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1. INTRODUCTION 

 

Malaria represents the most widespread vector borne disease in the world and remains 

one of the leading public health challenges mankind is facing today. Up to two billion people, 

more than one third of the world's population, live at risk for malaria and about one billion are 

infected. Each year, the malaria parasite Plasmodium causes 300 million to 500 million new 

cases with 2 - 3 million deaths, the vast majority being young children in Africa (CDC). 

Malaria imposes substantial costs on individuals and governments of endemic countries, 

resulting in a reduction in the annual economic growth combined with a broad socio-economic 

impact (Gallup and Sachs, 2001). Forty years after the discovery that radiation-attenuated 

Plasmodium sporozoites protect against malaria (Nussenzweig et al., 1967), a highly efficient 

malaria vaccine to combat this deadly parasitic disease is still unavailable (Epstein et al., 

2007). Physical barriers like bed nets and chemical prevention methods are not capable of 

stopping transmission of the disease, and the parasites’ resistance to chemoprophylactic and 

chemotherapeutic agents is increasing (WHO). In many areas with temperate climate, such as 

Western Europe and the United States, public health measures and economic development 

have succeeded in eliminating malaria (Figure 1) (Hay et al., 2004). However, a recent study 

by Schroder et al. (2007) focusing on the risk of a malarial outbreak in Lower Saxony 

confirmed the possibility of a malaria reintroduction to Germany. Malaria was endemic in 

Europe until the middle of the last century and still today, most of its regions harbour 

Anopheles mosquitoes that could transmit the disease. Taking into account the increase in air 

temperature predicted by the Intergovernmental Panel on Climate Change (IPCC), the study on 

global warming scenarios showed that while today an annual two to three month period of 

malaria transmission is possible, in 2020 a period of up to four months and in 2100 even up to 

6 month per year could take effect, if the pathogen would be reintroduced to Lower Saxony 

(Schroder et al., 2007). This emphasizes the fact that malaria is not only a disease limited to 

sub-Saharan Africa, parts of Central and South America and Asia, but also requires global 

control and action (Hay et al., 2004).  

To successfully conquer malaria, it is crucial to make progress on several fronts at 

once: vector control, disease management including prevention and treatment, improving 

social conditions, and understanding the biology of the parasite. The dawn of the new 
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millennium has seen a resurgence of interest in the disease by several governments, 

particularly the “Roll Back Malaria Partnership”, researchers and philanthropic organizations, 

foremost the Bill & Melinda Gates Foundation which donated $258 million in 2005 to fight 

malaria. However, we are still confronted with the complexity of the parasite, the vector, the 

host and the multiple interactions among them.  

Aim of this thesis was to provide a better understanding of the biology of Plasmodium 

by focusing on the liver phase of the parasite’s life cycle. One aspect was to analyze the role of 

Kupffer cells, the resident macrophage of the liver, as potential entrance gates for Plasmodium 

yoelii sporozoites to the liver.  The second focus was on the growth and development of exo-

erythrocytic forms (EEFs) within hepatocytes and the budding process of the so-called 

merosomes as the predominant mechanism of merozoite release. Furthermore, the fate of the 

released merosomes within the body was examined by various intravital and ex vivo 

microscopic techniques. The results and discoveries obtained may reveal novel targets for 

therapeutic approaches to inhibit Plasmodium sporozoite infection of and EEF development in 

the liver and to interfere with the release of erythrocyte-infective merozoites. 

 

 

 

Figure 1.  The global distribution of malaria from 1900 to 2002. (adapted from Hay et al., 2004) 
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2. BACKGROUND 

 

2.1. HISTORY 

 

When unable to defend herself by the sword 

Rome could defend herself by means of the fever. - The poet Godfrey of Viterbo, 1167 

 

The human race and Plasmodium are linked by a long evolutionary host-parasite 

association (Hay et al., 2004). Populations of Plasmodium falciparum increased rapidly in 

Africa around 10,000 years ago and then spread worldwide. This event coincides with human 

population growth and migration, the dawn of agriculture and specification of the African 

mosquito vectors (Hume et al., 2003; Joy et al., 2003; Hay et al., 2004). Many years later, 

ancient Rome and Greece were the first empires to suffer from the consequences of malaria 

(Sallares, 2002). Characteristic symptoms like chills, sweats, and swelling of the spleen were 

widely recognized by Rome’s doctors, along with the fact that outsiders moving into the area 

were most vulnerable to the disease (Spielman, 2001). This circumstance may have saved 

Rome several times from hostile takeover since invading foreign troops, including Attila the 

Hun, found themselves soon to be devastated by the disease. A widespread outbreak of a 

particularly lethal strain in the fifth century A.D. on the other hand presumably contributed to 

the decline of the Roman Empire (Wilford, 2001; Sallares, 2002). In the Middle Ages, entire 

armies were laid down by Italian mosquitoes, and the fear of the fevers probably helped 

prevent Genghis Khan from invading Western Europe. The army of Henry II was 

devastatingly defeated by malaria and several French and German popes fell victim to the 

disease (Spielman, 2001). When the first ships arrived in the New World, they not only 

carried slaves but also some passengers not listed on any manifest: mosquitoes, malaria and 

yellow fever (Spielman, 2001). In the 19th century, West Africa became known as the “white 

man’s grave” to the British Empire, preventing the establishment of a European dominion 

over many sections of the African continent and leading to the foundation of the first schools 

of tropical medicine in London and Liverpool (Bockarie et al., 1999).  

During all those years, physicians and chroniclers had already correctly associated 

dirty, standing water with the feverish illness, giving rise to the Italian word mal’aria, 
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meaning bad air, but it was not until 1880 that Charles Laveran discovered the protozoan 

parasite in the blood of an infected human, finally identifying the causative agent behind the 

disease (Desowitz, 1999; Despommier, 2005). In 1897 it fell to Ronald Ross, a British 

Doctor, to identify the mosquito as the vector for malaria. He was the first to demonstrate, 

that the parasite could be transmitted from infected humans to mosquitoes. Then, using a 

species of the parasite that infects birds, he showed that the parasite develops within 

mosquitoes and can be transmitted from bird to bird via the mosquito (Sherman, 1998). In a 

neck-to-neck race with Ross during that time, Giovanni Batista Grassi recognized that only 

Anopheles mosquitoes can harbor the human malaria parasite (Desowitz, 1999). Ross’ work 

earned him the 1902 Nobel prize in medicine and established vector control as a major anti-

malarial strategy (Sherman, 1998).  

To quote Aide et al. (2007) “When in 1955 the malariologist Paul Russell predicted 

without hesitation the imminent end of malaria, little could he have imagined that more than 

half a century later malaria would still be one of the most important public health challenges 

in the world” (Russell, 1955; Aide et al., 2007).  

 

 

2.2. LIFE CYCLE OF PLASMODIUM   

 

Malaria is caused by the apicomplexan parasite of the genus Plasmodium. The over 200 

host-specific species primarily infect humans, primates, rodents, birds and reptiles. In the 

following chapters, the mammalian and avian life cycles will be explained and crucial 

differences between them will be pointed out.  

 

2.2.1. Mammalian Species 

All mammalian Plasmodium species have comparable life cycles (Landau and 

Gautret, 1998). This includes the four main species that infect humans (P. falciparum, P. 

vivax, P. malariae and P. ovale) and the rodent species used in various model systems, such 

as P. yoelii and P. berghei.  

Within its intermediate host, the complex life cycle of Plasmodium (Figure 2) 

involves two stages - the asymptomatic liver phase (exo-erythrocytic cycle) followed by the 
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symptomatic blood phase (erythrocytic cycle): Infection in mammals begins with the bite of 

an infected female Anopheles mosquito. After inoculation into the skin, malaria sporozoites 

migrate to and enter a blood capillary (Sidjanski and Vanderberg, 1997; Vanderberg and 

Frevert, 2004; Amino et al., 2006). Sporozoites use the bloodstream to home to the liver, 

where they invade hepatocytes and mature to hepatic schizonts, also called exo-erythrocytic 

forms (EEFs), which contain thousands of merozoites (Meis and Verhave, 1988). When 

released into the circulation, each freed merozoite can infect an erythrocyte. Upon erythrocyte 

invasion, a parasitophorous vacuole forms around the merozoite as it first differentiates into a 

ring trophozoite and then into a mature throphozoite that enlarges to form a schizont that 

divides into approximately 16 intra-erythrocytic merozoites (Good et al., 2005). During this 

erythrocytic phase, the parasite metabolizes the host’s hemoglobin to hemozoin, which is the 

characteristic malaria pigment (Fujioka, 1999). The multiplying parasite causes the infected 

red blood cell to swell, burst and release the hemozoin along with the next generation of 

merozoites that then invade new erythrocytes and continue the cycle. The length of this 

erythrocytic stage of the parasite life cycle depends on the parasite species, lasting between 

48 hours (P. falciparum, P. vivax, and P. ovale; tertian malaria) and 72 hours (P. malariae, 

quartan malaria) in humans. Upon erythrocyte infection, some merozoites differentiate into 

sexual forms, so-called gametocytes. When taken up during a blood meal by the definitive 

host, a female anopheline mosquito, the male gametocytes undergo a rapid nuclear division, 

producing up to eight sperm-like microgametes, which exflagellate from the erythrocytes and 

fertilize the female macrogametes. The resulting zygote, or ookinete, penetrates the 

mosquito’s midgut wall and transforms under the basal membrane of the midgut into an 

oocyst that can produce more than 1,000 sporozoites. Soon the mature oocyst ruptures, 

releasing sporozoites that eventually migrate to and invade the mosquito’s salivary glands. 

The sporozoites are then ready to be transmitted into a susceptible host via the saliva during 

the mosquito’s next blood meal (Sherman, 1998).   

P. vivax and P. ovale parasites are exceptional in that they are able to arrest their 

development during the liver phase of an infection and form so-called hypnozoites. Those 

dormant liver stages can “revive” at a later time and cause relapses after clearance of the 

acute blood infection (Chen et al., 2007).  
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Figure 2.  The life cycle of the mammalian Plasmodium parasite (from www.cdc.gov/malaria/ 
biology/life_cycle.htm). 

 

2.2.2. Avian Species 

Avian Plasmodium sporozoites, which are transmitted by Culex, Aedes or Anopheles 

mosquitoes (Seed and Manwell, 1977), initially remain at the bite site where they invade local 

macrophages and develop into cryptozoites (Figure 3). When these cryptozoites are released 

48 hours later, some infect new macrophages at the site of inoculation, while others 

disseminate across the body to invade macrophages of the reticuloendothelial system (RES), 

including Kupffer cells, where they develop to metacryptozoites (Bray, 1957). 

Metacryptozoites then infect erythrocytes, differentiate to merozoites that can re-infect red 

blood cells, and continue the blood phase cycle. Subsequent tissue stages, so-called 

phanerozoites, can derive either from metacryptozoites or from merozoites that return from 

the blood to the tissue. Phanerozoites spread all over the host’s body, infecting in particular 



BACKGROUND 

7 

vascular endothelia of the brain and the lungs and macrophages of the RES. Death in acute 

infections can either be caused by high parasitemia or cerebral dysfunction due to massive 

multiplication of phanerozoites (Garnham, 1966; Huff, 1968), similar to the pathology caused 

by erythrocytic stages of P. falciparum infection in humans (Seed and Manwell, 1977; Oo et 

al., 1987).  

 In contrast to avian malaria, mammalian Plasmodium species do not develop in 

macrophages. As pointed out above, they undergo only one round of preerythrocytic 

schizogony in hepatocytes, and erythrocytic merozoites do not reinvade cells of the RES.  

