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1. INTRODUCTION 
 
  
  
 1.1. Leishmaniasis 

 

Leishmaniasis is a vector borne disease caused by various members of the genus Leishmania, a 

protozoan parasite. Human infection is caused by about 21 of 30 species that infect mammals.  

These include the L. donovani complex with 3 species (L. donovani, L. infantum, and L. chagasi); 

the L. mexicana complex with 3 main species (L. mexicana, L. amazonensis, and L. 

venezuelensis); L. tropica; L. major; L. aethiopica; and the subgenus Viannia with 4 main species 

(L. (V.) braziliensis, L. (V.) guyanensis, L. (V.) panamensis, and L. (V.) peruviana).  The different 

species are morphologically indistinguishable, but they can be differentiated by isoenzyme 

analysis, molecular methods, or monoclonal antibodies. The clinical presentation ranges from 

simple cutaneous lesions to life threatening visceral forms. The disease is endemic in many tropical 

and subtropical countries around the world (more than 80 countries according to the WHO).  

 

1.1.1. The parasite 

The Leishmania parasite is a pleomorphous protozoan belonging to the order Kinetoplastida and 

the family of Trypanosomatidae. The genus Leishmania includes more than 20 species. The 

parasite exists in two morphological forms: the nonflagellated amastigote (3-5µm in diameter) 

living intracellular in macrophages of the mammalian host, and the flagellated promastigote (15-

30µm in length), living extracellularly in the intestinal tract of the sandfly-vector (Kane and 

Mosser, 2000). In the macrophages the amastigotes are able to survive and multiply through binary 

fission within the acidic phagolysosomes of the host cells reviewed in (Alexander et al., 1999). 

After multiplication in the host cell the amastigotes are released into the host’s tissue, where 

subsequently other macrophages are infected and the infection spreads (Rittig and Bogdan, 2000).  

 

1.1.2. Life cycle 

 
The transmission cycle of Leishmania is maintained between the vector and the reservoir. 

Depending on the species of Leishmania the transmission is either zoonotic or anthroponotic, 

involving either animals or humans as reservoir. The parasite is transmitted by the bite of infected 
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female sandflies of the genus Phlebotomus and Lutzomyia. During the blood meal Leishmania 

infected macrophages are ingested by the vector (Warburg and Schlein, 1986). Macrophages are 

lysed in the fly midgut, releasing the intracellular amastigotes that transform into rapidly dividing, 

non-infectious-stage promastigotes at an ambient temperature of 24-28 ° C. These forms further 

differentiatiate to non-dividing, highly infectious metacyclic promastigotes. During another blood 

meal a small number of metacyclic promastigotes are inoculated into a mammalian host. These 

forms are opsonized efficiently by serum components and taken up by macrophages, where they 

reside in phagolysosomes and transform into replicating amastigotes (Peters et al., 1995) (Figure 

1). 

 
FIGURE 1. Leishmania major life cycle. (modified according to P.D. MARSDEN  in Manson's 

Tropical Diseases. 1996). 

 

 

1.1.3. Epidemiology 

Leishmaniasis is one of the six major tropical diseases of developing countries (Grimaldi and Tesh, 

1993). However, it is not only widely distributed in warm countries, but it is also prevalent in very 

different topographic areas. It is endemic in rain forests (Bolivia, Brazil), deserts (Middle East, 

North Africa), in the countries bordering the Mediterranean Sea and also in elevations of several 

thousand meters (Peruvian Andes, Ethiopian highlands). According to WHO estimates 350 million 

people are at risk world wide and 12 million people are affected. The annual incidence is estimated 

 2



at 1-1.5 million new cases of cutaneous leishmaniasis (CL) and 0.5 million cases of visceral 

leishmaniasis (VL). The disease is greatly underreported, with only 600,000 officially declared 

cases annually. In most of the endemic countries reporting the disease is not compulsory. The 

incidence worldwide is on the rise. New endemic foci have emerged over the past decades, 

epidemics are not controlled and endemic areas are spreading due to development and population 

shifts (Desjeux, 1999). In western countries the incidence is increasing due to HIV- Leishmania co-

infection and tourism. In recent years leishmaniasis as an AIDS-associated opportunistic infection 

became a serious threat in south-western Europe with 1.5-9.5% of AIDS patients being affected 

(reviewed in (Herwaldt, 1999). 

 

1.1.4. Clinical forms in humans 

Three distinct forms of leishmaniasis are classically described in humans: cutaneous (CL), visceral 

(VL) and mucocutaneous leishmaniasis (MCL). Each clinical form is caused by a spectrum of 

different Leishmania species. Even though there is a clear correlation between the causative 

species and the clinical presentation many variations are seen, also depending on the 

immunocompetence of the host. Species causing typically CL may visceralize and visceral species 

may show dermatotropism. In many endemic areas of the world a few Leishmania species are 

prevalent simultaneously so that a species specific diagnosis can not rely on clinical findings alone. 

Species specific diagnosis is necessary for adequate treatment.  

 1.1.4.1 Cutaneous leishmaniasis 

 
Cutaneous leishmaniasis is usually caused by L. major, L.tropica and L. aethiopica in the “old 

world” and by L. mexicana and L. braziliensis in the “new world” (Hepburn, 2003). CL usually 

presents as a self-limited, ulcerative skin lesion occurring especially on the uncovered parts of the 

body, especially the face. After incubation time of several weeks to several months a papule 

develops at the site of the sandfly bite, which later evolves into an ulcer. The size of the ulcer can 

reach a diameter of several centimetres and normally persists for 3 month to one year before it 

resolves spontaneously. The lesion is usually painless unless a secondary bacterial infection is 

present. A slightly depressed and often hypopigmented scar remains. If left to self-cure, life-long 

immunity is usually acquired against the same species (Vega-Lopez, 2003). L. tropica infections 

tend to be more severe than those of L.major and have a potential to relapse and also to visceralize 

(Sacks et al., 1995). 
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Chronic forms of cutaneous leishmaniasis are also described, e.g. as leishmaniasis recidivans or 

lupoid leishmaniasis (Salman et al., 1999). These are mainly caused by L. tropica and do not 

completely cure, so that new eruptions evolve at the border of the scarring lesion over many years. 

The clinical appearance resembles lupus vulgaris. Parasites are scarce and the chronic skin lesion is 

mostly due to a hyperreactive immune response. Diffuse CL (DCL) is another chronic form of CL. 

The infection spreads over large areas of the body. It represents a condition of anergy with a failure 

of cell-mediated immune response (negative Leishmanin test) and an abundance of amastigotes. It 

resembles lepromatous leprosy, which often led to misdiagnosis in the past. DCL occurs also in 

immunodeficient patients with no species-specific relation; coinfection with HIV is the most 

common cause (Gillis et al., 1995; Ramos-Santos et al., 2000). 

 

 

 

 

 

 

 

 

 

 

FIGURE 2. Clinical picture of cutaneous leishmaniasis (from the Parasite Image Library, Division 

of Parasitic Diseases (DPDx), Centers for Disease Control & Prevention (CDC)) 

 

 1.1.4.2. Mucocutaneous leishmaniasis 

 
Mucocutaneous leishmaniasis (MCL) or Espundia is almost exclusively seen in Central and South 

America. It is a chronic and very serious condition, developing immediately or years after self-cure 

of cutaneous lesions. The exact mechanism of this particular evolution is not known, but it is 

considered to be a hyperergic reaction occurring in the absence of any cellular defect (Leon et al., 

1990). The infection causes a progressive destruction of the mucosa, the cartilage and bones of 

nose and pharynx, leading to a severe mutilation of the face. MCL is mainly caused by Leishmania 

braziliensis. The risk of developing MCL after cure of CL is estimated to be up to 40%. MCL can 

be lethal, often by aspiration pneumonia (el-Hassan and Zijlstra, 2001). 
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 1.1.4.3. Visceral leishmaniasis 

 
Visceral leishmaniasis (VL) or kala azar is usually caused by species belonging to the L.donovani 

complex ( L.donovani, L.d.infantum, L.d.chagasi). VL is a severe systemic disease presenting with 

fever, splenomegaly and cachexia. Typical laboratory findings are pancytopenia, albumin 

deficiency and hypergammaglobulinaemia. If not treated patients usually die after approximately 

two years. Often super-infections, typically tuberculosis pneumonia or bacterial dysentery, are the 

lethal causes. Most infections are subclinical, only 3% of infections lead to the full picture of the 

kala-azar syndrome.  

 

 

1.1.5. Experimental leishmaniasis in mice 

 

Murine experimental leishmaniasis is a well established and helpful model extensively used to 

better understand the pathogenetic mechanisms of the human disease. Moreover, it is the first 

animal model successfully used for analyzing in vivo the relevance of the Th1 /Th2 cell dichotomy 

in regulation of the immune response against pathogens contained by cell-mediated (Th1) type 

responses (Heinzel et al., 1989). 

Many factors are known to influence the manifestation of the disease and the outcome of infection 

in murine experimental leishmaniasis: 

• The developmental stage of the parasites and their maintenance conditions influence the 

infection by means of the virulence of the inoculated parasites. Thus, promastigotes 

obtained during stationary phase of growth are far more virulent for the host than are those 

obtained in the logarithmic growth phase (Giannini, 1974; Sacks and Perkins, 1984; 

Wozencraft and Blackwell, 1987). This high infectious forms have been called metacyclic 

promastigotes (Killick-Kendrick, 1990) and may be purified from culture using their 

characteristic of non-agglutinating to the lectin peanut agglutinin (PNA) (Sacks et al., 

1985). Additionally, frequent subcultures drastically reduce the metacyclogenesis potential 

over time leading to important loss of virulence (da Silva and Sacks, 1987). 

• The dose of injected parasites influences the outcome of the infection by the amount of 

antigen. At present, the prevailing thought is that inoculation of a high or low number of 

parasites in C57BL/6 mice, or a low number of parasites in BALB/c promotes parasite 

containment associated with a Th1 response, while high doses administered to susceptible 
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BALB/c mice induce progressive disease associated with a Th2 type immune response  

(Bretscher et al., 1992; Menon and Bretscher, 1998). 

• The route of infection may influence the outcome of infection in genetically resistant 

strains. Thus, C57BL/6 mice develop progressive disease when inoculated intravenously or 

in the dorsal skin, but heal infections in the footpad (Nabors and Farrell, 1994; Scott and 

Farrell, 1982) 

• The genetic background. In the Leishmania major model of cutaneous leishmaniasis, 

genetically inbred strains of mice exhibit polarized immune responses that result in 

dramatically different clinical outcomes. Susceptible strains like BALB/c or SWR/j mice 

mount an inappropriate Th2 response and succumb to progressive disease. In contrast, 

other strains such as A/J, DBA/1, CBA, C3H or C57BL/6 mice mount a Th1 response and 

control infections (Kane and Mosser, 2001; Locksley and Scott, 1991). Resistance or 

susceptibility of inbred mouse strains to the parasite Leishmania major correlates with 

CD4+ T cell responses of the Th1 or Th2 subsets, respectively. The genetic basis for these 

differences is multigenic and implies both the T cell and the non-T cell compartments 

(Shankar and Titus, 1995). Loci on chromosomes 6, 7, 10, 11, 15, and 16 and the plausible 

candidate genes were identified to be associated with resistance (Beebe et al., 1997). 

