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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+Ly6Clo and CD11b+Ly6Chi
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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

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 TNFdeficient 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 nonredundant 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 bloodbrain 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 CD45RBhigh 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 CD45RBlow subset or with unsorted
CD4+ T cells, they did not develop colitis and displayed no wasting disease (Powrie et
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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 thymicderived 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 Nω-hydroxy-L-arginine (LOHA) or Nω-hydroxy-nor-Larginine (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 Ly6ChiCD11bhiF4/80int MDSCs can suppress
T cell responses, they can also kill L. major by NO-dependent mechanisms, reminiscent
of CCR2+Ly6ChiCD11bhiF4/80int 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

(Belkaid et al., 2001;
Belkaid et al., 2002)

Regulatory B
cells
Alternatively
activated
macrophages
Myeloidderived
suppressor
cells
Arginase 1
iNOS/NO

L. major

Express IL-10 to prevent
sterile cure allowing efficient
memory response
Produce IL-10 and support
susceptibility in BALB/c mice
Harbour parasites

Allows parasite survival
Facilitates parasite killing

(Iniesta et al., 2002)
(Diefenbach et al.,
1998)

L. major

L. major

L. major
L. major

(Ronet et al., 2010)

(Iniesta et al., 2001;
Iniesta et al., 2002;
Kropf et al., 2005)
Need better cellular markers (Pereira et al., 2011)
to differentiate MDSCs from
inflammatory monocytes

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

Prevent
immunopathology
in
liver allowing parasite
clearance;
suppress
effector
molecule
expression
Unknown
Present during chronic
phase of infection

(Guilliams et al.,
2007;
Wei
and
Tabel, 2008)

Suppress
T
cell
proliferation
Promote
parasite
survival
T.
cruzi, Kill parasites; suppress
Trypanosoma
T cells
brucei

(Cuervo et al., 2011;
Goni et al., 2002)
(Noel et al., 2002)

Regulatory T cells Trypanosoma
congolense

Regulatory B cells
Alternatively
activated
macrophages
Myeloid-derived
suppressor cells
Arginase 1
iNOS/NO

T. congolense

Trypanosoma
cruzi
T. congolense

(Noel et al., 2002)

(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
Plasmodium berghei,
P. chabaudi chabaudi

Prevent
immunopathology;
prevent sterile cure
Prevent or delays
death

(Couper et al., 2008;
Li et al., 1999)

TGF-β

Inconclusive

Regulatory T
cells
Regulatory B
cells
Alternatively
activated
macrophages
Myeloid-derived
suppressor cells
Arginase 1

P. berghei

iNOS/NO

P. yoelii

(Li et al., 2001;
Omer and Riley,
1998)
(Finney et al., 2010)

Unknown
Unknown

Unknown
Promotes parasite (Dowling et al.,
survival
2010)
Increase
IFN-γ (Wang et al., 2009)
production;
decrease parasite
levels

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 antiinflammatory 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+Ly6Clo
monocytic population in the draining lymph node, which accumulates in parallel to the
inflammatory CD11b+Ly6Chi monocytes (Fromm et al., 2012). This CD11b+Ly6Clo
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+Ly6Clo cells present in B6.WT mice is Ly6G+ and represent neutrophils
(Fromm et al., 2012). Therefore, I hypothesised that in the lymph node, CD11b+Ly6Clo
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+Ly6Clo monocytes, as well as normal inflammatory
CD11b+Ly6Chi 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, steadystate 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+Ly6Chi (R2) population has been
correlated with CCR2+ inflammatory monocytes, while the CD11b+Ly6Clo (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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A

B6.TNF-/-

B6.WT

CD11b

R1

R1
R2

R2

Ly6C

B

C

B6.WT
B6.TNF-/-

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.

35

Innate mechanisms of regulation
same genotype. It was expected that the CD11b+Ly6Clo population would be steadystate monocytes and express higher levels of CX3CR1 than the CD11b+Ly6Chi
populations. However, since the expression of CX3CR1 by both monocytic populations
is comparable, the CD11b+Ly6Clo 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+Ly6Clo 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+Ly6Clo and
CD11b+Ly6Chi populations from B6.TNF-/- mice expressed significantly increased
levels of Arg1 transcripts (CD11b+Ly6Clo 96690 ± 99585 [mean relative gene
expression ± SD]; CD11b+Ly6Chi 110989 ± 107956) (Figure 2A) and CD206
(CD11b+Ly6Clo 1.76 ± 0.71; CD11b+Ly6Chi 8.69 ± 6.74) (Figure 2B) compared to
B6.WT cells (Arg1: CD11b+Ly6Clo 1.20 ± 0.87; CD11b+Ly6Chi 1.00 ± 0.85) (CD206:
CD11b+Ly6Clo 0.96 ± 0.17; CD11b+Ly6Chi 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+Ly6Clo and CD11b+Ly6Chi 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+Ly6Clo 2.19 ± 1.29; CD11b+Ly6Chi 6.56 ± 3.54) compared to
the corresponding B6.WT subsets (CD11b+Ly6Clo 0.94 ± 0.30; CD11b+Ly6Chi 1.00 ±
0.38) and was highest in B6.TNF-/- CD11b+Ly6Chi 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+Ly6Clo and CD11b+Ly6Chi 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+Ly6Clo 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+Ly6Chi 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+Ly6Clo
populations, in terms of Ly6G and iNOS expression, had no effect on proliferating
T cells. Finally, T cells cultured with B6.WT CD11b+Ly6Chi monocytes proliferated
more than those cultured with B6.TNF-/- CD11b+Ly6Chi 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+Ly6Chi 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. majorinfected mice.
(A) The proliferation of T cells was measured by CFSE dilution in the absence or
presence of sorted CD11b+Ly6Clo or CD11b+Ly6Chi 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+Ly6Chi monocytes from B6.TNF-/- mice.
n=4-5 mice/genotype; *p<0.05.
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0.03; CD11b+Ly6Chi 2.01 ± 0.01) had a greater proliferation index (Figure 4C).
Moreover, T cells cultured with the CD11b+Ly6Clo population from B6.WT mice
proliferated better than T cells cultured with B6.WT CD11b+Ly6Chi cells. Overall the
CD11b+Ly6Chi 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+Ly6Chi monocytes from B6.TNF-/- mice may be a
proposed regulatory macrophage subset (Mosser and Edwards, 2008). It also indicates
that CD11b+Ly6Clo 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+Ly6Clo population of B6.TNF-/- mice
had decreased expression of Fli1 (1.54 ± 0.64) compared to the B6.WT CD11b+Ly6Clo
subset (2.68 ± 0.99) (Figure 5A). Moreover, CD11b+Ly6Chi monocytes from both
genotypes had less Fli1 mRNA expression (B6.WT 1.00 ± 0.23; B6.TNF-/- 1.04 ± 0.38)
than the CD11b+Ly6Clo populations. Since wound healing is often associated with
alternative activation, decreased Fli1 expression by B6.TNF-/- CD11b+Ly6Clo 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 Ly6Clo and CD11b+Ly6Chi
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+Ly6Chi 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+Ly6Clo subset in both genotypes (B6.WT
3.12 ± 1.43; B6.TNF-/- 2.99 ± 1.27) was observed (CD11b+Ly6Chi: B6.WT 1.00 ± 0.30;
B6.TNF-/- 1.37 ± 0.64) (Figure 5B). Intracellular flow cytometric analysis of IL-10
showed that CD11b+Ly6Clo 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+Ly6Chi cells (Figure 5C). A comparison of the CD11b+Ly6Chi 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+Ly6Clo monocytes do not show increased immunosuppression, as shown by coculture 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 Ly6ChiCD206- population as R1, the Ly6CloCD206lo population
as R2 and the Ly6C+CD206hi 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+CD206hi) (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+CD206hi 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.

48

Innate mechanisms of regulation
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 8 F). In conclusion, my results show tha t
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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 antigenspecific 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+Ly6Clo and CD11b+Ly6Chi 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+Ly6Clo and CD11b+Ly6Chi monocytes have augmented
expression of Arg1, CD206 and the newly described marker TGM2. Moreover, the
CD11b+Ly6Chi 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+Ly6Clo and CD11b+Ly6Chi monocytes from B6.TNF-/- mice have
increased Arg1 expression, while we have previously shown that CD11b+Ly6Clo
monocytes lack iNOS expression (Fromm et al., 2012). Therefore, it is safe to assume
that the balance of enzymes, particularly in the CD11b+Ly6Clo 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 proinflammatory 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
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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 nonredundant 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+Ly6Clo and CD11b+Ly6Chi monocytes in the lymph nodes of TNF-deficient
mice have increased Arg1 and CD206 expression, indicative of alternative activation.
However, the CD11b+Ly6Clo 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 TNFdeficient 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 seventransmembrane 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, CCchemokine 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.
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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
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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 Ly6Clo 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 (Ly6Cint) 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
Ly6Chi population (population 3) showed high CCR2 expression and was consequently
identified as inflammatory monocytes (Figure 10C). Furthermore, the proportion of
Ly6Chi 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 (Ly6Clo) had increased, while the previous inflammatory
population 2 (Ly6Chi) (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 (Ly6Clo) 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 (Ly6Chi) 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
(Ly6Chi) or neutrophils (Ly6Clo) (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 antiinflammatory 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, EH 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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B6.WT DCs -> B6.WT
B6.WT DCs -> B6.CCR7-/B6.CCR7-/- DCs -> B6.WT
B6.CCR7-/- DCs -> B6.CCR7-/-

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.
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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 CCR7deficient 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 CCR7dependent 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 (MenezesSouza et al., 2012). Combined with the ability of CCL21 to be expressed in nonlymphoid 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, CCR7deficient 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 genedeficient 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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Mice
Genetically targeted C57BL/6 mice deficient for CCR7 (B6.CCR7-/-; B6.129P2(C)Ccr7tm1Rfor/J, (Forster et al., 1999)), control C57BL/6J (B6.WT) mice and the CD45.1
congenic strain (B6.Ly5.1; B6.SJL-Ptprca Pepcb/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
3x106 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

Rat
Rat
Rat
Rat
Armenian
hamster
Armenian
hamster
Rat

CD11b
CD11b
CD11b
CD11b
CD11c

APC
APC-Cy7
FITC
PerCP-Cy5.5
APC

M1/70
M1/70
M1/70
M1/70
HL3

M. Mack,
Regensburg
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen

CD11c

PE-Cy7

HL3

BD Pharmingen

CD206

C068C2

BioLegend

Rat
Rat
Rat
Rat
Rat
Rat
Rat

CD25
CD4
CD45R/B220
CD8a
F4/80
Ly6C
Ly6G

Alexa Fluor
647
APC-Cy7
PerCP-Cy5.5
Pacific Blue
Pacific Blue
PerCP-Cy5.5
FITC
PE

PC61
RM4-5
RA3-6B2
53-6.7
BM8
AL-21
1A8

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
eBioscience
BD Pharmingen
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
Rat
Rat
Rat
Rat
Rat
Rat
Rabbit

Foxp3
IFN-γ
IL-10
IL-12 (p40/p70)
IL-17
IL-4
IL-6
iNOS

APC
Alexa Fluor 488
PE
APC
PE
PE
PE
-

FJK-16s
XMG1.2
JES5-16E3
C15.6
TC11-18H10
11B11
MP5-20F3
pAb

eBioscience
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Biosciences

Table 6: Reagents for secondary labelling in flow cytometry
Host

Reactivity

Fluorochrome

Supplier

Goat
Donkey

Rabbit IgG
Rat IgG

Pacific Blue
Dylight 649

Life Technologies
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 rehydrated 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
Rat
Rat
Armenian
hamster
Mouse
Mouse
Rat
Rat
Rat
Rat
Mouse