 

 

 

Figure 3.  The life cycle of the avian malaria parasite Plasmodium gallinaceum. Based on drawings 
from Garnham (1966) (picture courtesy of U. Frevert). 
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2.3. MALARIA 

 

2.3.1. Epidemiology 

Although over a century has passed since the identification of this deadly parasite, 

malaria still remains one of the leading global health challenges (Zuccotti and DeAngelis, 

2007). Approximately 40% of the global population, mostly of tropical and sub-tropical 

regions, lives at risk for malaria infection (Snow et al., 2001). The disease causes annually up 

to 500 million cases worldwide and over 1 million deaths, the majority of them being young 

children in Africa (Snow et al., 2005). Most severe attacks and clinical events are due to 

infections with P. falciparum, which is endemic in sub-Saharan Africa and throughout most 

of the tropics (Figure 1) (Engwerda et al., 2005; Snow et al., 2005). Infections with P. 

falciparum can lead to life-threatening complications like cerebral malaria (CM) and severe 

anemia. Cerebral malaria has a mortality rate of 10-20% in children and can cause 

neurological damage and developmental problems (Greenwood et al., 2005). Malaria also 

puts a tremendous economic burden on the affected countries and is estimated to cost Africa 

more than US$ 12 billion annually. Also, the yearly gross national product (GNP) in highly 

endemic countries grows 2% less than in malaria-free countries with similar background 

(Engwerda et al., 2005; Greenwood et al., 2005). 

Efforts to eradicate malaria after World War II were partially successful, but the 

situation has deteriorated since the collapse of the global eradication campaign in the 1970s 

(Feachem and Sabot, 2007). Mortality in sub-Saharan Africa has increased, epidemic malaria 

is spreading and P. vivax re-emerged in formerly eradicated areas (Engwerda et al., 2005; 

Greenwood et al., 2005). In the past years there has been a resurge of interest in malaria and it 

has become a global health priority and focus of several initiatives. Ambitious goals such as a 

50% mortality reduction by 2010 (Roll Back Malaria Program) were set, but they can only be 

accomplished with strong leadership, sound management and adequate funding (Feachem and 

Sabot, 2007; Zuccotti and DeAngelis, 2007).  

 

2.3.2. Immunology 

The clinical outcome of a malaria infection depends on many factors (see below), but 

key players are age and immune status of the host as well as transmission dynamics of the 
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disease (Baird et al., 1998; Weatherall et al., 2002). In areas with stable endemicity, all parts 

of the clinical disease spectrum are seen to some degree (Marsh, 1999). Year-round 

transmission continually exposes and re-exposes the community to the bites of infected 

mosquitoes, resulting in a persisting low-level parasitemia and established immunity. This 

condition is known as premonition (Despommier, 2005). Some individuals may fall ill for 

short periods, but in general only show mild or no clinical symptoms. In areas with unstable 

seasonal malaria transmission, a much higher percentage of the community develops malaria 

and eventually recovers as immunity develops. However, by the next transmission season 

immunity wanes and individuals are susceptible again to the development of the disease 

(Marsh, 1999).  

Protective immunity develops in three phases: first immunity to life-threatening 

disease; second, immunity to symptomatic infection and third, partial immunity to 

parasitization (Schofield and Grau, 2005). This is thought to be a result of immune responses 

adapting to bioactive parasite products, desensitization of the immune system to malaria 

toxins, a switch from TH1 to TH2-cell responses or a combination of all (Schofield and Grau, 

2005). 

The immune response also depends markedly on the stage of the parasite’s life cycle 

the host is confronted with. For example, the protective immunity against sporozoites is 

humoral, and Vanderberg and coworkers have shown that antibodies immobilize parasites 

inoculated into the skin of immunized mice (Sidjanski and Vanderberg, 1997; Vanderberg 

and Frevert, 2004). On the other hand, the adaptive immune response against blood stages 

involves CD4+ T cells, IFN-γ and specific IgG antibodies (Stevenson and Riley, 2004). 

Finally, sterile immunity against liver stages, which have represented a key vaccine target for 

several decades, is primarily mediated by CD8+ T cells, IFN-γ, and nitric oxide (Nardin and 

Nussenzweig, 1993; Doolan and Hoffman, 2000). New vaccine approaches are currently 

under investigation that are based on live Plasmodium sporozoites, which are metabolically 

active but non-replicating due to radiation- or genetic attenuation (Nussenzweig et al., 1967; 

Luke and Hoffman, 2003; Mueller et al., 2005).  
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2.3.3. Disease and Pathology 

The medical conditions of a malaria infection in humans are caused by the asexual 

blood stages of Plasmodium. Patho-physiological processes result from sequestration of 

infected red blood cells to certain sites, the destruction of erythrocytes, the liberation of 

parasites and erythrocyte material, and the immune response of the host. Exoerythrocytic liver 

stages and sexual blood stages are not known to cause organ dysfunction (White, 1998). The 

clinical outcome of the disease ranges from asymptomatic infection to death and depend on a 

combination of multiple parasite, host, geographic, and social factors (Weatherall et al., 

2002). Parasite virulence factors are associated with multiplication capacity, red cell 

selectivity, cytoadherance, malaria toxins, antigenicity, drug resistance and antigenic 

variation (White, 1998; Weatherall et al., 2002). The hosts’ susceptibility depends for 

instance on its immune status, age, proinflammatory immune responses and genetic 

disposition (Baird et al., 1998; Weatherall et al., 2002). Geographic and social factors include 

the transmission intensity, access to treatment, as well as the political and economical 

situation of a country.  

 

2.3.3.1. Asymptomatic Infection and Fever 

In man, the first malaria symptoms usually occur 7-15 days after inoculation of 

sporozoites into the bloodstream (Despommier, 2005; WHO). The classic malaria paroxysm 

lasts 6-10 hours and consists of three stages: Chills and shaking followed by high fever (up to 

41°C) and severe sweating (CDC). These attacks are followed by afebrile intervals, but 

multiple relapses can recur every 48 hours (tertian malaria) or 72 hours (quartan malaria). 

Other non-specific symptoms include headache, nausea, malaise, myalgia and gastro-

intestinal symptoms (White, 1998).  

The majority of malaria cases present as unspecific febrile illnesses without the 

classical pattern of sweats and chills. They can be terminated by treatment with anti-malarial 

drugs or by the host’s immune response (Mackintosh et al., 2004).  

 

2.3.3.2. Severe Malaria  

Some cases of febrile illness, however, progress to severe malaria, a life-threatening 

condition predominantly caused by Plasmodium falciparum. Severe malaria is a complex 
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multi-system disorder, mainly affecting infants and young children in highly endemic areas 

(Schofield and Grau, 2005). It is characterized by the syndromes of cerebral malaria, coma, 

severe anemia, and/or metabolic acidosis, which leads to respiratory distress syndrome 

(Maitland and Marsh, 2004). Metabolic acidosis is the best independent predictor of death in 

both adults and children (Maitland and Marsh, 2004) and is largely due to excess lactic acid 

(Weatherall et al., 2002). In areas of lower transmission, severe malaria also affects adults 

and more frequently involves conditions like renal failure, pulmonary edema, hyperreactive 

malaria splenomegaly, jaundice and shock (Engwerda et al., 2005; Schofield and Grau, 

2005). Disease progression is determined by a combination of parasite-specific virulence 

factors and host inflammatory responses (Mackintosh et al., 2004). It was originally believed 

that severe malaria is caused by the massive destruction of red blood cells and the obstruction 

of small vessels in the cerebral vasculature by sequestered infected erythrocytes (Abdalla et 

al., 1980; Newton et al., 1997; Beeson and Brown, 2002; Mackintosh et al., 2004), but 

mounting evidence suggests that this in an oversimplification. Severe malaria is now 

recognized as a complex multi-system dysfunction with many similarities to sepsis 

syndromes, involving diverse pathology and a wide range of clinical symptoms (Mackintosh 

et al., 2004). 

A special form of local pathology is the so called pregnancy-associated malaria 

(PAM), caused in primi- and secundagravidae who live in areas with high rates of 

transmission. Although women can develop considerable immunity to malaria, by the time of 

pregnancy they are susceptible to the disease. Certain strains of Plasmodium falciparum 

exhibit receptors on the surface of infected erythrocytes that can bind to placental endothelial 

cells. Accumulation of parasitized red blood cells in the placenta can lead to infants with low 

birth weight and severe maternal anemia (Fried and Duffy, 1996; Beeson and Brown, 2002; 

Greenwood et al., 2005; Schofield and Grau, 2005).  

 

2.3.4. Diagnosis 

In endemic areas, malaria diagnosis is mainly based on the patient’s symptoms and 

clinical findings. However, gold standard for diagnosis remains the microscopic identification 

of the parasite in Giemsa-stained blood smears. Thin or thick smears confirm parasite 

presence and allow for identification of parasite species and indication of parasitemia 
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(Despommier, 2005; CDC). Interpretation of findings must be cautiously evaluated since 

smears can be falsely negative (i.e. due to parasite sequestration) or the patient is infected, but 

symptoms are resulting from a different disease (i.e. persisting low level parasitemia in 

endemic areas) (Morrow, 2001). More sophisticated detection methods, such as PCR and 

“Rapid antigen-detection Diagnostic Tests” (RDTs) are available but not routinely used 

because of high costs or lack of equipment (CDC; Zuccotti and DeAngelis, 2007).   

 

2.3.5. Treatment and Prevention  

Quinine, an alkaloid that can be found in the bark of the Peruvian “fever tree”, was 

already used during the early 17th century to treat malaria, and led to the development of 

synthetic quinine-based compounds like chloroquine (Despommier, 2005). As a safe, 

inexpensive and highly effective treatment against blood stages, chloroquine was the most 

important anti-malarial drug for decades. Alternative common blood-stage schizonticides, 

depending on the Plasmodium species, include sulfadoxine-pyrimethamine (Fansidar®), 

mefloquine (Lariam®), atovaquone-proguanil (Malarone®), artemisinin and doxycycline. In 

addition, primaquine is the only drug effective against liver stages, including the dormant 

hypnozoite stages of P. vivax and P. ovale, and atovaquone-chloroguanide is capable of 

eliminating P. falciparum liver stages (Wellems and Miller, 2003; CDC). However, the 

worldwide spread of parasite drug-resistance, especially to chloroquine, has changed the way 

of treatment and prophylaxis. Monotherapies are being replaced by a combination of two 

drugs with different modes of action. Artemisinin-based combination therapies are now 

considered first-line treatment for uncomplicated P. falciparum infections in Africa (Zuccotti 

and DeAngelis, 2007). 

Another approach of treatment is called intermittent preventive therapy (IPT). Women 

who receive chemoprophylaxis during pregnancy have a reduced risk of developing severe 

maternal anemia and improved infant birth weight (Greenwood et al., 2005).  

Aggressive vector control strategies, such as indoor spraying using the insecticide 

DDT, coupled with public health measures, i.e. improved sanitation, eradicated malaria from 

the United States by 1951. Eradication programs failed, and are still difficult to implement, in 

tropical Africa and many parts of Asia due to the development of insecticide resistance by the 

mosquito, drug resistance by the parasite, insufficient funding, inadequate health 
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infrastructure, poverty and lack of education (Greenwood et al., 2005; CDC). However, 

personal protection measures and vector control strategies remain the most practical method 

for wide-scale malaria control. Current vector control strategies focus on indoor house 

spraying with insecticides, personal repellents, draining of mosquito breeding sites, larvicide 

application, and the use of insecticide-treated bed nets (Morrow, 2001; Greenwood et al., 

2005; Feachem and Sabot, 2007; Zuccotti and DeAngelis, 2007).  

Failed eradication programs galvanize intensive research programs focused on the 

development of a malaria vaccine. While it has been demonstrated that man can be protected 

against malaria by vaccination with irradiated sporozoites (Nussenzweig et al., 1967; Clyde et 

al., 1973), a practical and effective vaccine that is suitable for immunization of people living 

in endemic areas is still not available (Greenwood et al., 2005).  

However, novel information gained from the genome sequence and proteomes of 

various Plasmodium species (Gardner et al., 2002) and Anopheles gambiae (Holt et al., 2002) 

might enable the development of new drugs and vaccines (Gardiner et al., 2005). Mueller et 

al. for instance pursued a promising approach by generating genetically attenuated 

sporozoites that conferred complete protection against infection with Plasmodium in a rodent 

model (Mueller et al., 2005; Jobe et al., 2007; Labaied et al., 2007; Mueller et al., 2007; 

Tarun et al., 2007).  

Another noteworthy project, which advances the idea of a radiation-attenuated whole 

parasite vaccine against P. falciparum, is conducted by Steve Hoffman and colleagues and 

has progressed to clinical trials (Luke and Hoffman, 2003).  