 

 
1.1.6. Immunity to infection with Leishmania major 
 

Two mouse strains, the highly susceptible BALB/c strain and the resistant C57BL/6J strain, have 

been widely used to study the biology of the host response to infection with L. major. In these 

systems it has been shown that the polarization of the T-helper cell immune responses upon 

infection determines the severity of disease. Thus, upon L. major inoculation, BALB/c mice 

produce Th2-type cytokines, in particular interleukin-4 (IL-4) and IL-10, associated with disease 

progression and susceptibility (Sacks and Noben-Trauth, 2002). In contrast, C57BL/6J mice 

develop a Th1-type response capable of activating macrophages to a microbicidal state leading to 

recovery from infection and resistance. However, the effective eradication of the pathogen requires 

interplay between the adaptive and innate immune systems (Banchereau and Steinman, 1998; Sher 

et al., 2003) 

Infectious promastigotes are experimentally introduced into the dermis through needle inoculation 

(Figure 3). Here they are taken up by skin dermal macrophages, within which the parasite can 

replicate in the form of amastigotes (Carrera et al., 1996). Amastigotes released from ruptured 

macrophages then infect nearby dermal DCs, which results in the activation of these cells and the 
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release of soluble factors such as IL-1 and IL-12 (Belkaid et al., 1998). Promastigote-loaded 

dermal DCs migrate to the draining lymph nodes and enter the T cell area to present parasite 

antigens to CD4+ T cells in the context of MHC class II (Filippi et al., 2003; Von Stebut et al., 

2003). Langerhans cells, the resident epidermal dendritic cells, infected with the parasite may also 

migrate to the draining lymph nodes to present parasite antigens and induce CD4+ T cell activation 

(Moll et al., 1998). In the draining lymph nodes, under optimal release of IL-1 and IL-12 from 

DCs, activated CD4+ cells differentiate into antigen-specific Th1 cells capable to secrete IFN-γ, 

which is the hallmark of a protective immune response (von Stebut et al., 1998). Antigen-specific 

Th1 lymphocytes expand and are released in the periphery, where they activate the macrophages 

for killing the intracellular amastigotes via IFN-γ. CD8+ cytotoxic lymphocytes (Uzonna et al., 

2004) and T regulatory cells (Muallem et al., 1995) have recently been found to be essential in the 

pathogenesis of leishmaniasis, but their exact role still has to be cleared. 

 
 

FIGURE 3. The immune response in experimental leishmaniasis (modified, according to Iwasaki, 
2002), DC – dendritic cell; IL-1 – interleukin-1; IL-12 – interleukin 12; IL-18 – interleukin 18; 

Th1 – T helper type 1 lymphocytes; CD4 T – CD4 positive T lymphocytes 
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1.1.7. Immune response and disease progresion in inbred resistant strains 

 
Although various models of experimental leishmaniasis are employed at the time (high dose, low 

dose) a characteristic pattern of disease progression can be identified in all these models (Belkaid 

et al., 1998).  In resistant mice lesions consisting of edema and induration appear 3-4 weeks after 

parasite inoculation, reach a peak in size at week 6 to 7 and then resolve with the establishment of 

lasting immunity. Usually resistant mice do not present ulcerations and necrosis, even at the 

maximum size lesions. The parasites remain restricted to the site of infection and to the local 

draining lymph nodes. Here, in response to accumulating amastigotes and IFN-γ released from 

CD8 cytotoxic lymphocytes and NK cells, DCs are activated to produce IL-12. These local priming 

conditions generate a predominant T helper 1 response characterized by effector cells that produce 

high levels of IFN-γ and TNF. These cytokines activate infected macrophages for intracellular 

killing by upregulating Fas-mediated apoptosis (Huang et al., 1998) and the expression of 

inducible nitric oxide synthase (iNOS) (Bogdan et al., 2000). CD8+ T cells also cooperate to 

control infection by their production of IFN-γ and by their lytic activities. 

 

 

1.1.8. Immune response and disease progresion in inbred susceptible strains 

 
In BALB/c mice, as a prototype for susceptible strains, edema and  induration occur  earlier after 

parasite inoculation (week 2-3) and progressively increase in size; at week 6 to 8 the lesions 

become ulcerated and necrotic, progressing to extensive necrosis and dermal erosion. Finally the 

disease disseminates to visceral organs with fatal outcome. 

In recent years, many genetic and immunological factors have been found to be associated to the 

susceptibility of BALB/c mice to L. major infection (reviewed in (Sacks and Noben-Trauth, 2002). 

Basically,  this is due to the failure of an interleukin-12 (IL-12)-dependent redirection of the 

immune response towards a Th1 type, resulting in the clonal expansion and dominance of IL-4-

producing Th2 cells (Alleva et al., 1998; Reiner and Locksley, 1995). IL-12 is required for the 

suppression of the early Th2 response detectable as an IL-4 burst in the draining lymph nodes 16 

hours after parasite inoculation and further redirection the response towards a Th1 pattern by 

stimulating IFN-γ production (Reed and Scott, 1993), differentiation of naïve T cells to Th1 cells 
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(Manetti et al., 1994) and cytotoxic activity of NK cells (Kobayashi et al., 1989). Th2 cytokines 

contribute to susceptibility by downregulating Th1-cell differentiation and by conditioning infected 

macrophages to become unresponsive to activation signals required for nitric oxide (NO)-

dependent killing (Heinzel et al., 1995). 

 
 
 
 1.2. The immune response in senescence 
 

 

The immune system of aged animals and humans undergoes alterations that may account for an 

increased susceptibility to certain infections, autoimmune diseases or malignancies (Anderson et 

al., 1985; Ginaldi et al., 1999). These alterations also affect the skin, the largest immunologically 

active organ of the body. 

The decline of the immunity towards infections is associated with age-related changes of cell-

mediated immunity, T cell and humoral responses. 

 

 

1.2.1 The innate immunity 

 

The innate immunity comprises various effector cells, including macrophages, natural killer cells, 

keratinocytes and endothelial cells. 

Macrophages play an important role in innate immunity by fulfilling three major tasks: 

phagocytosis and elimination of microbes or foreign bodies, antigen presentation and production of 

an important amount of cytokines (Sunderkotter et al., 1994). During aging no consistent 

differences in phagocytosis were reported for macrophages of elderly individuals. Nevertheless, 

with aging, production of microbicidal reactive oxygen radicals, relevant for the susceptibility of 

elderly individuals to metazoan and protozoan infection or of nitric oxide was found to be either 

increased or decreased in humans and to be increased or unchanged in mice macrophages (Chen et 

al., 2003; Kissin et al., 1997) (Alvarez and Santa Maria, 1996). These modifications were 

primarily a result of altered intracellular signalling. Aged neutrophils also present decreased 

chemotaxis and altered response to apoptotic signals (Di Lorenzo et al., 1999). 

The influence of aging on cytokine production from macrophages is not clearly defined. While 

some authors find an increased production of IL-1, IL-6, IL-8 and TNFα by human or murine 
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macrophages, others report decreased synthesis. In senescent mice there is also a decline in 

cytokine receptors (IL-1 receptor and TNFα receptor) (reviewed in (Sunderkotter et al., 1997)). 

Aged dendritic cells (DC) are less able to stimulate both T and B cells. The altered T cell 

stimulation is a result of changes in MHC class II expression and cytokine production (Aydar et 

al., 2004), and lower B cell stimulation is a result of changes in DC immune complex binding 

(Plackett et al., 2004). 

Natural killer (NK) cells from the elderly have been found to increase in number during aging but 

their activity appears to decrease, as shown by the observation that they are are less capable of 

destroying tumor cells (Huang et al., 2005). 

Levels of various complement components are also altered with advancing age (Sarkar and Fisher, 

2005). 

Keratinocytes have the capacity to produce a variety of different cytokines, chemokines, TNFs, 

IFNs, growth factors and suppressor factors and play thus an important regulatory role in immune 

and inflammatory reactions. In elderly humans and mice keratinocytes produce significantly less 

IL-1 and IL-3 (Sauder et al., 1989). 

 

 

1.2.2. T cell response alterations in senescence 

 
There is evidence that certain immunological responses involving T cells deteriorate with advanced 

age. Sensitization to substances like 2,4-dinitrochlorobenzene and cutaneous hypersensitivity cell-

mediated immune response to recall antigens reveal wide fluctuations in the elderly. The altered T-

cell response in senescent humans or animals is due mainly to decreased thymic function and to 

accumulative antigen pressure over the lifespan (Linton and Thoman, 2001). Factors involved in 

changes in T-cell functions with aging include: an altered production of T-cell progenitors (stem 

cell defects and stromal cell defects); decreased levels of newly generated mature T cells (thymic 

involution) followed by an increase in immature T cells (Scollay et al., 1980); a shift among T 

lymphocytes from of naïve to memory cells (Utsuyama et al., 1992), also resulting in clonal 

exhaustion (Pawelec et al., 2002); an important expansion of CD8+ memory T cells (Clambey et 

al., 2005). 

In addition to a change of phenotype and a reduction in precursors, T cells in immunosenescence 

also present a decrease in several functions in humans as well as in mice: a reduced proliferative 

response to mitogens or antigens (Engwerda et al., 1996; Zhou et al., 1995), changes in the profiles 

of cytokines released after activation (Hobbs et al., 1993), a decreased capacity to maintain a 

diverse repertoire of the T-cell receptor and decrease cytolytic activity (Schwab et al., 1997). 

 10



At cellular level, age-related changes in the activation of T cells are due to disrupted activation 

pathways with impairment in early CD4-T-cell activation (Ohteki et al., 1992), deficient  co-

stimulation (Engwerda et al., 1994) and alterations of signalling events such as phosphorylation 

and calcium influx. 

Interestingly, recent studies provided evidences that elderly humans and aging mice appear to have 

a deficiency in mounting an antigen-specific Th2 response (Saurwein-Teissl et al., 2002; Smith et 

al., 2001). In vitro the defect of naïve T cells to differentiate into Th2 effector cells was coupled 

with a defect in co-stimulation (Humphreys and Grencis, 2002) and a diminished production of 

interleukin-2 (IL-2) or expression of the IL2 receptor (Shi and Miller, 1993). 

At this point, we were interested to investigate if this decreased ability for differentiation into Th2 

cells would, on the other hand, favour a higher propensity for Th1 responses, and as such, be of 

advantage in reducing allergic immunoglobulin E -mediated reactions or even in fighting infections 

requiring a Th1 response. 
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1.3. Aims 
 

 

Aging has been associated with a decline in immunocompetence and resistance to infections, 

partially due to dysregulated NO production by macrophages and deficits in mounting Th2 cell 

responses.  

The aim of this study was to investigate if the decrease in Th2 response during ageing might result 

in a different outcome of murine experimental leishmaniasis.