CD11b
CD11b
CD11b
CD11c

Biotin
FITC
Biotin

M1/70
M1/70
M1/70
HL3

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen

CD45.1
CD45.2
CD45R/B220
CD45R/B220
CD86
CD90.2
iNOS

Biotin
Biotin
APC
APC
FITC

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Biosciences

Rabbit

L. major

Cy5

A20
104
RA3-6B2
RA3-6B2
GL1
53-2.1
6/iNOS/NOS
type II
pAb

Rat
Rat

Ly6C
Ly6G

FITC
PE

AL-21
1A8

E. Handman,
(Kling et al.,
2011)
BD Pharmingen
BD Pharmingen

Table 8: Secondary reagents used for confocal microscopy
Host

Target/Conjugation Fluorochrome

Supplier

Goat
Goat

Rat IgG
Rat IgG
Streptavidin
Streptavidin

Life Technologies
Life Technologies
Life Technologies
Life Technologies

Alexa Fluor 633
Alexa Fluor 488
Alexa Fluor 546
FITC

Quantitative real-time PCR
RNA was extracted from sorted lymph node or footpad cells using Tri-Reagent (SigmaAldrich) 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 SensiFASTTM 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

Arg1

ATGGAAGAGAC
CTTCAGCTAC
CTGCAAAGACC
AGAAGAGGG
TGCAAAGCTAT
AGGTGGAGAGC
TGAGTGACTGG
CACTTCCTG
AGTGCTGTTGT
CGCACCTC
GTGAAGGTCGG
TGTGAACGG
CCAGTCGGCCA
GAGCCACAT
CGAATCCTCTA
CGAGAAGTACA
GC

CCR2
CD206
CX3CR1
Fli1
GAPDH
IL-10
TGM2

Reverse Primer

Product Reference
Size (bp)
GCTGTCTTCCCA 224
(Atochina et al., 2008)
AGAGTTGGG
TATGCCGTGGA 126
TGAACTGAG
ACGGGAGAACC 164
(Baldwin et al., 2007)
ATCACTCC
CGAGGACCACC 221
AACAGATTT
TTCCTTGACATT 100
(Sakthianandeswaren
CAGTCGTGA
et al., 2010)
ATGTTAGTGGG 245
GTCTCGCTCC
GGCCATGCTTC 208
TCTGCCTGGG
CAGTTTGCGGT 177
(Szondy et al., 2003)
TTTGCTTGG

Table 10: Primers used for quantitative PCR analysing macrophages at the site of
infection
Gene

Forward Primer

Reverse Primer

-actin

AATCCTGTGGCA
TCCATGAAAC
ATGGAAGAGACC
TTCAGCTAC
CTGCAAAGACCA
GAAGAGGG
TGAGTGACTGGC
ACTTCCTG
TCCCTCCACTGT
AACGAAGAC

CGCAGCTCAGTA
ACAGTCCG
GCTGTCTTCCCA
AGAGTTGGG
TATGCCGTGGAT
GAACTGAG
CGAGGACCACCA
ACAGATTT
AGGCAGTTGCAA
GTATCTCCA

Arg1
CCR2
CX3CR1
Fizz1

Product Reference
Size (bp)
341
224

(Atochina et al.,
2008)

126
221
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+Ly6Clo and B220-CD11b+Ly6Chi 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
2x106 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 4x106 cells in 10 mL of supplemented
media with previously titrated granulocyte macrophage colony stimulating factor (GMCSF; 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
2x105 cells were added to 3x106 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.

105

References

References

Abe, R., Donnelly, S.C., Peng, T., Bucala, R., and Metz, C.N. (2001). Peripheral blood
fibrocytes: differentiation pathway and migration to wound sites. Journal of
Immunology 166, 7556-7562.
Abel, S., Luckheide, N., Westendorf, A.M., Geffers, R., Roers, A., Muller, W.,
Sparwasser, T., Matuschewski, K., Buer, J., and Hansen, W. (2012). Strong impact of
CD4+ Foxp3+ regulatory T cells and limited effect of T cell-derived IL-10 on pathogen
clearance during Plasmodium yoelii infection. Journal of Immunology 188, 5467-5477.
Afford, S.C., Pongracz, J., Stockley, R.A., Crocker, J., and Burnett, D. (1992). The
induction by human interleukin-6 of apoptosis in the promonocytic cell line U937 and
human neutrophils. Journal of Biological Chemistry 267, 21612-21616.
Agnandji, S.T., Lell, B., Fernandes, J.F., Abossolo, B.P., Methogo, B.G., Kabwende,
A.L., Adegnika, A.A., Mordmuller, B., Issifou, S., Kremsner, P.G., et al. (2012). A
phase 3 trial of RTS,S/AS01 malaria vaccine in African infants. New England Journal
of Medicine 367, 2284-2295.
Agnandji, S.T., Lell, B., Soulanoudjingar, S.S., Fernandes, J.F., Abossolo, B.P.,
Conzelmann, C., Methogo, B.G., Doucka, Y., Flamen, A., Mordmuller, B., et al.
(2011). First results of phase 3 trial of RTS,S/AS01 malaria vaccine in African children.
New England Journal of Medicine 365, 1863-1875.
Ahmed, S.T., and Ivashkiv, L.B. (2000). Inhibition of IL-6 and IL-10 signaling and Stat
activation by inflammatory and stress pathways. Journal of Immunology 165, 52275237.
Akilov, O.E., Kasuboski, R.E., Carter, C.R., and McDowell, M.A. (2007). The role of
mannose receptor during experimental leishmaniasis. Journal of Leukocyte Biology 81,
1188-1196.
Alarcon, J.B., Waine, G.W., and McManus, D.P. (1999). DNA vaccines: technology
and application as anti-parasite and anti-microbial agents. Advances in Parasitology 42,
343-410.
Ali, T., Kaitha, S., Mahmood, S., Ftesi, A., Stone, J., and Bronze, M.S. (2013). Clinical
use of anti-TNF therapy and increased risk of infections. Drug, Healthcare and Patient
Safety 5, 79-99.
Anderson, C.F., Oukka, M., Kuchroo, V.J., and Sacks, D. (2007). CD4(+)CD25()Foxp3(-) Th1 cells are the source of IL-10-mediated immune suppression in chronic
cutaneous leishmaniasis. Journal of Experimental Medicine 204, 285-297.

106

References
Astarie-Dequeker, C., N'Diaye, E.N., Le Cabec, V., Rittig, M.G., Prandi, J., and
Maridonneau-Parini, I. (1999). The mannose receptor mediates uptake of pathogenic
and nonpathogenic mycobacteria and bypasses bactericidal responses in human
macrophages. Infection and Immunity 67, 469-477.
Atochina, O., Da'dara, A.A., Walker, M., and Harn, D.A. (2008). The
immunomodulatory glycan LNFPIII initiates alternative activation of murine
macrophages in vivo. Immunology 125, 111-121.
Auffray, C., Sieweke, M.H., and Geissmann, F. (2009). Blood monocytes: development,
heterogeneity, and relationship with dendritic cells. Annual Review of Immunology 27,
669-692.
Baldwin, T., Sakthianandeswaren, A., Curtis, J.M., Kumar, B., Smyth, G.K., Foote, S.J.,
and Handman, E. (2007). Wound healing response is a major contributor to the severity
of cutaneous leishmaniasis in the ear model of infection. Parasite Immunology 29, 501513.
Banas, B., Wornle, M., Berger, T., Nelson, P.J., Cohen, C.D., Kretzler, M., Pfirstinger,
J., Mack, M., Lipp, M., Grone, H.J., and Schlondorff, D. (2002). Roles of SLC/CCL21
and CCR7 in human kidney for mesangial proliferation, migration, apoptosis, and tissue
homeostasis. Journal of Immunology 168, 4301-4307.
Banchereau, J., and Steinman, R.M. (1998). Dendritic cells and the control of immunity.
Nature 392, 245-252.
Barrett, M.P., Burchmore, R.J., Stich, A., Lazzari, J.O., Frasch, A.C., Cazzulo, J.J., and
Krishna, S. (2003). The trypanosomiases. Lancet 362, 1469-1480.
Barthlott, T., Moncrieffe, H., Veldhoen, M., Atkins, C.J., Christensen, J., O'Garra, A.,
and Stockinger, B. (2005). CD25+ CD4+ T cells compete with naive CD4+ T cells for
IL-2 and exploit it for the induction of IL-10 production. International Immunology 17,
279-288.
Basu, R., O'Quinn, D.B., Silberger, D.J., Schoeb, T.R., Fouser, L., Ouyang, W., Hatton,
R.D., and Weaver, C.T. (2012). Th22 cells are an important source of IL-22 for host
protection against enteropathogenic bacteria. Immunity 37, 1061-1075.
Beil, W.J., Meinardus-Hager, G., Neugebauer, D.C., and Sorg, C. (1992). Differences in
the onset of the inflammatory response to cutaneous leishmaniasis in resistant and
susceptible mice. Journal of Leukocyte Biology 52, 135-142.
Belkaid, Y., Hoffmann, K.F., Mendez, S., Kamhawi, S., Udey, M.C., Wynn, T.A., and
Sacks, D.L. (2001). The role of interleukin (IL)-10 in the persistence of Leishmania
major in the skin after healing and the therapeutic potential of anti-IL-10 receptor
antibody for sterile cure. Journal of Experimental Medicine 194, 1497-1506.

107

References
Belkaid, Y., Piccirillo, C.A., Mendez, S., Shevach, E.M., and Sacks, D.L. (2002).
CD4+CD25+ regulatory T cells control Leishmania major persistence and immunity.
Nature 420, 502-507.
Benoit, M., Desnues, B., and Mege, J.L. (2008). Macrophage polarization in bacterial
infections. Journal of Immunology 181, 3733-3739.
Beschin, A., Brys, L., Magez, S., Radwanska, M., and De Baetselier, P. (1998).
Trypanosoma brucei infection elicits nitric oxide-dependent and nitric oxideindependent suppressive mechanisms. Journal of Leukocyte Biology 63, 429-439.
Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T.B., Oukka, M., Weiner, H.L., and
Kuchroo, V.K. (2006). Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells. Nature 441, 235-238.
Bogdan, C. (2001). Nitric oxide and the immune response. Nature Immunology 2, 907916.
Bonacchi, A., Petrai, I., Defranco, R.M., Lazzeri, E., Annunziato, F., Efsen, E., Cosmi,
L., Romagnani, P., Milani, S., Failli, P., et al. (2003). The chemokine CCL21 modulates
lymphocyte recruitment and fibrosis in chronic hepatitis C. Gastroenterology 125, 10601076.
Borowy, N.K., Sternberg, J.M., Schreiber, D., Nonnengasser, C., and Overath, P.
(1990). Suppressive macrophages occurring in murine Trypanosoma brucei infection
inhibit T-cell responses in vivo and in vitro. Parasite Immunology 12, 233-246.
Braun, A., Worbs, T., Moschovakis, G.L., Halle, S., Hoffmann, K., Bolter, J., Munk, A.,
and Forster, R. (2011). Afferent lymph-derived T cells and DCs use different
chemokine receptor CCR7-dependent routes for entry into the lymph node and
intranodal migration. Nature Immunology 12, 879-887.
Brown, D.R., and Reiner, S.L. (1999). Polarized helper-T-cell responses against
Leishmania major in the absence of B cells. Infection and Immunity 67, 266-270.
Campbell, D.J., and Koch, M.A. (2011). Phenotypical and functional specialization of
FOXP3+ regulatory T cells. Nature Reviews: Immunology 11, 119-130.
Cazorla, S.I., Frank, F.M., and Malchiodi, E.L. (2009). Vaccination approaches against
Trypanosoma cruzi infection. Expert Review of Vaccines 8, 921-935.
Cesta, M.F. (2006). Normal structure, function, and histology of the spleen. Toxicologic
Pathology 34, 455-465.
Chakraborty, P., Ghosh, D., and Basu, M.K. (2001). Modulation of macrophage
mannose receptor affects the uptake of virulent and avirulent Leishmania donovani
promastigotes. Journal of Parasitology 87, 1023-1027.
108