 

 

2.4. LIVER MORPHOLOGY AND FUNCTION 

 

The liver is the largest gland in the human body. Its functional versatility and 

complexity are only rivaled by the central nervous system (Jones and Spring-Mills, 1984). As 

a metabolic center, the liver plays for instance an important role in carbohydrate and lipid 

metabolism, bile formation and detoxification of exo- and endogenous compounds. It has a 

unique relationship to the immune system, with an abundance of phagocytes acting as a  
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Figure 4.  Morphology of the liver. A. Liver lobules are demarcated by six portal fields, each 
containing an arteriole (red), a portal venule (blue), and a bile ductule (green). The blood flows from 
the portal fields to the central vein (blue arrows). B. Magnification of a liver sinusoid. Blood from a 
portal venule (blue) and a hepatic arteriole (red) merge upon entry into the sinusoid. The space of 
Disse separates the sinusoidal cell layer, which is composed of  fenestrated endothelial cells 
interspersed with star-like Kupffer cells, from hepatocytes. (adapted from Frevert, 2004) 
 

principal filter for foreign particles, especially bacteria, and endotoxins arriving from 

the gut via the portal vein (Jones and Spring-Mills, 1984).  

The liver has a dual blood supply, which consists of the hepatic artery, carrying blood with 

high oxygen content, and the portal vein providing nutrient-rich but poorly oxygenated blood. 

The portal vein brings about three quarters of the afferent blood volume to the liver. It merges 

with arterial blood upon entry into the liver lobule, the smallest functional unit of the liver 

A 

B 
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parenchyma (Figure 4A) (Jones and Spring-Mills, 1984). Each liver lobule has a typical 

hexagonal shape and is confined by six portal fields that consist of a terminal branch of a 

portal vein, hepatic artery and a bile duct (Gumucio et al., 1994). Blood flows from the portal 

fields through sinusoids to the central vein, where it is collected for transport out of the liver. 

The structure of the sinusoids is of unique design: they are lined by a continuous layer 

composed of highly fenestrated endothelia and Kupffer cells, the resident macrophages of the 

liver (Figure 4B) (Jones and Spring-Mills, 1984; Wake et al., 1989). Between the sinusoidal 

cell layer and the hepatocytes lies the space of Disse, which contains the loose extracellular 

matrix of the liver as well as peri-sinusoidal stellate or Ito cells. Stellate cells produce 

extracellular matrix proteoglycans and store vitamin A in lipid droplets (Wake, 1980; 

Moriwaki et al., 1988). Another cell type that can be found in the sinusoids is the pit cell, a 

liver-specific NK cell (Luo et al., 2000). Endothelial cells represent approximately 44% of the 

sinusoidal cell volume, stellate cells 22%, and Kupffer cells 33% (Blouin, 1977; Arias et al., 

1982; Phillips et al., 1987). The principal function of the sinusoidal endothelium is to protect 

hepatocytes from direct exposure to the hepatic blood flow. The fenestrations permit plasma 

transfer between the sinusoids and the space of Disse, but exclude larger corpuscles and the 

cellular components of the blood (Phillips et al., 1987). 

 

2.4.1 Kupffer Cells 

 In an effort to demonstrate nerve fibres in the liver, Karl Wilhelm Kupffer originally 

described the occurrence of peri-sinusoidal ‘Sternzellen’ (stellate cells) using Gerlach’s gold 

chloride staining (Kupffer, 1876). In his subsequent work, Kupffer discovered another cell 

type, which was located inside the sinusoid and able to incorporate intravenously injected 

India ink or erythrocytes (Kupffer, 1899). These phagocytic cells, now known as Kupffer 

cells, were later formally described (Browicz, 1898; Zimmermann, 1928). In the 1960s, 

extensive work by Wisse and others clearly differentiated Kupffer cells from endothelia based 

on their endogenous peroxidase activity in addition to their phagocytic properties (Singer et 

al., 1969; Fahimi, 1970; Wisse, 1970). Primitive macrophages first develop in the yolk sac 

during ontogeny. They then rapidly differentiate into fetal macrophages and migrate into the 

fetal liver, where they later become mature and transform into Kupffer cells (Naito et al., 

1997a). After birth, based on the concept of the Mononuclear Phagocyte System (MPS) as 
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proposed by Furth and colleagues (van Furth et al., 1972; van Furth, 1989), Kupffer cells 

originate from bone marrow-derived monocytes in the blood that migrate to the liver, where 

they differentiate into stationary tissue macrophages (Naito et al., 2004). However, other 

theories support the alternative view that Kupffer cells have the capacity to proliferate and are 

a slow replicating, independent cell population that is capable of surviving by self-renewal 

(Wisse, 1974b; Widmann and Fahimi, 1975; Kojima, 1976; Naito et al., 1997a). 

Development and differentiation of Kupffer cells predominantly depends on 

macrophage colony-stimulating factor (M-CSF or CSF-1), but about 30% of the population 

can mature in the absence of M-CSF; these cells are instead regulated by granulocyte-

macrophage colony-stimulating factor (GM-CSF or CSF-2) and IL-3 (Myint et al., 1999; 

Naito et al., 2004). Nevertheless, these GM-CSF/IL-3 dependent Kupffer cells require M-CSF 

to fully develop and proliferate, otherwise they remain small, ultrastructurally immature and 

without peroxidase activity (Usuda et al., 1994; Naito et al., 2004). After elimination with 

liposome-encapsulated clodronate, Kupffer cells start to reappear after 1 week and the 

repopulation is complete after 2 weeks (van Rooijen et al., 1990; van Rooijen and Sanders, 

1997). Data concerning the life span of Kupffer cells is conflicting and ranges from 3.8 days 

to up to a year (Steinhoff et al., 1989; Naito et al., 2004).   

Kupffer cells constitute for 80-90% of the fixed macrophages in the body and are primarily 

located in the periportal regions of the liver lobule, where they are focally embedded in the 

endothelial cell layer (Sleyster and Knook, 1982; Phillips et al., 1987; Wake et al., 1989; 

Bouwens and Wisse, 1992; Frevert et al., 2006). Strategically positioned at sinusoidal 

bifurcations, Kupffer cells play an important role as a defence mechanism of the body as well 

as mediators of haemoglobin degradation, bilirubin metabolism, and enzyme catabolism 

(Phillips et al., 1987). Lipoprotein uptake and phagocytosis of foreign or altered self material 

from the blood is mediated by Fc receptors, C3 receptors, syndecans and scavenger receptors 

such as LRP-1 (Low Density Lipoprotein Receptor-Related Protein 1), CD36 (Cluster of 

Differentiation 36), SR-A1 and SR-A2 (Scavenger Receptor Class A ) (Stanton et al., 1992; 

Endemann et al., 1993; Herz, 1993; Camani and Kruithof, 1994; Strickland et al., 1995; Naito 

et al., 2004). When activated, Kupffer cells generate reactive oxygen species (ROS) and 

secrete cytokines and chemokines, which can promote inflammatory reactions (Decker, 1990; 

Kuiper et al., 1994). This property represents on the one hand a potent defence mechanism 



BACKGROUND 

17 

against pathogens (Mauël, 1996; Usynin et al., 2007), but can also lead to severe liver damage, 

for instance in endotoxin mediated alcoholic liver disease or cirrhosis (Vrba and Modriansky, 

2002; Wheeler, 2003). Because of the constant physiologic influx of endotoxines arriving from 

the intestines via the portal blood (Jacob et al., 1977), Kupffer cells also possess anti-

inflammatory and tolerogenic properties. Otherwise, a continuous inflammatory response 

would have detrimental consequences for the liver parenchyma. Physiologic concentrations of 

Lipopolysaccharide (LPS) in the portal blood are known to induce the expression of 

Transforming Growth Factor-β (TGF-β) and Interleukin-10 (IL-10) by Kupffer cells, which 

have anti-inflammatory properties and promote the development of a phenomenon termed 

portal vein tolerance (Cantor and Dumont, 1967; Knolle and Gerken, 2000). Thus, the overall 

hepatic micromilieu depends on a delicate balance between anti-and pro-inflammatory 

mediators generated by theses tissue macrophages.  

 

 

2.5. INTRAVITAL IMAGING  

 Intravital microscopy was first described in the nineteenth century (Wagner, 1839; 

Cohnheim, 1889; Sumen et al., 2004), but it was not until recently that advances in imaging 

technology and genetics opened this field for investigations of the interaction of parasites 

with their vectors and hosts. In the past, analysis of parasitic infections in mammalian hosts 

was limited to in vitro studies, post-mortem examinations or fixed specimen (Amino et al., 

2005; Heussler and Doerig, 2006). In vitro experiments provide valuable insight but are often 

criticized for not taking complex immunological reactions into account and creating an 

artificial, over-simplified system (Amino et al., 2005). Thus, an important step towards 

studying infection processes in real time has been the generation of parasites that express 

green fluorescent protein (GFP), red fluorescent protein (RFP) or luciferase and can thus be 

monitored in live animals (Natarajan et al., 2001; Franke-Fayard et al., 2004; Amino et al., 

2005; Frevert et al., 2005; Hitziger et al., 2005; Lang et al., 2005; Saeij et al., 2005; Amino et 

al., 2006; Franke-Fayard et al., 2006; Sturm et al., 2006; Tarun et al., 2006; Baer et al., 

2007). 

 Bioluminescence-based intravital imaging used in combination with luciferase 

expressing Leishmania (Lang et al., 2005), Toxoplasma gondii (Hitziger et al., 2005; Saeij et 
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al., 2005) and Plasmodium berghei (Franke-Fayard et al., 2006) allowed the noninvasive 

visualization of entire parasite populations in a host. While well suited for in situ analysis of 

Plasmodium blood stage dissemination, major drawbacks of this approach are low resolution 

and the requirement for large numbers of parasites to generate sufficient signal for detection 

(Amino et al., 2005; Franke-Fayard et al., 2006; Heussler and Doerig, 2006). 

 In vivo imaging instrumentation available for the examination of fluorescent parasites 

include wide-field fluorescent microscopy (IF), laser scanning confocal microscopy (LSCM) 

and laser scanning multiphoton microscopy (LSMM). Although limited in imaging depth 

(depending on the tissue, ~50 µm for liver; Frevert et al., 2005), laser scanning confocal 

microscopy has the advantage of a high resolution, acceptable scanning speed and a low to 

moderate phototoxicity/photobleaching, which are key issues in live cell imaging (Heussler 

and Doerig, 2006). Novel scanning disc microscopes combine confocal optical qualities with 

video rate image capturing and thus allow rapid 3D data acquisition of moving objects (Wang 

et al., 2005). 

 Plasmodium liver stages are ideal vaccine and drug targets (Nussenzweig et al., 1967; 

Hoffman et al., 2002; Mueller et al., 2005), but systematic intravital analysis was hampered 

by the elusive nature of these parasites and the difficulty to access them in their native hepatic 

environment. It was not until a few years ago that in vivo imaging could be used to study 

various aspects of the Plasmodium life cycle (Frischknecht et al., 2004; Vanderberg and 

Frevert, 2004; Frevert et al., 2005; Amino et al., 2006; Sturm et al., 2006; Tarun et al., 2006; 

Baer et al., 2007). However, in particular the liver stages have remained something of a 

“black box” until very recently (see below).   
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3. SCOPE OF THE THESIS                                                                                                                               

                                                                                                                                     

 1) Sporozoite entry into the liver. After transmission by an infected mosquito, the 

initial site of replication for Plasmodium parasites in the mammalian host is hepatocytes. 

However, to reach these cells in the liver parenchyma, sporozoites must first cross the 

continuous layer of sinusoidal cells, composed of fenestrated endothelia and Kupffer cells. 

The exact route that malaria sporozoites take to traverse this barrier has been subject of 

intense discussions for many years (Sinden, 1978; Hollingdale, 1988; Meis and Verhave, 

1988; Vreden, 1994; Sinnis and Sim, 1997; Frevert, 2004). Various studies have suggested 

that Kupffer cells serve as “gateways” for sporozoites to enter the liver parenchyma, but 

interpretation of these studies was hampered by various factors, including the low number of 

events (Sinden and Smith, 1982; Meis et al., 1983; Vreden et al., 1993; Pradel and Frevert, 

2001; Pradel et al., 2002; Ishino et al., 2004a; Frevert et al., 2005). Proof for an obligatory 

role of these macrophages for sporozoite infection of the liver has therefore been difficult to 

obtain.  

