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Introduction

Malaria history:

Malaria remains one of the main killers of humans’ universal, threatening the lives of more than
1/3 of the world’s population [1]. It is an prehistoric disease and references to what was almost
certainly malaria occur in a Chinese document from about 2700 BC, clay tablets from
Mesopotamia from 2000 BC, Egyptian papyri from 1570 BC and Hindu texts as far back as the
sixth century BC. Such historical records must be regarded with caution but moving into later
centuries we are beginning to step onto firmer ground. The early Greeks, including Homer in
about 850 BC, Empedocles of Agrigentum in about 550 BC and Hippocrates in about 400 BC,
were well aware of the characteristic poor health, malarial fevers and enlarged spleens seen in
people living in marshy places. For over 2500 years the idea that malaria fevers were caused by
miasmas rising from swamps persisted and it is widely held that the word malaria comes from
the Italian mal’aria meaning spoiled air although this has been disputed. With the discovery of
bacteria by Antoni van Leeuwenhoek in 1676, and the incrimination of microorganisms as
causes of infectious diseases and the development of the germ theory of infection by

Louis Pasteur and Robert Koch in 1878-1879, the search for the cause of malaria intensified.
Scientific studies only became possible after the discovery of the parasites themselves by Charles
Louis Alphonse Laveran in 1880 and the incrimination of mosquitoes as the vectors, first for
avian malaria by Ronald Ross in 1897 and then for human malaria by the Italian scientists
Giovanni Battista Grassi, Amico Bignami, Giuseppe Bastianelli, Angelo Celli, Camillo Golgi
and Ettore Marchiafava between 1898 and 1900. Excellent histories of this disease include those
by Celli [2], , Stephens [3], Scott [4], Russell [5], Foster [6], Garnham [7,8], Harrison [9], Bruce-
Chwatt [10], Desowitz [11], McGregor [12], Poser & Bruyn [13] and Schlagenhauf [14]. . It is
believed that its homeland is West Africa malaria (P. falciparum) and Central Africa (P. vivax).
Four species of malaria parasite infect humans: P. falciparum, P. vivax, P. malariae, and P.
ovale [15].

Malaria probably originated in Africa and accompanied human migration to the Mediterranean
shores, India and South East Asia. In the past it used to be common in the marshy areas around
Rome. As malaria is a disease mostly of tropical and subtropical areas, it is particularly prevalent
in sub-Saharan Africa, but also common throughout other tropical regions of China, India,
Southeast Asia, South and Central America [16, 17]. In Nigeria, before independence, the
colonialists established Government Reservation Areas (GRA) in an attempt to build their homes
far away from the natives as it was found that the travelling/flying distance of these mosquitoes
from the breeding grounds was a limiting factor in spreading the parasites. Nigeria’s quest for



effective control of malaria began well before the WHO global malaria eradication period
between 1955 and 1968 [18].



Malaria epidemiology

Malaria is one of the most important public health problems in term of morbidity and mortality,
causing more than 200 million cases and 655.000 deaths every year [19]. According to the World
Health Organization (WHO) Malaria Report 2011, a total of 106 countries in the world are at
risk of transmission of malaria infection .A total of 216 million estimated malaria cases occurred
in 2010, 81% of which were reported in the African Region, followed by South East Asia (13%)
and Eastern Mediterranean Region (5%). The total number of malaria deaths was estimated to be
655.000 in 2010; 91% of whom occurred in the African Region, 6% in South-East Asia and 3%
in Eastern Mediterranean Region .Although the proportion of people exposed to malaria
parasites has decreased during the last century, the absolute number of people at risk for malaria
infection increased from 0.8 billion in 1900 to 3.3 billion in 2010, as a consequence of the
absolute increase of the population living in malaria-endemic regions [19,20].

However, between 2005 and 2010 malaria cases decreased from 244 million to 216 million;
moreover, malaria mortality rates showed a global reduction of 26% between 2000 and 2010.

Malaria in humans is caused by 5 Plasmodium parasites: Plasmodium falciparum, P. vivax, P.
malariae, P. ovale and P. knowlesi. The current distribution of human-pathogenic Plasmodium
species shows preponderance of P. falciparum in tropical Africa, while P. vivax prevails over P.
falciparum in South America. Both P. falciparum and P. vivax are prevalent in south-eastern
Asia and western Pacific. Although P. malariae may occur in all malarious areas, its prevalence
is generally low. In tropical Africa, P. falciparum and P. malariae co-infection is sometimes
encountered. P. ovale is widespread principally in tropical Africa whereas P. knowlesi infection
occurs only in certain forested areas of South-East Asia.

Malaria burden is hard to estimate, particularly in low income countries where data collection
and reporting quality is poor. Incomplete and discontinuous reports from single health facilities
may alter final global malaria prevalence. Malaria cases are often under-diagnosed in hyper
endemic countries, where mild symptoms of chronic malaria my possibly lead to misdiagnosis.
On the contrary, over-diagnosis may also occur. In fact, not all reported malaria cases are
confirmed by microscopy or others assay, such as rapid diagnostic tests (RDTs). Furthermore, in
hyper endemic areas febrile illnesses from different causes might be misdiagnosed with malaria
[21]. Anyway, WHO guidelines recommend that microscopy or RDTs should be used to confirm
all malaria cases.

Another issue is the lack of population denominator that makes the real incidence of malaria
difficult to assess. Data emerging from WHO reports just estimate malaria incidence and
mortality, reporting malarial cases and malarial death from the different WHO regions, collected
by Ministries of Health of different countries. These data do not reflect the real incidence in the
general population. Nevertheless, they are good indicators to assess malarial control programmes
and to estimate the impact of malaria infection in health systems.



Malariometry:

The term endemicity is a proxy to indicate disease prevalence. Areas presenting the same level of
endemicity often have similar characteristics of disease distribution, guiding malaria experts to
design, implement and monitor control and prevention activities [22].

Malaria endemicity is a very complex issue, that is influenced by factors related to the man-host
interactions (agricultural activities, nocturnal activities, migration movements, wars, limited
resources), to the parasite (different species, sporogonic cycle length, drug susceptibility), to the
vector (density, larvae breeding sites, temperature, receptivity, feeding pattern, longevity,
insecticide susceptibility) and to the environment (physical — biological — socio-economic).
Moreover, malaria incidence may fluctuate according to seasonality.

Different methods to classify malaria endemicity in a population exist. These methods includes
(1) proportion of individuals in a population with a palpable enlargement of spleen (spleen rate
[SRY]), (ii) proportion of individuals in a population with a laboratory-confirmed parasite
infection (parasite rate [PR]), (iii) number of infective bites per person (entomological
inoculation rate [EIR]) and (iv) number of microscopically confirmed malaria cases detected
during one year per unit population (annual parasite incidence [AP1]) [23].

Proportion of individuals with splenomegaly (SR) in @ given population was the first method
used to assess malaria endemicity during a malariometric survey in 1848 in India, where spleen
dimension was assessed in selected population-age groups. Thus, malariometry attention was
focused on clinical manifestations of malaria. On the basis of splenomegaly prevalence rates in
children from 2 to 9 years old, 4 different endemicity areas can be distinguished: holo-endemic
areas, where proportion of people with splenomegaly is above 75%; hyper-endemic areas, where
splenomegaly prevalence is between 51 and 75%; meso-endemic areas, with prevalence between
50 and 11%; hypo-endemic areas, where prevalence is below 11% [23].

Parasite rate (PR) assesses the proportion of individuals with microscopically confirmed
presence of asexual parasites in peripheral blood. It’s a technique that requires expert laboratory
technicians and suffers of malaria seasonal variation.

Spleen and parasite rate are actually less used, whereas entomological inoculation rate (EIR) and
annual parasite incidence (API) are utilized to prepare epidemiologic malaria maps that show
malaria distribution in the world. Where data are unavailable, a model is required to predict
malaria endemicity [24-28]. Many recent studies investigated a predictive framework known as
model-based geostatistics (MBG) to asses’ malaria endemicity [29-33].

In 2007, the world was stratified into three spatial representation: (i) areas without P. falciparum
malaria risk, (ii) unstable risk areas (P. falciparum annual parasite incidence [PfAPI]: < 0.1 per
1.000 people per annum [pa]) and (iii) stable risk areas (PfAPI> 0.1 per 1.000 people pa) [34].
The global area at risk of stable P. falciparum malaria was quantified in 29.7 million km?,
distributed into Africa (18.2 million km?, 61.1%), Americas (6.0 million km?, 20.3%) and
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Central and South East Asia regions (5.5 million km?, 18.6%). Of the 2.37 billion people
exposed to P. falciparum transmission worldwide, 0.98 billion live in unstable risk areas [35,
36], whereas 1.383 billion live in stable risk areas, distributed into Africa (0.657 billion, 47.5%),
Americas (0.041 billion, 2.9%) and Central and South East Asia (0.686 billion, 49.6%). Children
are the most represented category, accounting for 32% of the population at risk in Americas and
in Central and South East Asia. In Africa this percentage rises up to 43%.

P. vivax is transmitted in 95 tropical, subtropical and temperate countries [37]. People living at
risk of P. vivax malaria infection are 2.85 billion, 91% living in Central and South East Asia
region, 5.5% in America and 3,4% in Africa. As many as 57.1% of people exposed to P. vivax
infection lives in unstable malaria areas.

Stable - unstable classification is another way to determine malaria endemicity. Macdonald
defined malaria stability on the ground of the number of mosquitoes lifetime bites in the human
host [38]. This vector-based index differentiated stable and unstable malaria. Vector-based
classification is less used because of entomological-based metrics complexity, ethical concerns
related to exposing human beings to malaria infection and measurement error issues [23].

Endemic regions Distribution:

Different malaria endemic areas have different epidemiological situations and also the feasible
targets may differ. According to WHO, the following terminology should be adopted when
referring to malaria endemic status: Malaria control: reducing the malaria disease burden to a
level at which it is no longer a public health problem.

Malaria elimination: the interruption of local mosquito-borne malaria transmission; reduction to
zero of the incidence of infection caused by human malaria parasites in a defined geographical
area as a result of deliberate efforts; continued measures to prevent reestablishment of
transmission are required.

Malaria eradication: permanent reduction to zero of the worldwide incidence of infection caused
by a particular malaria parasite species. Intervention measures are no longer needed once
eradication has been achieved.

Trends in malarial cases and deaths reflect control programmes, such as distribution of
insecticide-treated nets (ITN), long lasting insecticidal nets (LLIN), and use of indoor residual
spraying (IRS) and artemisinin combination treatment (ACT).

On the ground of slide positivity rate (SPR) and of the population at risk of malaria, WHO
distinguishes areas with advance malaria control activities in (1) pre-elimination phase, (1I)
elimination phase, (111) prevention of reintroduction and (1V) malaria-free stages.

Most malaria cases and deaths occur in the Afiican Region. As a consequence of implementation
programs, high burden countries of African Region, such as Madagascar, Sao Tome and
Principe, Eritrea, Rwanda and Zambia, showed a decrease in malaria cases up to 50% between
2000 and 2009 [39].



Rwanda showed a decrease by 74% of confirmed malarial cases between 2005 and 2010 and
slide positivity rate decreased from 35% to 9%. Moreover, number of malaria hospital
admissions and malaria deaths showed a decrease of 65% and 55% respectively. Zanzibar,
belonging to United Republic of Tanzania, showed a dramatic decrease of malaria admissions
and deaths due not only to the efficacy of control strategies, but also to favorable geographic
position. In low-transmission countries of African Region control strategies have also been
performed [19].

In 15 countries of the WHO Region of the Americas, where P. vivax is the most represented
species, reductions of more than 50% in the number of the reported cases were observed. During
2010, malaria transmission occurred in 21 countries, of which 17 are in the control stage and 4
are in the pre-elimination stage. Bahamas and Jamaica are in the prevention of reintroduction
phase. In Ecuador, malaria cases dropped from 105.000 in 2000 to 4.120 in 2009, a reduction of
96% due to IRS, LLINSs distribution, strengthening of malaria diagnosis and treatment and also
due to Global Found, UNICEF, USAID and government funds invested in malaria control [19].