References
Chakravortty, D., Hansen-Wester, I., and Hensel, M. (2002). Salmonella pathogenicity
island 2 mediates protection of intracellular Salmonella from reactive nitrogen
intermediates. Journal of Experimental Medicine 195, 1155-1166.
Chang, K.P., and Dwyer, D.M. (1976). Multiplication of a human parasite (Leishmania
donovani) in phagolysosomes of hamster macrophages in vitro. Science 193, 678-680.
Charles, P., Elliott, M.J., Davis, D., Potter, A., Kalden, J.R., Antoni, C., Breedveld,
F.C., Smolen, J.S., Eberl, G., deWoody, K., et al. (1999). Regulation of cytokines,
cytokine inhibitors, and acute-phase proteins following anti-TNF-alpha therapy in
rheumatoid arthritis. Journal of Immunology 163, 1521-1528.
Chaudhry, A., Samstein, R.M., Treuting, P., Liang, Y., Pils, M.C., Heinrich, J.M., Jack,
R.S., Wunderlich, F.T., Bruning, J.C., Muller, W., and Rudensky, A.Y. (2011).
Interleukin-10 signaling in regulatory T cells is required for suppression of Th17 cellmediated inflammation. Immunity 34, 566-578.
Chen, X., Wu, X., Zhou, Q., Howard, O.M., Netea, M.G., and Oppenheim, J.J. (2013).
TNFR2 is critical for the stabilization of the CD4+Foxp3+ regulatory T cell phenotype
in the inflammatory environment. Journal of Immunology 190, 1076-1084.
Chomarat, P., Banchereau, J., Davoust, J., and Palucka, A.K. (2000). IL-6 switches the
differentiation of monocytes from dendritic cells to macrophages. Nature Immunology
1, 510-514.
Coler, R.N., and Reed, S.G. (2005). Second-generation vaccines against leishmaniasis.
Trends in Parasitology 21, 244-249.
Conrad, S.M., Strauss-Ayali, D., Field, A.E., Mack, M., and Mosser, D.M. (2007).
Leishmania-derived murine monocyte chemoattractant protein 1 enhances the
recruitment of a restrictive population of CC chemokine receptor 2-positive
macrophages. Infection and Immunity 75, 653-665.
Couper, K.N., Blount, D.G., de Souza, J.B., Suffia, I., Belkaid, Y., and Riley, E.M.
(2007). Incomplete depletion and rapid regeneration of Foxp3+ regulatory T cells
following anti-CD25 treatment in malaria-infected mice. Journal of Immunology 178,
4136-4146.
Couper, K.N., Blount, D.G., Wilson, M.S., Hafalla, J.C., Belkaid, Y., Kamanaka, M.,
Flavell, R.A., de Souza, J.B., and Riley, E.M. (2008). IL-10 from CD4+CD25-Foxp3CD127- adaptive regulatory T cells modulates parasite clearance and pathology during
malaria infection. PLoS Pathogens 4, e1000004.
Cuervo, H., Guerrero, N.A., Carbajosa, S., Beschin, A., De Baetselier, P., Girones, N.,
and Fresno, M. (2011). Myeloid-derived suppressor cells infiltrate the heart in acute
Trypanosoma cruzi infection. Journal of Immunology 187, 2656-2665.

109

References
Curotto de Lafaille, M.A., and Lafaille, J.J. (2009). Natural and adaptive Foxp3+
regulatory T cells: more of the same or a division of labor? Immunity 30, 626-635.
da Silveira, A.B., de Araujo, F.F., Freitas, M.A., Gomes, J.A., Chaves, A.T., de
Oliveira, E.C., Neto, S.G., Luquetti, A.O., da Cunha Souza, G., Bernardino Junior, R.,
et al. (2009). Characterization of the presence and distribution of Foxp3(+) cells in
chagasic patients with and without megacolon. Human Immunology 70, 65-67.
Daley, J.M., Brancato, S.K., Thomay, A.A., Reichner, J.S., and Albina, J.E. (2010). The
phenotype of murine wound macrophages. Journal of Leukocyte Biology 87, 59-67.
De Trez, C., Magez, S., Akira, S., Ryffel, B., Carlier, Y., and Muraille, E. (2009).
iNOS-producing inflammatory dendritic cells constitute the major infected cell type
during the chronic Leishmania major infection phase of C57BL/6 resistant mice. PLoS
Pathogens 5, e1000494.
Deon, D., Ahmed, S., Tai, K., Scaletta, N., Herrero, C., Lee, I.H., Krause, A., and
Ivashkiv, L.B. (2001). Cross-talk between IL-1 and IL-6 signaling pathways in
rheumatoid arthritis synovial fibroblasts. Journal of Immunology 167, 5395-5403.
Desjeux, P. (2004). Leishmaniasis: current situation and new perspectives. Comparative
Immunology, Microbiology and Infectious Diseases 27, 305-318.
Diefenbach, A., Schindler, H., Donhauser, N., Lorenz, E., Laskay, T., MacMicking, J.,
Rollinghoff, M., Gresser, I., and Bogdan, C. (1998). Type 1 interferon (IFNalpha/beta)
and type 2 nitric oxide synthase regulate the innate immune response to a protozoan
parasite. Immunity 8, 77-87.
Ding, A.H., Nathan, C.F., and Stuehr, D.J. (1988). Release of reactive nitrogen
intermediates and reactive oxygen intermediates from mouse peritoneal macrophages.
Comparison of activating cytokines and evidence for independent production. Journal of
Immunology 141, 2407-2412.
Ding, L., and Shevach, E.M. (1992). IL-10 inhibits mitogen-induced T cell proliferation
by selectively inhibiting macrophage costimulatory function. Journal of Immunology
148, 3133-3139.
Ding, Y., Xu, J., and Bromberg, J.S. (2012). Regulatory T cell migration during an
immune response. Trends in Immunology 33, 174-180.
Dowling, D.P., Ilies, M., Olszewski, K.L., Portugal, S., Mota, M.M., Llinas, M., and
Christianson, D.W. (2010). Crystal structure of arginase from Plasmodium falciparum
and implications for L-arginine depletion in malarial infection. Biochemistry 49, 56005608.
Eller, K., Weber, T., Pruenster, M., Wolf, A.M., Mayer, G., Rosenkranz, A.R., and Rot,
A. (2010). CCR7 deficiency exacerbates injury in acute nephritis due to aberrant

110

References
localization of regulatory T cells. Journal of the American Society of Nephrology 21,
42-52.
Evangelidou, M., Tseveleki, V., Vamvakas, S.S., and Probert, L. (2010). TNFRI is a
positive T-cell costimulatory molecule important for the timing of cytokine responses.
Immunology and Cell Biology 88, 586-595.
Feldmann, M., Brennan, F.M., and Maini, R.N. (1996). Role of cytokines in rheumatoid
arthritis. Annual Review of Immunology 14, 397-440.
Feltquate, D.M., Heaney, S., Webster, R.G., and Robinson, H.L. (1997). Different T
helper cell types and antibody isotypes generated by saline and gene gun DNA
immunization. Journal of Immunology 158, 2278-2284.
Feuerer, M., Hill, J.A., Mathis, D., and Benoist, C. (2009). Foxp3+ regulatory T cells:
differentiation, specification, subphenotypes. Nature Immunology 10, 689-695.
Finney, O.C., Riley, E.M., and Walther, M. (2010). Regulatory T cells in malaria-friend or foe? Trends in Immunology 31, 63-70.
Fiorentino, D.F., Zlotnik, A., Vieira, P., Mosmann, T.R., Howard, M., Moore, K.W.,
and O'Garra, A. (1991). IL-10 acts on the antigen-presenting cell to inhibit cytokine
production by Th1 cells. Journal of Immunology 146, 3444-3451.
Fonseca, S.G., Romao, P.R., Figueiredo, F., Morais, R.H., Lima, H.C., Ferreira, S.H.,
and Cunha, F.Q. (2003). TNF-alpha mediates the induction of nitric oxide synthase in
macrophages but not in neutrophils in experimental cutaneous leishmaniasis. European
Journal of Immunology 33, 2297-2306.
Fontenot, J.D., Gavin, M.A., and Rudensky, A.Y. (2003). Foxp3 programs the
development and function of CD4+CD25+ regulatory T cells. Nature Immunology 4,
330-336.
Ford, A.C., and Peyrin-Biroulet, L. (2013). Opportunistic infections with anti-tumor
necrosis factor-alpha therapy in inflammatory bowel disease: meta-analysis of
randomized controlled trials. American Journal of Gastroenterology 108, 1268-1276.
Forster, R., Davalos-Misslitz, A.C., and Rot, A. (2008). CCR7 and its ligands:
balancing immunity and tolerance. Nature Reviews: Immunology 8, 362-371.
Forster, R., Schubel, A., Breitfeld, D., Kremmer, E., Renner-Muller, I., Wolf, E., and
Lipp, M. (1999). CCR7 coordinates the primary immune response by establishing
functional microenvironments in secondary lymphoid organs. Cell 99, 23-33.
Fromm, P.D., Kling, J., Mack, M., Sedgwick, J.D., and Korner, H. (2012). Loss of TNF
signaling facilitates the development of a novel Ly-6C(low) macrophage population
permissive for Leishmania major infection. Journal of Immunology 188, 6258-6266.
111

References
Gabrilovich, D.I., and Nagaraj, S. (2009). Myeloid-derived suppressor cells as
regulators of the immune system. Nature Reviews: Immunology 9, 162-174.
Garg, N., and Bhatia, V. (2005). Current status and future prospects for a vaccine
against American trypanosomiasis. Expert Review of Vaccines 4, 867-880.
Gaur, U., Roberts, S.C., Dalvi, R.P., Corraliza, I., Ullman, B., and Wilson, M.E. (2007).
An effect of parasite-encoded arginase on the outcome of murine cutaneous
leishmaniasis. Journal of Immunology 179, 8446-8453.
Geissmann, F., Jung, S., and Littman, D.R. (2003). Blood monocytes consist of two
principal subsets with distinct migratory properties. Immunity 19, 71-82.
Geissmann, F., Manz, M.G., Jung, S., Sieweke, M.H., Merad, M., and Ley, K. (2010).
Development of monocytes, macrophages, and dendritic cells. Science 327, 656-661.
Gerber, J.S., and Mosser, D.M. (2001). Reversing lipopolysaccharide toxicity by
ligating the macrophage Fc gamma receptors. Journal of Immunology 166, 6861-6868.
Goni, O., Alcaide, P., and Fresno, M. (2002). Immunosuppression during acute
Trypanosoma cruzi infection: involvement of Ly6G (Gr1(+))CD11b(+) immature
myeloid suppressor cells. International Immunology 14, 1125-1134.
Good, M.F., Xu, H., Wykes, M., and Engwerda, C.R. (2005). Development and
regulation of cell-mediated immune responses to the blood stages of malaria:
implications for vaccine research. Annual Review of Immunology 23, 69-99.
Gorak, P.M., Engwerda, C.R., and Kaye, P.M. (1998). Dendritic cells, but not
macrophages, produce IL-12 immediately following Leishmania donovani infection.
European Journal of Immunology 28, 687-695.
Gordon, S. (2003). Alternative activation of macrophages. Nature Reviews:
Immunology 3, 23-35.
Gordon, S., and Martinez, F.O. (2010). Alternative activation of macrophages:
mechanism and functions. Immunity 32, 593-604.
Gramaglia, I., Sobolewski, P., Meays, D., Contreras, R., Nolan, J.P., Frangos, J.A.,
Intaglietta, M., and van der Heyde, H.C. (2006). Low nitric oxide bioavailability
contributes to the genesis of experimental cerebral malaria. Nature Medicine 12, 14171422.
Green, S.J., Meltzer, M.S., Hibbs, J.B., Jr., and Nacy, C.A. (1990). Activated
macrophages destroy intracellular Leishmania major amastigotes by an L-argininedependent killing mechanism. Journal of Immunology 144, 278-283.