In particular, we analyzed whether:

 

1. effector functions of macrophages decrease with age and thereby influence resistance 

 

2. the age-related decline in Th2 cell responses is dominant enough to reduce the generation of 

Th2 cells in BALB/c mice or even to bias T-cell differentiation to a Th1 response 

 

3. there is any additional influence on the immune response by environmental factors during 

 aging.  
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2. MATERIALS AND METHODS 

 

 

2.1. MEDIA, REAGENTS AND SOLUTIONS 

 

 DMEM complete DMEM 

    + heat inactivated FCS    10% 

    + conditioned supernatant from L929 cells  10% 

+ L-Glutamine     2% 

+ NEAA      1% 

+ Pen/Strep      1% 

  

 L. major culture medium Schneider’s Drosophila Medium 

     + heat inactivated FCS   10% 

     + normal human urine   2% 

     + L-Glutamine    2% 

     + Pen/Strep     1% 

 

 PBS/FCS/EDTA  PBS 

+ FCS    1% 

+ EDTA   2mM 

 

 T cell medium  RPMI1640  

+ heat inactivated FCS 10% 

+ L-Glutamine  2mM 

+ HEPES   20mM 

+ mercaptoethanol  50µM 

     

Griess reagent 0.5g N-(1-naphtyl)-ethylenediamine dihydrochloride (Sigma, Taufkirchen) 

   50mg sulfanilic acid (Sigma, Taufkirchen, Germany) 

   Aqua dest ad 50mL 

   1.25g 85% phosphoric acid 
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Natrium nitrite standard solution (Sigma, Taufkirchen, Germany) 

- 1mM stock solution by adding 69mg natrium nitrite in 1l distilled water 

- 20µM solution = 200µl 1mM stock solution + 10mL aqua dest 

- 15µM solution = 750µl 20µM solution + 250µL aqua dest 

- 10µM solution = 500µl 20µM solution + 500µL aqua dest 

- 5µM solution = 250µl 20µM solution + 750µL aqua dest 

- 2µM solution = 100µl 20µM solution + 900µL aqua dest 

 

   

 ACK lysis buffer 

  - NH4Cl 0,15M (Sigma, Taufkirchen, Germany) 

  - KHCO3 1,0mM (Sigma, Taufkirchen, Germany) 

  - Na2EDTA 0,1mM (Sigma, Taufkirchen, Germany) 

  pH = 7,2 – 7,4 

  Aqua dest ad 500mL 
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2.2. ANIMAL MODEL 

 

 

2.2.1. Animals 

 

Female BALB/c and C57BL/6 mice were obtained from Bomholtgard Breeding and Research 

Centre A/S (Ry, Denmark). BALB/c mice, initially known as “Bagg Albino”, were developed by 

H. J. Bagg. MacDowell started inbreeding in 1923 with stock obtained from Bagg. Over Snell 

(1932) and Andervont (1935) the strain arrived to NIH Animal Genetic Resource and from here to 

Bomholtgard Breeding and Research Centre. The C57BL/6 mice were originally derived by Little 

in 1921. They arrived to Bomholtgard Breeding and Research Centre from Taconic Farms, 

Germantown, NY in December in 1999. 

For different experiments, mice from both strains were bread and raised either in conventional 

conditions or in specific-pathogen-free (SPF) animal facilities managed according to the FELASA 

criteria (Rehbinder et al., 1998). 

Mice were assigned to two age-related groups: 

• Young mice – between 8 to 10 weeks of age 

• Senescent (aged) mice – 18 months of age or older 

All animal experiments were carried out in compliance with the German Law for Welfare of 

Laboratory Animals and under agreement of Regierungspräsident Münster, Aktenzeichen 

23.0835.1.0 (G 30/98) and Regierungspräsidium Tübingen, Aktenzeichen number 779. 

 

 

2.2.2. Parasites 

 

L. major strain MHOM/IL/81/SE/BNI was maintained in vivo by monthly passages in BALB/c 

mice (for virulence) and cultivated in vitro in Schneider’s Drosophila medium supplemented with 

10% FCS, 2% normal human urine, 2% L-glutamine and 1% Penicilin-Streptomycin in a 5% CO2 

atmosphere at 25°C. All experiments with L. major were carried out with approval of  

 

 A. Harvesting of parasites. 

 

Amastigote parasites were obtained from mice with visible abscesses at the infected footpads. 

Briefly, footpads and instruments were sterilized with 70% ethanol and footpads were cut and 
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stored in a 50mL tube filled with Schneider’s Medium complete. In sterile conditions (flow) 

footpads were plated on a sterile Petri dish and were detached from skin and bones. The isolated 

abscess was then cut up small and infectious content was carefully collected into 50mL tubes and 

concentrated by centrifugation at 2100 rpm for 12 minutes. Pellet was then resuspended in 7mL 

Schneider’s complete and cultured in a T25 culture flask. 

 

 B. Culture of parasites 

 

After 2-3 days the culture was supplemented with 17mL fresh medium and passed into a T75 

culture flask where parasites were further cultured until they reached the stationary growth phase 

(appreciated microscopically as the time point when parasites in culture are very dense and do not 

proliferate any more – every 3-4 days). At this point the culture was concentrated upon 

centrifugation for 12 minutes at 2100 rpm and 20°C, pellet was suspended in 1mL fresh medium 

and splitted 1:10 (100µL in 17mL medium) in sterile culture flasks. 

 

C. Propagation of infection 

 

The propagation of infection was performed every 4 to 6 weeks by subcutaneous injection of 2x107 

parasites in stationary growth phase into the hint footpad of BALB/c mice. 

   

  Counting the parasites 

 

Parasites in stationary growth phase were concentrated by centrifugation for 12 minutes at 2100 

rpm and 20°C and pellet was suspended in 1mL fresh medium. This was diluted 1:1000 in 1% 

paraformaldehyde and the well mixed solution was inlet through capillarity onto a Neubauer 

counting chamber. Parasites were counted on a minimum of 2x16 quadrants and the mean value 

was calculated. The absolute number of parasites was calculated with the formula: 

 

Absolute number of parasites = n x 104 x 1000/mL = n x 107/mL 

 

n - mean of counted parasites/quadrant 

1000 - dilution factor 
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The parasite-containing solution was further diluted with PBS to obtain a 2x107/ 50µL parasite 

concentration. 

 

  Injection 

 

BALB/c mice older than 10 weeks were chosen for propagation of infection. Right hint footpad 

was sterilized with 70% ethanol and 2x107/ 50µL parasites were carefully injected subcutaneously. 

 

 

2.2.3. Experimental infection 

 

 2.2.3.1. Infection 

 

Experimental leishmaniasis was initiated by subcutaneous injection of 5x106 L. major 

promastigotes (parasites in stationary growth phase) in 20µl of phosphate-buffered saline into the 

left hint footpads of the mice. 

For experimental leishmaniasis several sets of experiments have been performed, using 

experimental animal groups as follows: 

 

 Infected mice raised under conventional conditions: 

  Group 1. Senescent BALB/c mice 

  Group 2. Young BALB/c mice 

  Group 3. Senescent C57BL/6 mice 

  Group 4. Young C57BL/6 mice 

  

Infected mice raised under SPF conditions: 

  Group 1. Senescent BALB/c mice 

  Group 2. Young BALB/c mice 

  Group 3. Senescent C57BL/6 mice 

  Group 4. Young C57BL/6 mice 

 

Correspondent control groups of mice injected only with PBS were added to each of these groups. 

Each set of experiments included at least one group of senescent, one group of young and one 
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group of control mice raised under identical conditions. Every group consisted of at least five mice 

and each experiment was performed three times. 

The course of cutaneous leishmaniasis was assessed for the next 12 weeks by footpad thickness - 

as an indicator of granuloma formation and thus, of parasite proliferation – and by the appearance 

of the ulceration, as an indicator of severity of the infection. 

 

2.2.3.2. Measurement of footpad thickness 

 

Footpad thickness as an indicator of parasite proliferation was measured for each mouse once a 

week for 12 weeks using a metric calliper (Odditest, Germany). The measurement was done by the 

same investigator, with the same instrument, always in the middle of the developing footpad 

swelling. 

 

 2.2.3.3. Killing of mice and organ harvesting 

 

Mice were anaesthetised with a solution containing 0.9mg Ketaminhydrochlorid (Pfizer GmbH, 

Karlsruhe) and 0.4mg Xylazinhydrochlorid (Bayer Vital GmbH, Leverkusen)/ 20g mouse and then 

killed by spinal cord disruption. 

 

 2.2.3.4. Limiting dilution assay 

 

For evaluation of disease progression and potential parasite dissemination the number of viable 

parasites in infected footpads and draining lymph nodes was estimated after 10 days in culture at 

25°C in Schneider’s Drosophila Medium (Cambrex, Walkersville, MD) using a limiting-dilution 

assay as previously described (Titus et al., 1985), modified by the use of Schneider’s medium 

complete instead of slant blood agar. 

Right after killing infected footpads, draining (popliteal) lymph nodes and spleens from each 

animal were prepared, isolated and stored into 50mL tubes containing fresh Schneider’s complete 

medium. To obtain primary lesion material, the skin was taken away from the foot and the footpad 

was removed. Primary granuloma, draining lymph nodes and spleen were then separately minced 

in 3 ml of the culture medium and disrupted using a tissue homogenizer. Then 50µl aliquots (4 

replicates) of the tissue homogenate were sequentially diluted 2 fold into flat-bottom 96 well-plates 

(NUNC, Germany), until 24 serial dilutions for each probe were reached. Control plates for 

determining plating efficiency consisted of a serial dilution of a known number of in vitro-cultured 
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L. major promastigotes. Plates were cultured in a humidified, 5% CO2 at 25°C for 10 days. The 

wells were assessed daily for parasite growth (motile organisms) microscopically. The reciprocal 

of the last dilution resulting in a growth of parasites is given as a quantitative measure of the 

parasite load in the respective footpad. 

 

 2.2.3.5. Preparation of soluble leishmania antigen (SLA) 

 

L. major promastigotes in stationary growth phase were collected in 50mL Falcon tubes and 

concentrated by centrifugation for 12 minutes at 2100rpm. After counting the parasites, soluble 

leishmania major antigen was obtained by repeatedly freezing the parasites at -20°C and thawing 

them at 37°C (Scott et al., 1987). Freeze/thaw cycles were repeated three times. The quantity of 

obtained SLA was considered to correspond to the number of parasites inactivated through this 

procedure. 

