Basic Malaria Epidemiology
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Abstract. Malaria is estimated to cause between 0.7 and 500 million deaths per year, mostly of children.  The economic and social effects of malaria are massive.  The spread of this disease is expected to double with increased drug resistance seen in Plasmodium spp. and increased insecticide resistance of anophelese mosquitos.  Different levels of pathogenicity are displayed by different parasites (vivax, falciparum); these differences are used to illuminate potential important genes.  High variabilities between strains and of surface receptors are important factors in pathogenecity and immune evasion.  Vaccine development and transgenic anopheles mosquito projects are discussed.
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Malaria, a mosquito-borne, protozoal disease, is older than recorded history, and probably plagued prehistoric man (Lambert, 2002).  The first record of a treatment for the disease dates from 1600 A.D. in Peru, and utilized the quinine-rich bark of the Cinchona tree. (Lambert, 2002).  Scientifically, it is not a newly described disease.  The French physician Charles Louis Alphonse Laveran first identified the parasite under the microscope in 1880.  Ronald Ross and Giovanni Grassi recognized the mosquito as the malaria vector in 1897 (Good, 2001).  However, despite enormous and diverse efforts to control this disease, malaria is among the top three most deadly communicable diseases and the most deadly tropical parasitic disease today(Sachs and Malaney, 2002).  Worldwide, great and varied efforts are being made to learn about this disease and to determine how to control it.  This is a formidable task.  The official malaria eradication program, run by the World Health Organization (WHO), was cancelled in the late 1960s because of growing difficulties, given that the complex and persistent nature of this disease became increasingly obvious. Management strategies today include the development of vaccines and chemotherapeutic agents, vector control, insecticides, education, bed nets and insecticide treated bed nets.  Resistance to drugs by both the mosquito and the parasite is a growing obstacle in the battle against malaria.  Combination therapy has been shown to increase the efficacy of combining drugs (Toure et al., 2003).

Although the above efforts have been successful to varying degrees, approximately 500 million clinical cases of malaria are reported each year (Kirkpatrick, 2003) and mortality estimates range between 0.7 and 2.7 million.  Most of these deaths are young children.  In sub-Saharan Africa, where malaria mortality is highest, 90% of reported malaria-related deaths are children under the age of five (Gardner, 1999).  However, the actual figures of illness, morbidity and mortality may be very different from those cited above.  Accuracy is impeded by the facts that most malarial deaths occur at home, many cases are misdiagnosed and functional microscopes are not available to most clinics in the area(Greenwood and Mutabingwa, 2002).  Unfortunately, the disease burden is on the rise.  

Approximately 40% of the world’s population lives in regions where malaria transmission is endemic, mainly tropical and sub-tropical regions (Aultman et al., 2002).   Malaria has been successfully controlled, in fact effectively eliminated, in temperate regions of the world (Sachs and Malaney, 2002).  The control strategies employed in temperate regions included changes in agricultural and construction practices, reducing the availability of standing water, and targeted vector control using insecticides such as DDT (Greenwood and Mutabingwa, 2002).  Industrialization and improved housing conditions were instrumental in the elimination of the disease in temperate countries (Budiansky, 2002).  Windows and walls reduce the amount of contact people have with mosquitoes.  Additionally, the more severe seasons of the temperate regions provides another factor for the success of eradications programs as well.  The role of the mosquito in the life cycle of P. falciparum requires that the parasite be able to maintain an extended infection in order to ensure transmission ability during the following season (Kyes et al., 2001).  Strong seasonality results in lower basal levels of case reproduction (Sachs and Malaney, 2002).  Now that the sequences of the three participants in the life cycle of human malaria, P. falciparum, Anopheles gambiae, and Homo sapiens, are all completed and available, perhaps new strategies of disease control will succeed.

The Parasite: Plasmodium 


Human malaria results from infection with Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale or Plasmodium malariae.  Plasmodium falciparum causes a large majority of the clinical cases and mortalities (Bozdech et al., 2003).  The protozoan Plasmodium is transmitted to humans by mosquitoes of the genus Anopheles.  The mosquito picks up the parasite during a blood feeding from an animal with parasitaemia.  The life cycle of Plasmodium will be described below.

