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of Malaria
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and Nicoletta Basilico

1 Introduction

According to the latest estimates, World Health Organization (WHO) officially
registered a decline in malaria mortality rates by about 42 % globally and by 49 %
in the WHO African Region between 2000 and 2012. During the same period,
malaria incidence rates declined by 25 % around the world and by 31 % in the
African Region. However, this progress, a likely consequence of the global eradica-
tion program launched by charity foundations (Khadjavi et al. 2010), is no cause for
complacency. The absolute numbers of malaria cases and deaths are not going down
as fast as they could. The disease still took an estimated 627,000 lives in 2012,
mostly those of children under 5 years of age in Africa among more than 200 mil-
lion clinical cases worldwide, of which 91 % were due to Plasmodium falciparum
(WHO 2013). Malaria remains an alarming emergency in developing countries: an
estimated 3.4 billion people were at risk of malaria in 2012. Of this total, 2.2
billion were at low risk (<1 reported case per 1,000 population), of whom 94 %
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were living in geographic regions other than the African Region. The 1.2 billion at
high risk (>1 case per 1,000 population) were living mostly in the African Region
(47 %) and the Southeast Asia Region (37 %) (WHO 2013). In 2007, the Bill and
Melinda Gates Foundation, rapidly endorsed by the WHO and the Roll Back
Malaria association, claimed for malaria eradication as the primary goal to be pros-
ecuted (Roberts and Enserink 2007).

Malaria is a parasitic disease confined mostly to the tropical areas, caused by
parasites of the genus Plasmodium and transmitted by mosquitoes of the genus
Anopheles. Annually, nearly a 2.37 billion people are estimated to be at risk of
infection by P. falciparum, the most virulent among Plasmodia (Khadjavi et al.
2010). Cyclical fever has always been considered as a typical symptom of malaria,
long before the identification of Plasmodium parasites as the etiological agents of
the disease. As reported by Oakley and colleagues (Oakley et al. 2011): “...early
records of fever that can be attributed to malaria can be found in Bronze Age texts
from China, India and Greece that include the writings of Huang Ti, the Atharvaveda,
and early Greek medical works. In these accounts, there are references to symptoms
such as tertian and quartan fevers, enlarged spleen, and the association of the
disease with monsoon weather. Definitive accounts of malaria occur in classical
Indic (Charaka and Sushuruta) and Greek (Hippocrates) medical texts. These texts
not only document the classification of malaria fevers but also the association of
these fevers with residence in marshy places.”

Responsible for human infections are typically four species of Plasmodium,
P. malariae, P. ovale, P. vivax, P. falciparum (Tilley et al. 2011), that can affect
humans in more than 90 countries, inhabited by 40 % of the global population.
In some of these areas, over 70 % of residents are continuously infected by the
most deadly form of the parasite, P. falciparum, able to provoke the majority of
death and the most severe clinical manifestation (Rowe et al. 2009). Surviving chil-
dren develop various levels of natural immunity; however, it does not protect
them from repeated infections and illness throughout life. In 2008, a fifth species,
P. knowlesi, has been associated to infection in human in Southeast Asia with
P. falciparum, vivax, and malariae (Cox-Singh et al. 2008). In Northern Africa
malaria is not particularly widespread and it is caused by P. vivax. In Eastern and
Central Africa predominant is P. falciparum but P. vivax and P. malariae are also
present while in Western Africa predominant is P. falciparum but also present are
P. ovale and P. vivax. In India predominant is P. vivax but it is possible to find also
P. falciparum while in Central America and in island of Pacific Ocean there are
P. vivax and P. falciparum (Tan et al. 2014).

The malaria parasite was observed for the first time in the blood cells of people
with malaria in 1880 by Alphonse Laveran, at Costantina in Algeria, who also dem-
onstrated the link between the disease and the protozoa, winning the Nobel Prize for
medicine in 1907 (see Biography of Alphonse Laveran, The Nobel Foundation). In
1886, in Pavia (Italy), Camillo Golgi (Nobel Prize in 1906) was the first one associ-
ating malaria fever with the cyclical release of malaria parasites during schizont
rupture of red blood cells (RBCs) and demonstrating that P. vivax was responsible
for benign tertian fever (every 48 h) and P. malariae for quartan fever (every 72 h)
(Golgi 1886). Subsequently Ettore Marchiafava, Angelo Celli, Amico Bignami, and
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Giuseppe Bastianelli, in Rome, recognized the existence of P. falciparum,
responsible for malignant tertian fever. In 1894, Patrick Manson, in China, was the
first one to hypothesize that the Plasmodium vector was a mosquito. This thesis was
demonstrated in 1897 by Ronald Ross (Nobel Prize 1902), in India (see Biography
of Ronald Ross, The Nobel Prize Foundation). In 1898, Anopheles species of
mosquitoes were identified in Rome as the vector of the disease by Giovanni Battista
Grassi, who described also the parasite cycle in the different species of Plasmodia
(Grassi 1900).