In 2010, 2.4 million confirmed malaria cases were reported in WHO South-East Asia Region.
India accounts for 66% of confirmed cases, even though a reduction of 28% of the cases between
2000 and 2010 was observed. In 2010, malaria deaths were 2:426 as reported from eight
countries of the region, most of all reported in India. Democratic People’s Republic of Korea and
Sri Lanka are actually in pre-elimination phase. Bangladesh, Bhutan, the Democratic Republic of
Timor-Leste, India, Indonesia, Myanmar, Nepal and‘Thailand are in the control phase.

In the WHO European Region, the number of autochthonous cases decreased from 32.394 in
2000 to 176 in 2010. All malaria cases are now attributable to P. vivax infection; no P.
falciparum cases occurred since 2008. Malaria cases were identified in Azerbaijan, Kyrgyzstan,
Tajikistan, Turkey and Uzbekistan. Georgia reported no cases in 2010 and Turkmenistan was
declared malaria-free in October 2010. A particular case is represented by Greece, a country that
was declared malaria-free from 1974.

Since June 2011 a total of 63 autochthonous malaria cases have been reported [39], all due to P.
vivax infection. Cases occurred mostly in the southern region of the country, specifically of the
Evrotas delta area of Laconia district in agricultural area with large migrant populations [39, 40],
Other cases occurred in the Evia/Euboea (island east of the Central Greece region), Eastern
Attiki, Voitia and Larissa districts [39].

In the WHO Eastern Mediterranean Region, Islamic Republic of Iran and Saudi Arabia are in
the elimination phase, while Egypt, Iraq, Oman and Syrian Arab Republic are in prevention of
reintroduction phase. Morocco was confirmed malaria-free in May 2010. Afghanistan, Djibouti,
Pakistan, Somalia, Sudan, South Sudan and Yemen are in the control stage, and they still
represent high malaria transmission areas.

As many as 262.000 confirmed cases were reported from the WHO Western Pacific Region in

2010. Papua New Guinea, Cambodia and Solomon Island account for 70% of these malarial
cases. China, Philippines, Republic of Korea and Vietnam showed a decrease in malaria cases up
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to 50% between 2000 and 2010, while other countries showed a more slowly decrease (e.g.
Cambodia, Lao People’s Democratic Republic, Malaysia, Solomon Island, Vanuatu).

Plasmodium Species Distribution:

Plasmodium species are differently distributed in the world. Prevalence of malaria cases and
deaths differs during different seasons, as mentioned before. Prevalence data must be related to
season and to endemicity of each country.

1. Plasmodium falciparum:

P. falciparum is widespread in nearly all malaria endemic countries. A study identified
2.37 billion people at risk of P. falciparum transmission worldwide, 26% located in the
African Region and 62% in South East Asian and Western Pacific regions [35]. In Africa,
many epidemiological studies suggest that P. falciparum is the most prevalent malarial
species. Blood samples were collected between 1998 and 2006 from nine different
African countries and analyzed by PCR for the presence of each of the four human
malaria parasites [41]. Out of 2.588 samples, 1.737 were positive for Plasmodium species
and 1.711 (98,5%) were positive for P. falciparum considering both mono and mixed
infection. Another study performed in 4 villages in- Mulanda sub-county, in eastern
Uganda, showed a prevalence of P. falciparum infection of 94% during rainy season,
from July to December, using thin film diagnosis [42]. A study performed in
metropolitan Lagos, Nigeria, showed a microscopic prevalence of P. falciparum species
of 88, 5% in pregnant women attending antenatal care clinic, during one observation year
[43]. In Asia, P. falciparum and P. vivax are the two prevalent species. In India, P.
falciparum is mostly widespread in,Orissa state [44, 45] while in the west of the country
mixed infections are predominant [44]. In Bangladesh, samples collected during 3 years
from febrile patients and analyzed by species-specific PCR showed a P. falciparum
prevalence of 81, 5%. [46]. In Cambodia, falciparum prevalence among residents of 8
villages was about 59% using a new PCR technique [47]. In Thailand (Tak, Chantaburi,
Prachuab Khirikhan, Yala and Narathiwat Provinces), PCR research of P. falciparum
among febrile patients from October 2006 to September 2007 showed a prevalence of 43,
5% both in mono and in mixed infection [48]. Samples collected from 146 selected
patients with uncomplicated malaria in 2008 in southern Myanmar underwent PCR
analysis to investigate malaria parasites: the prevalence of P. falciparum was 52,1%
considering mono and mixed infection [49]. In South America P. vivax is the
predominant species, followed by P. falciparum (25.7%) [50]. Most of the malaria cases
occur in Brazil; the others are distributed in 20 other countries of Central and South
America [50].

2. Plasmodium vivax:

In Central and Western Africa P. vivax infection is rare because of the high prevalence of the red
blood cells Duffy negative phenotype in the population, interfering with P. vivax merozoite entry
into the red blood cells. A large study carried out in nine African countries failed to detect P.
vivax species [41]. However, there are some evidence of P. vivax transmission in West and
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Central Africa. In Congo, specific P. vivax antibodies were researched in 409 samples from
patients coming from a health center located on the west coast, where Duffy antigen is expected
to be > 95%. Out of the 409 samples, 55 (13%) tested positive for specific P. vivax antibodies
[51]. study from Kenya demonstrated the presence of P. vivax among mosquitoes; in addition, P.
vivax DNA was amplified and sequenced in blood of two Duffy negative children [52]. In
eastern and southern Africa only 5% of malaria infections are attributable to P. vivax [53]. In
Asia, P. vivax and P. falciparum are the predominant species [54]. In India, isolate P. vivax
infection is widespread in the southern state of Tamil Nadu, while mixed-species infections are
prevalent in the west [44]. In Bangladesh, samples collected from febrile patients underwent
PCR research of Plasmodium species, showing a prevalence of P. vivax infection of 15, 3% in
mono-infected patients and of 27,5% in mixed infections [46]. In Cambodia, prevalence of P.
vivax infection detected by PCR method in samples collected in September 2001 was 15% [47].
Studies performed in Thailand and in Myanmar showed that P. vivax is the most prevalent
malarial species [48, 49]. Such as in the WHO Eastern Mediterranean Region, in particular in
Afghanistan, Islamic Republic of Iran and Turkey [55-58]. Central and South America P. vivax
is the predominant plasmodium species, accounting for 71-81% of all malaria cases [50, 52].
Studies demonstrate that P. vivax accounts for 83, 7% of malarial infections in Brazil [59], for
70% of infections in Colombia [60] and for 90% of infections in Ecuador [61].

3. Plasmodium ovale:

The real burden of P. ovale malaria is difficult to assess because its diagnosis is difficult.
Plasmodium ovale may be encountered in sub-Saharan Africa and in Asia [62]. A recent study
from Mozambique tested malaria prevalence among febrile patients: only 2 of 111 malaria
positive patients presented P. ovale mono-infection, while 4 P. ovale and P. falciparum mixed
infections were also detected [63]. In Congo, a cross-sectional, population-based cluster
household survey of adults aged 15-59 years demonstrated that P. ovale parasitaemia was rare
and its prevalence in mono-infection was only 0, 1% [64]. In a recent multicenter study, blood
samples were collected from the indigenous population of nine African countries and malaria
parasites were searched by PCR method. Of 1.737 samples, 67 were positive for P. ovale: 12
single infections, 51 mixed with P. falciparum and 4 triple infections with P. falciparum and P.
malariae. When samples from Rwanda, Mozambique, Angola and Sao Tome were excluded, P.
ovale infection represented 3,9% of all malaria cases [51]. Another study performed in Congo-
Brazzaville, Uganda and Equatorial Guinea, concluded that two P. ovale species, P. o. curtisi
and P. o. wallikeri, is both widespread in Africa; in Uganda and Equatorial Guinea the
prevalence of P. ovale spp. in population-based samples was found to be between 1% and 6%
[65]. There are many evidence of P. ovale infection in Asia. Samples collected during 2007/2008
in Bangladesh from 379 febrile patients who underwent microscopic, DNA extraction and nested
PCR analysis: 3 of the 189 positive samples (1, 6%) were positive for P. ovale [46]. Nested PCR
detected P. ovale parasites in 1, 3% of blood samples collected from 1.356 inhabitants of eight
villages of Rattanakiri Province (Cambodia) [47]. In a study performed in Myanmar, P. ovale
was detected by PCR technique in 4,9% of malaria positive samples; most of cases were co-
infections with P. falciparum, P. vivax and/or P. malariae [66]. Case reports of P. ovale
infection were recently published from Gujarat, India [67]Malaysia [68]and Sri Lanka [69] P.
ovale infection is present in Papua, Indonesia [70] and in Thailand [48], while it is very rare in
Philippines, where has been reported only in the island of Palawan[71].
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4. P. malariae:

P. malariae is spread in sub-Saharan Africa, in Southeast Asia, in Indonesia, in many islands in
western Pacific and in areas of the Amazon Basin of South America. Its distribution overlaps
with that of P. falciparum [72]. In a recent study, blood samples were collected from the
indigenous population of nine African countries and malaria parasites were searched by PCR
method. Plasmodium malariae was found in 147 of the 1.737 positive blood samples, 14 as
mono-infections, 129 as mixed infections with P. falciparum and 4 as triple infections with P.
ovale and P. falciparum [41]. Excluding samples from Rwanda, Mozambique, Angola and Sao
Tome, P. malariae infections represented 8.5% of all malaria infections [41] In Nigeria, between
November 2001 and October 2002, a total of 350 pregnant women attending the antenatal clinics
were randomly recruited and blood samples were collected. Of 350 blood samples, 96 (27,4%)
were positive for malaria parasite and 11 (11,5%) were P. malariae positive as tested by
microscopy [43]. During the rainy season, blood samples were collected from resident people of
four villages in Mulanda, Uganda. Of 709 malaria positive samples, 6% were positive for P.
malariae [42]. In the state of Orissa, India, the prevalence of P. malariae detected by PCR
method was 44,6% during the peak season of malaria incidence [45]. A recent case report was
published demonstrating the presence of P. malariae in Bangladesh [73]. In Papua New Guinea,
prevalence of P. malariae was detected by nested PCR, by quantitative PCR and by PCR-ligase
detection reaction-fluorescent microsphere assay (PCR-LDR-FMA); the results were 3,3%, 4,7%
and 7,7% respectively [74].

5. P. knowlesi:

Plasmodium knowlesi infection is localized only in the South East Asia Region and interest both
monkeys, where it was first reported, and humans. Forest areas are the reservoirs of P. knowlesi,
which was first reported in humans in 1965 in a man who had worked in the jungle of Pahang,
Peninsular Malaysia. An analysis of stored blood films identified cases of Plasmodium knowlesi
infection occurring since 1996 in Sarawak region, Malaysian Borneo [75]. In Sabah region,
Malaysian Borneo, samples were collected from February to November 2010 from patients with
suspected malaria. Nested PCR was performed in all 243 samples collected; of 107 samples
positive for malaria parasite, 63 were positive for P. knowlesi, demonstrating a high incidence of
P. knowlesi infection in the interior division of Sabah [76]. Another study performed in Thailand
screened 1.874 samples collected from febrile patients during a period of one year. Of the 1.751
sample positive for malaria parasites, 10 were positive for P. knowlesi, that mostly occurred in
males with uncomplicated malaria coming from southern and southwestern regions of Thailand
[48]_P. knowlesi mono and mixed infection were also demonstrated in Myanmar [49] in the
Philippines [77] and in Singapore [78] According to a three years prospective study performed in
Cambodia, two P. knowlesi malaria cases were diagnosed by nested PCR[79] A recent study
performed in Vietnam showed the presence of P. knowlesi in three of ninety-five samples of
patients with P. malaria mono or mixed infection, demonstrating for the first time the presence
of P. knowlesi malaria in Vietnam [80].
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Biology of malaria parasite

Lifecycle:

The natural history of malaria involves cyclical infection of humans and female Anopheles
mosquitoes. In humans, the parasites grow and multiply first in the liver cells and then in the red
cells of the blood. In the blood, successive broods of parasites grow inside the red cells and
destroy them, releasing daughter parasites (“merozoites”) that continue the cycle by invading
other red cells.

