 days of DAP cream treatment. Iron accumulation

in spleen at the end of treatment (n = 8). (* p < 0.05 and ** p < 0.01).

Group HGB (g/dL) HCT (%) Fe Accumulation in Spleen (mg/g)

Control 17.1 ± 0.5 51.3 ± 1.9 2.89 ± 0.50

Cream 12.4 ± 1.4 ** 38.9 ± 5.1 ** 3.54 ± 0.50 *

Abbreviations: HGB, hemoglobin; HCT, hematocrit.

4. Discussion

DAP has been studied for several dermatological diseases, such as leprosy, dermatitis herpetiformis,

or epidermolysis, based on its anti-inflammatory (mostly as inhibitor of neutrophil infiltration)

and antimicrobial properties [7]. However, its use after oral administration is widely limited by

hematological toxic effects. Topical administration allow its local effects, while avoiding systemic

toxicity. At present, a gel formulation of micronized DAP (Aczone®) is authorized in some countries

for the treatment of acne, with a good security profile [23].

Because topical therapy is easy and usually painless, it is an attractive first-line option for the

treatment of localized cutaneous leishmaniasis (LCL). In this work, we addressed the preparation

of topical formulations for DAP and the assessment of their efficacy in mice with CL lesions by the

topical route.

CL topical therapy represents an enormous challenge, as the target (parasites that harbour

macrophages) is localized in the dermis, the deepest skin layer. The accumulation of drugs in this

layer is problematic because it has to contend firstly with the SC barrier, and secondly with a rapid

clearance to systemic circulation. Moreover, the amount of drug accumulated in the dermis should be

higher than a certain threshold of concentration (>IC50) and be retained there during the time-to-kill,

a parameter that has not been properly considered for antileishmanial agents. It is well-known that

drug penetration and permeation into and through the skin is a passive diffusion process, and drug

concentration progressively decreases from upper to lower layers [24].

As an advantage in CL lesions, the SC is seriously damaged and this circumstance broadens the

optimal physicochemical properties of drugs (MW < 500 Da and LogP 1–4), with the possibility to

penetrate into the skin to molecules with MW higher than 500 Da and either more hydrophilic or

hydrophobic properties. As a limitation, Leishmania spp. infection is associated with local inflammation,

increase of blood flow, and skin clearance [25]. On one hand, only interactions with dermal components

allow the formation of a reservoir in the dermis [26]. On the other hand, only free drugs are active to

exert their action [27].
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In order to design a formulation of DAP for its topical application, we initially predicted its flux

by application of the Potts–Guy equation [28], considering a saturated aqueous solution (0.380 mg/L),

and the flux value obtained was 0.102 µg/cm2/h. We also determined a value of antileishmanial activity

in vitro against L. major infected macrophages of 23.2 µg/mL (IC50 = 93.7 µM, Table 3). Although the

permeability is higher through damaged skin [29], a formulation able to enhance drug penetration is

needed. A cut-off value has been established of 1 for the ratio flux/in vitro potency (efficacy index, EI)

as a guide element for separating effective and non-effective topical molecules [30–32]. This approach

is more or less useful for predicting the efficacy of groups of therapeutic agents with targets in the

different skin layers, such as antifungal (viable epidermis) or corticosteroid treatments (epidermis and

dermis) [33]. According to this criteria, DAP would not be a good topical candidate (EI of 0.0044).

However, we decided to test it as we did not observe a correlation between the theoretical EI of some

antileishmanial drugs and their topical CL efficacy reported in mice [34–36] (see Table 7). Additionally,

regarding topical drugs assayed in CL, PM, the only one with efficacy, showed the lowest theoretical

flux [6]. On the contrary, sitamaquine (SIT) had a very high flux, although it was not effective [34].

Table 7. Comparison between the theoretical efficacy index (EI), calculated from the flux (Jss)

and the EC50 value ratio, and the in vivo efficacy in mice for different antileishmanial drugs

administered topically.

Drug
Kp

(cm/h)
Ssat

(mg/L)
Jtheor

(µg/cm2/h)
EC50 EI Efficacy

AmB 1.63 × 10−8 0.75 1.23 × 10−5 0.1 0.0001 NE [6]

DAP 2.71 × 10−4 0.38 0.103 24.8 0.0044 NE

SIT 4.96 × 10−3 50 247.95 0.93 266.02 NE [34]

BUR 0.045 0.03 1.35 0.49 2.765 NE [35]

MIL 2.48 × 10−4 0.22 0.05 0.81 0.067 E* [36]

PM 4.17 × 10−13 50 2.08 × 10−8 123.4 1.689 × 10−10 E [6]

Abbreviations: AmB, amphotericin B; DAP, dapsone; SIT, sitamaquine; BUR, buparvaquone; MIL, mitelfosine; PM,
paromomycin; Kp, permeability constant; Ssat, saturated aqueous solution; Jtheor, theoretical flux; EI, efficacy index;
NE, no efficacy; E, efficacy; E*, there are two studies published: one effective and the other not effective.