2) Merozoite release from the liver. Upon hepatocyte invasion, sporozoites grow to 

large liver stages, which eventually undergo schizogony and differentiate into thousands of 

merozoites. Until recently, information about the in vivo growth and development of late-

stage exo-erythrocytic forms (EEFs) within hepatocytes was limited to light and electron 

microscopic snapshots. Therefore, the exact mechanism of merozoite release from infected 

hepatocytes into the bloodstream was unknown.   

 

Aim of this study was to answer following questions:    

 

1. Which route do sporozoites take to enter the liver parenchyma? 

2. Is the location of Kupffer cells suitable to provide a gateway for malaria 

sporozoites to the liver? 

3. Is the Kupffer cell passage obligatory for Plasmodium sporozoite infection of the 

liver? 

4. Which effect does the clodronate-mediated elimination of Kupffer cells have on 

the integrity of the hepatic sinusoidal lining? 
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5. What are the characteristics of EEFs before and during merozoite release and what 

is their fate thereafter? 

6. In which form are merozoites released from infected hepatocytes into the 

bloodstream? 

7. Which are the characteristics of hepatic merosomes and what is their fate in the 

body?  

 

 In an effort to answer the questions raised above, published data was reviewed and 

experiments were conducted concerning the aspects of motility and location of Kupffer cells 

as well as their immunological properties. Further, all possible routes of sporozoite passage 

across the sinusoidal cell layer were discussed. To determine whether Kupffer cells play a 

pivotal role in sporozoite entry into the liver, two different rodent models for P. yoelii 

infection were established. a) Mice homozygous for the op/op mutation, which are known to 

have a greatly reduced number of Kupffer cells, were inoculated with sporozoites by 

mosquito bite and liver infection rates were measured using a novel duplex qRT-PCR method. 

b) Since Kupffer cell elimination led to increased infection rates in the past, an additional set 

of experiments was performed in which mice were treated with liposome-encapsulated 

clodronate; electron microscopy was then used to examine the effects of the clodronate-

induced Kupffer cell loss on the hepatic sinusoidal lining (Paper I-III). 

 After characterizing sporozoite entry into the liver, the subsequent maturation of 

Plasmodium hepatic stages and the release of merozoites from the liver and their fate in the 

body were analyzed. In collaboration with Dr. Stefan Kappe, Seattle Biomedical Research 

Institute, P. yoelii parasites (PyGFP) were generated that express GFP throughout the entire 

life cycle and thus allowed the detection of liver stages in live animals and isolation of 

infected hepatocytes (Paper IV). Intravital confocal microscopy was then used to 

systematically study the process of EEF maturation and merozoite release at different time 

points after infection of mice with PyGFP (Paper IV and V). Since merosome formation 

turned out to be the major mechanism of merozoite release, the fate of merosomes leaving the 

liver was further assessed by in vivo and ex vivo microscopy of various organs and by 

examination of blood collected from different parts of the cardiovascular system. A 
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complementary set of transmission electron and immunofluorescence microscopy 

experiments was conducted to examine merosomes and EEFs in tissue specimens.  

Extrahepatic merosomes were collected and characterized in vitro using a range of 

apoptotic markers, membrane dyes and nucleic acid stains in combination with live cell 

imaging. To confirm the infectivity of merosomes, hepatic effluent (containing merosomes) 

and tail vein blood (free of merosomes) were harvested from infected animals and inoculated 

into groups of naïve mice for analysis of the onset of the parasitemia (Paper V).  
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4. GENERAL DISCUSSION 

 

 Plasmodium sporozoites are transmitted by the bite of a female anopheline mosquito, 

which inoculates the parasites in the avascular portion of the skin (Sidjanski and Vanderberg, 

1997). Most of the parasites then enter capillaries and are passively transported by the 

bloodstream to the liver, where they have to cross the sinusoidal cell layer to reach and infect 

hepatocytes (Vanderberg and Frevert, 2004; Amino et al., 2006). Once inside hepatocytes, the 

parasites grow rapidly to EEFs larger in size than their original host cell and, after schizogonic 

division, differentiate into thousands of merozoites. Upon release from the liver, merozoites 

infect red blood cells and initiate the erythrocytic phase of the Plasmodium life cycle, which 

causes the typical malaria symptoms and associated pathology (Miller et al., 2002). Because of 

its key position between the skin and blood phases of the malaria life cycle, the liver stage is an 

ideal target for vaccine development and drug intervention, since EEF elimination prevents the 

onset of a clinical malaria infection.   

This thesis discloses an intriguingly ambiguous relationship between Plasmodium 

parasites and host Kupffer cells, the resident macrophages of the liver: while sporozoites 

selectively recognize, actively invade, and safely traverse Kupffer cells and use them as 

entrance gates to the liver parenchyma, merozoites are sensitive to phagocytosis and avoid 

contact with these macrophages by forming membrane-enclosed structures, so-called 

merosomes, when exiting the liver. The merosome membrane appears to serve as a magic cap, 

rendering merozoites invisible to the host’s innate immune system, protecting them from 

phagocytosis by Kupffer or dendritic cells, securely shuttling them out of the liver into an 

environment that appears to provide ideal conditions for merozoite release and successful 

erythrocyte infection: the microvasculature of the lung.  

 

SPOROZOITE ENTRY INTO THE LIVER 

 

Plasmodium Sporozoite Passage Across the Sinusoidal Cell Layer 

 Previous studies revealed that the initial arrest of sporozoites in the liver is mediated by 

the interaction of circumsporozoite protein (CSP) and thrombospondin-related adhesive protein 

(TRAP) with heparan sulfate proteoglycans, which are thought to protrude from the 
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extracellular matrix in the space of Disse through fenestrae of the endothelial cells into the 

sinusoidal lumen (Frevert et al., 1993; Sinnis et al., 1994; Robson et al., 1995; Sinnis et al., 

1996; Pradel et al., 2002). Arrested Plasmodium sporozoites must then cross the continuous 

sinusoidal cell layer composed of fenestrated endothelia cells and Kupffer cells to invade their 

initial target cells, the hepatocytes (Paper III, Figure 1A). Biochemical and physiological 

studies as well as microscopic and genetic approaches have all suggested that sporozoites reach 

hepatocytes by passing through Kupffer cells (Meis et al., 1983; Meis et al., 1985a; Pradel and 

Frevert, 2001; Pradel et al., 2002; Ishino et al., 2004a; Ishino et al., 2004b; Pradel et al., 2004; 

Frevert et al., 2005; Ishino et al., 2005). However, interpretation of these studies was 

inconclusive and hampered by various factors, including the scarcity of the invasion event, 

mismatched parasite host pairs and the complexity of the liver architecture.  

In vitro assays clearly document that Kupffer cells are not required for Plasmodium 

sporozoite infection of primary hepatocytes and hepatoma cells (Hollingdale, 1985; Mazier et 

al., 1987; Hollingdale, 1988; Millet et al., 1988a; Millet et al., 1988b; Sinden et al., 1990; 

Calvo-Calle et al., 1994; Karnasuta et al., 1995; Karnasuta and Watt, 1996; Mota et al., 2002). 

However, cell culture conditions do not reflect the complex  in vivo structure of the liver 

sinusoid, where hepatocytes are not directly accessible to sporozoites traveling in the 

bloodstream. A variety of previous reports support the Kupffer cell gateway hypothesis. 1) 

Pradel and colleagues (2002) found that Plasmodium sporozoites engage in a multivalent 

interaction with selected chondroitin sulfate and heparan sulfate proteoglycans expressed on 

the surface of these macrophages. 2) Viable malaria sporozoites are not killed when 

coincubated with Kupffer cells (Pradel and Frevert, 2001) or other macrophages (Danforth et 

al., 1980; Smith and Alexander, 1986; Vanderberg et al., 1990). 3) Sporozoites actively enter 

Kupffer cells, but not sinusoidal endothelia cells, and are able to survive in these macrophages 

for several hours (Pradel and Frevert, 2001; Usynin et al., 2007). 4) Coinciding with the 

distribution pattern of Kupffer cells in the liver, which are about two-fold more abundant in the 

periportal than centrilobular region, the highest concentration of P. berghei EEFs is also found 

in the periportal zone 1 of the liver lobule (Sleyster and Knook, 1982; Verhave et al., 1985; 

Bouwens et al., 1992). Although supporting evidence is lacking to date, the periportal location 

of EEFs could also be attributed to the nutrient and oxygen-rich blood in this area. In addition, 

malaria sporozoite may also preferentially infect certain hepatocyte subpopulation. The 
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sinusoid exhibits a gradient from the portal field towards the central vein, which is reflected in 

a change in the composition of the extracellular matrix. Accordingly, the characteristics of 

hepatocytes and Kupffer cells also display significant differences corresponding to their 

position in the sinusoid. For example, periportal hepatocytes express a fetal phenotype and 

respond slow to injury, and Kupffer cells in that region are larger and more phagocytic than 

centrilobular cells, but generate less superoxide anion and are less active in inflammatory 

reactions (Sleyster and Knook, 1982; Bouwens et al., 1986; Mochida et al., 1989; Fausto, 

1990; Sigal et al., 1992; Laskin et al., 2001). If and how these factors influence infectivity is 

unknown to date. 5) While altered or dead parasites elicit a respiratory burst and are 

phagocytozed (Danforth et al., 1980; Smith and Alexander, 1986), recent studies in the 

laboratory showed that viable Plasmodium sporozoites induce a signaling cascade  in Kupffer 

cells that suppresses ROS formation, thus blocking a major defense mechanism of these 

macrophages (Usynin et al., 2007). 6) Live infectious sporozoites down-regulate the 

expression of MHC class I and co-stimulatory molecules on the surface of Kupffer cells and 

down-modulate the production of IL-12p40 in vivo (Steers et al., 2005). Together with the fact 

that the evolutionary older avian and reptilian Plasmodium species develop inside macrophages 

including Kupffer cells (Bray, 1957; Huff, 1968; Frevert et al., 2007), these findings support 

the notion that mammalian malaria sporozoites still recognize Kupffer cells and use them as a 

gate to the liver. 

However, to fulfill this function, Kupffer cells must meet certain requirements: they 

must be stationary and they must be focally inserted into the sinusoidal cell layer, thus 

providing direct access to hepatocytes.  

 

Kupffer Cell Location and Motility 

 Scanning and transmission electron micrographs often give the expression that Kupffer 

cells are attached to the luminal surface of the endothelium (McCuskey and Reilly, 1993; 

Gumucio et al., 1994; Kuiper et al., 1994) instead of being an integral component of the 

sinusoidal lining. However, serial ultrathin sections have demonstrated that while most of the 

Kupffer cell body is located inside the sinusoidal lumen, its base is partially inserted into the 

sinusoidal cell layer such that the Kupffer cell microvilli intermingle over large distances with 

those from hepatocytes (Wisse, 1974a; Wisse, 1977; Motta et al., 1978; Motta, 1984; Wake et 
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al., 1989; Bouwens and Wisse, 1992; Naito et al., 2004). Thus, Kupffer cells represent an 

integral component of the sinusoidal cell layer.  

Traditionally, Kupffer cells have been defined as stationary tissue macrophages 

(Phillips et al., 1987; Wake et al., 1989; Kuiper et al., 1994). However, based on a single 

reflection microscopy study by MacPhee and colleagues (MacPhee et al., 1992), which 

purports Kupffer cell as round cells that crawl along the liver sinusoids at a speed of several 

micrometers per minute, several recent textbooks and reviews described Kupffer cells as motile 

macrophages that patrol the liver sinusoids (Bertolino et al., 2002; Mackay, 2002; MacSween 

et al., 2002; Markiewski et al., 2006). One aim of this thesis was to address this discrepancy.  

Intravital imaging of livers from mice injected with fluorescent high molecular weight 

dextran for phagocytic uptake into Kupffer cells or livers from lys-EGFP-ki mice that express 

EGFP in various macrophages (Faust et al., 2000) revealed that Kupffer cells are star-shaped 

and do not change shape or position over a 3 h observation period (Paper II, Figure 1). 