The blood stage parasites are those that cause the symptoms of malaria. When certain forms of
blood stage parasites (gametocytes, which occur in male and female forms) are ingested during
blood feeding by a female Anopheles mosquito, they mate in the gut of the mosquito and begin a
cycle of growth and multiplication in the mosquito. After 10-18 days, a form of the parasite
called a sporozoite migrates to the mosquito’s salivary glands: When the Anopheles mosquito
takes a blood meal on another human, anticoagulant saliva is injected together with the
sporozoites, which migrate to the liver, thereby beginning-a new cycle.

Thus the infected mosquito carries the disease from one human to another (acting as a “vector”),

while infected humans transmit the parasite to/the mosquito, in contrast to the human host, the
mosquito vector does not suffer from the presence of the parasites.
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The malaria parasite life cycle involves two hosts. During a blood meal, a malaria-infected
female Anopheles mosquito inoculates sporozoites into the human host @. Sporozoites infect
liver cells ®and mature into schizonts €, which rupture and release merozoites @. (Of note, in
P. vivax and P. ovale a dormant stage [hypnozoites] can persist in the liver (if untreated) and
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cause relapses by invading the bloodstream weeks, or even years later.) After this initial
replication in the liver (exo-erythrocytic schizogony ), the parasites undergo asexual
multiplication in the erythrocytes (erythrocytic schizogonylEl). Merozoites infect red blood cells
€. The ring stage trophozoites mature into schizonts, which rupture releasing merozoites €.
Some parasites differentiate into sexual erythrocytic stages (gametocytes) €. Blood stage
parasites are responsible for the clinical manifestations of the disease. The gametocytes, male
(microgametocytes) and female (macrogametocytes), are ingested by an Anopheles mosquito
during a blood meal @. The parasites’ multiplication in the mosquito is known as the sporogonic
cycle [8. While in the mosquito’s stomach, the microgametes penetrate the macrogametes
generating zygotes . The zygotes in turn become motile and elongated (ookinetes) @which
invade the midgut wall of the mosquito where they develop into oocysts @®. The oocysts grow,
rupture, and release sporozoites®, which make their way to the mosquito’s salivary glands.
Inoculation of the sporozoites €into a new human host perpetuates the malaria life cycle [81].
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Malaria immunity

Animal models of malaria have provided and will undoubtedly continue to provide important
insights into the immunobiology of Plasmodium infection [82], but ultimately, despite obvious
experimental limitations, it is critical to investigate the immune response to Plasmodium
infection in humans. In contrast to what is typically available to researchers of other infectious
diseases, the malaria research community has access to longitudinal ‘models’ of both
experimental and natural P. falciparum infection in humans [83-85]. Under strictly controlled
conditions, volunteers are exposed to the bites of laboratory-reared P. falciparum-infected
mosquitoes. In previously unexposed individuals, parasites become detectable in the blood by
microscopy approximately 11 days after infection at which point curative anti-malarial therapy is
administered. Since the 1980s over 1500 volunteers have been experimentally infected with P.
falciparum without serious adverse events, although P. falciparum-naive volunteers often
experience transient malaria symptoms such as fever, chills, headache and myalgias. A model of
direct intravenous administration of iRBCs in healthy volunteers has also been developed
allowing investigations of the early immunological responses to blood-stage infections while
strictly controlling the size of the blood-stage inoculum [84]. The highly controlled and
predictable nature of human experimental P. falciparum infections allows for high-resolution
immunological analyses during the skin, liver and early blood-stages of the parasite life cycle.

The study of immune responses to natural infection-in individuals of all ages is also feasible in
malaria endemic areas due in part to the patterns and intensities of P. falciparum transmission.
Transmission patterns vary across endemic areas from sporadic to seasonal to year round
depending on the temperature, rains and mosquito breeding, and transmission intensities vary
from low to high. It is possible to take advantage of these variations to design field-based
immunological studies tailored to these transmission patterns and intensities. For example, in
areas of intense seasonal malaria, such as in much of West Africa, the intensity of transmission is
so great that every individual will predictably be exposed to hundreds of infectious mosquito
bites over the course of a transmission season. Cohorts can be enrolled during the six month dry
season during which there is no malaria transmission and then followed through the malaria
season. The predictable timing and intensity of P. falciparum transmission from year to year
allow for multi-year cohort studies in which P. falciparum infections and clinical malaria
episodes can be reliably detected through active parasitological and clinical surveillance and
relevant biospecimens can be collected at time points before, during, and after asymptomatic and
symptomatic P. falciparum infections [85].

Importantly, such designs allow study subjects to serve as their own healthy pre-infection
controls and permit two general types of questions to be addressed: 1) What immune parameters
or profiles correlate prospectively with protection from malaria?, and 2) How do acute and
chronic P. falciparum infections modulate the human immune response?.

17



The immune response to the skin and liver stages of Plasmodium infection:

In humans, the skin and liver stages of P. falciparum infection are clinically silent as they fail to
induce significant dermal, hepatic or systemic inflammation. Not unexpectedly, the lack of a
robust innate immune response to the skin and liver stages is associated with a correspondingly
muted induction of antibody, CD4™ and CD8" T cell responses to the infecting sporozoites in
individuals exposed to natural P. falciparum infections in endemic areas [86]. Accordingly, there
is no convincing evidence for naturally-acquired immunity capable of completely neutralizing
the parasite at the skin or liver stages. Indeed, even after decades of repeated P. falciparum
exposures, adults in malaria-endemic areas are at the same risk of becoming infected with
parasites as young children [87]. The cellular and molecular basis of this clinical silence and
paucity of sterilizing immunity is only poorly understood. The relatively weak innate and
adaptive immune response to the skin and liver stages may reflect the low inoculum of parasites
in the mosquitoes’ saliva (10 — 100 sporozoites). The inherent immune-regulatory environment
of skin [88] and liver [89] , may also be exploited by the parasite to evade immune mechanisms.
Normal skin has a particularly high proportion of regulatory T cells (Tregs) in the steady state
[88] and a metaanalysis of malaria vaccine studies suggested that Plasmodium-specific Tregs are
induced during the skin stage of infection, potentially mediating immune tolerance to sporozoites
as well as to the subsequent blood-stage of infection [90]. Consistent with these results are
experiments in mice that show that skin Tregs and DCs are:mobilized within 30 minutes of
sporozoite inoculation and that DCs down regulate MHC 11 and CD86 suggesting a tolerogenic
response [31]. The immunoregulatory environment of the skin may be reinforced by chronic
immune activation or immune dysregulation due to repeated exposures to sporozoites and liver
stage antigens [92]. Plasmodium-specific mechanisms that disable innate immune defenses, such
as sporozoite-mediated disruption of Kupffer cells’ respiratory burst in the liver [93] may also
affect pre-erythrocytic immunity.

In striking contrast to the lack of pre-erythrocytic immunity in natural infection, sterilizing
immunity to Plasmodium infection can be readily induced in mice [94] ), non-human primates
[95] and humans [96] through exposure to radiation-attenuated (RA) sporozoites that are able to
infect hepatocytes but cannot replicate in the hepatocyte and do not give rise to blood-stage
infections. Sterilizing immunity can also be induced by exposure to genetically attenuated
parasites [97] which also invade hepatocytes but do not replicate to produce blood-stage
merozoites, and by exposure to sporozoites under chloroquine anti-malarial chemoprophylaxis
[98]. Chloroquine kills only blood-stage parasites and thus exposure to sporozoites under
chloroquine treatment allows full exposure to sporozoites and liver-stage parasites and only
transient exposure to blood-stage parasites. The number of RA sporozoites and route of exposure
to RA sporozoites appears critical to induce immunity. Early studies showed sterilizing
immunity to RA sporozoites required the bites of over 1,000 infective mosquitoes. A recent trial
in humans showed that subcutaneous RA sporozoite immunization did not confer protection
[99], however, intravenous RA sporozoite immunization in animal models was protective [99].

In humans, RA sporozoite exposure induces antibodies, CD4+ and CD8+ T cells that react to
several sporozoite and liver stage antigens [100-102], but the relative contribution and antigen
specificity of these putative effectors mechanisms remains unclear. Volunteers exposed to
sporozoites under chloroquine treatment develop complete protection against homologous
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sporozoite challenge (38) that lasts at least 28 months [103]. Exposure elicits both antibody and
T cell responses against sporozoite and blood-stage antigens [98]. And protection has been
linked to pluripotent effectors memory T cells producing interferon-y (IFN-y), tumor necrosis
factor (TNF), and interleukin-2 (IL-2) [98] that are most likely directed against liver rather than
blood stage antigens [104].

The response to blood-stage infection:

The clinical manifestations of malaria are caused by asexual blood-stage parasites as they
replicate in the blood. Although complex and incompletely understood [105], malaria
pathogenesis is generally thought to be driven by two distinct processes: sequestration and
inflammation. Sequestration involves the binding of iRBCs to receptors on vascular endothelium
via specific parasite-host interactions, causing microvascular obstruction, local ischemia and
inflammation in the brain and other vital organs [106,107]. P. falciparum also induces a systemic
inflammatory response akin to bacterial sepsis [108] Which may exacerbate iRBC sequestration
by up regulating vascular adhesion molecules such as ICAM-1 [109]

In areas of intense P. falciparum transmission, resistance to severe life-threatening malaria
(discussed below) is generally acquired by the age of five years, whereas children remain
susceptible to repeated bouts of febrile malaria through adolescence, eventually achieving near
complete clinical immunity to blood-stage parasites by adulthood. Here we focus on two
immunological processes that play crucial roles in controlling P. falciparum blood-stage parasites
and the disease they cause: inflammation and its regulation, and the antibody response. In
previously unexposed individuals, blood-stage P. falciparum parasites invariably induce fever
and other signs and symptoms of malaria [110] a process driven by the production of
proinflammatory cytokines and chemokines such as IL-1p, IL-6, IL-8, IL-12(p70), IFN-y and
TNF [111-113]. A handful of Plasmodium proteins have also been identified as drivers of
inflammation through specific interactions with host receptors. For example, particular PFEMP1s
have been recently implicated in parasite sequestration in brain endothelium in severe cerebral
malaria in children [114-116] .The receptor for these PFEMP1s was recently identified as the
endothelial protein C receptor (EPCR) that mediates cytoprotective effects through activated
protein C suggesting that PFEMP1 binding to EPCR may block its protective function and
contribute to the pathology of cerebral malaria [117]. Merozoite surface protein 1 (MSP1) that is
shed from the merozoite surface as the parasite invades RBCs was shown to bind to S100P a
member of the pro-inflammatory S100 protein family and to block S100P activity [118]. These
studies were recently extended to show MSP1 binds to all S100 family members (Waisberg
unpublished observation). The extent to which heterogeneity in the host inflammatory response
and disease severity is the result of polymorphisms in these and other proteins, the expression of
specific subsets of PFEMP1s, or variability in the structure, configuration or quantity of
Plasmodium PAMPs is an area that requires further study.

Work in animal models demonstrates a role for various innate immune cells in sensing early
blood-stage infection, promoting inflammation, inhibiting parasite growth and shaping adaptive
immune responses [119] including mast cells [120], neutrophils [121] NK cells, NKT cells and
vd T cells [122]. Human NK cells are a particularly important early source of IFNy in response to
iRBCs in vitro, a central cytokine in the immune response to malaria that promotes the
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destruction of iRBCs by activated macrophages. In humans, yo T cells contribute to early IFNy
production to a lesser degree, while later IFNy production is dominated by of T cell [123].