112

References
Guerrero, A.R., Uchida, K., Nakajima, H., Watanabe, S., Nakamura, M., Johnson, W.E.,
and Baba, H. (2012). Blockade of interleukin-6 signaling inhibits the classic pathway
and promotes an alternative pathway of macrophage activation after spinal cord injury
in mice. Journal of Neuroinflammation 9, 40.
Guilliams, M., Bosschaerts, T., Herin, M., Hunig, T., Loi, P., Flamand, V., De
Baetselier, P., and Beschin, A. (2008). Experimental expansion of the regulatory T cell
population increases resistance to African trypanosomiasis. Journal of Infectious
Diseases 198, 781-791.
Guilliams, M., Oldenhove, G., Noel, W., Herin, M., Brys, L., Loi, P., Flamand, V.,
Moser, M., De Baetselier, P., and Beschin, A. (2007). African trypanosomiasis:
naturally occurring regulatory T cells favor trypanotolerance by limiting pathology
associated with sustained type 1 inflammation. Journal of Immunology 179, 2748-2757.
Gupta, S., Snow, R.W., Donnelly, C.A., Marsh, K., and Newbold, C. (1999). Immunity
to non-cerebral severe malaria is acquired after one or two infections. Nature Medicine
5, 340-343.
Haque, A., Best, S.E., Amante, F.H., Ammerdorffer, A., de Labastida, F., Pereira, T.,
Ramm, G.A., and Engwerda, C.R. (2011). High parasite burdens cause liver damage in
mice following Plasmodium berghei ANKA infection independently of CD8(+) T cellmediated immune pathology. Infection and Immunity 79, 1882-1888.
Heinrich, P.C., Behrmann, I., Haan, S., Hermanns, H.M., Muller-Newen, G., and
Schaper, F. (2003). Principles of interleukin (IL)-6-type cytokine signalling and its
regulation. Biochemical Journal 374, 1-20.
Heinzel, F.P., Sadick, M.D., Holaday, B.J., Coffman, R.L., and Locksley, R.M. (1989).
Reciprocal expression of interferon gamma or interleukin 4 during the resolution or
progression of murine leishmaniasis. Evidence for expansion of distinct helper T cell
subsets. Journal of Experimental Medicine 169, 59-72.
Herwaldt, B.L. (1999). Leishmaniasis. Lancet 354, 1191-1199.
Heusinkveld, M., de Vos van Steenwijk, P.J., Goedemans, R., Ramwadhdoebe, T.H.,
Gorter, A., Welters, M.J., van Hall, T., and van der Burg, S.H. (2011). M2 macrophages
induced by prostaglandin E2 and IL-6 from cervical carcinoma are switched to activated
M1 macrophages by CD4+ Th1 cells. Journal of Immunology 187, 1157-1165.
Highfill, S.L., Rodriguez, P.C., Zhou, Q., Goetz, C.A., Koehn, B.H., Veenstra, R.,
Taylor, P.A., Panoskaltsis-Mortari, A., Serody, J.S., Munn, D.H., et al. (2010). Bone
marrow myeloid-derived suppressor cells (MDSCs) inhibit graft-versus-host disease
(GVHD) via an arginase-1-dependent mechanism that is up-regulated by interleukin-13.
Blood 116, 5738-5747.

113

References
Hilkens, C.M., and Isaacs, J.D. (2013). Tolerogenic dendritic cell therapy for
rheumatoid arthritis: where are we now? Clinical and Experimental Immunology 172,
148-157.
Hill, A.V. (2011). Vaccines against malaria. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences 366, 2806-2814.
Hirano, T., Taga, T., Nakano, N., Yasukawa, K., Kashiwamura, S., Shimizu, K.,
Nakajima, K., Pyun, K.H., and Kishimoto, T. (1985). Purification to homogeneity and
characterization of human B-cell differentiation factor (BCDF or BSFp-2). Proceedings
of the National Academy of Sciences of the United States of America 82, 5490-5494.
Hisaeda, H., Maekawa, Y., Iwakawa, D., Okada, H., Himeno, K., Kishihara, K.,
Tsukumo, S., and Yasutomo, K. (2004). Escape of malaria parasites from host
immunity requires CD4+ CD25+ regulatory T cells. Nature Medicine 10, 29-30.
Hiscock, N., Chan, M.H., Bisucci, T., Darby, I.A., and Febbraio, M.A. (2004). Skeletal
myocytes are a source of interleukin-6 mRNA expression and protein release during
contraction: evidence of fiber type specificity. FASEB Journal 18, 992-994.
Hoge, J., Yan, I., Janner, N., Schumacher, V., Chalaris, A., Steinmetz, O.M., Engel,
D.R., Scheller, J., Rose-John, S., and Mittrucker, H.W. (2013). IL-6 controls the innate
immune response against Listeria monocytogenes via classical IL-6 signaling. Journal
of Immunology 190, 703-711.
Hori, S., Nomura, T., and Sakaguchi, S. (2003). Control of regulatory T cell
development by the transcription factor Foxp3. Science 299, 1057-1061.
Hu, Y., and Smyth, G.K. (2009). ELDA: extreme limiting dilution analysis for
comparing depleted and enriched populations in stem cell and other assays. Journal of
Immunological Methods 347, 70-78.
Huang, B., Pan, P.Y., Li, Q., Sato, A.I., Levy, D.E., Bromberg, J., Divino, C.M., and
Chen, S.H. (2006). Gr-1+CD115+ immature myeloid suppressor cells mediate the
development of tumor-induced T regulatory cells and T-cell anergy in tumor-bearing
host. Cancer Research 66, 1123-1131.
Huehn, J., Siegmund, K., Lehmann, J.C., Siewert, C., Haubold, U., Feuerer, M., Debes,
G.F., Lauber, J., Frey, O., Przybylski, G.K., et al. (2004). Developmental stage,
phenotype, and migration distinguish naive- and effector/memory-like CD4+ regulatory
T cells. Journal of Experimental Medicine 199, 303-313.
Hurst, S.M., Wilkinson, T.S., McLoughlin, R.M., Jones, S., Horiuchi, S., Yamamoto,
N., Rose-John, S., Fuller, G.M., Topley, N., and Jones, S.A. (2001). IL-6 and its soluble
receptor orchestrate a temporal switch in the pattern of leukocyte recruitment seen
during acute inflammation. Immunity 14, 705-714.

114

References
Iniesta, V., Carcelen, J., Molano, I., Peixoto, P.M., Redondo, E., Parra, P., Mangas, M.,
Monroy, I., Campo, M.L., Nieto, C.G., and Corraliza, I. (2005). Arginase I induction
during Leishmania major infection mediates the development of disease. Infection and
Immunity 73, 6085-6090.
Iniesta, V., Gomez-Nieto, L.C., and Corraliza, I. (2001). The inhibition of arginase by
N(omega)-hydroxy-l-arginine controls the growth of Leishmania inside macrophages.
Journal of Experimental Medicine 193, 777-784.
Iniesta, V., Gomez-Nieto, L.C., Molano, I., Mohedano, A., Carcelen, J., Miron, C.,
Alonso, C., and Corraliza, I. (2002). Arginase I induction in macrophages, triggered by
Th2-type cytokines, supports the growth of intracellular Leishmania parasites. Parasite
Immunology 24, 113-118.
Ishimi, Y., Miyaura, C., Jin, C.H., Akatsu, T., Abe, E., Nakamura, Y., Yamaguchi, A.,
Yoshiki, S., Matsuda, T., Hirano, T., and et al. (1990). IL-6 is produced by osteoblasts
and induces bone resorption. Journal of Immunology 145, 3297-3303.
Janeway, C.A., Jr. (1992). The immune system evolved to discriminate infectious
nonself from noninfectious self. Immunology Today 13, 11-16.
Johnson, L.A., and Jackson, D.G. (2010). Inflammation-induced secretion of CCL21 in
lymphatic endothelium is a key regulator of integrin-mediated dendritic cell
transmigration. International Immunology 22, 839-849.
Jones, S.A. (2005). Directing transition from innate to acquired immunity: defining a
role for IL-6. Journal of Immunology 175, 3463-3468.
Joosten, S.A., and Ottenhoff, T.H. (2008). Human CD4 and CD8 regulatory T cells in
infectious diseases and vaccination. Human Immunology 69, 760-770.
Junt, T., Nakano, H., Dumrese, T., Kakiuchi, T., Odermatt, B., Zinkernagel, R.M.,
Hengartner, H., and Ludewig, B. (2002). Antiviral immune responses in the absence of
organized lymphoid T cell zones in plt/plt mice. Journal of Immunology 168, 60326040.
Junt, T., Scandella, E., Forster, R., Krebs, P., Krautwald, S., Lipp, M., Hengartner, H.,
and Ludewig, B. (2004). Impact of CCR7 on priming and distribution of antiviral
effector and memory CTL. Journal of Immunology 173, 6684-6693.
Kane, M.M., and Mosser, D.M. (2001). The role of IL-10 in promoting disease
progression in leishmaniasis. Journal of Immunology 166, 1141-1147.
Kaplanski, G., Marin, V., Montero-Julian, F., Mantovani, A., and Farnarier, C. (2003).
IL-6: a regulator of the transition from neutrophil to monocyte recruitment during
inflammation. Trends in Immunology 24, 25-29.