  

 

2.3. PREPARATION OF BONE-MARROW-DERIVED MACROPHAGES 

 

  

2.3.1. Isolation of bone-marrow cells 

 

Bone marrow derived macrophages were obtained from femurs of BALB/c and C57BL/6 mice as 

described previously (Sunderkotter et al., 1993). After sedation and killing, both femurs of the 

mice were isolated and cleaned of muscles and tendons. Each femur was then flushed through with 

5mL ice-cold Dulbecco’s minimum essential medium (DMEM) (Biochrom, Berlin, Germany) into 

50mL Falcon tubes. The obtained bone-marrow cell suspension was concentrated by centrifugation 

for 10 minutes at 1400 rpm and 4°C. Depletion of contaminating erythrocytes was was performed 

by suspension in 5mL ACK lysis buffer and left for 3 minutes at room temperature. The Falcon 

tube was then filled with cold PBS and cells were concentrated again by centrifugation for 10 

minutes at 1400 rpm and 4°C. The remained erythrocytes-free cell pellet was then further 

cultivated to obtain mature macrophages. 
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2.3.2. Culture of mature bone-marrow-derived macrophages 

 

To obtain mature bone-marrow-derived macrophages cells were cultivated in a special medium 

containing macrophage colony-stimulating factor. Four distinct colony-stimulating factors (CSFs) 

that promote survival, proliferation and differentiation of bone marrow precursor cells have been 

well characterized: granulocyte macrophage CSF (GMCSF), granulocyte CSF (GCSF), 

macrophage CSF (MCSF), and Interleukin-3 (IL-3, Multi CSF). From these, MCSF is a lineage 

restricted hematopoietic growth factor, stimulating final mitotic divisions and the terminal cellular 

maturation of the partially differentiated hematopoietic progenitors to macrophages (Ladner et al., 

1988). A well established source of MCSF is the murine connective tissue fibroblasts cell line 

L929 (Earle, 1943). 

3*106 cells/10ml medium were grown in DMEM complete (DMEM supplemented with 10% heat-

inactivated FCS (PAA Laboratories, Pasching, Austria), 10% conditioned supernatant from L929 

cells, 2% L-Glutamine, 1% Penicillin/Streptomycin 10000U/10000µg/ml and 1% non-essential 

amino acids (Biochrom, Berlin, Germany)) in teflon-coated bags (Heraeus, Hanau, Germany) in a 

humidified 7% CO2 atmosphere at 37°C. After 6 days the Teflon bags were put on ice to loosen 

adherent cells, which were then gently removed from and collected by centrifugation for 10 

minutes at 1400 rpm and 4°C. The obtained mature macrophages were then seeded into 24-well 

cell-culture plates (NUNC, Roskilde, Denmark) at a concentration of 2*105/500µL DMEM/well 

and cultured for one additional day. 

 

  

2.3.3. Culture of L929 cells 

 

L929 cells (ATCC CCL1) were cultured for 5 days in a humidified 7% CO2 atmosphere at 37°C in 

DMEM-Earls supplemented with 5% FCS, 1% Glutamin, 1%  Penicillin/ Streptomycin 

10000U/10000µg/ml and 1% non-essential amino acids. On the fifth day the already confluent 

cells were supplemented with 10% FCS for one more day. On the next day the MCSF-containing 

supernatants were collected and used in culture or stored at -20°C. Cells were splitted 1:20 for a 

new culture. 
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2.4. PHAGOCYTOSIS ASSAY AND KILLING RATE OF PARASITES BY 

MACROPHAGES 

 

To investigate the capacity of macrophages from the different animal groups to phagocytose L. 

major in vitro, the parasites were fluorescently labeled and the process of phagocytosis was 

assessed and quantified microscopically. 

 

  

2.4.1. L. major labelling 

 

Live parasites were labelled with the fluorescent dye 5 (and 6)-carboxyfluoresceindiacetate 

succinimidylester (CFDA) (Molecular Probes, Leiden, The Netherlands) according to previously 

described protocols (Schonlau et al., 2000). 2x107 parasites were incubated with a 1:500 dilution 

from a 1mg/1mL DMSO stock solution at room temperature. After 10 minutes the reaction was 

stopped by adding serum-containing medium (RPMI1640 supplemented with 10% FCS) and the 

cells were concentrated by centrifugation for 7 minutes at 2100 rpm and 25°C. The stained 

parasites were then counted and further used in the desired experimental settings. 

 

  

2.4.2. L. major opsonization 

 

For complement opsonization fluorescence-labelled parasites were incubated with 10% normal 

mouse serum for 45 minutes in a humidified 5%CO2 atmosphere at 37°C. After incubation the 

traces of serum were removed by centrifugation and washing the parasites with PBS three times. 

 

 

2.4.3. Phagocytosis assay 

 

Mature bone-marrow-derived macrophages (6 days of culture) were seeded into LabTek culture 

chamber slides (NUNC, Naperville, Illinois) at a concentration of 5 x 104 cells/200µl DMEM 

complete/chamber and left to adhere for 24h in a humidified 5%CO2 atmosphere at 37°C. For 

phagocytosis, opsonized, fluorescent labelled L. major parasites were added to the macrophages at 

an effector:target ratio of 4:1 and incubated like this for 2h in a humidified 5%CO2 atmosphere at 

37°C. Thereafter, the cultures were gently washed three times with warm PBS to remove 
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extracellular parasites and the cells were fixed by incubation with 4% paraformaldehyde for 5 

minutes at room temperature. After fixation, the grids were removed from the chamber slides and 

the slides were covered with fluorescent mounting medium (DakoCytomation, Hamburg). Samples 

were examined using fluorescence microscopy with a Zeiss Axioscope 2 microscope equipped 

with an appropriate fluorescence filter (absorbtion at λ = 485nm, emission at λ = 535nm for green 

fluorescence) (Carl Zeiss AG). 

In microscopy the macrophages bearing fluorescent labelled parasites could be easily distinguished 

from the cells that did not engulf parasites. The rate of phagocytosis was evaluated by relating the 

number of L. major-bearing (infected) cells to the total number of macrophages counted in at least 

six chambers. The final data are presented as the mean number of phagocytosing macrophages 

from 100 counted macrophages in six chambers. 

 

  

2.4.4. Killing assay 

 

To evaluate the leishmanicidal activity of the macrophages isolated from the different animal 

groups, a similar experimental setting as for phagocytosis has been employed. Mature bone-

marrow-derived macrophages seeded into culture chamber slides at a concentration of 5 x 104 

cells/chamber were activated with murine IFN-γ at a concentration of 100U/mL right before 

incubation with L. major parasites at a ratio of 4:1. Cultures were then incubated for 48h in a 

humidified 5%CO2 atmosphere at 37°C. Killing was assessed microscopically by monitoring the 

number of macrophages still bearing viable parasites after 48h of co-culture. Killing activity is 

presented as elimination rate, i. e. the mean percentage of macrophages still bearing live parasites 

out of the initially infected cells counted in six chambers. 

 

 

2.5. NO RELEASE BY MACROPAHGES 

 

The killing activity of macrophages essentially depends on their capacity to produce nitric oxide. 

To evaluate NO release by macrophages isolated from the different animal groups, bone-marrow-

derived mature macrophages (6 days of culture) were seeded in 24-well cell culture plates (NUNC, 

Roskilde, Denmark) at a concentration of 5 x 105 cells/mL DMEM complete/well. Additionally, 

the cells were primed for 24 h with 100U/ml murine IFN-γ (Cell Concepts, Umkirch, Germany). 

After 24h of incubation in a humidified 5%CO2 atmosphere at 37°C, cells were stimulated with L. 
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major (L. major: macrophages ratio 3:1) which have been previously opsonized with 1% normal 

mouse serum (DAKO A/S, Denmark). As a positive control for maximal stimulation, cells were 

activated with IFN-γ for 24h and then stimulated with 20ng/ml LPS (Sigma Aldrich, Germany). 

After 24h incubation in a humidified 5%CO2 atmosphere at 37°C supernatants were collected and 

immediately analysed for nitrite concentration or stored at -20°C until analysis. 

 

 2.5.1. NO assay 

 

Nitric oxide release was evaluated as nitrite concentration in a microtiter plate assay using Griess 

reagent (Sigma Aldrich, Taufkirchen, Germany) according to previously published procedures 

(Chen et al., 2003). The method involves the use of the Griess diazotization reaction to 

spectrophotometrically detect nitrite formed by the spontaneous oxidation of NO under 

physiological conditions (Stuehr and Nathan, 1989). Griess reagent and nitrite standard solutions of 

20µM, 15µM, 10µM, 5µM and 2µM were freshly prepared and supernatants were depleted of 

cellular debris by a short spin. 100µl of each supernatant and for the standard curve 100µl of each 

standard concentrations were plated in a microtiter 96 well plate (NUNC, Roskilde, Denmark) and 

100µl Griess reagent were added. After allowing 10 minutes for reaction, absorption was measured 

at γ = 560nm by means of an ELISA reader and then converted to nitrite concentration using a 

GraphPad Prism software. Each supernatant was analyzed in triplicates and results are expressed as 

mean nitrite concentration representative for three independent experiments. 

 

 

2.6. IL-12 PRODUCTION BY MACROPHAGES 

 

Bone-marrow-derived mature macrophages (6 days of culture) were seeded in 24 well plates at a 

concentration of 2 x 105 cells/mL DMEM complete/well. The cells were primed with IFN-γ 

100U/mL and incubated for 24 h in a humidified 5%CO2 atmosphere at 37°C. Subsequently, cells 

were stimulated with L. major (L. major: macrophages ratio 3:1) which have been previously 

opsonized with 1% normal mouse serum or with LPS 20ng/mL as a positive control under the 

same conditions. After 24h the concentration of IL-12 in the supernatants was determined by 

ELISA using a paired monoclonal antibody recognizing both the p75 and the p40 subunits, 

according to the manufacturer (R&D Systems, Wiesbaden, Germany). Detection limit was < 

5pg/mL and results are presented as mean values of triplicate measurements representative for 

three different experiments. 
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2.7. LYMPHOKINE PROFILE OF MICE INFECTED WITH Leishmania major 

 

 

2.7.1. Isolation of CD4+ cells from lymph nodes 

 

At 12 weeks post infection inguinal and popliteal draining lymph nodes were collected and single-

cell suspensions were prepared as described previously (Grabbe et al., 2002), by pressing the 

lymph node cells through a mesh (cell strainer Falcon 2340) with the help of a sterile syringe 

plunger. Cells were collected on RPMI 1640 (Gibco, Germany) medium supplemented with 10% 

FCS, 2mM L-glutamine, essential for growth and proliferation, 20mM HEPES buffer and 50µM 

mercaptoethanol (Sigma, Taufkirchen, Germany). Mercaptoethanol was added for its effect of 

maintaining intracellular glutathione levels and of protecting lymphocytes from oxidative damage. 

Cells were further purified by passage over a nylon wool column with a speed of 1mL/minute and 

concentration upon centrifugation for 10 minutes at 1250rpm and 5°C. After resuspension of cells 

in PBS supplemented with 1% FCS and 2mM EDTA (PFE), cells were further incubated with 

monoclonal antibodies against the surface markers B220, CD11b, CD16/CD32, GR-1, CD24 and 

CD8 (BD Pharmingen) for immunomagnetic depletion of contaminating monocytes, macrophages, 

B lymphocytes, CD8+ and immature t lymphocytes, erythrocytes as follows: 

 

TABLE 1. Antibody concentrations used for immunomagnetic depletion of contaminating cells. 

