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Resumo 
 

As leishmanioses estão entre as doenças mais negligenciadas no mundo, afetando 

principalmente os mais pobres em regiões tropicais e subtropicais. Estas doenças são 

causadas por parasitas protozoários digenéticos do género Leishmania, que alternam 

entre a forma de promastigota, no vetor invertebrado e de amastigota, nas células 

fagocíticas dos hospedeiros mamíferos.  

Estes parasitas têm um único modo de inoculação, através da picada de uma mosca 

da areia infetada e, após a sua deposição na pele, são internalizados por células 

fagocíticas (neutrófilos, macrófagos e células dendríticas). A partir dessa origem 

comum, os promastigotas podem permanecer no local de inoculação ou disseminar para 

tecidos distantes do hospedeiro, causando manifestações clínicas muito diferentes (que 

vão desde lesões cutâneas localizadas, cutâneas disseminadas ou viscerais). Essas 

manifestações clínicas dependem principalmente da espécie de Leishmania, sendo 

também influenciadas por componentes da mosca da areia e pela resposta imune do 

hospedeiro.  

Este projeto de MSc parte da premissa que os parasitas podem influenciar a 

migração das suas células fagocíticas hospedeiras, promovendo ou impedindo a sua 

disseminação no hospedeiro e que essa modulação pode explicar os diferentes aspetos 

clínicos destas parasitoses. Existem dados na literatura que suportam a modulação da 

migração de fagócitos por Leishmania. No entanto, os resultados destes estudos são 

muitas vezes contraditórios, provavelmente devido às várias variáveis experimentais 

(espécie de Leishmania, tipo de ensaios e origem dos fagócitos), não permitindo uma 

comparação direta dos dados.  

Para monitorizar e comparar o movimento de células infetadas com três espécies 

diferentes de Leishmania [responsáveis por diferentes manifestações clínicas de 

leishmaniose, especificamente: L. infantum (visceral), L. major (cutânea localizada) e L. 

amazonensis (desde cutânea difusa a mucocutânea)], implementámos três ensaios de 

migração. Para isso, a diferenciação de células dendríticas e macrófagos a partir de 

medula óssea de murganhos C57BL/6 com GM-CSF e M-CSF, respetivamente, teve 

que ser estabelecida, bem como as condições de infeção para garantir que os fagócitos 

eram infetados na mesma extensão, com as diferentes espécies de Leishmania. 

Implementaram-se dois ensaios 2D in vitro: ensaios de migração transwell e wound 

healing (apenas para macrófagos). Em ensaios 2D, as células migram em substratos 

planos e rígidos, mimetizando apenas a migração celular em monocamadas endoteliais 

dos vasos sanguíneos. Estes ensaios 2D fornecem algumas informações sobre a 
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migração celular, no entanto não reproduzem a migração fisiológica. Implementou-se 

um ensaio de microscopia time-lapse em 3D, que permite monitorizar em tempo real e 

numa escala individual, o movimento direcionado (quimiotaxia) das células. Neste 

ensaio as células estão embebidas numa matriz 3D de colagénio, mais próxima da 

matriz extracelular. Assim, as células estão sujeitas ao confinamento, que as força a 

deformar-se para se moverem, tornando o seu movimento diferente do observado em 

2D e mais próximo do adotado in vivo.  

Os resultados preliminares sugerem que infeção por Leishmania afeta o 

comportamento migratório das células dendríticas e dos macrófagos. No caso das 

células dendríticas, a infeção por L. amazonensis parece aumentar a migração 

direcionada para o CCL21, enquanto L. infantum e L. major aparentemente não 

influenciam o movimento celular. O comportamento migratório dos macrófagos é 

diferente dependendo da espécie de Leishmania. Mais especificamente, a infeção por 

L. major e L. amazonensis aparentemente sustém a sua migração em direção a um 

quimioatrator (semelhantemente a um estímulo de LPS), enquanto L. infantum parece 

induzir a migração direcionada dos macrófagos. Estudos futuros irão fundamentar a 

relevância destas descobertas e explorar se e como diversas espécies de Leishmania 

(com diferentes resultados metastáticos) influenciam diferentemente a locomoção dos 

fagócitos. 
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Abstract 
 
Leishmaniases are amongst the world’s most neglected diseases, affecting mainly 

the poorest of the poor, especially in the tropics and subtropics. These vector-borne 

diseases are caused by digenetic protozoan parasites of the Leishmania genus that 

alternate between the promastigote form, in the invertebrate vector, and the amastigote, 

in phagocytic cells of mammalians hosts.  

These parasites have one unique mode of inoculation through the bite of an infected 

sandfly and, after their deposition in the skin, are internalized by phagocytic cells 

(neutrophils, macrophages and dendritic cells). From this common origin, promastigotes 

can either remain at the inoculation site or disseminate to distant host tissues, causing 

very different clinical manifestations (ranging from localized cutaneous, disseminated 

cutaneous to visceral lesions). These clinical manifestations are mainly determined by 

Leishmania species, being also influenced by sandfly components and by host immune 

response.  

This MSc project sets its basis in the premise that Leishmania parasites can influence 

the migration of their host phagocytic cells to either promote or impair their dissemination 

in the host, and that this modulation could explain the different clinical aspects of these 

parasitoses. There are several data in the literature that support Leishmania modulation 

of phagocytes migration. However, the results of these studies are often contradictory, 

probably due to the several experimental variables (Leishmania species, type of assays 

and origin of phagocytes), not allowing a direct comparison between the data. 

In order to track and compare the migration of infected cells with three different 

Leishmania species [responsible for different clinical manifestations of leishmaniasis, 

specifically: L. infantum (visceral), L. major (mainly, localized cutaneous) and L. 

amazonensis (ranging from diffuse cutaneous to mucocutaneous)], we have 

implemented three migration assays. First, the differentiation of dendritic cells and 

macrophages from the bone marrow of C57BL/6 mice with GM-CSF and M-CSF, 

respectively, had to be established as well as the infection conditions to ensure that 

phagocytes were infected to the same extension with the different Leishmania species. 

Two 2D in vitro assays were implemented: transwell migration and wound healing 

(macrophages) assays. In 2D assays, cells migrate in flat and rigid substrates, 

reenacting migration only in endothelial monolayers of blood vessels. These 2D assays 

provided some insight on cell migration but do not resemble physiological migration. A 

3D time-lapse microscopy assay was implemented, that tracked in real-time and in an 

individual scale, cell directed movement (chemotaxis). In this assay cells are embedded 
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in a 3D collagen matrix, closer to the extracellular matrix. This way, cells are subjected 

to confinement, that forces cells to deform in order to move, making their movement 

different than the one observed in 2D and closer to the adopted in vivo. 

Preliminary data suggested that infection by Leishmania affects the migratory 

behavior of both DCs and MOs. In the case of DCs, infection by L. amazonensis seems 

to induce cell directed movement towards CCL21, while L. infantum and L. major 

apparently do not influence cell movement. As for MOs, their migratory behavior is 

different depending on the Leishmania species. Specifically, infection by L. major and L. 

amazonensis apparently sustains their migration towards a chemoattractant (similarly to 

an LPS stimuli), whereas L. infantum seems to induce MOs directed migration. Future 

studies will substantiate the relevance of these findings and further explore whether and 

how diverse Leishmania (with different metastatic outcomes) species differentially 

influence phagocyte locomotion.  
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Introduction 
 

Leishmania and leishmaniases 
 

Leishmaniases are a group of neglected diseases caused by digenetic protozoan 

parasites of the genus Leishmania of the Trypanosomatidae family [1]. According to 

World Health Organization (WHO) and Centers for Disease Control and Prevention 

(CDC), there are over 30 species of Leishmania, of which at least 20 are pathogenic to 

mammals [2,3]. Leishmaniases are endemic in 98 countries, especially in the tropics and 

subtropics, with more than 350 million people at risk. The real global burden remains 

unknown, but it has an estimated incidence of 2 million new cases and it causes 

approximately 50.000 deaths yearly. Within parasitic diseases, these numbers are only 

surpassed by malaria, ranking leishmaniases as the ninth largest disease burdens 

among infectious diseases [4].  

Clinical manifestations of these diseases are dependent on the Leishmania species, 

sandfly components (namely, salivary components [5]), the host immune response and 

skin microbiome. Based on the disease outcome, leishmaniases can be classified as 

tegumentary (causing skin lesions) or visceral (VL) when the infection disseminates to 

internal organs (mostly the spleen and the liver) causing a potentially fatal disease. 

Tegumentary forms range from popular or nodular lesions at the site of parasite 

deposition, that can progress to single or limited ulcers (localized cutaneous, LCL); to 

disseminated forms with high number of lesions in anatomical regions (disseminated 

cutaneous, DCL), several satellite lesions that do not ulcerate (anergic diffuse 

cutaneous, ADCL), metastic lesions in the mucosal surfaces of the upper respiratory and 

digestive tracks (mucocutaneous, MCL), or relapsing leishmaniasis following primary 

infection with L. tropica, L. major or L. braziliensis (recidivans, LR) [6]. Tegumentary 

leishmaniases, despite being non-fatal infections, cause morbidity and social stigma 

among the affected individuals [7]. Even though several factors determine leishmaniasis 

clinical outcome (as referred above), the species of Leishmania is one of the most 

important factors determining the tropisms of this infections, as summarized in Table 1.  
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Table 1 – Principal studied causative agents of human leishmaniases. Abbreviations: ADCL, anergic diffuse 

leishmaniasis; DCL, disseminated cutaneous leishmaniasis; LCL, localized cutaneous leishmaniasis; MCL, 

mucocutaneous leishmaniasis and VL, visceral leishmaniasis. Adapted from Scorza et al., 2017 and Cantacessi et al., 

2015 [6,7] . 

 

 

 

 

 

 

Leishmania has a digenetic life cycle, through an insect vector - a sandfly - and a 

mammalian host – mostly humans and dogs. On the female phlebotomine sandflies 

midgut, Leishmania parasites are in flagellated, motile forms called promastigotes that 

undergo differentiation into infective, non-dividing metacyclic promastigotes, transmitted 

to mammalian hosts during a sandfly bloodmeal. Promastigotes are phagocytosed 

predominantly by myeloid cells (such as neutrophils, macrophages and dendritic cells), 

where they differentiate into aflagellate forms known as amastigotes. Importantly, 

amastigotes are obligatory intracellular forms of Leishmania, unable to survive and 

replicate extracellularly. Amastigotes have adopted phagocytes as host cells, being 

capable of evading their microbiocidal activity and other immune responses while 

residing inside specific vacuoles known as phagolysosomes. When amastigotes density 

increases, it can lead to cell lysis with subsequent release of amastigotes and reinfection 

of neighboring phagocytes. The life cycle is completed when infected phagocytes are 

ingested by other sandfly during the bloodmeal and amastigotes differentiate back into 

promastigotes (Fig. 1) [8]. 

These diseases can affect humans, rodents and canids and, despite their 

prevalence, they remain largely uncontrolled, with few new treatment options and no 

effective human vaccines. Migration and densification of populations, in subtropical 

regions, along with HIV-co-infections and the global warming, all together contribute to 

the increasing importance of leishmaniases as serious emerging global threats [9].  

To develop effective treatments against Leishmania, it is crucial to understand how 

the parasite modulates the host response, as well as how the evolutions that Leishmania 

suffered through the years contributed to its survival under immunological pressure as a 

life-long infectious agent [9]. 

 

 

Leishmania species Principal tropisms 
L. amazonensis LCL, MCL, ADCL, DCL 
L. braziliensis LCL, MCL, DCL 
L. donovani VL 
L. infantum VL 

L. major  LCL, ADCL 
L. mexicana LCL, ADCL 
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Fig. 1 – The life cycle Leishmania. Leishmania parasites have a digenetic life cycle that alternates between a sandfly 

vector and mammalian hosts (depicted in this figure is the human host, however Leishmania also infects dogs and, to a 

lesser extent, other mammals). In sandflies, parasites are in the promastigote form, while within the mammalian 

phagocytes they are in the amastigote form. Adapted from Kaye et al., 2011 [8].  

 

Parasite-host cell interactions 
 

After promastigotes deposition in the skin, during a sandfly bloodmeal, several 

myeloid cells interact with these parasites. The skin consists of two distinct layers, 

epidermis and dermis, separated by a basement membrane. The epidermis is populated 

by Langerhans cells (LCs, a subset of dendritic cells), while dermis harbors 

macrophages, neutrophils and several dendritic cell subsets [10,11]. 

The innate immune system provides the first line of defense by rapidly detecting the 

presence of infections. Neutrophils are the first immune cells to be recruited to the 

infection site, where they can play a protective or permissive role [12]. On one hand, 

neutrophils present some leishmanicidal activity, which is nevertheless insufficient to 

control the establishment of infection. On the other hand, neutrophils that contact with 

(but do not kill) parasites, die apoptotically and are internalized as ‘Trojan horses’ by 

neighboring macrophages or dendritic cells. This way neutrophils promote the 

transference of parasites to their final host cells [13]. The detailed role of neutrophils for 

disease initiation or development of an immune response remains undefined, but it is 

believed that they act as intermediate host cells since parasites are unable to 

differentiate into amastigotes within these cells [14].  
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Macrophages (MOs) are present in almost all tissues, where they play a central role 

in the clearance of microorganisms, triggering immune responses and tissue repair [15]. 

These cells are professional antigen-presenting cells (APCs) that are rapidly recruited to 

site of Leishmania inoculation, where they phagocytose free parasites becoming their 

final host cells for residence and replication. However, MOs can be effector cells 

responsible for parasite clearance, as long as they are properly activated (M1) [14]. If 

macrophages are “classically activated” (M1) by IFN-g produced by Th1 cells, they can 

inhibit parasite growth. However, Leishmania parasites have developed several 

strategies to manipulate macrophage activation pathways in a way that favors their 

survival and replication [16]. These strategies include i) impairment of IL-12 production 

by macrophages, required to the development of CD4+ Th1 cells and subsequent IFN-g 

production, and ii) increased production of cytokines like IL-10 and TGF-b, known to 

inhibit macrophages inflammatory, anti-microbial functions. Leishmania parasites are 

also able to induce IL-4 production, promoting the development of CD4+ Th2 cells, that 

activate macrophages by the release of cytokines like IL-4 and IL-13. Inside these so 

called “alternatively activated” macrophages (M2), parasites are able to survive. The 

balance between the different factors that control activation of macrophages determines 

the fate of parasites within infected macrophages [14]. 

Dendritic cells (DCs) are the most potent APCs specialized in antigen uptake, 

presentation to T cells, promoting their differentiation and initiation of adaptive immune 

responses [17]. They reside in all peripheral tissues in an immature state. After contact 

with Leishmania parasites, DCs undergo a process of maturation, followed by migration 

to draining lymph nodes (dLNs), where they present antigens to T lymphocytes, initiating 

an adaptive immune response [18]. Migration of infected-DCs from the skin to dLNs is 

regarded as a crucial step in the formation of immune responses [14]. DCs have several 

subsets with distinct phenotypes (summarized in Table 2) that are divided into two main 

groups: classical and non-classical DCs. The classical dendritic cells (cDCs) can be 

divided into two main subsets characterized by CD8a and CD103 or CD11b expression. 

CD11b+ cDCs are the most abundant and heterogeneous cDCs, contrary to the CD8a 

and CD103 cDCs. The non-classical dendritic cells are divided in monocyte-derived DCs 

(moDCs), plasmocytoid DCs (pDCs) and Langerhans cells (LCs). moDCs or 

inflammatory DCs arise from monocytes infiltrates as a consequence of inflammation or 

infection. These cells are difficult to distinguish from CD11b+ cDCs because they share 

similar expression of MHC-II, CD11b and CD11c molecules, however they express 

monocytes markers such as F4/80, Fc-gamma receptor 1 (FcgRI) and CD64. pDCs 
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display a typical surface phenotype and morphology and have a unique ability to rapidly 

produce large amounts of type I interferons upon infection. LCs are restricted to the 

epidermal skin layer and act as tissue-resident sentinels sampling their environment and 

migrating to dLNs. LCs are considered the main skin dendritic cell population and 

regarded critical for the defense against external threats, since after the phagocytosis 

they switch their chemokine expression pattern from CCR6 to CCR7, allowing their 

migration to LNs. The dermis also harbors at least three cDC subsets, known as 

migratory dermal DCs, as well as moDCs [19].  