Further, liver sections labeled with tissue macrophage-specific antibodies such as F4/80 or 

anti-CD68 as well as liver sections containing Kupffer cells loaded with colloidal carbon 

confirmed the irregular elongated or star-like shape of these macrophages (Paper II, Figures 2 

and 3). An important observation was that during several hours of intravital examination of lys-

EGFP-ki mice, blood-derived macrophages gradually infiltrated the sinusoids and accumulated 

in large numbers under the liver capsule (Paper II, Figure 1C). This influx is likely caused by 

the surgical exposure of the liver and the resulting inflammatory stimuli, which are known to 

attract mononuclear blood phagocytes (Diesselhoff-den Dulk et al., 1979; Wake et al., 1989; 

Bouwens and Wisse, 1992; Lawson et al., 2000). It was presumably the motility of these 

crawling blood macrophages that led MacPhee and coworkers (MacPhee et al., 1992), in the 

absence of Kupffer cell-specific markers, to conclude that Kupffer cells are patrolling the 

sinusoids. Thus, intravital analysis of EGFP-ki mice allowed differentiation of the bright 

fluorescent blood-derived macrophages from the dimmer, star-like, and stationary Kupffer 

cells (Paper II, Figure 1A and 1C).  

On a long term basis however, Kupffer cells are capable of migration. Under 

physiological conditions, the Kupffer cell population is thought to be self-renewing, but influx 

of bone marrow-derived monocytes can also occur (Crofton et al., 1978; Diesselhoff-den Dulk 

et al., 1979; van Furth, 1984; Bouwens et al., 1986; Wake et al., 1989; Bouwens and Wisse, 
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1992). In addition, Kupffer cells were also found in the portal tract and in hepatic lymph nodes 

a few days after selective loading with phagocytic markers (Hardonk et al., 1986), indicating 

that they are capable of leaving the liver lobule. Thus, Kupffer cells can without doubt enter 

and exit the liver on a long-term basis, but once positioned in the liver sinusoid they remain 

sessile for hours if not days.   

In conclusion, this data strongly supports previous observations, that Kupffer cells are 

stationary macrophages and true inhabitants of the sinusoidal wall.  

 

The Effect of Kupffer Cell Depletion on Sporozoite Infection of the Liver 

The op/op mouse model. To verify that Kupffer cells are required for sporozoite 

infection of the liver, op/op mice were infected by mosquito bite with P. yoelii sporozoites and 

a novel quantitative real-time PCR method was developed to precisely measure liver infection 

intensity. Mice homozygous for a point mutation in the osteopetrosis (op) gene are unable to 

produce M-CSF or CSF-1, which is required for the maturation of macrophages including 

Kupffer cells (Cecchini et al., 1994; Wiktor-Jedrzejczak et al., 1996; Naito et al., 1997b). Liver 

sections labeled with tissue macrophage-specific antibodies such as MoAb F4/80 (Lee et al., 

1985) or sections from mice that had been injected i.v. with colloidal carbon confirmed the 

severe Kupffer cell deficiency in homozygous op/op mice compared to their phenotypically 

normal +/? (+/op and +/+) littermates (Paper II, Figure 2). As a consequence, op/op mice 

exhibit a markedly reduced carbon clearance rate (Paper II, Figure 3). RT-PCR revealed that 

homozygous op/op mice were significantly less susceptible to P. yoelii infection than their +/? 

siblings with normal Kupffer cell numbers, thus supporting the Kupffer cell gateway 

hypothesis (Paper II, Table 1 and Figure 4).  

A review of the literature excluded the possibility that the reduction in the infection rate 

was caused by immunological changes induced by the op/op mutation for the following 

reasons: 1) op/op mice are generally classified as immunosuppressed (Shultz and Sidman, 

1987), 2) the level of proinflammatory cytokines they produce is lower than normal (Szperl et 

al., 1995; Wiktor-Jedrzejczak and Gordon, 1996; Nishioji et al., 1999), and 3) there is no 

indication of increased IFN-γ, IL-6 or other cytokines that are known to suppress Plasmodium 

liver stage growth (Nardin and Nussenzweig, 1993; Hoffman et al., 1996; Tsuji et al., 2001; 

Hollingdale and Krzych, 2002; Morrot and Zavala, 2004; Krzych and Schwenk, 2005; Doolan 
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and Martinez-Alier, 2006). Taken together, it appears unlikely that any factors other than the 

reduced number of Kupffer cells are responsible for the refractoriness of op/op mice to P. 

yoelii infection. Furthermore, this model also excludes that sporozoites cross the sinusoidal 

lining via alternative routes such as by traversing through or in-between endothelial cells and 

squeezing through endothelial fenestrae (Paper I, Figure 2).  

 The clodronate-treated mouse model. Previous tools to study the role of Kupffer cells in 

Plasmodium liver infection included injection of silica particles (Verhave et al., 1980; Sinden 

and Smith, 1982) or liposome-encapsulated clodronate (Classen and Van Rooijen, 1986; Van 

Rooijen, 1989; van Rooijen et al., 1990). Saturation of the phagocytic capacity of Kupffer cells 

with silica particles prior infection decreased the number of P. berghei liver stages (Vreden et 

al., 1993). This was initially interpreted as the consequence of a successful Kupffer cell 

blockage and prevention of sporozoite passage, but later attributed to silica-induced Kupffer 

cell activation, resulting in an increased IL-6 level (Verhave et al., 1980; Gosset et al., 1991), 

which is known to suppress EEF development (Pied et al., 1991; Vreden et al., 1993). 

 Ingestion of clodronate, on the other hand, causes macrophages to die by apoptosis 

without prior activation, thus preventing inflammatory responses that could affect the 

surrounding tissue (Laskin, 1997; Schumann et al., 2000; Nanji, 2002). Removal of Kupffer 

cells by clodronate enhanced Plasmodium liver stage development: mice treated with 

clodronate liposomes had markedly increased P. yoelii liver infection rates compared to control 

mice pretreated with PBS-liposomes or PBS alone (Paper II, Figure 5). This finding confirms 

earlier reports showing a several fold increase in EEF numbers in rats infected with P. berghei 

(Vreden et al., 1993). The fact that infection is augmented in the absence of Kupffer cells could 

be considered reason to reject the hypothesis that these macrophages serve as gates for 

sporozoites for the liver. However, because clodronate treatment also depletes the spleen of 

macrophages (van Rooijen et al., 1985), it causes a temporary functional splenectomy, which 

could potentially increase the number of liver stages by allowing more sporozoites to re-

circulate (Vreden, 1994). Still, this interpretation offered no explanation for the finding that 

clodronate treatment restored the infectivity of SPECT1 and SPECT2-deficient P. berghei 

sporozoites (Ishino et al., 2004a; Ishino et al., 2004b; Ishino et al., 2005). These mutants 

completely lack cell passage ability, and inoculation of these parasites into intact mice results 

in greatly reduced liver infection rates (Ishino et al., 2004a; Ishino et al., 2004b; Ishino et al., 
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2005). To resolve this issue, murine livers were examined on day 2 and 3 after clodronate- or 

PBS-liposome injection. Ultrastructural analysis revealed focal interruptions in the otherwise 

intact sinusoidal lining 2 days, and to a lesser degree 3 days, after clodronate-treatment (Paper 

II, Figure 6). Because Kupffer cells are integrated into the sinusoidal cell layer (see above), 

this finding strongly suggests that the massive synchronous apoptotic death of these 

macrophages, caused by clodronate intoxication, could not be immediately counterbalanced by 

the liver so that small temporary discontinuities were left behind in the sinusoidal cell layer. It 

appears therefore, that the clodronate-induced gaps provided sporozoites with direct access to 

hepatocytes and proteoglycans in the space of Disse, hence abolishing the requirement for 

passage across the sinusoidal barrier and enhancing the infection rate (Paper II, Figure 7). 

These findings explain why liver infection by SPECT-deficient mutants is restored in 

clodronate-treated mice. In op/op mice, by contrast, the sinusoidal cell barrier is intact and 

Kupffer cell deficiency consequently led to a decrease in sporozoite infection (Wiktor-

Jedrzejczak and Gordon, 1996; Naito et al., 1997b). In conclusion, Kupffer cell passage is 

obligatory for the establishment of a Plasmodium infection in an intact mammalian host.  

 

MEROZOITE RELEASE FROM THE LIVER 

 

Intravital Imaging of EEFs 

 Until recently, morphological analysis of Plasmodium EEF development in hepatocytes 

was restricted to post-mortem investigations and in vitro studies (Shortt et al., 1949; Shortt et 

al., 1951; Garnham et al., 1955; Garnham et al., 1969; Landau, 1978; Meis et al., 1981; Meis 

et al., 1985b; Meis et al., 1986; Garnham, 1988; Meis and Verhave, 1988). The generation of 

green or red fluorescent P. berghei (PbGFP or PbRedStar) parasites (Natarajan et al., 2001; 

Franke-Fayard et al., 2005) allowed for the first time the in vivo visualization of Plasmodium 

sporozoites transmitted by mosquito bite and their subsequent journey from the skin to the liver 

(Frischknecht et al., 2004; Vanderberg and Frevert, 2004; Frevert et al., 2005; Amino et al., 

2006). However, although hepatic schizonts play a key role in the induction of long-lasting 

sterile immune responses that protect against a malaria infection (Nussenzweig et al., 1967; 

Hoffman et al., 2002; Mueller et al., 2005), the power of GFP expression had not been utilized 



GENERAL DISCUSSION 

29 

for intravital microscopic analysis of mature Plasmodium liver stages in their natural 

environment.  

 P. yoelii parasites (PyGFP) were therefore developed in collaboration with the 

laboratory of Dr. Stefan Kappe that express GFP throughout the life cycle, including the liver 

stages (Figure 5A) (Paper IV, Image 1 and 5). This Plasmodium species was chosen, because 

P. yoelii infection of the mouse is a widely accepted rodent model that is thought to closely 

reflect human malaria (Sedegah and Hoffman, 2006). Compared to the widely used P. berghei, 

P. yoelii causes less inflammation in murine livers and produce more EEFs, which are also 

generally larger and contain more merozoites (Garnham et al., 1969; Briones et al., 1996; 

Janse and Waters, 2006). Comparison of the numbers of PyGFP liver stages in BALB/c mice 

and those of PbGFP in C57BL/6 mice, both known to be most productive parasite host 

combinations for these two Plasmodium species (Khan and Vanderberg, 1991a; Scheller et al., 

1994), revealed a much higher liver stage density in the P. yoelii Balb/c mouse model (Paper 

IV, Figure 2). Taken together, these attributes make PyGFP a highly suitable parasite for in 

vivo investigations, which require high liver stage numbers and a persistent fluorescence 

signal.   

 Detailed 3D intravital and ex vivo microscopic examination of PyGFP-infected mice 

allowed the measurement of EEF volume and merozoite content using an appropriate 

mathematical algorithm (Paper V, Table S1 and S2). Mature P. yoelii EEFs were found to 

measure 40-75 µm, thus exceeding by far the size of their original host cell, and to contain 

roughly 4,200-29,000 merozoites. This is in general agreement with previous estimates of the 

merozoite content of P. yoelii EEFs and those from other species (Shortt et al., 1949; Shortt et 

al., 1951; Garnham et al., 1955; Garnham et al., 1969; Landau, 1978; Bruce-Chwatt, 1985; 

Garnham, 1988; Meis and Verhave, 1988; Janse and Waters, 2006). An exception is the human 

P. falciparum, but the higher number of parasites contained in these EEFs can probably be 

attributed to the smaller size of the merozoites (Shortt et al., 1949; Shortt et al., 1951; 

Garnham, 1988). Although precision in determining the EEF merozoite content is limited by 

the extended and branched shape of especially late-stage EEFs, multidimensional (XYZT) in 

vivo measurements can significantly enhance accuracy.  
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EEF Maturation and Merozoite Release 

Another aim of this thesis was to explore the mechanism of merozoite exit from mature 

EEFs into the bloodstream. It was generally assumed that merozoites are released from their 

host cell directly into the sinusoid. The mechanism, whether by sudden release of an 

abundance of merozoites due to rupture of the hepatocyte membrane or by trickling of 

individual merozoite through a small opening, was unclear. Except for in vitro observations on 

the release of avian Plasmodium merozoites from embryonic liver cells (Huff et al., 1960), 

merozoite liberation had not been observed in real time. Early ultrastructural observations of P. 

yoelii EEFs (Garnham et al., 1969) and subsequent detailed EM analysis of P. berghei-infected  

 

     

 

Figure 5.  Mature Plasmodium liver stages. A. Intravital micrograph showing a mature PyGFP EEF at 
the onset of merosome formation. The nuclei of the neighboring hepatocytes are visualized by Hoechst 
staining. Bar = 10 µm. B. The color-coded 3D projection of  a perfused mouse liver 52 h after 
infection demonstrates all aspects of merosome release. The EEF (center) has released numerous 
merosomes of various sizes into adjacent sinusoids. Bar = 10 µm. C. Mouse liver 44 h after infection 
with P. yoelii. EEFs grow to a size much larger than their original host cell. KC = Kupffer cell.  
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rat livers by Meis and colleagues (Meis et al., 1985b; Meis and Verhave, 1988) suggested that 

merozoites could be released from infected hepatocytes as clusters, held together by host cell 

cytoplasm. Because it was not clear how these structures were formed and whether they were 

the result of a physiological process, this observation was ignored for many years.  

