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Abstract 

  

The obligate intracellular protozoan parasite Leishmania major is transmitted by 

sandfly vectors and causes cutaneous leishmaniasis in infected hosts, which results in 

the development of lesions at the site of infection. In the mouse model, genetically 

resistant mouse strains, such as C57BL/6, are able to contain the pathogen and 

spontaneously heal the lesions, while genetically susceptible mice, such as BALB/c, are 

unable to confine the parasite and heal the lesions, and therefore finally succumb to the 

disease. This genetically programmed outcome of leishmaniasis is determined primarily 

by cytokine expression patterns, which have been attributed to CD4
+
 helper T cell 

subsets. Large amounts of the Th1-type cytokines IL-12 and IFN-γ are associated with a 

protective immune response, while expression of the Th2-type cytokines IL-4 and IL-13 

coincide with host susceptibility. Two further cytokines, IL-10 and TGF-β can modify 

the immune response to Leishmania by suppressing the immune system, and thus 

preventing complete eradication of the parasites. 

 Immunosuppression during cutaneous leishmaniasis is important for controlling 

collateral damage that can occur as a result of overzealous inflammation, as well as 

limiting the immune response once the parasite is eliminated from the host. However, 

the degree of immunosuppression needs to be finely balanced, since amplified 

suppression can lead to chronic disease or death due to uncontrolled parasite growth, 

while insufficient suppression can lead to excessive inflammation causing collateral 

damage and host injury. A variety of cells from both the innate and adaptive branches of 

the immune system can mediate immunosuppression. These cells include alternatively 

activated macrophages (AAMs) and myeloid-derived suppressor cells (MDSCs), which 

represent the innate branch of the immune system, as well as Tregs, which are the main 
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regulators within the adaptive branch. Since the maintenance of an appropriate immune 

response relies on the balance of inflammation and immunoregulation, my hypothesis 

was that during cutaneous leishmaniasis, dysfunctional regulation of the immune 

response by immunoregulatory cells contributes to pathogenesis and undesirable 

clinical outcomes. 

 Two gene-deficient mouse models on the genetically resistant C57BL/6 

background were used to analyse regulatory aspects of the immune response to 

L. major. One of these mouse models is deficient for the pro-inflammatory cytokine 

tumour necrosis factor (TNF) and succumbs to L. major, while the other model, which 

is deficient for the chemokine receptor CCR7, develops a chronic infection. The 

susceptible or partly susceptible disease outcomes of these two mouse models differs 

from the normally resistant phenotype of the C57BL/6 strain, indicating that there is a 

lack of induction of immunoregulatory cells resulting in collateral damage or increased 

immunosuppression during infection leading to parasite dissemination. Therefore, both 

models are well suited to study the ensuing implications of immunoregulation during 

cutaneous leishmaniasis. 

 Firstly, in the absence of TNF, mice develop a Th1 response and exhibit a lack 

of Th2 cytokine production in response to L. major, comparable to control mice, and a 

possible cause for the death of B6.TNF
-/-

 mice has yet to be elucidated. In B6.TNF
-/-

 

mice, but not in control mice, I observed a large percentage of AAMs in the infected 

footpad and in the draining lymph node. At the site of infection, these AAMs are 

defined as F4/80
+
CD206

+
 monocytes/macrophages that express arginase 1 (Arg1). In 

the draining lymph node, two monocytic populations are present, as defined by Ly6C 

expression, and in the absence of TNF, the population with low expression of Ly6C 

accumulates at the peak of disease. Both the CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
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monocytic populations in B6.TNF
-/-

 mice display markers for alternative activation, 

such as Arg1 and CD206, while B6.WT monocytic populations have minimal 

expression of the same markers. These results indicate that TNF has an antagonistic role 

in the development of AAMs, and describe a potential mechanism for the death of 

B6.TNF
-/-

 mice after L. major infection. 

 The second model I used to test my hypothesis was the L. major infection of 

CCR7-deficient mice. This infection model allowed me to study the expansion of Tregs 

in response to parasitic infection, and in addition, to address more general questions 

regarding the role of CCR7, since there is currently a general lack of studies examining 

L. major-infected B6.CCR7
-/-

 mice. Therefore, both the innate and lymphocytic 

infiltrates during infection were analysed to provide a foundation for further research. In 

the absence of CCR7, cells crucial for the clearance of parasites, such as inflammatory 

iNOS-expressing monocytes, were delayed in their migration to the site of infection. 

Furthermore, B6.CCR7
-/-

 mice had increased expression of the Th2 cytokines IL-4 and 

IL-10 within the lymph node, while there were no changes in IFN-γ expression. 

Additionally, there was an increased percentage of Tregs in the draining lymph node of 

B6.CCR7
-/-

 mice throughout infection. Since CCR7 is required for the migration of 

antigen-presenting DCs into the lymph node, B6.CCR7
-/-

 mice were injected with 

B6.WT DCs to increase DC migration, promote efficient antigen presentation and 

support an effective Th1 response. Instead, the addition of B6.WT DCs into B6.CCR7
-/-

 

mice or B6.CCR7
-/-

 DCs into B6.WT mice caused exacerbated disease compared to 

control host mice. Moreover, the injection of B6.WT DCs further increased the 

percentage of Tregs in the lymph nodes of B6.CCR7
-/-

 mice. Taken together, I show that 

CCR7 is required for maintaining a pro-inflammatory response to L. major. 
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 Overall, increased immunosuppression during cutaneous leishmaniasis is an 

underlying cause for fatal or chronic disease outcomes. Specifically, I showed that TNF 

negatively regulates the development of AAMs during L. major infection, providing a 

plausible explanation for the death of TNF-deficient mice. Furthermore, I provide 

evidence that CCR7 modulates immunosuppression and is required to elicit a Th1 

response, as an additional function to its known role in cell migration. Therefore, as 

hypothesised, disturbed cellular regulation from both the innate and adaptive branches 

of the immune system contribute to undesired outcomes of L. major infection. 
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General introduction 

 

The immune response to Leishmania major 

The leishmaniases are neglected tropical diseases caused by obligate 

intracellular protozoan parasites from the genus Leishmania, which are transmitted to 

mammalian hosts by sandfly vectors of the genera Phlebotomus and Lutzomyia 

(Desjeux, 2004; Reithinger et al., 2007). These diseases affect approximately 12 million 

people, mainly in the Middle East, Africa and South America, but infection is also 

increasing in Europe (Desjeux, 2004). There are three clinical forms of the disease and 

the manifestations are primarily dependent on the infecting species of Leishmania. The 

most benign form of the infection is cutaneous leishmaniasis, which is limited to a skin 

lesion at the infection site and can be caused by L. major (Desjeux, 2004; Herwaldt, 

1999; Kaye and Scott, 2011; Reithinger et al., 2007). In immunocompromised patients, 

this pathogen can spread and cause diffuse cutaneous leishmaniasis (Desjeux, 2004; 

Kaye and Scott, 2011; Reithinger et al., 2007).  A second form of the disease is 

mucocutaneous leishmaniasis, which is caused by L. braziliensis or L. tropica. This 

manifestation represents the most disfiguring form of the disease, and affects oral and 

pharyngeal cavities (Desjeux, 2004; Herwaldt, 1999; Kaye and Scott, 2011; Reithinger 

et al., 2007). Finally, visceral leishmaniasis, also known as kala azar, can be caused by 

L. donovani and L. infantum, and is fatal if left untreated (Desjeux, 2004; Herwaldt, 

1999; Kaye and Scott, 2011). 

In the mouse model, like in human disease, L. major causes cutaneous 

leishmaniasis, while L. donovani causes visceral leishmaniasis. However, in mice an 

additional genetic component influences the manifestation of disease. After infection 

with L. major, genetically resistant mice, such as the C57BL/6 strain, display a limited 
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lesion with a mononuclear infiltrate, and spontaneously heal cutaneous lesions within 

six to eight weeks. Conversely, susceptible BALB/c mice develop ulcerated lesions 

with a granulocytic infiltrate, and succumb to the disease at approximately six to eight 

weeks after infection. Subsequently, it could be shown that resistant mice developed a 

Th1 response characterised by interleukin (IL)-12 and interferon (IFN)-γ, while 

susceptible mice produced large amounts of the Th2 cytokines IL-4 and IL-13 (Heinzel 

et al., 1989; Scott et al., 1988). Since the initial description of the dichotomy of T cell 

responses, a variety of other helper T cell subsets have been characterised, such as Th17 

cells, Th22 cells and regulatory T cells (Tregs) (Basu et al., 2012; King et al., 2008). 

The current opinion in the field is that a Th1 response is critical for resolution of 

leishmaniasis, because Th1 cytokines activate macrophage effector functions. In 

particular, IL-12, produced by cells such as dendritic cells (DCs), activates natural killer 

(NK) cells and CD4
+
 T cells to secrete IFN-γ, which causes the transcription of the 

inducible nitric oxide synthase (iNOS) gene within macrophages (Mattner et al., 1996; 

Scharton-Kersten et al., 1995; von Stebut et al., 1998). The enzyme iNOS catalyses the 

reaction that converts L-arginine into nitric oxide (NO), allowing macrophages to kill 

Leishmania parasites within phagolysosomes (Chang and Dwyer, 1976; Ding et al., 

1988; Green et al., 1990; McConville et al., 2007; Stenger et al., 1994). 

While a Th1 response activates macrophages, the primary outcome of a Th2 

response is stimulation of the humoral response, including B cell activation and 

antibody secretion (Mosmann and Coffman, 1989). Various cell types secrete IL-4, 

which further enhances IL-4 expression by CD4
+
 T cells and leads to antibody secretion 

(Le Gros et al., 1990; Parker, 1993; Rincon et al., 1997; Sanders et al., 1987). Since 

Leishmania is an intracellular parasite, with only a short extracellular phase that is 

exposed to the humoral response, antibody-mediated immune responses have an 
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insignificant role in the elimination of the pathogen (Brown and Reiner, 1999; Smelt et 

al., 2000). 

Once the immune system has cleared the parasites in a Th1 response, 

immunoregulatory mechanisms must be in place to prevent unnecessary tissue damage. 

Both the innate and adaptive branches of the immune system have regulatory 

mechanisms that suppress the immune response. This includes alternatively activated 

macrophages (AAMs) and myeloid-derived suppressor cells (MDSCs), as well as Tregs. 

In a normal immune response, these cells develop at the peak of infection, when the 

antigen is at its maximum level, and cause a decrease in the number of inflammatory 

cells, thus limiting the pro-inflammatory response and preventing collateral damage. 

While pro-inflammatory cells have been studied extensively, the existence of 

regulatory or suppressive cells within the immune system has only been demonstrated 

formally in the past twenty years (Powrie and Mason, 1990; Sakaguchi et al., 1995). In 

the meantime, the adaptive arm of immunoregulation has been studied extensively and 

is well understood in a wide range of models. In contrast, innate immune regulatory 

cells, such as AAMs or MDSCs are still to be analysed in detail. A classification of 

these innate cells, as well as the mechanisms of their development and differentiation, is 

only now emerging. While much of the current work into innate immunoregulation has 

been accomplished using tumour models or disease models with a Th2-mediated 

immune response, where regulation readily occurs and can be easily studied, very little 

is known of immunoregulation of infectious diseases, and in particular, of infections 

with parasitic origin. Our model of experimental cutaneous leishmaniasis provides an 

excellent opportunity to examine innate and adaptive regulatory cells within a parasitic 

disease. Subsequently, this thesis presents information about two molecules that play 
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important roles in the development of innate and adaptive immunoregulation during 

infection with L. major. 

 

Tumour necrosis factor 

 Tumour necrosis factor (TNF) is a pro-inflammatory cytokine that has a 26kDa 

membrane-associated form which is cleaved into a 17kDa soluble peptide (Kriegler et 

al., 1988). Both forms make active homotrimers that mediate their effects through two 

different receptors, TNFR1 and TNFR2 (Korner and Sedgwick, 1996). While TNFR1 

asserts pro-inflammatory and apoptotic functions, TNFR2 is expressed on highly 

suppressive Tregs, and its activation has been shown to stabilise the Treg lineage (Chen 

et al., 2013; Evangelidou et al., 2010). Macrophages are one of the primary sources of 

TNF, but are also highly receptive to the cytokine. Signalling of TNF in combination 

with IFN-γ or antigenic signals, induces the expression of iNOS by macrophages, and in 

the model of leishmaniasis, both TNF and iNOS are instrumental for the killing of 

parasites (Fonseca et al., 2003; Liew et al., 1990a, b; Stenger et al., 1994). 

The importance of TNF in leishmaniasis is highlighted by the inability of TNF-

deficient mice on the resistant C57BL/6 background to clear the parasites, and as a 

result, these mice rapidly succumb to the disease (Wilhelm et al., 2001). In the absence 

of TNF, hosts still develop a Th1 cytokine response with very little IL-4 expression, 

similar to resistant B6.WT mice, and therefore, susceptibility can not be attributed to a 

Th2 response (Wilhelm et al., 2001). One of the possible reasons for susceptibility is a 

defect in monocyte/macrophage function, since the differentiation of monocytes during 

infection is altered in TNF-deficient mice, and consequently, parasites are harboured 

rather than killed (Fromm et al., 2012). Therefore, this TNF-deficient model was used 

to evaluate the role of immunoregulation from monocyte/macrophage populations 
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during leishmaniasis, in an attempt to demonstrate a mechanism behind the death of 

B6.TNF
-/-

 mice. 

 

The chemokine receptor CCR7 

Chemokines are small 8-14kDa polypeptides that induce chemotaxis of cells 

(Zlotnik and Yoshie, 2000). The chemotactic signals are transmitted by ligand-specific 

seven-transmembrane spanning G protein-coupled receptors (Zlotnik and Yoshie, 

2000). These receptors are classified into four different groups depending on the pattern 

of two cysteine residues at the N-terminus of their ligands (Zlotnik and Yoshie, 2000). 

Since the ligands for CCR7 have two adjacent cysteine residues, CCR7 is placed in the 

CC chemokine receptor group. There are two ligands for CCR7, CCL19 and CCL21, 

and the expression of both chemokines is located primarily in secondary lymphoid 

organs, such as spleen and lymph nodes. However, the cellular source within these 

organs is different for each chemokine. Stromal cells express CCL19, while CCL21 is 

expressed on high endothelial venules and in T cell areas (Mori et al., 2001). Since the 

primary function of CCR7 and its ligands is to direct cells for antigen presentation in 

secondary lymphoid organs, CCR7 is expressed on naïve T cells, activated DCs, B cells 

and central memory T cells (Forster et al., 2008; Forster et al., 1999). 

 While in vitro data and simplistic in vivo models show a crucial and non-

redundant role of CCR7 in the migration of cells towards its ligands and into secondary 

lymphoid organs, this is not the case for complex in vivo interactions in infectious 

models. Some infections of CCR7-deficient mice result in death, while the host can 

resolve other infections, although this control is often delayed (Junt et al., 2004; Kursar 

et al., 2005; Noor et al., 2010). I show that in the absence of CCR7, mice develop 

chronic cutaneous leishmaniasis, showing partial redundancy in this chemokine 
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receptor’s function. In the model of cutaneous leishmaniasis, where resistance and 

susceptibility are clearly defined, a chronic infection is interesting and warrants further 

investigation. One of the mechanisms that may contribute to the chronic state is 

increased immunosuppression. Therefore, these CCR7-deficient mice were analysed for 

Tregs during cutaneous leishmaniasis. 

 

Reciprocal regulation of TNF and CCL21 

The spatial segregation of T and B cells in secondary lymphoid organs is 

disrupted in TNF- and CCR7-deficient mice (Forster et al., 1999; Muller et al., 2003; 

Ngo et al., 1999). The similar phenotype in the two gene-deficient mice indicates that 

TNF and CCR7 may have overlapping functions. Indeed, TNF induces the expression 

of CCL21, one of the ligands for CCR7, in secondary lymphoid organs, as well as at the 

site of infection during cutaneous leishmaniasis (Johnson and Jackson, 2010; Ngo et al., 

1999; Ritter et al., 2008; Wiede et al., 2007). Furthermore, as a result of reduced CCL21 

expression in B6.TNF
-/-

 mice, the migration of DCs is impeded (Martin-Fontecha et al., 

2003; Ritter et al., 2008). In addition, TNF-deficient DCs have defects in maturation, 

resulting indirectly in diminished CCR7 expression, further compounding the lack of 

DC migration (Ritter et al., 2003). Moreover, in a reciprocal manner, CCL21 

stimulation induces the expression of TNF (Nanki et al., 2009). These studies show that 

the expression and functions of TNF, CCR7 and its ligand, CCL21, are intricately 

linked, and therefore, the immune response to L. major in both gene-deficient mouse 

strains is likely to reflect their association.  
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Hypotheses and aims 

The understanding of inflammatory mechanisms has allowed scientists to 

modulate the immune response in a variety of disease scenarios, such as infections and 

autoimmune diseases, for the purpose of treatment and vaccinations. While these 

modulations of the inflammatory response have worked successfully for infections of 

bacterial or viral origin, the same modulations have failed for the treatment and, in 

particular, vaccinations of protozoan parasitic diseases. Immunoregulation is an area of 

the immune response that is emerging as a vital component of natural resolution and 

immunity to parasitic diseases, such as leishmaniasis and malaria. However, our 

knowledge of the mechanisms behind immunoregulation of parasitic diseases is limited. 

Accordingly, our understanding of these immunoregulatory mechanisms, such as the 

molecules that promote or deter the development of regulatory cells, must be expanded 

before successful vaccinations can be produced. Gene-deficient mice that have altered 

disease outcomes to the genetically resistant C57BL/6 strain are appealing models for 

the examination of the development of regulatory cells. Mice deficient in TNF or CCR7 

have adverse disease outcomes, and these two molecules may participate in regulating 

the immune response to L. major. Therefore, my overarching hypothesis is that the 

altered disease outcomes in TNF- and CCR7-deficient mice during cutaneous 

leishmaniasis are the result of aberrant immunosuppression. 

 

Specific hypotheses 

1. TNF, as a pro-inflammatory cytokine, prevents the accumulation of 

immunosuppressive monocytes/macrophages that modulate the outcome of 

cutaneous leishmaniasis. 
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2. CCR7 is necessary for the correct migration of mononuclear immune cells, which 

is the basis of a protective immune response to L. major. 

 

Aims 

1. Analyse the regulatory role of innate immune cells during cutaneous leishmaniasis 

in TNF-deficient mice. 

2. Analyse the role of Tregs in the regulation of the immune system during cutaneous 

leishmaniasis using CCR7-deficient mice. 

 

This thesis will begin with a published review of the literature about both innate 

and adaptive regulatory immune mechanisms that are important in the response to 

protozoan parasitic diseases. In Part I, the association of the absence of TNF with 

enhanced immunosuppression by cells of the innate immune system will be discussed. 

In this chapter, I show the impact of TNF on the development of a monocytic subset, 

which may finally provide an explanation for the rapid death of TNF-deficient mice 

during cutaneous leishmaniasis. In Part II, I analyse immunosuppression by Tregs in a 

CCR7-deficient model. The results presented demonstrate a role for CCR7 in 

maintaining a pro-inflammatory environment during infection with L. major, and in the 

absence of the chemokine receptor, a chronic infection develops. While TNF and 

CCR7 play specific roles in balancing inflammation and immunosuppression under 

normal conditions, these gene-deficient models also provide general insights into the 

consequence of increased cellular immunosuppression during cutaneous leishmaniasis. 
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Different regulatory mechanisms in protozoan parasitic infections 

 

This chapter was published in 2013 in the International Journal for Parasitology. 

Kling, J.C., and Korner, H. (2013). Different regulatory mechanisms in protozoan 

parasitic infections. International Journal for Parasitology 43, 417-425. 

 

Abstract 

The immune response to the protozoan pathogens, Leishmania spp., 

Trypanosoma spp. and Plasmodium spp., has been studied extensively with particular 

focus on regulation of the immune response by immunological mechanisms. More 

specifically, in diseases caused by parasites, immunosuppression frequently prevents 

immunopathology that can injure the host. However, this allows a small number of 

parasites to evade the immune response and remain in the host after clinical cure. The 

consequences can be chronic infections, which establish a zoonotic or anthroponotic 

reservoir. This review will highlight some of the identified regulatory mechanisms of 

the immune system that govern immune responses to parasitic diseases, in particular 

leishmaniasis, trypanosomiasis and malaria, and discuss implications for the 

development of efficient vaccines against these diseases. 

 

Introduction 

Protozoan parasites of the genus Plasmodium, as well as the kinetoplastid genera 

Leishmania and Trypanosoma, cause widespread human diseases. These infectious 

microorganisms are eukaryotic and form a unique group amongst human pathogens. 

Although they have been recognized by medical science for more than a century, there 

is still limited availability of therapies and a lack of affordable and effective vaccination 
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strategies, despite ongoing efforts and the huge disease burden in developing countries 

caused by these pathogens.  