 
 Table 2 – Summarized phenotype of human dendritic cell subsets. Of notice, only the surface markers used in this 

work are presented. Symbols indicate the expression of a given marker. +, high expression; ±, low or intermediate 

expression; -, absence of expression. Abbreviations: cDCs, classical dendritic cells; moDCs, monocyte-derive dendritic 

cell; pDCs, plasmocytoid dendritic cells and LCs, Langerhans cells. Adapted from several authors [19-21]. 

 

It has been reported that Leishmania phagocytosis by different DC subsets can lead 

to distinct immune responses. These differences can be observed due to the diverse 

experimental procedures adopted (Leishmania species, infection dose and route of 

administration) or translate several complex interactions between dendritic cell subsets 

and the parasites [18].   

 
Cell migration 

1.1. Cell migration overview 
 

Cell migration is a complex cellular function, important in embryogenesis, immune 

surveillance and development of immune responses and tissue regeneration, that plays 

a key role in several diseases (e.g. cancer). Migrating cells display basic features like 

directional polarity, with a leading edge at the front and trailing edge at the back of the 

cell body, changes in cell body-shape being mediated by the actomyosin cytoskeleton. 

However, the physical and molecular characteristics of the environment, as well as the 

intrinsic cell characteristics influence the migration mode [22]. The two main types of 

DCs  Subsets CD11c CD11b F4/80 MHC-II Location 

Classical 

CD8! and CD103 
(CD8α+ CD103+ cDCs) + - - + Dermis, spleen, 

thymus 

CD11b+ (CD11b+ cDCs) + ± ± + 
Dermis, LNs, 
spleen, Peyer’s 
patches, liver 

Non-
classical 

Monocyte-derived 
(moDCs) + ± + + Dermis, monocytes 

in the blood 

Plasmacytoid (pDCs) ± - - ± 
Blood, LNs, thymus, 
spleen, Peyer’s 
patches 

Langerhans (LCs) + ± ± + Epidermis 
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migration are collective or single cell movement. Collective migration is characterized by 

the movement of a cellular cohort through the ECM preserving cell-cell junctions. 

Whereas, migration of single cells can be subdivided in amoeboid or mesenchymal 

movements. Amoeboid migration is characterized by fast movement of cells with 

spherical shapes, lacking strong adhesive interactions and proteolytic matrix 

degradation, in a Rho/Rho (ROCK) kinase-dependent and integrin-independent way 

[15,22-24]. On the other hand, in slow mesenchymal migration cells present an 

elongated morphology with multiple long membrane protrusions and involve strong focal 

attachment and proteolytic degradation of the extracellular matrix in an integrin- and Src 

kinase-dependent and ROCK-independent way [22-24]. Lymphocytes, leukocytes, 

dendritic and cancer cells exhibit amoeboid motility, while mesenchymal mode has only 

been reported in fibroblasts, smooth muscle cells, some cancer cells and in 

macrophages [22-25]. Cells must have an asymmetric morphology with defined leading 

and trading edges to translocate the cell body [26]. Cell motility is guided by polarized 

intracellular signaling oriented protrusions at the leading edges, integrin-mediated 

adhesion, contraction and detachment at distinct cell regions. This cell migration can be 

triggered by factors applied symmetrically or asymmetrically that stimulate cell migration 

speed without influencing the movement direction (chemokinesis) or applied 

asymmetrically dictating the direction of the movement (chemotaxis) [27,28].  

 

1.2. Experimental approaches to study cell migration 
 

There are several methods to study cell migration, however most of these studies 

have focused extensively on migration in two-dimensional (2D) environments [24]. In 2D 

assays, cells are generally cultured as monolayers on the surface of flat and rigid 

substrates [29], and  migrate only on the horizontal plane through specific adhesion 

points that transmit forces to propel the cell body forward [30]. These assays mimic 

migration in endothelial monolayers of blood vessels [24] and give insight into the 

mechanics involved in cell-substrate and cell-cell interactions, but due to their simplicity 

they may not allow a full understanding of cell migration in complex 3D environments 

[31].  

In vivo cells are mainly embedded in three-dimensional (3D) environments, 

composed by multiple extracellular matrix (ECM) components (proteoglycans and 

fibrous proteins as collagens, elastins, fibronectins and laminins), mixed cells 

populations that interact heterogeneously and a mixture of cell-secreted factors [31].  

These environments induce physical constraints in cells that adopt a stellate 
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morphology, presenting both amoeboid and mesenchymal movements. 3D cell migration 

is divided in a sequence of adhesion and detachment events and matrix degradation 

[32]. In 3D assays, cells can be embedded in single component commercial matrices of 

collagen type I or IV, laminin, fibronectin, or in multicomponent matrices of reconstituted 

basement membrane (MatrigelTM), GeltrexÒ or MaxGelTM. Single component collagen 

matrices can have different origins (i.e., rat, bovine), tissue sources (i.e., skin, tendon, 

placenta) and isolation conditions [24], while Matrigel is a multicomponent gelatinous 

matrix, derived from an extract of reconstituted basement membrane from the mice cells 

of Engelbreth-Holm-Swarm (EHS) sarcoma. This EHS is a rich source of individual 

basement membrane (Matrigel) and of individual matrix components (laminin, growth 

factors, entactin/nidogen, type IV collagen and heparin sulfate proteoglycan) [33]. In 3D 

matrices, cells are subjected to confinement, that forces cells to deform in order to 

migrate, one step closer to physiological state and mimicking in vivo environment [29]. 

However, the outcome of these assays mainly depends on the choice of matrix material, 

since single component systems (as collagen type I or IV), do not entirely reproduce the 

physiological environment, while multi-component systems (such as Matrigel) have 

different relative abundances of matrix components as compared to the ECM [24].  

 
1.3. Phagocytes migration within the context of a Leishmania infection 

 
Leishmania have a unique mode of inoculation through the bite of an infected female 

sandfly. However, from this common origin, parasites can remain at the inoculation site 

or disseminate into host tissues, causing different clinical manifestations [9]. The first 

events of infection might differ among distinct Leishmania species and may clinically 

determine the outcome of the disease [34]. Genomic and transcriptomic analysis have 

increased the understanding of Leishmania biology and the interactions in the parasite-

host-vector triangle [7], but have not been able to explain the different clinical 

manifestations of leishmaniases. 

This MSc project sets is basis on the hypothesis that the obligatory intracellular 

Leishmania parasites influence the migration of their host phagocytic cells either to 

promote or to stall dissemination in the host. This parasite modulation could explain the 

different clinical aspects of these parasitoses. There are several data in the literature 

supporting that Leishmania do modulate phagocytes migration (summarized in Table 3), 

however they are often contradictory (supporting inhibition or promotion of migration by 

the same Leishmania species). 
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Table 3 – Summary of previous works reporting the influence of Leishmania on host cell migration. Symbols 

indicate the effect of a given Leishmania species in host cell migration. á, promotion of migration;  â, inhibition of 

migration. Abbreviations: LCs, Langerhans cells; CCR4, chemokine receptor type 4; CCR5, chemokine receptor type 5; 

LPG, lipophosphoglycan; MACS, magnetic-activated cell sorting; MZ, marginal zone; PECs, peritoneal exudate cells; 

PALS, periarteriolar lymphoid sheats; CCR7, chemokine receptor type 7; CCR2, chemokine receptor type 2; moDCs, 

monocyte-derived dendritic cells; dDCs, dermal dendritic cells; JAM-C, junctional adhesion molecule C; FITC, fluorescein 

isothiocyanate. 

Leishmania 
species Cell lines Assays Conclusions Effect on 

migration Ref. 

L. amazonensis J774.G8 cell line 
In vitro 

adhesion 
assay 

Leishmania infection 
reduces adherence of 
phagocytes to inflamed 
connective tissue   

á 
 [35] 

L. amazonensis 

MOs from 
peritoneal 

exudate cells 
(PEC) of 

BALB/c mice 

In vitro 
adhesion 

assay 

Leishmania infection 
diminished cell 
adhesion to fibronectin, 
collagen and laminin 
and downregulates 
CCR4 and CCR5 

á 
 [36] 

L. amazonensis 

MOs from 
C57BL/6 mice 
derived with M-

CSF 

In vitro 
transwell 
migration 

assay 

Infection reduces MOs 
motility and directional 
migration 

â [37] 

L. major 

LCs from 
epidermal cells 

of BALB/c 
mouse ear skin 

In vivo 
tracking of 

stained LCs  

Infected-LCs migrated 
to dLNs for antigen 
presentation 

á [38] 

L. major 
DCs isolated 

from culture of 
spleen cells of 
BALB/c mice 

In vitro 
transwell 
migration 

assay 

L. major infection 
inhibits DCs migration  â [39] 

L. major 
LCs isolated 

from epidermal 
cells of BALB/c 

mice 

In vitro skin 
culture 

system and 
transwell 
migration 

assay 

Leishmania 
lipophosphoglycan 
(LPG) impairs LCs 
migration 

â [40] 

L. donovani 

Splenic DCs 
from C57BL/6 

mice purified by 
Percoll 

gradients and 
MACS 

In vivo 
migration of 

naïve DCs to 
the PALS of 
chronically 

infected mice 
and in vitro 
transwell 
migration 
assays 

During chronic 
infection, spleen DCs in 
vivo fail to migrate from 
the marginal zone (MZ) 
to periarteriolar 
lymphoid sheath 
(PALS) and this 
impaired migration was 
also observed in vitro in 
response to CCL21 and 
CCL19 

â [41] 

L. major 

DCs from 
C57BL/6 and 
BALB/c mice 
derived with 

GM-CSF 

In vitro 
transwell 
migration 

assay 

L. major induces CCR7 
expression, promoting 
DCs directed migration 
and downmodulates 
CCR2 and CCR5 
expression in 
susceptible- and 
resistant- mice  

á [42] 
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L. major 

moDCs isolated 
from popliteal-

LNs cell 
suspensions 

In vivo 
infection  

Infected dermal moDCs 
migrate to dLNS á [43] 

L. major Dermal DCs 
from ear tissues 

Two-Photon 
Intravital 

Microscopy 

L. major-infected dDCs 
reduced their migratory 
capacities 

â [44] 

L. amazonensis 

DCs from 
peritoneal 

exudate cells 
(PEC) of 

C57BL/6 mice 

In vivo 
phagocyte 
migration 

assay 

Decrease of infected 
DCs migratory 
capacities  

â [45] 

L. major 

DCs from 
emigrated 

leukocytes to 
infected ears of 
C57BL/6 and 
BALB/c mice  

Ear skin 
explants 

L. major infection 
decrease junctional 
adhesion molecule C 
(JAM-C) expression, 
enhancing DCs 
migration  

á [46] 

L. mexicana 

Monocytes 
obtained from 
C57BL/6 bone 
marrow purified 

by MACS 

FITC 
painting 

L. mexicana infection 
decreases activation 
and migration of 
monocytes and moDCs 
to dLNs 

â [47] 

L. amazonensis 

Human 
monocytes 

isolated with 
Percoll gradient 

or MACS 

In vitro 
transwell 
migration 

assay 

Infection of monocytes 
decreases adherence 
to fibronection or 
collagen 

á [48] 

 

As summarized in Table 3, several experiments have been performed employing 

different assays (in vitro and in vivo), Leishmania species, cell lines (and their origins) to 

study the influence of the parasite in its host cell migration. However, conflicting results 

were obtained in these assays, what can be explained by the different experimental 

settings used by each research group, which do not allow a direct comparison between 

the data as reported by Antoine et al., 2004 [49]. To understand and compare how 

different Leishmania species influence migration of macrophages and dendritic cells, we 

resorted to 2D and 3D migration assays.  

 

Migration assays employed in the context of this study 
 

Among the several available 2D classical migration assays, two were employed in 

this MSc project to study the influence of Leishmania infection on migration of its host 

phagocytic cells: the transwell and the wound healing assays.  

Transwell assays were originally introduced by Boyden in 1962 to analyze 

chemotactic responses of leukocytes [50]. Since then, this assay has been modified and 

simplified to follow cell migration and disposable versions of the original chambers have 
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been developed. In this assay two chambers with medium are separated by a porous 

membrane through which cells transmigrate. Generally, cells are seeded in the upper 

compartment and migrate horizontally on top of the porous membrane until they reach a 

pore, and vertically migrate through it towards the lower compartment, which contains 

medium with a chemoattractant (Fig. 2). To detect and quantify the migrated cells that 

crossed the membrane, cells in the lower side of the filter are fixed, stained and counted, 

while non-migrating cells are removed from the upper side of the filter with a cotton swab. 

Essential steps are the determination of the proper endpoint of the assay, as well as the 

choice of membranes with a pore size sufficiently small to avoid cells from simply “falling 

through”. Inserts with different porous membranes are commercially available and this 

experimental setup is easy to use, not needing any special equipment [22].  

 

 

 

 

 
Fig. 2 – Scheme of the transwell migration assay. On transwell migration assays cells are seeded on top of a porous 

membrane, through which they migrate. Overview of technical setup and a close-up view is presented in which the arrows 

indicate the direction of cell movement. Adapted from Kramer et al., 2013  [22]. 

 
Wound healing or scratch assays are in vitro techniques to probe cell migration 

without directed movement (i.e. without chemotaxis). In these assays, a “wound” or cell-

free area is created, in a confluent cell monolayer by physical exclusion or by removing 

cells either mechanically, thermally or through chemical damage [51]. Generally, the 

monolayer is easily scrapped off with a plastic pipette tip or a needle. Cell exposure to 

the cell-free area induces horizontal migration from the intact zones to the gap, which 

can be monitored microscopically (Fig. 3). Cell movement can be calculated by 

monitoring of the “wound” region at different time points until its closure. These assays 

are inexpensive and easy to implement, requiring only a time-lapse microscope [22]. 

 

 

 

 

 
Fig. 3 – Scheme of the wound healing assay. On wound healing assays cells monolayers are scratched usually with a 

pipette tip. Cells migrate from the intact areas to the “wounded” region. Overview of technical setup and a close-up view 

is presented in which the arrows indicate the direction of cell movement. Adapted from Kramer et al., 2013  [22]. 

 

upper compartment

lower compartment

tissue culture insert
membrane

pore

pipette tip

scratch
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To follow 3D DCs and MOs migration we have implemented a 3D time-lapse 

microscopy assay based on a previously described protocol by Vargas et al., 2016 [52] 

that uses polydimethylsiloxane (PDMS) molds. PDMS is one of the most widely used 

silicone-based polymers in microfluidics due to its properties: chemically inert, thermally 

stable, optical transparency, simple to handle and a lower cost than silicon [53]. Cells 

embedded in a type I collagen matrix are inserted in the PDMS molds and their migration 

is tracked from inside the matrix into the outer cell culture medium containing a 

chemoattractant (Fig. 4). This time-lapse assay allows tracking of individual cells 

embedded in the collagen type I matrix, providing information about chemotaxis and 

chemokinesis of the movement during the time of analysis.  

 

Fig. 4 – Scheme of the 3D time-lapse microscopy migration assay. A) PDMS molds with three chambers are bonded 

to glass slides or plates by plasma treatment. B) Cells embedded on a type I collagen matrix are inserted in these 

chambers. C) These molds are surrounded by culture medium containing a chemoattractant. Directed cell migration is 

followed on the contact point between the collagen matrix and cell culture medium. Chemoattractant gradient is depicted 

in blue triangles and the orange arrows indicate the direction of cell movement. Abbreviations: PDMS, 

podymethylsiloxane. 
 
 

  

PDMS mold
glass slide or plate

cells embedded in collagen matrix

A CB
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Aim of the work 
 

This MSc project is part of a new research line of the Molecular Parasitology group 

at the i3S, which aims at dissecting whether and how Leishmania influence migration of 

dendritic cells (DCs) and macrophages (MOs). It sets its basis on the premise that 

Leishmania species differentially subvert host cell migration, what then impacts in 

disease development. In order to test this hypothesis, we used three Leishmania 

species, whose clinical manifestations range from mostly LCL (L. major), to DCL or MCL 

(L. amazonensis) and VL (L. infantum).  