On the one hand, Plasmodium-induced inflammation likely plays an important role in the early
control of parasite replication, for example, IFN-y and TNF kill blood-stage P. falciparum
parasites through the induction of NO and other toxic radicals [124], but on the other hand
excessive inflammation has been linked to severe and fatal malaria [125].Which occurs in a
minority of individuals who have little or no prior malaria exposure [126]. However, in endemic
areas where individuals are repeatedly infected, blood-stage infections commonly cause a mild
febrile illness or no symptoms at all [127], consistent with the longstanding hypothesis that
tolerance to Plasmodium-induced inflammation can develop [128]. Transcriptome analysis of
leukocytes from healthy children before the malaria season and the same children seven days
after treatment of their first febrile malaria episode of the ensuing season (when malaria
symptoms had resolved) showed that key mediators of P. falciparum-induced inflammation and
fever (IL-1B, TNF, IL-8) are down regulated following treatment relative to the healthy pre-
malaria baseline. Stimulation of these children’s leukocytes in vitro with P. falciparum iRBCs at
the same time points showed down regulation of proinflammatory cytokines/chemokines and up
regulation of the anti-inflammatory cytokines TGF-f and IL-10 seven days after treatment
relative to the healthy baseline.

In addition to genetic polymorphism and antigenic variation, there is mounting evidence that
Plasmodium evades humoral immunity through dysregulation of CD4+ T cell and B cell
function. It is well established that long-lived protective antibody responses depend on the
generation of memory B cells (MBCs) and long-lived plasma cells (LLPCs), a process which
relies on CD4+ T cell help [129]. Although there is heterogeneity in the magnitude, quality, and
longevity of antibody responses following infection or vaccination, in general, antibody
responses are long-lived, even after one or a few exposures [130].

Malaria-associated B cell dysregulation may be driven by direct interactions between P.
falciparum products and B cells. For example, the Cysteine-rich interdomain regions 1a of
PfEMP1 have been implicated as a T cell-independent polyclonal B cell activator and Ig binding
protein [131]. Moreover, chronic exposure to P. falciparum PAMPs could possibly result in
tolerance of PRRs expressed on B cells and DCs, which play a critical role in enhancing B cell
responses. Indeed, recent clinical trials show that the TLR9 agonist CpG enhances the 1gG and
MBC response to blood-stage vaccine candidates in malaria-naive adults [132] but not in adults
chronically exposed to P. falciparum [133].

The immune response in severe malaria:

Each year there are approximately 225 million cases of malaria in Africa, the vast majority of
which are uncomplicated and are resolved with time even without treatment with antimalarial
drugs. However, in a small portion of cases, approximately 1% almost exclusively in young
children or in older individuals with little or no prior exposure, the infection becomes severe and
life threatening resulting in nearly a million deaths each year [134]. Malaria during pregnancy
can also be severe resulting in substantial maternal, fetal and infant morbidity. Because of space
limitation we focus our discussion to severe malaria in young children and refer the reader to an
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excellent review on immunity to malaria in pregnancy [135]. Most severe malaria deaths in
children are due to three overlapping clinical syndromes, malaria with impaired consciousness
(cerebral malaria), malaria with respiratory distress due to severe metabolic acidosis and severe
anemia [136].

In children the pathology of severe disease has been consistently linked to excessive
inflammatory responses including the production of the pro-inflammatory cytokines TNF-a,
INF-y, IL-1p and IL-6 and a linked reduced production of the antiinflammatory cytokine IL-10.
At present we do not have a clear picture of the sequence of events responsible for the
progression from uncomplicated malaria to severe disease or of the events that trigger severe
disease. Currently, it is not possible to distinguish children who are at high risk to progress from
uncomplicated to severe malaria and we have no specific therapies that are effective for children
who present with severe disease. Clearly a better understanding of the immune mechanisms at
play in severe disease would contribute to efforts to development of such diagnostics and
therapies.

Because severe disease is difficult to study in children, most investigations of the cellular and
molecular basis of severe malaria have been restricted to mouse models, in particular, a mouse
model of cerebral malaria. At present, the value of the mouse cerebral malaria model to
understanding cerebral disease in children is controversial {137].

Mosquito immunity and malaria

The lack of adaptive immunity in insects, the relatively simple organization of their immune
system and the ability to disrupt gene function in adult stages makes them powerful models to
understand the basic molecular mechanisms that mediate innate immune responses [138]. This is
particularly true of anopheline mosquitoes, the natural vector of malaria, as models of anti-
plasmodial responses. Understanding the interactions of the mosquito immune system that affect
Plasmodium parasites is critical to elucidate the factors that sustain transmission in the field, but
can also provide new insights into molecular mechanisms that may also be operating in the
human host
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Pathology of malaria parasite

All the clinical symptoms of malaria are the consequence of infection of human erythrocyte by
merozoites. Most of the fatal cases, which predominantly occur in P. falciparum infections, are
due to severe anaemia or cerebral malaria, but different clinical manifestations also exist and
vary in severity and outcome, depending on the parasite species, the organ involved and the
access to care.

P. falciparum differs from other human malarial species in that infected red blood cells (IRBC)
do not remain in the circulation for the entire life cycle. After 24-32 hours, when young parasites
mature from the ring to the trophozoite stage, IRBC adhere to endothelial cells in the
microcirculation of various organs. This phenomenon, termed “sequestration”, is believed to
occur mainly to avoid splenic removal of IRBC. Sequestration causes microcirculatory
obstruction, impaired tissue perfusion and inflammatory cells activation and it is linked to the
severity of the disease.

At schizonts rupture, from 4 up to 36 daughter merozoites; depending on the Plasmodium
species, are released into the circulation and invade fresh RBC to perpetuate the asexual life
cycle. At the same time, a large amount of toxins and parasite products are also released and
cause the activation of the innate immunity, the release of inflammatory mediators and the
symptoms associated with the malaria attack; such as fever.

A combination of mechanical circulatory stress due to sequestration and excess inflammatory
response contribute to the most severe manifestations of malaria including, but not limited to,
cerebral malaria or anaemia. The present review will summarise some of the pathogenetic
aspects of severe malaria and then it will report on selected and less frequent manifestation, such
as renal failure or acute respiratory distress syndrome (ARDS).

Pathogenetic Characteristics of Severe Malaria:

Cytoadherence:

Cytoadherence, the ability of parasites to adhere to the vascular endothelium, was recognized as
early as 1892 by Marchiafava and Bignami [139]. Mature forms of parasites (asexual stage and
gametocytes) can adhere to the vascular endothelium of several organs (lung, heart, brain, lung,
liver, and kidney), the subcutaneous adipose tissues and the placenta. This feature of the disease
in vivo has been related exclusively to P. falciparum [140,141]. However, sequestration in vitro
to some endothelial cell lines and placental cryosections has also been seen in reticulocytes
infected with P. vivax [142].

Parasite sequestration is thought to be the pathological base of the severe manifestation of
malaria, including cerebral malaria [143].It causes blood flow impairment leading to local
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hypoxia. It enhances parasite replication and the sticking of IRBC to non-infected red blood cells
(rosetting, see below). Moreover, when parasite sequester, the effects of parasite toxins are more
localized and also the stimulation of the host immune response, which may cause a focused
production of inflammatory mediators and tissue damage. As a consequence, both RBC and
IRBC become more rigid and less deformable [144].

Sequestration is mostly mediated by mature parasite forms, approximately 20 hours after RBC
invasion. The parasites produce new proteins that are exported to the IRBC surface and increase
the adhesiveness of IRBC to the endothelium. During their 48-hour life cycle, the parasites can
remain sequestered for 24 hours in the deep microvasculature. In this manner, they evade
clearance by the spleen, and make the diagnosis more difficult since they are not seen in the
peripheral blood.

Sequestration of P. falciparum has been attributed to different class of molecules of parasite
origin and ligands present on the human endothelium. Among those, the P. falciparum histidine-
rich protein (PfHRP) and the erythrocyte membrane protein 1 (PfEMP1), have received
significant attention. PfHRP is related to the establishment of knobs, symmetric membrane
arrangements which appear on the surface of infected RBC, while PfEMP1, a multimeric protein
encoded by the var (variant) gene [140,141] protrudes from the knobs and plays a major role in
sequestration and thus virulence. To adhere to the endothelium, the parasites first adhere, roll and
then become firmly attached to the endothelium adhesion molecules. Among these molecules,
ICAM-1, a major sequestration receptor and involved-in cerebral sequestration serves as a rolling
receptor. On the other hand, CD36 gives stationary and stable adherence under flow [145-147].

Sequestration is also seen during gestational malaria, when parasites adhere to the placenta.
PfEMP1 is again the main adhesion receptor which adheres to the trophoblastic villous
endothelium mainly through chondroitin-4-sulfate (CSA) and other sugars such as
glycosaminoglycans and possibly hyaluronic acid (HA). As discussed later, malaria in pregnancy
can be severe for mothers and induce fetal death especially during the first pregnancy, when
women usually lack sufficient immunity against CSA-binding parasites [148-151].

Rosetting:

Rosetting is one of the forms of cytoadherence of late stages IRBC to non-parasitized red blood
cells and/or platelets [152]. The IRBC ligand involved in rosette formation is PFEMP1, and three
are the receptors associated with rosetting: complement receptor 1 (CR1), heparan sulfate (HS),
and the ABO blood group [152,153]. PEEMP1 has been shown to bind to CR1, specifically at the
C3b-binding site. The lectin-like DBL-domain of PFEMP1 can make strong adhesion with
carbohydrate structures particularly A blood group antigen, favoring rosettes formation [154] For
this reason, non-O blood groups are considered significant risk factors for life-threatening
malaria, through the mechanism of enhanced rosette formation [155,156].

P. falciparum, P. vivax, and P. ovale are all able to form rosettes [157,158] but only those caused
by P. falciparum have been associated with severe malaria, and especially in African children
they may enhance microcirculatory obstruction [159]. Rosetting has been related with parasite
multiplication rate in a model of Saimiri sciureus [160]. More recently, it has been shown that 4-
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HNE, a biomembrane lipid peroxidation product driven by haem iron of the malarial pigment
can be transferred from IRBC to normal RBC in rosettes favouring their removal by
macrophages [161]. This could partly explain the rapid loss of normal non parasitized RBC in
severe malaria anaemia.

Specific Complications of Severe Malaria Infection:

Anaemia:

Anaemia is one of the most common causes of morbidity and mortality in malaria infection
particularly in pregnant women and in children [ 162]. Pathogenesis of malarial anaemia has been
intensively studied, even if it is not completely understood; hereby we summarise some of the
pathogenetic aspects. Malarial anaemia could be acute or chronic; in holo-endemic areas chronic
malarial anaemia is more common. Acute malarial anaemia could occur after massive
erythrocytes lysis due to elevate parasitaemia or to drug-induced or immune hemolysis [163].

The potential mechanisms contributing to malarial anaemia can be divided into two categories:
increased destruction of parasitized and un-parasitized erythrocytes (immune-mediated lysis,
phagocytosis splenic sequestration) and decrease of RBC production (dyserythropoiesis and bone
marrow suppression, inadequate reticulocyte production, effects of inflammatory cytokines,
effects of parasite factors). Co-infection with bacteremia, HIV-1 and hookworm, malnutrition
and repeated malarial infections in holoendemic countries may also contribute to decrease
hemoglobin levels [162,164-166].

Dyserythropoiesis plays an important role inthe pathogenesis of anaemia; examination of bone
marrow from children with severe anaemia showed hypercellularity, mild to normal erythroid
hyperplasia and abnormal features of late erythroid progenitors. Hemozoin and its phagocytosis
by bone marrow macrophages has been proposed to cause dyserythropoiesis either through direct
accumulation in the bone marrowand generation of reactive toxic species or activation of the
innate immune response [165].