Humans have an immune system that seems to allow the persistence of a small 

number of parasites despite an ongoing protective response. This is based on the 

existence of two opposing evolutionary forces acting on both the pathogen and host, 

which seems, at first glance, to benefit the parasite. The obvious selection pressure on 

parasites, such as Leishmania major, has led to the development of an array of immune 

evasive mechanisms, which allows them, for example, to survive inside 

phagolysosomes for an extended period of time. On the other hand, it is also in the 

interest of the host to curtail the immune response and allow the presence of parasites, 

because a strong immune response that would eliminate the pathogens could also lead 

to immunopathology and extended damage to the host (Yazdanbakhsh and Sacks, 

2010). As a consequence, a sterile cure is rarely seen in parasitic infections, but instead 

we see persistent and mostly benign infections, which harbour the possibility of 

reactivation (Mendez et al., 2004). Current therapy for infections caused by these 

pathogenic species is time consuming, and in many cases complex and costly, needs the 

cooperation of the patients and is therefore not suited for conditions in developing 

countries. The alternative is to develop a vaccine, thereby preventing the need for 

treatment. Unfortunately, despite considerable efforts, a vaccine is not available for any 

of these pathogens. This is in part due to the fact that successful attempts to generate a 

protective vaccine have been proven to work for anti-viral or anti-bacterial vaccines, but 

are not effective to elicit a protective response to parasitic infections. It is therefore 

important for the development of a vaccine to understand immune evasion methods of 

the parasites, but even more importantly, the response of the immune system to these 

parasites. In particular, we need to acknowledge the immunomodulatory mechanisms, 
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which in these infections not only ensure survival of the host by dampening the immune 

response, but thereby also allow the persistence of the pathogen. Therefore, while this 

review is not exhaustive, it will focus on the innate and adaptive regulatory host 

processes governing the immune response in leishmaniasis, trypanosomiasis and 

malaria. 

 

The protozoan pathogens: Leishmania spp., Trypanosoma spp. and Plasmodium 

spp. 

 Although species of the genera Leishmania, Trypanosoma and Plasmodium are 

classed as protozoan parasites, they belong to phylogenetically distinct groups. While 

Plasmodium is part of the numerous Apicomplexan parasites, Leishmania and 

Trypanosoma have been grouped in the class of the flagellated Kinetoplastidae (Kaye 

and Scott, 2011). Therefore, their life cycles, as well as the pathology and symptoms of 

the diseases they cause, are different. 

 

Leishmania 

Parasites of the genus Leishmania display two developmental forms depending 

on the phase of their life cycle. Amastigotes are the obligate intracellular, unflagellated 

form, which are predominately present in macrophages of mammalian hosts. In 

contrast, the flagellated promastigote form develops in the intestinal tract of the vector, 

the phlebotomine sandfly (Kaye and Scott, 2011). The vector ingests amastigotes during 

feeding and deposits the promastigotes subcutaneously back into a host during 

subsequent blood meals. 

The clinical spectrum of leishmaniasis ranges from relatively benign skin lesions 

to terribly disfiguring mucosal lesions and, finally, to systemic visceral disease which is 
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fatal if left untreated. The severity of disease depends primarily on the species of 

infective Leishmania but also depends on the immune status of the host (Kaye and 

Scott, 2011). Infection of mice with L. major, for example, causes cutaneous lesions to 

develop at the site of infection, while Leishmania donovani infection causes visceral 

leishmaniasis. 

 

Trypanosoma 

 The trypanosomiases are caused by different species of Trypanosoma depending 

on the geographical location. Trypanosoma cruzi is the causative agent of Chagas 

disease in the Americas and is transmitted by the faeces of triatomine bugs, more 

commonly known as “kissing” or “assassin” bugs. The flagellated trypomastigote stage 

of the parasite enters the wound and infects various cells including fibroblasts, muscle 

cells and macrophages (Schuster and Schaub, 2000). Inside these cells, the parasite 

develops into the non-flagellated amastigote stage. When the infected cells lyse, the 

trypomastigote form is able to travel in the blood and infect other cells or be taken up 

by another triatomine bug during a blood meal. The progression of Chagas disease has 

two phases, with symptoms in the acute phase including headache and fever, as well as 

muscle, abdominal and chest pain. During the chronic phase, 30% of patients develop 

cardiomyopathy and 10% develop digestive and neurological anomalies. 

African sleeping sickness is caused by different species of Trypanosoma such as 

Trypanosoma brucei, which infects humans, and Trypanosoma congolense, which 

infects animals such as cattle. These species, in contrast to T. cruzi, have a purely 

extracellular life cycle, in that the parasites do not infect cells and become amastigotes, 

but remain in the blood stream to replicate as trypomastigotes and are available to be 

taken up in the blood meals of the tsetse fly. The parasite is able to evade the host’s 
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immune system by changing its variant surface glycoprotein (VSG) coat in a proportion 

of parasites of each generation (Barrett et al., 2003). The human pathogen, T. brucei, 

causes similar symptoms during infection to T. cruzi, with the possibility of developing 

a coma due to neurological complications, as the parasite is able to cross the blood-

brain barrier. 

 

Plasmodium 

Approximately 50% of the world’s population, predominately in Africa and 

Asia, is at risk of contracting the mosquito-borne tropical disease, malaria that 

originates from five parasitic species of the genus Plasmodium. After the parasites have 

been deposited in the host by their mosquito vector, females of the genus Anopheles, 

parasites infect liver cells in the asymptomatic stage of the disease (Prudencio et al., 

2006), where they develop into merozoites and undergo asexual proliferation. When the 

liver cells lyse, the parasites are released into the blood stream and infect erythrocytes 

causing the second, symptomatic stage of the disease. A small proportion of the 

parasites develop into gametocytes and are taken up again by mosquitoes during blood 

meals. After further stages of development in the mosquito, the life cycle repeats itself. 

Malaria is characterised by fever episodes, chills, sweating, aches, nausea and 

vomiting. In its most severe forms, cerebral malaria, severe anaemia or respiratory 

distress syndrome, it is a significant health problem in developing countries, with the 

species Plasmodium falciparum causing the most fatal outcomes due to neurological 

complications (Good et al., 2005). The predominant mouse models of malaria are 

Plasmodium berghei ANKA strain infection, which mimics cerebral malaria, and the 

mouse-specific Plasmodium chabaudi infection, that allows study of the blood stage of 

malaria (Longley et al., 2011). 
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Overview of immune regulation 

The immune system has the ability to aggressively attack pathogenic invaders 

without damaging “self” (Janeway, 1992). This quality is based to a large extent on the 

selection and deletion of self-reactive T cells in the thymus. However, a significant 

number of autoreactive T cells exit the thymus and enter the periphery, where they are 

suppressed by a variety of methods, and in only a few exceptional cases the host 

develops an autoimmune response (Walker and Abbas, 2002). Soon after the concept of 

tolerance was formed, the fact that T cell-dependent autoimmune diseases existed made 

it necessary to assume that a peripheral control mechanism of the immune system 

existed, based on cellular interactions. 

 

Adaptive mechanisms of regulation 

While most scientists were convinced that some control mechanism existed, the 

hypothetical class of “suppressor” T cells could not be defined due to a lack of reagents 

and convincing models. It was in the beginning of the 1990s that the concept was 

revisited due to the work of Powrie (Powrie et al., 1993) and Sakaguchi (Sakaguchi et 

al., 1995). The first reproducible observation of regulatory T cells (Tregs) was based on 

adoptive transfers of T cell subpopulations separated according to their expression of 

CD45RB, a surface marker that allows differentiation between regulatory (low) and 

naïve (high) T cells. A restoration of the T cell compartment of C.B-17 SCID mice with 

a CD45RB
high

 CD4
+
 T cell population caused lethal wasting colitis induced by severe 

inflammatory mononuclear cell infiltrates into the colon (Powrie et al., 1993). 

Furthermore, the ensuing pathology was characterised by elevated levels of IFN- 

mRNA. When the animals were restored with a CD45RB
low

 subset or with unsorted 

CD4
+
 T cells, they did not develop colitis and displayed no wasting disease (Powrie et 



Regulatory mechanisms in protozoan parasitic infections 

 15 

al., 1993). The analysis of T cell-dependent suppression was further refined with the 

observation that only IL-2 receptor -chain (CD25) positive T cells were able to 

transfer this activity (Sakaguchi et al., 1995). Finally, to date the best marker for Tregs 

has been shown to be the transcription factor Foxp3 (forkhead box protein p3), and 

combined with the surface markers CD4 and CD25, the majority of Tregs can be 

identified (Fontenot et al., 2003; Hori et al., 2003; Khattri et al., 2003). While there are 

Foxp3
-
 Treg populations, the predominant and best understood populations are thymic-

derived and peripherally induced Foxp3
+
 Treg populations (Curotto de Lafaille and 

Lafaille, 2009; Feuerer et al., 2009).  

 

Mechanisms of Treg suppression 

Treg cells are responsible for the peripheral control of immunological tolerance 

(Campbell and Koch, 2011). They limit immune responses to pathogens and terminate 

them by three commonly accepted mechanisms. The first mechanism requires cell-cell 

contact and involves the down-regulation of the co-stimulatory molecules CD80/86 on 

antigen presenting cells (APCs) during the interaction of T cell-expressed CTLA-4 with 

APCs (Miyara and Sakaguchi; Schmidt et al., 2009). When effector T cells do not 

receive co-stimulation via interactions of CD80/86 and CD28, the T cells become 

anergic and fail to respond to further stimuli. 

Secondly, Tregs are able to produce the immunoregulatory cytokines, IL-10 and 

TGF-. IL-10 is able to act on various cells of the immune system including APCs and 

T cells and, in particular, is able to suppress the ability of APCs to stimulate T cells, 

potentially by removing co-stimulatory signals (Ding and Shevach, 1992; Fiorentino et 

al., 1991). IL-10 production by Tregs is also able to suppress inflammatory Th17 cell 

function, thus skewing the immune response to a regulatory rather than inflammatory 
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state (Chaudhry et al., 2011). TGF- performs similar functions in suppressing APC 

stimulation of T cells, as well as promoting Treg differentiation in combination with 

IL-2 (Takeuchi et al., 1998). 

 Thirdly, Tregs are also able to suppress effector T cell functions by sequestering 

IL-2. The high affinity IL-2 receptor (CD25) is expressed on Tregs as well as activated 

T cells. Tregs actively deplete the milieu of available IL-2, increasing their own 

expression of CD25 and their production of immunosuppressive IL-10 (Barthlott et al., 

2005). Meanwhile, CD25 expression on effector T cells is decreased, leading to a 

decreased ability to respond to IL-2 as a T cell survival factor, and ultimately removing 

effector T cells from the surrounding environment. 

 

Innate mechanisms of regulation 

A second group of regulatory cells consisting of monocytes and macrophages 

also hold a central place. However, their plasticity during the immune response and 

complicated pathways of differentiation are only partially understood. Regulatory cells 

of myeloid origin, termed “myeloid-derived suppressor cells” (MDSC), were first 

described 35 years ago in tumour models (Strober, 1984), but it took many years to 

understand that they exert significant regulatory influence over the adaptive branch of 

the immune response (Gabrilovich and Nagaraj, 2009; Gordon and Martinez, 2010). 

These cells regulate the immune response by their arginase 1 (Arg1) and inducible nitric 

oxide synthase (iNOS) expression, and subsequent enzymatic products, as well as their 

ability to produce reactive oxygen species (ROS) and cause the generation of Tregs, 

among other less defined mechanisms (Highfill et al., 2010; Huang et al., 2006; 

Kusmartsev et al., 2004; Mazzoni et al., 2002). 
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Recent attempts to reconcile the range of findings concerning the complicated 

differentiation pathways of monocytes resulted in some general basic rules. Under 

inflammatory conditions, blood monocytes can differentiate into dendritic cells (DCs) 

and both classically (M1) or alternatively (M2) activated macrophages (Auffray et al., 

2009). While classically activated macrophages express effector molecules, such as 

iNOS, together with pro-inflammatory cytokines, alternatively activated macrophages 

can be identified by their expression of Arg1. The enzyme iNOS catalyses the reaction 

of L-arginine into L-citrulline and nitric oxide (NO), the latter known to be an important 

effector molecule in killing protozoan parasites (Diefenbach et al., 1998). Arg1 uses the 

same substrate, L-arginine, to produce L-ornithine and urea. L-ornithine can then be used 

in the synthesis of polyamines, which are vital for parasite growth and survival. The 

ratio of iNOS and Arg1 within any cell therefore determines whether L-arginine is 

converted to pathogen-killing NO or parasite-supporting L-ornithine. 

Recently there has been recognition of a third type of macrophage termed the 

regulatory macrophage, which is defined by its ability to produce IL-10 (Gerber and 

Mosser, 2001; Mosser and Edwards, 2008). The relationships between these 

subpopulations have not been investigated in much detail in infectious models, making 

it difficult to predict any homology to the monocyte/macrophage populations detected 

in tumour models. 

 

Regulatory mechanisms in cutaneous leishmaniasis 

There are similarities and differences in the mechanisms of regulation for 

cutaneous and visceral leishmaniasis, but this review will focus on the cutaneous form 

of the disease. Regulation of the immune response to cutaneous leishmaniasis is 

important, particularly for persistence of the parasite within the host after clinical 
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resolution, which is also beneficial for the memory response of the host (see Table 1). 

This persistence is dependent on the immunosuppressive cytokine IL-10, produced by 

CD4
+
CD25

+
 T cells and CD4

+
CD25

-
 T cells expressing IFN- (Anderson et al., 2007; 

Belkaid et al., 2001; Belkaid et al., 2002). IL-10
-/-

 mice infected with L. major are able 

to achieve a sterile cure after infection, while WT mice have a small number of 

parasites still presiding at the site of infection, despite clinical healing (Belkaid et al., 

2001). Furthermore, mice deficient for IL-10 signalling through gene targeting or 

neutralising antibodies are unable to mount an efficient memory response to L. major, 

evidenced by an increase in parasite burden compared with their wild type counterparts 

during secondary infection (Belkaid et al., 2002). However, an increasing number of 

Tregs can tip the balance and cause reactivation of leishmaniasis at the site of primary 

infection (Mendez et al., 2004). This persistence of Leishmania within the host is 

beneficial for transmission of the parasite to subsequent hosts. However, an inability to 

achieve a sterile cure is also beneficial to the host, particularly those residing in endemic 

areas, where an efficient memory response is important. 

There is also evidence to suggest that the controversial subset of regulatory 

B cells may play a role in the immune response towards L. major. Regulatory B cells, 

defined by the expression of CD1d, CD5 and IL-10, comprise approximately 1-3% of 

splenic B cells and function in an antigen-dependent manner (Ronet et al., 2010; 

Yanaba et al., 2009). BALB/c mice are genetically susceptible to infection with 

L. major, however B cell-deficient mice are able to resolve the disease (Ronet et al., 

2010). Furthermore, this regulation is mediated by IL-10, since reconstitution with 

IL-10
-/-

 B cells continues to maintain resistance to L. major in B cell-deficient BALB/c 

mice (Ronet et al., 2010). Although regulatory B cells may not play a major role in 
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regulating a successful immune response, they may confer susceptibility to 

leishmaniasis. 

Regulation of the immune response to Leishmania is also mediated by innate 

and biochemical mechanisms. Macrophages are important in clearing Leishmania 

parasites from the host. However, in susceptible hosts they can also harbour the 

parasites. This dichotomy is due to the reciprocal expression of iNOS and Arg1. 

Macrophages stimulated with IFN- and IL-12 become “classically activated” and 

express high levels of iNOS. NO synthesis by iNOS is essential for the elimination of 

parasites from macrophages, since the absence of iNOS by genetic deletion causes 

uncontrollable replication and ulcerative lesions to develop at the site of infection 

(Diefenbach et al., 1998). On the other hand, macrophages stimulated with IL-4 and 

IL-10 express high levels of Arg1 and are termed “alternatively activated” (Iniesta et al., 

2002). L-ornithine, produced by Arg1 catalysis, is used in polyamine synthesis and is 

required for Leishmania survival and growth. This is shown by a decrease in parasite 

infectivity and survival through N
ω
-hydroxy-L-arginine (LOHA) or N

ω
-hydroxy-nor-L-

arginine (nor-NOHA) inhibition of Arg1 activity within macrophages (Iniesta et al., 

2001; Kropf et al., 2005). However, in resistant C57BL/6 mice, there are very few 

alternatively activated macrophages present at the peak of infection (see Innate 

mechanisms of regulation), and while Ly6C
hi

CD11b
hi

F4/80
int

 MDSCs can suppress 

T cell responses, they can also kill L. major by NO-dependent mechanisms, reminiscent 

of CCR2
+
Ly6C

hi
CD11b

hi
F4/80

int
 inflammatory monocytes, which are known to be 

critical for clearance of the parasites (Conrad et al., 2007; Pereira et al., 2011). The 

similar surface phenotype makes it difficult to determine whether the monocytic 

population present is of a pro-inflammatory or suppressive nature. 
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Leishmania also modulate their survival through their own arginase enzyme. An 

increase in parasite arginase activity results in an increase in parasite load, while 

arginase knockout parasites have a lower survival rate in bone marrow-derived 

macrophage cultures (Gaur et al., 2007; Kropf et al., 2003). Taken together, a multitude 

of different interweaving regulatory mechanisms are involved in the pathology of 

leishmaniasis and determine the clinical outcome in sometimes counterintuitive ways. 

Besides a modulation of the cellular response by regulatory lymphocyte populations, 

innate and biochemical mechanisms are crucial in regulating the immune response to 

L. major and ensuring survival of the host. 

 

Table 1: Important mechanisms of suppression in leishmaniasis 

Cell/Molecule Strain Effect References 

Regulatory T 

cells 

Leishmania 

major 

Express IL-10 to prevent 

sterile cure allowing efficient 

memory response 

(Belkaid et al., 2001; 

Belkaid et al., 2002) 

Regulatory B 

cells 

L. major Produce IL-10 and support 

susceptibility in BALB/c mice 

(Ronet et al., 2010) 

Alternatively 

activated 

macrophages 

L. major Harbour parasites (Iniesta et al., 2001; 

Iniesta et al., 2002; 

Kropf et al., 2005) 

Myeloid-

derived 

suppressor 

cells 

L. major Need better cellular markers 

to differentiate MDSCs from 

inflammatory monocytes 

(Pereira et al., 2011) 

Arginase 1 L. major Allows parasite survival (Iniesta et al., 2002) 

iNOS/NO L. major Facilitates parasite killing (Diefenbach et al., 

1998) 

 

Regulatory mechanisms in trypanosomiasis 

 Generalised suppression of the immune system during infection with 

Trypanosoma has been studied extensively (see Table 2). It has long been known that 

general immunosuppression during Trypanosoma infection is due to adherent spleen 

cells, presumed to be macrophages (Borowy et al., 1990; Wellhausen and Mansfield, 
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1979). These adherent “suppressor cells” from Trypanosoma rhodesiense- and 

T. brucei-infected mice were shown to inhibit proliferation of uninfected spleen cells 

that had been stimulated with sheep red blood cells or concanavalin A (Borowy et al., 

1990; Wellhausen and Mansfield, 1979). More recent studies have shown that 

macrophages from the acute phase of Trypanosoma congolense infection have a 

phenotype of classical activation. As the disease progresses into the chronic phase, the 

macrophages develop an alternatively activated phenotype, which causes 

immunosuppression (Noel et al., 2002). 

CD11b
+
Gr1

+
 myeloid-derived suppressor cells are also involved in 

immunosuppression during T. cruzi infection (Goni et al., 2002). Analysis of CD11b
+
 

cells from heart tissue of infected mice revealed that the monocytic Ly6G
-
 population 

was responsible for suppression of T cell proliferation, mediated by NO synthesis and 

L-arginine consumption (Cuervo et al., 2011). Additional to the ability of NO to kill 

Trypanosoma parasites directly, it inhibits the proliferation of T cells, possibly due to 

the consumption of L-arginine by iNOS, which is required for T cell growth (Cuervo et 

al., 2011; Mabbott et al., 1995; Millar et al., 1999; Schleifer and Mansfield, 1993; 

Vespa et al., 1994). In fact, the parasite burden decreases when the diet is supplemented 

with L-arginine as a consequence of increased T cell proliferation (Cuervo et al., 2011). 

The role of NO in the immune response to Trypanosoma is very complex, and the 

questions of where and when it is produced can determine the effect of the molecule 

(Beschin et al., 1998). While in vitro results seem very clear, in vivo studies show that 

the effects can change depending on the strain of parasite and the susceptibility or 

resistance of the mouse strain. The role for immunosuppression in trypanosomiasis by 

cells of the innate immune system is well accepted, however the role for the adaptive 

immune system is unclear. 
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 During trypanosomiasis, Tregs are present and have been found in heart tissue 

after infection with T. cruzi (Mariano et al., 2008). The CD4
+
Foxp3

+
 Treg population 

expands after the first peak of parasitaemia, correlating with their ability to inhibit 

classically activated macrophages, promote the development of alternatively activated 

macrophages and further enhance immunosuppression (Guilliams et al., 2008; 

Guilliams et al., 2007). 

While Tregs are present in trypanosomiasis, their benefit to the host is 

controversial. An anti-CD25 monoclonal antibody is commonly used to deplete Tregs in 

vivo. Many groups have used this technique with varying results, due to differences in 

mouse strain, Trypanosoma strain and depletion protocols. Reconciling the data is 

therefore difficult and although some groups show no role for Tregs (Kotner and 

Tarleton, 2007), other groups show that Tregs do play a role in mouse survival or death. 