In order to accomplish these long-term goals, several experimental protocols had to 

be implemented and optimized in our lab, including: 

i) Differentiation and characterization of DCs and MOs from the bone marrow cells 

of C57BL/6 mice (either fresh or cryopreserved) with GM-CSF and M-CSF, 

respectively;  

ii) Preparation of L. infantum, L. major and L. amazonensis promastigotes for in 

vitro infection of DCs and MOs; 

iii) Implementation of three different migration assays, two 2D assays (transwell and 

wound healing assays) and one 3D, time-lapse microscopy-based assay. 

In addition to the implementation of these protocols, we have also performed some 

experiments with DCs and MOs infected with the different Leishmania species, 

wherefrom we could extract preliminary results supporting our initial hypotheses.   
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Materials & Methods 
 

Ethics statement 
Experiments with C57BL/6 and NMRI mice conformed to the current procedures 

approved by the Local Animal Ethics Committee of i3S and licensed by DGAV (Direção 

Geral de Alimentação e Veterinária, Govt. of Portugal). Animals were handled in strict 

accordance with good animal practice as defined by national authorities (DGAV, directive 

113/2013 from 7th August) and European legislation (directive 2010/63/EU, revising 

directive 86/609/EEC). The i3S animal house is certified by DGAV. 

 

Leishmania species and culture mediums 
Leishmania infantum promastigotes (strain MHOM MA67ITMAP263) were routinely 

cultivated at 26ºC in complete RPMI medium, i.e. RPMI 1640 GlutaMAXTM-I medium 

supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBSi), 50 U mL-1 

penicillin, 50 µg mL-1 streptomycin (all from Gibco) and 20 mM HEPES pH 7.4. 

Leishmania major and L. amazonensis promastigotes (strains MHOM/SA/85/JISH118 

and MHOM/BR/LTB0016, respectively) were routinely cultivated at 26ºC in complete 

Schneider’s medium, i.e. Schneider’s insect medium (SIGMA), supplemented with 10% 

(v/v) FBSi, 5 mM HEPES pH 7.4, 100 U mL-1 penicillin and 100 µg mL-1 streptomycin and 

50 µg mL-1 phenol red. For each assay, L. infantum were seeded at 106 mL-1 and L. major 

and L. amazonensis at 2x105 mL-1, nine, six or five days before the migration 

experiments, respectively. Parasite density was evaluated by cell counting in a Neubauer 

chamber. 

 

In vivo mice infection 
Leishmania promastigotes were seeded at 106 mL-1 and a week later were recovered 

from the stationary culture. These parasites were collected, washed and suspended in 

sterile PBS (0.1 M sodium phosphate buffer pH 7.2, 0.15 M NaCl). A volume of 200 µL 

of PBS containing 108 parasites was injected intraperitoneally into NMRI mice. Mice were 

euthanized 7 to 15 days post-infection and their spleens recovered to a 6-well plate. With 

the syringe plunger, the organ was smashed in complete Schneider’s insect medium and 

sequentially diluted 1:5 and 1:25. The recovery of parasites from the organs was followed 

in an inverted microscope for one or two weeks. After the parasites recovery, new 

cultures with 106 parasites mL-1 were seeded on 50 mL, and two days later collected, 

centrifuged at 3000 rpm for 10 minutes, suspended in culture medium (RPMI or 
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Schneider’s) supplemented with 20% (v/v) FBSi and 15% (v/v) DMSO, and stored in 

liquid nitrogen. These parasites were labeled as P2 (for “passage 2”, i.e. for two culture 

passages after leaving the animal).  

 

Leishmania growth curve 
Leishmania promastigotes were synchronized by two daily passages, prior to being 

seeded at 106 mL-1 in complete RPMI medium or at 2x105 mL-1 in complete Schneider’s 

medium. During one week, parasites were counted daily using a Neubauer chamber.  

 

Leishmania labelling 
Stationary-phase promastigotes were labelled with Cell TraceTM CFSE Cell Proliferation 

(Invitrogen), as described before by Resende, et al., 2013 [54]. Briefly, promastigotes at 

a concentration of 1.2x108 mL-1 were washed twice with PBS and labelled with 1 µM Cell 

TraceTM for 10 minutes at 37ºC with occasional shacking, followed by 5 minutes 

incubation at 4ºC. Parasites were then washed twice and suspended in cell culture 

medium. 

 

Bone marrow-derived dendritic cells and macrophages (BMDCs 
and BMDMs) 
Macrophages and dendritic cells were derived from C57BL/6 mice bone marrow. Bone 

marrow was flushed, with syringes and 25-gauge needles, from tibias and femurs of mice 

and plated in 6-cm (Thermo Scientific) or 10-cm (Sarstedt) Petri dishes (3x106 cells or 

5x106 cells) for macrophages and dendritic cells, respectively. Bone marrow-derived 

dendritic cells (BMDCs) were cultured in complete RPMI medium, i.e. RPMI 1640 

GlutaMAXTM-I medium supplemented with 10% (v/v) FBSi, 50 U mL-1 penicillin, 50 µg 

mL-1 streptomycin,1x GlutaMAXTM-I (all from Gibco) and 200 U mL-1 recombinant murine 

granulocyte-macrophage colony-stimulating factor (GM-CSF; Peprotech) for nine days 

at 37ºC in 5% CO2. At the third and sixth days, the medium was refreshed. Bone marrow-

derived macrophages (BMDMs) were cultured in complete DMEM medium, i.e. DMEM-

GlutaMAXTM-I medium supplemented with 10% (v/v) FBSi, 50 U mL-1 penicillin, 50 µg 

mL-1 streptomycin, 1% (v/v) MEM non-essential amino acids (all from Gibco) and 20 ng 

mL-1 recombinant murine macrophage-colony stimulation factor (M-CSF; Peprotech) for 

eight days at 37ºC in 5% CO2. At the fourth and the sixth day, the medium was refreshed.  
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For the wound healing assays, 2.5x104 or 5.0x104 BMDMs were seeded in 96-well plates 

(Nunc) in complete DMEM medium supplemented with 20 ng mL-1 recombinant murine 

M-CSF (Peprotech) for eight days at 37ºC in 5% CO2.  At the fourth and sixth days, the 

medium was refreshed.  

For the infectivity assays, 3x104 BMDMs were seeded in 96-well plates in complete 

DMEM medium supplemented with 10% (v/v) L929 cell conditioned media (LCCM) for 

ten days at 37ºC in 5% CO2.  At the fourth and sixth days, the medium was refreshed.  

 
LCCM preparation 
L929 cells were cultured in complete DMEM medium (without antibiotics) for 10 days at 

37ºC in 5% CO2. At the tenth day, cells were collected from the culture flask with cell 

culture medium and diluted 1:100 in complete DMEM medium. Cells were distributed 

into new culture flasks and cultured at 37ºC in 5% CO2. Ten days later, cell culture 

supernatants (containing M-CSF) were collected from the flasks and filtered through a 

vacuum filter system with 0.22 µm pores (Sarstedt). Cell suspensions were aliquoted in 

50 mL-vials and stored at -20ºC.  

 
Cryogenic storage and thawing of murine bone marrows 
After flushing the bone marrow from tibias and femurs of C57BL/6 mice (described 

above), cells were centrifuged at 1200 rpm for 10 minutes and subsequently suspended 

on a solution constituted by 50% (v/v) cell culture medium, 40% (v/v) FBSi and 10% (v/v) 

DMSO (1 mL per tibia or femur). Cell suspensions were then aliquoted into cryovials and 

stored at -80ºC. To thaw cells, pre-warmed medium was added to one vial and its content 

transferred into a falcon tube. Cells were centrifuged at 1300 rpm for 5 minutes and 

suspended in fresh medium to eliminate the DMSO.  

 

Determination of Leishmania infection indexes in BMDMs 
monolayers cultured in 96-well plates 
BMDMs differentiated with LCCM in 96-well plates were infected with the different 

Leishmania species at 1:5, 1:10 and 1:20 (macrophage:parasite) infection ratios for 3 

hours. After infection, plates were washed three times with non-supplemented DMEM-

GlutamaxTM-I and incubated in complete medium containing 10% (v/v) LCCM, at 37ºC in 

5% CO2. At defined time points after infection, plates were processed for indirect 

immunofluorescence analysis following a protocol previously established in the lab 

(Gomes-Alves GA., Maia A., Tomás AM., manuscript in preparation). Briefly, wells were 
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washed twice with PBS, fixed with 4% (w/v) paraformaldehyde (prepared in PBS) for 20 

minutes, permeabilized with 0.1% (w/v) Triton X-100 (in PBS) for 15 minutes, and stained 

with HCS Cell Mask MaskTM Deep Red Stain (Thermo Fisher Scientific) and 4',6-

diamidino-2-phenylindole (DAPI). Plates were imaged (4 micrographs per well) with a 

20x objective, using the automated fluorescence wide field high content screening 

microscope IN Cell Analyzer 2000 (GE Healthcare Life Sciences). Automated image 

analysis for determination of percentage of infection and number of parasites per 

infected macrophages was performed using the Developer Toolbox 1.9.2. software (GE 

Healthcare Life Sciences). The software distinguished infected cells from non-infected 

ones based on the presence or absence, respectively, of DAPI-stained Leishmania 

nuclei within HCS Cell Mask-delineated macrophages cytoplasm. 

 
Cell recovery, in vitro infection and activation 
At the ninth day of differentiation, three subsets of BMDCs were recovered from cell 

culture plates: i) non-adherent BMDCs were recovered by aspirating the cell culture 

medium; ii) semi-adherent BMDCs were collected by washing plates with pre-warmed 

medium; iii) adherent BMDCs were recovered by incubating cells in PBS, 5 mM EDTA, 

for 5 minutes at 37ºC, followed by washing. At the eighth day of differentiation, BMDMs 

were recovered by discarding the supernatant and by incubating with PBS, 5 mM EDTA 

for 5 minutes at 37ºC. After a 5-minutes centrifugation at 1200 rpm, BMDCs and BMDMs 

were suspended in 5 mL of medium, evenly distributed into falcon tubes (1 mL/tube) and 

used as described next. BMDCs and BMDMs were either stimulated with LPS (0.1 µg 

mL-1 and 1 µg mL-1, respectively) and infected with promastigotes at 1:10 (L. infantum 

and L. major) or 1:5 (L. amazonensis) infection ratios (cell:parasites). After 3 hours of 

infection, non-internalized parasites were removed by gently washing with pre-warmed 

medium. 

 

FACS 
For flow cytometry analysis, 2x105 bone marrow-derived cells were incubated for 20 

minutes at 4ºC with a cocktail of anti-mouse antibodies at previously optimized 

concentrations (Resende M., unpublished): CD40-PE/Cy7, CD80-PerCP/Cy5.5, CD86-

PE, MHC II-APC, F4/80+-APC eFluor780, CD11c-Brilliant Violet 421, CD11b-V500. 

Mouse isotype controls were used when necessary. Antibodies were obtained from 

BioLegend. After two washing steps with 2% (v/v) FBSi (in PBS), cells were acquired by 

flow cytometry in a FACS Canto II analyzer (BD Immunocytometry Systems). Cells were 
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selected based on forward and side scatter values. BMDMs were gated on F4/80+ 

CD11b+ and BMDCs on CD11c+. Analysis of surface costimulatory markers was 

subsequently made on the gated populations. BMDCs and BMDMs stimulated with LPS 

were used as a positive control for cell activation. The percentage of infected cells was 

determined by evaluation of CFSE+ cells. All analyses were performed using FlowJo 

software (Tree Star, Ashland, OR).  

 

Transwell migration assays 
Transwell assays were conducted in Boyden chambers (transparent PET membrane, 

24-well, 8-µm pores, from FALCON), with cells either embedded on collagen (see 3D 

migration protocol below) or directly seeded on top of the membrane (5x105 cells per 

transwell insert). Medium with chemoattractant was placed in the lower compartment, 

and cells were allowed to migrate for 6 hours or 16 hours. BMDCs chemoattractant was 

CCL21 at a 200 ng mL-1 concentration, while for BMDMs, it was established by a mixture 

of a serum and M-CSF gradient (10% FBSi and 50 ng mL-1 M-CSF in the lower 

compartment against no FBSi and 10 ng mL.1 M-CSF in the top compartment). BMDMs 

migration was also tested in a Corning Matrigel Invasion Chamber (24-well plate, 8.0 µm 

from Corning® Biocoat), preceded with a rehydration of the membrane with medium for 

two hours. At the end of the assays membranes were washed with PBS and fixed in 4% 

paraformaldehyde (in PBS). The upper side of the filter was scrapped with a cotton swab 

to remove residual non-migrating DCs and MOs. Membranes were mounted in 5 µg mL-

1 DAPI in 30% (v/v) glycerol (in PBS) and visualized with a Zeiss Axio Imager Z1 

fluorescence microscope (Carl Zeiss) with 10x or 20x objectives. Pictures of fifteen to 

twenty fields were acquired using the Axiovision 4.7 software. Sometimes only one to 

four pictures of the representative trend were acquired. Number of cells that passed 

through the filter pores was assessed with Fiji Cell Counter plugin. 

 
Wound healing assays 
Wound healing assays were performed in 96-well plates (Thermo Scientific) with 5x104 

BMDMs seeded per well. At the eighth day of BMDMs differentiation (with M-CSF), the 

cell monolayer was scraped in a straight line with a 200 µL pipet tip to create a “wound”. 

The debris of the wound was removed by washing the well with medium once. Cell 

migration was followed overnight on IN Cell Analyzer 2000 (GE Healthcare) with a 10x 

objective. The data was stitched using IN Cell Developer software, and evolution of the 

wound was analyzed with Fiji MRI Wound Healing Tool plugin [55]. Scratch area was 
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plotted as a function of time and from the slope of this plot, the velocity of wound closure 

was determined in arbitrary units (A.U.).  

 

PDMS chambers construction and activation 
Podymethylsiloxane (PDMS) RTV615 solutions A and B (curing agent) were mixed 

thoroughly at 10:1 weight ratio (Techsil). The mixture was centrifuged at 4000 rpm for 5 

minutes and casted over the mold. To eliminate residual air bubbles, the mold was 

subjected to vacuum on a SpeedVac Concentrator (Savant) during 1 hour and then, to 

harden the PDMS, incubated at 70ºC, for another 60 minutes. Once the PDMS was at 

room temperature, it was cut and peeled off from the mold, with a surgical blade. With a 

razor blade, the mold was cut as desired with an inclination by each side of the chambers 

and cleaned with adhesive tape. The PDMS chambers were sonicated for 30 seconds 

in 70% (v/v) ethanol to remove dusts and small PDMS particles, and dried afterwards by 

blowing clean air. The PDMS chambers and the µ-Slide 2 Well Glass Bottom (Ibidi) were 

activated in a plasma cleaner (Diener electronic), with the contact superficies upwards, 

by 50% air plasma treatment during 30 seconds at 1 mbar. Both activated surfaces were 

placed in contact to permanently stick the PDMS to glass surface of the slides.  

 

3D time-lapse microscopy migration assays 
To prepare the 3D migration assays to follow cell migration, 27 µL cell culture medium, 

205 µL 3 mg mL-1 type I bovine collagen solution I (Advanced Biomatrix), 120 µL cell 

suspension at a concentration of 2-3x106 cells per mL and 13 µL sodium bicarbonate 

solution 7.5% (from SIGMA) were mixed by the mentioned order and loaded in the PDMS 

chambers recently activated on a plasma cleaner. The mixture was allowed to 

polymerize for 20 minutes at 37ºC, followed by medium addition with a chemoattractant, 

to cover the chambers. For BMDCs the chemoattractant was CCL21 at a 200 ng mL-1 

concentration. BMDMs were starved in serum free culture medium supplemented with 

50 U mL-1 penicillin, 50 µg mL-1 streptomycin, 1% (v/v) MEM non-essential amino acids 

(all from Gibco) and 10 ng mL-1 M-CSF. For BMDMs the chemoattraction was 

established by a mixture of a serum and M-CSF: 10% (v/v) FBSi and 50 ng mL-1 M-CSF 

outside the collagen matrix, against no FBSi and 10 ng mL-1 M-CSF inside the PDMS 

chamber. Cell migration was followed overnight by time-lapse microscopy using an 

inverted Leica DMI 6000B (LEICA Microsystems) microscope with a 10x objective and 

the LAS X software (LEICA Microsystems) with an acquisition time frame of 4 to 7 

minutes. 
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Statistical Analysis 

Data were analyzed by the one-way univariate analysis of variance (ANOVA), followed 

by pairwise multiple comparisons using the Bonferroni and Tukey post hoc tests. 