The immune response is central in the pathogenesis of malarial anaemia; parasitized red cells,
hemozoin and malarial antigens activate monocyte and lymphocyte response. Pro-inflammatory
and antiinflammatory mediators, including TNF-a, IFN-y, IL23 and IL-1, chemokines and
growth factor are produced and contribute to anaemia. On the contrary, IL-12 and IL-10 seems to
be protective cytokines since low levels are found in severe malarial anaemia [163,166].
Macrophage migration inhibiting factor (MIF) is associated with severe anaemia and bone
marrow suppression.47 Nitric oxide is an inhibitor of erythropoiesis [163,167].

Erythropoietin (EPO) levels are increased during malaria anaemia, but erythroid progenitors
response is not adequate, particularly during chronic malaria infection, resulting in low
reticulocytosis [167].

Pro-inflammatory cytokines play an important role also in iron delocalisation pathway of

malarial anaemia. TNFa induces re-localisation of ferroportin, an important protein abundant in
the reticuloendothelial system that mediates macrophage iron release and intestinal iron
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absorption. Relocalisation of ferroportin induces decrease of iron absorption and release from
macrophage cells [168], hepcidin, a protein released during chronic disease, also induces
reduction of ferroportin and its levels are increased during severe malaria anaemia [169].

Thrombocytopenia:

Thrombocytopenia is very common in malaria, usually during the early stage of P. falciparum
and P. vivax infections. Incidence is high both in children and in adults [170-172].
Thrombocytopenia in pregnant women is not well documented, but a recent study performed in
Thailand showed that platelet counts were lower in pregnant than in nonpregnant women [173].

The pathogenesis of malaria thrombocytopenia is complex and may be related to coagulation
disturbances, splenomegaly and platelet destruction by macrophages, bone marrow alterations,
antibody-mediated platelet destruction, oxidative stress and platelets aggregation [174].

A study performed in Indonesia showed that patients with P. falciparum and P. vivax malaria had
lower platelet count, higher von Willebrand factor (VWF) concentration, lower ADAMTS13
activity and ADAMTS13 antigen concentrations [175]. Higher VWF seems to correlate with
platelet binding, leading to thrombocytopenia. In contrast, another study demonstrated that
sGP1b, the external domain of platelet receptor for VWE, increased early in the blood of malaria
patients thus preventing excessive platelet adhesion [176]-

Acute respiratory distress syndrome:

Deep breathing, respiratory distress and pulmonary oedema are some of the clinical feature
defining severe malaria according with WHO classification.64 In adults and pregnant women,
rather than children, acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are
the most common clinical presentation burdened by an elevated mortality rate as shown in a
recent study performed in India where severe P. falciparum malaria mortality rate was 35,4% and
mortality was principally due to shock, acute renal failure, seizure and ARDS [177].

Different pathological presentations of ARDS were observed among the different species of
human malaria: the greatest severity and frequency of cases are due to P. falciparum and could
be partially attributed to the sequestration and rosetting of infected RBC in the pulmonary
microcirculation [178]; heavy parasitaemia and WBC agglutinates were associated to ARDS in
P. vivax malaria [179].

Liver involvement:

According to the World Health Organization liver dysfunction is an uncommon occurrence in
malaria, while jaundice is not unusual. The incidence of jaundice and liver dysfunction in P.
falciparum malaria varied from 5.3% to 62% and from 2.5% to 21%, respectively, in different
reports [180-182], while malarial hepatitis is rare in P. vivax infection [183]. Case-fatality rate in
malaria-related hepatic failure is elevated, up to 40% [182-184], when high parasite density is
associated with jaundice and liver dysfunction [185].
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Liver is involved in malaria at two stages: during the preerythrocytic cycle and the erythrocytic
phase. The first step is linked to the binding of the merozoite circumsporozoite protein CSP-A
and TRAP protein to the hepatocytes via the heparan sulphate glycosylaminoglycans GAG
[186]. Intravascular hemolysis of parasitized and non parasitized RBC causes an increase of
unconjugated bilirubinemia with mild to moderate jaundice [187]; conjugated
hyperbilirubinemia indicates hepatocyte dysfunction.

Kidney involvement:

Kidneys in malaria are involved in two different manners: acute and chronic diseases. Acute
renal failure (ARF) is one of the most challenging diseases in tropical countries and malaria
plays an important epidemiological role [188-191].

Quartan malaria nephropathy (QMN) is frequently seen in African children and it is clinically
associated with oedema and hypertension; urine analysis shows often proteinuria and
microhematuria [192,193].

Black water fever (BWF), a rare but severe complication of severe malaria, is characterized by
fever, intravascular haemolysis with haemoglobinuria, dark urines and often acute renal failure
[194-196]. Haemoglobin release during massive haemolysis causes renal impairment. Drugs as
quinine, halophantrine and mefloquine, and G6PD deficiency, have been suggested to be the
trigger of BWF.

Placenta involvement:

Malaria during pregnancy is associated to high morbidity and mortality both for the mother and
the child [197-200]. Placental malaria is'quite common during P. falciparum infection; less
common in P. vivax malaria; P. falciparum and P. vivax placental mixed-infection can occur
[201].

In high endemic areas, while adults are less susceptible, pregnant women are commonly
susceptible to malaria infection because pregnancy causes a transient depression of cell mediated
iAlterations of materno-fetal blood exchange are the basis of placental malaria.mmunity. During
infection, parasitized red cells both from P. falciparum and P. vivax are sequestered within the
placenta and they accumulate in intervillous spaces; trophozoite and schizont forms also
accumulate in the placenta[150]. The presence of IRBC activates mononuclear cells which
release chemokines to recruit additional phagocytic cells in the intervillous spaces. Elevated TNF
a and IL-10 levels were also described and were associated with poor pregnancy outcomes [150].

IRBC, leukocyte infiltration, fibrin and hemozoin depositions contribute to increase the thickness
of the trophoblast basement membrane and to alter the intervillous and perivillous spaces,
causing reduction of oxygen and nutrient transport to the fetus [150,202].

The pathogenicity of severe malaria infection is complex and it is regulated by both parasite and

host factors. Cytoadherence of IRBC to the vascular endothelium and rosetting are unique
features of malaria parasites which are likely to contribute substantially to the vascular damage
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and the consequent excessive inflammatory/immune response of the host. This can occur in
many different organs, a feature that can partly explain the complexity of the clinical
manifestations occurring in severe malaria.
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Malaria diagnostic methods

At the present time there are a limited number of methods for the diagnosis of malaria.
Conventional methods include clinical diagnosis by history and physical examination,
empirical/syndromic diagnosis (mainly the presence of fever in endemic areas), and use of light
microscopy to examine stained peripheral blood smears. Histopathology plays a limited role, but
although it is useful in some situations, it is not useful in malaria control programs. Nucleic acid
amplification tests play almost no role in malaria diagnosis, as these assays are limited to a few
large public health laboratories and are not available commercially. As with other common
infectious diseases, a number of rapid diagnostic tests have been developed and marketed.
Referred to as MRDTs, they potentially could have the most impact on malaria diagnosis and
treatment programs of all the available diagnostic techniques.

Empiric/Syndromic Diagnosis:

One widely used method to diagnose malaria is empiric/syndromic diagnosis, in which the
diagnosis is made on the basis of clinical history, signs, and/or symptoms. In many endemic
areas without adequate diagnostic capacity, patients with a febrile illness are likely to receive the
diagnosis of malaria. There are a number of pitfalls associated with this approach. First, there is
significant clinical overlap among febrile illnesses; fever alone is too nonspecific to make any
particular diagnosis. Second, coinfections can and do occur, and treatment for one obviously
does not treat the other. Third, malaria parasitemia can occur that is not the cause of the febrile
illness. Last, relying on clinical diagnosis alone results in treatment of patients with antimalarial
drugs for illnesses other than malaria [203] The WHO recommends against this practice when
and where malaria diagnostic tests are available [204].

Microscopic Slide Examination:

In most endemic areas, microscopic slide examination of peripheral blood remains the most
widely used test as well as the gold standard for detecting malaria parasitemia. The 2011, WHO
report [204], indicates that in 2010 there were a total of 165 million microscopic slide
examinations worldwide. Estimates of diagnostic sensitivity of microscopic slide evaluation vary
according to the type of infecting species, geographic area, and other factors, but in general
diagnostic sensitivity is thought to be no higher than 75%. This figure is based on the rate of
detection of parasitemia in patients with clinical malaria. For patients with nonfalciparum
malaria, low-level parasitemia, or partial immunity, or those who have been partially treated for
malaria, the diagnostic sensitivity is likely to be even lower than 75%. Even so, microscopy
offers significant advantages over other methods, and, where it can be done correctly and with
good quality assurance, it remains the gold standard against which other methods are compared.

Microscopy is based on examination of both thick and thin films made from the same sample of
peripheral blood. Thin films are prepared in the same way as for any peripheral blood smear. A
number of different stains can be used, but it is important to remember that not all stains allow
detection of some of the characteristic features of malaria (eg, Schiiffner dots). It is also
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important to remember that stains can vary in quality and consistency, and that adequate quality
control and experience both are needed to provide optimal stains. Thick films are made by
placing a few drops of blood on a glass slide, allowing the blood to dry, and then lysing the
blood (usually with water) before staining. Although thick films are more sensitive for detecting
the presence of malaria parasites, they are not very useful in speciating the parasites, which
should be done using the thin films. Even though the technology of microscopy is simple and
straightforward, making and interpreting malaria smears requires adequate training and
experience.

The diagnostic advantages of microscopy are that it (1) permits definitive identification of
infecting species as well as mixed infections; (2) can be used to determine the magnitude of
parasitemia; (3) can be used for serial examinations to monitor the efficacy of therapy; (4)
requires little laboratory infrastructure; and (5) is comparatively inexpensive. Microscopic slide
examination does have diagnostic disadvantages, including (1) it does not detect very low
parasitemias; (2) errors in interpretation are most common with either very low or very high
parasitemias (for which accurate diagnosis is very important); (3) mixed infections are often
missed; and (4) it is not as useful in areas without endemic malaria because of the inability of
persons reading smears to remain sufficiently competent to make accurate and reproducible
diagnoses.

Microscopic slide examination also has nondiagnostic advantages and disadvantages. Among the
advantages are that the microscope and trained personnel can be used to diagnose other
infectious diseases, slides can be retained to create a permanent record for quality control, excess
microscope slides can be reused or recycled, and the method requires only minimal laboratory
infrastructure. Among the nondiagnostic disadvantages are that the method is labor intensive; it
is relatively slow (particularly for thick films); the variable stains and methods result in variable
smear quality; the method requires adequate training; and for an area that previously did not use
the method, acquiring the necessary equipment and training personnel can be expensive. The
difficulty in learning to interpret malaria smears is generally overstated as a limitation, as even
individuals without a laboratory background can be trained to read smears in a reasonable
amount of time and with good success.

Rapid methods:

Characteristic of an Optimal Rapid Diagnostic Test:

In a recent review of rapid malaria tests, Murray et al [205], described the characteristics of an
optimal rapid diagnostic test. Briefly, an optimal diagnostic test would use simple technology;
would be readily learned by users; would have results that are easy to interpret (both by users
and by providers who ordered the test) and reproducible; would not require electricity to run the
assay; would not require refrigerated storage; and, obviously, would be rapid. These
characteristics apply to any rapid diagnostic test: the clinical setting where rapid testing is
needed, whether for the diagnosis of malaria, human immunodeficiency virus, or tuberculosis, is
one where interventions need to be done immediately and without any significant delay.
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Additional Characteristics of MRDTs:

In addition to characteristics common to any rapid diagnostic test, MRDTs have additional
performance characteristics that are of importance. Most important is the ability to distinguish
among species, both because of the prognostic importance of distinguishing between falciparum
and other forms of malaria and because of the therapeutic importance of identifying cases of
Plasmodium ovale or Plasmodium vivax malaria, for which treatment with primaquine is needed.
The ability to detect mixed infections is of importance for the same reasons. Defining the
sensitivity and specificity for detecting each species is important for malaria control programs to
be able to select the assay best suited for specific geographic areas.