A combination of intravital confocal microscopy of PyGFP parasites and ultrastructural 

analysis techniques presented in this section of the thesis shows that merozoites are released as 

host membrane-surrounded packages, so-called extrusomes or later merosomes, that bud at 

various sizes from infected hepatocytes and enter the hepatic circulation (Figure 5) (Paper IV, 

Figure 5; Paper V, Figure 3, Movie S1-S3). Together with work by Sturm and colleagues 

(2006), who made similar observations in a P. berghei model, these findings indicate that 

merosome formation is a general, species-independent feature of Plasmodium.  

 Initial findings suggested that merosome budding could precede the completion of 

merogony, since merosomes appeared to contain homogenous fluorescent immature parasite 

material (Paper IV, Sturm et al., 2006). Subsequent studies (Paper V), however, which 

showed that GFP expressed in the EEF stroma can obscure the fluorescent signal of the 

merozoites in mature EEFs thus preventing their identification (Paper V, Figure 3, Movie S5), 

disproved this assumption. Careful optimization of image acquisition and analysis resolved this 

issue and revealed that merosomes always contain fully developed merozoites.   

 In contrast to sporozoites (see above), free merozoites are highly susceptible to 

phagocytosis and must therefore avoid contact with macrophages. Acute danger of phagocytic 

elimination is presented in the form of Kupffer cells (Terzakis et al., 1979) and other 

phagocytic cells lining the liver sinusoids. The strategic position of Kupffer cells, in particular, 

makes it extremely difficult for merozoites to exit the liver without being trapped by these 

surveillance cells of the innate immune system. Further, free merozoites have a short life span 

and must infect erythrocytes immediately after release into the bloodstream (Cowman and 

Crabb, 2006). In vitro studies showed that in contrast to free merozoites, P. yoelii merosomes 

exposed to murine Kupffer cells in vitro resisted phagocytosis (data not shown) suggesting that 

the merosomal membrane protects merozoites from recognition by macrophages. This is in 

agreement with similar studies showing that murine RAW macrophages do not ingest P. 

berghei-infected HepG2 cells (Sturm et al., 2006). Taken together, these findings strongly 
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support the notion that merosomes act as shuttles that safely transport merozoites out of the 

liver. 

Merosome formation was found to be the predominant mode of merozoite release. 

Consistent with previous studies (Garnham et al., 1969; Verhave and Meis, 1984; Meis et al., 

1985b; Meis and Verhave, 1988; Meis et al., 1990), we found that the cell membrane of P. 

yoelii-infected hepatocytes remained in close apposition to neighboring parenchymal and 

endothelial cells until the very end of EEF differentiation (Paper V, Figure 1). After releasing 

merosomes for several hours, the exhausted host cell partially detached from neighboring cells 

and eventually disintegrated. Single merozoites could be observed trickling into the 

bloodstream, thus facing an attack by Kupffer cells (Paper V, Figure 2C). A few unreleased 

merozoites and the exhausted host cell eventually succumbed to necrosis (Paper V, Figure 4). 

The resulting inflammatory stimulus attracted neutrophils and mononuclear phagocytes, and 

infiltration of these cells gave rise to the formation of microgranulatomata (Paper V, Figure 

S1). Such granulomata are a common observation in P. yoelii- and particularly P. berghei-

infected mouse livers (Garnham and Bray, 1956; Terzakis et al., 1979; Meis and Verhave, 

1988; Khan and Vanderberg, 1991b; Khan and Vanderberg, 1992; Frevert et al., 2005; van de 

Sand et al., 2005). In contrast, P. berghei-infected HepG2 cells were observed to detach in toto 

from the culture vessel after merozoite differentiation is complete (Sturm et al., 2006). Sturm 

et al therefore proposed that infected host cells are also rapidly and in toto expulsed from the 

liver tissue and that neighboring hepatocytes immediately fill the void (Sturm et al., 2006; 

Sturm and Heussler, 2007). Based on the in vivo observations presented in this thesis, it is 

proposed that the phagocytic removal of parasite and host cell debris and subsequent repair of 

structural damage requires hours, if not days until the normal tissue architecture is restored. 

A less frequent, but still common, alternative of merozoite release is the rapid discharge 

of EEF content, which was observed in both immature and mature schizonts (Paper V, Figure 

3, S2, Movie S5). Sudden leakage of GFP into the surrounding tissue indicated that the 

mechanism might involve rupture of the host cell membrane. Eventually, a large faintly 

fluorescent “ghost” was left behind, which contained some cell debris and a few merozoites. In 

contrast to merozoite release by merosome budding, ghost-forming EEFs did not detach from 

the surrounding tissue suggesting that they represent abortive liver stage development.  
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Dynamics and Fate of Released Merosomes  

 Merosomes were variable in size and contained hundreds to thousands of mature 

merozoites. After budding from the host cell, merosomes were observed to gradually wind 

their way through the liver sinusoids and towards the central vein (Paper V, Figure 5, Movie 

S6-8). Not surprisingly, the velocity of the merosomes depended on structure and diameter of 

the sinusoids as well as on merosome size. While smaller ones moved almost at the speed of 

blood cells, larger merosomes would frequently get stuck, obstructing the bloodstream. Large 

merosomes eventually subdivided into smaller units, but generally withstood the shear forces 

of the bloodstream and remained intact. Examination of blood samples and ex vivo organ 

analysis showed that merosomes passed intact through the right heart and then accumulated in 

the lungs. Eventually, they disintegrated and released the first generation of erythrocyte 

infective merozoites (Paper V, Figure 8 and 9, Movie S10). Screening of arterial blood 

harvested from the left heart or the tail vein failed to detect merosomes. Similarly, merosomes 

were not found in the capillary beds of organs such as spleen, brain and kidney suggesting that 

the lungs effectively cleared hepatic merosomes from the blood circulation.  

  In an effort to explain the high efficiency of merosome retention in the lungs, the 

diameters of liver sinusoids and alveolar capillaries were compared. Published data on the 

diameter of liver sinusoids varied markedly (Jones and Spring-Mills, 1984; Wisse et al., 1985; 

MacSween et al., 2002), presumably depending on the pressure applied during perfusion 

fixation (Wisse, 1970; Wisse et al., 1996). Intravital measurements using Tie2-GFP mice with 

fluorescent endothelia (Motoike et al., 2000; Frevert et al., 2005) revealed a diameter of 6.7 ± 

1.9 µm, which is in agreement with earlier in vivo measurements (Wisse et al., 1985). Similar 

variations were reported for the functional diameter of alveolar capillaries ranging from 1-4 

µm (Conhaim and Rodenkirch, 1996; Schraufnagel et al., 1997; Conhaim and Rodenkirch, 

1998). Thus, despite the observed drastic post-hepatic reduction in size, the diameter of the 

merosomes still exceeded that of the lumen of the pulmonary microvasculature. One could 

therefore argue that the lungs cleared merosomes mechanically, i.e. based on size. However, 

this is inconsistent with the observation that the much larger hepatic merosomes were flexible 

enough to squeeze through the equally narrow sinusoids and eventually exit the liver. Further, 

the velocity in pulmonary capillaries is somewhat higher than in liver sinusoids (Komatsu et 

al., 1990; Kuhnle et al., 1993; McCuskey and Reilly, 1993; Kahrau et al., 2003), making the 
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efficiency of the merosome retention in the lungs even more surprising. These considerations 

raise the possibility of a receptor-mediated mechanism for pulmonary merosome arrest.  

Release of Plasmodium merozoites into the pulmonary microvasculature may offer the 

following advantages: 1) Alveolar capillaries have a low macrophage density (Laskin et al., 

2001) thus reducing the danger of merozoite elimination by phagocytosis. In comparison to 

Kupffer cells, alveolar macrophages are significantly less phagocytic but produce greater 

quantities of ROS and reactive-nitrogen intermediates (RNI) (Laskin et al., 2001). However, 

because of their intra-alveolar location, these macrophages are not accessible to merozoites 

liberated into the pulmonary capillaries. 2) Trager and Jensen found that under in vitro 

conditions, P. falciparum merozoite invasion is enhanced by lack of flow and dense 

erythrocyte packing (Trager and Jensen, 1977; Trager, 1979). An interesting speculation is 

therefore that merozoites released into the pulmonary microvasculature have a better chance of 

invading erythrocytes than those released within larger blood vessels. 3) The well-oxygenated 

milieu of the blood-air barrier provides a unique microenvironment, which may be required for 

merozoite maturation. Together, these factors may facilitate the transition from the silent liver 

phase of the infection to clinical malaria.  

 

Characterization of Extrahepatic Merosomes  

 Merosomes were isolated from the hepatic venous blood and labelled in vitro with 

viability markers, membrane dyes and nucleic acid stains (Paper V, Figure 7). Similar to 

whole P. berghei-infected HepG2 cells (Sturm et al., 2006), these extrahepatic P. yoelii 

merosomes did not display phosphatidylserine (PS), which attracts phagocytes, on their plasma 

membrane and were also negative for other apoptotic markers such as Yo-Pro-1 and propidium 

iodide (PI). P. yoelii merosomes were detectable in the lungs beyond the period of release from 

the liver, suggesting that they remained intact for at least minutes, if not hours. In situ analysis 

of these pulmonary merosomes revealed that the enclosed merozoites were ultrastructurally 

well preserved, TUNEL negative, and had not incorporated PI. Thus, merozoites appeared to 

remain viable until their release in the lungs.  

   To determine the infectivity of merosomes, hepatic effluent (containing merosomes) 

and tail vein blood (without merosomes) were harvested from the same infected animals and 

inoculated into groups of naïve mice. Preliminary experiments showed that merosome-



GENERAL DISCUSSION 

35 

containing blood was significantly more infectious than control blood with the same level of 

parasitemia level, indicating that extrahepatic merosomes contain infectious merozoites.  

Taken together these results indicate that P. yoelii merosomes leaving the liver and 

accumulating in the pulmonary microvasculature contain viable and infectious merozoites. 

 Labelling with a phospholipid marker verified that extrahepatic merosomes remained 

enclosed in a membrane (Paper V, Image 7). However, efforts to confirm the hepatic origin of 

the merosome membrane were unsuccessful: an antibody directed against the 

asialoglycoprotein receptor 1 (ASGR-1), which is expressed only by parenchymal liver cells 

(Matsuura et al., 1982; Schwartz, 1984; Spiess, 1990; Kohgo et al., 1993; Hisayasu et al., 

1999), clearly surrounded mature EEFs but failed to label merosomes (Paper V, Image 6). 