115

References
Kaur, D., Saunders, R., Berger, P., Siddiqui, S., Woodman, L., Wardlaw, A., Bradding,
P., and Brightling, C.E. (2006). Airway smooth muscle and mast cell-derived CC
chemokine ligand 19 mediate airway smooth muscle migration in asthma. American
Journal of Respiratory and Critical Care Medicine 174, 1179-1188.
Kaye, P., and Scott, P. (2011). Leishmaniasis: complexity at the host-pathogen
interface. Nature Reviews: Microbiology 9, 604-615.
Khattri, R., Cox, T., Yasayko, S.A., and Ramsdell, F. (2003). An essential role for
Scurfin in CD4+CD25+ T regulatory cells. Nature Immunology 4, 337-342.
Kim, B.S., Kim, I.K., Park, Y.J., Kim, Y.S., Kim, Y.J., Chang, W.S., Lee, Y.S., Kweon,
M.N., Chung, Y., and Kang, C.Y. (2010). Conversion of Th2 memory cells into Foxp3+
regulatory T cells suppressing Th2-mediated allergic asthma. Proceedings of the
National Academy of Sciences of the United States of America 107, 8742-8747.
King, C., Tangye, S.G., and Mackay, C.R. (2008). T follicular helper (TFH) cells in
normal and dysregulated immune responses. Annual Review of Immunology 26, 741766.
Kling, J., Gollan, R., Fromm, P., and Korner, H. (2011). Redundancy of interleukin-6 in
the differentiation of T cell and monocyte subsets during cutaneous leishmaniasis.
Experimental Parasitology 129, 270-276.
Korner, H., Cook, M., Riminton, D.S., Lemckert, F.A., Hoek, R.M., Ledermann, B.,
Kontgen, F., Fazekas de St Groth, B., and Sedgwick, J.D. (1997). Distinct roles for
lymphotoxin-alpha and tumor necrosis factor in organogenesis and spatial organization
of lymphoid tissue. European Journal of Immunology 27, 2600-2609.
Korner, H., McMorran, B., Schluter, D., and Fromm, P. (2010). The role of TNF in
parasitic diseases: still more questions than answers. International Journal for
Parasitology 40, 879-888.
Korner, H., and Sedgwick, J.D. (1996). Tumour necrosis factor and lymphotoxin:
molecular aspects and role in tissue-specific autoimmunity. Immunology and Cell
Biology 74, 465-472.
Kotner, J., and Tarleton, R. (2007). Endogenous CD4(+) CD25(+) regulatory T cells
have a limited role in the control of Trypanosoma cruzi infection in mice. Infection and
Immunity 75, 861-869.
Kreider, T., Anthony, R.M., Urban, J.F., Jr., and Gause, W.C. (2007). Alternatively
activated macrophages in helminth infections. Current Opinion in Immunology 19, 448453.

116

References
Kriegler, M., Perez, C., DeFay, K., Albert, I., and Lu, S.D. (1988). A novel form of
TNF/cachectin is a cell surface cytotoxic transmembrane protein: ramifications for the
complex physiology of TNF. Cell 53, 45-53.
Kropf, P., Fuentes, J.M., Fahnrich, E., Arpa, L., Herath, S., Weber, V., Soler, G.,
Celada, A., Modolell, M., and Muller, I. (2005). Arginase and polyamine synthesis are
key factors in the regulation of experimental leishmaniasis in vivo. FASEB Journal 19,
1000-1002.
Kropf, P., Herath, S., Weber, V., Modolell, M., and Muller, I. (2003). Factors
influencing Leishmania major infection in IL-4-deficient BALB/c mice. Parasite
Immunology 25, 439-447.
Kursar, M., Hopken, U.E., Koch, M., Kohler, A., Lipp, M., Kaufmann, S.H., and
Mittrucker, H.W. (2005). Differential requirements for the chemokine receptor CCR7 in
T cell activation during Listeria monocytogenes infection. Journal of Experimental
Medicine 201, 1447-1457.
Kusmartsev, S., Nefedova, Y., Yoder, D., and Gabrilovich, D.I. (2004). Antigenspecific inhibition of CD8+ T cell response by immature myeloid cells in cancer is
mediated by reactive oxygen species. Journal of Immunology 172, 989-999.
Lahl, K., Loddenkemper, C., Drouin, C., Freyer, J., Arnason, J., Eberl, G., Hamann, A.,
Wagner, H., Huehn, J., and Sparwasser, T. (2007). Selective depletion of Foxp3+
regulatory T cells induces a scurfy-like disease. Journal of Experimental Medicine 204,
57-63.
Langenkamp, A., Messi, M., Lanzavecchia, A., and Sallusto, F. (2000). Kinetics of
dendritic cell activation: impact on priming of TH1, TH2 and nonpolarized T cells.
Nature Immunology 1, 311-316.
Langhorne, J., Ndungu, F.M., Sponaas, A.M., and Marsh, K. (2008). Immunity to
malaria: more questions than answers. Nature Immunology 9, 725-732.
Le Gros, G., Ben-Sasson, S.Z., Seder, R., Finkelman, F.D., and Paul, W.E. (1990).
Generation of interleukin 4 (IL-4)-producing cells in vivo and in vitro: IL-2 and IL-4
are required for in vitro generation of IL-4-producing cells. Journal of Experimental
Medicine 172, 921-929.
Lee, S.J., Zheng, N.Y., Clavijo, M., and Nussenzweig, M.C. (2003). Normal host
defense during systemic candidiasis in mannose receptor-deficient mice. Infection and
Immunity 71, 437-445.
Leon, B., Lopez-Bravo, M., and Ardavin, C. (2007). Monocyte-derived dendritic cells
formed at the infection site control the induction of protective T helper 1 responses
against Leishmania. Immunity 26, 519-531.

117

References
Li, C., Corraliza, I., and Langhorne, J. (1999). A defect in interleukin-10 leads to
enhanced malarial disease in Plasmodium chabaudi chabaudi infection in mice.
Infection and Immunity 67, 4435-4442.
Li, C., Seixas, E., and Langhorne, J. (2001). Rodent malarias: the mouse as a model for
understanding immune responses and pathology induced by the erythrocytic stages of
the parasite. Medical Microbiology and Immunology 189, 115-126.
Liew, F.Y., Li, Y., and Millott, S. (1990a). Tumor necrosis factor-alpha synergizes with
IFN-gamma in mediating killing of Leishmania major through the induction of nitric
oxide. Journal of Immunology 145, 4306-4310.
Liew, F.Y., Li, Y., and Millott, S. (1990b). Tumour necrosis factor (TNF-alpha) in
leishmaniasis. II. TNF-alpha-induced macrophage leishmanicidal activity is mediated
by nitric oxide from L-arginine. Immunology 71, 556-559.
Liew, F.Y., Li, Y., Moss, D., Parkinson, C., Rogers, M.V., and Moncada, S. (1991).
Resistance to Leishmania major infection correlates with the induction of nitric oxide
synthase in murine macrophages. European Journal of Immunology 21, 3009-3014.
Linke, A., Kuhn, R., Muller, W., Honarvar, N., Li, C., and Langhorne, J. (1996).
Plasmodium chabaudi chabaudi: differential susceptibility of gene-targeted mice
deficient in IL-10 to an erythrocytic-stage infection. Experimental Parasitology 84, 253263.
Lo, J.C., Chin, R.K., Lee, Y., Kang, H.S., Wang, Y., Weinstock, J.V., Banks, T., Ware,
C.F., Franzoso, G., and Fu, Y.X. (2003). Differential regulation of CCL21 in
lymphoid/nonlymphoid tissues for effectively attracting T cells to peripheral tissues.
Journal of Clinical Investigation 112, 1495-1505.
Locksley, R.M., Heinzel, F.P., Sadick, M.D., Holaday, B.J., and Gardner, K.D., Jr.
(1987). Murine cutaneous leishmaniasis: susceptibility correlates with differential
expansion of helper T-cell subsets. Annales de l'Institut Pasteur: Immunologie 138, 744749.
Longley, R., Smith, C., Fortin, A., Berghout, J., McMorran, B., Burgio, G., Foote, S.,
and Gros, P. (2011). Host resistance to malaria: using mouse models to explore the host
response. Mammalian Genome 22, 32-42.
Luther, S.A., and Cyster, J.G. (2001). Chemokines as regulators of T cell
differentiation. Nature Immunology 2, 102-107.
Lutz, M.B., Kukutsch, N., Ogilvie, A.L., Rossner, S., Koch, F., Romani, N., and
Schuler, G. (1999). An advanced culture method for generating large quantities of
highly pure dendritic cells from mouse bone marrow. Journal of Immunological
Methods 223, 77-92.

118

References
Mabbott, N.A., Sutherland, I.A., and Sternberg, J.M. (1995). Suppressor macrophages
in Trypanosoma brucei infection: nitric oxide is related to both suppressive activity and
lifespan in vivo. Parasite Immunology 17, 143-150.
Magez, S., Caljon, G., Tran, T., Stijlemans, B., and Radwanska, M. (2010). Current
status of vaccination against African trypanosomiasis. Parasitology 137, 2017-2027.
Mailloux, A.W., Sugimori, C., Komrokji, R.S., Yang, L., Maciejewski, J.P., Sekeres,
M.A., Paquette, R., Loughran, T.P., Jr., List, A.F., and Epling-Burnette, P.K. (2012).
Expansion of effector memory regulatory T cells represents a novel prognostic factor in
lower risk myelodysplastic syndrome. Journal of Immunology 189, 3198-3208.
Manderson, A.P., Kay, J.G., Hammond, L.A., Brown, D.L., and Stow, J.L. (2007).
Subcompartments of the macrophage recycling endosome direct the differential
secretion of IL-6 and TNFalpha. Journal of Cell Biology 178, 57-69.
Mantovani, A., Sozzani, S., Locati, M., Allavena, P., and Sica, A. (2002). Macrophage
polarization: tumor-associated macrophages as a paradigm for polarized M2
mononuclear phagocytes. Trends in Immunology 23, 549-555.
Mariano, F.S., Gutierrez, F.R., Pavanelli, W.R., Milanezi, C.M., Cavassani, K.A.,
Moreira, A.P., Ferreira, B.R., Cunha, F.Q., Cardoso, C.R., and Silva, J.S. (2008). The
involvement of CD4+CD25+ T cells in the acute phase of Trypanosoma cruzi infection.
Microbes and Infection / Institut Pasteur 10, 825-833.
Martin-Fontecha, A., Sebastiani, S., Hopken, U.E., Uguccioni, M., Lipp, M.,
Lanzavecchia, A., and Sallusto, F. (2003). Regulation of dendritic cell migration to the
draining lymph node: impact on T lymphocyte traffic and priming. Journal of
Experimental Medicine 198, 615-621.
Martin, D.L., and Tarleton, R.L. (2005). Antigen-specific T cells maintain an effector
memory phenotype during persistent Trypanosoma cruzi infection. Journal of
Immunology 174, 1594-1601.
Martinez, F.O., Helming, L., and Gordon, S. (2009). Alternative activation of
macrophages: an immunologic functional perspective. Annual Review of Immunology
27, 451-483.
Martinez, F.O., Helming, L., Milde, R., Varin, A., Melgert, B.N., Draijer, C., Thomas,
B., Fabbri, M., Crawshaw, A., Ho, L.P., et al. (2013). Genetic programs expressed in
resting and IL-4 alternatively activated mouse and human macrophages: similarities and
differences. Blood 121, e57-69.
Mattner, F., Magram, J., Ferrante, J., Launois, P., Di Padova, K., Behin, R., Gately,
M.K., Louis, J.A., and Alber, G. (1996). Genetically resistant mice lacking interleukin12 are susceptible to infection with Leishmania major and mount a polarized Th2 cell
response. European Journal of Immunology 26, 1553-1559.