In order to enhance DAP permeability, we proposed a pluronic lecithin organogel [37]. We chose

this type of formulation because of its ability to enhance the permeability of hydrophilic and hydrophobic

drugs, either by its drug solubilization effect or by the interaction of lecithin or the oily phase with the

skin, producing its disorganization. Our modus operandi was to use a ratio between the aqueous and

oily phase similar to the one currently described in pharmaceutical compounds, with the exception

that the most common organic phase, isopropyl palmitate, was replaced by MCT. However, taking

into account the composition of the selected formulation (Table 2), we should highlight that it was

not an organogel but an emulgel because of the greater amount of aqueous phase compared with

the oil content. The vesicles of the oily phase would be stabilized by lecithin and Pluronic F127®,

as observed in the optical photomicrographs (Figure 2). In fact, the term Pluronic lecithin organogel

comprises different types of lecithin-based nanostructured gels, whose molecular organization has not

been deeply investigated [37].

DAP was solubilized in DEGEE until saturation level (0.5 mg/mL) for its incorporation into PLE

in solution and at its maximum thermodynamic activity [38]. According to Fick’s diffusion law that

governs the process of penetration of drugs through the skin, only the amount of drug in solution

is taken into account in the process. Although drug formulation can increase the amount of the

solubilized drug, its flux through the skin is enhanced only if the saturation limit is achieved. Far from

the saturation level, the drug could have less tendency to leave the formulation [38,39]. The presence

of small particles of DAP would confirm we achieved its saturation level (see Figure 2). On the other

hand, DEGEE has been described as a skin penetration modifier. It tends to enhance the permeant skin
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solubility, resulting in either increased accumulation of the drug in the SC (hydrophobic drugs) or

increased permeation [40].

Next, we addressed in vitro permeability studies with pig ear skin at infinite dose applications.

The PLE was compared with an O/W cream (composition summarized in Table 2), in which DAP was

incorporated as a micronized powder at the same final concentration (10% w/v). This vehicle was the

same as that used for the topical administration of PM (used as control for effective treatment) [15].

A priori, a similar and maximal thermodynamic activity of 1 can be assumed for both types of

formulations of DAP, either PLE or O/W cream, because of the drug solubilization at its saturation level

in each one, although the amount of solubilized drug could be greatly different. The use of suspensions

in topical formulations has several advantages, such as sustained release and prolonged levels of drug

in the skin layers, while avoiding toxic plasmatic levels of the drugs [41]. However, they may pose

problems related to stability and feeling. In detail, Aczone® (the commercialized trademark of DAP)

consists of a suspension of the drug in a hydrogel with 25% DEGEE. In this formulation (at 5% w/v

of drug), one-third of the drug is dissolved and two-thirds are suspended as small particles. DAP

particles can accumulate in the pilosebaceous unit, which is very suitable for the treatment of acne [40].

PLE and DAPs cream showed similar skin permeation profiles, as shown in Figure 3 and

summarized in Table 5. Flux was very low in healthy skin—lower than the theoretical value calculated

from the Potts–Guy equation from saturated aqueous solution. As expected [29], the permeation of

DAP was slightly enhanced when the SC was partially removed by tape stripping. Additionally, it only

increased when SC along with the viable epidermis were removed (in DM). The accumulation of the

drug in the skin was also higher in DM (see Table 5) than in the other skin conditions and reached the

same absolute values as quantified in the receptor compartment. Results indicated that the epidermis

was the major barrier for DAP permeation. On the other hand, the free diffusion between dermis and

receptor compartments would allow the use of the flux parameter as a predictor of efficacy in DAP

topical formulations, because the concentration of the drug in this skin layer is, apparently, the key to

its activity [34,42]. The similar and low fluxes (Table 5) obtained from both types of formulations in all

skin conditions suggest a possible precipitation of DAP onto the skin upon DGEE absorption from

PLE, as previously reported [41].

Although we obtained very low flux values, we decided to evaluate the efficacy of the formulations

in BALB/c mice infected with L. major, applying a high dose of the drug (500 mg/kg/day). DAP was

non-effective and even aggravated the size and appearance of the lesions in the two mice models

evaluated (Figure 4a,b, and Figure 5a,b), especially after PLE application. The amount of DAP

accumulated in the skin after 30 days of treatment had a mean value of 0.5 ± 04 mg/mice, around

5% of the daily dose (10 mg). Furthermore, the plasma levels of the drug (80 µg/mice, around 1%

of the daily dose) were much higher than what has been reported after chronic administration of

150–500 mg/kg/day in healthy mice [43]. This could probably be due to the higher permeability of

skin with CL lesions [44], because the area of treatment was similar. We have had difficulty finding

information about DAP toxic levels after administration in rodents, as DAP hydroxylamine (DHA), the

main metabolite responsible for its side effects, is not produced in mice [45]. Due to this fact, mice are

not considered a good model for investigating systemic toxicity of DAP.