The classic example of the strong selective pressure malaria puts on the human population is the high incidence of the potentially fatal sickle cell gene reported in regions with endemic malaria.  People with one allele for sickled blood cells, the sickle cell trait, have a survival advantage in regions with endemic malaria.  They are more likely to survive an infection by P. falciparum.  Therefore, people with the sickle cell trait are more likely to survive to a reproductive age.  However, the offspring of two people with sickle cell trait have a 25% chance of bearing offspring with sickle cell anaemia, which is often fatal and greatly reduces a person’s expected longevity.  The enormous effects that malaria has on countries where it is endemic explains this selection.

The virulence patterns of malaria were being documented as early as the 1920s.  Malaria, specifically the fevers induced by infection with Plasmodium, was used at the time as a treatment for syphilis.  It was also noted that reproducible virulence patterns were seen with the same isolate and immunity to a specific strain of one species of Plasmodium was achieved by infecting previously naïve patients (Kyes et al., 2001).  Even through these most rudimentary types of experiments it was observed that immunity to a certain strain of Plasmodium was not equivalent to immunity to the disease malaria.  More recent, controlled studies indicate that immunity to severe malaria is acquired more rapidly than immunity to mild malaria, especially in regions where transmission is high (Gupta et al., 1999).  


To understand the challenges biologists face in combating this disease, and the strategies for vaccine and treatment development, it is essential to understand the basic life cycle of this parasite.  Plasmodium parasites are protozoa of the phylum Apicomplexa (often referred to as sporozoans).  These are animal parasites which exist in two hosts, have sexual and asexual stages, alternate between haploid and diploid phases and must be able to survive inside both hosts.  The life cycle begins with the bite of an infected female anopheline mosquito.  The mosquito takes her blood meal from the vertebrate (in this case a human) and injects both anticoagulant and haploid sporozoites into the human blood stream (Prescott et al., 2002). The sporozoites quickly travel to the hepatocytes (liver cells), where they mature.  In the hepatocyte the sporozoites undergo multiple asexual fissions, or schizogony, to produce thousands of infective, haploid merozoites (Kyes et al., 2002).  The merozoites are released into the blood stream and rapidly adhere to and invade host erythrocytes (red blood cells).  It is from this that the immunity provided by the sickle cell trait can be explained.  These parasites have high metabolic demands and cannot survive in the compromised red blood cells of a human with sub-optimal oxygen carrying-capacity. At this point, the patient is still in the prepatent period and does not exhibit any clinical symptoms.  


Inside the erythrocyte, the merozoites again begin to replicate and divide asexually.  Each merozoite gives rise to 6-32 daughter merozoites (Kyes et al., 2002) during 24-72 hours, depending on the species.  Ultimately the infected erythrocytes lyse and merozoites are again released into the bloodstream and invade more cells.  This cycle continues until the patient dies or the parasite slowed by either the host immune system or chemotherapeutic agents.  The destruction of the erythrocyte and release of merozoites corresponds to the hallmark clinical presentation of the disease, the periodic fevers.


The other possible life cycle for the merozoites is differentiation into macrogametocytes and microgametocytes that do not destroy the erythrocyte they inhabit while in the human host.  These are ingested by anopheline mosquitoes and develop into male and female gametocytes.  Inside the gut of the mosquito the erythrocytes do lyse and the gametes meet and fuse into diploid zygotes (the ookinete).  This is the only diploid stage during the life time of the Plasmodium parasite.  The ookinetes develop into sporozoites and migrate to the salivary gland of the mosquito (Good et al., 2001).  The cycle is thus ready to begin again.