119

References
Mazzoni, A., Bronte, V., Visintin, A., Spitzer, J.H., Apolloni, E., Serafini, P.,
Zanovello, P., and Segal, D.M. (2002). Myeloid suppressor lines inhibit T cell responses
by an NO-dependent mechanism. Journal of Immunology 168, 689-695.
McConville, M.J., de Souza, D., Saunders, E., Likic, V.A., and Naderer, T. (2007).
Living in a phagolysosome; metabolism of Leishmania amastigotes. Trends in
Parasitology 23, 368-375.
Mebius, R.E., and Kraal, G. (2005). Structure and function of the spleen. Nature
Reviews: Immunology 5, 606-616.
Mendez, S., Reckling, S.K., Piccirillo, C.A., Sacks, D., and Belkaid, Y. (2004). Role for
CD4(+) CD25(+) regulatory T cells in reactivation of persistent leishmaniasis and
control of concomitant immunity. Journal of Experimental Medicine 200, 201-210.
Menezes-Souza, D., Guerra-Sa, R., Carneiro, C.M., Vitoriano-Souza, J., Giunchetti,
R.C., Teixeira-Carvalho, A., Silveira-Lemos, D., Oliveira, G.C., Correa-Oliveira, R.,
and Reis, A.B. (2012). Higher expression of CCL2, CCL4, CCL5, CCL21, and CXCL8
chemokines in the skin associated with parasite density in canine visceral leishmaniasis.
PLoS Neglected Tropical Diseases 6, e1566.
Menning, A., Hopken, U.E., Siegmund, K., Lipp, M., Hamann, A., and Huehn, J.
(2007). Distinctive role of CCR7 in migration and functional activity of naive- and
effector/memory-like Treg subsets. European Journal of Immunology 37, 1575-1583.
Millar, A.E., Sternberg, J., McSharry, C., Wei, X.Q., Liew, F.Y., and Turner, C.M.
(1999). T-cell responses during Trypanosoma brucei infections in mice deficient in
inducible nitric oxide synthase. Infection and Immunity 67, 3334-3338.
Min, B., Prout, M., Hu-Li, J., Zhu, J., Jankovic, D., Morgan, E.S., Urban, J.F., Jr.,
Dvorak, A.M., Finkelman, F.D., LeGros, G., and Paul, W.E. (2004). Basophils produce
IL-4 and accumulate in tissues after infection with a Th2-inducing parasite. Journal of
Experimental Medicine 200, 507-517.
Misslitz, A.C., Bonhagen, K., Harbecke, D., Lippuner, C., Kamradt, T., and Aebischer,
T. (2004). Two waves of antigen-containing dendritic cells in vivo in experimental
Leishmania major infection. European Journal of Immunology 34, 715-725.
Miyara, M., and Sakaguchi, S. (2007). Natural regulatory T cells: mechanisms of
suppression. Trends in Molecular Medicine 13, 108-116.
Moll, H., and Berberich, C. (2001). Dendritic cell-based vaccination strategies:
induction of protective immunity against leishmaniasis. Immunobiology 204, 659-666.
Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and O'Garra, A. (2001). Interleukin10 and the interleukin-10 receptor. Annual Review of Immunology 19, 683-765.

120

References
Mori, S., Nakano, H., Aritomi, K., Wang, C.R., Gunn, M.D., and Kakiuchi, T. (2001).
Mice lacking expression of the chemokines CCL21-Ser and CCL19 (plt mice)
demonstrate delayed but enhanced T cell immune responses. Journal of Experimental
Medicine 193, 207-218.
Moschovakis, G.L., Bubke, A., Dittrich-Breiholz, O., Braun, A., Prinz, I., Kremmer, E.,
and Forster, R. (2012). Deficient CCR7 signaling promotes TH2 polarization and B-cell
activation in vivo. European Journal of Immunology 42, 48-57.
Moser, M., and Murphy, K.M. (2000). Dendritic cell regulation of TH1-TH2
development. Nature Immunology 1, 199-205.
Moskowitz, N.H., Brown, D.R., and Reiner, S.L. (1997). Efficient immunity against
Leishmania major in the absence of interleukin-6. Infection and Immunity 65, 24482450.
Mosmann, T.R., and Coffman, R.L. (1989). TH1 and TH2 cells: different patterns of
lymphokine secretion lead to different functional properties. Annual Review of
Immunology 7, 145-173.
Mosser, D.M. (2003). The many faces of macrophage activation. Journal of Leukocyte
Biology 73, 209-212.
Mosser, D.M., and Edwards, J.P. (2008). Exploring the full spectrum of macrophage
activation. Nature Reviews: Immunology 8, 958-969.
Muller, G., Hopken, U.E., and Lipp, M. (2003). The impact of CCR7 and CXCR5 on
lymphoid organ development and systemic immunity. Immunological Reviews 195,
117-135.
Murray, H.W. (2008). Accelerated control of visceral Leishmania donovani infection in
interleukin-6-deficient mice. Infection and Immunity 76, 4088-4091.
Nahrevanian, H., and Dascombe, M.J. (2001). Nitric oxide and reactive nitrogen
intermediates during lethal and nonlethal strains of murine malaria. Parasite
Immunology 23, 491-501.
Nanki, T., Takada, K., Komano, Y., Morio, T., Kanegane, H., Nakajima, A., Lipsky,
P.E., and Miyasaka, N. (2009). Chemokine receptor expression and functional effects of
chemokines on B cells: implication in the pathogenesis of rheumatoid arthritis. Arthritis
Research & Therapy 11, R149.
Ngo, V.N., Korner, H., Gunn, M.D., Schmidt, K.N., Riminton, D.S., Cooper, M.D.,
Browning, J.L., Sedgwick, J.D., and Cyster, J.G. (1999). Lymphotoxin alpha/beta and
tumor necrosis factor are required for stromal cell expression of homing chemokines in
B and T cell areas of the spleen. Journal of Experimental Medicine 189, 403-412.

121

References
Noazin, S., Khamesipour, A., Moulton, L.H., Tanner, M., Nasseri, K., Modabber, F.,
Sharifi, I., Khalil, E.A., Bernal, I.D., Antunes, C.M., and Smith, P.G. (2009). Efficacy
of killed whole-parasite vaccines in the prevention of leishmaniasis: a meta-analysis.
Vaccine 27, 4747-4753.
Noel, W., Hassanzadeh, G., Raes, G., Namangala, B., Daems, I., Brys, L., Brombacher,
F., De Baetselier, P., and Beschin, A. (2002). Infection stage-dependent modulation of
macrophage activation in Trypanosoma congolense-resistant and -susceptible mice.
Infection and Immunity 70, 6180-6187.
Noor, S., Habashy, A.S., Nance, J.P., Clark, R.T., Nemati, K., Carson, M.J., and
Wilson, E.H. (2010). CCR7-dependent immunity during acute Toxoplasma gondii
infection. Infection and Immunity 78, 2257-2263.
Ohl, L., Mohaupt, M., Czeloth, N., Hintzen, G., Kiafard, Z., Zwirner, J., Blankenstein,
T., Henning, G., and Forster, R. (2004). CCR7 governs skin dendritic cell migration
under inflammatory and steady-state conditions. Immunity 21, 279-288.
Okwor, I., Onyilagha, C., Kuriakose, S., Mou, Z., Jia, P., and Uzonna, J.E. (2012).
Regulatory T cells enhance susceptibility to experimental Trypanosoma congolense
infection independent of mouse genetic background. PLoS Neglected Tropical Diseases
6, e1761.
Okwor, I., and Uzonna, J. (2008). Persistent parasites and immunologic memory in
cutaneous leishmaniasis: implications for vaccine designs and vaccination strategies.
Immunologic Research 41, 123-136.
Okwor, I., and Uzonna, J. (2009). Vaccines and vaccination strategies against human
cutaneous leishmaniasis. Human Vaccines 5, 291-301.
Olszewski, K.L., Morrisey, J.M., Wilinski, D., Burns, J.M., Vaidya, A.B., Rabinowitz,
J.D., and Llinas, M. (2009). Host-parasite interactions revealed by Plasmodium
falciparum metabolomics. Cell Host & Microbe 5, 191-199.
Omer, F.M., and Riley, E.M. (1998). Transforming growth factor beta production is
inversely correlated with severity of murine malaria infection. Journal of Experimental
Medicine 188, 39-48.
Palucka, K., and Banchereau, J. (2012). Cancer immunotherapy via dendritic cells.
Nature Reviews: Cancer 12, 265-277.
Parker, D.C. (1993). T cell-dependent B cell activation. Annual Review of Immunology
11, 331-360.
Paveley, R.A., Aynsley, S.A., Turner, J.D., Bourke, C.D., Jenkins, S.J., Cook, P.C.,
Martinez-Pomares, L., and Mountford, A.P. (2011). The Mannose Receptor (CD206) is
an important pattern recognition receptor (PRR) in the detection of the infective stage of

122

References
the helminth Schistosoma mansoni and modulates IFNgamma production. International
Journal for Parasitology 41, 1335-1345.
Pereira, W.F., Ribeiro-Gomes, F.L., Guillermo, L.V., Vellozo, N.S., Montalvao, F.,
Dosreis, G.A., and Lopes, M.F. (2011). Myeloid-derived suppressor cells help
protective immunity to Leishmania major infection despite suppressed T cell responses.
Journal of Leukocyte Biology 90, 1191-1197.
Peters, N., and Sacks, D. (2006). Immune privilege in sites of chronic infection:
Leishmania and regulatory T cells. Immunological Reviews 213, 159-179.
Powrie, F., Leach, M.W., Mauze, S., Caddle, L.B., and Coffman, R.L. (1993).
Phenotypically distinct subsets of CD4+ T cells induce or protect from chronic
intestinal inflammation in C. B-17 scid mice. International Immunology 5, 1461-1471.
Powrie, F., and Mason, D. (1990). OX-22high CD4+ T cells induce wasting disease
with multiple organ pathology: prevention by the OX-22low subset. Journal of
Experimental Medicine 172, 1701-1708.
Prudencio, M., Rodriguez, A., and Mota, M.M. (2006). The silent path to thousands of
merozoites: the Plasmodium liver stage. Nature Reviews: Microbiology 4, 849-856.
Qu, C., Edwards, E.W., Tacke, F., Angeli, V., Llodra, J., Sanchez-Schmitz, G., Garin,
A., Haque, N.S., Peters, W., van Rooijen, N., et al. (2004). Role of CCR8 and other
chemokine pathways in the migration of monocyte-derived dendritic cells to lymph
nodes. Journal of Experimental Medicine 200, 1231-1241.
Quinones, M.P., Estrada, C.A., Jimenez, F., Martinez, H., Willmon, O., Kuziel, W.A.,
Ahuja, S.K., and Ahuja, S.S. (2007). CCL2-independent role of CCR2 in immune
responses against Leishmania major. Parasite Immunology 29, 211-217.
Radtke, S., Wuller, S., Yang, X.P., Lippok, B.E., Mutze, B., Mais, C., de Leur, H.S.,
Bode, J.G., Gaestel, M., Heinrich, P.C., et al. (2010). Cross-regulation of cytokine
signalling: pro-inflammatory cytokines restrict IL-6 signalling through receptor
internalisation and degradation. Journal of Cell Science 123, 947-959.
Reithinger, R., Dujardin, J.C., Louzir, H., Pirmez, C., Alexander, B., and Brooker, S.
(2007). Cutaneous leishmaniasis. Lancet Infectious Diseases 7, 581-596.
Remer, K.A., Apetrei, C., Schwarz, T., Linden, C., and Moll, H. (2007). Vaccination
with plasmacytoid dendritic cells induces protection against infection with Leishmania
major in mice. European Journal of Immunology 37, 2463-2473.
Rinaldo, C.R. (2009). Dendritic cell-based human immunodeficiency virus vaccine.
Journal of Internal Medicine 265, 138-158.