Statistical significance was assessed for *p<0.1, **p<0.05 or ***p<0.01. This analysis 

was carried out using IBM SPSS Statistics 25. 
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Results 
 

Differentiation and characterization of murine bone marrow-
derived DCs with GM-CSF 
 

The DCs employed in this work were obtained by differentiation of monocytes 

isolated from the bone marrow of C57BL/6 mice, using GM-CSF as differentiating factor. 

In order to determine the time required to differentiate bone marrow-derived dendritic 

cells (BMDCs), murine monocytes were cultured in the presence of GM-CSF for eight, 

nine or ten days, after which times cells were collected and characterized by FACS. At 

each point, three phenotypically different subsets of BMDCs were separately collected 

and analyzed, following on the indication that BMDC differentiation with GM-CSF 

typically results in heterogeneous cultures [56]. Specifically, we collected the following 

subsets: i) non-adherent DCs, ii) semi-adherent DCs, and iii) adherent DCs.  

FACS analysis of BMDCs revealed that, independently of the DC subset and of the 

day of differentiation, most cells (>87%, Fig. 5) expressed the DCs surface marker 

CD11c, the adherent DC subset being the one with the highest percentage of CD11c+ 

cells (Fig. 5). Evaluation of macrophage surface markers (CD11b and F4/80) in CD11c+ 

populations revealed that at the eighth day of differentiation only 41 to 51% of cells 

stained negative for these molecules (i.e. did not exhibit macrophage-like features), this 

percentage progressively increasing to 78-93% up until day ten (Fig. 6, lower left 

quadrants). Notably, the adherent subset was the one that consistently grouped less 

CD11b- F4/80- cells, in other words, comprised more cells expressing macrophage 

markers.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 – CD11c+ BMDCs obtained along the time of differentiation with GM-CSF. Expression of the DC surface marker 

CD11c by naïve adherent, semi-adherent and non-adherent populations of BMDCs on the eighth, ninth and tenth days of 

differentiation with GM-CSF. The differentiation protocol comprised two medium refreshments of GM-CSF-complemented 

medium, at days three and six.  
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Fig. 6 – Expression of the F4/80 and CD11b markers by CD11c+ BMDCs along the time of differentiation with GM-
CSF. Expression of F4/80 and CD11b in the adherent, semi-adherent and non-adherent population of DCs on the eighth, 

ninth and tenth days of differentiation with GM-CSF. The differentiation protocol comprised two medium refreshments of 

GM-CSF-complemented medium, at days three and six.  

 

Analysis of the expression of the activation markers CD86, CD40, CD80 and MHC-

II in naïve CD11c+ BMDCs also revealed differences among the tree three subsets of 

cells (Fig. 7): i) adherent DCs tended to express relatively lower levels of activation 

markers at all days of differentiation (Fig. 7, red); ii) this contrasted with non-adherent 

DCs, whose high levels of costimulatory molecules were indicative of an activated state 

of these cells (Fig. 7, blue); iii) semi-adherent DCs expressed intermediate levels of 

activation markers as compared to the other subsets (Fig. 7, orange). To confirm that 

BMDCs responded to LPS by adopting a mature, inflammatory phenotype, expression 

of CD86, CD40, CD80 and MHC-II was also analyzed in cells exposed to this endotoxin 

(Fig. S1, S2 and S3, blue lines). Surprisingly though, exposure of BMDCs to LPS did not 

alter the expression of any of the costimulatory molecules (Fig. S1, S2 and S3). This 

unexpected result might be explained by the short period of time (90 min) during which 

cells were exposed to LPS prior to being processed for FACS analysis, which may have 

not sufficed to allow expression and/or membrane localization of the costimulatory 

markers (as supported by a subsequent experiment; see text below). 
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Fig. 7 – Expression of surface costimulatory markers in CD11c+ naïve BMDCs. Expression of CD86, CD40, CD80 

and MHC-II costimulatory markers by CD11c+ naïve adherent (red), semi-adherent (orange) and non-adherent (blue) 

dendritic cells on the eighth, ninth and tenth days of differentiation with GM-CSF. The differentiation protocol comprised 

two medium refreshments of GM-CSF-complemented medium, at days three and six. 

 

Finally, the phagocytic capacity of the three BMDC subsets was assessed using L. 

infantum stationary phase promastigotes labeled with the fluorescent dye CFSE. The 

FACS results, depicted in Fig. 8, show that all subsets of CD11c+ dendritic cells were 

efficient at taking up parasites at all days of differentiation, the non-adherent subset being 

the one with lowest phagocytic capacity (evidenced by the lowest percentage of infected 

cells). Adherent DCs tended to be the most heavily infected by Leishmania 

promastigotes, while the semi-adherent subset displayed an intermediate behavior. With 

the exception of adherent DCs at days 8 and 9, the phagocytic capacity of BMDCs 

decreased from day 8 to day 10.  

Among the different subsets of DCs that we analyzed, the semi-adherent one 

seemed the most appropriated for our infection and migration studies since its resting 

state was not an activated one (like non-adherent DCs) and it did not present 

macrophage-like features (like adherent DCs). Accordingly, we decided to use BMDCs 

with nine days of differentiation with GM-CSF in our future migration assays.  
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Fig. 8 – CD11c+ BMDCs infected with CFSE-labelled L. infantum. Percentage of infected adherent, semi-adherent and 

non-adherent BMDCs on the eighth, ninth and tenth days of differentiation with GM-CSF. BMDCs were infected at 1:10 

dendritic cell:parasite ratios for 90 min at 37ºC. The differentiation protocol comprised two medium refreshments of GM-

CSF-complemented medium, at days three and six.  

 
Differentiation and characterization of murine bone marrow-
derived MOs with M-CSF 
 

The MOs used in our studies resulted from the differentiation of monocytes isolated 

from the bone marrow of C57BL/6 mice, using M-CSF as differentiating factor. In order 

to determine the time required to differentiate bone marrow-derived macrophages 

(BMDMs), murine monocytes were cultured in the presence of M-CSF for seven, eight 

or nine days, after which cells were collected and characterized by FACS. In this case 

only adherent cells were recovered, as the non-adherent population consisted mostly of 

dead and non-differentiated monocytes. For flow cytometry analysis, BMDMs were gated 

first on forward and side scatters to exclude debris, and then on F4/80+ CD11b+ gates. 

As depicted on Fig. 9, the highest percentage of F4/80+ CD11b+ cells (~89%) was 

obtained on the seventh day of differentiation, this proportion consistently decreasing up 

until the ninth day. This decreased abundance of F4/80+ CD11b+ cells likely results from 

exhaustion of M-CSF from the cell culture medium, last refreshed at the fourth day of 

differentiation.  

Expression of surface costimulatory molecules (namely CD86, CD40, CD80 and 

MHC-II) was then analyzed on the F4/80+ CD11b+ population. As shown in Fig. 10 (red), 

the low expression levels of CD86 and CD80 is compatible with a non-activated state of 

these cells at all days of differentiation. The same is not true for CD40 and MHC-II. The 

former is markedly expressed throughout the time of BMDMs culture, while the latter 

abounds in a subset of cells that represents 60% of the F4/80+ CD11b+ population at day 

seven and that persistently decreases to 32% at day nine. Of notice, stimulation of these 

cells with LPS did not alter the expression of the costimulatory molecules under scrutiny 
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(Fig. 10, blue). Again, this unanticipated observation is likely explained by the insufficient 

time (90 min) allowed for cells to express markers at their surface prior to being analyzed 

by FACS (as supported by a subsequent experiment, see text below). 

 

   

 

 

 

 
 
Fig. 9 – F4/80+ CD11b+ BMDMs obtained along the time of differentiation with M-CSF. Expression of macrophages 

surface markers F4/80 and CD11b by naïve BMDMs on the seventh, eighth and ninth days of differentiation with M-CSF. 

The differentiation protocol comprised one medium refreshment of M-CSF-complemented medium, at day four. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 – Expression of surface costimulatory markers in F4/80+ CD11b+ BMDMs upon LPS stimulation. Expression 

of CD86, CD40, CD80 and MHC-II by F4/80+ CD11b+ BMDMs either naïve (red) or LPS-activated (blue) macrophages on 

the seventh, eighth and ninth days of differentiation with M-CSF. LPS activation lasted 90 min, after which cells were 

processed for FACS analysis. The differentiation protocol comprised one medium refreshment of M-CSF-complemented 

medium, at day four. 

 

Finally, the phagocytic capacity of M-CSF differentiated BMDMs was assessed by 

exposing cells to CFSE-labeled L. infantum stationary phase promastigotes and, 90 min 

later, analyzing the internalization of fluorescent parasites by FACS. The results, 

depicted in Fig. 11, show that F4/80+ CD11b+ macrophages are efficient at taking up 
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parasites at all days of differentiation, the percentage of infected cells varying between 

74% (day seven), 85% (day eight) and 84% (day nine).   

 

 

 

 

 

 

 

 
Fig. 11 – F4/80+ CD11b+ BMDMs infected with CFSE-labelled L. infantum. Percentage of infected BMDMs on the 

seventh, eighth and ninth days of differentiation with M-CSF. BMDMs were infected at 1:10 macrophage:parasite ratios 

for 90 min at 37ºC. The differentiation protocol comprised one medium refreshments of M-CSF-complemented medium, 

at day four. 
 

Based on these results, we decided to fix the eighth day for M-CSF driven BMDM 

differentiation for our future migration assays. Even though the parameters considered 

in our analysis did not vary much along the time of BMDM culture, the eighth day was 

the one that best combined high levels of F4/80, CD11b expression and capacity to 

phagocytose Leishmania promastigotes.  

 

Differentiation and characterization of BMDCs and BMDMs from 
cryopreserved bone marrow  
 

Cryopreservation of bone marrow is a procedure that conforms to the principles of 

the 3Rs (Replacement, Reduction and Refinement) for animal research [57]. Indeed, it 

allows saving surplus bone marrow from one given experiment and also storing bone 

marrow from naïve animals that are sacrificed for unrelated purposes. Mindful of ethical 

issues, we decided to implement in our lab the protocol for bone marrow 

cryopreservation and recuperation after thawing. Even though this is a straightforward 

procedure, we had to make sure that cryogenic storage of bone marrow cells did not 

dramatically affect BMDCs and BMDMs differentiation. In order to appraise this, we 

derived DCs and MOs from frozen/thawed bone marrow following the previously 

described GM-CSF- and M-CSF-based protocols, and on the ninth and eighth days of 

differentiation, respectively, we collected cells for FACS analysis.  

In the case of BMDCs, our analysis was confined to the adherent and semi-adherent 

subsets of cells. FACS analysis of these populations revealed that most cells expressed 
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DCs surface marker CD11c+ (93% and 77% of adherent and semi-adherent cells, Fig. 

S4A). Also in agreement with the results obtained with fresh bone marrow, adherent DCs 

derived from cryopreserved monocytes displayed higher expression of macrophage 

surface markers in comparison to the equivalent semi-adherent DCs population, as 

supported by the proportion of F4/80- CD11b- cells obtained for each subset, 62% and 

80% respectively (Fig. S4B, lower left quadrants). Analysis of surface costimulatory 

molecules on the CD11c+ naïve populations supported a non-activated state for both DC 

subsets, adherent DCs consistently expressing lower levels of CD86, CD40, CD80 and 

MHC-II, as compared to semi-adherent DCs (Fig. S4C, top panel). To test activation of 

DCs by LPS, cells were exposed to this endotoxin, however with a modification relative 

to the previous protocol (Fig. S1, S2 and S3): this time DCs were incubated with LPS for 

30 min, washed and incubated for additional 18 hours prior to being processed for FACS 

analysis. By expanding the time between LPS exposure and FACS analysis we provided 

cells the time required for them to express activation markers at their surface (Fig. S4C, 

lower panel). Notably, LPS stimulation had a greater impact in activating semi-adherent 

DCs than adherent DCs, as supported by the higher levels of expression of CD86, CD40, 

CD80 and MHC-II by the former population. Finally, we could confirm that BMDCs 

derived from cryopreserved monocytes retained the capacity to phagocytose Leishmania 

promastigotes, even though infection levels were lower than those previously obtained 

with BMDCs derived from freshly collected bone marrow (Fig. S4D). This observation 

likely results from the different infectivity of the parasites utilized in each experiment.  

FACS analysis of macrophages derived from cryopreserved bone marrow revealed 

that 97% were F4/80+ CD11b+, i.e. expressed both macrophage markers (Fig. S5A, left), 

a value higher than the previously obtained with MOs derived from fresh monocytes (Fig. 

9). Analysis of surface costimulatory molecules on the F4/80+ CD11b+ population 

confirmed that these are in an inactive state, as supported by the overall low levels of 

CD86, CD40 and CD80 and the moderate expression of MHC-II (Fig. S5B, top panel). 

As expected, these cells responded to LPS by increasing the expression of activation 

markers (Fig. S5B, lower panel). Also in this case, the protocol for BMDMs activation 

with LPS was modified to allow cells to express the costimulatory markers overnight. 

Importantly, thawed BMDMs retained the capacity to phagocytose Leishmania parasites 

(Fig. S5C). The different percentages of infected MOs obtained from cryopreserved 

versus fresh bone marrow likely reflect variations in parasite virulence between both 

experiments.   

Overall, our results support that DCs and MOs differentiation, their activation, as well 

as infection by Leishmania promastigotes, is not affected by freezing and thawing their 
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parental bone marrow cells. In other words, BMDCs and BMDMs differentiation with GM-

CSF or M-CSF, respectively, can be safely performed with cryopreserved bone marrow.  

 

Preparation of Leishmania promastigotes for in vitro infection of 
phagocytes  
 

One of the aims of this project is to compare the impact that different Leishmania 

species, responsible for different clinical manifestations, have on phagocyte migration. 

To accomplish this, we made use of three Leishmania species that do not require 

biosafety levels above 2, namely L. infantum (causative agent of VL), L. major (LCL) and 

L. amazonensis (DCL or MCL). For such analysis to be performed, it is important to 

ensure that phagocytes are infected to the same extension with the various parasite 

species. Following this aim, we performed a pilot in vitro infection assay to test the 

experimental conditions that approximated the infection indexes of macrophages 

separately parasitized with L. infantum, L. major and L. amazonensis. Macrophages 

differentiated from bone marrow with LCCM (a cheaper alternative to M-CSF) were used 

as model phagocytic cells in this test. 

The first step towards this aim was to obtain virulent promastigotes. This is 

particularly relevant when working with Leishmania promastigotes, because these tend 

to lose virulence when kept in culture for prolonged periods of time, due to a growing 

inability to differentiate into the amastigote form [58,59]. For in vitro cultured 

promastigotes to recover virulence, we passaged them through mice. Following 

intraperitoneal infections of animals, promastigotes were recovered from parasitized 

spleens and, immediately after propagation in culture, aliquoted and stored in liquid 

nitrogen. Infection experiments were always performed with recently thawed aliquots of 

virulent parasites, kept in culture for no longer than seven passages in vitro (one passage 

corresponding to the renewal of medium when parasites reach stationary phase, i.e. 

every 5-7 days), to avoid loss of virulence.  