2 Plasmodium falciparum Life Cycle

As schematized in Fig. 1.1, P. falciparum life cycle involves stages either in mos-
quito vector (sexual reproduction) or in human host (asexual replication), where in
particular the “blood stage” is responsible for much of the disease pathology.
Parasites are transmitted to humans by the females of the Anopheles mosquito spe-
cies. There are about 460 species of Anopheles mosquitoes, but only 68 transmit
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Fig. 1.1 Plasmodium falciparum life cycle. P. falciparum life cycle involves either stages in mos-
quito vector (sexual reproduction) or in human host (asexual replication). The “blood stage” is
responsible for much of the disease pathology in humans (see also Fig. 1.2)
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malaria. Anopheles gambiae, found in Africa, is one of the major malaria vectors.
It is long living, prefers feeding on humans, and lives in areas near human habitation
(Rogier and Hommel 2011).

The intensity of malaria parasite transmission varies geographically according to
vector species of Anopheles mosquitoes. Risk is measured in terms of exposure to
infective mosquitoes, with the heaviest annual transmission intensity ranging from
200 to >1,000 infective bites per person. Interruption of transmission is technically
difficult in many parts of the world because of limitations in approaches and tools
for malaria control.

The malarial infection begins when the sporozoite stage of the parasite that
resides within the salivary gland of the mosquito halts in the host liver (Ménard
2005). This happens when an infected female bites a healthy person and takes its
blood meal, injecting a small amount of saliva into the skin wound. Male mosquito
does not feed on blood, hence only female serves as a vector. The saliva contains
antihemostatic and anti-inflammatory enzymes disrupting the clotting process and
inhibiting the pain reaction. Typically, each infected bite contains 5-200 sporozo-
ites which proceed to infect the human vector. Sporozoites stay for prolonged time
in the skin before reaching the blood stream. Only the parasites surviving to
phagocytes can rapidly enter the human bloodstream through a blood vessel,
where they circulate for a matter of minutes before infecting liver cells (Ejigiri and
Sinnis 2009).

2.1 Liver Stage in Man

After circulating in the bloodstream, the sporozoites migrate to the liver and finally
infect a hepatocyte, after crossing several Kupffer cells and hepatocytes (Mota
et al. 2001). The sporozoites rapidly grow in size absorbing nourishment to form a
large round schizont. The schizont divides by schizogony, a type of asexual repro-
duction, in which multiple fissions result in the formation of a number of small,
spindle-shaped uninucleate cells called merozoites (Rogier and Hommel 2011).
After schizonts rupture, merozoites are released into the sinusoids or venous pas-
sages of the liver. This phase of asexual reproduction is called preerythrocytic schi-
zogony. The merozoites are immune to medicines and host natural resistance. After
a development stage in liver, during which there are no clinical symptoms of the
disease, merozoites are released into the blood and enter the erythrocytic portion of
their life cycle. A single schizont can produce thousands of merozoites by asexual
reproduction.