MRDTSs: Current State:

A large number of rapid methods have been developed and marketed, many of which are in
clinical use. The most recent WHO report notes that global use of MRDTs has expanded rapidly,
particularly in sub-Saharan Africa, the Southeast Asia region, and the Eastern Mediterranean
region [204].

Early MRDTs were problematic: (1) there were rapid changes in the assays by manufacturers,
often without subsequent controlled clinical trials to ‘evaluate the new versions; (2) inconsistent
manufacturing standards existed in many parts of the world; (3) use of MRDTSs in the field often
was accompanied by inadequate quality control; and (4) assays showed variable product stability
once they were shipped from manufacturing facilities [203,205]Even today, in many countries
regulatory oversight of manufacturing continues to be inadequate or lacking altogether, and there
remain serious concerns about the quality of many of these products [206] Nonetheless, a wide
variety of test methods are available commercially: WHO estimates that there are at least 60
brands offering more than 200 commercial MRDTs worldwide [207].

MRDTs: Biochemical Basis:

The currently available MRDTs generally detect malaria-specific protein antigens or enzymes.
The most important of these are the P falciparum histidine-rich protein 2, which is specific to P
falciparum, and Plasmodium spp lactose dehydrogenase, which may be species-specific or pan-
specific (ie, may detect all species). Some MRDTs detect the presence of aldolase, which is not
species specific but rather is found in all malaria species.

Most MRDTs currently in use are immunochromatographic strip assays, a technology that allows
for mass production of assays. Mass production, in turn, should allow for lower manufacturing
and distributing costs, a simplified supply chain, easier training of users, standardization of result
interpretation, and easier use in countries or regions where multiple languages are spoken
(thereby requiring less complex assays to minimize training and education costs).

The technology is generally similar for most of these assays, although there are some variations.
In general, the liquid specimen is applied to one end of the strip, where it mixes with lysing
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agents, buffer, and labeled antibody. The labeled antibody then binds to parasite antigens. The
fluid mixture then migrates across the nitrocellulose membrane to a point where antibodies fixed
on the strip surface can bind to a different set of epitopes on parasite antigens. If the fluid
mixture is captured by these fixed antibodies, indicator antigens bound to the labeled indicator
antibodies will create a line on the strip, giving a positive test result. It should be emphasized,
however, that there are many variations in the exact way immunochromatographic strip assays
are designed and used. There are at least 7 broad categories of immunochromatographic strip
MRDTs, each containing varying combinations of antibodies to detect different antigens
[203,205].

Performance Evaluations of MRDTs:

Clinical evaluations of MRDTs are difficult to conduct and to standardize, whether using
microscopy as a gold standard or simply comparing one assay with another. There are a number
of reasons for this. First, the epidemiology of malaria in study populations varies substantially:
geographic regions even short distances apart may have different types of malaria, varying
prevalence and incidence rates, variable access to diagnosis and treatment facilities, and highly
variable patient populations because of migration, political instability, or other factors. Second,
both malaria-naive and semi-immune patients live in the same areas, where tests designed to
detect the presence of malaria antigens may be positive in patients who have low-level malaria
parasitemia but who do not have clinical disease. Third, whether patients have had prior
treatment is not always apparent because of the lack of good medical records in many areas.
Fourth, antigenemia can persist following adequate treatment, leading to false-positive test
results. Because malaria enzymes are cleared faster than antigens, assays that detect enzymes
may yield negative test results when compared with assays that detect antigens. Last,
environmental factors can affect assays differently, leading to more rapid degradation of one
assay compared with another. These factors, combined with the high number of assays currently
available commercially, make designing and conducting controlled clinical trials challenging. As
a result, other approaches are needed to determine the performance characteristics of MRDTs
and to compare different assays against one another.

WHO Evaluations of MRDTs:

Because of the aforementioned difficulties in designing and conducting field trials of MRDTs,
the WHO has undertaken extensive evaluations to identify tests that show the best performance
characteristics [207].This has been a collaborative effort between WHO, the Foundation for
Innovative New Diagnostics, the Centers for Disease Control and Prevention, and the Special
Programme for Research and Training in Tropical Diseases. The evaluations were based on a
complex study design consisting of 2 parts. The first part of the evaluation was to determine
which commercial manufacturers could meet specific quality manufacturing requirements. For
products that met this criterion, the second part of the evaluation consisted of testing the MRDTSs
using stored donor blood seeded with parasites [207]. In the first round, a total of 41 assays from
21 manufacturers were tested using cultured P falciparum isolates. In the second round, a total of
29 assays from 13 manufacturers were evaluated. In round 3, a total of 50 assays from 23
manufacturers were evaluated. Of the 120 assays tested, 118 were selected to be evaluated for
detection of wild P falciparum and P vivax, with control testing of blood not seeded with
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parasites. Heat stability was also evaluated. Results of this third round of the evaluation were
published in the document Malaria Rapid Diagnostic Test Performance: Results of WHO
Product Testing of Malaria RDTs: Round 3 (2010-2011) [207]. The results of this evaluation
showed that, as a group, MRDTs exhibit wide variability in performance at low parasite
concentrations, better performance at high parasite concentrations, wide variability among
products, and even some variability among lots [207]. It should be emphasized that these
evaluations were not field trials, but rather in vitro evaluations of commercial products using
seeded specimens. Even so, the results show that only a small number of assays show acceptable
performance characteristics and should be considered for clinical trials or procurement programs.

Field Use of MRDTs:

Rapid diagnostic tests have the potential to improve the detection of malaria parasitemia where it
is needed most—in the field—but there are practical issues that need to be addressed for MRDTs
to be used effectively [203,205].First, there needs to be a supply chain that is appropriate and
adequate for the product being used. In some cases this requires temperature control throughout
the shipping and storage process. Second, the persons using the tests need adequate training and
supervision, and must have readily available written instructions. Third, adequate quality control
and quality assurance programs must be in place. Fourth, the tests must be used in context with
other components of a malaria control program, and, in particular, there must be the necessary
drugs to treat patients based on the results of the test. Fifth, MRDTs must be selected based on
the specific needs of a region, in particular the degree of endemicity and type(s) of malaria
species present [208]Last, MRDTs must provide test results that are consistent and reliable for
local users to gain confidence in them to the point where they will act on test results consistently
[209].

MRDTSs: Recommended Use:

The current WHO recommendation is that, if there is no other diagnostic support, it is
appropriate to use MRDTs. If, however, microscopy is available, both should be used to detect
malaria parasitemia. In addition to using 2 tests to improve the case detection rate, the use of
microscopy serves other purposes. First, microscopy can be used as a quality control mechanism
for MRDTs, to determine both whether the MRDTs are detecting malaria and whether they are
detecting the correct species. Second, microscopy is useful when rapid test results are negative,
which can occur when a species-specific test does not detect other species. Third, because
MRDTs cannot be used to determine the magnitude of parasitemia, microscopy is still needed.
Last, microscopy can help with resolution of confusing cases, such as with mixed infections.

Histopathologic diagnosis of malaria:

Despite the primary advantage of histopathology, being able to characterize the disease process,
it is not a first-line diagnostic method in malaria control programs. This is for the obvious
reasons: the method is insensitive for detecting parasites, identifying species generally is not
possible, and the method is too slow and too expensive. Nonetheless, it remains an important
diagnostic method for determining the cause of cases of fever of unknown origin in patients from
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areas where there are multiple causes of febrile illnesses, it is an important part of the autopsy
and determining cause of death, it can play an important role in the quality control of research on
malaria diagnosis and treatment, and through all these mechanisms it can contribute to public
health epidemiology.

The classic description of falciparum malaria in tissues is that of a small vessel disease due to
involvement of capillaries and small vessels [210]. These vessels may be filled with parasitized
red blood cells, because of the expression of adhesion molecules on the surfaces of infected red
blood cells that adhere to endothelial cells within small vessels. Microscopic examination of
tissues from acute cases may show focal necrosis and acute inflammation, and the brain may
show ring hemorrhages, but the histopathologic findings may be subtle. More chronic infections
may show malarial pigment within cells of the reticuloendothelial system.

Many classic descriptions of the pathology of malaria remain valid, but they may not correlate
with current knowledge of pathophysiology, immunity (especially partial immunity), treatment
using contemporary drugs, and the synergy of malaria with human immunodeficiency virus
infection. Clearly, research in the histopathology of malaria is still needed, particularly in the
study of the effects of the disease in women and children. Research in the histopathology of
malaria will continue to play an important role in evaluating treatment programs as a quality
control mechanism, in helping clarify cause of death in areas where other causes of febrile
illnesses are common, and in studying the pathophysiology of the disease.

Nucleic acid amplification tests:

At this time, there are no commercial nucleic acid amplification tests for the diagnosis of
malaria. Because developing one of these tests requires expertise that generally is not available
in most clinical or hospital laboratories, use of the few assays that do exist is restricted to larger
public health laboratories. Not surprisingly, because of the cost of these tests and the long
turnaround time to get test results; they are not used in malaria control programs except on a
research or epidemiologic basis.

It is likely that some type of automated or point-of-care nucleic acid amplification tests will be
developed in the near future, but whether such an assay will have a significant impact on malaria
diagnosis is unknown. Issues of cost, requirements for laboratory infrastructure, and other factors
will need to be considered carefully in the design, development, and use of such assays.

Cost-effectiveness of malaria diagnostic tests:

As with any diagnostic laboratory test, testing for malaria should always be done using the most
cost-effective method for the setting in which it is to be used. In many cases the most cost-
effective test may not be the least expensive test. In general, a cost-effective test is one that
requires only minimal laboratory infrastructure, requires little training to perform, is easy to use,
has easily interpretable results, does not require refrigerated transportation or storage, has a long
shelf life, and has sufficient diagnostic sensitivity and specificity to meet the needs of the
providers who are ordering the test. For many health care settings, microscopy may be the most
cost-effective diagnostic test, particularly in areas where microscopy already is in use and where
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introduction of MRDTs is not feasible. In areas where microscopy is not in use, it may be more
cost-effective to introduce use of MRDTs without microscopy.

The most important consideration in determining cost-effectiveness of any component of a
malaria control program is whether the component reduces morbidity and mortality from the
disease. In terms of diagnostic tests, this is determined not only by the performance
characteristics of the test, but also by how it is used, whether it is used in such a manner as to
yield consistently accurate test results, and whether the results are used to guide appropriate
therapy [209,2011].

In one economic model of cost-effectiveness, it was found that, in areas of low to moderate
malaria transmission, both MRDTSs and microscopy were more cost-effective than presumptive
therapy, and MRDTs were more cost-effective than microscopy [209]. As the prevalence of
malaria increased, however, presumptive therapy became the more cost-effective approach. In all
scenarios, however, it was emphasized that one of the critical factors was a consistent therapeutic
approach based on test results. Thus, as with other rapid diagnostic tests, the cost-effectiveness
of the test may depend less on the test per se and more on how it is used and what actions are
taken based on the results of the test [209]. This will be of particular concern as malaria control
efforts become more successful, potentially resulting in more persons with low-level parasitemia.
In these patients, MRDTs may be less useful [212].
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Treatment of Malaria

Evaluation and diagnosis:

Because malaria cases are seen relatively rarely in North America, misdiagnosis by clinicians
and laboratorians has been a commonly documented problem in published reports. However,
malaria may be a common illness in areas where it is transmitted and therefore the diagnosis of
malaria should routinely be considered for any febrile person who has traveled to an area with
known malaria transmission in the past several months preceding symptom onset.

Symptoms of malaria are generally non-specific and most commonly consist of fever, malaise,
weakness, gastrointestinal complaints (nausea, vomiting, and diarrhea), neurologic complaints
(dizziness, confusion, disorientation, and coma), headache, back pain, myalgia, chills, and/or
cough. The diagnosis of malaria should also be considered in any person with fever of unknown
origin regardless of travel history.