123

References
Rincon, M., Anguita, J., Nakamura, T., Fikrig, E., and Flavell, R.A. (1997). Interleukin
(IL)-6 directs the differentiation of IL-4-producing CD4+ T cells. Journal of
Experimental Medicine 185, 461-469.
Ritter, U., Lechner, A., Scharl, K., Kiafard, Z., Zwirner, J., and Korner, H. (2008). TNF
controls the infiltration of dendritic cells into the site of Leishmania major infection.
Medical Microbiology and Immunology 197, 29-37.
Ritter, U., Meissner, A., Ott, J., and Korner, H. (2003). Analysis of the maturation
process of dendritic cells deficient for TNF and lymphotoxin-alpha reveals an essential
role for TNF. Journal of Leukocyte Biology 74, 216-222.
Ritter, U., Meissner, A., Scheidig, C., and Korner, H. (2004a). CD8 alpha- and
Langerin-negative dendritic cells, but not Langerhans cells, act as principal antigenpresenting cells in leishmaniasis. European Journal of Immunology 34, 1542-1550.
Ritter, U., Wiede, F., Mielenz, D., Kiafard, Z., Zwirner, J., and Korner, H. (2004b).
Analysis of the CCR7 expression on murine bone marrow-derived and spleen dendritic
cells. Journal of Leukocyte Biology 76, 472-476.
Robben, P.M., LaRegina, M., Kuziel, W.A., and Sibley, L.D. (2005). Recruitment of
Gr-1+ monocytes is essential for control of acute toxoplasmosis. Journal of
Experimental Medicine 201, 1761-1769.
Roca, H., Varsos, Z.S., Sud, S., Craig, M.J., Ying, C., and Pienta, K.J. (2009). CCL2
and interleukin-6 promote survival of human CD11b+ peripheral blood mononuclear
cells and induce M2-type macrophage polarization. Journal of Biological Chemistry
284, 34342-34354.
Ronet, C., Hauyon-La Torre, Y., Revaz-Breton, M., Mastelic, B., Tacchini-Cottier, F.,
Louis, J., and Launois, P. (2010). Regulatory B cells shape the development of Th2
immune responses in BALB/c mice infected with Leishmania major through IL-10
production. Journal of Immunology 184, 886-894.
Roomberg, A., Kling, J., Fromm, P., and Korner, H. (2010). Tumor necrosis factor
negative bone marrow-derived dendritic cells exhibit deficient IL-10 expression.
Immunology and Cell Biology 88, 842-845.
Russell, D.G., and Wilhelm, H. (1986). The involvement of the major surface
glycoprotein (gp63) of Leishmania promastigotes in attachment to macrophages.
Journal of Immunology 136, 2613-2620.
Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., and Toda, M. (1995). Immunologic
self-tolerance maintained by activated T cells expressing IL-2 receptor alpha-chains
(CD25). Breakdown of a single mechanism of self-tolerance causes various
autoimmune diseases. Journal of Immunology 155, 1151-1164.

124

References
Sakthianandeswaren, A., Curtis, J.M., Elso, C., Kumar, B., Baldwin, T.M., Lopaticki,
S., Kedzierski, L., Smyth, G.K., Foote, S.J., and Handman, E. (2010). Fine mapping of
Leishmania major susceptibility locus lmr2 and evidence of a role for Fli1 in disease
and wound healing. Infection and Immunity 78, 2734-2744.
Sakthianandeswaren, A., Elso, C.M., Simpson, K., Curtis, J.M., Kumar, B., Speed, T.P.,
Handman, E., and Foote, S.J. (2005). The wound repair response controls outcome to
cutaneous leishmaniasis. Proceedings of the National Academy of Sciences of the
United States of America 102, 15551-15556.
Sallusto, F., and Baggiolini, M. (2008). Chemokines and leukocyte traffic. Nature
Immunology 9, 949-952.
Sallusto, F., Lenig, D., Forster, R., Lipp, M., and Lanzavecchia, A. (1999). Two subsets
of memory T lymphocytes with distinct homing potentials and effector functions.
Nature 401, 708-712.
Sallusto, F., Schaerli, P., Loetscher, P., Schaniel, C., Lenig, D., Mackay, C.R., Qin, S.,
and Lanzavecchia, A. (1998). Rapid and coordinated switch in chemokine receptor
expression during dendritic cell maturation. European Journal of Immunology 28, 27602769.
Salmon-Ceron, D., Tubach, F., Lortholary, O., Chosidow, O., Bretagne, S., Nicolas, N.,
Cuillerier, E., Fautrel, B., Michelet, C., Morel, J., et al. (2011). Drug-specific risk of
non-tuberculosis opportunistic infections in patients receiving anti-TNF therapy
reported to the 3-year prospective French RATIO registry. Annals of the Rheumatic
Diseases 70, 616-623.
Sanchez, A.M., Zhu, J., Huang, X., and Yang, Y. (2012). The development and function
of memory regulatory T cells after acute viral infections. Journal of Immunology 189,
2805-2814.
Sanders, V.M., Fernandez-Botran, R., Uhr, J.W., and Vitetta, E.S. (1987). Interleukin 4
enhances the ability of antigen-specific B cells to form conjugates with T cells. Journal
of Immunology 139, 2349-2354.
Sasaki, M., Abe, R., Fujita, Y., Ando, S., Inokuma, D., and Shimizu, H. (2008).
Mesenchymal stem cells are recruited into wounded skin and contribute to wound repair
by transdifferentiation into multiple skin cell type. Journal of Immunology 180, 25812587.
Sato, N., Ahuja, S.K., Quinones, M., Kostecki, V., Reddick, R.L., Melby, P.C., Kuziel,
W.A., and Ahuja, S.S. (2000). CC chemokine receptor (CCR)2 is required for
Langerhans cell migration and localization of T helper cell type 1 (Th1)-inducing
dendritic cells. Absence of CCR2 shifts the Leishmania major-resistant phenotype to a
susceptible state dominated by Th2 cytokines, B cell outgrowth, and sustained
neutrophilic inflammation. Journal of Experimental Medicine 192, 205-218.

125

References
Scharton-Kersten, T., Afonso, L.C., Wysocka, M., Trinchieri, G., and Scott, P. (1995).
IL-12 is required for natural killer cell activation and subsequent T helper 1 cell
development in experimental leishmaniasis. Journal of Immunology 154, 5320-5330.
Schleifer, K.W., and Mansfield, J.M. (1993). Suppressor macrophages in African
trypanosomiasis inhibit T cell proliferative responses by nitric oxide and prostaglandins.
Journal of Immunology 151, 5492-5503.
Schmidt, E.M., Wang, C.J., Ryan, G.A., Clough, L.E., Qureshi, O.S., Goodall, M.,
Abbas, A.K., Sharpe, A.H., Sansom, D.M., and Walker, L.S. (2009). CTLA-4 controls
regulatory T cell peripheral homeostasis and is required for suppression of pancreatic
islet autoimmunity. Journal of Immunology 182, 274-282.
Schneider, M.A., Meingassner, J.G., Lipp, M., Moore, H.D., and Rot, A. (2007). CCR7
is required for the in vivo function of CD4+ CD25+ regulatory T cells. Journal of
Experimental Medicine 204, 735-745.
Schuster, J.P., and Schaub, G.A. (2000). Trypanosoma cruzi: skin-penetration kinetics
of vector-derived metacyclic trypomastigotes. International Journal for Parasitology 30,
1475-1479.
Scott, P., Natovitz, P., Coffman, R.L., Pearce, E., and Sher, A. (1988).
Immunoregulation of cutaneous leishmaniasis. T cell lines that transfer protective
immunity or exacerbation belong to different T helper subsets and respond to distinct
parasite antigens. Journal of Experimental Medicine 168, 1675-1684.
Serbina, N.V., and Pamer, E.G. (2006). Monocyte emigration from bone marrow during
bacterial infection requires signals mediated by chemokine receptor CCR2. Nature
Immunology 7, 311-317.
Seth, S., Oberdorfer, L., Hyde, R., Hoff, K., Thies, V., Worbs, T., Schmitz, S., and
Forster, R. (2011). CCR7 essentially contributes to the homing of plasmacytoid
dendritic cells to lymph nodes under steady-state as well as inflammatory conditions.
Journal of Immunology 186, 3364-3372.
Smelt, S.C., Cotterell, S.E., Engwerda, C.R., and Kaye, P.M. (2000). B cell-deficient
mice are highly resistant to Leishmania donovani infection, but develop neutrophilmediated tissue pathology. Journal of Immunology 164, 3681-3688.
Snow, R.W., Omumbo, J.A., Lowe, B., Molyneux, C.S., Obiero, J.O., Palmer, A.,
Weber, M.W., Pinder, M., Nahlen, B., Obonyo, C., et al. (1997). Relation between
severe malaria morbidity in children and level of Plasmodium falciparum transmission
in Africa. Lancet 349, 1650-1654.
Sobolewski, P., Gramaglia, I., Frangos, J.A., Intaglietta, M., and van der Heyde, H.
(2005). Plasmodium berghei resists killing by reactive oxygen species. Infection and
Immunity 73, 6704-6710.

126

References
Solbach, W., Forberg, K., and Rollinghoff, M. (1986). Effect of T-lymphocyte
suppression on the parasite burden in Leishmania major-infected, genetically
susceptible BALB/c mice. Infection and Immunity 54, 909-912.
Steeg, C., Adler, G., Sparwasser, T., Fleischer, B., and Jacobs, T. (2009). Limited role
of CD4+Foxp3+ regulatory T cells in the control of experimental cerebral malaria.
Journal of Immunology 183, 7014-7022.
Steensberg, A., Fischer, C.P., Keller, C., Moller, K., and Pedersen, B.K. (2003). IL-6
enhances plasma IL-1ra, IL-10, and cortisol in humans. American Journal of
Physiology: Endocrinology and Metabolism 285, E433-437.
Stenger, S., Thuring, H., Rollinghoff, M., and Bogdan, C. (1994). Tissue expression of
inducible nitric oxide synthase is closely associated with resistance to Leishmania
major. Journal of Experimental Medicine 180, 783-793.
Stephens, R., and Langhorne, J. (2010). Effector memory Th1 CD4 T cells are
maintained in a mouse model of chronic malaria. PLoS Pathogens 6, e1001208.
Stober, C.B., Lange, U.G., Roberts, M.T., Alcami, A., and Blackwell, J.M. (2005). IL10 from regulatory T cells determines vaccine efficacy in murine Leishmania major
infection. Journal of Immunology 175, 2517-2524.
Strauss-Ayali, D., Conrad, S.M., and Mosser, D.M. (2007). Monocyte subpopulations
and their differentiation patterns during infection. Journal of Leukocyte Biology 82,
244-252.
Strober, S. (1984). Natural suppressor (NS) cells, neonatal tolerance, and total lymphoid
irradiation: exploring obscure relationships. Annual Review of Immunology 2, 219-237.
Suffia, I., Reckling, S.K., Salay, G., and Belkaid, Y. (2005). A role for CD103 in the
retention of CD4+CD25+ Treg and control of Leishmania major infection. Journal of
Immunology 174, 5444-5455.
Suzuki, Y., Rani, S., Liesenfeld, O., Kojima, T., Lim, S., Nguyen, T.A., Dalrymple,
S.A., Murray, R., and Remington, J.S. (1997). Impaired resistance to the development
of toxoplasmic encephalitis in interleukin-6-deficient mice. Infection and Immunity 65,
2339-2345.
Syme, R.M., Spurrell, J.C., Amankwah, E.K., Green, F.H., and Mody, C.H. (2002).
Primary dendritic cells phagocytose Cryptococcus neoformans via mannose receptors
and Fcgamma receptor II for presentation to T lymphocytes. Infection and Immunity 70,
5972-5981.
Tabbara, K.S., Peters, N.C., Afrin, F., Mendez, S., Bertholet, S., Belkaid, Y., and Sacks,
D.L. (2005). Conditions influencing the efficacy of vaccination with live organisms
against Leishmania major infection. Infection and Immunity 73, 4714-4722.