In P. falciparum and P. malariae, schizont development and rupture occur rapidly,
and merozoites can begin the erythrocyte invasion 1 or 2 weeks after the invasion of
hepatocytes. This phase of the cycle is different in P. ovale and in P. vivax where
parasites can stay in the liver as dormant cells (hypnozoites) for months or years
before returning to schizont form and relapse the initial infection (Markus 2011).
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The invasion of erythrocytes by merozoites involves some proteins originating
from both parasites and RBCs. In particular, major merozoite surface proteins
(MSP)-1 and -9 bind to erythrocyte band 3 protein (Kariuki et al. 2005), the
merozoite orients its apical end towards the erythrocyte surface through merozoite
apical membrane antigen-1 transmembrane protein (Mitchell et al. 2004) and pen-
etrates in the RBC involving erythrocyte binding antigens and the P. falciparum
reticulocyte-binding homologs, which binds glycophorins and other unknown
receptors (Baum et al. 2005). In P. vivax, reticulocyte invasion occurs after interac-
tion with the Duffy blood group antigen, the erythrocyte receptor for the chemokine
Interleukin-8/CXCLS. This antigen is generally missing in African population that
is why P. vivax results more common in tropical areas other than Africa, such as
Southern Asia and Malaysia (Horuk et al. 1993). By invading the erythrocytes, the
merozoites initiate the blood stage of the asexual cycle. The blood stage takes
around 48 h to be completed. During this period, the parasites develop through sev-
eral stages (ring, trophozoite, and schizont forms, respectively), characterized by
different structures and specialized stage-specific features (Bannister et al. 2000).

2.2 Erythrocytic Stage in Man

The merozoites feed on erythrocytes, become rounded and gradually modify into
trophozoites. During growth, a vacuole appears in the center of merozoites and the
nucleus is pushed to one side; this modification, that is known as “ring stage,” gives
it a ring-like appearance in Giemsa-stained blood smears. The parasite by its cyto-
stome feeds on hemoglobin and other nutrient taken from the plasma. The food
vacuole secretes some digestive enzymes, which break down hemoglobin into pro-
teins and hematin. Proteins are used by the parasite as nourishment source, whereas
hematin is converted into a waste product called hemozoin (Hz).

As the ring form of the parasite enlarges, it begins to synthesize some stage-
specific molecules, which can be exported into the RBC (Das 1994), modifying the
RBC membrane which now begins to adhere to the linings of visceral and other
blood vessels, including those of the placenta (Pouvelle et al. 2000). The parasite
eventually grows into the more rounded trophozoite form. During this stage most
active feeding, growth, and RBC modifications occur. New molecules are exported
into the RBC: some of them assemble into flat membranous sacs of various forms,
including Maurer’s clefts, which are visible in stained smears (Aikawa et al. 1986;
Atkinson and Aikawa 1990). Other proteins interact with the RBC membrane and
cytoskeleton to form small knobs (Atkinson and Aikawa 1990; Cooke 2000) on its
surface. Some molecules such as P. falciparum erythrocyte membrane protein
(PfEMP)1 allow the infected RBC to adhere to the vascular endothelium, thus coun-
teracting the action of immune defenses aimed at removing parasites from the blood
stream through the spleen. As a consequence of infected RBC cytoadherence to
brain-blood vessel walls, some malaria complications may occur, including cere-
bral malaria (Adams 2002) and placental malaria (Scherf et al. 2001). Other exported
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Fig. 1.2 Plasmodium falciparum erythrocytic cycle. The merozoites infect the erythrocyte and
modify into “ring stage.” The ring form of the parasite enlarges and grows into the trophozoite
form. The parasite converts hemoglobin into dark crystal particles to form the malarial pigment
(Hz). The trophozoites metamorphose into schizonts that divide to form daughter nuclei of new
merozoite cells in the erythrocyte. Finally the merozoites burst from the RBC, proceeding to infect
other erythrocytes

molecules increase RBC permeability to nutrients. The parasite continues feeding
on hemoglobin, and the heme products derived from hemoglobin digestion are
converted into dark crystal particles to form the malarial pigment (Hz), which is
scattered within the digestive vacuole (Bannister and Mitchell 2003).

During their growth, the trophozoites metamorphose into schizonts (Rogier and
Hommel 2011). Schizonts appear after a period of about 36—40 h of growth and
represent the full-grown trophozoites. Schizonts carry out some nuclear divisions
and an intense synthesis and assembly of molecules to organize RBC invasion. The
nucleus of the schizont divides in the following 6-8 h to form from 12 to 24
daughter nuclei of new merozoite cells in the erythrocyte. This phase of asexual
multiplication is known as erythrocytic schizogony. Finally the RBC membrane and
parasitophorous vacuolar membrane are lysed through a protease-dependent
process (Salmon et al. 2001) and the merozoites burst from the RBC, proceeding to
infect other erythrocytes.

Free merozoites are very small (1.2 mm of length). Still, they contain all the tools
deemed necessary to invade new RBCs as detailed by Bannister and Mitchell
(Bannister and Mitchell 2003). A single erythrocytic cycle is completed in 48 h (see
Fig. 1.2). Parasite remain in the bloodstream for roughly 60 s before entering into
another erythrocyte, restarting the process (Cowman and Crabb 2006).