An infection of resistant C57BL/6 mice with T. congolense after depletion of Tregs 

resulted in a decrease in the survival rate that correlated with an increase in liver 

necrosis, and therefore a loss in parasite clearing ability (Guilliams et al., 2007). An 

infection of susceptible BALB/c mice with T. cruzi after Treg depletion showed a 

decrease in survival rate (Mariano et al., 2008). The depletion protocol used in the 

BALB/c experiments was based on antibody depletion of CD25-expressing T cells and 

possibly also eliminated activated CD25
+
 effector T cells, which could explain an 

overall deficiency in cytokine expression reported. In a different series of infection 

experiments, it was demonstrated that Treg depleted BALB/c mice infected with 

T. congolense had an increase in survival rate (Okwor et al., 2012; Wei and Tabel, 

2008). These mice had increased NO and IFN- production, possibly associated with 

relief of severe immunosuppression present in BALB/c mice. Additionally, in human 

patients infected with T. cruzi, asymptomatic (indeterminate) patients have increased 
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Tregs compared with patients with digestive and cardiac symptoms (da Silveira et al., 

2009; Vitelli-Avelar et al., 2005). Since the symptoms of chronic trypanosomiasis are 

based on immunopathological processes, suppression of the immune system during the 

chronic phase of infection with T. congolense results in a dampening of 

immunopathology and improves the outcome for resistant hosts, while suppressing an 

effective immune response in susceptible hosts.  

 

Table 2: Regulatory mechanisms in trypanosomiasis 

Cell Strain Effect References 

Regulatory T cells Trypanosoma 

congolense 

Prevent 

immunopathology in 

liver allowing parasite 

clearance; suppress 

effector molecule 

expression 

(Guilliams et al., 

2007; Wei and 

Tabel, 2008) 

Regulatory B cells  Unknown  

Alternatively 

activated 

macrophages 

T. congolense Present during chronic 

phase of infection 

(Noel et al., 2002) 

Myeloid-derived 

suppressor cells 

Trypanosoma 

cruzi 

Suppress T cell 

proliferation 

(Cuervo et al., 2011; 

Goni et al., 2002) 

Arginase 1 T. congolense Promote parasite 

survival 

(Noel et al., 2002) 

iNOS/NO T. cruzi, 

Trypanosoma 

brucei 

Kill parasites; suppress 

T cells 

(Mabbott et al., 

1995; Millar et al., 

1999; Vespa et al., 

1994) 

 

Regulatory mechanisms in malaria 

 Immunoregulatory cytokine production appears to be the differentiating factor 

that determines whether mice infected with Plasmodium spp. survive (see Table 3). 

IL-10 expressed by CD4
+
CD25

-
Foxp3

-
 T cells and CD19

+
 B cells is able to prevent 

immunopathology in P. chabaudi chabaudi and Plasmodium yoelii infection (Couper et 

al., 2008; Li et al., 1999). As a result, IL-10
-/-

 mice have a decreased survival rate due to 
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increased immunopathology, but also have a lower level of parasitaemia (Couper et al., 

2008; Li et al., 1999; Linke et al., 1996; Omer and Riley, 1998).  

 TGF- also plays an important role in survival of the host. Under normal 

conditions, lethal strains such as P. berghei cause decreased TGF- production by 

splenocytes and decreased levels in the blood. On the other hand, there is an increase in 

TGF- production in non-lethal strains such as P. chabaudi chabaudi (Omer and Riley, 

1998). The importance of TGF- is further demonstrated when it is neutralised, as the 

rate of death is increased in infection with lethal strains and infection with normally 

non-lethal strains becomes fatal (Li et al., 2001; Omer and Riley, 1998). Conversely, 

when mice are injected with recombinant TGF- during P. berghei infection, death is 

delayed but not entirely prevented (Omer and Riley, 1998). 

 While cytokines appear to play a very important role, the importance of 

CD4
+
CD25

+
Foxp3

+
 Tregs in the immune response to Plasmodium spp. is still 

controversially discussed. An observation has been made that Gambian children with 

severe malaria have a higher ratio of effector T cells compared with Tregs, while the 

opposite is true for Gambian children with uncomplicated malaria (Walther et al., 

2009). This is in agreement with a study showing that CD25 depletion during a lethal 

infection of mice with P. yoelii has little effect (Couper et al., 2008). However, another 

group has shown that CD25 depletion during infection with the same species allowed 

the mice to survive the lethal infection (Hisaeda et al., 2004). Comparison of CD25 

depletion strategies and outcomes has been recently reviewed elsewhere (Finney et al., 

2010). Depletion strategies using 7D4 and PC61 monoclonal antibodies are not 

particularly effective, as effector T cells can theoretically also be depleted and 

repopulation occurs within days (Couper et al., 2007). Specific depletion of Foxp3
+
 

cells is possible using the genetically modified DEREG (depletion of regulatory T cell) 
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mice, which have an insertion of diphtheria toxin receptor under the control of the 

Foxp3 promoter (Lahl et al., 2007). This model displays little difference in parasitaemia 

and survival in susceptible C57BL/6 mice after infection with P. berghei, possibly due 

to already low numbers of Tregs in the brain, and the ensuing immunopathology that 

causes cerebral malaria (Steeg et al., 2009). However, DEREG mice on a BALB/c 

background infected with non-lethal P. yoelii have decreased parasitaemia compared 

with controls (Abel et al., 2012). Consequently, the role of CD4
+
CD25

+
Foxp3

+
 T cells 

in suppression of the immune response to malaria needs to be further elucidated by 

more specific techniques before any conclusions can be made. 

 The effects of iNOS, Arg1 and their substrates and products on Plasmodium 

clearance have not been studied in great detail, and the results are often contradictory. 

These metabolic pathways are usually associated with alternatively activated 

macrophages or MDSCs, however there have been no studies on these cells in malaria 

to date. While an increase in NO often correlates to increased IFN- production and 

lower levels of parasitaemia, addition of NO or, on the other hand, iNOS- and 

endothelial (e)NOS-deficient mice do not display any difference in disease progression 

and parasitaemia (Nahrevanian and Dascombe, 2001; Sobolewski et al., 2005; van der 

Heyde et al., 2000; Wang et al., 2009). However, low levels of NO correlate with 

experimental cerebral malaria, suggesting that NO may prevent the immunopathology 

associated with malaria, rather than affecting parasitaemia (Gramaglia et al., 2006). An 

hypothesis is that the low level of NO is due to consumption of L-arginine by the 

parasitic arginase enzyme and subsequent conversion into L-ornithine for Plasmodium 

survival (Olszewski et al., 2009; Yeo et al., 2007). Plasmodium berghei parasites that 

are deficient for arginase have lower infectivity during the liver stage of infection 

(Dowling et al., 2010). The idea that NO and L-arginine levels are linked is supported 
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by evidence that L-arginine infusion in patients infected with P. falciparum causes an 

increase in NO levels (Yeo et al., 2007). While NO does not appear to play a major role 

in the clearance of Plasmodium, parasite-derived arginase seems to promote parasitic 

survival. 

 Overall, it appears that immunosuppression through different adaptive and 

innate mechanisms is required during malaria infection, preventing immunopathology 

and allowing the continuous function of parasite-clearing cells. 

 

Table 3: Regulatory mechanisms in malaria infection 

Cell/Molecule Strain Effect References 

IL-10 Plasmodium 

chabaudi chabaudi, 

Plasmodium yoelii 

Prevent 

immunopathology; 

prevent sterile cure 

(Couper et al., 2008; 

Li et al., 1999) 

TGF-β Plasmodium berghei, 

P. chabaudi chabaudi 

Prevent or delays 

death 

(Li et al., 2001; 

Omer and Riley, 

1998) 

Regulatory T 

cells 

 Inconclusive (Finney et al., 2010) 

Regulatory B 

cells 

 Unknown  

Alternatively 

activated 

macrophages 

 Unknown  

Myeloid-derived 

suppressor cells 

 Unknown  

Arginase 1 P. berghei Promotes parasite 

survival 

(Dowling et al., 

2010) 

iNOS/NO P. yoelii Increase IFN-γ 

production; 

decrease parasite 

levels 

(Wang et al., 2009) 

 

Implications for vaccine development 

Currently protective vaccines for leishmaniasis, trypanosomiasis or malaria are 

lacking. There is a range of difficulties in developing vaccines against these parasites, 

such as different antigen availability at different parasitic life stages, in particular a lack 
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of antigen availability during intracellular stages, and constant recombination of surface 

antigens. Furthermore, there are successful immune evasive mechanisms in place, 

which have evolved to guarantee parasite survival. However, the overriding problem in 

the generation of an effective vaccine is that natural immunity to leishmaniasis, 

trypanosomiasis or malaria requires the induction of a protective T cell response, while 

current protective vaccination strategies generally form a neutralising humoral response 

(Martin and Tarleton, 2005; Mosmann and Coffman, 1989; Scott et al., 1988; Stephens 

and Langhorne, 2010). The generation of an anti-parasitic T cell response, particularly 

in the case of malaria, needs repeated exposure to the parasite to reach a protective level 

and even then immunity wanes if previously immune adults emigrate from an endemic 

area, suggesting that ongoing exposure to the parasite’s antigens is a prerequisite for 

T cells to maintain a protective immune response (Gupta et al., 1999; Langhorne et al., 

2008; Snow et al., 1997). 

This persistent exposure to antigens is the rationale behind the most effective 

vaccine strategy against leishmaniasis, termed leishmanization, which is the inoculation 

of live parasites into a discrete area of the body. This practice is done for cultural and 

social reasons, to avoid obvious scarring by natural infections. However, this procedure 

is unsafe, because serious infection can occur in a small number of cases, the 

composition and virulence of the vaccine is inconsistent and recrudescence can occur 

when the immune system becomes compromised (Okwor and Uzonna, 2008, 2009). 

In contrast to the fully pathogenic parasites used in leishmanization, attenuated 

T. cruzi and Leishmania parasites used as live vaccines show only low efficacy in 

animals and humans. This could be due to the destruction of antigenic molecules or 

metabolites while attenuating the parasite (Garg and Bhatia, 2005; Noazin et al., 2009), 

reducing the inflammatory response, which in turn leads to a weak and non-persistent 
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stimulation of T cells. While there is hope that an anti-Leishmania subunit vaccine, 

Leish-111f, combining three conserved proteins across Leishmania spp., may prove to 

be protective in the human population, a combined subunit vaccine of Plasmodium 

proteins, RTS,S, which initially looked promising, showed low efficiency at the end of 

the follow-up period of the phase III clinical trial (Agnandji et al., 2012; Agnandji et al., 

2011; Coler and Reed, 2005; Hill, 2011). In the face of these disappointments, a new 

and potentially visionary approach, which is still at an early stage, follows strategies 

that use the host metabolism as a target for anti-malarial therapies (Longley et al., 

2011). 

There are currently no human vaccines against the trypanosomiases in trial due 

to the constant changes in the VSG of Trypanosoma spp. This ongoing recombination 

of epitopes proves extremely successful as an immune evasive strategy and makes it 

difficult to find stable protein domains on the parasite surface which are exposed to the 

immune system and can be used to design a vaccine (Magez et al., 2010). Vaccines 

against proteins such as cruzipain and trans-sialidase have been tested in mice and could 

be promising, but seem to require the right adjuvant to skew the immune response to a 

Th1 phenotype (Cazorla et al., 2009). Future vaccination strategies for the 

trypanosomiases will most likely be aimed at preventing disease symptoms, such as 

heart failure and neurological symptoms, by inducing immunoregulation rather than 

targeting the parasite itself (Magez et al., 2010). 

Finally, DNA vaccines now hold the best promise of a safe, effective and easily 

administered vaccine. In terms of safety, attenuated, subunit and DNA vaccines are all 

safer than live vaccines, but attenuated and subunit vaccines have had very little success 

to date, particularly in the long term. DNA vaccines can be manipulated to produce 

certain types of T cell responses, as well as provide long-term immunogenicity by 
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causing cells to persistently express proteins inserted into the DNA vector, which is a 

requirement for natural immunity to these parasites (Alarcon et al., 1999; Feltquate et 

al., 1997). While most of these vaccines aim to produce a response characterised by 

activation of CD4
+
 and CD8

+
 T cells and large IFN- production, knowledge of the 

regulation of the immune response to these parasites suggests that a potential vaccine 

would also need to recruit antigen-specific regulatory cells that are able to produce 

IL-10 and TGF-, to prevent debilitating immunopathology that accompanies an 

inflammatory response to these parasites, such as in the case of Trypanosoma, although 

there is potential for non-specific IL-10-producing CD4
+
Foxp3

-
 cells to develop 

(Anderson et al., 2007). However, there must be tight control, as high IL-10 levels have 

been shown to be detrimental to effective vaccines in leishmaniasis (Stober et al., 2005; 

Tabbara et al., 2005). Memory Tregs have been shown to exist in various models such 

as allergic asthma (Kim et al., 2010), myelodysplastic syndromes (Mailloux et al., 

2012) and acute viral infections (Sanchez et al., 2012), and are able to suppress 

collateral damage by other memory T cells upon rechallenge via IL-10-mediated 

mechanisms. Although memory Tregs have not been shown in parasitic diseases, there 

is a possibility that they may be crucial in eliciting a non-pathological response to the 

parasite after subsequent exposure. 

 

Conclusions 

Over recent years, the concept of a self-regulating immune system has been 

researched intensely. It has been demonstrated conclusively that not only is the adaptive 

arm of the immune system controlled by specific mechanisms such as Tregs, but also 

that the innate system is under tight control of regulatory cell subsets such as MDSCs, 

alternatively activated macrophages and regulatory macrophages. Since 
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immunopathology of the host is an important cause of fatal outcomes of infection by 

protozoan parasites, a tight control of the immune response is absolutely essential to 

prevent potentially devastating immunopathology during leishmaniasis, 

trypanosomiasis and malaria. The balance of immune regulation and effector 

mechanisms must be understood before effective treatment and vaccines can be 

developed, and the aim has to be to develop a vaccine that mimics the natural situation, 

achieving T cell-based immunity but stopping short of a “sterile” cure. 
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PART I: Innate mechanisms of immune regulation during 

cutaneous leishmaniasis 

 

Introduction 

A range of pro-inflammatory cytokines are present early in the inflammatory 

response and are important for the development, differentiation and activation of 

macrophages. Tumour necrosis factor (TNF) is one crucial, rapidly produced cytokine 

with a variety of roles in the innate response of many different diseases, including 

infection and autoimmunity (Korner et al., 2010; Korner and Sedgwick, 1996). 

Amongst its many activities, signals conferred by TNF, in synergy with IFN-γ, activate 

macrophages to produce the enzyme inducible nitric oxide synthase (iNOS) (Liew et al., 

1990b). The enzyme iNOS catalyses the synthesis of nitric oxide (NO), which kills 

Leishmania parasites residing in the phagolysosomes of macrophages (Chang and 

Dwyer, 1976; Liew et al., 1990a, b; McConville et al., 2007; Stenger et al., 1994; 

Theodos et al., 1991). Macrophages that express iNOS as a consequence of activation 

by TNF and IFN-γ are inflammatory, leishmanicidal, and in the context of this work, are 

termed classically activated macrophages (CAMs) (Mosser and Edwards, 2008). 

While TNF is involved in the differentiation of CAMs, its role in the alternative 

activation of macrophages (alternatively activated macrophages; AAMs) has not yet 

been investigated. The general definition of AAMs describes macrophages stimulated 

by IL-4 and IL-13, and that express the enzyme arginase 1 (Arg1) and the mannose 

receptor CD206 (Gordon, 2003; Martinez et al., 2009; Mosser, 2003). As another 

subtype, macrophages expressing IL-10 are shown to be immunosuppressive and are 

termed regulatory macrophages (Mosser and Edwards, 2008). Characterisation of the 

exact role of TNF in the differentiation of AAMs is difficult, due to the variety of cells, 
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depending on the disease or tumour model, that have been described under the term 

AAM (Benoit et al., 2008; Gordon, 2003; Mantovani et al., 2002). Consequently, 

reconciliation of the different descriptions with observations of macrophage phenotypes 

in parasitic diseases is challenging (Martinez et al., 2013; Ziegler-Heitbrock et al., 

2010). 

In the model of cutaneous leishmaniasis, I have designated macrophages 

expressing Arg1 and CD206 as AAMs, since the expression of Arg1 by macrophages 

has physiological consequences during infection with L. major (Iniesta et al., 2005). 

The enzymes iNOS and Arg1 compete for the same substrate, L-arginine. In contrast to 

the leishmanicidal effects of iNOS, Arg1 promotes the survival of L. major within 

macrophages by converting L-arginine to L-ornithine, which can be used by L. major in 

polyamine synthesis (Iniesta et al., 2005; Kropf et al., 2005). Therefore, AAMs provide 

parasites with a mechanism for evasion from the host’s immune system. 

Besides TNF, IL-6, which has both pro- and anti-inflammatory properties, is 

also involved in macrophage differentiation. Many cell types produce IL-6, including 

T cells, macrophages, fibroblasts, myocytes and osteoblasts (Afford et al., 1992; 

Chomarat et al., 2000; Hirano et al., 1985; Hiscock et al., 2004; Ishimi et al., 1990). In 

addition to macrophages, IL-6 plays a role in the differentiation of B cells, Th17 cells 

and regulatory T cells (Tregs), and is also involved in acute inflammation and promotes 

the secretion of IL-10 (Bettelli et al., 2006; Steensberg et al., 2003; Terai et al., 2012; 

Van Snick, 1990). Signalling of IL-6 occurs through a receptor consisting of two 

molecules, the IL-6-specific IL-6R and the ubiquitously expressed gp130 molecule, 

which contributes to the functional receptors of other IL-6-type cytokines including 

IL-11, leukaemia inhibitory factor and oncostatin M (Heinrich et al., 2003; Jones, 

2005). Furthermore, IL-6R can be cleaved to produce a soluble receptor, which binds 
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to IL-6 and produces a signal in cells that express gp130, but are otherwise refractory to 

IL-6 signalling, through a process called trans-signalling (Jones, 2005; Wunderlich et 

al., 2012). In particular, macrophages express the receptors, but also the cytokine itself, 

and are receptive to autocrine signalling (Benoit et al., 2008). Moreover, IL-6 

contributes to the polarisation of murine and human macrophages in both classically 

and alternatively activated pathways (Benoit et al., 2008; Guerrero et al., 2012; 

Heusinkveld et al., 2011; Roca et al., 2009). Due to the opposing pro- and anti-

inflammatory activities, the function of IL-6 in macrophage differentiation is still under 

investigation, and appears to depend on the disease model or infecting agent. 

In cutaneous leishmaniasis, CAMs are important for the clearance of the parasite 

after activation by TNF and IFN-γ, and possibly with the support of IL-6. After 

infection with L. major, IL-6-deficient mice have an innate inflammatory response 

similar to B6.WT mice, indicating a minimal role for IL-6 in macrophage activation 

during cutaneous leishmaniasis (Kling et al., 2011). In contrast, we have recently found 

that mice lacking TNF develop a significant accumulation of a CD11b
+
Ly6C

lo
 

monocytic population in the draining lymph node, which accumulates in parallel to the 

inflammatory CD11b
+
Ly6C

hi
 monocytes (Fromm et al., 2012). This CD11b

+
Ly6C

lo
 

population is negative for the neutrophil marker Ly6G, does not express iNOS and 

harbours Leishmania parasites (Fromm et al., 2012). In contrast, the small number of 

CD11b
+
Ly6C

lo
 cells present in B6.WT mice is Ly6G

+
 and represent neutrophils 

(Fromm et al., 2012). Therefore, I hypothesised that in the lymph node, CD11b
+
Ly6C

lo
 

monocytes from B6.TNF
-/-

 mice represent alternatively activated monocytes and 

express Arg1, which allows parasites to survive intracellularly. I was able to show that 

in the absence of TNF, both CD11b
+
Ly6C

lo
 monocytes, as well as normal inflammatory 

CD11b
+
Ly6C

hi
 monocytes, express Arg1 and CD206. Furthermore, at the site of 
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infection, a population of F4/80
+
CD206

+
 macrophages develops that produces IL-6. In 

the absence of TNF, this population has decreased IL-6 expression compared to B6.WT 

mice and also displays markers of alternative activation. Therefore, I show that the 

presence of the pro-inflammatory cytokine TNF inhibits alternative activation of 

monocytes, while in the absence of TNF, monocytes follow a different pathway and 

adopt an alternatively activated phenotype, despite the presence of other cytokines, such 

as IFN-γ, and a variety of inflammatory stimuli, including the antigen. 

 

Results 

Characterisation of monocytes in the lymph node 

Chemokine receptor expression by monocytes 

Inflammatory or steady-state subsets of monocytes are defined by the expression 

pattern of chemokine receptors. Inflammatory, or migratory, monocytes express high 

levels of CCR2 and low levels of CX3CR1 (Geissmann et al., 2003). In contrast, steady-

state monocytes have a reciprocal expression pattern of the receptors (Geissmann et al., 

2003). In cutaneous leishmaniasis, CCR2 expression has been previously characterised 

for the monocytic populations that develop in the lymph node of B6.WT and B6.TNF
-/-

 

mice (Fromm et al., 2012), while the expression of CX3CR1 has not yet been addressed, 

due to the lack of available reagents. The CD11b
+
Ly6C

hi
 (R2) population has been 

correlated with CCR2
+
 inflammatory monocytes, while the CD11b

+
Ly6C

lo
 (R1) 

population displays very little surface CCR2 expression (Fromm et al., 2012), which 

correlates with my results of mRNA expression (Figure 1A&B). An analysis of the 

mRNA expression of CX3CR1 showed that B6.TNF
-/-

 populations had significantly 

lower expression of CX3CR1 than the corresponding B6.WT subsets (Figure 1C). 