 

Antibody Antibody dosis/106 cells (µg) 

B220 0,125 

CD11b 0,125 

CD16/CD32 0,5 

GR-1 0,125 

CD24 0,0625 

CD8 0,25 

 

 

After 10 minutes incubation at 4°C, cells were washed three times with PBS supplemented with 

1% FCS and 2mM EDTA followed by spin down for 5 minutes at 4500rpm and 4°C. After 

washing cells were suspended in 500µL PBS/FCS/EDTA and incubated with 5µL goat anti-rat IgG 
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MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) for 15 minutes at 4°C, followed by 

three washing steps performed as before. The antibody-negative cell fraction was then separated 

with an automated magnetic cell sorter (autoMACS; Miltenyi Biotec). Purified cells were counted 

and purity was controlled in parallel by flow cytometry analysis. More than 95% of cells were 

CD4+.  

 

 

2.7.2. Stimulation of CD4+ cells 

 

Purified cells were seeded into 24-well cell culture plates at a concentration of 106 cells/mL/ well 

and cultured for 48h in RPMI1640 supplemented with 10% FCS, 2mM glutamine, 20mM HEPES 

and 50µM mercaptoethanol in a humidified 5%CO2 atmosphere at 37°C. After 48h the CD4+ T 

cells were restimulated with soluble leishmania antigen (SLA) equivalent to 2 x 106 L. major 

promastigotes. For controls, T cells were also stimulated with the mitogens phorbol myristate 

acetate at a concentration of 3ng/mL or ionomycine at a concentration of 300ng/mL. After other 

48h of incubation under the same conditions as before, supernatants were collected and directly 

analysed or stored at -20°C. 

 

 

2.7.3. Detection of IFN-γ and IL-4 by ELISA 

 

The release of IL-4, respectively IFN-γ from the stimulated CD4+ T cells was assessed in the 

supernatant by means of enzyme-linked immunosorbent assay (ELISA) according to the 

manufacturer (R&D Systems, Wiesbaden, Germany). Detection limit for IL-4 was < 14pg/mL and 

for IFN-γ < 2.5pg/mL. 

  

 

2.8. MICROBIOLOGICAL ANALYSIS 

 

For microbiological analysis, mice from both conventional and SPF facilities and from both 

strains, BALB/c and C57/BL6 were screened in a commercial laboratory for natural murine 

pathogens according to the guidelines of the Federation of European Laboratory Animal Science 

Associations (Rehbinder et al., 1998) by serology, PCR and culture. Residential bacterial and 

fungal colonization of the oral cavities, small intestines and fur of mice from both facilities were 
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analyzed and compared at the Institute of Medical Microbiology (G. Peters) and at the Laboratory 

for Dermatomicrobiology at the University of Münster, Department of Dermatology (C. 

Sunderkötter). 

 

 

2.9. STATISTICS 

 

Quantitative results are presented as mean values ± standard deviation (SD). Mean values were 

tested by means of a two-tailed heteroscedastic Student's t-test. Differences were considered to be 

statistically significant at values of P <0.05. In column charts P values <0.05 are indicated by an 

asterisk.
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3. RESULTS 
 

 

3.1. EFFECTOR FUNCTIONS OF MACROPHAGES FROM YOUNG AND OLD MICE 

 

  

3.1.1. Phagocytosis of L. major and killing activity by macrophages are similar for 

young and old mice. 

 

Resistance to infection with L. major requires especially in the initial phase of innate immune 

response efficiently functioning macrophages; these exert their antimicrobial activity through 

phagocytosis and killing of invading microorganisms by releasing toxic nitrogen compounds, 

especially nitric oxide (NO). 

To compare the efficiency of the macrophages isolated from young and senescent BALB/c mice to 

phagocytose L. major parasites, mature bone-marrow-derived macrophages were cultured in 

LabTek culture chamber slides and incubated with fluorescently labelled L. major parasites at an 

target:effector ratio of 4:1. Infection rates of macrophages were determined microscopically after 

1h of co-culture to assess phagocytosis and after 48h of activation with IFN-γ and co-culture to 

assess the killing capacity. After 1h of co-culture, the infection rate of macrophages isolated from 

young BALB/c mice was of 72% and for macrophages isolated from senescent ones of 67% (Table 

2.). Thus, we could detect a tendency of macrophages from aged mice to phagocytose L. major 

parasites at a slightly reduced rate, but this difference was not significant. 

Similarly, no differences could be detected between the killing activities of the macrophages 

isolated from young and aged mice 48h after activation with IFN-γ and incubation with L. major. 

Macrophages from young mice were capable to eliminate 49% of the internalized parasites, 

whereas macrophages from aged mice had killed 51% of the ingested parasites (Table 2). 
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TABLE 2. Phagocytosis rate and leishmanicidal activity of 

macrophages from young and senescent mice 

 
 
TABLE 2. Fluorescent (CFDA-SE) labelled L. major parasites were co-incubated with 
macrophages (6 days of culture) on LabTek culture chamber incubation slides in an effector: 
target ratio of 4:1. Thereafter the cultures were washed to remove extracellular parasites. The 
initial rate of infection or phagocytosis was determined by evaluating the percentage of infected 
cells after 1h of co-incubation. The leishmanicidal activity was assessed by again monitoring the 
percentage of macrophages still bearing L. major 48 h after infection and activation with IFN-γ 
(100U/ml). This is expressed as elimination rate. The data presented are the mean values ± SD for 
100 macrophages for at least six wells (n = 6). Infected MΦ 1h – percentage of L. major-infected 
macrophages after 1h of co-incubation; Infected MΦ 48h – percentage of L. major-infected 
macrophages after 48h co-incubation and activation with IFN-γ at 100U/mL. 
 

  

 

3.1.2. NO production by L. major-infected macrophages is similar for young and old 

mice 

 

Killing activity of macrophages is essentially correlated with their capacity to release toxic reactive 

nitrogen species (RNS), mainly nitric oxide after phagocytosing microorganisms. To compare the 

release of RNS from macrophages of young and aged mice upon stimulation we examined the 

supernatants of 24h old macrophages-L. major co-cultures for nitrite content (as an expression of 

NO which spontaneously oxidizes to nitrite under physiological conditions). Consistent with the 

finding that killing activity expressed as elimination rate was similar for macrophages of young 

and old mice, we did not find any differences in NO production between macrophages of young 

and aged mice. This was true when IFN-γ primed macrophages were stimulated with L. major, as 

well as in the case of the more potent stimulus LPS (Figure 4).  
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FIGURE 4. NO production in L. major-infected macrophages of mice from conventional facilities. 
NO release was measured as nitrite (NO-

2) concentration in the supernatants of macrophages 
primed with 100U/mL IFN-γ and co-incubated for 24h with 1% normal mouse serum-opsonized L. 
major at a target:effector ratio of 3:1. As a positive control for maximal NO production primed 
macrophages were stimulated with LPS 20ng/mL. As a negative control NO concentration was 
measured in supernatants from unstimulated macrophages kept in DMEM for 24h (Control). No 
differences in NO production were identified between macrophages from aged and young mice 
raised under conventional conditions when stimulated with L. major or LPS. Every experimental 
setting was in triplicate and data is presented as means ± SD (n = 6). 
 

Taken together, by investigating the main effector functions of the macrophages, phagocytosis and 

killing by NO production, we could not find any differences in these activities between young and 

senescent BALB/c mice. Thus, it is probable that the partial (in some cases total) resistance of 

BALB/c mice to infection with L. major was not due to a modified leishmanicidal activity of the 

macrophages in the given conditions. 

 

  

 

 

 

 29



3.2. COURSE OF EXPERIMENTAL LEISHMANIASIS IN YOUNG AND AGED MICE 

 

 

3.2.1. Senescent BALB/c mice from the conventional facility show reduced footpad 

swelling and ulceration after infection when compared with young BALB/c mice 

raised in the same conditions 

 

After infection of young BALB/c mice (between 8 to 10 weeks of age) and senescent BALB/c 

mice (18 months of age or older) raised in conventional facilities, 5 animals/group, with 5x106 L. 

major promastigotes, the course of infection was macroscopically evaluated by monitoring general 

health, footpad swelling and ulceration for 12 weeks. During the first 3 weeks post infection a 

similar increase in footpad swelling was observed for both groups (Figure 5). Starting with the 

fourth week of infection, the swelling of the young BALB/c mice footpads was higher and it 

already progressed to ulcerations. In the next weeks the swelling increased rapidly, the animals lost 

weight and presented a rapid deterioration of general health. By contrast, in the senescent mice the 

swelling was less and it progressed slower, so that the mice in this group did not present 

ulcerations until the sevenths week of infection (Figure 5). 

  
FIGURE 5. Footpad swelling of infected young BALB/c mice (between 8 to 10 weeks of age) and 
senescent BALB/c mice (18 months of age or older), 5 animals/group, raised under conventional 
conditions. Mice were infected subcutaneously with 5x106 L. major into the left hint footpads. 
Footpad swelling of the infected footpads and the contralateral non-infected footpad was measured 
weekly with a metric calliper for 12 weeks. Lesion development was expressed in mm as the 
difference between the size of the infected and the healthy contralateral footpad. Footpads of 
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senescent BALB/c mice showed retarded swelling and ulceration compared with those of young 
BALB/c mice. Aged mice even revealed healing of ulcerations in three of five feet in this 
experiment. Data are means ± SD (n = 5). U – ulcerated footpad; (U) – healed ulcers; * - P < 0.05 
for differences between senescent and young mice. 
 

Although senescent mice still did ulcerate, the ulcerations did not progress and even healed in up to 

60% of the mice after 10 weeks, leaving a scar (Figure 6). These aged mice also did not present 

signs of markedly reduced general health. 

 
FIGURE 6. Clinical picture showing infected footpads of a senescent and a young BALB/c mouse 
12 weeks post infection with L. major. Healing of an ulcerated footpad in a senescent BALB/c 
mouse, but not in young BALB/c mice 12 weeks after infection with L. major. A. Footpad of a 
senescent mouse which had ulcerated after 7 weeks, but started to heal two weeks later, leaving a 
scar and a dilated blood vessel in the central part. B. Footpad of young mice after 12 weeks of 
infection showing a large crusted ulcer. 
 

These results show that senescent BALB/c mice raised under conventional conditions develop a 

less severe infection with L. major, and in 60% of the cases even heal. 
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3.2.2. Senescent BALB/c mice raised under conventional conditions show a stronger 

containment of parasite spread than young mice. 

 

BALB/c mice are susceptible to progressive infection with high doses of L. major typically leading 

to death through visceral dissemination of the parasites. Therefore we were interested if the milder 

cutaneous infection observed for the aged BALB/c mice raised under conventional conditions 

correlated to a different dissemination pattern of the parasites in these mice when compared with 

young ones. To investigate this, the spleens, as an organ usually heavy parasitized during 

experimental leishmaniasis in susceptible mice, were harvested after 12 weeks of infection and 

analyzed for parasite content by means of a limiting dilution assay. Interestingly, no parasites were 

detected in spleens of those senescent mice which had healed ulceration. Among senescent mice 

without healing we observed a spectrum from low to occasionally marked dissemination into 

spleen. On the other hand, as expected, all young BALB/c mice were severely parasitized (Figure 

7). 