The infection cycle occurs in a highly synchronous fashion, with roughly all of
the parasites throughout the blood at the same stage of development. The toxins are
liberated into the blood along with the liberation of merozoites and then deposed
into the liver and the spleen or under the skin, so that the host gets a sallow color.
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The accumulated toxins cause malaria fever: the patient suffers from chills,
shivering, sweating, high temperature headache, abdominal and back pain, nausea,
diarrhea, and sometimes vomiting. The fever lasts for 6-10 h and then it comes
again after every 48 h with the liberation of a new generation of merozoites. During
the erythrocytic stage, some merozoites increase in size to form two types of game-
tocytes, the macrogametocytes and microgametocytes. The macrogametocytes
(female) are large, round with the food-laden cytoplasm and a small eccentric
nucleus. The microgametocytes (male) are small, with clear cytoplasm and a large
central nucleus. This process is called gametocytogenesis. The specific factors
underlying this sexual differentiation are largely unknown. The gametocytes take
roughly 8—10 days to reach full maturity and do not develop further until they get
sucked by the appropriate species of mosquito. If this does not happen, they degen-
erate and die, since they require lower temperature for further development (Prato
et al. 2011).

2.3 Life Cycle in Mosquito

When a female Anopheles sucks the blood of a malaria patient, the gametocytes
enter along with blood, reaching the stomach and leading to formation of gametes
(Aly et al. 2009). Only the gametocytes survive inside the stomach, while the other
forms of the parasites, as well as the erythrocytes, are digested. Two types of
gametes are formed: microgametocyte (male) and the macrogametocyte (female).
The microgametocytes become active and their nucleus divides to produce 6—8
haploid daughter nuclei. The nuclei arrange at the periphery. The cytoplasm gives
out the same number of flagella-like projections. A daughter nucleus enters in each
projection. These projections separate from the cytoplasm. This process of forma-
tion of microgametes is called exflagellation. From each microgametocyte, 6—8
flagella-like active microgametes are formed. The megagametocyte undergoes some
reorganization and forms the megagametes. Fertilization of the female gamete by
the male gamete occurs rapidly after gametogenesis. The fertilization event pro-
duces a zygote that remains inactive for some time and then elongates into a worm-
like ookinete or vermicule. The zygote and ookinete are the only diploid stages. The
ookinete penetrates the wall of the stomach and comes to lie below its outer epithe-
lial layer. It gets enclosed in a cyst formed partly by the zygote and partly by the
stomach of mosquito. The encysted zygote is called oocyst. The oocysts absorb
nourishment and grow to about five times in size. They protrude from the surface of
the stomach as transparent rounded structures. Over a period of 1-3 weeks, the
oocyst grows to a size of tens to hundreds of micrometers. During this time,
multiple nuclear divisions occur. As a consequence of oocyst maturation, the oocyst
divides to form multiple haploid sporozoites. Each oocyst may contain thousands of
sporozoites and groups of sporozoites get arranged around the vacuoles. This phase
of asexual multiplication is known as sporogony. In the mosquito, the whole
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sexual cycle is completed in 10-21 days. Finally the oocyst bursts and sporozoites
are liberated into the hemolymph of the mosquito. They spread throughout the
hemolymph and eventually reach the salivary glands and enter the duct of the
hypopharynx. The mosquito now becomes infective and the sporozoites get inocu-
lated or injected into the human blood when the mosquito bites, starting a new life
cycle. It is estimated that a single infected mosquito may contain as many as 200,000
sporozoites (Prato et al. 2011).