Since others reported the ASGR-1 to be expressed on the hepatocyte membrane (REF), the 

ASGR-1 was expected to appear as a fine membrane label and follow the lateral portion of the 

membrane up the tight junction that seals off the bile duct. However, the observed labeling 

pattern was broad and appeared to be restricted to the spaces of Disse. It was therefore more 

consistent with a basement membrane and/or extracellular matrix rather than with a cell 

membrane label. If the ASGR-1 label is indeed restricted to the basement membrane and/or 

ECM in the space of Disse, no statement can be made about the composition of the merosome 

membrane. If the ASGR-1 is integrated into the cell membrane as reported, then the data 

suggest that the receptor is excluded from the merosome membrane during the budding 

process. Thus, more work is needed to determine the exact location of the ASGR-1 receptor 

and define the composition of the merosome membrane. Future studies may reveal whether 

Plasmodium is able to modify the membrane of the infected hepatocyte at late stages of EEF 

maturation. 

 

Evolutionary Aspects  

 The role of Kupffer cells for sporozoite infection of the liver and the ability of 

Plasmodium to manipulate macrophage function does not come as a surprise. Many obligate 

intracellular microorganisms have developed a large variety of strategies for entry into and 

survival inside phagocytic cells (Andrews and Webster, 1991; Hall and Joiner, 1991; Sadick, 

1992; Speert, 1992; Joiner et al., 1994; Russell, 1995; Mauël, 1996; Joiner, 1997; Bogdan and 

Röllinghoff, 1999). For example, Toxoplasma gondii tachyzoites enter nucleated cells 
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including macrophages by active invasion and replicate inside a parasitophorous vacuole 

(Joiner et al., 1994; Joiner, 1997; Sinai and Joiner, 1997; Lingelbach and Joiner, 1998), while 

Leishmania and Coxiella reside in fully fusogenic, acidified phagolysosomes (Duclos and 

Desjardins, 2000; Tjelle et al., 2000). Regarding Plasmodium, avian and reptilian malaria 

species do not develop in hepatocytes, but invade and replicate in Kupffer cells and other 

macrophages of the RES (Bray, 1957; Huff, 1969). In the liver, P. gallinaceum schizonts 

develop exclusively in Kupffer cells and remain considerably smaller in size than their 

mammalian counterparts (Frevert et al., 2007). Thus it is reasonable to postulate that the 

evolutionary more recent mammalian species have retained the ability to recognize and safely 

enter Kupffer cells, but evolved new mechanisms to continue their journey and gain access to a 

nutritionally richer and immunologically safer environment, the metabolically highly active 

hepatocyte.  

However, this ostensible hepatic “Schlaraffenland” does not only offer advantages, but 

also presents a challenge for newly released merozoites: unless they invade erythrocytes very 

quickly, merozoites are readily recognized and engulfed by Kupffer cells and other phagocytic 

cells in the hepatic sinusoids (Terzakis et al., 1979; Cowman and Crabb, 2006). As shown in 

this thesis, Plasmodium has acquired yet another mechanism to evade the host’s immune 

system: by releasing merozoites as merosomes enveloped in hepatocyte-derived membrane, it 

safely shuttles merozoites out of the liver and into the pulmonary microvasculature where they 

are released. This previously unrecognized phase of the Plasmodium life cycle is considered 

advantageous for the parasite because the low intravascular macrophage density and the 

reduced blood velocity in the lung very likely enhance the ability of merozoites to successfully 

invade erythrocytes.  
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5. CONCLUSIONS 

 

SPOROZOITE ENTRY INTO THE LIVER 

 

Hepatic Kupffer cells were confirmed to be stationary macrophages that are focally 

embedded in the sinusoidal cell layer. Kupffer cells can therefore function as gates for 

Plasmodium sporozoites to the liver.   

Kupffer cell elimination with clodronate causes focal interruptions in the sinusoidal 

cell lining. These temporary discontinuities facilitate P. yoelii sporozoite access to the liver, 

thus increasing the infection rate seven- to 15-fold compared to controls. Despite this 

enormous impact on the entire Kupffer cell population, clodronate treatment did not have any 

major adverse effect on other cell types. This finding is in agreement with previous reports 

stating that Kupffer cells are not activated before being forced into clodronate-mediated 

suicide.  

Homozygous osteopetrotic op/op mice, which posses a markedly reduced number of 

Kupffer cells, were significantly less (84%) susceptible to P. yoelii infection than their 

phenotypically normal +/? littermates. Op/op mice proved a suitable model for studies on the 

role of Kupffer cells in Plasmodium infection of the liver, since their sinusoidal cell layer is 

continuous and their immunological characteristics should not interfere with the development 

of liver schizonts. Future controls could include Kupffer cell restoration in op/op mice by 

replenishment with recombinant M-CSF prior to sporozoite infection.  

Together with earlier work, the data presented in this thesis suggest that sporozoite 

passage through Kupffer cells is obligatory to establish a Plasmodium infection in the 

mammalian host. Support for this notion comes from the fact that avian and reptilian malaria 

parasites develop in macrophages including Kupffer cells. It appears therefore that the 

evolutionary more recent mammalian Plasmodium species have retained the ability to 

recognize and safely traverse Kupffer cells, but have acquired new mechanisms to gain access 

to the larger, immunologically safer, and nutritionally richer hepatocytes.  
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MEROZOITE RELEASE FROM THE LIVER 

 

Intravital microscopic analysis of P. yoelii EEF maturation in the mouse liver, a 

parasite host combination that produces significantly higher infection rates compared to the 

related rodent species P. berghei, resulted in the following findings.  

The majority of P. yoelii merozoites are released from infected hepatocytes as 

merosomes, packets of hundreds of parasites surrounded by host cell membrane. Merosomes 

enter the hepatic circulation, subdivide to into smaller units, exit the liver intact, withstand the 

shear forces during the passage through the heart, and accumulate in the lungs. Here, they 

eventually disintegrate and release merozoites into the bloodstream.  

Alternatively, EEFs can discharge their merozoite content and transform into ghosts. 

This much more rapid process, which appears to involve rupture of the host cell membrane, 

was interpreted as decay or abortive liver stage development, since it occurred in immature 

and mature EEFs alike. Extensive intravital studies on EEF development were conducted, but 

the informational value of in vivo observations is limited and events of merozoite release were 

restricted in number. Future microscopic in vivo analyses may characterize the different 

observed mechanism of merozoite release more in detail. Further, in vitro approaches may 

provide insight into the underlying molecular mechanisms of merozoite liberation.  

Merosome formation protects merozoites from phagocytosis by Kupffer cells and 

other macrophages. In agreement with other studies (Sturm et al., 2006), it is proposed that 

merosomes are shuttles that safely transport merozoites out of the liver. Future studies might 

provide insight into the underlying molecular mechanisms and immunological consequences.  

The cell membrane of P. yoelii-infected hepatocytes remains in close apposition to 

that of neighbouring parenchymal and endothelial cells until the very end of merozoite 

differentiation. This and the presence of intact mitochondria in late EEFs and in merosomes 

suggest that the host cell remains viable until merozoite release sets in. Once the budding 

process is complete, the host cell exhibits signs of necrosis and disintegrates. The parasite and 

host cell debris left behind attract neutrophils and mononuclear phagocytes, resulting in the 

formation of a small granuloma. Phagocytic removal of the EEF remains and restoration of 

the normal tissue architecture are expected to require hours, if not days. These observations 
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differ from conclusions derived from the P. berghei HepG2 cell in vitro model, in which the 

parasites are thought to induce death and detachment of their entire host cell prior to 

merosome budding (Sturm et al., 2006). 

The failure of various apoptotic markers to label P. yoelii merozoites in extrahepatic 

and pulmonary merosomes indicates parasite viability and an intact merosome membrane. 

Attempts to determine the time course of these processes more precisely were hampered by 

the sensitivity of the merosomes to the various steps of isolation from the liver and 

concentration by centrifugation. Despite this limitation, merosomes isolated from the hepatic 

effluent are considered an adequate source of parasite material that reflects the events 

occurring in the Plasmodium-infected liver more accurately than in vitro infected hepatoma 

cells.  

Preliminary studies comparing the infectivity of hepatic effluent containing 

merosomes and tail vein blood without merosomes suggest that merosomal merozoites are 

infective. One limitation of this experimental approach was that both blood samples contained 

an identical low-level parasitemia. Designing methods to selectively eliminate infected 

erythrocytes, without damaging the merosomes, or merosome titration approaches should help 

clarify this issue. 

Merosomes were absent from blood harvested from the tail vein or the left heart as 

well as from all major organs suggesting that the pulmonary microvasculature effectively 

cleared merosomes from the bloodstream. The efficiency of this process raises the possibility 

that merosome arrest in the lungs is mediated by a receptor-ligand interaction. Future 

characterization of the merosome membrane may reveal the mechanism of merosome arrest in 

the lung. 

The microvasculature of the lung provides a unique microenvironment, which might 

enhance the ability of merozoites to successfully infect erythrocytes, but more work is needed 

to address this question.  
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6. SUMMARY 

Kerstin Bär 

The Liver Phase of a Malaria Infection: Mechanisms of Plasmodium   

Sporozoite Entry and Merozoite Release 

 

Malaria remains one of the leading public health challenges mankind is facing today. 

An infection in the mammalian host is initiated when Plasmodium sporozoites are inoculated 

into the skin through the bite of an infected female Anopheles mosquito. The parasites then 

enter a blood vessel and travel with the bloodstream to the liver, their initial site of replication. 

The exact route that malaria sporozoites take to invade hepatocytes has been subject of 

extensive discussion. Previous studies suggest that sporozoites cross the sinusoidal cell barrier 

by passing through Kupffer cells, the resident macrophages of the liver, but interpretation of 

these results was hampered by various factors and proof has been elusive. One aim of this 

thesis was to determine the role of Kupffer cells as potential entrance gates for Plasmodium 

yoelii sporozoites to the liver. Two different mouse models were used to achieve this goal: 1) 

Op/op mice, which have 77% fewer Kupffer cells in relation to their phenotypically normal +/? 

littermates, and 2) mice treated with liposome-encapsulated clodronate, which completely 

eliminates Kupffer cells from the liver. A novel quantitative reverse transcription polymerase 

chain reaction assay for P. yoelii 18S rRNA revealed an 84% reduced liver infection rate in 

op/op mice compared to control littermates. In contrast, infection with P. yoelii was enhanced 

seven- to 15-fold in clodronate-treated mice. The discrepancy between these two mouse 

models was explained by electron microscopy showing temporary discontinuities in the 

sinusoidal cell layer caused by clodronate treatment. Thus, Kupffer cell deficiency in op/op 

mice reduces sporozoite infection by diminishing the number of portals to the liver 

parenchyma, whereas clodronate increases sporozoite infection by opening portals and 

providing sporozoites direct access to hepatocytes. Together these data provide strong support 

that Kupffer cell passage is obligatory for Plasmodium infection of the liver.  

After successful hepatocyte invasion, sporozoites develop to large exo-erythrocytic 

forms (EEF) which eventually differentiate to thousands of erythrocyte infective merozoites. 

These merozoites are released into the bloodstream and cause the typical symptoms of a 

malaria infection. EEFs are key vaccine and drug targets but until recently, morphological 
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analysis of Plasmodium growth and development in the liver was restricted to post-mortem 

investigations and in vitro studies. The second focus of this thesis was to characterize the 

process of EEF maturation and the mechanism of merozoite release in vivo. Intravital 

microscopy of GFP-expressing P. yoelii parasites showed that merozoites are predominantly 

released from infected hepatocytes as merosomes, packets of dozens to hundreds of parasites 

enveloped by host cell membrane. Merosomes exit the liver intact, adapt a relatively uniform 

size and accumulate in the lungs. The pulmonary microvasculature effectively cleared 

merosomes from the bloodstream and no large parasite aggregates were found in blood 

harvested from the tail vein or the left heart or in any of the major organs. Characterization of 

isolated extrahepatic merosomes with apoptotic markers, membrane dyes and nucleic acid 

stains revealed that merosomes have an intact membrane and contain viable merozoites. 