 
FIGURE 7. LDA from spleen of young and aged BALB/c mice raised under conventional 
conditions 12 weeks after infection. LDA of spleen from each (n = 5) young and senescent mouse 
was performed in order to analyze visceralization. In spleens of the 3 mice with healed ulceration 
no parasites were detected; in another aged mouse only a very low number of parasites were 
evidenced, while only one senescent mouse showed marked dissemination into spleen. By contrast, 
all young mice showed marked to very high dissemination of L. major into spleen. * - P < 0.05 for 
differences between young and aged mice. 
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As expected, genetically resistant C57BL/6 mice did not show visceralization irrespective of age or 

environmental conditions. 

Taken together, we found that senescent, genetically susceptible to infection with L. major 

BALB/c mice raised under conventional conditions showed a stronger containment of parasite 

dissemination than young mice and the course of infection presented a spectrum from reduced 

footpad swelling to decreased visceralization and even healing. Our observation is striking, as it 

shows that BALB/c mice are capable of becoming resistant without any treatment when they age. 

Thus, ageing is a necessary condition for reverting susceptibility in BALB/c mice. 

 

 

 3.2.3. In resistant C57BL/6 mice the course of leishmaniasis is not influenced by age 

 

C57BL/6 mice are known as genetically resistant to infection with L. major by mounting a Th1-

type immune response. To investigate if ageing might influence the genetically determined 

resistance we observed the course of leishmaniasis in young and old C57BL/6 mice raised in 

conventional facilities. As actually expected, after infection with 5 x 106 L.major promastigotes 

into the hind footpad, C57Bl/6 mice from any group presented slight swelling (not more then 

1,7mm) reaching a peak on week 4, without ulcerations or alteration of the general health (Figure 

8).  

 

 33



FIGURE 8. Footpad swelling (compared to the not infected contralateral footpad) (mm) of 
infected young and senescent C57/Bl6 mice (mean ± SD, n=5). Footpads were measured weekly 
and did not reveal significant differences between young and aged mice. 
 

Thus, resistance remained unharmed in senescent C57Bl/6 mice in spite of the various deficiencies 

which have been reported to take place in the general immune response during ageing (Anderson et 

al., 1985; Ginaldi et al., 1999; Pawelec et al., 2002). 

 

3.3. SENESCENT BALB/c MICE ARE ABLE TO MOUNT A Th1 IMMUNE RESPONSE 

TO INFECTION WITH L. major 

  

It is well established that resistance to infection with L. major is mediated by the protective effect 

of parasite-specific CD4+ Th1 cells largely depending upon IFN-γ secretion (Scharton-Kersten and 

Scott, 1995). In contrast to resistant mice, susceptible BALB/c mice develop aberrant Th2 

responses following infection with L. major and consequently suffer progressive disease. This 

outcome clearly depends upon the production of interleukin 4 (IL-4) early after infection 

(Himmelrich et al., 2000). Therefore we asked whether there was a correlation between the 

resistance of senescent BALB/c mice raised in conventional facilities to leishmaniasis and the 

production of the two major lymphokines characterizing the Th1 type immune response - IFN-γ, 

respectively the Th2 immune response - IL-4. For this, CD4+ lymphocytes from infected mice 

were restimulated with soluble leishmania antigen and IFN-γ and IL-4 levels were measured by 

ELISA in the supernatants. 

CD4+ lymphocytes were isolated from the draining popliteal and inguinal lymphnodes from young 

and senescent mice kept under conventional conditions 12 weeks after infection with L. major, 

seeded on 24-well cell culture plates and restimulated with SLA. After 48h of culture, IFN-γ and 

IL-4 levels were measured by ELISA in the supernatants. CD4+ cells taken from young mice 

repeatedly showed a cytokine pattern typical for a Th2 immune response, with elevated IL-4 levels 

(Figure 10) and failure to secrete IFN-γ upon restimulation with SLA (Figure 9). In contrast, 

infected senescent BALB/c mice showed a significant increase in L.major-specific release of IFN-γ 

(Figure 9). They also showed lower release of IL4 than T cells from young infected mice (178 ± 

114 pg/mL in senescent mice versus 289 ± 51 pg/mL in young mice), but this difference was not 

statistically significant (Figure 10A). However, when only the mice with healed ulcerations were 

considered for comparison, the release of IL-4 became significantly lower than that from young 

mice (Figure 10B). While IL-4 is dominant in the Th2-response, it was the increased release of 
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macrophage-activating IFN-γ which was probably associated with containment of the parasite 

dissemination. 

 

 
 

 
FIGURE 9. IFN-γ release from SLA-restimulated CD4+ T lymphocytes taken from infected 
young and senescent mice raised in conventional facility. CD4+ T lymphocytes were restimulated 
with SLA for 48h. Subsequently, IFN-γ content was determined in the supernatants by ELISA. T 
helper cells from young BALB/c mice that were stimulated with SLA equivalent to 2 x 106 L. major 
promastigotes were not capable to significantly increase IFN-γ production upon restimulation. By 
contrast, T helper cells from infected senescent BALB/c mice showed a significant increase in L. 
major-specific release of IFN-γ. Each experiment was done in triplicates and data are presented as 
means ± SD (n = 5); * - P < 0.05 for differences between young and aged mice. SLA – stimulation 
with soluble leishmania antigen. Dashed line – no stimulation. 
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FIGURE 10. IL-4 release from SLA-restimulated CD4+ T lymphocytes taken from infected young 
and senescent mice raised in conventional facility. CD4+ T lymphocytes were restimulated with 
SLA for 48h. Subsequently, IL-4 concentration was determined in the supernatants by ELISA. IL-4 
release from T helper cells isolated from senescent infected BALB/c mice was not significantly 
reduced than that from T helper cells from young mice upon restimulation with SLA (A). Anyway, 
when only those senescent mice who had healed ulcerations were monitored for comparison (n = 
3), their release of IL-4 was significantly lower than that from young mice (B). (A) Data are 
presented as means and SD (n = 5) for all mice; (B) data are presented as means and SD (n = 3) 
for mice with healed ulcerations. * - P < 0.05 for differences between young and aged mice. SLA – 
stimulation with soluble leishmania antigen. Dashed line – no stimulation. 
 

These results show that in senescence some BALB/c mice are able to mount a Th1 response and to 

develop resistance. This is remarkable because usually all untreated BALB/c mice infected with 

high doses of L. major mount a Th2 type immune response and inexorably succumb to 

visceralization. 

 

 

3.4. IL-12 RELEASE FROM MACROPHAGES OF YOUNG AND SENESCENT BALB/c 

MICE 

 

 Macrophages from senescent BALB/c mice from conventional facilities spontaneously produce 

higher levels of IL-12 than macrophages from young mice 
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IL-12 released by dendritic cells and macrophages in the early phases of infection with L. major 

plays a crucial role for the initiation of a host protective Th1 immune response leading to IFN-γ 

production and healing (Sacks and Noben-Trauth, 2002). In BALB/c mice macrophages fail to 

produce IL-12 in response to infection, contributing to the development of an non-protective Th2 

immune response and susceptibility (Reiner and Locksley, 1995). Therefore we were interested if 

this cytokine is differentially regulated by L. major parasites in macrophages from young and 

senescent mice. For this, mature bone-marrow-derived macrophages of young and senescent mice 

from the conventional facility seeded into 24-wells cell culture plates were primed with IFN-γ 

100U/mL for 24h and then stimulated with opsonized L. major promastigotes in a target:effector 

ratio of 3:1. As a positive control primed cells were stimulated with LPS. Compared to 

macrophages from young mice, we detected already in control, unstimulated cells, a higher 

spontaneous production of IL-12 by cultured macrophages from senescent mice (Figure 11). This 

difference remained constant after stimulation with L.major, as priming with IFN-γ did not lead to 

a marked supplementary stimulation of IL-12 production. Anyway, when macrophages were 

stimulated with LPS, cells from both young and aged mice were capable to respond to this stimulus 

and to increase release of IL-12, showing that the general ability of producing IL-12 when 

maximally stimulated was similar for macrophages of young and aged mice. 

 
FIGURE 11. IL-12 secretion by macrophages of senescent and young mice raised in conventional 
facility. Bone-marrow-derived macrophages were primed with IFN-γ 100U/mL for 24h and then 
stimulated with L. major opsonized with 1% normal mouse serum or with 20ng/mL LPS as a 
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positive control. IL-12 concentration was measured from supernatants collected 24h later by 
means of ELISA. Control macrophages from senescent mice showed a slightly raised spontaneous 
release of IL-12 compared to those from young mice. This difference remained evident after 
priming with IFN-γ and stimulation with L. major. LPS induced a similar maximal release of IL-12 
in macrophages from both senescent and young mice. Each experiment was done in triplicates and 
data are presented as means ± SD (n = 5); . * - P < 0.05 for differences between young and aged 
mice. 
 

 Thus, in senescent BALB/c mice unstimulated macrophages show a higher, spontaneous release of 

IL-12. This is not dependent on environmental factors, since the same observation was true for 

mice that aged in conventional facilities as well as under SPF conditions. 

 

 

3.5. ENVIRONMENTAL CONDITIONS 

 

Environmental factors are more and more recognized to strongly modulate the immune response 

over time, mainly through permanent stimulation with various microorganisms. Continuous 

exposure, especially in early life, to high concentrations of microbes or microbial products appears 

to prevent IgE production and reduce Th2 immune responses in asthma and atopy in humans 

(Riedler et al., 2001; von Mutius et al., 2000) and in mice (Gerhold et al., 2002). On the other 

hand, data regarding the influence of a low microbial populated milieu as in SPF conditions are 

contradictory, reporting improvements, as well as deterioration of the immune response to 

inflammation and infection (Bennett et al., 1998; Ohmoto et al., 1999). For this reason we 

subsequently investigated if the resistance to infection with L. major in senescent mice observed 

when mice where kept in the conventional facility would still occur in mice bred under SPF 

conditions and thus lacking continuous exposure of the immune system to potentially pathogenic 

microbes. Unlike the situation where mice were kept in conventional facilities, in SPF conditions 

we could not detect any significant differences in the course of infection between senescent and 

young BALB/c mice. Swelling of footpads (Figure 12) and parasite load in spleen after 12 weeks 

(Figure 13) were similar and were associated with a Th2 type response, with almost no production 

of IFN-γ but instead high release of IL-4 upon antigen restimulation in both groups (Figure 14).  
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FIGURE 12. Footpad swelling (mm) of infected young and senescent BALB/c mice from the SPF 
facility. Footpads (compared to the not infected contralateral footpad) were measured weekly and 
did not reveal significant differences between young and aged mice (mean ± SD, n=5). U – 
Ulcerated footpad. 
 

 39



 
 

FIGURE 13. LDA from spleen of young and aged BALB/c mice kept in SPF facility 12 weeks 
after infection. LDA of spleen from each (n = 5) young and senescent mouse was performed in 
order to analyze visceralization. No differences in the parasite content were detected between 
senescent and young mice, all of them showing very high dissemination of L. major. 