127

References
Tacchini-Cottier, F., Zweifel, C., Belkaid, Y., Mukankundiye, C., Vasei, M., Launois,
P., Milon, G., and Louis, J.A. (2000). An immunomodulatory function for neutrophils
during the induction of a CD4+ Th2 response in BALB/c mice infected with
Leishmania major. Journal of Immunology 165, 2628-2636.
Takeuchi, M., Alard, P., and Streilein, J.W. (1998). TGF-beta promotes immune
deviation by altering accessory signals of antigen-presenting cells. Journal of
Immunology 160, 1589-1597.
Terai, M., Eto, M., Young, G.D., Berd, D., Mastrangelo, M.J., Tamura, Y., Harigaya,
K., and Sato, T. (2012). Interleukin 6 mediates production of interleukin 10 in
metastatic melanoma. Cancer Immunology, Immunotherapy 61, 145-155.
Theodos, C.M., Povinelli, L., Molina, R., Sherry, B., and Titus, R.G. (1991). Role of
tumor necrosis factor in macrophage leishmanicidal activity in vitro and resistance to
cutaneous leishmaniasis in vivo. Infection and Immunity 59, 2839-2842.
Titus, R.G., DeKrey, G.K., Morris, R.V., and Soares, M.B. (2001). Interleukin-6
deficiency influences cytokine expression in susceptible BALB mice infected with
Leishmania major but does not alter the outcome of disease. Infection and Immunity 69,
5189-5192.
Trujillo, G., Hartigan, A.J., and Hogaboam, C.M. (2010). T regulatory cells and
attenuated bleomycin-induced fibrosis in lungs of CCR7-/- mice. Fibrogenesis & Tissue
Repair 3, 18.
Umemoto, E., Otani, K., Ikeno, T., Verjan Garcia, N., Hayasaka, H., Bai, Z., Jang,
M.H., Tanaka, T., Nagasawa, T., Ueda, K., and Miyasaka, M. (2012). Constitutive
plasmacytoid dendritic cell migration to the splenic white pulp is cooperatively
regulated by CCR7- and CXCR4-mediated signaling. Journal of Immunology 189, 191199.
Unsoeld, H., Mueller, K., Schleicher, U., Bogdan, C., Zwirner, J., Voehringer, D., and
Pircher, H. (2007). Abrogation of CCL21 chemokine function by transgenic overexpression impairs T cell immunity to local infections. International Immunology 19,
1281-1289.
van der Heyde, H.C., Gu, Y., Zhang, Q., Sun, G., and Grisham, M.B. (2000). Nitric
oxide is neither necessary nor sufficient for resolution of Plasmodium chabaudi malaria
in mice. Journal of Immunology 165, 3317-3323.
van Panhuys, N., Prout, M., Forbes, E., Min, B., Paul, W.E., and Le Gros, G. (2011).
Basophils are the major producers of IL-4 during primary helminth infection. Journal of
Immunology 186, 2719-2728.
Van Snick, J. (1990). Interleukin-6: an overview. Annual Review of Immunology 8,
253-278.

128

References
Vassileva, G., Soto, H., Zlotnik, A., Nakano, H., Kakiuchi, T., Hedrick, J.A., and Lira,
S.A. (1999). The reduced expression of 6Ckine in the plt mouse results from the
deletion of one of two 6Ckine genes. Journal of Experimental Medicine 190, 11831188.
Vespa, G.N., Cunha, F.Q., and Silva, J.S. (1994). Nitric oxide is involved in control of
Trypanosoma cruzi-induced parasitemia and directly kills the parasite in vitro. Infection
and Immunity 62, 5177-5182.
Vitelli-Avelar, D.M., Sathler-Avelar, R., Dias, J.C., Pascoal, V.P., Teixeira-Carvalho,
A., Lage, P.S., Eloi-Santos, S.M., Correa-Oliveira, R., and Martins-Filho, O.A. (2005).
Chagasic patients with indeterminate clinical form of the disease have high frequencies
of circulating CD3+CD16-CD56+ natural killer T cells and CD4+CD25High regulatory
T lymphocytes. Scandinavian Journal of Immunology 62, 297-308.
von Andrian, U.H., and Mackay, C.R. (2000). T-cell function and migration. Two sides
of the same coin. New England Journal of Medicine 343, 1020-1034.
von Stebut, E., Belkaid, Y., Jakob, T., Sacks, D.L., and Udey, M.C. (1998). Uptake of
Leishmania major amastigotes results in activation and interleukin 12 release from
murine skin-derived dendritic cells: implications for the initiation of anti-Leishmania
immunity. Journal of Experimental Medicine 188, 1547-1552.
Walker, L.S., and Abbas, A.K. (2002). The enemy within: keeping self-reactive T cells
at bay in the periphery. Nature Reviews: Immunology 2, 11-19.
Walther, M., Jeffries, D., Finney, O.C., Njie, M., Ebonyi, A., Deininger, S., Lawrence,
E., Ngwa-Amambua, A., Jayasooriya, S., Cheeseman, I.H., et al. (2009). Distinct roles
for FOXP3+ and FOXP3- CD4+ T cells in regulating cellular immunity to
uncomplicated and severe Plasmodium falciparum malaria. PLoS Pathogens 5,
e1000364.
Wang, Q.H., Liu, Y.J., Liu, J., Chen, G., Zheng, W., Wang, J.C., and Cao, Y.M. (2009).
Plasmodium yoelii: assessment of production and role of nitric oxide during the early
stages of infection in susceptible and resistant mice. Experimental Parasitology 121,
268-273.
Weaver, C.T., and Murphy, K.M. (2007). T-cell subsets: the more the merrier. Current
Biology 17, R61-63.
Webb, J.L., Harvey, M.W., Holden, D.W., and Evans, T.J. (2001). Macrophage nitric
oxide synthase associates with cortical actin but is not recruited to phagosomes.
Infection and Immunity 69, 6391-6400.
Weber, M., Hauschild, R., Schwarz, J., Moussion, C., de Vries, I., Legler, D.F., Luther,
S.A., Bollenbach, T., and Sixt, M. (2013). Interstitial dendritic cell guidance by
haptotactic chemokine gradients. Science 339, 328-332.

129

References
Wei, G., and Tabel, H. (2008). Regulatory T cells prevent control of experimental
African trypanosomiasis. Journal of Immunology 180, 2514-2521.
Wellhausen, S.R., and Mansfield, J.M. (1979). Lymphocyte function in experimental
African trypanosomiasis. II. Splenic suppressor cell activity. Journal of Immunology
122, 818-824.
Wiede, F., Vana, K., Sedger, L.M., Lechner, A., and Korner, H. (2007). TNF-dependent
overexpression of CCL21 is an underlying cause of progressive lymphoaccumulation in
generalized lymphoproliferative disorder. European Journal of Immunology 37, 351357.
Wilhelm, P., Ritter, U., Labbow, S., Donhauser, N., Rollinghoff, M., Bogdan, C., and
Korner, H. (2001). Rapidly fatal leishmaniasis in resistant C57BL/6 mice lacking TNF.
Journal of Immunology 166, 4012-4019.
Wilson, M.E., and Pearson, R.D. (1986). Evidence that Leishmania donovani utilizes a
mannose receptor on human mononuclear phagocytes to establish intracellular
parasitism. Journal of Immunology 136, 4681-4688.
Wilson, M.E., and Pearson, R.D. (1988). Roles of CR3 and mannose receptors in the
attachment and ingestion of Leishmania donovani by human mononuclear phagocytes.
Infection and Immunity 56, 363-369.
Wunderlich, C.M., Delic, D., Behnke, K., Meryk, A., Strohle, P., Chaurasia, B., AlQuraishy, S., Wunderlich, F., Bruning, J.C., and Wunderlich, F.T. (2012). Cutting edge:
Inhibition of IL-6 trans-signaling protects from malaria-induced lethality in mice.
Journal of Immunology 188, 4141-4144.
Yanaba, K., Bouaziz, J.D., Matsushita, T., Tsubata, T., and Tedder, T.F. (2009). The
development and function of regulatory B cells expressing IL-10 (B10 cells) requires
antigen receptor diversity and TLR signals. Journal of Immunology 182, 7459-7472.
Yazdanbakhsh, M., and Sacks, D.L. (2010). Why does immunity to parasites take so
long to develop? Nature Reviews: Immunology 10, 80-81.
Yeo, T.W., Lampah, D.A., Gitawati, R., Tjitra, E., Kenangalem, E., McNeil, Y.R.,
Darcy, C.J., Granger, D.L., Weinberg, J.B., Lopansri, B.K., et al. (2007). Impaired
nitric oxide bioavailability and L-arginine reversible endothelial dysfunction in adults
with falciparum malaria. Journal of Experimental Medicine 204, 2693-2704.
Ziegler-Heitbrock, L., Ancuta, P., Crowe, S., Dalod, M., Grau, V., Hart, D.N., Leenen,
P.J., Liu, Y.J., MacPherson, G., Randolph, G.J., et al. (2010). Nomenclature of
monocytes and dendritic cells in blood. Blood 116, e74-80.
Zlotnik, A., and Yoshie, O. (2000). Chemokines: a new classification system and their
role in immunity. Immunity 12, 121-127.

130

Appendix 1: Published articles

Appendix 1: Published articles

Fromm, P.D., Kling, J., Mack, M., Sedgwick, J.D., and Korner, H. (2012). Loss of TNF
signaling facilitates the development of a novel Ly-6C(low) macrophage population
permissive for Leishmania major infection. Journal of Immunology 188, 6258-6266.
www.jimmunol.org/content/188/12/6258.full

Kling, J.C., and Korner, H. (2013). Different regulatory mechanisms in protozoan
parasitic infections. International Journal for Parasitology 43, 417-425.

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.

131

Appendix 1: Published articles

132

Appendix 1: Published articles

133

Appendix 1: Published articles

134

Appendix 1: Published articles

135

Appendix 1: Published articles

136

Appendix 1: Published articles

137

Appendix 1: Published articles

138

Appendix 1: Published articles

139

Appendix 1: Published articles

140

Appendix 1: Published articles

141

Appendix 1: Published articles

142

Appendix 1: Published articles

143

Appendix 1: Published articles

144

Appendix 1: Published articles

145

Appendix 1: Published articles

146

Appendix 1: Published articles

147

Appendix 1: Published articles

148

Appendix 1: Published articles

149

Appendix 1: Published articles

150

Appendix 1: Published articles

151

Appendix 1: Published articles

152

Appendix 1: Published articles

153

Appendix 1: Published articles

154

Appendix 1: Published articles

155

Appendix 1: Published articles

156

Appendix 1: Published articles

157

Appendix 1: Published articles

158

Appendix 1: Published articles

159

Appendix 1: Published articles

160

Appendix 1: Published articles

161

Appendix 1: Published articles

162

Appendix 1: Published articles

163

Appendix 1: Published articles

164

Appendix 1: Published articles

165