Patients suspected of having malaria infection should be urgently evaluated. Treatment for
malaria should not be initiated until the diagnosis has been confirmed by laboratory
investigations. "Presumptive treatment" without the benefit of laboratory confirmation should be
reserved for extreme circumstances (strong clinical suspicion, severe disease, impossibility of
obtaining prompt laboratory confirmation, usually by microscopy).

Laboratory diagnosis of malaria can be made through microscopic examination of thick and thin
blood smears. Thick blood smears are more sensitive in detecting malaria parasites because the
blood is more concentrated allowing for:a greater volume of blood to be examined; however,
thick smears are more difficult to read. Thin smears aid in parasite species identification and
quantification. Blood films need to be read immediately; off-hours, qualified personnel who can
perform this function should be on-call. A negative blood smear makes the diagnosis of malaria
unlikely. However, because non-immune individuals may be symptomatic at very low parasite
densities that initially may be undetectable by blood smear, blood smears should be repeated
every 12-24 hours for a total of 3 sets. If all 3 are negative, the diagnosis of malaria has been
essentially ruled out.

After malaria parasites are detected on a blood smear, the parasite density should then be
estimated. The parasite density can be estimated by looking at a monolayer of red blood cells
(RBCs) on the thin smear using the oil immersion objective at 100x. The slide should be
examined where the RBCs are more or less touching (approximately 400 RBCs per field). The
parasite density can then be estimated from the percentage of infected RBCs, after counting 500
to 2000 RBCs.

In addition to microscopy, other laboratory diagnostic tests are available. Several antigen
detection tests (rapid diagnostic tests or RDTs) using a “dipstick™ or cassette format exist, but
only one is approved for general diagnostic use in the United States. RDTs can more rapidly
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determine that the patient is infected with malaria, but they cannot confirm the species or the
parasitemia. Laboratories that do not provide in-house on-the-spot microscopy services should
maintain a stock of malaria RDTs so that they will be able to perform malaria diagnostic testing
when urgently needed.

Parasite nucleic acid detection using polymerase chain reaction (PCR) is more sensitive and
specific than microscopy but can be performed only in reference laboratories and so results are
not often available quickly enough for routine diagnosis. However, PCR is a very useful tool for
confirmation of species and detecting of drug resistance mutations. CDC offers malaria drug
resistance testing for all malaria diagnosed in the United States free of charge. Serologic tests,
also performed in reference laboratories, can be used to assess past malaria experience but not
current infection by malaria parasites. Your state health department or the CDC can be contacted
for more information on utilizing one of these tests.

Treatment: General Approach:

It is preferable that treatment for malaria should not be initiated until the diagnosis has been
established by laboratory investigations. "Presumptive treatment" without the benefit of
laboratory confirmation should be reserved for extreme circumstances (strong clinical suspicion,
severe disease, impossibility of obtaining prompt laboratory diagnosis).

Once the diagnosis of malaria has been made, appropriate antimalarial treatment must be
initiated immediately. Treatment should be guided by three main factors:

* The infecting Plasmodium species ®
The clinical status of the patient

* The drug susceptibility of the infecting parasites as determined by the geographic area where
the infection was acquired and the previous use of antimalarial medicines.

The infecting Plasmodium species:

Determination of the infecting Plasmodium species for treatment purposes is important for three
main reasons. Firstly, P. falciparum and P. knowlesi infections can cause rapidly progressive
severe illness or death while the other species, P. vivax, P. ovale, or P. malariae, are less likely to
cause severe manifestations. Secondly, P. vivax and P. ovale infections also require treatment for
the hypnozoite forms that remain dormant in the liver and can cause a relapsing infection.
Finally, P. falciparum and P. vivax species have different drug resistance patterns in differing
geographic regions. For P. falciparum and P. knowlesi infections, the urgent initiation of
appropriate therapy is especially critical.
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The clinical status of the patient:

Patients diagnosed with malaria are generally categorized as having either uncomplicated or
severe malaria. Patients diagnosed with uncomplicated malaria can be effectively treated with
oral antimalarials. However, patients who have one or more of the following clinical criteria are
considered to have manifestations of more severe disease and should be treated aggressively with
parenteral antimalarial therapy: impaired consciousness/coma, severe normocytic anemia
[hemoglobin<7], renal failure, acute respiratory distress syndrome, hypotension, disseminated
intravascular coagulation, spontaneous bleeding, acidosis, hemoglobinuria, jaundice, repeated
generalized convulsions, and/or parasitemia of >5%.

The drug susceptibility of the infecting parasites:

Finally, knowledge of the geographic area where the infection was acquired provides
information on the likelihood of drug resistance of the infecting parasite and enables the treating
clinician to choose an appropriate drug or drug combination and treatment course. In addition, if
a malaria infection occurred despite use of a medicine for chemoprophylaxis, that medicine
should not be a part of the treatment regimen. If the diagnosis of malaria is suspected and cannot
be confirmed, or if the diagnosis of malaria is confirmed but species determination is not
possible, antimalarial treatment effective against chloroquine-resistant P. falciparum must be
initiated immediately.

Treatment: Uncomplicated Malaria:

P. falciparum or Species Not Identified — Acquired in Areas without Chloroquine
Resistance:

For P. falciparum infections acquired in areas without chloroquine-resistant strains, which
include Central America west of the Panama Canal, Haiti, the Dominican Republic, and most of
the Middle East, patients can be treated with oral chloroquine. A chloroquine dose of 600 mg
base (=1,000 mg salt) should be given initially, followed by 300 mg base (=500 mg salt) at 6, 24,
and 48 hours after the initial dose for a total chloroquine dose of 1,500 mg base (=2,500 mg salt).
Alternatively, hydroxychloroquine may be used at a dose of 620 mg base (=800 mg salt) by
mouth given initially, followed by 310 mg base (=400 mg salt) by mouth at 6, 24, and 48 hours
after the initial dose for a total hydroxychloroquine dose of 1,550 mg base (=2,000 mg salt).

P. falciparum or Species Not Identified — Acquired in Areas with Chloroquine Resistance:

For P. falciparum infections acquired in areas with chloroquine resistance, four treatment options
are available. The first two treatment options are atovaquone-proguanil (Malarone) or
artemether-lumefantrine (Coartem). These are fixed dose combination medicines that can be
used for non-pregnant adult and pediatric patients. Both of these options are very efficacious.
Quinine sulfate plus doxycycline, tetracycline, or clindamycin is the next treatment option. For
the quinine sulfate combination options, quinine sulfate plus either doxycycline or tetracycline is
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generally preferred to quinine sulfate plus clindamycin because there are more data on the
efficacy of quinine plus doxycycline or tetracycline. Quinine treatment should continue for 7
days for infections acquired in Southeast Asia and for 3 days for infections acquired in Africa or
South America. The fourth option, mefloquine, is associated with rare but potentially severe
neuropsychiatric reactions when used at treatment doses. We recommend this fourth option only
when the other options cannot be used.

For pediatric patients, the treatment options are the same as for adults except the drug dose is
adjusted by patient weight. The pediatric dose should never exceed the recommended adult dose.
Pediatric dosing may be difficult due to unavailability of noncapsule forms of quinine. If unable
to provide pediatric doses of quinine, consider one of the other three options.

If using a quinine-based regimen for children less than eight years old, doxycycline and
tetracycline are generally not indicated; therefore, quinine can be given alone for a full 7 days
regardless of where the infection was acquired or given in combination with clindamycin as
recommended above. In rare instances, doxycycline or tetracycline can be used in combination
with quinine in children less than eight years old if other treatment options are not available or
are not tolerated, and the benefit of adding doxycycline or tetracycline is judged to outweigh the
risk.

If infections initially attributed to "species not identified" are subsequently diagnosed as being
due to P. vivax or P. ovale, additional treatment with primaquine or tafenoquine should be
administered.

P. malariae and P. knowlesi:

There has been no widespread evidence of chloroquine resistance in P. malariae and P. knowlesi
species; therefore, chloroquine (or hydroxychloroquine) may still be used for both of these
infections. In addition, any of the regimens listed above for the treatment of chloroquine-resistant

malaria may be used for the treatment of P. malariae and P. knowlesi infections.

P. vivax and P. ovale:

Chloroquine (or hydroxychloroquine) remains an effective choice for all P. vivax and P. ovale
infections except for P. vivax infections acquired in Papua New Guinea or Indonesia. The
regimens listed for the treatment of P. falciparum are also effective and may be used. Reports
have confirmed a high prevalence of chloroquine-resistant P. vivax in these two specific areas.
Rare cases of chloroquine-resistant P. vivax have also been documented in Burma (Myanmar),
India, and Central and South America. Persons acquiring P. vivax infections from regions other
than Papua New Guinea or Indonesia should initially be treated with chloroquine. If the patient
does not respond to chloroquine, treatment should be changed to one of the two regimens
recommended for chloroquine-resistant P. vivax infections, and your state health department and
the CDC should be notified (CDC Malaria Hotline: (770) 488-7788 Monday—Friday 9am—5pm
EST; (770) 488-7100 after hours, weekends, and holidays).
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Persons acquiring P. vivax infections in Papua New Guinea or Indonesia should initially be
treated with a regimen recommended for chloroquine-resistant P. vivax infections. The three
treatment regimens for chloroquine-resistant P. vivax infections are quinine sulfate plus
doxycycline or tetracycline, or, Atovaquone-proguanil, or if other options are not available,
mefloquine.

In addition to requiring blood stage treatment, infections with P. vivax and P. ovale can relapse
due to hypnozoites that remain dormant in the liver. To eradicate the hypnozoites, patients
should be treated with either primaquine phosphate or tafenoquine. Tafenoquine can be used in
those 16 years old and over, and is given as a single dose of 300 mg by mouth. If primaquine
phosphate is used, CDC recommends a dose of 30 mg (base) by mouth daily for 14 days.
Because both primaquine and tafenoquine can cause hemolytic anemia in persons with glucose-
6-phosphate-dehydrogenase (G6PD) deficiency, persons must be tested for G6PD deficiency
using a quantitative test prior to starting primaquine treatment. For persons with borderline
G6PD deficiency or as an alternate to the above regimen, primaquine may be given at the dose of
45 mg (base) by mouth one time per week for 8 weeks; consultation with an expert in infectious
disease and/or tropical medicine is advised if this alternative regimen is considered in G6PD-
deficient persons. Primaquine and tafenoquine must not be used during pregnancy. Tafenoquine
must not be used in children less than 16 years old, or in'those with a history of a psychotic
disorder.

For pediatric patients greater than 8 years old,the treatment options, with the exception of
tafenoquine, are the same as for adults except the drug dose is adjusted by patient weight. The
pediatric dose should never exceed the recommended adult dose. For children less than 8 years
old, doxycycline and tetracycline are generally not indicated; therefore other treatment options
should be used. For pediatric patients <Skg, mefloquine is the only option. If mefloquine is not
available or is not being tolerated and if the treatment benefits outweigh the risks, atovaquone-
proguanil or artemether-lumefantrine should be used instead. Primaquine should be given to
pediatric patients only after they have been screened for G6PD deficiency.

Alternatives for pregnant women:

Malaria infection in pregnant women is associated with high risks of both maternal and perinatal
morbidity and mortality. While the mechanism is poorly understood, pregnant women have a
reduced immune response and therefore less effectively clear malaria infections. In addition,
malaria parasites sequester and replicate in the placenta. Pregnant women are three times more
likely to develop severe disease than non-pregnant women acquiring infections from the same
area. Malaria infection during pregnancy can lead to miscarriage, premature delivery, low birth
weight, congenital infection, and/or perinatal death.