 
FIGURE 14. Cytokines released by SLA-restimulated CD4+ lymphocytes isolated from young 
and senescent mice from the SPF facility 12 weeks post infection. CD4-positive LN cells were 
restimulated with SLA for 48 h.  Subsequently IFN-γ and IL-4 concentrations were determined in 
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supernatants by ELISA. No significant differences were observed in IFNγ or IL-4 production of T 
helper cells isolated from young or senescent mice upon restimulation with SLA. Moreover, T cells 
from both young and aged mice raised in the SPF facility presented a lymphokine pattern strongly 
suggestive for a Th2 type immune response, with very low stimulation of the Th1-driving IFN-γ 
production (A), but instead high production of IL-4 upon restimulation (B). SLA – stimulation with 
soluble leishmania antigen. Dashed line – no stimulation. 
 
 

Similar results were obtained when investigating NO production in macrophages from mice raised 

in the SPF facility (Figure 15). 

 
FIGURE 15. NO production in L. major-infected macrophages of mice from SPF facilities. NO 
release was measured as nitrite (NO-

2) concentration in the supernatants of macrophages primed 
with 100U/mL IFN-γ and co-incubated for 24h with 1% normal mouse serum-opsonized L. major 
at a target:effector ratio of 3:1. As a positive control for maximal NO production primed 
macrophages were stimulated with LPS 20ng7mL. As a negative control NO concentration was 
measured in supernatants from unstimulated macrophages kept in DMEM for 24h (Control). No 
differences in NO production were identified between macrophages from aged and young mice 
from SPF conditions when stimulated with L. major. Every experimental setting was in triplicate 
and data are presented as means ± SD (n = 6). 
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In resistant C57BL/6 mice there also were no differences in the immune response between young 

and aged mice (Figure 16), indicating that their genetically determined Th1-driven resistance is 

independent of exposure to environmental conditions. 

 
FIGURE 16. Footpad swelling (mm) of infected young and senescent C57BL/6 mice from the 
SPF facility. Footpads (compared to the not infected contralateral footpad) were measured weekly 
and did not reveal significant differences between young and aged mice (mean ± SD, n=5). 
 

We further hypothesized that exposure to some microbial or viral factors in the conventional 

facility might have especially reverted the T cell response in senescent mice. To investigate this, 

we had screened mice by a commercial laboratory for natural murine pathogens by serology, PCR 

and culture according to the guidelines from FELASA (Rehbinder et al., 1998) We found that 

apart from unapparent confrontation with potentially pathogenic microbes during their life time, 

serum of mice from conventional facilities had been repeatedly tested positive for MHV titres 

(Table 3), indicating longstanding exposure to this virus. 
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TABLE 3. Microbiological screening of mice from SPF and conventional facilities according to 

the criteria of FELASA by indirect immunofluorescence (IFA), cultures and microscopic analysis 

Test Method Result 
 

Serology (virus) 

 Conventional 

facility 

SPF facility 

MHV (mouse hepatitis virus) IFA +++ neg. 

Ectromelia virus IFA neg. neg. 

EDIM (epizootic diarrhea of infant mice) IFA neg. neg. 

LCM (lymphocytic choriomeningitis virus) IFA neg. neg. 

MAd (K87) (mouse adenovirus-2 type K87) IFA neg. neg. 

MCMV (murine cytomegalovirus) IFA neg. neg. 

MPV (mouse parvovirus) IFA neg. neg. 

LDV (lactic dehydrogenase virus) Enzymatic neg. neg. 

MVM (minute virus of mice) IFA neg. neg. 

PVM (pneumonia virus of mice) IFA neg. neg. 

Reo3 (Reovirus type 3) IFA neg. neg. 

Sendai virus IFA neg. neg. 

TMEV (Theiler’s encephalomyelitis virus) IFA neg. neg. 

Polyoma virus IFA neg. neg. 

Hantaan virus IFA neg. neg. 

MTV (mouse thymic virus) IFA neg. neg. 

Bakteriology/Mykology 

Citrobacter rodentium Culture neg. neg. 

Clostridium piliforme IFA neg. neg. 

Corynebacterium kutscheri Culture neg. neg. 

Mycoplasma spp. IFA neg. neg. 

Pasteurelle pneumotrophica IFA neg. neg. 

Streptobacillus moniliformis Culture neg. neg. 

Streptococcus sp. Β-hemolytic (not group D) Culture neg.  

Streptococcus pneumoniae Culture neg. neg. 

Parasitology 
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Aspiculuris sp. Microscopy neg. neg. 

Syphacia sp. Microscopy neg. neg. 

Coccidia Microscopy neg. neg. 

Giardia sp. Microscopy neg. neg. 

Spironucleus muris Microscopy neg. neg. 

Trichomonada Microscopy neg. neg. 

Flagellates (other) Microscopy neg. neg. 

Arthropods Stereo microscopy  neg. neg. 

 

+++ = high titres (>1:80); IFA = indirect immunofluorescence 
Analysis according to criteria of FELASA  
 

MHV refers to a large group of single stranded RNA viruses of the genus Coronavirus with widely 

varying pathogenicity (Compton et al., 1993).  

In addition we compared residential bacterial colonization of oral cavity, small intestine and fur of 

mice from both facilities. However, no differences were detectable in resident microbial 

colonization between mice kept in conventional and in SPF facilities. Staphylococcus aureus, 

enterococci, E.coli, and spore-forming bacteria were isolated from oral cavity and colon. From fur 

we isolated mostly Staphylococcus aureus and E.coli. 

 

IL-12 release from macrophages of young and senescent mice raised in SPF conditions was then 

analyzed under similar experimental conditions as for mice from the conventional facility. Again, 

unstimulated macrophages from aged mice revealed a slightly but significantly higher spontaneous 

release of IL-12 when compared to macrophages from young mice (Figure 17). 

 44



 
FIGURE 17. IL-12 secretion by macrophages of mice from SPF facility. Macrophages from mice 
kept under SPF conditions were stimulated with LPS (20ng/ml) as positive control, with IFN-γ 
(100U/ml), and with opsonized  L.major after priming with IFN-γ (100U/ml) for 24 h. As had been 
shown for macrophages from senescent mice kept under conventional conditions macrophages 
from senescent SPF mice also showed slightly raised release of IL12 compared to those from 
young mice and this difference remained apparent after stimulation with IFN-γ and L. major. The 
secretion of IL-12 was similarly stimulated by LPS in macrophages from aged and young mice. 
(mean ± SD, n=5, * = p <0.05 for differences between young and aged mice. Each experiment was 
done in triplicates and data are presented as means ± SD (n = 5); * - P < 0.05 for differences 
between young and aged mice. 
 

These data show that, interestingly, the higher spontaneous release of IL-12 from unstimulated 

macrophages is dependent on senescence, but does not appear to depend on microbial 

environmental factors. 

 

We thus identified the chronic infection with MHV as another factor contributing along with 

senescence to increased resistance to infection with L. major in aged mice. Interestingly, any of 

these two factors alone can reverse the susceptibility-associated Th2 immune response. Thus, 

young BALB/c mice coming from the conventional facility still remained susceptible to L. major 

even if they had experienced a chronic infection with MHV. Reversely, senescent BALB/c mice 

raised in the SPF facility were not capable of stronger parasite containment than the young ones, 
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although the macrophages isolated from these mice spontaneously released a higher amount of IL-

12 (as did the aged mice in the conventional facility, which resisted to infection). 

 

Our results clearly indicate that neither the isolated age-related impairment of the Th2 cell response 

nor the exposures to pathogenic microbes in conventional animal facilities alone is sufficient to 

overcome susceptibility towards L.major. We conclude that age-inherent decline of the Th2 cell 

response in ageing BALB/c mice paired with continuous exposure of ageing mice to pathogenic 

microbes correlate to substantially improve the immune response towards L.major.  
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4. DISCUSSION 

In this PhD thesis was shown that senescent BALB/c mice are more efficient than young BALB/c 

mice in generating a protective immune response toward infection with L. major. The spectrum of 

this immune response reached from reduced foot-pad swelling and retarded ulceration to a 

complete reversal of susceptibility, with the emergence of an immunocompetent Th1 cell response, 

the containment of parasite spread, and the healing of ulcerated foot pads. 

This is remarkable, as it shows for the first time that some senescent BALB/c mice are capable of 

becoming resistant without further treatment. Usually, infected BALB/mice in a wide age range 

succumb to visceralization without exception, unless they are subjected to exogenous modification 

of the immune response, such as the neutralization of IL-4 or the application of sufficient IL-12 or 

IFN-  (for a review, see reference (Jankovic et al., 2001). A recent study of factors influencing L. 

major infections in IL-4-deficient mice revealed that older but not yet senescent IL-4-deficient 

BALB/c mice (26 weeks of age) present a markedly slower development of ulcers than young IL-

4-deficient BALB/c mice (Kropf et al., 2003). Although the mice in that study were not yet 

senescent (6 months versus 18 months) and were devoid of IL-4, the results indicate that inherent 

age-related alterations in the immune response can act complementarily with exogenous 

modifications (deletion of the gene for IL-4) of the immune system to yield apparent clinical 

effects. 

However, a complete reversal of the immune response did not occur in each of the aged BALB/c 

mice in our study, and it only took place in senescent mice kept under conventional, not SPF, 

conditions. This suggests that a continuous exposure to certain microbes or stimulation by their 

products has an influence on this development (Annacker et al., 2000; Bennett et al., 1998; Ohmoto 

et al., 1999; Ohteki et al., 1992) 

In resistant C57BL/6 mice, senescence was not associated with relevant changes in the immune 

response toward L. major, regardless of whether mice were reared under conventional or SPF 

conditions. This is noteworthy in view of the various deficiencies which have been reported to take 

place in the aging immune response (Anderson et al., 1985; Ginaldi et al., 1999; Pawelec et al., 

2002). 

The mechanisms responsible for longer survival among infected senescent BALB/c mice are not 

likely to encompass altered functions of their effector cells. Macrophages from senescent mice, on 

average, showed no significant differences in phagocytosis, killing rate, and NO production. A 
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significant reduction in the generation of NO by macrophages from senescent mice after 

stimulation with, e.g., IFN-γ, was reported earlier (Chen et al., 2003; Kissin et al., 1997) Depressed 

phagocytic activity has been reported for aging human monocytes (Mege et al., 1988). However, 

recent studies have revealed that there is no general age-related reduction in phagocytic functions, 

but rather a distinct decline depending on the receptors for different pathogens. As such, the 

reduced phagocytosis of S. aureus by senescent macrophages correlated with a reduction of FcγR 

III (CD16), while the uptake of gram-negative bacteria did not differ, coinciding with the 

unchanged expression of CR3 (Butcher et al., 2001). Since CR3 is also a major receptor for L. 

major, this may explain why we did not find significant age-related differences in the phagocytosis 

of L. major. 

While macrophage microbicidal functions were not affected with aging, there were differences in 

the T-cell response between senescent and young mice that explain the clinical improvement. CD4-

positive T cells from those infected senescent mice that revealed resistance had reverted toward a 

Th1 response. This change in the T-cell response may compensate for some previously reported 

age-related deficiencies of the T-cell response which we did not analyze in this study but which 

were shown to include decreased numbers of newly generated mature T cells, a decreased ratio of 

naïve to memory cells, and impaired activation (Pawelec et al., 2002). 