In 1996, an international effort was established to determine the sequence of the most deadly of the four Plasmodium species, P. falciparum.  This goal was achieved, and reported in Nature magazine in 2002 (Gardner et al., 2002), the same month the genome of Anopheles gambiae was reported in Science magazine (Holt et al., 2002).  These discoveries will enable improved understanding of the species’ individual biology and interactions.  When the complete sequence of a clone of P. falciparum was first published (Gardner et al., 2002), it provided a large amount of new information about the parasite and simultaneously highlighted how much more there is to uncover.  The 23 Mb genome encodes about 5,300 genes with an (A + T) – content of over 97% (Gardner et al., 2002).  Sixty percent of the protein products did not have enough similarity to previously characterized proteins to be assigned a function (Gardner et al., 2002). Plasmodium falciparum has a highly conserved genome aside from the highly variable regions clustered close to the telomeres.  The three most noted gene families in these regions, involved in immune evasion, are var, rif, and stevor (Florens et al., 2002). The gene products are P. falciparum erythrocyte membrane protein 1 (PfEMP1), repetitive interspersed family (rifin) and sub-telomeric variable ORF (stevor) proteins, respectively (Florens et al., 2002).  The PfEMP1 proteins are exported to the surface of the infected erythrocyte where they mediate adherence to host endothelial regions.  They give the parasite the ability to sequester large numbers of infected cells in to specific organs (Gardner et al., 2002). Almost all P. falciparum isolates in red blood cells are capable of cytoadherence, which can result in serious damage of the chosen organ.  The damage is believed to be the result of blocked circulation or release of cytokines or nitrous oxide (NO) (Kyes et al., 1999).  This can be fatal.  Even under ideal medical conditions, 30% of patients with cerebral malaria will die.

Comparative analyses between sensitive and resistant strains of P. falciparum revealed polymorphisms (pfcrt, dhfr, dhps and pfmdr1) associated with resistance to commonly used drugs (Toure et al., 2003).  Expression profiling, using high-density oligonucleotide arrays, has been used to determine relative levels and temporal patterns of expression in P. falciparum (Le Roch et al., 2003).  Profiles of various stages during the P. falciparum life cycle allow us to determine shifts in transcription rates during the life cycle.  This will be important information in identifying targets for multi-subunit vaccines.  P. falciparum strains express variable antigens and exist in different body tissues.  Therefore, in designing a treatment against the parasite, different immune responses for each form are necessary (Good et al., 2001). The paper written by Le Roch et al (2003) demonstrates that genes with similar functions do follow similar patterns of expression.  This should help to determine the function of unknown proteins.    Proteomic expression profiling is also being used to characterize different stages of the parasite life cycle (Florens et al., 2002) and to identify potential new drug targets.

The Mosquito: Anopheles

Anopheles gambiae, Anopheles arabiensis and Anopheles funestus transmit most of human malaria and are all found in Africa (Besansky et al., 2004).  Anopheles gambiae, the most famous and significant of these three, is one of sixty anopheline mosquitoes able to transmit malaria to humans (Budiansky, S., 2002).  Anopheles gambiae is the primary malaria vector; this can be attributed, in part, to its relatively long life, strong anthropophily and endophily (the tendency to target humans for blood meal and the tendency to enter and rest inside of houses, respectively) (Besansky et al., 2004). Adult mosquitoes normally rest during the day inside human habitats and emerge to feed at night (Holt et al., 2002).  Their larvae tend to develop in temporary bodies of water, such as those typically found near agricultural sites or even in flooded hoof prints (Vogel, 2002).  All of these characteristics combine to make P. falciparum a successful vector.

That this behavior is remarkable can be highlighted with a comparison of the entomological inoculation rate (EIR) of infectious mosquitoes in Asia or South America compared to sub-Saharan Africa.  The EIR measures how often one person is bitten by an infectious mosquito.  In Asia or South America a person’s EIR rarely exceeds 5 bites per year.  In sub-Saharan Africa a person may have an EIR of over 1,000 bites per year.  (Greenwood and Mutabingwa, 2004).  Greenwood and Mutabingwa (2004) also report that during a single night in sub-Saharan Africa, hundreds of mosquitoes typically collect in a room occupied by humans; 1-5% of these are infectious.  

 
Some disease control strategies deal with these anopheline mosquitoes rather than the parasite.  One strategy for attacking mosquitoes is to develop more effective insecticides.  The main obstacles to this line of attack are growing insecticide resistance and environmental concerns.  The publication of the An. gambiae genome (Holt et al., 2002) should help to locate genes involved in resistance and to design chemicals for attacking new targets in the mosquito.  The failure of the WHO’s malaria eradication program was, to a significant degree, due to increasing resistance to DDT and the fact that people did not want their homes to be sprayed (Greenwood and Mutabingwa, 2002).    The current, most widely used, technique for vector control is bed nets treated with the insecticide pyrethroid.  However, it is only a matter of time before pyrethroid, like DDT, loses its efficacy.  Genomics may prove key in the development of new insecticides and may also improve the longevity of available insecticides (Hemingway, J. et al., 2002).  