However, there was no difference between the two monocytic populations within the 
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Figure 1: Chemokine receptor expression by monocytes in the lymph node at day 

21 after L. major infection. 

(A) Two monocytic populations were detected according to CD11b and Ly6C 

expression in the draining popliteal lymph nodes of mice at day 21 post infection. The 

mRNA expression of CCR2 (B) and CX3CR1 (C) was analysed from sorted monocytic 

populations and normalised to the housekeeping gene GAPDH. n=5 mice/genotype; 

*p<0.05; **p<0.01.  
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same genotype. It was expected that the CD11b
+
Ly6C

lo
 population would be steady-

state monocytes and express higher levels of CX3CR1 than the CD11b
+
Ly6C

hi
 

populations. However, since the expression of CX3CR1 by both monocytic populations 

is comparable, the CD11b
+
Ly6C

lo
 subsets do not appear to be steady-state monocytes 

(Geissmann et al., 2003; Strauss-Ayali et al., 2007). 

 

Alternative activation of monocytes 

Due to the presence of parasites and the low expression of iNOS by the 

CD11b
+
Ly6C

lo
 monocyte population in TNF-deficient mice (Fromm et al., 2012), I 

hypothesised that these monocytes were alternatively activated and produced the 

enzyme Arg1. The intracellular expression of Arg1 was analysed by flow cytometry, 

and B6.TNF
-/-

 mice had a clear increase in the presence of CD206
+
Arg1

+
 cells 

compared to B6.WT mice. However, there are known issues of commercially available 

antibodies binding non-specifically to assorted cell types, such as monocytes. Various 

antibodies are currently under investigation to identify a conclusively specific anti-Arg1 

antibody to confirm these preliminary flow cytometric results. Nevertheless, I was able 

to analyse Arg1 expression by quantitative PCR, and show that both CD11b
+
Ly6C

lo
 and 

CD11b
+
Ly6C

hi
 populations from B6.TNF

-/-
 mice expressed significantly increased 

levels of Arg1 transcripts (CD11b
+
Ly6C

lo
 96690 ± 99585 [mean relative gene 

expression ± SD]; CD11b
+
Ly6C

hi
 110989 ± 107956) (Figure 2A) and CD206 

(CD11b
+
Ly6C

lo
 1.76 ± 0.71; CD11b

+
Ly6C

hi
 8.69 ± 6.74) (Figure 2B) compared to 

B6.WT cells (Arg1: CD11b
+
Ly6C

lo
 1.20 ± 0.87; CD11b

+
Ly6C

hi
 1.00 ± 0.85) (CD206: 

CD11b
+
Ly6C

lo
 0.96 ± 0.17; CD11b

+
Ly6C

hi
 1.00 ± 0.47), indicating alternative 

activation of B6.TNF
-/-

 monocytes. 
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Figure 2: Expression of alternative activation markers by monocytes in the 

draining lymph node at day 21 post infection. 

The CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 monocytes were sorted from the draining lymph 

nodes of mice 21 days after infection and the mRNA expression of Arg1 (A), CD206 

(B) and TGM2 (C) was determined and normalised to the housekeeping gene GAPDH. 

n=5 mice/genotype; *p<0.05; **p<0.01; ***p<0.001.  
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A newly described marker for alternative activation in both human and mouse 

studies is transglutaminase 2 (TGM2) (Martinez et al., 2013). The level of mRNA 

expression of TGM2 was increased significantly in both monocytic populations from 

B6.TNF
-/-

 mice (CD11b
+
Ly6C

lo
 2.19 ± 1.29; CD11b

+
Ly6C

hi
 6.56 ± 3.54) compared to 

the corresponding B6.WT subsets (CD11b
+
Ly6C

lo
 0.94 ± 0.30; CD11b

+
Ly6C

hi
 1.00 ± 

0.38) and was highest in B6.TNF
-/-

 CD11b
+
Ly6C

hi
 monocytes (Figure 2C). Overall, 

analysis of the characteristic markers of alternative activation, Arg1 and CD206, as well 

as the enzyme TGM2, indicate that monocytes from B6.TNF
-/-

 mice are indeed 

alternatively activated. 

 

Immunohistological analysis of iNOS expression in the lymph node 

Fluorescent immunohistology was performed to analyse the distribution of 

iNOS
+
 cells within the lymph node at day 21 post infection. Cells expressing iNOS 

were clustered together in B6.WT mice but were diffusely distributed throughout the 

lymph node tissue in B6.TNF
-/-

 mice (Figure 3A) (Wilhelm et al., 2001). Furthermore, 

the expression of iNOS is located near the surface of the cell in B6.WT mice, while in 

B6.TNF
-/-

 mice, the expression of iNOS is centralised and co-localises with parasites 

(Figure 3B). To date, there are no studies of subcellular localisation of iNOS in 

Leishmania-infected macrophages, however during a protective response to Salmonella 

infection, iNOS has been shown to localise in the cytoplasm and beneath the plasma 

membrane rather than infected phagosomes, similar to the localisation of iNOS in 

B6.WT cells (Chakravortty et al., 2002; Webb et al., 2001). In B6.TNF
-/-

 cells, the 

localisation of iNOS in a different subcellular compartment may render the function of 

the enzyme ineffective, for example, due to a lack of substrate availability. 
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Figure 3: Fluorescent immunohistology of iNOS expression in the lymph node of 

infected mice at day 21 post infection. 

(A) The localisation of iNOS (green) with CD11b (blue) and L. major (red) is shown in 

the lymph nodes of B6.WT and B6.TNF
-/-

 mice. (B) The cellular localisation of iNOS in 

magnified sections of (A) is shown. Images are representative of three mice from each 

genotype. Objective magnification: A 20x; B 63x.  
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Suppression of T cell proliferation by infected monocytes 

Macrophages that are not classically activated can be immunosuppressive and 

termed regulatory macrophages (Gordon, 2003; Mosser and Edwards, 2008). To analyse 

their function, CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 monocytic populations from each 

genotype were isolated from infected mice and cultured together with proliferating 

CFSE-labelled CD4
+
 T cells to determine their suppressive ability (Figure 4A). During 

each division, CFSE is diluted and is characterised by a decreased peak of fluorescence. 

Specifically, an increase in suppression by the monocytes would result in fewer 

divisions of the labelled CD4
+
 T cells. Firstly, I determined the proliferative capacity of 

the T cells using a division index, which is the average division number of the total 

population (Figure 4B). According to this measure, T cells cultured with monocytes 

proliferated more than those cultured without monocytes (0.83 ± 0.03 [mean ± SEM]). 

Furthermore, T cells cultured with CD11b
+
Ly6C

lo
 cells, irrespective of their genotype 

(B6.WT 1.82 ± 0.03; B6.TNF
-/-

 1.78 ± 0.06), had a greater division index than T cells 

cultured with CD11b
+
Ly6C

hi
 monocytes (B6.WT 1.50 ± 0.01; B6.TNF

-/-
 1.31 ± 0.08). 

This means that the differences in the nature of B6.WT and B6.TNF
-/-

 CD11b
+
Ly6C

lo
 

populations, in terms of Ly6G and iNOS expression, had no effect on proliferating 

T cells. Finally, T cells cultured with B6.WT CD11b
+
Ly6C

hi
 monocytes proliferated 

more than those cultured with B6.TNF
-/-

 CD11b
+
Ly6C

hi
 monocytes (Figure 4B). 

In a second analysis, the proliferative capacity of the T cells was measured using 

the proliferation index, which analyses the number of divisions by cells that have 

undergone at least one round of proliferation (Figure 4C). The proliferation index of 

T cells cultured without monocytes (1.91 ± 0.02) is similar to T cells cultured with 

B6.TNF
-/-

 CD11b
+
Ly6C

hi
 cells (1.96 ± 0.11), while T cells cultured with the B6.TNF

-/-
 

CD11b
+
Ly6C

lo
 (2.24 ± 0.06) and B6.WT monocytic groups (CD11b

+
Ly6C

lo
 2.24 ±  
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Figure 4: In vitro proliferation of T cells cultured with monocytes from L. major-

infected mice. 

(A) The proliferation of T cells was measured by CFSE dilution in the absence or 

presence of sorted CD11b
+
Ly6C

lo
 or CD11b

+
Ly6C

hi
 monocytes from mice infected 

with L. major for 21 days. Dashed line indicates unstimulated control. (B) The division 

index was calculated as a measure of the average number of divisions of the whole 

population. The T cells cultured without monocytes had a statistically significant 

(p<0.05) decrease in the division index compared to the other four experimental groups. 

(C) The proliferation index was measured as the average number of divisions of cells 

that had undergone at least one round of replication. The proliferation index of T cells 

cultured without monocytes was significantly less (p<0.05) than all other experimental 

groups except T cells cultured with CD11b
+
Ly6C

hi
 monocytes from B6.TNF

-/-
 mice. 

n=4-5 mice/genotype; *p<0.05.  

B6.WT 

B6.TNF-/- 

No monocytes Ly6Chi (R2) Ly6Clo (R1) 

N
u

m
b

e
r 

o
f 

c
e

lls
 

CFSE 

A 

B 

C 



Innate mechanisms of regulation 

 42 

0.03; CD11b
+
Ly6C

hi
 2.01 ± 0.01) had a greater proliferation index (Figure 4C). 

Moreover, T cells cultured with the CD11b
+
Ly6C

lo
 population from B6.WT mice 

proliferated better than T cells cultured with B6.WT CD11b
+
Ly6C

hi
 cells. Overall the 

CD11b
+
Ly6C

hi
 population from B6.TNF

-/-
 mice is the most suppressive cell type, since 

the co-cultured T cells have a similar proliferation index to T cells cultured without 

monocytes, indicating that CD11b
+
Ly6C

hi
 monocytes from B6.TNF

-/-
 mice may be a 

proposed regulatory macrophage subset (Mosser and Edwards, 2008). It also indicates 

that CD11b
+
Ly6C

lo
 monocytes from B6.TNF

-/-
 mice behave as AAMs, which can still 

induce proliferation, rather than the immunosuppressive regulatory subset. 

 

Expression of the wound healing response gene Fli1 

Alternative activation of macrophages is often associated with wound healing 

responses, since IL-4-dependent expression of Arg1 contributes to wound healing by 

enhancing extracellular matrix formation (Daley et al., 2010; Kreider et al., 2007; 

Mosser and Edwards, 2008). The expression of the transcription factor Fli1 is 

negatively associated with wound healing, and also with the defence against L. major, 

where susceptible mice have decreased Fli1 expression compared to resistant mice 

during the majority of the infection, indicating increased wound healing 

(Sakthianandeswaren et al., 2010). The CD11b
+
Ly6C

lo
 population of B6.TNF

-/-
 mice 

had decreased expression of Fli1 (1.54 ± 0.64) compared to the B6.WT CD11b
+
Ly6C

lo
 

subset (2.68 ± 0.99) (Figure 5A). Moreover, CD11b
+
Ly6C

hi
 monocytes from both 

genotypes had less Fli1 mRNA expression (B6.WT 1.00 ± 0.23; B6.TNF
-/-

 1.04 ± 0.38) 

than the CD11b
+
Ly6C

lo
 populations. Since wound healing is often associated with 

alternative activation, decreased Fli1 expression by B6.TNF
-/-

 CD11b
+
Ly6C

lo
 cells 

further indicates that this population should be considered as alternatively activated, 
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Figure 5: Expression of Fli1 and IL-10 by CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 

monocytic populations in the lymph node of infected mice at day 21 post infection. 

The mRNA expression of the transcription factor Fli1 (A) and the cytokine IL-10 (B) 

was analysed in the monocytic populations and normalised to the housekeeping gene 

GAPDH. (C) The expression of IL-10 was also analysed by flow cytometry, and the 

mean fluorescent intensity (MFI) is shown. n=5 mice/genotype; *p<0.05; **p<0.01.  
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while the contribution to the wound healing response by CD11b
+
Ly6C

hi
 monocytes 

should be similar between the two genotypes. 

 

Cytokine expression by monocytic populations of the lymph node 

The immunosuppressive cytokine IL-10 has been associated with both 

alternatively activated and regulatory macrophages (Gordon, 2003; Mosser and 

Edwards, 2008). Therefore, the mRNA expression of IL-10 was analysed and an 

increase in IL-10 expression by the CD11b
+
Ly6C

lo
 subset in both genotypes (B6.WT 

3.12 ± 1.43; B6.TNF
-/-

 2.99 ± 1.27) was observed (CD11b
+
Ly6C

hi
: B6.WT 1.00 ± 0.30; 

B6.TNF
-/-

 1.37 ± 0.64) (Figure 5B). Intracellular flow cytometric analysis of IL-10 

showed that CD11b
+
Ly6C

lo
 monocytes from both genotypes (B6.WT 13.54 ± 0.44 

[mean MFI ± SEM]; B6.TNF
-/-

 14.72 ± 0.35) have more IL-10 expression than the 

CD11b
+
Ly6C

hi
 cells (Figure 5C). A comparison of the CD11b

+
Ly6C

hi
 populations 

showed that B6.TNF
-/-

 monocytes had a higher MFI (11.98 ± 0.27) indicating more 

IL-10 production than B6.WT mice (9.00 ± 0.32). Despite the higher IL-10 expression, 

CD11b
+
Ly6C

lo
 monocytes do not show increased immunosuppression, as shown by co-

culture with T cells (see Figure 4B&C). This lack of suppression may be explained by 

the ability of IL-10-producing regulatory macrophages to also express pro-inflammatory 

cytokines (Mosser and Edwards, 2008). Taking into account all the markers analysed, 

monocytes from the lymph nodes of B6.TNF
-/-

 mice display markers for both 

alternatively activated and regulatory macrophage subsets, and further analysis is 

needed. 
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Expression of IL-6 by macrophages at the site of infection 

Expression of IL-6 in the footpads of L. major-infected mice 

The expression of IL-6 is regulated by the pro-inflammatory cytokines TNF and 

IL-1β (Ahmed and Ivashkiv, 2000; Deon et al., 2001; Radtke et al., 2010). Since TNF 

and IL-6 are important for macrophage differentiation, I sought to determine the 

production of IL-6 by macrophages at the site of infection in B6.TNF
-/-

 mice. At the 

peak of disease in the footpads of B6.WT and B6.TNF
-/-

 mice, monocytic CD11b
+
 cells 

were the main producers of IL-6, rather than CD11b
-
 cells, which comprised all other 

leukocyte populations (Figure 6A). My analysis of the IL-6 expression of CD11b
+
 and 

CD11b
-
 populations showed that in both populations, B6.TNF

-/-
 mice had fewer cells 

expressing IL-6 (CD11b
+
 21.13% ± 2.67 [SEM]; CD11b

-
 8.31% ± 0.51) than B6.WT 

mice (CD11b
+
 35.85% ± 3.03; CD11b

-
 15.89% ± 0.81). In a second approach, I divided 

the CD11b
+
 population into three subsets according to their CD206 and Ly6C 

expression, terming the Ly6C
hi

CD206
-
 population as R1, the Ly6C

lo
CD206

lo
 population 

as R2 and the Ly6C
+
CD206

hi
 population as R3 (Figure 6B). Out of the three populations 

in B6.WT and B6.TNF
-/-

 mice, the population with the most cells expressing IL-6 was 

R3 (Ly6C
+
CD206

hi
) (Figure 6C). In summary, I show that B6.TNF

-/-
 mice have lower 

expression of IL-6 at the site of infection and that the cell type predominately 

expressing IL-6 in both B6.WT and B6.TNF
-/-

 mice has high expression of the mannose 

receptor CD206. 

 

Expression of IL-6 by bone marrow-derived macrophages 

To determine if the decrease of IL-6 expression in B6.TNF
-/-

 macrophages was 

intrinsic, or whether the cytokine milieu of the footpad influenced the expression of 

IL-6, B6.WT and B6.TNF
-/-

 bone marrow-derived macrophages were cultured and 
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Figure 6: Expression of IL-6 in the footpad at day 21 after L. major infection. 

(A) Using flow cytometric analysis, the percentage of IL-6
+
 cells was analysed 

according to CD11b expression in the footpad of mice at day 21 post infection. (B) The 

CD11b
+
 subset was further divided into three populations according to CD206 and 

Ly6C expression. (C) The percentage of IL-6-producing cells within each population 

described in (B) was analysed. n=10 mice/genotype; *p<0.05; **p<0.01; ***p<0.001.  
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stimulated with L. major (Figure 7A, C, E) or L. major and IFN-γ (Figure 7B, D, F). 

Since Ly6C
+
CD206

hi
 monocytes had been identified to express the most IL-6 in vivo, 

the expression of CD206 after stimulation in vitro was analysed. Flow cytometric 

analysis showed that by 72 hours after stimulation with L. major, B6.TNF
-/-

 

macrophages (17.34% ± 3.30 [SEM]) displayed increased CD206 expression compared

to B6.WT mice (7.91% ± 1.36), but this was not statistically significant (Figure 7A). 

The addition of IFN-γ enhanced the expression of CD206 by both B6.WT and B6.TNF
-/-

 

macrophages from 48 hours after stimulation (Figure 7B). Furthermore, the 

macrophages were stimulated with eGFP-expressing L. major and the percentage of 

infected cells was analysed by flow cytometry. The ability of macrophages to clear 

parasites was similar between the two genotypes, as determined by the decreased 

percentage of cells over time that were eGFP
+
, and while the addition of IFN-γ did not 

enhance leishmanicidal behaviour (Figure 7C&D), it did augment the secretion of IL-6 

by macrophages compared to those stimulated with L. major alone (Figure 7E&F). In 

this in vitro experiment, there was no detectable IL-6 in the supernatant 24 hours after 

stimulation, but there was a significant decrease in IL-6 secretion by B6.TNF
-/-

 

macrophages stimulated with L. major alone at 72 and 120 hours (Figure 7E) and 

macrophages stimulated with L. major and IFN-γ for 120 hours. These results show that 

in the absence of TNF, bone marrow-derived macrophages stimulated with L. major in 

vitro secrete less IL-6 than B6.WT macrophages, indicating that either TNF production 

by macrophages acts in an autocrine manner to induce the expression of IL-6, or that 

secretion of TNF intrinsically causes the secretion of IL-6 (Manderson et al., 2007). In 

comparison, bone marrow-derived dendritic cells from B6.TNF
-/-

 mice secrete less 

IL-10 in response to the mycobacterial vaccine strain BCG, showing further control by 

TNF on the secretion of other cytokines in vitro (Roomberg et al., 2010). 
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Figure 7: Analysis of bone marrow-derived macrophages stimulated with L. major. 

Bone marrow-derived macrophages were stimulated with L. major (MOI 2) alone or in 

combination with IFN-γ (20 ng/mL). The percentage of macrophages expressing CD206 

in response to L. major (A) or L. major and IFN-γ (B) was analysed by flow cytometry 

throughout the time course. The percentage of cells infected with L. major expressing 

eGFP was determined when stimulated with L. major alone (C) or in concert with IFN-γ 

(D). The secretion of IL-6 into the supernatants of the cultures of macrophages infected 

with L. major (E) or L. major and IFN-γ (F) was analysed by cytometric bead array 

(CBA). n=5 mice/genotype for each timepoint; ND = not detectable; *p<0.05.  
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Alternative activation by F4/80
+
CD206

+
 macrophages in the footpad of infected mice 

As shown before, a large proportion of cells in the draining lymph nodes of 

B6.TNF
-/-

 mice express CD206 and Arg1, and are classified as AAMs. Therefore, I also 

analysed the footpad infiltrate (Figure 8A) and showed that in the absence of TNF, there 

was an increased percentage of F4/80
+
CD206

+
 macrophages at day 21 post infection 

(Figure 8B). These F4/80
+
CD206

+
 macrophages were sorted by flow cytometry and 

RNA was isolated. Normalised amounts of RNA were used for quantitative PCR, to 

account for the increased number of macrophages in B6.TNF
-/-

 mice, and housekeeping 

genes were used to determine sample integrity. The expression of the chemokine 

receptors CCR2 and CX3CR1 was analysed to determine if the macrophages isolated in 

our model correlated with previously described CCR2
+
 inflammatory or CX3CR1

+
 

steady-state monocytic populations (Geissmann et al., 2003; Geissmann et al., 2010). 

While all B6.TNF
-/-

 samples had mRNA expression of CCR2, only half the B6.WT 

samples (2/4) were positive (Figure 8C). Furthermore, while the majority of B6.TNF
-/-

 

macrophage samples (5/6) were CX3CR1
+
, B6.WT macrophages lacked CX3CR1 

expression completely (0/4) (Figure 8D). This expression of CCR2 and CX3CR1 by 

B6.TNF
-/-

 macrophages indicates that the sorted macrophages differ from already 

described CCR2
+
 or CX3CR1

+
 monocytic populations (Geissmann et al., 2003; 

Geissmann et al., 2010). I also analysed these F4/80
+
CD206

+
 macrophages at the site of 

infection for the mRNA expression of two other markers of alternative activation, Arg1 

and Fizz1. Half the B6.WT samples had mRNA specific for Arg1 (2/4) (Figure 8E) and 

only one sample displayed Fizz1 expression (Figure 8F), while the majority of 

B6.TNF
-/-

 samples expressed Arg1 mRNA (5/6) (Figure 8E) and all the samples had 

transcripts of Fizz1 mRNA (Figure 8F). In conclusion, my results show that 
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Figure 8: Expression of markers of alternative activation by macrophages at the 

site of infection. 