There have been conflicting results with regard to the tendency of senescent mice to mount either a 

Th1- or a Th2-like cytokine response (Schonlau et al., 2000). Some studies report a bias for a Th2 

response in aging mice (Shearer, 1997), while others demonstrate a predominance of murine CD4+ 

or CD8+ cells releasing IFN-γ (Engwerda et al., 1996; Ernst et al., 1993). Data on the cytokine 

response by T cells are more consistent when they focus on in vivo murine models. Recent work on 

two different mouse models involving an in vivo challenge with S. mansoni eggs or the 

gastrointestinal nematode N. brasiliensis revealed an increased capacity of senescent mice to 

produce IFN-γ (Smith et al., 2001) by CD4-positive cells, but also by CD8-positive cells. Similarly, 

in senescent rats, allergic bronchitis was significantly reduced in correlation with a marked 

reduction in the expression of mRNAs for Th2 cytokines (Dissemond et al., 2002). Our study now 

shows not only that aging mice may reveal a decline in the Th2 cell response, but also that aging in 

some cases even leads to a unique reversal to a Th1 response among CD4-positive cells. CD8-

positive cells may serve as an additional source of IFN-γ (Khan et al., 2002; Saurwein-Teissl et al., 

2002), but in the high-dose infection model with L. major, CD4-positive Th1 and Th2 cells are the 

decisive T cells. 
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One factor that could facilitate the generation of a Th1 response and contribute to the spectrum of 

resistance in senescent mice could be the age-related spontaneous release of IL-12 by their 

macrophages. We found that this release was independent of environmental factors. In previous 

studies, the spontaneous or LPS-induced release of IL-12 by monocytes or macrophages was also 

higher or at least unchanged during senescence (Lio et al., 1998; Spencer and Daynes, 1997). 

However, our study also demonstrates that the spontaneous IL-12 release is not sufficient to induce 

resistance, as it also occurs in senescent, but still susceptible, BALB/c mice from SPF facilities. 

Although we cannot present the complete sequence of causal events leading to resistance in 

senescent BALB/c mice, we were able to identify that reversal to a Th1 cell response was the 

decisive mechanism and that there are at least two mandatory requirements for this reversal. Our 

observation that this reversal never took place in mice who were born and raised under SPF 

conditions led to the hypothesis that an exposure to potentially pathogenic microbes could be a 

second signal that is required for a complete reversal of the immune response. 

In young and aged mice from conventional, but not SPF, facilities, titres for MHV were repeatedly 

positive, indicating that these mice had been confronted with MHV and prompted to generate an 

immune response against it. 

It has long been hypothesized that human individuals with a higher or more frequent exposure to 

microbes show a propensity to mount a Th1 response rather than a Th2 response. Some evidence 

for this theory has recently been provided by a survey which demonstrated that farm children with 

higher LPS exposures had a significantly reduced prevalence of Th2-associated atopic sensitization 

than children from municipal areas with less LPS exposure (Riedler et al., 2001). Similarly, 

changes in the composition of the intestinal microflora were shown to suppress a Th2 response 

(von Mutius et al., 2000). In our study, we did not find differences in the intestinal floras between 

mice from conventional or SPF facilities, nor was there a difference in bacterial colonization of the 

oral cavity, small intestine, or fur. Contact with viruses should also facilitate the development of 

Th1 responses, as increased IFN-γ production by CD8-positive T cells was noted for aging human 

populations which had experienced more viral exposure (Epstein-Barr virus and cytomegalovirus) 

(Bandres et al., 2000). In our study, mice from conventional facilities were negative for murine 

cytomegalovirus, but in contrast to mice from SPF facilities, they had positive titres against MHV. 

MHV refers to a large group of single-stranded RNA viruses of the genus Coronavirus with widely 

varying pathogenicity. These viruses can infect mice early in life, inducing an immune response 

(Compton et al., 1993). The mice in our study were clinically normal and presented no signs of 
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demyelinating diseases in the central nervous tissue and no overt signs of hepatitis or 

gastrointestinal disease. Since titres against MHV were and had been repeatedly positive in the 

conventional facilities, we concluded that the mice had been infected earlier in life and had no 

active infection. Confrontation with MHV could still modulate the immune response (Compton et 

al., 1993), as its containment requires a Th1-like response which can be induced even in the 

absence of IL-12 (Pope et al., 1996; Schijns et al., 1998). Remarkably, in humans, an early 

infection with human hepatitis A virus apparently reduces the risk of developing a Th2 cell-

mediated manifestation of atopy later in life (Matricardi et al., 1997). These findings do not prove 

that MHV is the decisive additional factor in the shift to a Th1 response in otherwise susceptible 

senescent BALB/c mice; however, it clearly indicates that factors triggering a Th1 response are 

involved in supporting senescence-related resistance (Lio et al., 1998; Spencer and Daynes, 1997). 

Thus, the age-inherent decline of the Th2 cell response, as reported for aging BALB/c mice in an 

infection model with S. mansoni eggs or N. brasiliensis  (Smith et al., 2001), can also be observed 

in experimental leishmaniasis, but it is not regularly sufficient to cause reversal to a Th1 response. 

According to our results, reversal to a Th1 response becomes possible when, e.g., aging mice are 

not kept under SPF conditions, but rather are exposed at birth and during their lifetimes to an 

environment with potentially pathogenic microbes, which may lead to innate or specific immune 

responses. 

We were thus able to elaborate two absolutely required conditions for full reversal to a Th1 

response, i.e., senescence and an ensuing mandatory condition, such as the reaction to a microbial 

environment, as follows. (i) Age is absolutely required, as not a single young mouse developed 

resistance, irrespective of environmental (SPF or conventional) conditions. (ii) A microbial 

environment is also mandatory, as senescent mice only developed resistance when they were raised 

under non-SPF conditions. (iii) One clearly age-related immunological difference disclosed in this 

study was a higher spontaneous release of IL-12 by macrophages from aged mice than from 

macrophages from young mice. This was independent of the environmental conditions 

(conventional or SPF facilities). (iv) One difference in the microbial environment was the MHV 

infection of mice, which was endemic to conventional facilities only and most likely occurred early 

in life, as the titres were repeatedly positive. In this context, it is remarkable that the resolution of 

MHV infection is associated with a Th1 response which does not depend on the presence of IL-12 

(Schijns et al., 1998; von Mutius et al., 2000). Thus, this could be a supplemental step in light of 

the observation that the higher spontaneous release of IL-12 alone was not sufficient for reversal of 

the immune response. 
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These facts are consistent with the hypothesis derived from human studies that common infections 

acquired early in life, e.g., because of unhygienic living conditions, appear to reduce the propensity 

of individuals to develop Th2 cell-mediated immune responses. Although this hypothesis is still 

speculative, it could be the task of future studies to investigate whether infections with MHV or 

other microbes in conjunction with certain senescence-related alterations of the immune response 

generate constellations which explain the different levels of immunological effective immune 

response toward L. major.  

Specifically, we will need to investigate if early infection of mice raised in SPF conditions with a 

non-lethal strain of Murine Hepatitis Virus will reverse susceptibility to infection with L. major in 

senescence; if so, we will need to characterize the immunological changes relevant for this 

outcome induced by Infection with MHV. Finally, we will have to search for other infective agents 

or antigens which might influence immunity during ageing. 
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5. SUMMARY 

 

With advancing age, the immune system of animals and humans undergoes characteristic changes, 

usually resulting in decreased immunocompetence. Particularly the T cell compartment is 

considered to present an age-related decline in immune response, but other components of the 

adaptive and innate immunity also contribute to a general pattern characterized by increased 

susceptibility to infections and malignancies and sometimes a deficiency in mounting a Th2 (T 

helper type 2) immune response. 

 

This PhD thesis addresses the question whether the age-related decline in Th2 responses is 

dominant enough to reduce the generation of Th2 cells, and even to bias T-cell differentiation 

towards a Th1 (T helper type 1) pattern and thus to provide a higher resistance to those diseases 

that require a Th1 type immune response for healing.

 

We investigated this issue on the model of experimental leishmaniasis in mice. This was the first 

animal model used for elaborating the relevance of the Th1/Th2 dichotomy for the immune 

response in vivo. In this model, genetically resistant inbread strains (like C57 mice) heal the 

cutaneous lesion and clear the infection with the parasite Leishmania major by mounting a Th1 

immune response with high levels of IFN-gamma; by contrast, genetically susceptible strains (like 

BALB/c mice) do not heal and succumb under progressive dissemination of the parasites. 

 

We show that in vitro the microbicidal functionality of macrophages (phagocytosis, killing or nitric 

oxide production) with regard to infection with Leishmania major did not differ between young (8-

10 weeks old) and aged (18 months of age and older) mice. 

Still, surprisingly, susceptible senescent BALB/c mice developed a milder infection than the young 

ones and in 60% of the cases even healed ulcerations, similarly to the resistant, C57BL/6 mice. 

Moreover, when investigating the T helper polarization pattern, we could show that some senescent 

BALB/c mice were able to mount a Leishmania major-specific Th1 immune response, with 

elevated release of IFN-gamma upon infection. By sharp contrast, young BALB/c mice developed 

the susceptibility-characteristic Th2 response, with elevated release of Interleukin-4. 

This important observation was further sustained by the finding that macrophages from senescent 

BALB/c mice spontaneously produce higher levels of Interleukin-12 than macrophages from 

young mice. Interleukin-12 is the main cytokine responsible for the initiation of a host-protective 

Th1 immune response. 

 52



 

Another interesting finding was that aged BALB/c mice did not show any sign of resistance to 

infection with Leishmania major when they were born and raised under specific-pathogen-free 

(SPF) conditions, although the ability to spontaneously release higher amounts of Interleukin-12 

was preserved. This lead us to the conclusion that, besides aging, exposure to potentially 

pathogenic microbes could be a second signal that is required for a complete reversal of the 

immune response. Indeed, we have identified the infection with Murine Hepatitic Virus (MHV) as 

a possible second signal, which might have driven the immune response towards a Th1 pattern in 

senescent mice raised in conventional conditions. 

 

In the discussion part we emphasize the importance of our findings and place them in the context 

of the most recent knowledge regarding the factors influencing experimental leishmaniasis. 

We examine in detail the data that consent, but especially those controversial with our results on 

the Th1/Th2 reversal in senescence, and try to reconcile them by accurately defining and 

explaining our model. Additionally, we identify interesting parallels between our experimental 

models and immunosenescence in humans and define new perspectives for investigating the role of 

early microbial exposure in the protection against Th2-mediated diseases. 

In this study we show that senescent BALB/c mice are able to develop resistance to infection with 

Leishmania major by reversing the susceptibility-associated Th2 immune response into a 

protective, IFN-gamma driven Th1 one. We establish two mandatory factors that condition this 

reversal: senescence and exposure to pathogens.  Specifically, we identify the higher spontaneous 

release of IL-12 as an age-related condition and repeated infection with MHV as an environment-

related condition to enable this outcome. 

Our results are both remarkable and important, as they show for the first time that BALB/c mice 

might become resistant to infection with Leishmania major without any treatment. 
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