3 Hemozoin (Malarial Pigment)

During the intraerythrocytic stages (especially the trophozoite and schizont stages)
of malaria infection, the parasites degrade the hemoglobin present in the cytoplasm
of the RBC. This process occurs mostly inside the food vacuole of the parasite that
in P, falciparum is an acidic structure with an estimated pH of 5.0-5.4 (Krogstad
et al. 1985; Klonis et al. 2007). The digestive vacuole lacks the characteristic lyso-
somal phosphatases and glycosidases present in the vacuoles of other organisms and
is dedicated almost exclusively to hemoglobin degradation. Such an event was
believed to play a vital role for malaria parasites, being an essential source of nutri-
ents and energy (Francis et al. 1997), as they had been observed to have a limited
capacity to synthesize them on their own (Coronado et al. 2014). However, this
process generates heme, which is highly toxic to the parasites. The parasite is unable
to excrete free toxic heme and does not possess any heme oxygenases, a class of
enzymes responsible for the degradation of the heme moiety. Therefore, Plasmodium
aggregates the heme monomer into an insoluble inert biocrystal called malarial
pigment or Hz (Slater 1992). In particular, during hemoglobin digestion, alpha-
hematin (ferriprotoporphyrin IX), which is toxic to the parasite, is released (Orjih
2001) and—most possibly as a protection strategy for the parasite—transformed
into Hz (chemically identical to beta-hematin), a molecule with paramagnetic
properties.

The structure of Hz has been elucidated by X-ray diffraction, infrared spectros-
copy, Raman spectroscopy, and chemical synthesis. The molecule was first pro-
posed to consist of an unusual polymer of heme groups linked by bonds between the
oxygen from the carboxylate of one heme and the central ferric ion of the next
heme. This unusual linkage allows the heme units to be aggregated into an ordered
insoluble crystal, representing a unique way of heme processing (Slater et al. 1991).
It is now well known that Hz is composed of hematin molecules bonded by recipro-
cal iron—carboxylate bonds to the propionic side chains of each porphyrin to form
dimers, which are further connected via hydrogen bonds to form a triclinic crystal
(Pagola et al. 2000). This was concluded through photoacoustic spectroscopy
(Balasubramanian et al. 1984) and corroborated more recently by using beta-
hematin DMSO solvate, being this the first Fe(IlI) PPIX model of Hz studied by
single crystal X-ray diffraction (Gildenhuys et al. 2013).
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In the past, Hz was only considered to be a metabolic waste. However, this
molecule has been shown to sequester in various organs including lung, liver,
spleen, and brain, indicating that Hz can potentially contribute to the development
of malaria immunopathogenesis (Francis et al. 1997; Deroost et al. 2013). It has
been suggested that Hz could be related to the complications in severe malaria
(see next paragraph) (Lalloo et al. 2007). Following the rupture of Plasmodium-
infected RBCs, Hz is released from the parasite digestive vacuole and is rapidly
engulfed by phagocytes (Olivier et al. 2014).

As a result of phagocytosis, several functions of monocytes are seriously com-
promised, including repeated phagocytosis and oxidative burst (Schwarzer et al.
1992), bacterial killing abilities (Fiori et al. 1993), MHC Class II expression and
antigen presentation (Scorza et al. 1999), maturation to dendritic cells (Urban and
Todryk 2006), and coordination of erythropoiesis (Giribaldi et al. 2004) (see also
Chap. 5 for further details). However, impaired Hz-laden human monocytes do not
undergo apoptosis: apparently, Hz-dependent enhanced expression of anti-apop-
totic HSP-27 leads to prolonged monocyte survival, thereby contributing to main-
tain the impaired monocytes in the bloodstream (Giribaldi et al. 2010; Prato et al.
2010a). Moreover, Hz-fed monocytes show enhanced gene expression of a large
number of proinflammatory molecules, including cytokines (TNFalpha, IL-1beta,
IL-1RA) and chemokines (MIP-1lalpha/CCL-3, MIP-1beta/CCL-4, GROalpha/
CXCL-1, GRObeta/CXCL-2, GROgamma/CXCL-3, MCP-1/CCL-2, IL-8/CXCL-
8, ENA-78/CXCL-5) (Giribaldi et al. 2010). Hz also upregulates the expression and
activity of few monocytic enzymes. As more extensively reviewed previously (Prato
and Giribaldi 2011), Hz was shown in a series of works to increase RNA/protein
expression, protein release, and proteolytic activity of matrix metalloproteinase-9
(MMP-9), a cytokine-related proteolytic enzyme that has been proposed to partici-
pate in a mechanism that could explain the remarkable release of cytokines in
malaria infection. Indeed, cytokines such as TNFalpha and IL-1beta are able to
induce the expression and activity of MMP-9 in culture of monocytes after phago-
cytosis of Hz (Prato et al. 2005, 2008). Higher levels of MMP-9 were also found in
brain of cerebral malaria-sensitive P. berghei-infected mice and it was shown by
immunohistochemistry that the monocytic cells were responsible for this produc-
tion (Van den Steen et al. 2006). Since MMP-9 gene transcription is induced by
TNFalpha and active MMP-9 can shed membrane-bound TNFalpha into the extra-
cellular environment through proteolytic cleavage, a pathological loop involving
TNFalpha and MMP-9 is established, leading to abnormal levels of cytokine pro-
duction (Prato et al. 2005). Data from in vitro cultures of human monocytes showed
that some peroxidated lipids attached to Hz may play a crucial role either in
enhanced MMP-9 expression and activity or in TNFalpha and IL-1beta production
(Prato et al. 2008, 2010b). On the other side, it has been shown that lipid-free syn-
thetic pigment beta-hematin is able to perform cleavage of the proform of MMP-9
in vitro suggesting that heme core may concur in its activation (Geurts et al. 2008).
As such, the interaction between Hz and MMP-9 appears a promising research field
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for new therapies in complicated malaria, also taking in account that drugs against
these enzymes are already available because of their role in other diseases, includ-
ing cancer and neuroinflammation.