For pregnant women diagnosed with uncomplicated malaria caused by P. malariae, P. vivax, P.
ovale, or chloroquine-sensitive P. falciparum infection, prompt treatment with chloroquine
(treatment schedule as with non-pregnant adult patients) is recommended. Alternatively,
hydroxychloroquine may be given instead. For women in their second or third trimesters,
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artemether-lumefantrine is an additional option. For pregnant women diagnosed with
uncomplicated malaria caused by chloroquine-resistant P. falciparum infection, women in their
second and third trimesters can be treated with artemther lumefantrine, and for all trimesters,
mefloquine or a combination of quinine sulfate and clindamycin is recommended. Quinine
treatment should continue for 7 days for infections acquired in Southeast Asia and for 3 days for
infections acquired elsewhere; clindamycin treatment should continue for 7 days regardless of
where the infection was acquired. For pregnant women diagnosed with uncomplicated malaria
caused by chloroquine-resistant P. vivax infection, prompt treatment with artemether-
lumefantrine (second and third trimesters) or mefloquine (all trimesters) is recommended.

Doxycycline and tetracycline are generally not indicated for use in pregnant women. However,
in rare instances, doxycycline or tetracycline can be used in combination with quinine if other
treatment options are not available or are not being tolerated, and the benefit of adding
doxycycline or tetracycline is judged to outweigh the risks.

According to its U.S. labels, atovaquone/proguanil is not indicated for use in pregnant women
because there are no adequate, well-controlled studies in pregnant women. However, for
pregnant women diagnosed with uncomplicated malaria caused by chloroquine-resistant P.
falciparum infection, atovaquone-proguanil may be used if other treatment options are not
available or are not being tolerated, and if the potential benefit is judged to outweigh the
potential risks.

For P. vivax or P. ovale infections, primaquine phosphate and tafenoquine for radical treatment
of hypnozoites should not be given during pregnancy. Pregnant patients with P. vivax or P. ovale
infections should be maintained on chloroquine prophylaxis for the duration of their pregnancy.
The chemoprophylactic dose of chloroquine phosphate is 300mg base (=500 mg salt) by mouth
once per week. After delivery, pregnant patients with P. vivax or P. ovale infections who do not
have G6PD deficiency, subsequent treatment with primaquine phosphate or tafenoquine is
needed, but will depend on breastfeeding. If not breastfeeding, either drug can be used. For
women who are breastfeeding infants with normal G6PD activity, primaquine phosphate can be
given. Tafenoquine is not recommended during breastfeeding.

Treatment: Severe Malaria:

Patients who are considered to have manifestations of more severe disease should be treated
aggressively with parenteral antimalarial therapy regardless of the species of malaria seen on the
blood smear. If severe malaria is strongly suspected but a laboratory diagnosis cannot be made at
that time, blood should be collected for diagnostic testing as soon as it is available and parenteral
antimalarial drugs should be started.

All patients with severe malaria, regardless of infecting species, should be treated with
intravenous (IV) artesunate. Clinicians caring for patients with suspected severe malaria.

Severe malaria can progress rapidly and must be treated as soon as possible. While timely

delivery of IV artesunate is anticipated, health-care providers can consider treating the patient
with an oral antimalarial while waiting for IV artesunate to arrive. Health-care providers will
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need to decide the most feasible route to administer the drug for patients unable to tolerate an
oral antimalarial. For example, if this intolerance is due to nausea and vomiting, an anti-emetic
preceding the antimalarial may help. For comatose patients, a nasogastric tube can be considered.

IV artesunate is safe in infants, children, and pregnant women in the second and third trimesters.
There are limited clinical data on women taking IV artesunate in the first trimester of pregnancy;
no harmful effects have been observed. Given that severe malaria is life threatening for pregnant
women and their fetuses, and the lack of other treatment options for severe malaria in the United
States, the benefits of treatment with IV artesunate outweigh the risks and IV artesunate should
not be withheld. The only contraindication to IV artesunate is known allergy to IV artemisinins.

IV artesunate is well tolerated. While rare, delayed post-artemisinin hemolytic anemia has been
noted in published case reports following treatment of severe malaria with IV artesunate in other
non-endemic countries. Persons treated for severe malaria with IV artesunate should be
monitored for up to 4 weeks after that treatment for evidence of hemolytic anemia. Persons with
higher parasitemia seem to have a higher likelihood of delayed hemolytic anemia after treatment
with IV artesunate. Depending on the amount of hemolysis, transfusion may be needed [214].
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Prevention and control of Malaria

Malaria is a difficult disease to control largely due to the highly adaptable nature of the vector
and parasites involved. While effective tools have been and will continue to be developed to
combat malaria, inevitably, over time the parasites and mosquitoes will evolve means to
circumvent those tools if used in isolation or used ineffectively. To achieve sustainable control
over malaria, healthcare professionals will need a combination of new approaches and tools, and
research will play a critical role in development of those next-generation strategies.

Special populations:

Malaria has a significant impact on the health of infants, young children, and pregnant women
worldwide. More than 800,000 African children under the age of five die of malaria each year.
Malaria also contributes to malnutrition in children, which indirectly causes the death of half of
all children under the age of five throughout the world. Fifty million pregnant women throughout
the world are exposed to malaria each year. In malaria-endemic regions, one-fourth of all cases
of severe maternal anemia and 20 percent of all low-birthweight babies are linked to malaria.
Scientists are working to better understand how malaria uniquely affects children and pregnant
women and to develop new research tools, methods, and products appropriate for these
populations.

Vaccine development:

The development of a safe and effective vaccine against malaria will be critical in malaria
control, prevention, and eradication efforts. Currently, no licensed vaccine against malaria (or
any parasitic disease that afflicts humans) exists. The complexity of the Plasmodium parasite and
the lack of understanding of critical processes, such as host immune protection and disease
pathogenesis, have hampered vaccine development efforts.

Drug development:

Antimalarial drugs, in combination with mosquito control programs, have historically played a
key role in controlling malaria in endemic areas, resulting in significant reduction of the
geographic range of malarial disease worldwide. Over the years, however, the emergence and
spread of drug-resistant parasites has contributed to a reemergence of malaria, turning back the
clock on control efforts. The need for new, effective drugs for malaria has become a critical
priority on the global malaria research agenda.

Diagnostics:

New and improved diagnostics are essential for the effective control of malaria. Currently, the
most reliable technique for diagnosing malaria is, as it was throughout the last century, labor-
intensive, relying on highly trained technicians using microscopes to analyze blood smears. Such
microscopic analysis is time-consuming, variable in quality, difficult to use in resource-poor
field settings, and cannot detect drug resistance. Therefore, NIAID supports research to develop
easy-to-use tests that diagnose the malaria parasite causing an infection and identify its drug
resistance profile.

42



Vector management approaches:

Vector management tools such as insecticides, environmental modification, and bed nets have
contributed greatly to successful malaria control efforts historically, but have faced setbacks in
recent years due to factors such as the emergence of insecticide resistance in mosquitoes. NIAID
is supporting research on new vector management strategies to prevent parasite transmission
(from humans to mosquitoes and mosquitoes to humans) and reduce the mosquito population
[214].
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Malaria vaccine

The complicated life cycle of Plasmodium presents a challenge to malaria vaccine development.
Researchers must determine which life stage of the parasite to target, or whether the vaccine
needs to combine elements that target more than one life stage. However, recent findings allow

us to be optimistic about the possibility of an effective malaria vaccine.

Malaria is a bit different from many of the diseases we currently vaccinate for because it does
not confer so-called sterile immunity. This means that if you become ill from malaria and
recover, you can be infected over and over again. The fact that your immune system responded
to malaria in the past will not prevent future infection. This is very different from a disease such
as measles: most people who contract measles will be immune to future measles infection for
life. With malaria, there is some evidence of a degree of naturally acquired immunity — someone
who has had malaria in the past can still get it again, but she will probably get a less severe case.
In many African countries where malaria is common, most people who are re-infected with
malaria experience only mild symptoms due to this partial acquired immunity. This is also the
reason that malaria is so deadly for children under five. These children have not yet acquired any
level of immunity to the parasite, and they are much more likely to experience a severe case that
may lead to fatal complications. Moreover, this is also the reason that foreigners who have never
experienced malaria must be very careful — they may develop a very serious case when they first
are infected. Finally, naturally acquired partial immunity does not last long. In fact, when
someone has lived in Africa his entire life and leaves for even a year, he will lose this partial
immunity and once again be as vulnerable to malaria as someone who had never been infected
[215]. So, one approach to developing a malaria vaccine would be to understand the mechanism

of partial immunity and develop a vaccine based on that principle.

Another avenue that has given direction to malaria vaccine researchers is the concept of
immunizing with a live attenuated (weakened) whole parasite in its sporozoite form. Support for

this idea came in a 1967 study in which Nussenzweig et al. immunized mice with radiation-
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attenuated Plasmodium berghei (a non-human form of malaria) sporozoites and saw that the

mice were protected in a later challenge with infectious sporozoites [216].

Adapting this idea to humans in 2002, Hoffman et al. showed that they could use gamma
radiation to attenuate the sporozoites inside infected Anopheles mosquitoes, and thus almost
completely protect humans. Human subjects were exposed to the bites of infected mosquitoes,
which injected the irradiated sporozoites into the subjects. The sporozoites could travel into the
liver cells, but could mature no further. These weakened sporozoites were still able to elicit an
immune response in the human host, but because they could not develop further than the liver,
the host would not get sick. As a result, the next time an infected mosquito took a blood meal
from the immunized person and injected the person with Plasmodium sporozoites, the immune

system would recognize the threat and eliminate the parasite before it caused disease.

This irradiation approach had two major flaws: it was not cost effective and not practical on a

large scale [217].

Recent research:

Scientists have expanded on what was learned in the 2002 study to develop many potential
malaria vaccines. Instead of attempting a live attenuated vaccine, most scientists today are using
technologies to isolate and deliver specific antigens in a vaccine [218]. And because the parasite
has three different life stages, there are three distinct vaccines approaches being investigated.

Pre-erythrocytic vaccines:

Target the infectious phase and aim either to prevent the sporozoites from getting into the liver
cells or to destroy infected liver cells [219].The most significant challenge for a pre-erythrocytic
vaccine is the time frame: sporozoites reach the liver less than an hour after being injected by the
mosquito. As a result, the immune system has a limited amount of time to eliminate the parasite.
Although most of the potential pre-erythrocytic vaccines are still in Phase I or Phase II trials, one
vaccine is currently in Phase I1I trials and is showing promise: the RTS,S vaccine. (Note that
Phase I studies evaluate for safety, Phase II tests evaluate dosing, and Phase III tests assess
overall efficacy [220].

In order to develop the RTS,S vaccine, developers identified the protein that was most
responsible for protection in the irradiated sporozoite trial from 2002. This antigen is known as
the circumsporozoite protein, or CS protein. Although this antigen is protective, it is not very
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immunogenic on its own, meaning that it is not good at stimulating an immune response. Thus,
scientists fused the Hepatitis B surface antigen (the antigen responsible for providing protection
in the Hepatitis B vaccine) with an antigen from the CS protein. In order to stimulate the immune
system even further, scientists employed a compound called an adjuvant that boosts the immune
system’s response to the antigen. The goal is to induce high levels of antibodies to both block the
sporozoites from entering the liver cells and to tag specific infected cells for destruction.

Erythrocytic vaccines or blood-stage vaccines:

Aim to stop the rapid invasion and asexual reproduction of the parasite in the red blood cells.
Recall that the blood stage is the time when symptoms appear and is also the most destructive to
the patient due to the bursting of red blood cells. Because of the huge number of merozoites
produced during this stage — 40,000 merozoites are released for each infected liver cell —a
blood-stage vaccine can aim only to reduce the number of merozoites infecting red blood cells
rather than completely block their replication [221].Currently there are no blood-stage vaccines

that have had the success of the RTS,S vaccine and most are still undergoing Phase I or II trials.

Finally, another type of vaccine targets the stage of sexual reproduction that occurs in the
mosquito gut. This approach is known as.a transmission blocking vaccine (TBV) because it
aims to kill the vector, the Anopheles‘mosquito, to stop further spread of the parasite. This is an
indirect approach to a vaccine because it will not directly protect an individual who gets the

parasite but rather will stop the continued spread [222].
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