It is known that the capacity of Leishmania promastigotes to establish a productive 

infection varies according to their phase of growth, the stationary stage being the one 

most enriched in infective (the so-called “metacyclic”) promastigotes [60]. Specifically, in 

the case of the L. major and L. amazonensis strains used in this work, the most virulent 

time point of promastigote development had not been accurately determined in our lab, 

and in the case of L. infantum, it had only been defined for parasites grown in complete 

RPMI. In order to decide which time points of parasite culture should be used in our in 
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vitro infection assays, we delineated the growth curves of the different Leishmania 

promastigote species by assessing their density throughout seven days in both complete 

RPMI (only L. infantum and L. major) and Schneider’s complete media. The use of 

Schneider’s medium to grow promastigotes was imposed by the incapacity to grow L. 

amazonensis in complete RPMI and also because in our lab L. major are typically 

cultured in the former medium. We have furthermore tested the growth of L. infantum in 

Schneider’s media as an attempt to normalize the conditions of parasite growth between 

the different species. The outcome of this growth curve analysis is depicted in Fig. 12. 

Four critical differences become evident from comparing the shapes of the curves 

obtained with each medium: i) in Schneider’s medium promastigotes reach 2-3 times 

higher densities than in RPMI; ii) the time taken to peak parasite density is shorter in 

RPMI (3 days) than in Schneider’s (5 days); iii) in RPMI the peak of parasite growth is 

followed by a plateau (when stationary parasites differentiate into metacyclic infective 

forms, [60]); iv) in Schneider’s, soon after reaching the peak of growth, cell density 

decreases sharply, suggestive of parasite death. Based on these growth curves, we 

decided to perform the in vitro infection tests with promastigotes grown in complete 

Schneider’s medium for 4-6 days. We have also decided to keep the culture set up 

already established in our lab for L. infantum infections, i.e. RPMI cultures grown for 7-9 

days.   

The in vitro infection test was performed with different macrophage:parasite ratios 

(specifically, 1:5, 1:10 and 1:20) and following experimental condition previously 

established in the lab, i.e. 3 hours contact between parasites and macrophages, followed 

by washing to remove non-phagocytosed parasites. Infection parameters (percentage of 

infected macrophages and average number of parasite per infected cell) were 

determined 24 hours after infection by automated fluorescent microscopy, and are 

shown in Fig. 13 for each Leishmania species. As evidenced, L. infantum is the strain 

with less capacity to infect phagocytes, its low infection indexes therefore serving as 

reference to normalize the infections between all three Leishmania species.  
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Fig. 12 – Growth curves of L. infantum, L. major and L. amazonensis cultured in different culture mediums. 
Promastigotes were cultured with an initial density of 1x106 parasites mL-1 (in complete RPMI) or 2x105 parasites mL-1 (in 

complete Schneider’s insect medium). Cell density was followed throughout seven days by microscopic counting with a 

Neubauer chamber.  

 

 

Based on these figures, the following experimental conditions were chosen for our in 

vitro infection assays: 

i) L. infantum, 9 days of growth in complete RPMI medium, 1:10 

macrophage:parasite ratio. This was the condition that produced the highest 

infection parameters for this species (52% infected macrophages and an 

average of 3 parasites per infected cell). Even though, L. infantum growth in 

Schneider’s for 6 days revealed to be also very infective, we decided to maintain 

the culture setting (RPMI-based) routinely used in the lab for this parasite strain. 

We chose a 1:10 ratio, because having no obvious advantage to use a higher 

number of parasites, it saves us culture medium. 

ii) L. major, 6 days of growth in complete Schneider’s medium, 1:10 

macrophage:parasite ratio. 

iii) L. amazonensis, 5 days of growth in complete Schneider’s medium, 1:5 ratio 

macrophage:parasite ratio.  
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Fig. 13 – BMDMs infected with L. infantum, L. major and L. amazonensis promastigotes. Percentage of infected BMDMs (top) and average parasite number in infected BMDMs (bottom) with L. 

infantum promastigotes in complete RPMI medium (A) and in complete Schneider’s medium (B), L. major (C) and L. amazonensis (D) in complete Schneider’s medium 24 hours after infection. BMDMs 

were differentiated with 10% LCCM for ten days and infected at a 1:5 (white), 1:10 (gray) and 1:20 (dark gray) macrophage:parasite ratio. Infection with Leishmania lasted 3 hours at 37ºC. Experiment 

performed with macrophages differentiated from fresh bone marrow. Values are mean ± SD of three replicates.  

L. infantum in RPMI L. infantum in Schneider’s L. major in Schneider’s L. amazonensis in Schneider’sA CB D
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Implementation of 2D and 3D migration assays 
 

The long-term aim of this project is to study the influence that infection by Leishmania 

has on the migration of DCs and MOs. In order to accomplish this, we had to implement 

migration assays which were not available in our lab. To do so, we resorted to in vitro 

2D transwell migration assays, in which cells migrate in a porous membrane (2D 

surfaces) until they transmigrate through the pores, in response to a gradient. We also 

implemented the in vitro 2D wound healing assay, where an area of confluent adherent 

cells is wounded and the movement of cells to the scratched region is monitored 

microscopically. However, since these 2D assays do not reenact in vivo environment, 

we have also implemented a 3D time-lapse microscopy assay. Specifically, in this assay 

cells were embedded in a collagen type I matrix and stimulated to migrate under a 

chemokine gradient. 

 While implementing these migration assays, we have also performed preliminary 

experiments with DCs and MOs infected with the different Leishmania species (L. 

infantum, L. major and L. amazonensis) so as to have a foretaste of whether and how 

parasites influence the migration of their host phagocytic cells. These in vitro infections 

of BMDCs and BMDMs were performed with the cell:parasite ratios previously fixed for 

each Leishmania species (see section Preparation of Leishmania promastigotes for in 

vitro infection of phagocytes of results) following experimental conditions previously 

established in the lab, i.e. 3 hours contact between parasites and cells, followed by 

washing to remove non-phagocytosed parasites.  

 
1. Transwell migration assay 
1.1. Dendritic Cells 

To implement the transwell migration assays, we performed a pilot assay with 

BMDCs. Even though the semi-adherent DCs were the cells we had chosen for our 

migration studies (see section Differentiation and characterization of murine bone 

marrow derived DCs with GM-CSF of results), the low yield of this subset in this 

preliminary assay precluded us from analyzing it individually. Instead, we used a pool of 

semi-adherent and adherent DCs, which should provide us a helpful insight into this 

technique, novel in our lab. In this first assay, we tested naïve cells as well as DCs 

stimulated either with LPS (positive control) or with different Leishmania species. Cells 

were seeded on the top (upper compartment) of a porous membrane and allowed to 

migrate overnight towards a chemoattractant (CCL21) placed on the other side (lower 

compartment) of the filter. CCL21 is a chemokine expressed during inflammation and its 
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gradient promotes directed-migration of DCs through their CCR7 receptor [61,62].  

Following quantification of the cells retained in the membrane, we observed that 

stimulation by LPS led to a decreased number of migrating cells relative to naïve DCs, 

an effect also observed when DCs were infected with Leishmania (Fig. 14). The apparent 

slowing down effect that LPS had on DCs came out as a surprising observation. In fact, 

this chemokine, recognized via TLR-4, is known to promote DCs maturation, CCR7 

expression and subsequent CCL21-driven migration [63]. Intrigued by this result, we set 

up a new assay to elucidate whether the apparently faster migration of naïve DCs was 

driven by a CCL21 gradient or, on the contrary, resulted from a non-directional 

movement of cells. 

 

 

 

 

 

 

 

 

 
 

Fig. 14 – Migrating adherent and semi-adherent BMDCs. Five hundred thousand adherent and semi-adherent DCs 

were placed directly on top of an 8 µm-porous membrane and allowed to migrate for 16 hours towards a 200 ng mL-1 

CCL21 gradient placed on the lower compartment. LPS stimulation lasted 3 hours at 37ºC. BMDCs were infected at 1:10 

(L. infantum and L. major) or 1:5 (L. amazonensis) cell:parasite ratios for 3 hours at 37ºC. Cells were stained with DAPI 

in 30% glycerol and counted on a Zeiss Axio Imager Z1 with a 20x objective. Cell count was performed by analysis of four 

pictures representing the trend observed on the membrane area with the Fiji Cell Counter plugin. Experiment performed 

with BMDCs differentiated from cryopreserved bone marrow. Graph shows mean ± SD of four representative fields of the 

membrane. Also indicated are the statistically significant differences (i.e. ***p<0.01) between the control [no stimuli, “(-)“] 

and the other experimental conditions by ANOVA (Bonferroni and Tukey post hoc tests). 

 
 

In this new experiment, the yield of semi-adherent DCs was high enough to allow 

their separate analysis. In addition, we decided to individually test the other two subsets 

of DCs (adherent and non-adherent), so as to have a more detailed insight into the effect 

that the activation state of DCs had on their migration (remember that expression of 

activation markers increases as DCs lose adherence, as described in section 

Differentiation and characterization of murine bone marrow-derived DCs with GM-CSF 

of results). We tested naïve cells as well as DCs stimulated with LPS, and their migration 

was allowed to occur overnight both in the presence and in the absence of CCL21 in the 

lower transwell compartment. The results of this experiment are depicted in Fig. 15.  



FCUP/ICBAS   
The impact of Leishmania infection on host cell migration 
 
 
 
 

 

52 

Fig. 15 – Migrating BMDCs. Five hundred thousand adherent, semi-adherent and non-adherent BMDCs either naïve (A) 

or LPS-stimulated (B) were placed on top of an 8 µm-membrane in the presence or absence of 200 ng mL-1 CCL21 placed 

on the bottom compartment, and allowed to migrate for 16 hours. LPS stimulation lasted 3 hours at 37ºC. Cells were 

stained with DAPI in 30% glycerol and counted on a Zeiss Axio Imager Z1 with a 20x objective. Cell count was performed 

by analysis of fifteen pictures covering the total membrane area with Fiji Cell Counter plugin. Experiment performed with 

BMDCs differentiated from cryopreserved bone marrow.  

 

Assuming that the number of cells accumulating in the filters reflects the velocity of 

migration (which may be a wrong assumption, as discussed later), then our observations 

suggest the following: 

i) Migration of naïve DCs occurs in the absence of CCL21, suggesting that these 

cells have the inherent capacity to migrate independently of the presence of a 

chemoattractant (Fig. 15A). Interestingly, the velocity of migration in the absence 

of the chemokine varies among the different subsets: adherent DCs are faster, 

followed by semi-adherent cells, and by the slowest non-adherent DCs. In other 

words, immature, non-activated DCs (adherent) are apparently faster when it 

comes to non-directional migration, the velocity of this movement decreasing as 

DCs become more mature (non-adherent). 

ii) When exposed to a CCL21 gradient, all subsets of naïve DCs migrated faster 

(Fig 15A). Importantly, though the increment of migrating cells is significantly 

different among the various DC subsets (1.2, 1.5 and 2.5 times higher for 

adherent, semi-adherent and non-adherent DCs, respectively), suggesting that 

as DCs lose adherence (i.e. become more mature/activated) they display a more 

persistent movement towards CCL21, which likely compensates for their slow 

non-directional velocity. 

iii) LPS activation slows down all subsets of DCs (in the absence of CCL21, Fig. 

15B) to the same levels as naïve non-adherent DCs (Fig. 15A). Importantly, for 

all subsets migration is faster in the presence of a CCL21 gradient (1.3, 2.2 and 

1.9 times higher for adherent, semi-adherent and non-adherent, respectively, 

A B
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relative to the absence of CCL21), suggesting that cells acquire a directional 

movement after LPS stimulation (Fig. 15B). The slow down effect in DCs after 

LPS stimulus had been previously observed by Tayalia et al., 2011 (LPS 

exposure slows overall DCs speed, but enhances directed migration towards 

CCL21, [64]).  

 

 Still, there was one question troubling us, which had to do with the “dropping off” 

effect that could be leading to a wrong appreciation of the velocity of migration. One 

known drawback of transwell assays is that, as cell reach the lower side of the filter, they 

might “drop off” in an unpredictable way [27]. This occurrence has a particular striking 

impact on the interpretation of the migration events if cells migrate fast and the endpoint 

of the assay is long (e.g. one overnight, as in the case of our previous assays): speedy 

cells will cross the filter rapidly and, by the time the assay is stopped to quantify the cells 

retained in the filter, many of them may have dropped off to the lower compartment; in 

this case, the number of cells accumulated in the filter would reflect a clear 

underestimation of their speed. That the “dropping off” effect took place in our assays 

could be corroborated by analyzing the number of cells that had dropped from the filter 

to the lower compartment in our first transwell assay (Fig. 14). As shown in Table 4, the 

proportion of cells in the lower compartment was higher than that accumulated in the 

filters, indicating that this “drop off” effect cannot be discarded. 

 
 Table 4 – Migrating adherent and semi-adherent DCs. Percentage of cells that dropped to the lower compartment 

(“drop off” effect) and that accumulated in the Boyden filters. Cells in lower compartment were assessed in a Neubauer 

chamber. 

 
 

 

 

 

To further clarify the impact that the “dropping off” effect may have in the 

interpretation of our transwell assays data, we performed a new experiment in which the 

number of cells retained in the filters was compared between two endpoints (6 and 16 

hours). We decided that the second endpoint should be shorter (6 hours) than the 

previously used one (16 hours) so as to avoid miscounting fast migrating cells that could 

have dropped at early time points. In this new experiment, we resorted only to the subset 

of DCs of interest (i.e. the semi-adherent subset). Again, the impact of LPS stimulation 

and of Leishmania infection in DCs accumulation in the filters was tested both in the 

Conditions “Drop off” effect (%) Cells accumulated in filters (%) 
No stimuli 1.40 0.13 

LPS 2.80 0.06 
L. infantum 4.20 0.06 

L. major 5.60 0.06 
L. amazonensis 2.80 0.04 
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absence and in the presence of CCL21. An overall comparison between the numbers of 

cells accumulated in the filters at 6 and 16 hours is shown in Fig. 16A. It reveals that for 

most experimental conditions the numbers of cells do not vary significantly along the 

time course of the assay (there are discrete variations which may merely reflect 

experimental deviations resulting from the counting procedure). One possible 

interpretation for these results is that migration of DCs would occur only within the first 6 

hours of the assay, after which the number of cells attached to the filter would not 

oscillate, i.e. no migration or dropping off events would occur between 6 and 16 hours. 

However, being aware that dropping off does take place under our experimental settings 

(Table 4), we exclude the former hypothesis. Instead, we find it more reasonable to 

assume that cells migrate continuously (albeit with oscillating velocities) along the time 

course of the assay (from time 0 to 16 hours) and that the overall perpetuation of cells 

numbers in the filters results from the velocity of cell accumulation in the filters equaling 

that of dropping off. Also based on this rationale, an increasing or decreasing number of 

cells from 6 to 16 hours would reflect a higher or lower velocity of cell accumulation, 

respectively, relative to that of dropping off. On the whole, this analysis indicates that 

there is no obvious advantage in prolonging the endpoint of the transwell assay to 16 

hours. This is particularly obvious in the case of DCs infected with L. amazonensis and 

subjected to a CCL21 gradient. As depicted in Fig. 16A the number of cells decreases 

sharply from 6 to 16 hours, suggesting that these cells exhibit a fast-directional 

movement towards CCL21 (in the absence of CCL21 this phenomenon does not occur) 

and rapidly accumulate in the filter at early time points. However, and probably as a result 

of the CCL21 gradient vanishing by diffusion of this chemokine through both 

compartment of the Boyden chamber, L. amazonensis-infected DCs lose their CCL21-

directional migration. Between 6 and 16 hours DCs that had accumulated in the filter 

“drop off" and, since this event is not compensated by infiltration of more cells, the 

number of cells retained in the filter decreases. 

A close comparative analysis of cells accumulating in the filters at 6 hours of the 

assay (Fig. 16B) reveals that DCs infection by L. major as a similar impact to that of LPS 

exposure, i.e. both stimuli slow down cells when these are not exposed to CCL21. 

Migration to the porous membrane is partially recovered in the presence of CCL21. This 

suggests that upon L. major or LPS stimuli, DCs lose velocity, but increase the directed 

movement. This effect is very prominent when DCs are infected with L. amazonensis (as 

discussed above). Contrary to the previous results (Fig. 14), L. infantum infection does 

not have a significant impact in the accumulation of DCs in the filters (this is also true for 

the 16 hours endpoint, Fig. S6). 
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Fig. 16 – Migrating semi-adherent BMDCs. Comparison of semi-adherent DCs accumulated in filters at 6 and 16 hours 

(A). Migrating semi-adherent DCs after 6 hours of migration (B) Five hundred thousand cells were placed on top of the 8 

µm-membrane in the presence (“+CCL21”) or absence (“-CCL21”) of CCL21 and allowed to migrate for 6 or 16 hours. 