4 Malaria: Severe Complications

P. falciparum malaria ranges from asymptomatic infections to the classic symptoms
of malaria (e.g., fever, chills, sweating, headache, and muscle aches), which in a
subpopulation of cases result in severe life-threatening complications such as cere-
bral malaria (CM), severe malarial anemia (SMA), respiratory distress (RD), and
acute renal failure (ARF) (Perkins et al. 2011). Although the pathophysiology of
malaria is multifactorial and only partially understood, there are some important
interactions between the parasite and the host that can determine the clinical out-
come of the disease: endemicity patterns, acquisition of naturally acquired malarial
immunity, parasite virulence, multiplication rate, antigenic variation, polymorphic
variability in either human host or Plasmodium parasite, and age (Newton and
Krishna 1998; Abdalla and Pasvol 2004). It is well known that children typically
display enhanced susceptibility to SMA, while nonresident malaria naive adults
progress towards ARF and RD due to pulmonary edema (White 1998).

4.1 Cerebral Malaria

A paradigmatic complication of falciparum malaria is CM, which develops after
infected RBCs sequester in the microvasculature of the central nervous system
(CNS). P. falciparum is unique as it causes mature infected RBC to sequester and
adhere to microvascular beds in numerous organs. Unlike the other human malarial
parasites which rarely cause neurological dysfunction, P. falciparum-induced CM
often leads to death or severe neurological sequelae (Grau and Craig 2012).
However, P. falciparum appears to remain in the vascular space without ever enter-
ing the brain parenchyma, thus raising question of how intravascular Plasmodium
parasites are capable of inducing a devastating neural dysfunction in CM. Recent
evidence suggests that a compromised integrity of the blood—brain barrier (BBB)
results in a subsequent increase in BBB permeability which enables toxic soluble
factors released by either host or parasite to cross this barrier and exert neurological
effects (Coltel et al 2004).

According to the WHO clinical criteria, CM is defined as a potentially reversible,
diffuse encephalopathy causing a Glasgow coma score of 11/15 or less, often asso-
ciated with fitting, in the absence of other factors that could cause unconsciousness
such as coexistent hypoglycemia or other CNS infections (Medana and Turner
2006). CM appears as a diffuse encephalopathy commonly presenting with head-
ache, agitation, frank psychosis, seizures and impaired consciousness, and occa-
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sionally with brainstem signs or focal neurological signs such as hemiplegia and
cranial nerve palsies (Newton and Warrel 1998; Gitau and Newton 2005). It is dif-
ficult to confirm diagnoses of CM in endemic areas because of overlapping infec-
tions such as bacterial meningitis in patients showing incidental malarial parasitemia
(Berkley et al. 1999). Children from areas endemic for malaria or nonimmune adults
traveling from developed countries are at higher risk for developing CM. On the
contrary, CM is rarely encountered in >10-year-old patients who have been exposed
to P, falciparum since birth. Mortality ranges from 15 to 30 %, and 11 % of children
display neurological deficits upon discharge (Newton and Warrel 1998).