(A) F4/80
+
CD206

+
 macrophages were sorted from the footpads of mice at day 21 post 

infection. (B) The percentage of F4/80
+
CD206

+
 cells within the CD11b

+
 subset was 

analysed by flow cytometry. The mRNA expression of the chemokine receptors CCR2 

(C) and CX3CR1 (D) was analysed to determine the relationship to previously described 

monocytic populations (Geissmann et al., 2003; Geissmann et al., 2010). The presence 

of the alternative activation markers Arg1 (E) and Fizz1 (F) by F4/80
+
CD206

+
 cells was 

determined. Expression of mRNA was normalised to the housekeeping gene β-actin. 

Ratios (C-F) represent number of samples with gene-specific mRNA expression out of 

all experimental samples. **p<0.01.  
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F4/80
+
CD206

+
 macrophages from the footpads of B6.TNF

-/-
 mice also display markers 

of alternative activation, contrary to B6.WT macrophages. 

 

Discussion 

In the absence of TNF, mice succumb to leishmaniasis, despite an antigen-

specific Th1 response (Fromm et al., 2012; Wilhelm et al., 2001). Since the T cell 

response is relatively normal, I hypothesised that the development of monocytes and 

macrophages was dysregulated in the absence of TNF, and therefore, I analysed the 

innate compartment of the immune system. Macrophage and monocyte populations in 

the footpad and lymph node are slightly different with regards to their surface markers, 

due to the different divisions of the immune response within each tissue. While I have 

termed macrophages and monocytes expressing Arg1 and CD206 as alternatively 

activated, further surface markers of these cells differ between the two tissue types. In 

the footpads of TNF-deficient mice, Arg1-expressing AAMs are F4/80
+
CD206

+
, while 

in the lymph node CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 monocytes, which both have 

heterogeneous expression of F4/80, express Arg1 and CD206. Overall, I have shown 

that B6.TNF
-/-

 mice have increased AAMs at the site of infection and in the draining 

lymph node, while infected B6.WT mice lack these AAMs. In the lymph nodes of 

B6.TNF
-/-

 mice, both CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 monocytes have augmented 

expression of Arg1, CD206 and the newly described marker TGM2. Moreover, the 

CD11b
+
Ly6C

hi
 population from B6.TNF

-/-
 mice was able to suppress T cell proliferation 

in vitro. In the footpad of B6.TNF
-/-

 mice, but not in B6.WT mice, F4/80
+
CD206

+
 cells 

expressed the AAM markers Arg1 and Fizz1. In both genotypes, the population of 

macrophages with the highest expression of CD206 also expressed the most IL-6, 

however, B6.TNF
-/-

 mice showed a lower expression level than B6.WT mice. 
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Furthermore, the decreased expression of IL-6 by B6.TNF
-/-

 macrophages in vivo 

appears to be an intrinsic quality, since bone marrow-derived macrophages also produce 

less IL-6 in vitro in the absence of TNF. In summary, CAMs are responsible for killing 

parasites in B6.WT mice, while in B6.TNF
-/-

 mice, the increased numbers of AAMs 

harbour Leishmania, and these parasite-laden AAMs could facilitate the fatal disease 

outcome. 

The ability of TNF to support the killing of Leishmania parasites by 

macrophages is well known. The leishmanicidal functions of IFN-γ are enhanced 

synergistically by TNF, resulting in the expression of iNOS by macrophages and the 

differentiation into CAMs (Green et al., 1990; Liew et al., 1990a, b; Stenger et al., 

1994). The expression of iNOS is increased in resistant mice compared to susceptible 

mice, and iNOS-deficient mice rapidly succumb to leishmaniasis, highlighting the 

importance of this enzyme, and therefore of CAMs, for parasite clearance (Diefenbach 

et al., 1998; Liew et al., 1991; Stenger et al., 1994). While the role of TNF in CAM 

function has been investigated extensively, the involvement of TNF in AAM 

development is undefined.  My results support the notion that the differentiation of 

AAMs may be actively prevented by TNF signalling, whereby TNF acts as a negative 

regulator. Alternatively, in our TNF-deficient infection model, the missing cytokine 

may prevent an accumulation of iNOS
+
 CAMs, thus skewing macrophage 

differentiation to an alternatively activated phenotype. Future studies need to examine 

the exact mechanism that TNF plays in the development of AAMs. 

In murine cutaneous leishmaniasis, the main marker for alternative activation, 

Arg1, contributes to host susceptibility and plays a well investigated and defined 

functional role in enhancing intracellular parasite survival (Iniesta et al., 2001; Kropf et 

al., 2005). In the model of cutaneous leishmaniasis, the balance of L-arginine 
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consumption by the competitive enzymes iNOS and Arg1 determines host resistance 

and susceptibility, respectively. While iNOS produces leishmanicidal NO, Arg1 

produces ornithine, which can be used in polyamine synthesis and promotes the survival 

of L. major (Bogdan, 2001; Iniesta et al., 2005; Kropf et al., 2005). Specifically, I show 

that both CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 monocytes from B6.TNF

-/-
 mice have 

increased Arg1 expression, while we have previously shown that CD11b
+
Ly6C

lo
 

monocytes lack iNOS expression (Fromm et al., 2012). Therefore, it is safe to assume 

that the balance of enzymes, particularly in the CD11b
+
Ly6C

lo
 population, is skewed 

toward Arg1 expression, allowing these cells to harbour large numbers of parasites 

(Fromm et al., 2012). My data indicate that TNF is responsible for maintaining a pro-

inflammatory milieu and supports a unique role for TNF in promoting the 

differentiation of monocytes into innate effector cells. 

The expression of a second marker of alternative activation, the mannose 

receptor CD206, has major implications for immunity to L. major. The receptor 

recognises residues, such as mannose and N-acetylglucosamine, on glycoproteins and 

functions as an endocytic receptor (Akilov et al., 2007). The major glycoprotein of 

L. major, gp63, binds to CD206, and consequently, blocking of the CD206 receptor 

decreases promastigote ingestion by macrophages (Chakraborty et al., 2001; Russell 

and Wilhelm, 1986; Wilson and Pearson, 1986, 1988). While it has been demonstrated 

that CD206-deficient mice on a C57BL/6 background have a similar clinical outcome as 

B6.WT mice after infection with L. major or L. donovani, I have shown that B6.WT 

monocytes express low levels of CD206 (Akilov et al., 2007). In addition, other 

receptors involved in parasite phagocytosis can compensate for the lack of CD206. As a 

result, a deficiency of CD206 would be expected to have little impact on the disease 

outcome of leishmaniasis (Wilson and Pearson, 1988). In my infection experiments, I 
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have shown that in the absence of TNF, there is significantly increased CD206 

expression on CD11b
+
 cells, suggesting that B6.TNF

-/-
 monocytes have the potential to 

endocytose parasites better than B6.WT monocytes. Therefore, increased CD206 

expression, combined with increased Arg1 expression, allows TNF-deficient monocytes 

to facilitate the intracellular survival of Leishmania. 

In addition to the role of TNF in monocyte and macrophage development during 

murine cutaneous leishmaniasis, TNF is an important mediator in human diseases, and 

anti-TNF therapy is a standard treatment for diseases such as rheumatoid arthritis and 

inflammatory bowel diseases. Therefore, the increase in cells expressing CD206 and 

Arg1 that I observed in TNF-deficient mice may also occur in these patients. If 

macrophages and monocytes in these human patients have increased CD206 on their 

surface and express intracellular Arg1, the cells are more likely to be defenceless 

against infectious agents, such as helminths, mycobacteria and fungi, and the patients 

could be prone to develop opportunistic diseases (Astarie-Dequeker et al., 1999; Lee et 

al., 2003; Paveley et al., 2011; Syme et al., 2002). In fact, many of the serious 

opportunistic infections that occur in patients undergoing anti-TNF therapy for 

rheumatoid arthritis and inflammatory bowel diseases are from intracellular organisms, 

including cases of leishmaniasis (Ali et al., 2013; Ford and Peyrin-Biroulet, 2013; 

Salmon-Ceron et al., 2011). My results may provide a possible mechanism for an 

increased risk of contracting opportunistic diseases in patients undergoing anti-TNF 

therapy. 

One of the beneficial effects of anti-TNF therapy for rheumatoid arthritis is 

decreased expression of IL-6 (Charles et al., 1999; Feldmann et al., 1996). In our model 

of L. major infection, F4/80
+
CD206

+
 macrophages produce substantial amounts of the 

cytokine IL-6 at the site of infection. However, there is decreased expression of IL-6 by 



Innate mechanisms of regulation 

 55 

AAMs in B6.TNF
-/-

 mice, similar to the reduced IL-6 expression during anti-TNF 

therapy of rheumatoid arthritis (Charles et al., 1999; Feldmann et al., 1996). This 

reduced expression of IL-6 could limit other acute inflammatory mediators in 

rheumatoid arthritis, such as C reactive protein, however the effect of the reduction of 

IL-6 is more complicated during murine cutaneous leishmaniasis (Charles et al., 1999). 

During infection, the cytokine IL-6 has both pro-inflammatory and anti-inflammatory 

properties, and the difficulty in defining the role of IL-6 is further compounded by 

evidence that while deficiency of IL-6 may be detrimental in many infections, in 

leishmaniasis, IL-6 deficiency either has no effect or, in contrast, could even be 

beneficial to the host (Hoge et al., 2013; Kling et al., 2011; Moskowitz et al., 1997; 

Murray, 2008; Suzuki et al., 1997). We have shown previously that B6.IL-6
-/-

 mice 

display few changes in the innate cellular response to L. major compared to B6.WT 

mice and there is no difference in the serum levels of TNF throughout infection (Kling 

et al., 2011). 

There are, however, defined roles for IL-6 in macrophage development. Firstly, 

the expression of IL-6 moves the immune response from an acute neutrophilic infiltrate 

to a monocytic response. It mediates this action by causing apoptosis of neutrophils, and 

through its sIL-6Rα, induces the secretion of the chemokine CCL2 and promotes the 

influx of monocytes to the site of infection (Hurst et al., 2001; Kaplanski et al., 2003). 

Secondly, as monocytes migrate to the site of infection, they stimulate IL-6 expression 

by fibroblasts (Chomarat et al., 2000), which induces the expression of the macrophage 

colony stimulating factor (M-CSF) receptor and skews differentiation towards 

macrophages, rather than dendritic cells (Chomarat et al., 2000). Thirdly, IL-6 has been 

shown to direct the differentiation of macrophages into an alternatively activated 

phenotype, as well as promote the differentiation of CAMs (Guerrero et al., 2012; 
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Heusinkveld et al., 2011; Roca et al., 2009). As mentioned previously, in the model of 

cutaneous leishmaniasis, the monocytic population is relatively unchanged in the 

absence of IL-6, so there appears to be compensatory mechanisms for the function of 

IL-6 in monocyte and macrophage development (Kling et al., 2011; Moskowitz et al., 

1997; Titus et al., 2001). The work presented here shows that while there is redundancy 

of the functions of IL-6 in macrophage development, TNF appears to have a non-

redundant role in the differentiation of CAMs and AAMs. 

In conclusion, I have revealed multiple new levels of complexity in the 

monocyte and macrophage response to L. major in the absence of TNF. Both 

CD11b
+
Ly6C

lo
 and CD11b

+
Ly6C

hi
 monocytes in the lymph nodes of TNF-deficient 

mice have increased Arg1 and CD206 expression, indicative of alternative activation. 

However, the CD11b
+
Ly6C

lo
 population is not immunosuppressive, despite increased 

IL-10 expression. In the footpads of B6.TNF
-/-

 mice, F4/80
+
CD206

+
 macrophages are 

also predominately alternatively activated. Furthermore, macrophages expressing high 

levels of CD206 produce IL-6, and this expression of IL-6 is decreased in TNF-

deficient mice. These results further reveal the central role of TNF in the resolution of 

cutaneous leishmaniasis, as an important mediator that dampens anti-inflammatory and 

alternative responses, and promotes specific inflammatory aspects of the immune 

response. 
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PART II: Adaptive mechanisms of immune regulation during 

cutaneous leishmaniasis 

 

Part of this chapter was published in 2013 in PLoS ONE. 

Kling, J.C., Mack, M., and Korner, H. (2013). The absence of CCR7 results in 

dysregulated monocyte migration and immunosuppression facilitating chronic 

cutaneous leishmaniasis. PLoS ONE 8, e79098. 

 

Introduction 

The efficient movement of cells during ontogenesis, homeostatic recirculation 

and inflammatory recruitment is governed by a family of G protein-coupled seven-

transmembrane spanning receptors that specifically bind to small chemotactic molecules 

termed chemokines (Sallusto and Baggiolini, 2008; Zlotnik and Yoshie, 2000). In the 

mammalian immune system, the navigation of cell subsets is facilitated by distinct 

expression patterns of chemokine receptors on the cell surface and the presentation of 

their ligands in the form of fixed gradients in peripheral and lymphoid tissues (Weber et 

al., 2013). Ultimately, this targeted movement is central for the induction of tolerance 

and the generation of a protective immune response (von Andrian and Mackay, 2000).  

One of the most important events in the generation of a cellular immune 

response is the encounter of antigen-specific naïve T cells with antigen presenting cells 

(APCs). Antigen presentation occurs in the T cell zone of secondary lymphoid organs, 

such as lymph nodes and spleen, under the guidance of an array of chemokine receptors 

and their ligands, and results in the differentiation of T cells into a range of effector 

phenotypes (Luther and Cyster, 2001; Weaver and Murphy, 2007). One receptor, CC-

chemokine receptor 7 (CCR7) which is expressed on naïve and memory T cells, and in 
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addition, on monocytes and APCs, has been described to play a dominant role in this 

process (Forster et al., 2008). The expression of CCL19 and CCL21, the ligands for 

CCR7, within secondary lymphoid organs, leads to the migration of CCR7
+
 cells 

towards this chemokine gradient. Despite the seemingly central function of this 

chemokine receptor, highly effective and protective immune responses have been 

reported in a variety of CCR7-deficient models of viral and bacterial infection, and it 

has been discussed that the magnitude of the role of CCR7 is inversely proportional to 

the amount of antigen that initiates the response (Junt et al., 2002; Junt et al., 2004; 

Kursar et al., 2005). 

Antigen presentation and the polarisation of CD4
+
 T cell responses are driven by 

the migration of dendritic cells (DCs) into secondary lymphoid organs. Dermal DCs or 

inflammatory monocytes, rather than epidermal Langerhans cells or macrophages, 

readily take up Leishmania within 48 hours after infection and transport intact parasites 

or processed antigens to the draining lymph node to act as APCs (Gorak et al., 1998; 

Leon et al., 2007; Ritter et al., 2004a). These APCs produce IL-12 in the early stages of 

the immune response and can cause polarisation of T cells towards a Th1 response 

(Banchereau and Steinman, 1998; Forster et al., 1999; Gorak et al., 1998; Leon et al., 

2007; von Stebut et al., 1998). 

Since an adaptive immune response is initiated by DCs, DC therapy is a prime 

candidate to selectively influence the outcome of disease. The rationale for DC therapy 

is that adoptively transferred DCs are able to expand antigen-specific T cell frequencies, 

and also skew immune responses in different directions. As a result, DC therapy has 

been trialled for the treatment of diseases such as cancer, rheumatoid arthritis and HIV 

(Hilkens and Isaacs, 2013; Palucka and Banchereau, 2012; Rinaldo, 2009). The success, 

thus far, of DC therapy provides encouragement for this approach in the treatment of 
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other diseases. In leishmaniasis, L. major antigen-pulsed DCs have been used 

successfully for vaccination to induce immunity in normally susceptible BALB/c mice 

(Moll and Berberich, 2001; Remer et al., 2007). Additionally, transfer of DCs at the 

time of L. major infection prolongs the survival of susceptible B6.TNF
-/-

 mice (Ritter et 

al., 2008).  

While cutaneous leishmaniasis has been studied in a transgenic model with 

decreased CCR7 expression, toxoplasmosis is the only parasitic model investigated to 

date in the B6.CCR7
-/-

 mouse model, and this model shows a high degree of 

susceptibility (Noor et al., 2010; Unsoeld et al., 2007). Therefore, I decided to test the 

role of CCR7 in a gene-deficient model during experimental cutaneous leishmaniasis. 

The analysis of L. major-infected B6.CCR7
-/-

 mice showed an influence of this receptor 

on the recruitment of monocytes, the regulation of the adaptive immune response and 

the local cytokine milieu in the draining lymph node. Taken together, these alterations 

contribute to the development of a chronic disease. Therefore, I hypothesised that the 

absence of CCR7 on APCs hampered their ability to reach the lymph node in time to 

initiate a Th1 response, thus skewing the response towards a Th2 phenotype. To test 

this, I injected B6.WT DCs at the time of infection, to introduce a Th1 response in 

CCR7-deficient mice. Contrary to my predictions, the injection of B6.WT DCs resulted 

in an augmentation of cutaneous leishmaniasis in B6.CCR7
-/-

 mice, characterised by 

increased immunosuppression.  
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Results 

Requirement of CCR7 expression for the resolution of cutaneous leishmaniasis 

Cutaneous leishmaniasis in B6.CCR7
-/-

 mice 

Subcutaneous infection of the footpad with L. major metacyclic promastigotes 

causes a lesion that is typically resolved with little scarring within six to eight weeks in 

B6.WT mice (Wilhelm et al., 2001). In our infection of B6.WT and B6.CCR7
-/-

 mice, I 

saw a two-phasic footpad swelling (peaks at day 21 and day 105) in the clinically 

healthy control group (Figure 9A). In contrast, B6.CCR7
-/-

 mice were unable to heal the 

lesion and developed a chronic infection resulting in a permanent swelling of the 

footpad (Figure 9A). Unlike L. major infection of susceptible BALB/c mice, the lesions 

of B6.CCR7
-/-

 mice did not ulcerate. In the human immune system, CCR7 has been 

shown to be a marker for central memory cells (Sallusto et al., 1999), which generally 

home to secondary lymphoid organs. Therefore, I explored the possibility that this 

chemokine receptor facilitates a T cell memory response to L. major. When B6.CCR7
-/-

 

mice were reinfected in the contralateral footpad after 174 days, the lesion size first 

indicated that they cleared the infection similar to B6.WT mice, illustrating the lack of 

impact of CCR7 deficiency on memory formation (Figure 9A). However, lesions in 

B6.WT mice resolved six weeks after reinfection, whereas the lesion size in B6.CCR7
-/-

 

mice increased again and remained enlarged for an extended period of time. 

As a further element of the response, I quantified the parasite burden in the 

infected footpad and draining lymph node during the first four weeks of infection, as 

well as after reinfection by performing limiting dilutions. At day 14, before the peak of 

infection, B6.CCR7
-/-

 mice initially controlled parasite replication in the footpad (Figure 

9B), but by day 28 after infection, B6.CCR7
-/-

 mice revealed an increase in the number 

of parasites in the footpad compared to B6.WT mice (161820 ± 75472 [mean number of  
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Figure 9: Disease progression in B6.CCR7
-/-

 mice after infection with L. major. 

(A) Mice were infected subcutaneously with L. major and the footpad lesion was 

measured weekly with a metric caliper. The lesion size was compared to the mean of 

the uninfected footpads from each experimental group (100%). Mice were infected 

subcutaneously in the contralateral footpad at day 174 post infection to measure the 

memory response. In accordance with animal ethics guidelines to minimise the usage of 

mice, this experiment was conducted at the same time as previously published data, and 

as a result, the lesion size of B6.WT mice has been published (Kling et al., 2011). The 

parasite burdens in the footpad (B) and draining lymph node (C) were determined by 

limiting dilutions at days 14 and 28 post infection for B6.WT and B6.CCR7
-/-

 mice. n=5 

mice/genotype; *p<0.05; **p<0.01.  

14 28 
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14 28 
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parasites/gram of tissue ± SEM] and 19346 ± 7621, respectively; p=0.03). In contrast, I 

could not detect a significant difference in parasite numbers in the draining lymph nodes 

of the two genotypes (Figure 9C).  In the mice reinfected for the analysis of the memory 

response (Figure 9A), the amount of parasites in the contralateral footpad was 

quantified. Although there were no detectable parasites in B6.WT mice, a substantial

number could be found in the footpad tissue of B6.CCR7
-/-

 mice (149.1 ± 38.6 

parasites/gram of tissue, n=3), further demonstrating a role for CCR7 in control of the 

replication of parasites within footpad tissue. I conclude that while B6.CCR7
-/-

 mice 

may be able to control parasite dissemination at an early stage of infection, there is a 

breakdown of the control, which allows parasites to replicate and cause a chronic 

disease in these mice.  

 

Migration of neutrophils and CCR2
+
 inflammatory monocytes 

One of the differentiating hallmarks of a Th1 or Th2 response is the nature of the 

cellular infiltrate into the site of infection and the draining lymph node. While a Th1 

response results in a mononuclear infiltrate, a Th2 response displays a granulocytic 

infiltrate (Beil et al., 1992; Tacchini-Cottier et al., 2000). Therefore, the monocytic and 

neutrophilic populations in the infected lesion, draining lymph node and spleen were 

analysed by flow cytometry at days 14, 28 and 42 after infection. These timepoints were 

chosen to analyse any early changes to the immune response (day 14) and any 

differences at the peak of infection (day 28). The disease progression between the two 

genotypes differentiates at day 42 after infection, so this timepoint was used to 

determine any factors that contribute to the chronic infection. Myeloid cells were 

identified using CD11b and further classified into monocytic populations according to 

their expression of the inflammatory marker Ly6C. These subpopulations were  
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Figure 10: Myeloid populations in the footpad, lymph node and spleen at day 14 

post infection. 