LPS exposure lasted 3 hours at 37ºC. BMDCs were infected at 1:10 (L. infantum and L. major) or 1:5 (L. amazonensis) 

cell:parasite ratios for 3 hours at 37ºC. Cells were stained with DAPI in 30% glycerol and counted on a Zeiss Axio Imager 

Z1 with a 20x objective. Cell count was performed by analysis of the fifteen pictures covering all the membrane area with 

the Fiji Cell Counter plugin. Experiment performed with BMDCs differentiated from cryopreserved bone marrow. 

 

From this set of three DC transwell experiments, we concluded that: 

i) Boyden assays are very tricky to interpret since they can underestimate the 

migration due to the dropping off phenomenon. In order to obtain a more 

accurate quantification of the DCs migration, as well as characterization of 

locomotion (persistence and velocity) at the single cell level, it is worth investing 

in time-lapse microscopy (3D). 

ii) Although the interpretation of results from these preliminary assays is tricky, 

our results suggested that infection by L. amazonensis induce cell directed 

migration towards CCL21. On the other hand, L. infantum and L. major 

apparently do not influence cell migration. 

1.2. Macrophages 

Alongside our efforts to implement the transwell migration assay for DCs, we 

attempted to also adopt this technique to study MOs locomotion. For these cells, 

chemoattraction was achieved by applying a gradient of serum and M-CSF. Briefly, prior 

to the migration assay, BMDMs were starved in cell culture medium without serum and 

with 10 ng mL-1 M-CSF. After infection with Leishmania or stimulation with LPS, BMDMs 

were seeded on top of a porous membrane through which cells migrated towards a 

gradient of 10% serum and 50 ng mL-1 M-CSF, placed on the lower compartment of the 

chamber. Sixteen hours later, the numbers of cells retained in the membrane were 

quantified microscopically. 

BA
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As depicted in Fig. 17, we observed that infection with L. infantum led to a higher 

accumulation of cells in the filter relative to the non-stimulated control. This was not 

observed when BMDMs were infected with L. major or L. amazonensis, which similarly 

to LPS, led to a drop in the number of cells retained in the membranes. Of notice, the 

observation that naïve BMDMs apparently migrated more than cells activated by LPS, 

was not expected. In fact, LPS activates macrophages via TLR-4 [65] and promotes the 

expression of MCP-1 gene. MCP-1 is one of the most important chemokines that 

regulates the migration and infiltration of macrophages [66].  However, it was previously 

reported that LPS was able to slow migration of dendritic cells and to enhance 

directionally persistent chemotaxis [64], which could also happen in macrophages 

explaining the observed results.  

At this point we decided to temporarily abandon the transwell migration assay, based 

on the observations made in parallel experiments with DCs (see previous sections), 

highlighting the limitations of this technique, namely the “drop off” effect and the difficulty 

to measure velocity and persistence of individual cells. Instead, we decided to move on 

to another 2D migration technique, the “wound healing” assay. In its simplest version, 

this assay consists of scrapping off a monolayer of confluent cells and subsequently 

following the movement of cells from the intact area into the scratched region. Given the 

adherent nature of BMDMs, this assay seemed well-suited to study 2D migration of these 

cells. The same does not apply for the subset of DCs (semi-adherent) that we chose for 

our migration assays. 

 

 

 

 

 

 
 
 
 
 
Fig. 17 – Migrating BMDMs. Five hundred thousand BMDMs either naïve, LPS-activated or infected with L. infantum, L. 

major and L. amazonensis were seeded directly on top of the 8 µm-porous membranes and allowed to migrate for 16 

hours towards a 10% FBSi and 50 ng mL-1 M-CSF gradient placed on the lower compartment. LPS activation lasted 3 

hours at 37ºC. BMDMs were infected at 1:10 (L. infantum and L. major) or 1:5 (L. amazonensis) cell:parasite ratios for 3 

hours at 37ºC. Cells were stained with DAPI in 30% glycerol and counted on a Zeiss Axio Imager Z1 after an overnight 

migration with a 10x objective. Cell count was performed by analysis of the twenty-two pictures covering all the membrane 

area with the Fiji Cell Counter plugin. Experiment performed with BMDCs differentiated from cryopreserved bone marrow.  
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2. Wound healing assay (macrophages) 
 
Our first approach towards this 2D migration assay was to perform an experiment to 

simultaneously i) test the number of MOs that was most appropriate to follow up wound 

healing in 96-well plates, as well as ii) assess the impact of LPS and infection by 

Leishmania on MOs migration. To accomplish this, two different numbers (2.5x104 and 

5x104) of bone marrow-derived monocytes were transferred to 96-well plates at the 

beginning of the BMDMs differentiation protocol. As soon as monocytes differentiated 

into BMDMs, these were infected with Leishmania or stimulated with LPS. The scratched 

region was then created manually with a pipette tip, and wound evolution was imaged 

microscopically overnight. “Wound area” was determined with MRI Wound Healing Tool 

Fiji plugin [55], which detects the wound and follows its evolution throughout time (Fig. 

18). From this analysis, we could plot “wound area” as function of time, wherefrom we 

extracted the velocity of wound closure. The results of this experiment are depicted in 

Fig.19. 

 

 

 

 

 

 

 

 
Fig. 18 – Wound delimitation by MRI Wound Healing Tool Fiji plugin. MRI Wound Healing Tool plugin [55] recognizes 

the area that does not have cells (“wound”) and follows its evolution throughout time. These images refer to the condition 

with 5x105 macrophages on a 96-well plate.  

 

Our first observation is that the numbers of cells employed to produce BMDMs 

monolayers influences the velocity of wound closure. Looking for an explanation for this 

result, we carefully examined the monolayers obtained starting from 2.5x104 and 5x104 

monocytes (we did this by looking at initial times of our wound healing movies). From 

this analysis, we concluded that 2.5x104 monocytes are not enough to produce 

homogenous confluent monolayers of BMDMs. One immediate consequence of this is 

that MOs migrate towards the open gaps of the monolayer, instead of exclusively moving 

towards the artificially scratched “wound”. These unwanted migration activity is taken 

into account by the automatic plugin that calculates the area of wounded monolayer, and 

that leads to a wrong estimation of wound healing speed. Based on these considerations, 
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we concluded that 5x104 monocytes is more appropriate than 2.5x104 to initiate a 

monolayer uniform and confluent enough for wound healing assays. Accordingly, we 

focused our attention on the results of wound closure velocity obtained with 5x104 

BMDMs exposed to different stimuli (Fig. 19). Under this experimental setting, the 

velocity of wound closure decreased upon MOs exposure to LPS, and tended to increase 

when macrophages were infected with either L. major or L. amazonensis (albeit with no 

statistical significance in neither case). Of notice, MOs had been exposed to LPS and 

Leishmania for 3 hours, after which time they were washed, wounded and filmed. 

Technical constraints precluded us from analyzing wound closure velocity of BMDMs 

infected with L. infantum. Specifically, there were many free-swimming L. infantum 

parasites (probably released from cells unavoidably lysed during scratching), which 

replicated actively and quickly filled in the free areas around macrophages. To avoid this 

unwanted effect, in subsequent wound healing assays we have introduced a washing 

step after cell scratching, to remove free parasites as well as debris resulting from cell 

mechanical lysis.  

 

 

 

 

 

 

 
 

  
Fig. 19 – Wound closure velocity of BMDMs with different cell densities. Velocity of wound closure of BMDMs either 

naïve [“(-)“], stimulated with LPS or infected with L. major and L. amazonensis. Condition of macrophages infected with 

L. infantum is not represented (see main text). BMDMs were infected at 1:10 (L. major) or 1:5 (L. amazonensis) 

cell:parasite ratios for 3 hours at 37ºC. LPS activation lasted 3 hours at 37ºC, followed by creation of the “wounds” with a 

200 µL pipette tip. Migration started to be followed two hours after the cells were “wounded” on IN Cell Analyzer. Wound 

area was followed through time with the MRI Wound Healing Tool Fiji plugin. Afterwards the plots of the wound area vs. 

time were plotted and from the slope of the linear equation, the velocities were estimated. Experiment performed with 

BMDMs differentiated from fresh bone marrow. Graph shows mean ± SD of three replicates. Also indicated are the 

statistically significant differences (i.e. **p<0.05 by ANOVA) between the LPS and the “L. major” and “L. amazonensis” 

conditions by ANOVA (Bonferroni and Tukey post hoc tests).  

 
Having established the experimental conditions for our wound healing assays, we 

moved on to set up a new experiment to re-evaluate the impact of Leishmania infection 

on MOs migration. This time we introduce a new variable in our assay. We wanted to 

test if there was any difference between the migratory behavior of macrophages recently 
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infected with Leishmania (in which parasites are still in the promastigote stage), or 

macrophages infected for 24 and 48 hours, (in which parasites are already differentiated 

into amastigotes). For that, BMDMs were infected with Leishmania (or activated with 

LPS, as control) and after a 3 hours exposure to these stimuli, they were washed and 

had their culture medium refreshed. Immediately after this procedure (time zero), 24 and 

48 hours later, monolayers were mechanically scratched and imaged by time-lapse 

microscopy. The results, shown in Fig. 20, reveal a consistent increase in cell velocity 

throughout the time points of analysis (for all experimental conditions, except BMDMs 

activated with LPS). We reckon this behavior might reflect different maturation states of 

MOs along the time course of this analysis (our initial FACS assays support this 

assumption). Consistent with the previous wound healing assay (Fig. 19), exposure to 

LPS tended to slow down MOs, an effect evident at times 0 and 48 (albeit with no 

statistical significance) but not at 24 hours. Infection with Leishmania had no impact on 

BMDMs wound closure velocity throughout the time points tested.  
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 20 – Wound closure velocity of BMDMs at different timepoints. Velocity wound closure of BMDMs either naïve 

(“-“), stimulated with LPS or infected with L. infantum, with L. major and L. amazonensis. BMDMs were infected at 1:10 

(L. infantum and L. major) or 1:5 (L. amazonensis) cell:parasite ratios for 3 hours at 37ºC. LPS activation lasted 3 hours 

at 37ºC, followed by three washes with pre-warmed medium and then, the “wounds” were created with a 200 µL pipette 

tip. Migration started to be followed right after the cells were “wounded” on IN Cell Analyzer. Wound area was followed 

throughout time with the MRI Wound Healing Tool Fiji plugin. Afterwards the plots of the wound area vs. time were plotted 

and from the slope of the linear equation, the velocities were estimated. Experiment performed with BMDMs differentiated 

from cryopreserved bone marrow. Graph show mean ± SD of three replicates. No statistically significant differences were 

found between the different experimental conditions within each time of analysis by ANOVA (Bonferroni and Tukey post 

hoc tests). 

 
Overall, these assays indicate that MOs response to Leishmania infection is different 

from that induced by LPS in what regards 2D migration. In the future, we plan to perform 

additional wound healing assays to confirm the veracity of these observations. These 

assays will resort to commercially available inserts that physically exclude cells, creating 

a linear or a circular gap [51], as an alternative to mechanical wounding. This new 
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procedure will allow normalizing the size of the wounds (which are variable when 

performed manually) and avoid cell lysis during scratching. However, aware of the 

limitations of this assay, which studies non-confined migration of cells over flat 2D 

surfaces, but is not appropriate to assess chemokinesis or chemotaxis, we decided to 

implement a time-lapse microscopy 3D assay in which cell migration is driven towards a 

chemoattractant.  
 

3. 3D time-lapse microscopy migration assay 
 

One disadvantage of 2D migration assays is that cell locomotion is followed up in flat 

surfaces that mimic very few in vivo settings (e.g migration of cells in endothelial 

monolayers of blood vessels). As a mean to broaden our analysis to situations more 

closely resembling the environment in vivo, we implemented a 3D migration assay that 

allows tracking of single cell migration through a 3D milieu composed of collagen type I, 

one of the main components of the extracellular matrix. In this 3D assay, adapted from 

a protocol previously described by Vargas et al., 2016 [52], cell migration is monitored 

microscopically by time-lapse imaging, thus allowing the tracking of individual cells and 

the estimation of velocity and directional persistence of movement. Briefly, cells are 

embedded in a collagen type I matrix and deposited inside a polydimethylsiloxane 

(PDMS) mold adhered to a cell culture plate (as shown in Fig. 4). Upon collagen 

polymerization, the plate is filled with cell culture medium containing a chemoattractant 

and cell migration is followed microscopically.  

To implement this assay a technical limitation that concerned the permanent 

adherence of PDMS molds to the glass-bottom of cell culture plates, had to be 

overstepped. The procedure of permanent adherence of PDMS molds to the glass 

involved activation of both PDMS and glass surfaces with plasma. Plasma treatment 

introduces silanol groups (SiOH) at the surface of the PDMS, causing loss of its 

hydrophobicity, which establish strong covalent bonds Si-O-Si upon contact with glass. 

Parameters such as air pressure, power, process time, gas flow and composition affect 

the efficiency of plasma activation. For instances, one undesired effect resulting from 

prolonged exposure to elevated power of plasma is the formation of cracks at the surface 

of PDMS [67]. Aiming at their optimization, PDMS and glass plasma activation were 

tested at 1 mbar with different intensities of plasma (from 50 to 100% power), and 

duration of treatment (from 30 sec to 2 min).  Even though all these treatments apparently 

promoted PDMS adherence to glass surfaces, such interfaces revealed transient upon 

an overnight microscopic monitoring of collagen-embedded cells deposited inside these 

PDMS-cell culture plate apparatuses. As illustrated in Fig. 21A, PDMS detached from 



FCUP/ICBAS  
  The impact of Leishmania infection on host cell migration 

 
 
 

 

61 

the glass during overnight monitoring of cells, which disturbed the collagen matrix. 

Another flaw that interfered with our microscopic analysis was the formation of air 

bubbles (apparently inside the PDMS mold) (Fig. 21B). After many efforts, we could 

finally overcome these undesired effects by altering the protocol for manufacturing the 

PDMS molds. Specifically, we introduced a step in which we subjected PDMS to vacuum 

prior to its hardening. This was critical to remove all traces of air from PDMS, which 

would otherwise expand to form large bubbles (during the overnight incubation at 37ºC) 

and pull PDMS off the glass. A sonication step was also introduced to remove dust and 

other debris that could interfere with the contact of PDMS with glass.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 21 – Technical limitations on the implementation of the 3D time-lapse microscopy migration assay. 
Macrophages activated with LPS inside the collagen matrix (left). Overnight the PDMS mold detached from the glass 

plate, compromising the cell tracking (right) (A). Macrophages infected with L. amazonensis embedded on the collagen 

matrix (left). Overnight cell tracking was compromised by air bubbles formation (right) (B). LPS activation lasted 3 hours 

at 37ºC. BMDMs were infected at 1:5 cell:parasite ratios for 3 hours at 37ºC. Macrophages motility was followed overnight 

on a LEICA DMI 6000B microscope with a 10x objective.  

 
Once the protocol for fabrication of the PDMS-collagen apparatus was successfully 

implemented, we moved on to apply it to assess migration of both DCs and MOs.  

3.1. Dendritic Cells 

Time-lapse microscopic monitoring of DCs migration in a 3D collagen matrix was 

performed using as chemoattractant the CCL21 chemokine. CCL21 was added to the 

plate containing collagen-embedded DCs. Vargas et al., 2016 analyzed the chemokine 

A

B

0 min 1020 min
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gradient sensed by dendritic cells embedded in collagen gels. This analysis revealed 

that after 200 minutes the gradient is considerable stable at any distance from the CCL21 

source, and that cells closer to this source acquire directional movement, while cells 

deep inside the collagen gels do not sense this gradient displaying random migration 

[52]. So, the chemoattractant gradient is more intense in the collagen border with the 

medium, while deep inside the collagen matrix the gradient almost cannot be detected 

(Fig. 4, blue triangles).   