The pathophysiological mechanisms underlying CM are not fully understood so
far. There are currently three distinct theories on the etiology of CM typical fea-
tures: (1) the mechanical hypothesis; (2) the permeability hypothesis; and (3) the
humoral hypothesis (Polimeni and Prato 2014). The mechanical hypothesis pro-
poses that CM is caused by a mechanical obstruction of the cerebral microvascula-
ture by infected RBC, with coma resulting from impaired brain perfusion (Pino
et al. 2005). The permeability hypothesis suggests that a leaky BBB allows toxic
compounds to enter the brain and cause neurological dysfunction (Gitau and Newton
2005). Such a hypothesis has been natural extended to the humoral hypothesis, con-
ceiving that host factors such as leukocyte-derived cytokines and chemokines can
enter the brain parenchyma after reduced BBB integrity, thus causing CM symp-
toms such as fever and coma (Pino et al. 2005; Gitau and Newton 2005).

In the last decade, experimental evidence implicated MMPs in malaria pathogen-
esis (Khadjavi et al. 2010; Szklarczyk et al. 2007; Prato et al. 2011; Geurts et al.
2012; Pifia-Vazquez et al. 2012; Polimeni and Prato 2014). MMPs are host proteo-
lytic enzymes involved in degradation of basement membranes, disruption of inter-
endothelial tight junctions, and cleavage of a large spectrum of proinflammatory,
membrane-bound and hemostasis-related molecules, and they may play a crucial
role in CM. Further in-depth analysis of the involvement of MMPs in CM might
help to design new adjuvant therapies. It is well understood that MMP inhibitors
could prevent BBB leakage and reduce the exacerbated inflammatory response, thus
reducing the high mortality rates of CM patients, along with the frequency of neu-
rological sequelae in recovering patients.

4.2 Severe Malarial Anemia

In regions with high rates of malaria and human immunodeficiency virus (HIV),
including sub-Saharan Africa, the majority of infants and young children suffer
from anemia (Lartey 2008). As shown by Brabin and colleagues (Brabin et al. 2001)
SMA is an important childhood health problem also if numerous efforts aimed at
reducing the burden of anemic patients. SMA consists of values of hemoglobin
concentration lower than 5.0 g/dL or hematocrit lower than 15.0 % (WHO 2000).
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Lysis of infected and uninfected RBC (Dondorp et al. 1999; Price et al. 2001),
dyserythropoiesis and bone marrow suppression (Phillips et al. 1986), splenic
sequestration of RBCs (Buffet et al. 2009), coinfections with hookworm bacteremia
and HIV-1 (Berkley et al. 2005; Otieno et al. 2006; Bassat et al. 2009; Davenport
et al. 2010; Were et al. 2011), and chronic transmission of malaria in holoendemic
regions characterize the SMA etiology. It should be noted that these factors can lead
to chronically low hemoglobin values observed in infants and young children living
in holoendemic regions (Perkins et al. 2011).

Plasmodium-triggered hemolysis participates in reducing hemoglobin levels in
pediatric patients. However, impaired and/or ineffective erythropoiesis represents
the primary mechanism underlying low hemoglobin levels in children with SMA.

This translates into failure in the ability to replenish the reduced pool of erythro-
cytes due to parasite- and/or antimalarial-driven hemolysis. Studies of Dormer and
colleagues (Dormer et al. 1983) provide some quantitative data on the extent of
“parenchymal damage” of bone marrow and stress the impact of ineffective eryth-
ropoiesis and reduced rate of erythropoietic proliferation on the emergence of ane-
mia in patients with acute falciparum malaria. The results of a large scale ex vivo
study in anemic children attending a rural hospital in Mozambique suggest that
hemozoin in the bone marrow has a role in the pathogenesis of malarial anemia
through ineffective erythropoiesis (Aguilar et al. 2014).

Perkins and coworkers affirm that reduced erythropoiesis in SMA children
results from imbalanced inflammation (see Perkins et al. 2011 for a more exhaustive
review). Indeed, to tentatively control the parasitemia, the host releases a large
array of pro- and anti-inflammatory cytokines, chemokines, growth factors, and
effector molecules as part of the innate immune response. However, the immune
response to malaria can result in successful control of the parasitemia only depend-
ing on the magnitude and timing of the release of inflammatory mediators. If the
inflammatory milieu is not properly balanced, it can seriously damage the host, also
suppressing the erythropoietic response. They also show as some parasitic products
drive the innate immune response in the infected human host, including Hz, glyco-
sylphosphatidylinositols (GPIs), and parasitic antigens. Phagocytosis of Hz by
circulating monocytes, neutrophils, and resident macrophages represents a primary
factor for stimulating the innate immune response to P. falciparum. Among other
mechanisms, Hz generates an innate immune response through the toll-like receptor
(TLR) system.