(A) CD11b
+
 myeloid cells from the footpad, lymph node and spleen were classified into 

different populations according to their Ly6C expression using flow cytometry. (B) The 

percentage of total cells recovered from each tissue in B6.WT and B6.CCR7
-/-

 mice was 

determined for each population. The percentage of cells from each population 

expressing CCR2 (C), iNOS (D) and Ly6G (E) was determined by flow cytometry. n=5 

mice/genotype for each timepoint; *p<0.05; **p<0.01  

P
e

rc
e
n

t 

e
x
p

re
s
s
in

g
 L

y
6
G

 

1 2 3 1 2 3 1 2 3 
Population Population Population 

P
e

rc
e
n

t 

e
x
p
re

s
s
in

g
 i
N

O
S

 

1 2 3 1 2 3 1 2 3 
Population Population Population 

P
e

rc
e

n
t 

e
x
p

re
s
s
in

g
 C

C
R

2
 

1 2 3 1 2 3 1 2 3 
Population Population Population 

C
D

1
1
b

 

Footpad Lymph node Spleen 

B6.WT B6.CCR7-/- 

1 
2 

3 

Ly-6C 

B6.WT B6.CCR7-/- B6.WT B6.CCR7-/- 

P
e

rc
e

n
ta

g
e

 o
f 

to
ta

l 
c
e
lls

 

1 2 3 1 2 3 1 2 3 
Population Population Population 

A 

B 

C 

D 

E 

B6.WT

B6.CCR7-/-

1 
2 

3 1 
2 

3 



Adaptive mechanisms of regulation 

 64 

additionally analysed for their Ly6G, CCR2 and iNOS expression. At day 14 after 

infection, three populations were identified by Ly6C expression in the lesion, draining 

lymph node and spleen (Figure 10A). The Ly6C
lo

 population (population 1) represented 

tissue resident monocytes as suggested by their low CCR2 and iNOS expression in the 

footpad and lymph node (Figure 10C&D). Neutrophils are identified by their high 

expression of Ly6G, and low expression of Ly6C. Increased Ly6G expression in 

B6.CCR7
-/-

 splenic monocytes from population 1 indicated a portion of neutrophilic 

cells (Figure 10E). Population 2 (Ly6C
int

) had increased Ly6G expression and could be 

identified as neutrophilic in the lesion and spleen (Figure 10E). The pro-inflammatory 

capacity of population 2 could be decreased in B6.CCR7
-/-

 mice compared to B6.WT 

mice as shown by their lower CCR2 and iNOS expression (Figure 10C&D). Finally, the 

Ly6C
hi

 population (population 3) showed high CCR2 expression and was consequently 

identified as inflammatory monocytes (Figure 10C). Furthermore, the proportion of 

Ly6C
hi

 cells was increased in the footpad of B6.CCR7
-/- 

mice (Figure 10B). 

By day 28 after infection, the monocytic populations had differentiated and 

formed three populations in the footpad, two in the lymph node and four in the spleen 

(Figure 11A). In the footpad, population 1 appeared similar in both genotypes in terms 

of CCR2, iNOS and Ly6G expression (Figure 11C-E). Population 2 was neutrophilic as 

demonstrated by its increased Ly6G expression (Figure 11E) and the percentage of the 

previously CCR2
+
 inflammatory monocytes (population 3) was significantly reduced in 

B6.CCR7
-/-

 mice, and showed only a fraction of previous CCR2 expression (Figure 

11B&C). In the lymph node of B6.CCR7
-/-

 mice, the percentage of non-inflammatory 

monocytes in population 1 (Ly6C
lo

) had increased, while the previous inflammatory 

population 2 (Ly6C
hi

) (compare Figure 10A) displayed a more neutrophilic phenotype 

as demonstrated by decreased iNOS and increased Ly6G expression (Figure 11D&E). 
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Figure 11: Myeloid populations in B6.WT and B6.CCR7
-/-

 mice at day 28 after 

infection with L. major. 

(A) Flow cytometry was used to determine monocytic populations in the footpad, lymph 

node and spleen according to their CD11b and Ly6C expression. (B) The percentage of 

the total cell number recovered from each tissue is shown for B6.WT and B6.CCR7
-/-

 

mice for each monocytic population. The percentage of cells in each population 

expressing CCR2 (C), iNOS (D) and Ly6G (E) was determined. n=5 mice/genotype for 

each timepoint; *p<0.05; **p<0.01.  
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In the spleen of B6.CCR7
-/-

 mice, population 1 showed decreased iNOS expression 

compared to the B6.WT subset (Figure 11D). Population 2 expressed Ly6G, and 

resembled neutrophils (Figure 11E) while populations 3 and 4 had increased CCR2 

expression, which was indicative of inflammatory monocytes (Figure 11C).  

At day 42 after infection, the monocytic populations appeared similar to the 

subpopulations detected on day 28 (Figure 12A). The lymph nodes of B6.CCR7
-/-

 mice

had increased percentages of both monocytic populations (Figure 12B). There was also 

increased iNOS expression by monocytes in the spleen of B6.CCR7
-/-

 mice (Figure 

12D). Overall at this timepoint, the inflammatory infiltrate in all tissues of B6.CCR7
-/-

 

mice was composed of Ly6G
+
 neutrophils (Figure 12E), rather than CCR2

+
 

inflammatory monocytes (Figure 12C). 

Additionally, I tested the CCR7 expression by the different populations present 

in B6.WT mice at day 14 post infection. The percentage of CD11c
+
 cells expressing 

CCR7 in B6.WT mice was 74.3% (± 2.5 [SEM]) in the footpad, 25.1% (± 2.1) in the 

lymph node and 43.3% (± 2.2) in the spleen (Figure 13A). In the footpad, 78.7% (± 1.5) 

of CCR2
+
 monocytes also expressed CCR7, while 45.5% (± 2.3) and 21.3% (± 1.7) of 

CCR2
+
 cells were CCR7

+
 in the lymph node and spleen, respectively (Figure 13B&C). 

According to the populations described in Figure 10A, a larger proportion of 

population 1 (Ly6C
lo

) in the footpad expressed CCR7. There was no difference in 

expression between the three populations in the lymph node (Figure 13D), while in the 

spleen, population 3 (Ly6C
hi

) had a greater percentage of cells expressing CCR7. In 

summary, the infiltrate into the tissues was skewed toward neutrophils, rather than 

monocytes, indicating a possible bias toward a Th2 response. Moreover, I show for the 

first time by flow cytometry, that CCR2
+
 monocytes express CCR7, particularly at the 

site of infection. 
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Figure 12: Characterisation of myeloid populations in B6.WT and B6.CCR7
-/-

 mice 

at day 42 post infection. 

(A) Populations of monocytes in each tissue were defined by flow cytometry according 

to their CD11b and Ly6C expression. (B) The percentage of these populations in each 

tissue is shown in B6.WT and B6.CCR7
-/-

 mice. The expression of CCR2 (C), iNOS (D) 

and Ly6G (E) was determined by flow cytometry and displayed as a percentage of each 

population. n=5 mice/genotype for each timepoint; *p<0.05; **p<0.01.  
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Figure 13: CCR7 expression in B6.WT mice at day 14 after infection with L. major. 

(A) The percentage of CD11c
+
 cells expressing CCR7 was determined by flow 

cytometry in the footpad, draining lymph node and spleen. (B) The expression of CCR7 

on CD11b
+
CCR2

+
 monocytes was determined in each tissue of B6.WT mice. (C) A 

representative histogram of CCR7 expression on CD11b
+
CCR2

+
 monocytes in each 

tissue is shown. (D) Monocytic populations were defined according to their expression 

of Ly6C as shown in Figure 10A, and the percentage of cells in each population 

expressing CCR7 is shown. n=5 mice; LN=lymph node.  
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Localisation of monocytes and neutrophils within the spleens of B6.CCR7
-/-

 mice 

Based on the flow cytometry data, I analysed the location of monocytes, 

neutrophils and L. major within spleens at day 14 after infection. The majority of 

CD11b
+
 cells in the spleen of B6.WT mice did not express Ly6C

+
 (Figure 14A, upper 

panel). In contrast, in B6.CCR7
-/-

 spleens, most CD11b
+
 cells were also Ly6C

+

(Figure 14A, lower panel) indicating the dominant presence of inflammatory monocytes 

(Ly6C
hi

) or neutrophils (Ly6C
lo

) (compare Figure 10B). Histologically, in B6.WT mice, 

these CD11b
+
Ly6C

+
 cells were excluded from the B220

+
 B cell follicle, while in 

B6.CCR7
-/-

 mice, CD11b
+
Ly6C

+
 cells appeared to be located in all compartments of the 

spleen. There were also more CD11b
+
Ly6G

+
 cells in the spleens of B6.CCR7

-/-
 mice, 

indicating that the Ly6C
+
 cells are most likely neutrophils, which remained primarily in 

the red pulp, with some infiltration into B cell areas (Figure 14B). While L. major 

parasites are visible in clusters in B6.WT mice (Figure 14C, upper panel) (Fromm et al., 

2012) they were distributed throughout the spleen of B6.CCR7
-/-

 mice (Figure 14C, 

lower panel). In B6.WT mice, both myeloid (CD11b
+
) and non-myeloid (CD11b

-
) cells 

expressed iNOS, whereas in B6.CCR7
-/-

 mice, both parasites and the expression of 

iNOS were co-localised within CD11b
+
 cells. Taken together, the monocytes and 

neutrophils of B6.CCR7
-/-

 mice are not confined to their usual compartments and may 

interact with other cells that would otherwise not be in proximity with each other. 

 

Systemic cytokine levels during L. major infection 

The systemic titres of Th1 cytokines IFN- (Heinzel et al., 1989) and IL-12 

(Scharton-Kersten et al., 1995), and the pro-inflammatory cytokines IL-1β and TNF 

(Wilhelm et al., 2001) demonstrate the potential for a resolution of cutaneous 

leishmaniasis, while the expression of the Th2 cytokine IL-4 (Heinzel et al., 1989) and 
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Figure 14: Fluorescent immunohistology of B6.WT and B6.CCR7
-/-

 spleens at day 

14 post infection. 

(A) Frozen spleens from day 14 post infection were sectioned and stained with 

antibodies against B220 (green), CD11b (blue) and Ly6C (red) to show localisation of 

monocytes in the spleen. (B) Antibodies against CD11b (blue) and Ly6G (red) were 

used to show neutrophils (pink) in the spleen. (C) Expression of iNOS (green), CD11b 

(blue) and L. major (red) was shown in the spleen. Objective magnification: 20x. B=B 

cell follicle.  
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the immunosuppressive cytokine IL-10 (Kane and Mosser, 2001) indicate a 

compromised immune response. These cytokines were analysed using cytometric bead 

arrays. The systemic levels of IFN- present in the serum increased progressively early 

during the infection (Figure 15A). The level of IL-12 peaked at day 28 in B6.CCR7
-/-

 

mice, while this cytokine remained relatively stable in B6.WT mice (Figure 15B).

Infected B6.CCR7
-/-

 mice had a relatively large amount of IL-1β in the serum at day 14 

post infection, while there was no detectable IL-1β in the serum of B6.WT mice at this 

same timepoint (Figure 15C). Furthermore, there was no difference between the two 

genotypes in TNF production (Figure 15D). Systemically, IL-4 had disappeared in 

B6.WT mice by day 42 post infection, but still remained elevated in B6.CCR7
-/-

 mice 

(Figure 15E) and finally, IL-10 could not be detected in the serum of B6.WT mice, 

while the significant expression in B6.CCR7
-/-

 mice peaked at day 28 post infection 

(Figure 15F). In summary, the systemic level of the cytokines in B6.CCR7
-/-

 mice is 

biased toward a compromised immune response, particularly at the later timepoint when 

the chronic disease becomes established. 

 

Expression of Th1 and Th2 cytokines in B6.CCR7
-/-

 lymph nodes 

Intracellular flow cytometry was employed to analyse pro- and anti-

inflammatory cytokine expression on a single cell basis. The cytokine expression was 

gated from either the total cellular population or as the expression from CD4
+
 or CD8

+
 

cells (Figure 16A). The expression of IFN- was predominately produced by CD8
+
 

T cells in equal proportions in both B6.WT and B6.CCR7
-/-

 mice (Figure 16B). 

However, the proportion of CD4
+
IFN-

+
 T cells was increased significantly in 

B6.CCR7
-/-

 mice compared to B6.WT mice at day 14 after infection (Figure 16B). By 

day 28 post infection, both genotypes displayed an increased proportion of CD4
+
IFN-

+
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Figure 15: Cytokine levels in the serum of B6.WT and B6.CCR7
-/-

 mice throughout 

infection with L. major. 

Cytometric bead arrays were used to determine the levels of (A) IFN- (detection limit: 

0.5 pg/mL), (B) IL-12p70 (detection limit: 1.9 pg/mL), (C) IL-1 (detection limit: 

1.9 pg/mL), (D) TNF (detection limit: 2.8 pg/mL), (E) IL-4 (detection limit: 0.3 pg/mL) 

and (F) IL-10 (detection limit: 9.6 pg/mL) in the serum of infected mice at days 14, 28 

and 42 post infection. n=5 mice/genotype for each timepoint; ND=not detectable.  
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Figure 16: Cellular expression of Th1 cytokines in the lymph nodes of mice 

infected with L. major. 

(A) Intracellular expression of IL-12 and IFN- was determined by flow cytometry. (B) 

The expression of IFN- in B6.WT and B6.CCR7
-/-

 mice is shown as a percentage of all 

lymph node cells as well as a percentage of CD4
+
 or CD8

+
 cells expressing IFN-. (C) 

The expression of IL-12 was shown in a similar manner to IFN-. n=5 mice/genotype 

for each timepoint; *p<0.05; **p<0.01.  
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T cells, which was more pronounced in B6.WT mice (Figure 16B). The level of IL-12 

peaked at day 28 in B6.CCR7
-/-

 mice, while it remained relatively stable in B6.WT mice 

(Figure 16C). Furthermore, B6.CCR7
-/-

 mice had a greater percentage of cells producing 

IL-12 at days 14 and 28 post infection than B6.WT mice (Figure 16C) and most of this 

production was by cells other than T cells. 

The Th2 cytokine, IL-4, which is present in susceptible mice (Heinzel et al., 

1989), was also analysed by flow cytometry. Initially, at day 14 post infection, there 

was a large percentage of cells expressing IL-4, which then decreased at days 28 and 42 

post infection (Figure 17). Furthermore, at days 28 and 42 post infection, B6.CCR7
-/-

 

mice had a higher percentage of cells expressing IL-4, which was also seen in the CD4
+
 

compartment but not by CD8
+
 T cells. Other cells, such as basophils and mast cells, 

contribute to the excess IL-4 production, not provided by T cells (Min et al., 2004; van 

Panhuys et al., 2011). Overall, the cellular cytokine expression in B6.CCR7
-/-

 lymph 

nodes is skewed toward a Th2 phenotype, since the Th1 cytokines remain similar to 

B6.WT mice, but the expression of IL-4 is increased in comparison. 

 

Immunosuppression in lymph nodes lacking CCR7 

The T cell expression of IL-10 or Foxp3 represents inducible or natural 

regulatory T cells (Tregs), respectively. Therefore, the expression of IL-10 and the 

transcription factor Foxp3 was analysed to determine the immunosuppressive capability 

of B6.CCR7
-/-

 mice. The percentage of IL-10-producing natural Tregs decreased 

throughout infection in both genotypes (Figure 18A). At day 28 post infection there was 

an increase in IL-10-producing cells in B6.CCR7
-/-

 mice, which was also seen in CD8
+
 

cells. Some of the IL-10 production is by cells other than T cells, and could be the result 

of monocytic or DC expression (Moore et al., 2001). 
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Figure 17: Analysis of the expression of the Th2 cytokine, IL-4, in the lymph node 

of infected mice. 

The percentage of all lymph node leukocytes, as well as the percentage of CD4
+
 or 

CD8
+
 cells, expressing IL-4 was determined by intracellular flow cytometry in B6.WT 

and B6.CCR7
-/-

 mice. n=5 mice/genotype for each timepoint; *p<0.05; **p<0.01.  
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Inducible Tregs display both CD25 and Foxp3 (Figure 18B). Throughout the 

infection, there was an increased proportion of CD4
+
 cells expressing Foxp3 in 

B6.CCR7
-/-

 mice (Figure 18C). Additionally, there was some Foxp3 expression by 

CD8
+
 cells, which increased significantly at day 42 post infection in B6.CCR7

-/-
 mice 

(Figure 18C). These CD8
+
Foxp3

+
 T cells have not yet been described functionally in

parasitic diseases, but could represent cells with suppressive ability (Joosten and 

Ottenhoff, 2008). Moreover, while TGF-β and IL-2 promote the differentiation of 

Tregs, TGF-β and IL-6 induce Th17 differentiation and inhibit the development of 

Tregs (Bettelli et al., 2006). Due to the reciprocal developmental pathway, Th17 cells 

(CD4
+
IL-17

+
) were also analysed, and an increased percentage was seen only at day 28 

after infection in B6.CCR7
-/-

 mice (data not shown). 

Since there were increased Tregs present in B6.CCR7
-/-

 mice, the mechanism 

behind this accumulation was analysed. Due to the observation of an increase in the Th2 

and immunosuppressive cytokines IL-4 and IL-10, I explored the possibility that these 

cytokines played a role in promoting Treg differentiation in B6.CCR7
-/-

 mice. I 

therefore injected mice for two weeks with a neutralising anti-IL-4 antibody or a 

blocking anti-IL-10R antibody in an attempt to decrease the percentage of Tregs. While 

the percentage of Tregs in the lymph node decreased in B6.WT mice injected with an 

anti-IL-4 antibody compared to control B6.WT mice injected with PBS, the percentage 

of Tregs remained unchanged in B6.CCR7
-/-

 mice, irrespective of antibody treatment 

(Figure 18D). This data shows that the increase in Tregs in the lymph nodes of 

B6.CCR7
-/-

 mice does not appear to be dependent on IL-10 or IL-4 signalling. 

Overall, there is an early increase in the macrophage-activating Th1 cytokines 

IFN-γ and IL-12, followed by an increase in Th2 and immunosuppressive cytokines 

from the peak of disease into the chronic stage of infection in B6.CCR7
-/-

 mice. 
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Figure 18: Immunosuppression in the lymph nodes of B6.WT and B6.CCR7
-/-

 mice 

during infection with L. major. 

(A) Expression of IL-10 in the total lymph node, as well as in the CD4
+
 and CD8

+
 

compartments was determined by flow cytometry in B6.WT and B6.CCR7
-/-

 mice. (B) 

CD4
+
 or CD8

+
 Tregs were determined by their dual expression of CD25 and Foxp3. (C) 

The total percentage of Foxp3
+
 cells as well as the percentage of CD4

+
 and CD8

+
 Tregs 

was determined by intracellular flow cytometry. (D) Mice were injected 

intraperitoneally with PBS, anti-IL-10R or anti-IL-4, and the draining lymph node 

analysed for the percentage of CD4
+
 Tregs at day 14 post infection. A-C n=5 

mice/genotype for each timepoint; D n=3 mice/genotype for each experimental group; 

*p<0.05; **p<0.01.  
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Furthermore, there is an increased percentage of Tregs throughout infection. The 

skewing of the immune response to a detrimental Th2 and immunosuppressive response 

at the late stages could be associated with the inability to clear the parasites from 

B6.CCR7
-/-

 mice and contribute to chronic infection. 

 

Analysis of the immune response to L. major after adoptive transfer of DCs 

Dendritic cell migration in mice infected with L. major 

The chemokine receptor CCR7 is expressed on monocytes (see Figure 13B) and 

activated DCs (Ritter et al., 2004b; Sallusto et al., 1998). Consequently, DCs are able to 

migrate from the site of infection to the lymph node (Forster et al., 1999; Ritter et al., 

2004b). Therefore, in the absence of CCR7, DCs should be retained at the site of 

infection and be absent from the secondary lymphoid organs, including the draining 

lymph node and spleen. However, there was no significant change in the percentage of 

DCs in the footpad of B6.CCR7
-/-

 mice after infection (Figure 19A). On the contrary, at 

day 14 after infection with L. major, CCR7-deficient mice had an increased percentage 

of DCs in the spleen. However, at day 28 post infection, B6.CCR7
-/-

 mice had fewer 

CD11c
+
 DCs present in the draining lymph node. These results partially correlate with 

the known role of CCR7 in DC migration, but also show some redundancy in the 

function of the receptor during cutaneous leishmaniasis. 

Furthermore, I analysed the location of DCs within the spleen at day 14 post 

infection using immunofluorescent microscopy. Most of the CD11c
+
 DCs at this 

timepoint do not express the integrin CD11b (Figure 19B). In B6.WT mice, DCs are 

present in the marginal sinuses of B cell follicles, where they are able to encounter 

circulating antigens (Cesta, 2006; Mebius and Kraal, 2005). Conversely, due to the 

disrupted microarchitecture of spleens of B6.CCR7
-/-

 mice, CD11c
+
 cells are not 
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Figure 19: Dendritic cells in B6.WT and B6.CCR7
-/-

 mice infected with L. major. 