Clinical signs of DAP effects in skin (desquamation and hair loss) were more evident after

application of PLE, either in the base of the tails or in the ears (see Figures 4b and 5b). We did not

evaluate the effect of unloaded PLE, but PLE with IPP as an oil phase had a good safety profile. On the

other hand, DEGEE is also considered safe until 40% and DAP–PLE contained a lower percentage

(20%). However, the addition of DEGEE to the PLE could produce a higher interaction with the skin

and produce irritancy. On the other hand, anemia and associated increase of iron content in the spleen

were detected (Table 6). We suggest that the accumulation of iron in the spleen could be responsible

for the partial parasite clearance in this organ (p < 0.001). The effect played by iron metabolism in

the interaction between host and parasite is being investigated as a potential leishmanicidal strategy.

Both macrophages and parasites absolutely need iron to survive and their levels must be delicately
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regulated to support macrophagic killing mechanisms during infection. While some studies showed

the importance of iron deprivation in decreasing susceptibility to Leishmania infection by limiting

the amount of iron available to the parasite, others indicated that it may favour the proliferation of

parasites by damaging the immune system [46]. On the other hand, iron-loaded BALB/c mice infected

with L. major showed reduced parasite burden in organs compared to non-treated mice [47]. Bisti et al.

demonstrated that iron not only contributed to diminished infection but also to protecting mice when

animals were infected with low doses of parasites.

These in vivo results of DAP skin delivery are partially in agreement with the in vitro permeation

studies performed in IS and TS skin models, in which around 80% of the drug amount that left the

formulation remained in the skin and 20% remained in the RC, but not in accordance with the results

obtained in DM. Although the skin is seriously damaged when containing CL lesions, these are not

really ulcers that expose the dermis, but necrotic and granulomatous tissue that could pose a barrier for

permeation of drugs [48]. However, the total amount of DAP that was released from the formulation

was higher than that observed in the in vitro experiments (20 µg DAP/mg skin in vivo vs. a maximum

of 1 µg/mg skin in ex vivo studies). The permeability of mice skin is generally higher than pig ear or

human skin and is markedly increased in CL lesions. Furthermore, the ex vivo permeability studies

depend only on the process of diffusion, whereas in vivo factors such as blood flow or plasma-binding

proteins can accelerate or retard the skin clearance [26]. Blood flow is increased in CL lesions because

of associated inflammation [25]. Actually, the efficacy results for PM and inefficacy of buparvaquone

(BUR) in CL-infected mice were well correlated with the EI calculated using ex vivo experimental flux

values obtained with infected mouse skin [44].

Despite systemic toxic levels, it seems that the amount of DAP retained in the skin (20 µg/mg

skin) was not enough for parasite clearance, probably due to its accumulation in other skin layers

and not in the dermis, according to the ex vivo permeability studies for the models of IS or TS. On

the other hand, the plasma-binding protein described for DAP was around 70% [49], and as only

the free drug is effective, this could be below the threshold of therapeutic efficacy. This estimation

also considers that drug detected in the blood was through the dermis (the skin target), which only

represented 1% of that total administered drug. There is a great interest in finding any correlation

between pharmacokinetic (PK) or pharmacodynamics (PD) parameters and antimicrobial activities,

in order to provide a rational dosing regimen to control the development and spread of resistance.

Measures of free drug exposure over a 24 h period (fAUC) in relation to the organism minimum

inhibitory concentration (MIC) are correlative with the antimicrobial efficacy for most antibiotic classes,

but not for all of them. For example, for β-lactams, maintaining a free drug concentration above the

MIC of the organism for a portion of the dosing interval has been shown to best predict microbiologic

efficacy [50]. These types of studies are lacking in antileishmanial therapy, even after parenteral

administration. Therefore, in topical therapy, the PK/PD considerations are complicated by the need

for knowledge of drug distribution among different layers of skin and then into the blood.

A previous study optimized a formulation of DAP in nanoemulsions [51]. The best composition

achieved a flux value around 100 µg/cm2/h through the porcine epidermis. As we observed systemic

toxicity upon application of our formulations with much lower flux values, it seems logical to suppose

even higher toxicity with formulations with higher permeation. In order to enhance the safety index of

DAP after topical application, a formulation able to modulate its clearance from the dermis would be

necessary. Formulations able to generate a depot in the SC after their topical application have been

reported because of their components (i.e., propilenglycol) and could have a certain penetration at this

skin level [52]. In healthy skin, most of the formulation components cannot penetrate the dermis and

modify the diffusivity and clearance of drugs from this skin layer. Thus, it is necessary for the drug to

achieve rapid penetration of the epidermis and dermis (governed by formulation and drugs properties)

and low clearance from the dermis to the blood circulation (sole function of the drug physicochemical

properties). However, we should underline that with partial removal of the SC, more formulation
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ingredients will have the chance to penetrate the dermis, and perhaps affect the accumulation or

clearance of the drug from this skin layer.

Overall, our study indicated that topical therapy with DAP at a dose of 500 mg/kg/day administered

for 30 days does not cure CL. Moreover, this schedule of administration produced systemic toxicity.

Thus, DAP was not a correct choice for the topical therapy of CL, mostly due to poor dermal retention

and inadequate safety index.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/11/607/s1,
Table S1: Stability studies for DAP cream over a period of 60 days at different temperatures. Table S2: Stability
studies for DAP PLE over a period of 60 days at different temperatures.
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