The viability of introducing genetically modified mosquitoes, which are either unable to transmit malaria to humans or are sterile, is also being investigated.  The completed genome of An. gambiae has encouraged comparative studies between these mosquitoes and other arthropods and model organisms such as Drosophilia melanogaster.  These studies may provide clues to account for their great effectiveness as a Plasmodium vector and could prove to be an effective tool for disease control.  Ito and coworkers (2002) reported the creation of a stable strain of transgenic mosquitoes that were unable to transmit Plasmodium under laboratory conditions.  Using bacteriophages they identified a peptide that blocks the parasite from crossing the epethelia of the mosquito. During a successful life cycle of a Plasmodium parasite they must cross the epethilium of both the midgut and the salivary glands.  Attaching units of this peptide to a promoter activated by a blood meal, they were able to inhibit the development of the majority of parasites.  This laboratory success is great but there remain many challenges before genetically modified mosquitoes could be considered a viable method for malaria control.  


Recently, RNA interference (RNAi) was used to identify three genes in An. Gambiae which are involved in the insect’s immune response.  These genes seem to have effects on the development and survival of rodent malaria, Plasmodium berghei (Osta et al., 2004).  Additionally, they have no orthologs in Drosophilia, making them good targets for parasite destruction that may not harm other organisms.  Two of these genes, when silenced, resulted in a negative effect on the development of the parasite.  This indicates that the Plasmodium and mosquito have coevolved such that the immune system of An. gambiae has been subverted to encourage the success of the parasite (Hemingway and Craig, 2004).  The success of a parasite could be improved by increasing the fitness of its vector (Hurd, 2003).  However, Plasmodium seems to reduce the fitness of its host; infected mosquitoes live shorter lives, produce less offspring and show a reduced flight distance (Anderson et al., 1999, Hahn and Nuzhdin, 2004).  When Osta et al. (2004) silenced the third gene, a positive effect on parasite development was seen.  Perhaps targeting the immune response of the mosquito will prove to be more effective than boosting human immune response or attempting to replace populations with transgenic mosquitoes.  Refractory alleles have been identified in the An. gambiae genome (Niare et al., 2002) but are not spread in wild populations, perhaps due to energetic costs (Hahn and Nuzhdin, 2004).  


The engineered mosquitoes must be safely introduced into a population and must outcompete the wild mosquitoes (Ito et al., 2002).  Major concerns about this technique include the development of resistant strains and the possibility that the transgene could make them viable carriers for other diseases (Enserink, 2002).  The danger of selecting for parasites with increased virility must be considered.  Increasing the genetic variability of the transgenic mosquito would help to minimize but perhaps not completely eliminate this risk.  An international agreement would have to be reached before release could be considered.  Assuming getting approval for this stratagem to be possible, other challenges exist.  Semi-field facilities, where the genetics of the potential target population has been well characterized and compared to the release strain, would be necessary (Alphey et al., 2002).  Understanding the behavior of the anopheline mosquitoes may prove helpful in strategizing disruption of target populations (Besansky et al., in press).  The release strain would have to be able to mate with the mosquitoes in the target population and drive the transgenes into the resultant population.  


The creation of sterile mosquitoes, which would presumably lower the number of mosquitoes, is another possibility.  Similar concerns exist concerning the introduction of a genetically modified organism into the wild hold for this scenario.  It would also be important only to introduce male mosquitoes in order to avoid any increase in transmission (Alphey et al., 2002).  The behavior of the vector is also considered when strategizing vector control.  If the genes responsible for the anthrophily of the anopheline mosquitoes are identified, they could be targeted (Besansky et al., in press).  