(A) The percentage of CD11c
+
 DCs in the footpad, draining lymph node and spleen was 

determined by flow cytometry throughout infection. (B) Spleens from day 14 post 

infection were stained for B220 (green), CD11b (blue) and CD11c (red). n=5 

mice/genotype for each timepoint; *p<0.05.  
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compartmentalised to either the red pulp or white pulp, but are distributed in an 

indiscriminate manner (Forster et al., 1999). Therefore, DCs from B6.CCR7
-/-

 mice are 

potentially able to interact with cells that would usually lack communication with DCs, 

which could result in an abnormal immune response. 

 

Migration of adoptively transferred dendritic cells 

Since CCR7 is required for the migration of DCs and for the initiation of an 

efficient immune response, I adoptively transferred congenic DCs at the time of 

infection into the footpad. This concurrent inoculation allowed CCR7
+
 DCs to ingest the 

parasites and migrate to the draining lymph node, even in CCR7-deficient hosts. Four 

hours after infection, the transferred DCs could be detected in the footpads, proving that 

the transfer was successful (Figure 20A). Even at this early timepoint, host-derived 

activated DCs, as determined by the expression of the co-stimulatory molecule CD86, 

were already recruited to the site of infection. While activated host DCs were still 

present at the site of infection after three days, transferred donor DCs had disappeared, 

with the exception of B6.Ly5.1 DCs transferred into B6.CCR7
-/-

 mice (Figure 20B). 

The migration of DCs, via the subcapsular sinus, into the lymph node was also 

analysed and varied according to CCR7 expression. At four hours after infection, 

B6.Ly5.1 DCs, which are able to express CCR7, were found in the subcapsular sinus of 

B6.WT and B6.CCR7
-/-

 mice (Figure 20C). In contrast, the presence of CCR7-deficient 

DCs was not detected in the subcapsular sinus until day 3 after infection, indicating 

delayed migration (Figure 20D). At this later timepoint, transferred B6.Ly5.1 DCs had 

migrated from the subcapsular sinus into the lymphoid tissue and could be detected in T 

and B cell areas. Taken together, these results show that while CCR7
+
 B6.Ly5.1 DCs 

are able to rapidly migrate to the draining lymph node regardless of the host genotype,  
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Figure 20: Location of DCs in the footpad and lymph node after adoptive transfer. 

The localisation of transferred DCs in the footpad was determined using the appropriate 

CD45 congene (green) at four hours (A) and three days (B) after infection. The 

expression of CD11b (blue) and CD86 (red) were used to determine infiltration of 

activated DCs. The lymph node was analysed at four hours (C) and three days (D) after 

infection for transferred DCs (CD45.1 or CD45.2; red), B cells (B220; blue) and T cells 

(CD90; green). Representative of three mice for each group. Objective magnification: 

20x.  
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the migration of B6.CCR7
-/-

 DCs to the lymph node is delayed in B6.Ly5.1 mice, 

consequently delaying communication with cells of the adaptive immune system. 

 

Disease progression after adoptive transfer of DCs 

 Since transferred B6.Ly5.1 DCs were able to migrate to the draining lymph 

nodes of B6.CCR7
-/-

 mice, it was hypothesised that these DCs could support or induce a 

protective Th1 immune response in B6.CCR7
-/-

 mice. In a reciprocal adoptive transfer, 

bone marrow-derived DCs from B6.WT or B6.CCR7
-/-

 mice were injected concurrently 

with L. major into B6.CCR7
-/-

 and B6.WT mice, and the contribution of donor DCs was 

tested in the presence of host DCs. Control groups with B6.WT host mice were 

expected to heal the lesion as effectively as normal B6.WT mice after transfer, while 

B6.CCR7
-/-

 mice transferred with B6.CCR7
-/-

 DCs were expected to present with 

chronic lesions, similar to normal B6.CCR7
-/-

 mice (compare Figure 9A). Indeed, the 

control groups of mice with host and donor DCs of the same genotype behaved as 

expected (Figure 21A). However, mice receiving DCs of the reciprocal genotype had 

worse disease progression than the control host genotype. The disease progression after 

reinfection in the contralateral footpad at day 91 after infection, in the absence of 

additional DCs, was similar to the primary infection in all the experimental groups, 

indicating a systemic alteration of the immune response (Figure 21B). 

 The parasite burden was determined fortnightly during the first six weeks of 

infection, as well as once, seven weeks after reinfection. At days 28 and 42 post 

infection, the three groups of mice with CCR7 deficiency in either host or donor cells 

had an increased parasite burden in the footpad, compared to B6.WT mice given 

B6.WT DCs (Figure 21C). Additionally, mice transferred with B6.CCR7
-/-

 DCs, 

regardless of the host genotype, also had an increased parasite burden in the draining 
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Figure 21: Disease progression and parasite burden after adoptive transfer of DCs. 

(A) The lesion size was measured weekly to determine the disease progression after 

L. major infection. Footpad size was compared to the uninfected contralateral footpad 

measurement (100%). (B) Mice were reinfected with L. major without additional DCs 

in the contralateral footpad at day 91 after the primary infection. The lesion size was 

measured and compared to the uninfected footpad size (100%). The parasite burden was 

determined throughout infection in the footpad (C) and the draining popliteal lymph 

node (D). The parasite burden was determined in the primary infected footpad (E) and 

draining lymph node (F) of reinfected mice. The footpad (G) and lymph node (H) 

reinfected for the memory response were also analysed for the parasite burden. A-B, E-

H n=5 mice/group for each timepoint; C-D n=4 mice/group for each timepoint; 

*p<0.05; **p<0.01; ***p<0.001.  
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lymph node at day 42 after infection (Figure 21D). Moreover, after reinfection, 

B6.CCR7
-/-

 mice given B6.CCR7
-/-

 DCs had an increased parasite burden in infected 

footpads and draining lymph nodes from both the primary and secondary infections

 (Figure 21E-H). In summary, the lesion size and parasite burdens of mice with CCR7 

deficiency on either host or donor cells was augmented compared to B6.WT mice 

adoptively transferred with B6.WT DCs, indicating a requirement of CCR7 expression 

on all cellular compartments for a successful immune response to L. major. 

 

Impact of adoptive transfer of DCs on the infiltration of innate cells 

Since there were changes in the lesion progression and parasite burden of mice 

adoptively transferred with DCs, I analysed the innate cellular infiltrate. Using flow 

cytometry, I analysed the percentage of CD11c
+
 DCs, Ly6C

+
 monocytes and Ly6G

+
 

neutrophils in the infected footpad, draining lymph node and spleen. At day 14 post 

infection, B6.WT mice transferred with B6.CCR7
-/-

 DCs had a greater percentage of 

CD11c
+
 DCs in the footpad compared with both groups of control host mice transferred 

with syngeneic DCs (Figure 22A). Additionally, in the spleen, B6.CCR7
-/-

 mice given 

B6.CCR7
-/-

 DCs also had an increased percentage of CD11c
+
 cells (Figure 22A). While 

there was no difference in the infiltration of Ly6C
+
 cells in the footpad and lymph node 

throughout infection, in the spleen, B6.CCR7
-/-

 mice transferred with B6.CCR7
-/-

 DCs 

had an increased percentage of Ly6C
+
 monocytes, compared to B6.WT mice transferred 

with B6.WT DCs at day 14 post infection (Figure 22B). Furthermore, in the spleen at 

day 42 after infection, B6.WT mice transferred with B6.CCR7
-/-

 DCs had an increased 

percentage of Ly6C
+
 monocytes than the reciprocal adoptive transfer. The analysis of 

Ly6G
+
 neutrophils showed an increased percentage of cells at day 42 post infection in 

the lymph nodes of B6.CCR7
-/-

 mice transferred with B6.CCR7
-/-

 DCs compared with  
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Figure 22: Migration of innate cells after L. major infection and DC transfer. 

(A) The percentage of CD11c
+
 DCs was analysed by flow cytometry in the footpad, 

lymph node and spleen at day 14 after infection. The percentage of Ly6C
+
 monocytes 

(B) and Ly6G
+
 neutrophils (C) in the footpad, lymph node and spleen was also analysed 

by flow cytometry. n=4 mice/group for each timepoint; *p<0.05; **p<0.01.  

Days Post Infection 

P
e

rc
e

n
ta

g
e
 o

f 

L
y
6
G

+
 c

e
lls

 

A 

B 

C 

Days Post Infection 

P
e

rc
e

n
ta

g
e

 o
f 

L
y
6
C

+
 c

e
lls

 

P
e

rc
e
n

ta
g

e
 o

f 

C
D

1
1

c
+
 c

e
lls

 

Footpad Lymph node 

B6.CCR7-/- DCs -> B6.CCR7-/-

B6.WT DCs -> B6.WT

B6.WT DCs -> B6.CCR7-/-

B6.CCR7-/- DCs -> B6.WT

Spleen 



Adaptive mechanisms of regulation 

 86 

the control B6.WT syngeneic transfer (Figure 22C). Moreover, at day 42 post infection 

in the spleen, B6.WT mice transferred with B6.CCR7
-/-

 DCs had an increased 

percentage of Ly6G
+
 cells compared to the reciprocal transfer. Overall, the infiltrate of

DCs, monocytes and neutrophils, particularly into the footpad and lymph node was 

relatively unchanged after infection with L. major and transfer of DCs. 

 

Pro-inflammatory and immunosuppressive cytokine production in B6.CCR7
-/-

 mice after 

DC transfer 

During infection of B6.CCR7
-/-

 mice with L. major, I observed increased 

immunosuppression (see Figure 18A&C). Since B6.CCR7
-/-

 mice also developed 

chronic disease after transfer of B6.WT DCs, I examined the level of 

immunosuppression in these mice by analysing the expression of IL-4 and IL-10. 

Additionally, the expression of the pro-inflammatory cytokines IL-12 (Figure 23A) and 

IL-17 (Figure 23B) were examined by intracellular flow cytometry. There was an 

increased percentage of IL-17
+
 cells and IL-4

+
 cells, which were CD4

-
 and CD8

-
, in the 

lymph node and spleen at day 42 post infection in B6.CCR7
-/-

 host mice that had 

received B6.WT DCs (Figure 23B&C). Furthermore, B6.CCR7
-/-

 mice, after transfer of 

B6.WT DCs, displayed an increase of IL-10
+
 cells, which were primarily T cells, in the 

lymph node at day 14 after infection and in the spleen at day 42 post infection (Figure 

23D). Moreover, an increased percentage of Foxp3
+
 cells was observed in the lymph 

node at days 28 and 42 post infection, which were also mainly of T cell origin (Figure 

23E). Taken together, the addition of B6.WT DCs to B6.CCR7
-/-

 mice at the time of 

L. major infection leads to an increased appearance of cells with immunosuppressive 

properties in the draining lymph node and spleen. 
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Figure 23: Cytokine and Foxp3 expression in the lymph nodes of mice infected 

with L. major and adoptively transferred with DCs. 

The percentage of total cells expressing IL-12 (A), IL-17 (B), IL-4 (C) and IL-10 (D) in 

the footpad, lymph node and spleen after L. major infection and DC transfer was 

analysed by flow cytometry. (E) The percentage of Foxp3
+
 cells in the footpad, lymph 

node and spleen was determined by flow cytometry. n=4 mice/group for each timepoint; 

*p<0.05; **p<0.01.  
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Discussion 

The chemokine receptor CCR7 is required for the migration of cells into 

secondary lymphoid organs. In the absence of CCR7, mice infected with L. major show 

delayed migration of inflammatory monocytes to the site of infection, increased 

expression of the Th2 cytokine IL-4 and an increased percentage of Tregs in the lymph 

node. It can be speculated that this increased immunosuppression by the adaptive 

branch of the immune system supports the chronic infection observed. Furthermore, 

instead of inducing a protective response, the administration of B6.WT DCs into CCR7-

deficient mice caused increased immunosuppression, leading to an augmented disease 

progression compared to control B6.CCR7
-/-

 mice administered with B6.CCR7
-/-

 DCs. 

The pro-inflammatory activities of CCR7 vary in different infection models. In 

an infection with viral or bacterial agents, which require a host immune response 

dominated by cytotoxic CD8
+
 T cells for clearance of the pathogen, CCR7

-/-
 mice 

display a delayed, but ultimately protective response (Junt et al., 2004; Kursar et al., 

2005). However, infection of B6.CCR7
-/-

 mice with the parasite Toxoplasma gondii, 

which requires a CD4
+
 Th1 response, results in death during the acute phase of the 

disease due to uncontrolled parasite replication and dissemination (Noor et al., 2010). In 

my experiments, infection of B6.CCR7
-/-

 mice with L. major, which is also eliminated 

by a protective Th1 response, does not result in death, but the mice are unable to clear 

the parasite, and suffer from a chronic infection (see Figure 9A) (Locksley et al., 1987; 

Scott et al., 1988). Together, these studies reveal that the functions of CCR7 are largely 

redundant for cytotoxic T cell responses but indicate that they are critical for Th1 

responses against intracellular parasites. This could be due to a requirement for CCR7-

dependent migration of cells that present antigen via MHC class II to CD4
+
 T cells, 
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while MHC class I restricted presentation to CD8
+
 T cells relies only in part on the 

migration of cells to lymphoid organs (Forster et al., 1999; Seth et al., 2011). 

Inflammatory monocytes expressing the chemokine receptor CCR2 are critical 

for the clearance of intracellular parasites. They contribute to antigen presentation and 

utilise a range of effector mechanisms, such as iNOS (Conrad et al., 2007; De Trez et 

al., 2009; Fromm et al., 2012; Quinones et al., 2007; Robben et al., 2005; Sato et al., 

2000). While it is well established that the presence of CCR2
+
 monocytes is essential 

for the elimination of both T. gondii and L. major from the site of infection (De Trez et 

al., 2009; Fromm et al., 2012), the influence of other chemokine receptors, such as 

CCR7, on the migration of these cells has not been explored in as much detail, despite 

indirect evidence of delayed migration in the absence of CCR7 (Noor et al., 2010). 

Similar to our L. major model, B6.CCR7
-/-

 mice infected with T. gondii show reduced 

migration of CCR2
+
 inflammatory monocytes to the site of infection (Noor et al., 2010). 

This supports evidence that the role of CCR2 is limited to migration of cells from the 

bone marrow to the circulation (Qu et al., 2004; Serbina and Pamer, 2006). For the first 

time in an infection model, I have shown that the majority of CCR2
+
 monocytes in the 

footpads of B6.WT mice also express CCR7 (see Figure 13B). However, it is unknown 

if these monocytes have recently been recruited to the site of infection, or if they have 

upregulated CCR7 in preparation for migration to the draining lymph node. 

The CCR7-dependent migration of cells depends on the tissue-specific gradients 

of its ligands (Weber et al., 2013). In mice, CCR7 has two ligands, CCL19 and CCL21, 

with CCL21 displaying two isoforms differing in one amino acid, CCL21-Ser and 

CCL21-Leu (Vassileva et al., 1999; Zlotnik and Yoshie, 2000). The expression of the 

chemokines CCL19 and CCL21 is usually associated with lymphoid organs, 

nevertheless, CCL21-Leu is also constitutively expressed in non-lymphoid organs, and 
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CCL21-Ser can be upregulated within lung tissue upon inflammation (Lo et al., 2003; 

Vassileva et al., 1999). Furthermore, in a visceral leishmaniasis model, CCL21 

expression correlates with parasite burden in the dermis of infected dogs (Menezes-

Souza et al., 2012). Combined with the ability of CCL21 to be expressed in non-

lymphoid tissues and the delayed migration of inflammatory monocytes to the footpad 

in the absence of CCR7, it could be speculated that CCR7, rather than CCR2, is 

required for the inflammatory recruitment of monocytes to the site of infection (Noor et 

al., 2010). 

The immune response to Leishmania, like any other infection, is shaped by the 

presence of natural and inducible Tregs (Peters and Sacks, 2006). Specifically, in the 

model of cutaneous leishmaniasis, Tregs prevent complete eradication of the parasite 

from the host through IL-10-mediated mechanisms (Anderson et al., 2007; Belkaid et 

al., 2002). Chemokine receptors, including CCR7, are known to be important for the 

migration and function of Tregs (Campbell and Koch, 2011; Ding et al., 2012). The 

receptor CCR7 is present on a subset of Tregs that do not express E integrin (CD103), 

a molecule involved in the detainment of Tregs at the site of infection, and instead these 

Tregs home to lymph nodes (Menning et al., 2007; Schneider et al., 2007; Suffia et al., 

2005). Consequently, in the absence of CCR7, there is retention of Tregs at inflamed 

sites (Huehn et al., 2004; Menning et al., 2007). More specifically, while CCR7
-/-

 Tregs 

are suppressive in vitro, these cells are substantially less efficient in vivo after 

ovalbumin sensitisation, probably due to impaired migration to lymphoid tissues and 

incorrect localisation within the target lymphoid organs (Eller et al., 2010; Menning et 

al., 2007; Schneider et al., 2007). This is of particular relevance for L. major infection, 

since CD4
+
CD25

+
 Tregs prevent a sterile cure at the site of infection, and therefore, 

there is potential for reactivation of leishmaniasis (Belkaid et al., 2002; Mendez et al., 
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2004; Peters and Sacks, 2006). In my model, L. major infection of B6.CCR7
-/-

 mice 

causes an increase in the percentage of Tregs in the draining lymph node (see Figure 

18C), as well as the infected footpad (data not shown), potentially contributing to the 

increased parasite burden and chronically enlarged lesion (Belkaid et al., 2002). 

The model of cutaneous leishmaniasis has been beneficial in the elucidation of 

the Th1/Th2 paradigm (Mosmann and Coffman, 1989), which attempts to explain 

resistance or susceptibility. Typically, the resistant strain of C57BL/6 mice is able to 

mount a protective Th1 response, but in B6.CCR7
-/-

 mice, the T cell response is skewed 

towards a susceptible Th2 phenotype after L. major infection, particularly at later 

timepoints. While there is a trend towards increased IFN-γ and IL-12 at earlier 

timepoints of infection, this is not sufficient to control parasite replication and lesion 

progression, indicating that the elimination of parasites requires a prolonged Th1 

response. The skewing of the immune system towards a Th2 phenotype in B6.CCR7
-/-

 

mice has also been identified using an ovalbumin sensitisation model (Moschovakis et 

al., 2012). However, despite an increase in IL-4 expression after L. major infection, 

CCR7-deficient mice did not develop a progressive disease, but instead established a 

chronic infection. This supports the notion that the mechanisms responsible for 

resistance only rely in part on the effects of cytokine production. Recent studies have 

shown that the mechanisms normally responsible for the wound healing response, 

resulting in collagen deposition, can also play a role in resistance or susceptibility to the 

parasite (Baldwin et al., 2007; Sakthianandeswaren et al., 2005). In the skin, several 

different cell types contribute to wound healing, such as fibrocytes and mesenchymal 

stem cells. In an interesting coincidence, CCR7 and its ligands have also been shown to 

be centrally involved in wound healing (Banas et al., 2002; Bonacchi et al., 2003; Kaur 

et al., 2006; Sasaki et al., 2008). In pulmonary fibrosis, a model of exacerbated wound 
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healing, the absence of CCR7 alleviates the disease, and in a skin injury model, 

fibrocytes migrate to wound sites and enhance healing in a CCR7-dependent manner 

(Abe et al., 2001; Trujillo et al., 2010). Furthermore, mesenchymal stem cells are able 

to migrate to skin wounds in response to CCR7 ligands and support wound healing 

(Sasaki et al., 2008). Since I showed that B6.CCR7
-/-

 mice have an enlarged lesion for 

an extended period of time, it could be speculated that the wound healing process is 

delayed or inefficient in these mice.  

The expression of CCR7 on DCs is critical for an immune response against 

pathogens. In the absence of CCR7, DCs are delayed in their migration to draining 

lymph nodes and can not enter the T cell zone (Braun et al., 2011). Within the spleen, 

CCR7-deficient DCs are found in the red pulp, but are excluded from entry into the 

white pulp (Forster et al., 2008). Even under homeostatic conditions, CCR7 is required 

for the migration of DCs, including skin-derived DCs, to lymph nodes and spleen (Ohl 

et al., 2004; Seth et al., 2011; Umemoto et al., 2012). However, there is circumstantial 

evidence that large amounts of antigen can bypass the requirement for CCR7 expression 

on DCs (Forster et al., 2008). My results show that CCR7 is required not only for the 

migration of DCs, but that CCR7 expression on other cells is required for an efficient 

immune response. Counterintuitively, when B6.WT mice are injected with B6.CCR7
-/-

 

DCs, the hosts display delayed healing of the lesion, while B6.WT mice transferred 

with control B6.WT DCs are still resistant, and the reason for this phenotype can only 

be speculated. However, there is an increased percentage of DCs in the footpad at day 

14 post infection in B6.WT mice injected with B6.CCR7
-/-

 DCs, even compared with 

B6.CCR7
-/-

 mice transferred with B6.CCR7
-/-

 DCs (Figure 21A). This excludes the 

possibility that the lack of migration exclusively by B6.CCR7
-/-

 DCs causes the increase 

in DCs at the site of infection. It is unknown whether the transferred B6.CCR7
-/-

 DCs 
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expand in the footpad, or perhaps host DCs are retained, and this may lead to the 

delayed healing observed. This increase of DCs in the footpad does not alter the Th2 

and immunosuppressive cytokine production from that of resistant B6.WT mice 

transferred with B6.WT DCs. 