Prior to being embedded in collagen, BMDCs were infected with different Leishmania 

species or activated with LPS for 3 hours at 37ºC. Dendritic cells migration was imaged 

overnight and studied on the contact points of collagen matrix and cell culture medium 

and in the center of the matrix (the latter assesses the behavior of cells in a region with 

low or no concentration of CCL21). Time-lapse micrographs acquired overnight were 

then stacked, so as to project in a single figure all time-related images referring to one 

given position (e.g. Fig. 22). On these images, the trajectories of cells become evident, 

each “dotted line” representing a cell moving throughout time. Movements directed 

towards the CCL21 gradient yield horizontal lines (we know from looking to movies that 

these lines do not refer migration against the gradient) (e.g. Fig. 22, semi-adherent and 

non-adherent DCs), whereas a non-persistent locomotion yields random lines (e.g. Fig. 

22, right column).   

In this assay, we individually tested all DC subsets (adherent, semi-adherent and 

non-adherent) to have a more detailed insight into their migratory behavior inside 3D 

matrices, particularly after infection with different Leishmania species. However, the yield 

of semi-adherent DCs was not sufficient to test infection with Leishmania.  

In a 3D environment, our results suggest that adherent DCs present mostly an 

aleatory movement in all conditions (Fig. 22, top), similar to the one observed in the 

region with low or no concentration of CCL21 (Fig. 22, top, right column). This was in 

agreement with their behavior in 2D transwell migration assays, in which adherent DCs 

presented higher non-directional movement (Fig. 15). Semi-adherent naïve DCs had 

both directional and non-directional movements, and after LPS stimulation the majority 

of cells acquired directional movement towards the CCL21 gradient (Fig. 22, middle), as 

previously observed in 2D assays (Fig. 15). On the other hand, non-adherent mature 

DCs presented directional migration in all tested conditions, even in the non-stimulated 

condition (Fig. 22, bottom), showing an inherent ability to migrate. This was in agreement 

with what was observed in 2D assays, in which non-adherent DCs presented a higher 

directional movement in the absence of any stimulus (Fig. 15).  
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Fig. 22 – Migration of BMDCs embedded in a collagen type I matrix. Migration of adherent, semi-adherent and non-adherent BMDCs (top to bottom) either naïve, stimulated with LPS or infected 

with L. infantum, L. major or L. amazonensis (left to right) were followed overnight on a LEICA DMI 6000B microscope with a 10x objective and an acquisition time frame of 4 minutes. The border at 

the right represents the contact point between the collagen matrix and the external medium containing 200 ng mL-1 CCL21. As a control for the absence of CCL21 gradient, images on the center of 

the collagen matrix were taken (right column). LPS activation lasted 3 hours at 37ºC. BMDCs were infected at 1:10 (L. infantum and L. major) or 1:5 (L. amazonensis) cell:parasite ratios for 3 hours at 

37ºC. Migration movies were z-stacked on Fiji to allow the follow-up of the cell movement directed to the chemoattractant. Experiment performed with BMDCs differentiated from cryopreserved bone 

marrow. All conditions had three replicates, only one replicate is shown per condition.  
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Based on these set of experiments, we concluded that: 

i) As previously observed in transwell migration assays, adherent DCs display an 

aleatory movement, while the movement of semi-adherent and non-adherent 

cells is more persistent towards CCL21, even in the naïve state. In other words, 

immature, non-activated adherent DCs present non-directional migration, 

unlike more mature cells (semi-adherent and non-adherent DCs).  

ii) Curiously, activation with LPS or infection with Leishmania species, did not 

induce a more persistent movement of adherent DCs. After LPS stimulus, 

semi-adherent cells acquired a more evident movement. Upon infection with 

Leishmania or stimulus with LPS, the behavior of non-adherent DCs is, 

qualitatively unaltered relative to the same cells in the naïve state. A 

quantitative analysis (Fiji algorithm underdevelopment) is necessary to draw 

any conclusions about increase or decrease of velocity and persistence of 

migration.  

3.2. Macrophages 

To monitor MOs migration in 3D, a similar experimental set up was used, this time 

employing a gradient of serum and M-CSF as chemoattractants. As described for the 

transwell migration assays, BMDMs were starved in free serum cell culture medium with 

10 ng mL-1 M-CSF overnight and migrated towards cell culture medium supplemented 

with 10% serum and 50 ng mL-1 M-CSF. Macrophages embedded in a collagen matrix, 

independently of the stimuli, did not migrate towards the outside medium, as seen on the 

time-stacked images (Fig. 23). BMDMs appeared to be alive and mobile inside the 

collagen matrix in this 3D assay, but unable to migrate towards the chemoattractant.  

We hypothesized that the lack of mobility of MOs under this 3D setting, could result 

from the inability of MOs to migrate in collagen. To test this hypothesis, we resorted to a 

Boyden chamber assay. Despite being aware of the limitations of this procedure (as 

previously discussed), we reckoned it could be useful to address this specific question. 

Towards this end we introduced an alteration to our previous transwell assays, 

specifically, we embedded macrophages in a collagen type I matrix prior to depositing 

them on top of the Boyden chambers. By adding a layer of collagen, the membrane pores 

were occluded and non-invasive migration impaired. Only cells with invading capacity, 

i.e. able to degrade the matrix and move through the filter, would be detected and 

quantified in the bottom of the filter [22].   
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Fig. 23 – Migration of BMDMs embedded on a collagen type I matrix. Migration of BMDMs either naïve, stimulated 

with LPS or infected with L. infantum, L. major or L. amazonensis (left to right) were followed overnight on a LEICA DMI 

6000B microscope with a 10x objective and an acquisition time frame of 7 minutes. The border at the right represents the 

contact point between the collagen matrix and the external medium containing 10% FBSi and 50 ng mL
-1

 M-CSF. As a 

control of the absence of FBSi and M-CSF gradient, images on the center of the collagen matrix were taken (right column).  

LPS activation lasted 3 hours at 37ºC. BMDMs were infected at 1:10 (L. infantum and L. major) or 1:5 (L. amazonensis) 

cell:parasite ratios for 3 hours at 37ºC. Migration movies were z-stacked on Fiji to follow the tracking cell movement 

directed to the chemoattractant. Experiment performed with BMDMs differentiated from cryopreserved bone marrow. All 

conditions had three replicates, only one replicate is shown per condition.   

 

Comparing the results of this assay (Fig. 24A) with those of the previous experiments 

without collagen (Fig. 17) it is evident, that BMDMs embedded in a collagen matrix 

accumulated less in the filters than macrophages placed directly in the porous 

membrane. Naïve macrophages were undetected in the bottom of the filter (Fig. 24A), 

suggesting that they are unable to invade the collagen matrix (consistent with 

observation made by time-lapse microscopy). Macrophages infected with L. infantum 

accumulated more in the filters than BMDMs infected with other Leishmania species or 

activated by LPS (Fig. 24A), conforming our previously obtained results (Fig. 17). Still 

the number of migrating L. infantum-infected MOs is very low, representing a very small 

proportion (0.02%) of the total number of cells present in the matrix. This may explain 

our difficulty to detect migrating MOs in the 3D time-lapse microscopy assay. 

Following a similar experimental set up, we compared migration of MOs embedded 

or not in two types of 3D matrices (type I collagen and Matrigel). For this we used BMDMs 

infected with L. amazonensis. Of notice, coating of the porous membrane with collagen 

was performed manually in our lab, which resulted in a matrix layer thicker than that of 

Matrigel (purchased as Matrigel-coated Boyden chambers). The thickness of the layers 

impacts not only on the establishment of a chemogradient throughout the layer, but also 

on the distances that cells have to travel from the top to the bottom of the layer before 

they cross the filters. Accordingly, comparison of the results obtained with each matrix 

cannot be directly performed. Having said that, this assay reinforces our previous 

observations that the number of cells accumulated in the filters decreases significantly 
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Naïve LPS L. infantum L. major L. amazonensis

FBSi+M-CSF FBSi+M-CSF FBSi+M-CSF FBSi+M-CSF



FCUP/ICBAS   
The impact of Leishmania infection on host cell migration 
 
 
 
 

 

66 

when macrophages are embedded in collagen matrices. Moreover, migration is even 

more impaired when cells are placed on top of the collagen, possibly due to the thickness 

of the matrix. Finally, cells placed on top of a Matrigel-coated membrane accumulate 

more in the filters relatively to macrophages embedded in collagen (Fig. 24B). 

 

Fig. 24 – Migrating BMDMs per field. Fifty thousand macrophages differently stimulated were embedded in a collagen 

matrix (red) and placed on top of Boyden chamber. Cell count was performed by analysis of one or two pictures 

representing the trend observed on the 8 µm-membrane area with the Fiji Cell Counter plugin (A). Macrophages infected 

with L. amazonensis were either placed directly on a Boyden chamber, embedded in a collagen matrix (red) coating the 

Boyden chamber; placed on top of a collagen matrix over the Boyden chamber or directly on an 8 µm-invasion chamber 

coated with Matrigel (green). Cell count was performed by analysis of three pictures representing the trend observed on 

the membrane area with the Fiji Cell Counter plugin (B). LPS activation lasted 3 hours at 37ºC. BMDMs were infected at 

1:10 (L. infantum and L. major) or 1:5 (L. amazonensis) cell:parasite ratios for 3 hours at 37ºC.  Cells were stained with 

DAPI in 30% glycerol and counted on a Zeiss Axio Imager Z1 with a 20x objective. Experiment performed with BMDMs 

differentiated from cryopreserved bone marrow. No statistically significant differences were found between the different 

experimental conditions within each time of analysis by ANOVA (Bonferroni and Tukey post hoc tests). 

 

 

Future assays with another 3D matrices are going to be tested, and one option as 

suggested by this experiment in 2D transwell migration assays (Fig. 24B), is Matrigel 

matrices.  
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Discussion 
 

Leishmaniases are a serious emerging global threat with few new treatment options 

and no effective human vaccines [9]. These parasitoses have a unique via of inoculation 

through the bite of an infected female sandfly. However, parasites can either remain at 

the inoculation site or disseminate to distant host tissues, developing different clinical 

manifestations [9]. Even though several genomic and transcriptomic analysis of 

Leishmania have been conducted in the past, it is not yet explained how these parasites 

originate different clinical outcomes [7]. Among the several factors influencing the clinical 

manifestations of leishmaniases (like the components of the sandfly saliva, the host 

immune status), the phylogeny of the parasite (the Leishmania species) is one 

indisputable determinant of the fate of these diseases. 

This MSc project deals with the premise that the obligatory intracellular Leishmania 

parasites influence the migration of their host phagocytic cells [namely, dendritic cells 

(DCs) and macrophages (MOs)] so as to promote confinement or dissemination of the 

infection within the host. If found true, then modulation of host cell migration by 

Leishmania could explain the different clinical aspects of these parasitoses. To study this 

hypothesis and perform a comparative analysis of the migration of infected phagocytes 

infected with different Leishmania species (namely L. infantum, L. major and L. 

amazonensis) we resorted to 2D and 3D migration assays. This research line was novel 

in our lab, meaning that most experimental procedures (e.g. differentiation of DCs and 

MOs, and cell migration assays) had to be implemented from scratch within the scope 

of this MSc thesis.  

In order to implement the differentiation of DCs and MOs from bone marrow cells of 

C57BL/6 mice, with GM-CSF and M-CSF, respectively, these cells were analyzed by 

flow cytometry at specific time points of differentiation. From this analysis, we established 

that the protocol for BMDCs and BMDMs differentiation should take nine and eight days 

of differentiation, respectively. We also decided that in our migration assays, we would 

use the semi-adherent subset of DCs, which, in their resting state, combine features of 

non-activated cells (i.e. intermediate expression of CD40, CD80, CD86 and MHC-II 

activation markers, Fig. 7), poor expression of macrophage surface markers (low 

expression of F4/80 and CD11b markers Fig. 6), and high capacity to phagocytose 

Leishmania promastigotes (Fig. 8). Our flow cytometry analysis (based only on eight 

surface markers) further suggested that the phenotype of semi-adherent DCs resembles 

that of classical dermal CD11b+ DCs subset and non-classical Langerhans cells of the 

epidermis (Table 2). This analysis was extended to cryopreserved monocytes, which 

ensured us that BMDCs and BMDMs differentiation does not have to rely on fresh bone 
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marrows (Fig. S4 and S5). By freeze-storing and re-utilizing surplus bone marrows, we 

avoid wasting material of murine origin, and hence contribute for a more sustainable use 

of murine resources, in agreement with the 3Rs principles for animal research. 

To compare the impact of different Leishmania species on phagocyte migration, we 

had to ensure that phagocytes were infected to the same extension with the various 

parasite species. By infecting BMDMs with Leishmania parasites, we were able to chose 

the best experimental conditions to normalize infections with Leishmania for our 

migration assays (Fig. 13). Despite our efforts towards normalizations, we are aware that 

infection indexes do not depend exclusively on the parameters that we tested (namely, 

promastigote cultures and phagocyte:parasite ratios), rather they are subjected to 

experimental variation due to, for example, loss of parasite virulence  as a result of the 

prolonged time culture [58,59]. In future migration assays it will be pertinent to assess 

the percentage of phagocytes infected with Leishmania (for example, by FACS analysis 

of a sample of cells infected with fluorescent parasites), so as to avoid erroneous 

comparisons between cells infected with different parasite species and also between 

experiments run at different days. Also important, is to distinguish infected from non-

infected (bystander) cells during migration assays, an issue that can also be solved by 

the use of fluorescent parasites. Within the scope of this project we have tried to address 

this concern resorting to Leishmania labeled with the CFSE fluorescent dye. Specifically, 

these parasites were employed in some of our early 3D time-lapse microscopy 

experiments (data not shown). In these particular assays, however, we failed to 

accurately discriminate Leishmania-harboring phagocytes due to the following constrain: 

non-phagocytosed parasites were not efficiently washed-away and ended up swimming 

freely in the 3D matrix, where in many instances they overlapped with phagocytes and 

were mistook by intracellular amastigotes; this problem can be easily overcome by a 

more efficient washing of non-internalized parasites. In the future, we will invest in the 

production of Leishmania transgenic promastigotes expressing different fluorescent 

proteins, so as to avoid the use of (expensive) transient fluorescent dies such as CFSE. 

To study the influence of Leishmania parasites in DCs and MOs migration, three in 

vitro migration assays were implemented. One of these assays was the 2D transwell 

migration assay, in which cells transmigrate through a porous membrane in response to 

a gradient. A CCL21 gradient was used for DCs, since this chemokine is expressed 

during inflammation promoting directed-migration to lymphatic vessels and lymph nodes 

through their CCR7 receptor [68]. We observed that naïve DCs exhibited a non-

directional (and apparently faster) migration relative to LPS-activated and Leishmania-

infected cells (Fig. 14 and 15). LPS-activated DCs migrated slower (Fig. 14) but more 
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directed towards CCL21 (Fig. 15). On the other hand, infection by L. amazonensis 

increased chemotaxis towards CCL21, whereas L. infantum and L. major apparently do 

not influence cell directed migration. This LPS slow down of DCs speed had been 

previously reported by Tayalia et al., 2011 [64]. Also, of notice we observed that as DCs 

adhesion decreased (from adherent to non-adherent DCs) their migration speed also 

diminished, but their directional movement towards CCL21 (chemotaxis) increased (Fig. 

15A), what might be related to their more activated state (as supported by FACS analysis 

of costimulatory surface molecules, Fig. 10). A known drawback of Boyden assays is the 

“drop off” effect (as cells reach the lower side of the filter, they might drop off to the lower 

compartment, leading to an underestimation of the number of migrating cells). 

Assessment of the number of migrating cells that dropped from the filter to the lower 

compartment, revealed that this effect cannot be discarded in our assays (Table 4). Cell 

migration was analyzed in two endpoints, showing mainly a maintenance of the cells 

accumulated in the filters between 6 and 16 hours (Fig. 16), which is probably explained 

by a continuous cell migration, with a velocity of cell accumulation equaling the dropping 

off velocity, with no advantages in prolonging the endpoint of the assay to 16 hours. In 

L. amazonensis-infected DCs (Fig. 16) its very evident that the “drop off” effect can be a 

problem in the analysis of the migrating cells, since the number of migrating cells 

decreased sharply from 6 to 16 hours.  