The Host: Homo Sapiens

As discussed above, malaria is a disease devastating millions of people each year and has been described for over a century.  Despite the fact that strong attempts to eradicate malaria have been made, the disease burden is still on the rise and some estimate that the number of cases could double in the next twenty years without the development of new methods for control (Sachs and Malaney, 2002).  Aside from the human tragedy this predicts, an economic disaster is also likely for the stricken countries.  Gallup and Sachs (2001) report that, during the period 1965 - 1990, the annual growth rates in malarious countries are 1.3 % lower compared to non-malarious countries.  This corresponds to a 50% decrease in per capita Gross Domestic Product (GDP) (Gardner et al., 2002).  Malaney and Sachs (2001) hypothesize that this apparent correlation between poverty and malaria runs both ways.  Poverty may increase the incidence of malaria; malaria may also increase the likelihood of poverty.  An increase in population in malarious regions, compounded by weak public health systems in developing countries, climate changes (Hay et al., 2002), new agriculture practices such as irrigation and dam construction (Sachs and Malaney, 2002), increased resistance to antimalarial treatments and insecticides (Bozdech et al., 2003) and the complexity and flexibility of the genetics (Gardner et al., 2002) have all contributed to the increase in malaria.

That malaria is a ‘disease of poverty’ greatly contributes to its persistence.  Kettler and Marjanovic (2004) define the term “healthy years” as measuring the healthy years lost by premature death and years lost measured in disability-adjusted life years, for patients debilitated by disease.  Diseases of poverty, such as malaria, human immunodeficiency virus (HIV), tuberculosis, African trypanosmiasis and leishmaniasis, are responsible for 14 million deaths each year, with 90% of the cases occurring in developing nations.  They are responsible for the loss of one half to two thirds of the healthy years lost in the developing world (Kettler and Marjanovic, 2004).  Yet, these diseases are neglected because of the people they affect.  

  
During the period between 1975-1996, only 3 of 1,223 drugs developed were antimalarials (Greenwood and Mutabingwa, 2002).  The need for malarial drugs has long outstripped the supply.  This can be explained, in part, by the fact that the large number of people suffering from malaria and other diseases of poverty are not customers (Kettler and Marjanovic, 2004).  They can not purchase new drugs and therefore do not exist as a viable market for a biotechnology company’s investment.  The involvement of biotechnology companies is crucial in the fight against malaria.  When the P. falciparum sequence became available, the biotechnology companies acted quickly to advance this knowledge into products.  Aside from the new vaccine candidates developed, biotechnology companies produced both a needle-free injection device (Bioject Medical Technologies) and kits for parasite detection (AMRAD corp.) (Kettler and Marjanovic, 2004).  The contribution of their research power is essential for the success of malaria control campaigns.  The difficulty of involving the biotechnology companies lies in their dependency upon earning a profit and in the fact that they mostly receive outside funding.  Funding is not easily procured when a viable market does not exist.  Most biotech companies would be interested in researching these diseases, even if only for public relations purposes, if they were given any compensation incentive.  Policy changes must be made to make the production of these drugs possible.  These policies would need to be enacted on a global scale.  Models based on national laws such as the American Orphan drug act have been proposed (Kettler and Marjanovic, 2004).  These would lower the cost and risk for the companies while increasing the expected return.
 
Additionally, more specific regions need to be identified as regions in need of more resources.  One study in Kenya showed that the insecticide-treated bednet (ITN) programs were distributing their products to regions where nongovernmental organizations (NGOs) were present, rather than to areas where malaria transmission was highest (Greenwood and Mutabingwa, 2004).  Organized strategies need to be employed to achieve the highest possible efficacy.  Four studies of home management of malaria revealed large reductions in severe illness when children were treated at early stages.  Intermittent preventive treatment in infants (IPTi) was tried in conjunction with normal vaccine schedules.  Healthy babies were given full treatments of antimalarial drugs and this reduced the amount of malaria and anaemia (Toure et al., 2004).  One important element of this study was their use of organizations involved in vaccine distribution to administer malaria treatment.  This type of cooperation is cost-effective and could cover extensive areas.  These studies suggest that improvements can be made by training local healthcare workers to educate themselves and people in their communities about appropriate drugs to prescribe (Toure et al. 2004).  With the cooperation of science, government and charitable foundations it may soon be possible to bring malaria under control.
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