Evidence suggests that DCs polarise the T cell response, due to their secretion of 

cytokines during antigen presentation. The Th1 polarising cytokine, IL-12, is highly 

expressed by DCs for a short period of time at day 1 after infection with L. donovani 

(Gorak et al., 1998). Because of this brief expression of IL-12 by DCs, adoptive transfer 

of recently activated DCs can induce Th1 differentiation, while transfer of older DCs 

can cause Th2 or non-polarised responses (Langenkamp et al., 2000; Misslitz et al., 

2004; Moser and Murphy, 2000). This time-dependent expression of IL-12 could be 

significant for Leishmania infection of B6.CCR7
-/-

 mice, since CCR7-deficient DCs 

have delayed migration to the draining lymph node. These DCs would be activated at 

the site of infection and express IL-12, but due to the delayed migration, CCR7-

deficient DCs would have exhausted their opportunity for IL-12 secretion by the time 

they reach the lymph node, approximately three days after infection (see Figure 20D). 

Without IL-12 secretion in the lymph node, naïve CD4
+
 T cells are unable to 

differentiate into Th1 cells, and by default, become IL-4-producing Th2 cells (Moser 

and Murphy, 2000). This phenomenon describes my observations in infected 

B6.CCR7
-/-

 mice (see Figure 17), as well as B6.CCR7
-/-

 mice injected with B6.WT or 

B6.CCR7
-/-

 DCs (see Figure 23C). The delayed migration of DCs correlates with 

increased Th2 cytokine secretion and immunosuppression. 

In summary, the chemokine receptor CCR7 plays a role in the migration of 

inflammatory monocytes, Tregs and DCs. Disruption of the normal function and 

migration of these cells in the absence of CCR7 during cutaneous leishmaniasis causes a 
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chronic infection. Moreover, B6.WT DCs are unable to rescue the chronic infection by 

B6.CCR7
-/-

 mice. My data demonstrates that the role of CCR7 is extremely complex in 

infection models, and more studies using inducible gene-deficient mice are required to 

further elucidate the mechanisms of action between CCR7 and its ligands. 
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Concluding remarks 

 

The inflammatory response to pathogens must be tightly regulated to prevent 

collateral damage to the host and to limit the immune response once the pathogen has 

been cleared. During protozoan parasitic diseases, such as leishmaniasis, 

trypanosomiasis and malaria, immunoregulation is important for the survival of the 

host, but also results ultimately in the persistence of the parasite. This means that 

reactivation of the disease may occur when the immune system is compromised, for 

instance, during HIV infection (Desjeux, 2004; Mendez et al., 2004). Nevertheless, this 

risk of disease reactivation is a small sacrifice, considering that in the absence of 

immunosuppression death of the host can occur due to excessive inflammation, 

resulting in death of parasite-clearing cells (Guilliams et al., 2007; Haque et al., 2011; 

Yazdanbakhsh and Sacks, 2010). Conversely, augmented immunosuppression is also 

detrimental, because of increased parasite replication within the host (Mendez et al., 

2004; Noel et al., 2002). 

Understanding the importance of immune regulation of protozoan parasitic 

disease is crucial for the development of successful vaccines to these parasites. To date, 

there have been multiple unsuccessful attempts to generate a vaccine against parasites 

of the genera Leishmania, Trypanosoma and Plasmodium. This lack of a protective 

response after vaccination is partially due to the fact that naturally occurring immunity 

requires constant exposure to the parasite, and at the same time, the complete 

eradication of the parasites from the host is prevented, as a result of regulation of the 

immune response (Belkaid et al., 2002; Gupta et al., 1999; Langhorne et al., 2008; 

Snow et al., 1997). Vaccine strategies that have been tested fail to allow for this 

constant exposure to the antigen. Moreover, the majority of vaccines induce a highly 
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inflammatory response to the pathogens, which has been shown to injure the host and be 

detrimental to survival (Guilliams et al., 2007; Haque et al., 2011). Likewise, enhanced 

immunosuppression, usually mediated by IL-10, is also unfavourable for the host, 

because the parasites replicate uncontrollably (Stober et al., 2005; Tabbara et al., 2005). 

Therefore, to be protective, vaccines against these protozoan parasites need to balance 

the induction of regulatory cells, as well as effector cells. 

I used the model of leishmaniasis to further elucidate mechanisms that may play 

a role in balancing immunoregulation with inflammatory responses to L. major. The 

mouse model of cutaneous leishmaniasis is ideal for analysing the influence of genes, 

since the outcome of disease, resolution or death, is unambiguous. I used two gene-

deficient mouse models, based on the C57BL/6 strain, which showed alterations to the 

usual resistant outcome to infection. After L. major infection, TNF-deficient mice 

succumb to the disease within eight weeks, while CCR7-deficient mice developed a 

chronic disease. Based on previous experiments, I hypothesised that these mice had 

increased immunosuppression that predominated the necessary pro-inflammatory 

response. I discovered that TNF is involved in the inhibition of the development of 

alternatively activated macrophages at the site of infection and the draining lymph node. 

Furthermore, I also presented evidence that CCR7 is involved in promoting a Th1 

response and limits regulatory T cell development. Overall, my results show novel 

functions of TNF and CCR7 in regulating the immune response to cutaneous 

leishmaniasis. These new functions of TNF and CCR7 need to be considered when 

designing a vaccine to protect against protozoan parasites, so that the induced immune 

response is effective, with an appropriate balance between pro-inflammation and 

immunoregulation. 
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Materials and methods 

 

Mice 

Genetically targeted C57BL/6 mice deficient for CCR7 (B6.CCR7
-/-

; B6.129P2(C)-

Ccr7
tm1Rfor

/J, (Forster et al., 1999)), control C57BL/6J (B6.WT) mice and the CD45.1 

congenic strain (B6.Ly5.1; B6.SJL-Ptprc
a
 Pepc

b
/BoyJ) were obtained from Jackson 

Laboratories (Bar Harbor, USA). The B6.CCR7
-/-

 mice were screened according to the 

previously published protocol (Forster et al., 1999). These mice, as well as C57BL/6 

mice genetically deficient for TNF (B6.TNF
-/-

; (Korner et al., 1997)) were kept under 

specific pathogen free conditions at the animal research facilities of the Comparative 

Genomics Centre, James Cook University, Townsville and the Menzies Research 

Institute Tasmania, Hobart. Mice of both sexes were infected at 8-12 weeks of age. All 

protocols were approved by the animal ethics committees of James Cook University, 

Townsville and the University of Tasmania, Hobart. 

 

Leishmania culture 

Leishmania major BNI (MHOM/IL/81/FE/BNI) and L. major Friedlin expressing eGFP 

(MHOM/IL/80/Friedlin-eGFP) were passaged in supplemented Schneider’s medium 

(Life Technologies, Mulgrave, Australia) as previously described (Solbach et al., 1986; 

Wilhelm et al., 2001). Prior to infection, the parasites were passaged on rabbit blood 

agar plates for 6-8 days (Solbach et al., 1986). Mice were infected subcutaneously with 

3x10
6
 L. major promastigotes in one hind footpad and reinfected for memory responses 

in the other hind footpad. The infectivity of the parasites was maintained by passaging 

through the tissue of susceptible BALB/c mice (Wilhelm et al., 2001). Footpad lesions 
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were measured using a metric caliper to determine disease progression as described 

(Wilhelm et al., 2001) 

 

Limiting dilutions 

Limiting dilution experiments were performed to determine the parasite burden in 

infected footpads and draining popliteal lymph nodes. Single cell suspensions were 

prepared in supplemented Schneider’s media and serial dilutions (5-fold) were pipetted 

across a 96-well plate with eight replicates for each organ in an end-point titration. The 

plates were incubated for 10-14 days at 27°C before the number of Leishmania-positive 

wells was determined using a light microscope. To calculate the parasite burden, a 

generalised Pearson chi-square test was performed (L-Calc version 1.1). Alternatively, 

extreme limiting dilution analysis (ELDA) was used (Hu and Smyth, 2009).  

 

Flow cytometry 

Cells were harvested from infected footpads, draining popliteal lymph nodes and 

spleens. For intracellular cytokine analysis, isolated leukocytes were restimulated with 

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, Sydney, Australia; 20 ng/mL), 

ionomycin (Life Technologies; 1 M) and protein transport inhibitor (monensin; BD 

GolgiStop, Franklin Lakes, USA) for four to six hours depending on the cytokines to be 

analysed. Multi-colour flow cytometry was performed following a four-step protocol. 

First, cells were blocked for unspecific Fc binding with rat anti-mouse CD16/32 (clone 

93; eBioscience, San Diego, USA). Secondly, cells were stained for surface markers 

listed in Table 4. Thirdly, the cells were fixed according to the manufacturer’s 

instructions with FoxP3 Fix/Perm buffer (BioLegend, San Diego, USA) and 

permeabilised with either Perm buffer (BioLegend) or saponin (Sigma-Aldrich) in PBS. 
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In the final step, intracellular markers were targeted with the antibodies listed in 

Table 5. Occasionally secondary antibodies were used, and these are listed in Table 6. 

Cells were acquired on a Beckman Coulter CyAn ADP flow cytometer using Summit 

version 4.3 or a BD FACSCanto II using FACSDiva 6.1 software and analysed with 

FlowJo software (Tree Star, Inc.). A Beckman Coulter MoFlo Astrios was used for flow 

cytometric sorting. 

 

Table 4: Antibodies used against surface molecules in flow cytometry  

Host Target Fluorochrome Clone Supplier 

Rat CCR2 - MC-21 M. Mack, 

Regensburg 

Rat CD11b APC M1/70 BD Pharmingen 

Rat CD11b APC-Cy7 M1/70 BD Pharmingen 

Rat CD11b FITC M1/70 BD Pharmingen 

Rat CD11b PerCP-Cy5.5 M1/70 BD Pharmingen 

Armenian 

hamster 

CD11c APC HL3 BD Pharmingen 

Armenian 

hamster 

CD11c PE-Cy7 HL3 BD Pharmingen 

Rat CD206 Alexa Fluor 

647 

C068C2 BioLegend 

Rat CD25 APC-Cy7 PC61 BD Pharmingen 

Rat CD4 PerCP-Cy5.5 RM4-5 BD Pharmingen 

Rat CD45R/B220 Pacific Blue RA3-6B2 BD Pharmingen 

Rat CD8a Pacific Blue 53-6.7 BD Pharmingen 

Rat F4/80 PerCP-Cy5.5 BM8 eBioscience 

Rat Ly6C FITC AL-21 BD Pharmingen 

Rat Ly6G PE 1A8 BD Pharmingen 

 

Cytometric bead array 

Cytometric bead arrays (CBAs) were performed on serum collected from the peripheral 

blood of infected mice and supernatants of macrophage cultures. CBA flex sets (BD 

Biosciences) for IL-6, IFN-, IL-12p70, IL-1, TNF, IL-4 and IL-10 were used to 

determine cytokine levels, and the manufacturer’s instructions were essentially 
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followed. Samples were acquired on a BD FACSCanto II using FACSDiva 6.1 software 

and analysed with FCAP Array version 1.0 software. 

 

Table 5: Antibodies against intracellular proteins analysed by flow cytometry 

Host Target Fluorochrome Clone Supplier 

Rat Foxp3 APC FJK-16s eBioscience 

Rat IFN-γ Alexa Fluor 488 XMG1.2 BD Pharmingen 

Rat IL-10 PE JES5-16E3 BD Pharmingen 

Rat IL-12 (p40/p70) APC C15.6 BD Pharmingen 

Rat IL-17 PE TC11-18H10 BD Pharmingen 

Rat IL-4 PE 11B11 BD Pharmingen 

Rat IL-6 PE MP5-20F3 BD Pharmingen 

Rabbit iNOS - pAb BD Biosciences 

 

Table 6: Reagents for secondary labelling in flow cytometry 

Host Reactivity Fluorochrome Supplier 

Goat Rabbit IgG Pacific Blue Life Technologies 

Donkey Rat IgG Dylight 649 Jackson 

Immunoresearch 

 

Confocal microscopy 

Draining popliteal lymph nodes and spleens were isolated and rapidly frozen in Tissue 

Tek optimal cutting temperature (OCT) media (ProSciTech, Townsville, Australia) and 

stored at -80C. Frozen sections (8 m) were cut using a cryotome (Leica, North Ryde, 

Australia), air-dried and fixed in acetone at -20C. Prior to staining, sections were re-

hydrated in PBS + 1% BSA for 15 minutes and then permeabilised in 

TBS + 0.1% Tween-20 for 15 minutes if intracellular markers were examined. The 

primary antibodies used are listed in Table 7. The secondary labelling reagents are 

described in Table 8. Sections were mounted with polyvinyl alcohol mounting media 

with DABCO (Sigma-Aldrich) to prevent fading and allowed to set overnight. Images 

were acquired using a Zeiss LSM 510 confocal microscope. 
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Table 7: Primary antibodies used in confocal microscopy 

Host Target Fluorochrome Clone Supplier 

Rat CD11b - M1/70 BD Pharmingen 

Rat CD11b Biotin M1/70 BD Pharmingen 

Rat CD11b FITC M1/70 BD Pharmingen 

Armenian 

hamster 

CD11c Biotin HL3 BD Pharmingen 

Mouse CD45.1 Biotin A20 BD Pharmingen 

Mouse CD45.2 Biotin 104 BD Pharmingen 

Rat CD45R/B220 - RA3-6B2 BD Pharmingen 

Rat CD45R/B220 APC RA3-6B2 BD Pharmingen 

Rat CD86 - GL1 BD Pharmingen 

Rat CD90.2 APC 53-2.1 BD Pharmingen 

Mouse iNOS FITC 6/iNOS/NOS 

type II 

BD Biosciences 

Rabbit L. major Cy5 pAb E. Handman, 

(Kling et al., 

2011) 

Rat Ly6C FITC AL-21 BD Pharmingen 

Rat Ly6G PE 1A8 BD Pharmingen 

 

Table 8: Secondary reagents used for confocal microscopy 

Host Target/Conjugation Fluorochrome Supplier 

Goat Rat IgG Alexa Fluor 633 Life Technologies 

Goat Rat IgG Alexa Fluor 488 Life Technologies 

 Streptavidin Alexa Fluor 546 Life Technologies 

 Streptavidin FITC Life Technologies 

 

Quantitative real-time PCR 

RNA was extracted from sorted lymph node or footpad cells using Tri-Reagent (Sigma-

Aldrich) according to the manufacturer’s instructions. RNA was stored in RNase free 

water at -80°C. The QuantiTect Reverse Transcription Kit (Qiagen, Chadstone Centre, 

Australia) was used to reverse-transcribe 100 ng of total RNA. Quantitative real-time 

PCR was carried out on the Corbett Rotor Gene 6000 qPCR instrument (Qiagen) with 

10 μL reactions using the SensiFAST
TM

 SYBR No-Rox Kit (Bioline, Alexandria, 

Australia) and the primers listed in Table 9 and Table 10. Reactions were performed in 
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duplicate and gene expression levels were normalised to the housekeeping genes 

GAPDH or β-actin. Relative gene expression between samples was calculated using the 

ΔΔCt calculation method.  

 

Table 9: Primers used for quantitative PCR characterising monocytes in the lymph 

node 

Gene Forward Primer Reverse Primer Product 

Size (bp) 

Reference 

Arg1 ATGGAAGAGAC

CTTCAGCTAC 

GCTGTCTTCCCA

AGAGTTGGG 

224 (Atochina et al., 2008) 

CCR2 CTGCAAAGACC

AGAAGAGGG 

TATGCCGTGGA

TGAACTGAG 

126  

CD206 TGCAAAGCTAT

AGGTGGAGAGC 

ACGGGAGAACC

ATCACTCC 

164 (Baldwin et al., 2007) 

CX3CR1 TGAGTGACTGG

CACTTCCTG 

CGAGGACCACC

AACAGATTT 

221  

Fli1 AGTGCTGTTGT

CGCACCTC 

TTCCTTGACATT

CAGTCGTGA 

100 (Sakthianandeswaren 

et al., 2010) 

GAPDH GTGAAGGTCGG

TGTGAACGG 

ATGTTAGTGGG

GTCTCGCTCC 

245  

IL-10 CCAGTCGGCCA

GAGCCACAT 

GGCCATGCTTC

TCTGCCTGGG 

208  

TGM2 CGAATCCTCTA

CGAGAAGTACA

GC 

CAGTTTGCGGT

TTTGCTTGG 

177 (Szondy et al., 2003) 

 

Table 10: Primers used for quantitative PCR analysing macrophages at the site of 

infection 

Gene Forward Primer Reverse Primer Product 

Size (bp) 

Reference 

-actin AATCCTGTGGCA

TCCATGAAAC 

CGCAGCTCAGTA

ACAGTCCG 

341  

Arg1 ATGGAAGAGACC

TTCAGCTAC 

GCTGTCTTCCCA

AGAGTTGGG 

224 (Atochina et al., 

2008) 

CCR2 CTGCAAAGACCA

GAAGAGGG 

TATGCCGTGGAT

GAACTGAG 

126  

CX3CR1 TGAGTGACTGGC

ACTTCCTG 

CGAGGACCACCA

ACAGATTT 

221  

Fizz1 TCCCTCCACTGT

AACGAAGAC 

AGGCAGTTGCAA

GTATCTCCA 

153 (Baldwin et al., 

2007) 
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Monocyte suppression assay 

Magnetic beads were used to sort CD4
+
 (L3T4) cells from B6.WT spleens using an 

autoMACS Pro separator according to the manufacturer’s instructions (Miltenyi Biotec, 

Macquarie Park, Australia). Cells were labelled with 1 μM carboxyfluorescein 

succinimidyl ester (CFSE; Life Technologies) and stimulated with plate-coated 

Armenian hamster anti-mouse CD3 (clone 145-2C11; BD Pharmingen; 5 μg/mL) for 

72 hours. Sorted B220
-
CD11b

+
Ly6C

lo
 and B220

-
CD11b

+
Ly6C

hi
 monocytes from the 

draining lymph nodes of both B6.WT and B6.TNF
-/-

 mice at day 21 post infection were 

cultured with CFSE-labelled CD4
+
 cells at a ratio of 1:5 (monocytes:CD4

+
 cells). The 

proliferation was assessed by CFSE dilution as detected by flow cytometry. The data 

was analysed with FlowJo software, which measured proliferation by using division and 

proliferation indexes. 

 

Bone marrow-derived macrophage culture 

Cells isolated from the bone marrow of mouse femurs were cultured at a density of 

2x10
6
 cells in 20 mL media with supernatant containing macrophage colony stimulating 

factor (M-CSF) obtained from L929 cells. The supernatant was titrated for maximum 

efficiency of macrophage differentiation. After eight days of differentiation, 

macrophages were stimulated with L. major (MOI 2), or L. major and IFN-γ 

(20 ng/mL). Cells and supernatants were taken at the desired timepoints for flow 

cytometric analysis. 

 

Blocking of IL-10R and IL-4 in vivo 

Mice were injected intraperitoneally every second day, starting the day prior to L. major 

infection, with PBS, anti-IL-4 (clone 11B11, obtained from hybridoma supernatant) or 
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anti-IL-10R (clone 1B1.3a, obtained from hybridoma supernatant). The draining 

popliteal lymph node was analysed at day 14 post infection by flow cytometry. 

 

Bone marrow-derived dendritic cell culture 

Bone marrow cells were isolated from the tibia and femur of mice and differentiated 

into DCs as previously described (Lutz et al., 1999; Roomberg et al., 2010). Briefly, 

cells were seeded into plates at a density of 4x10
6
 cells in 10 mL of supplemented 

media with previously titrated granulocyte macrophage colony stimulating factor (GM-

CSF; supernatant from X63-AG8 cells) (Roomberg et al., 2010). On day three of 

culture, 10 mL of fresh media was added to each plate. On day six of culture, 10 mL of 

cells were removed, centrifuged, and the supernatant removed. Fresh media was added 

and the cells were returned to the plate. Cells were harvested on day seven of culture 

and determined to be DCs, using flow cytometry, by their expression of CD11b 

(PerCP-Cy5.5; M1/70; BD Pharmingen) and CD11c (PE-Cy7; HL3; BD Pharmingen). 

Activation levels were determined by the expression of CD86 (FITC; GL1; BD 

Pharmingen). 

 

Dendritic cell adoptive transfer and Leishmania infection 

Bone marrow-derived dendritic cells were harvested on day seven of culture, and 

2x10
5
 cells were added to 3x10

6
 L. major promastigotes immediately prior to 

subcutaneous injection into the hind footpad. The lesion size was measured with a 

metric caliper and compared to the uninfected footpad size (Wilhelm et al., 2001). 
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Statistical analysis 

A two-tailed Mann-Whitney test or an unpaired t test (Figure 18D) was used for 

analysis between two groups, while a Kruskal-Wallis test with Dunns post test was used 

to analyse multiple hypotheses between four experimental groups. The statistical tests 

were performed using GraphPad Prism 5 for Mac OS X, version 5.0a (GraphPad 

Software, San Diego, USA) to determine p values. A p value below 0.05 was 

considered statistically significant. 
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