A similar transwell assay was conducted for MOs with a serum and M-CSF gradient 

as chemoattractant. Naïve macrophages were more retained than LPS-activated cells, 

which was not expected since LPS activates macrophages and promotes MCP-1 

expression [65,66]. This endotoxin is known for polarize macrophages toward a M1 state 

[71,72], and Cougoule et al., 2012 reported that M1 macrophages become motionless, 

maintaining MOs at the site of infection. This suggests that LPS is able to slow down the 

migration velocity of MOs (Fig. 15). Leishmania major and L. amazonensis induced a 

similar slowing down effect in macrophages motility that of LPS. Curiously, we observed 

that MOs infected with L. infantum accumulated more in the filters than control cells or 

MOs infected with the other Leishmania species (Fig. 17). The same behavior was 

observed when the assay was conducted with MOs embedded in a collagen matrix (Fig. 

24A). In agreement, there are some reports that Leishmania visceral species, as L. 

infantum and L. donovani, polarize macrophages towards a M2 phenotype [73,74], that 

are able to migrate efficiently [75].  

To further study MOs behavior in 2D surfaces, we resorted to an in vitro wound 

healing assay, in which an area of confluent adherent cells (such as MOs) is wounded 

and the cell movement is followed into that scratched region. In this assay, we cannot 



FCUP/ICBAS   
The impact of Leishmania infection on host cell migration 
 
 
 
 

 

70 

study directed migration (chemotaxis) [22], since cell movement is followed from an 

intact cell area to a wounded region without the influence of any chemoattractant added 

to the medium. After determination of the most appropriate cell number of MOs to 

originate a uniform and confluent monolayer for these assays (Fig. 19), we assessed if 

there were behavioral differences between macrophages infected for 0-, 24- and 48- 

hours. It was observed an increase in BMDMs velocity throughout the time of this 

analysis, independently of the stimulus, what could translate an effect of M-CSF 

exhaustion from the culture medium or merely the different differentiation state of 

BMDMs (Fig. 20). As observed by flow cytometry, the number of F4/80+ CD11b+ 

macrophages decrease throughout time (Fig. 9), as well as the expression of 

costimulatory molecules like CD40, CD80, CD86 and MHC-II (Fig. 10), changing their 

maturation status, which could have influenced their migratory behavior.  

These 2D assays gave insights about the role of Leishmania infection in the dendritic 

cells and macrophages migration, however these studies had limitations, being the main 

their inability to: i) follow real-time cell migration (transwell assay); ii) study chemotaxis 

of migration (wound assay); and iii) mimic 3D physiological environments (both assays). 

More specifically, transwell migration assays require a previous determination of the 

optimal time of analysis for each cell type [22], their results are tricky to interpret due to 

a possible underestimation of the cell migration, due to the “drop off” phenomenon and 

it is difficult to distinguish chemokinesis from chemotaxis. To overcome this last difficulty, 

chemoattractant could be added in both compartments to study chemokinesis and only 

in the lower compartment to study chemotaxis, distinguishing both movements [69]. In 

wound healing assays, wounds were created manually with a pipette tip, being difficult 

to generate reproducible wounds [22], what can be overcome, in future assays, by 

resorting to commercially available inserts that physically exclude cells [51]. 

Since these assays limited the understanding of cell motility, there was a need for 

alternative strategies to understand the mechanisms of cell migration in complex 3D 

environments. Towards that end, we decided to implement a 3D time-lapse microscopy 

migration assay, in which cells are embedded in a collagen type I matrix, one of the major 

ECM components, to reenact confinement to which cells are subjected in ECM. 

Moreover, this assay allows the study of directed migration through the matrix 

(chemotaxis), and provides means for analysis of velocity and persistence of individual 

cells. Our results suggest that, adherent DCs migrated randomly within the collagen 

matrix (Fig. 22), while semi-adherent and non-adherent subsets presented a persistent 

migration towards CCL21 gradient (Fig. 22). These results appeared to be in agreement 

to what was observed in 2D transwell migration assays (Fig. 15), in which adherent cells 
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are the less directed towards CCL21, and non-adherent subset the more directed. LPS-

activation and Leishmania-infection of semi-adherent and non-adherent DCs apparently 

increased CCL21-directed migration (Fig. 22). To fully quantify the influence of 

Leishmania infection and LPS activation in cell movement (velocity and persistence), we 

need a Fiji algorithm that is currently being developed, to track single cell movement 

within the matrix. However, this tracking is semi-automatic, since cells change plans in 

the matrix and appear/disappear between frames, requiring intensive manual tracking 

[76].  

This 3D time-lapse microscopy assay was also conducted with MOs and with a 

serum and M-CSF gradient as chemoattractants. Macrophages embedded in the 

collagen matrix presented only random migration (Fig. 23). To understand the lack of 

motility of MOs under this 3D sorting, we resorted to a transwell assay, in which we 

tested their migration through the porous membranes coated or not with two types of 3D 

matrices (type I collagen and Matrigel). Cell migration decreased sharply when cells 

were embedded in a collagen matrix. On the other hand, there was a higher 

accumulation of migrating cells when BMDMs were placed in a membrane coated with 

Matrigel (Fig. 24). Future 3D assays will be conducted to understand the influence of 

Leishmania infection in macrophages migration, however these assays will have to be 

performed with different 3D matrices. There are several matrices commercially available, 

that can either be single component, posing the risk of not reproducing the physiological 

environment, or multicomponent with different matrix components abundance than in 

ECM, but considered closer to the physiological situation [24]. As observed in transwell 

assays, macrophages are more retained in a Matrigel matrix than in a collagen type I, 

suggesting that this matrix could be suitable to study macrophages 3D migration. This 

observation was consistent with a previous report by Van Goethem et al., 2010, 

describing macrophages ability to adopt different migration modes depending on the 

geometry of the matrix. For instance, in fibrillary collagen macrophages adopt the 

amoeboid mode, with a faster but less directional migration; while in a dense Matrigel 

matrix, use the slow and directional mesenchymal mode [15], supporting our hypothesis 

to study MOs 3D migration in a Matrigel matrix. Another hypothesis is to decrease 

collagen density (from ~2 mg mL-1 to 1 mg mL-1) to study MOs movement, since it has 

been reported that in lower collagen densities, cells move more rapidly and persistently 

than in intermediate collagen concentrations (2-2.5 mg mL-1) [78]. 

Until the determination of the optimal matrix to study MOs migration, an alternative 

could be resorting to an in vitro chamber capillary assay to overcome the limitations of 

the previously used 2D assays. In this alternative assay, two chambers are connected 
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side-by-side by a connecting bridge. One of the chambers is filled with medium 

containing the cells and the other with medium containing the chemoattractant. Migratory 

behavior of cells is followed by time-lapse microscopy in real time [79]. This assay is 

attractive since it is easy to handle, requires small volumes of samples, allows the 

assessment of directed chemotaxis along a gradient and there are chemotaxis slides 

commercially available [22]. 
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Final considerations and future work 
 

This MSc work is part of a new research line of the Molecular Parasitology group at 

i3S, whose long-term objective is to study whether and how Leishmania influence 

migration of dendritic cells (DCs) and macrophages (MOs). Towards this goal, we have 

managed to implement protocols for DCs and MOs differentiation and infection, as well 

as set up three migration assays. Even though these protocols still require some 

optimization steps (as further detailed below), they already provide us with some useful 

hints regarding our initial working hypothesis. Namely, they suggest that:  

i) Infection by Leishmania affects the migratory behavior of both DCs and MOs. 

ii) In the case of DCs, infection by L. amazonensis induces chemotaxis towards 

CCL21, while L. infantum and L. major apparently do not influence cell 

movement. 

iii) As for MOs, their migratory behavior is different depending on the Leishmania 

species. Specifically, L. major and L. amazonensis infection apparently sustains 

the migration of MOs towards a chemoattractant (similarly to an LPS stimuli), 

whereas L. infantum seems to increase MOs chemotaxis. 

Future studies need to be performed, introducing some modifications to the already 

established protocols, to substantiate the relevance of these findings. In the Boyden 

assays these alterations may include the use of membranes with smaller pores size to 

avoid unspecific falling off cells [22]; introduction of a new experimental setting, in which 

a chemoattractant is added to both compartments, to better assess chemotaxis [69]; in 

the case of MOs, perform new assays with different endpoints to exclude the “drop off” 

effect [22] and further confirm the effect of L. infantum on migration. In the wound healing 

assays, use commercially inserts to physically exclude cells generating wounds with 

reproducible sizes and with no unwanted cell debris [51]. In the time-lapse 3D 

microscopy assays, test MOs migration with different matrices, either collagen at a lower 

density (1 mg mL-1, half the concentration employed in our assays) to promote faster and 

more directed migration [78], or Matrigel [15]. To distinguish infected from non-infected 

cells, we will also invest in the production of fluorescent Leishmania promastigotes to 

overcome the limitations of labelling parasites with fluorescent dies. To quantify cell 

movements (velocity and persistence) and distinguish the influence of different stimuli, 

we will develop a semi-automated Fiji algorithm that track cell migration through the 

matrix.  

If we confirm that distinct Leishmania species do induce different migratory behaviors 

in their host cells, then this knowledge will foster future studies focusing on the 
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mechanisms behind these differences, which may then contribute to understand the 

different clinical facets of leishmaniases. Ultimately, this may be helpful to the 

development of effective treatments to alleviate the symptoms of the more severe forms 

of these diseases. 
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Addendum 
 

Apart from my main research project on phagocyte migration, I have also worked on 

another project ongoing in the lab. By participating in this parallel project, I managed to 

render more productive the free days waiting for the differentiation of BMDCs and 

BMDMs, while learning other relevant techniques, namely those of molecular biology. 

This side project was focused on the functional characterization of the three L. infantum 

peroxidases of the peroxiredoxin family (two cytosolic and one glycosomal), encoded by 

genes localized within the same chromosomal locus. In previous works in the lab, it was 

possible, by homologous recombination, to produce single knockouts for the PRX1 

(cytosolic), PRX2 (cytosolic) and PRX3 (glycosomal) genes, as well as double knockouts 

for PRX2 and PRX3, but never to eliminate all the three genes simultaneously. Even 

though these results could suggest that parasites require at least one of these genes to 

survive, we could not safely make such statement because of the impossibility to 

concomitantly eliminate all three genes was also extended to parasites complemented 

with PRX expressed from a plasmid vector. At this point we assumed that the difficult to 

knockout the PRX1,2,3 locus was merely due to a technical constraint, and therefore 

decided to change our reverse genetics strategy from the classical homologous 

recombination to the novel CRISPR-Cas9 system. Accordingly, my participation in this 

project consisted in designing and constructing the DNA vectors required to knockout 

the entire PRX1,2,3 locus by CRISPR-Cas9 following the protocol previously established 

by Matlashewski et al., 2015 [80], as well as to transfect L. infantum with these plasmids 

and diagnose the resulting transfectants by both immunofluorescence and PCR. Our 

results showed that, again, we failed to fully deplete all three PRX genes even PRX-

complemented parasite, leading us to hypothesize that some other sequence in the 

PRX1,2,3 locus other than or apart from the PRX genes is essential for Leishmania 

survival. In silico search on RNA database revealed the presence of a non-coding RNA 

within this locus, which, if essential, could explain the unfeasibility to eliminate this region 

of the genome. This hypothesis is currently being addressed by other members of the 

lab. My contribution to this work granted me a co-authorship in an oral communication 

at WorldLeish6 congress.   
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Fig. S1– Expression of surface costimulatory markers by adherent CD11c+ BMDCs upon LPS stimulation. 
Expression of CD86, CD40, CD80 and MHC-II in adherent BMDCs either naïve (red) or activated with LPS (blue) on the 

eighth, ninth and tenth days of differentiation with GM-CSF. LPS activation lasted 90 minutes at 37ºC.  The differentiation 

protocol comprised two medium refreshments of GM-CSF-complemented medium, at days three and six. 

 
 

 
 

  

 
 
 
 
 
 
 
 
 
 

 
 
Fig. S2 – Expression of surface costimulatory markers by semi-adherent CD11c+ BMDCs upon LPS stimulation. 
Expression of CD86, CD40, CD80 and MHC-II in semi-adherent BMDCs either naïve (red) or activated with LPS (blue) 

on the eighth, ninth and tenth days of differentiation with GM-CSF. LPS activation lasted 90 minutes at 37ºC. The 

differentiation protocol comprised two medium refreshments of GM-CSF-complemented medium, at days three and six. 
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Fig. S3 – Expression of surface costimulatory markers by non-adherent CD11c+ BMDCs upon LPS stimulation. 
Expression of CD86, CD40, CD80 and MHC-II in non-adherent BMDCs either naïve (red) or activated with LPS (blue) on 

the eighth and ninth days of differentiation with GM-CSF. LPS activation lasted 90 minutes at 37ºC. Analysis was not 

performed on the tenth day because of the limiting number of cells. The differentiation protocol comprised two medium 

refreshments of GM-CSF-complemented medium, at days three and six. 
 

Fig. S4 – Analysis of CD11c+ adherent and semi-adherent BMDCs, differentiated with GM-CSF, from 
cryopreserved bone marrow. Expression of the DC surface marker CD11c by naïve adherent (white) and semi-adherent 

(dark gray) BMDCs populations from fresh (FreshBM) or cryopreserved (CryoBM) bone marrow on the ninth day of 

differentiation with GM-CSF (A). Expression of F4/80 and CD11b in the CD11c
+
 adherent and semi-adherent naïve 

BMDCs from cryopreserved bone marrow on the ninth day of differentiation with GM-CSF (B). Expression of CD86, CD40, 

CD80 and MHC-II in naïve (red) and LPS activated (blue) adherent and semi-adherent BMDCs from cryopreserved bone 

marrow on the ninth day of differentiation with GM-CSF (C). Percentage of L. infantum infected adherent (white) and semi-

adherent (dark gray) BMDCs populations from fresh (FreshBM) or cryopreserved (CryoBM) bone marrow on the nine day 

of differentiation with GM-CSF (D). LPS activation lasted 30 minutes and incubated at 37ºC for 18 hours. BMDCs were 

infected at 1:10 cell:parasite ratios for 60 minutes at 37ºC. The differentiation protocol comprised two medium 

refreshments of GM-CSF-complemented medium, at days three and six. 
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Fig. S5 – Analysis of F4/80+ CD11b+ BMDMs, differentiated with M-CSF, from cryopreserved bone marrow. 
Expression of the MOs surface markers F4/80 and CD11b by naïve BMDMs from fresh (FreshBM) or cryopreserved 

(CryoBM) bone marrow on the eighth day of differentiation with M-CSF (A). Expression of CD86, CD40, CD80 and MHC-

II in naïve (black) and LPS-activated (orange) BMDMs from cryopreserved bone marrow on the eighth day of 

differentiation with M-CSF (B). Percentage of L. infantum infected F4/80
+
 CD11b

+
 BMDMs from fresh (FreshBM) or 

cryopreserved (CryoBM) bone marrow on the eight day of differentiation with M-CSF (C). LPS activation lasted 30 minutes 

and incubated at 37ºC for 18 hours. BMDMs were infected at 1:10 cell:parasite ratios for 60 minutes at 37ºC. The 

differentiation protocol comprised one medium refreshments of M-CSF-complemented medium, at day four. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S6 – Migrating semi-adherent BMDCs after 16h of migration. Migrating semi-adherent DCs after 16 hours of 

migration. Fifty hundred thousand cells were placed on top of the 8 µm-membrane in the presence (“+CCL21”) or absence 

(“-CCL21”) of CCL21 and allowed to migrate for 16 hours. LPS exposure lasted 3 hours at 37ºC. BMDCs were infected 

at 1:10 (L. infantum and L. major) or 1:5 (L. amazonensis) cell:parasite ratios for 3 hours at 37ºC. Cells were stained with 

DAPI and counted on a Zeiss Axio Imager Z1 with a 20x objective. Cell count was performed by analysis of the fifteen 

pictures covering all the membrane area with the Fiji Cell Counter plugin. Experiment performed with BMDCs differentiated 

from cryopreserved bone marrow. 
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