Evidence of merosomal merozoite infectivity was provided by hepatic effluent containing 

merosomes being significantly more infective than blood with an identical low-level 

parasitemia. After being arrested inside lung capillaries, merosomes eventually disintegrated 

thus liberating merozoites into the bloodstream. This previously unrecognized phase of the 

Plasmodium life cycle is considered advantageous for the parasite, because the low 

intravascular macrophage density and the reduced blood velocity in the lung very likely 

enhance the ability of merozoites to successfully invade erythrocytes. Together, these findings 

suggest that Plasmodium has acquired yet another mechanism to evade the hosts’ immune 

system: merosomes protect merozoites from phagocytosis and safely shuttle them out of the 

liver, thus ensuring an effective transition from the silent liver to the clinically symptomatic 

blood phase of the malaria infection.  
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7. ZUSAMMENFASSUNG 

Kerstin Bär 

Die Leberphase einer Malariaerkrankung: Mechanismen der Sporozoiteninfektion 

und der Freisetzung von Merozoiten 

 

 Malaria ist eine der weltweit bedeutendsten Infektionserkrankungen, an deren Folgen 

bis zu 3 Millionen Menschen jährlich sterben, zum größten Teil Kinder. Der Erreger, ein 

einzelliger Parasit  (Plasmodium), wird durch den Stich einer weiblichen Anopheles Mücke in 

die Haut übertragen. Die sogenannten Sporozoiten gelangen dann mit dem Blutstrom in die 

Leber, wo sie sich festsetzen und in Hepatozyten zu Leber-Schizonten weiterentwickeln. Um 

Hepatozyten infizieren zu können, müssen die Parasiten eine kontinuierliche Schicht aus 

Endothel- und Kupfferzellen durchdringen, die zusammen mit dem Disse’schen Raum die 

Leberzellen vom Blutstrom abtrennt. Die Ergebnisse mehrerer Studien ließen es 

wahrscheinlich erscheinen, dass Sporozoiten mittels Passage durch Kupfferzellen in das 

Leberparenchym eindringen, aber ein eindeutiger Beweis für diese besondere Funktion dieser 

stationären Lebermakrophagen während einer Plasmodium-Infektion konnte bisher nicht 

erbracht werden. Ein Ziel dieser Dissertation war es daher, die Hypothese, dass Kupfferzellen 

als Eintrittspforte für Sporozoiten fungieren können entweder zu bestätigen oder zu 

widerlegen. Hierzu wurden zwei unterschiedliche Mausmodelle verwendet: 1) Op/op Mäuse, 

die 77% weniger Kupffer-Zellen besitzen als phenotypisch normale +/? Nachkommen des 

gleichen Wurfes, und 2) Mäuse, deren Kupfferzellen durch Behandlung mit Clodronat-

Liposomen kurz vor einer Infektion entfernt wurden. Clodronat eliminiert die gesamte 

Kupfferzell-Population der Leber, da es nach Phagozytose zur selektiven Induktion der 

Apoptose in diesen Makrophagen kommt. Die Quantifizierung von P. yoelii 18S rRNA in der 

Leber mittels eines neuen Real-Time PCR Ansatzes ergab, dass die Infektionsrate in op/op 

Mäusen im Vergleich zu +/? Kontrollmäusen deutlich (84%) reduziert war, während die 

Infektionsrate nach Clodronatbehandlung 7 bis 15-fach erhöht war. Weiterführende 

elektronenmikroskopische Untersuchungen zeigten, dass die Eliminierung von Kupfferzellen 

durch Clodronat Lücken im Endothel hinterlässt, welche den Parasiten vereinfachten Zugang 

zu Hepatozyten gewähren. Die Verminderung der Kupfferzell-Zahl bei gleichzeitig intakter 

sinusoidaler Zellbarriere in op/op Mäusen hingegen reduziert die Eintrittsmöglichkeiten für 
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Sporozoiten in das Leberparenchym. Gemeinsam betrachtet belegen diese Daten, dass 

Kupfferzellen eine Schlüsselrolle bei der Etablierung einer Malariainfektion besitzen.  

 Nach der Invasion eines Hepatozyten entwickeln Sporozoiten sich weiter zu 

Leberschizonten, sogenannten exo-erythrozytären Formen (EEF), die sich schließlich zu 

mehreren tausend Merozoiten differenzieren. Jeder dieser Merozoiten ist in der Lage, einen 

Erythrozyten zu infizieren. Die sich wiederholende synchrone Schizogonie in Blutzellen 

verursacht dann die typischen Malaria-Symptome. Leberstadien sind deshalb ideale 

Ansatzpunkte für eine erfolgreiche Medikamenten- und Impfstoffentwicklung, da sie den 

Übergang zu den pathogenen Blutstadien bilden. Die bisherige Charakterisierung der EEF 

war beschränkt auf die Analyse von post-mortem Gewebeproben oder in vitro Studien. Der 

zweite Schwerpunkt dieser Arbeit war daher, den Mechanismus der Merozoitenfreisetzung 

aus den EEF ins Blut in vivo zu bestimmen. Hierzu wurden Mäuse mit fluoreszierenden P. 

yoelii Sporozoiten (PyGFP) infiziert und zu verschiedenen Zeitpunkten mittels intravitaler 

konfokaler Mikroskopie untersucht. Merozoiten wurden nicht, wie ursprünglich vermutet, 

durch Ruptur der Hepatozyten-Membran einzeln in den Blutstrom entlassen, sondern in Form 

von Wirtszellmembran-umhüllten Paketen, so genannten Merosomen. Überraschenderweise 

werden Merosome mit dem Blutstrom intakt aus der Leber heraus und in die Lunge 

transportiert, wo sie im pulmonalen Kapillarnetz akkumulierten. Die Charakterisierung von 

isolierten extrahepatischen Merosomen mit diversen Membran-, Apoptose- und DNA-

Markern ergab, dass Merosome eine intakte Membran besitzen und vitale Merozoiten 

enthalten. In einem weiteren Versuch wurde die Infektiosität der merosomalen Merozoiten 

gezeigt, indem Leber-Blut, dass zusätzlich zu infizierten Erythrozyten Merosomen enthielt, 

signifikant infektiöser war als Schwanzvenen-Blut mit der gleichen Parasitämie, aber ohne 

Merosomen. Nachdem die Merosomen sich in der Lunge festgesetzt hatten, erfolgte die 

Freisetzung der Merozoiten durch Disintegration der sie umschließenden Membran. Dies wird 

als bisher unbekannter Evasionsmechanismus von Plasmodium interpretiert: Durch 

Freisetzung der Parasiten im Kapillargebiet der Lunge können Merozoiten der phagozytischen 

Elimination durch Kupfferzellen in der Leber entgehen, da sie wegen der Umhüllung von 

Wirtszell-Membran vom Immunsystem des Wirtes nicht erkannt werden können. Außerdem 

ist es möglich, dass der reduzierte Blutfluss und die geringere Makrophagendichte der 

Lungenkapillaren von Vorteil für die Invasion von Erythrozyten ist. 
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Supplementary Material 

 

Movie S1. Kupffer cells are stationary macrophages of the liver. Intravital microscopy 

showing Kupffer cells and blood macrophages in the liver of a lys-EGFP-ki mouse. Note the 

star-like shape, the low GFP expression level, and the fixed position of Kupffer cells. Bright 

green blood macrophages flow with the bloodstream or crawl along the sinusoids.  

 

Movie S2. Kupffer cells do not change their shape. Intravital microscopy of the liver of a 

Tie2-GFP mouse, which expresses GFP in its vascular endothelia. Kupffer cells, which were 

visualized by loading phagosomes with rhodamine-conjugated dextran, remain stationary and 

do not change their typical star-like shape.  

 

Movie S3. Blood-derived macrophages gradually accumulate in the liver during intravital 

examination. Bright fluorescent macrophages have left the sinusoids and migrated towards the 

liver capsule. These macrophages differ from Kupffer cells by their rounded shape, amoeboid 

motility, and extra-sinusoidal accumulation. 
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Supporting Information 

 

Figure S1. Fluorescence activated cell sorting (FACS) of in vitro Plasmoidum yoelii green 

fluorescent protein (PyGFP)-infected Hepa1–6 cells 43 h p.i. Flow cytometric plots following 

analysis of 10,000, 100,000 or 1,000,000 events from sorting of Py wild type (WT)-infected 

Hepa1–6 cell preparations (A) and PyGFP-infected Hepa1–6 preparations (B) are shown. The 

x-axis represents the forward scatter properties of the cells, while the y-axis represents the 

GFP signal. The inset box marks the gate used to identify and sort the GFP-positive 

population. (C) Pre-sorting GFP-fluorescent image of a 43 h PyGFP infected Hepa1–6 cell 

culture. Note the few GFP-positive infected cells in comparison with uninfected cells. Scale 

bar is 20 µm. (D) Post-sort GFP-fluorescent image of infected hepatocytes. Shown in the left 

panels are GFP images and in the right panels GFP/differential interference contract overlay 

images. 

Movie S1. Three-dimensional stack through a Plasmodium yeolii green fluorescent protein 

(PyGFP) liver stage 40 h p.i. The homogeneous cytoplasm indicates that this parasite is 

immature, i.e., has not yet undergone schizogony with merozoite formation. Note the 

numerous large vacuoles that are lined up along the periphery of the parasite and appear to 

open up to the parasitophorous vacuole lumen in some cases.  

 

Movie S2. Three-dimensional reconstruction of the liver stage shown in Movie 1. The surface 

of the parasite appears highly irregular and cratered with deep indentations in the surface that 

may correspond to vacuolar fusion events with the parasite plasma membrane.  

 

Movie S3. Time series showing a highly mobile Plasmoidum yoelii green fluorescent protein 

(PyGFP) liver stage 40 h p.i. Note the vigorous movements of the upper part of the cell body 

and the individual merozoite-sized structures in the neighboring tissue and sinusoids.  

 

Movie S4. Three-dimensional stack through a Plasmodium yoelii green fluorescent protein 

(PyGFP) liver stage 40 h p.i. The homogeneous cytoplasm indicates that this parasite is 

immature. Note the large extrusomes released into the sinusoids.  
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Supporting Information 

Table S1.  Size and merozoite content of Plasmodium EEFs. 

Species Host 
Merozoite 
size [µm] 

Max. 
diameter of 
mature EEF 

[µm] 

Merozoite 
number 

Ref 

0.7 60 (up to 80) 
30,000 ± 
10,000 

[52] 
P. falciparum Human 

0.7 >60 40,000 [54,55] 

1.2 30 - 70 10,000 [52] 
P. vivax Human 

 45 10,000 [51] 

1.8 70 - 80 >15,000 [53] 

 60 15,000 [51] P. ovale Human 

 70 15,000 [52] 

2.0 up to 85  [52] 
P. malariae Human 

 55 15,000 [51] 

1.0 
>40, up to 

100 
10,000 [52] 

P. cynomolgi Simian 

1.13   [56] 

1.5 - 1.7 x 
1.0 - 1.2 

  [5] 
Mouse 

 30 - 45 1500 - 8000 [21] 

White mouse, 
hamster 

 24 - 27 1500 - 2000 [22] 

Rat  26 4000 - 8000 [22] 

P. berghei 

T. surdaster  38 - 57 
10,000 – 
18,000 

[22] 

Mouse 1.5 ~35 2000 – 20,000 [12,22] 

Rat  35-37 7500 - 8000 [22] 
P. yoelii 

Swiss 
Webster 
mouse 

 40-75 4200 – 29,000 
this 
work 

 

Comparison of the estimated numbers of merozoites produced by various 
Plasmodium species in different hosts with the calculated data obtained from P. 
yoelii-infected mice presented in this paper.  
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Table S2.  Merozoite content of P. yoelii merosomes and EEFs.  

Diameter [µm] Merozoite number Volume [µm3] 

9 36 382 

10 51 524 

11 71 697 

12 95 905 

13 123 1,150 

14 157 1,437 

15 196 1,767 

16 242 2,145 

17 294 2,572 

18 353 3,054 

19 419 3,591 

20 493 4,189 

30 1757 14,137 

40 4274 33,510 

50 8478 65,450 

60 14799 113,097 

70 23669 179,594 

75 29196 220,893 

80 35521 268,082 

Merosomes were collected from the hepatic effluent. A subpopulation of small 
merosomes was used to measure the merosome diameter in relation to the 
merozoite content. An algorithm for optimal sphere packing (see Materials and 
Methods) was then used to calculate the effective merozoite diameter in these 
merosomes. This effective diameter (2.175 µm) was then entered into the same 
algorithm to determine the number of merozoites contained in the much larger EEFs 
in relation to their diameter.  
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