4.3 Respiratory Distress

Several types of respiratory distress can occur in malaria patients. Hyperventilation
is a consequence of metabolic acidosis. This is mainly due to the accumulation of
lactate, produced by the parasite or by peripheral tissues in hypoxic conditions.
Metabolic acidosis is often worsened by renal dysfunction. As a consequence of
lower blood pH, respiratory rates are increased to expel more carbon dioxide, result-
ing in hyperventilation. Therefore, hyperventilation should be considered a
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peripheral or renal pathology rather than pulmonary (Van den Steen et al. 2013).
Whether hyperventilation may contribute to pulmonary edema—for instance by
prolonged high tidal volume breathing—is currently topic of debate, and the simul-
taneous occurrence of both events cannot be excluded (Nayak et al. 2011).
Hyperventilation represents the main respiratory distress occurring in African chil-
dren with malaria and is also frequent in adults (Marsh et al. 1995; English et al.
1996).

Other types of respiratory distress are acute lung injury (ALI) and acute
respiratory distress syndrome (ARDS). ARDS is a severe condition associated with
high mortality rates. It is characterized by marked, diffuse alveolar inflammation,
damage to the alveolar—capillary membrane, alveolar edema, and severe hypox-
emia. Common causes of ARDS include sepsis, bacterial or viral infectious dis-
eases, and aspiration pneumonia (Matthay and Zemans 2011; Wheeler and Bernard
2007), all factors that are often concomitant in malaria patients. However, ARDS
may also present as a severe complication of malaria independently of any other
cause (Taylor et al. 2006, 2012; Mohan et al. 2008). Malaria-associated (MA)-
ARDS occurs mainly in adults and lethality rates reach 80 % of patients, despite
antimalarial treatment. The largest part of ARDS cases is registered in adult patients
in low-transmission areas, as well as in nonimmune travelers. On the contrary, resi-
dent adults from high-transmission areas appear semi-immune and protected against
severe malaria. Pregnant women with placental malaria are also at higher risk to
develop MA-ARDS (Taylor et al. 2006, 2012; Mohan et al. 2008). Depending on
the study area and the parasite species, the estimated prevalence rates range from 2
to 20 % in adults with severe malaria (see Mohan et al. 2008 for a more detailed
review). Several case reports have been published for each human malaria parasite
species. MA-ARDS appears to be the most prevalent complication of Plasmodium
knowlesi infections (59-70 % of severe cases) (Daneshvar et al. 2009; William et al.
2011). Notably, besides antimalarial chemotherapy, positive pressure ventilation
measures are currently the only available remedy. ARDS has been proposed to
likely represent the most extreme form of pulmonary involvement in malaria
(Maguire et al. 2005).

4.4 Acute Renal failure

ARF is more frequent in P. falciparum infections, although P. vivax and P. malariae
can occasionally be associated with renal impairment. ARF generally occurs in
nonimmune adults and older children (Eiam-Ong and Sitprija 1998; Barsoum 2000;
Eiam-Ong 2003). Indeed, ARF results largely higher in patients from non-malarious
regions than in the areas with high malaria transmission rates. According to one
report, ARF incidence is as high as that of CM (Weber et al. 1991). The mechanism
underlying malarial ARF remains unknown so far. The manifestations vary from
milder forms (e.g., prerenal azotemia) to more severe forms (ischemic ARF),
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depending on the degree of renal hypoperfusion. Mechanical obstruction by infected
erythrocytes, immune-mediated glomerular and tubular pathologies, fluid loss due
to multiple mechanisms, and alterations in the renal microcirculation, should be
listed among the most credited hypotheses. Restricted local blood flow in the kid-
neys is considered to play a major role in development of malarial ARF. Low intake
or high loss of fluids as a consequence of vomiting and pyrexial sweating could be
responsible for dehydration and renal ischemia. Increased fluid administration, oxy-
gen toxicity, and yet unidentified factors may contribute to pulmonary edema,
ARDS, multiorgan failure, and death. Currently, the mainstay treatment consists of
appropriate antimalarial drug therapy, fluid replacement, and renal replacement
therapy (Das 2008).
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