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  Pref ace   

    The important thing in science  
  is not so much to obtain new facts  
  as to discover new ways  
  of thinking about them.  

 —Sir William Henry Bragg, 
 1915 Nobel prize in Physics 

   In  The Wonderful Wizard of  Oz, Dorothy Gale heads for the Emerald City by follow-
ing the yellow brick road, in order to get back home. It is no secret that eventually she 
will return to Kansas only thanks to the silver shoes she has worn since the beginning 
of her journey. As a child, I enjoyed reading Dorothy’s adventures, and dreamed of 
getting to know the Scarecrow and the Cowardly Lion (though I have never been a 
big fan of the Tinman, no offense intended). As an adult, I am now aware that from 
moral imperatives to philosophical refl ections to political plots, L. Frank Baum 
offers a magic box of profound discoveries, buried in a playground of childhood 
whimsy. Indeed, the hallmark of superb writing lies in the ability to compress mul-
tiple layers of meaning into a single narrative. 

 On a certain level, science is not much different, as it resembles a complex yet 
exciting book that is just waiting to be unrolled by those avid readers commonly 
known as “researchers.” Biology makes no exception, and such a perspective fi ts 
well with the experimental evidence discussed in the present work. Addressing 
either students or specialists, the authors will introduce them to an innovative 
research fi eld, which is ironically based on the consolidated knowledge of an almost 
100-year-old molecule. 

 Now, let’s take a step back. Despite the considerable early successes achieved by 
the global eradication program launched a few years ago (2007) by charity founda-
tions such as the Bill & Melinda Gates Foundation and Rolling Back Malaria, also 
endorsed by World Health Organization, malaria remains an alarming emergency in 
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developing countries. Therefore, any parasite or host molecules serving as new 
affordable markers for early diagnosis of disease complications or as new targets for 
vector control need to be urgently identifi ed. Intriguingly, old well-known enzymes 
such as lysozymes have been proposed in recent years as very relevant molecules to 
be targeted either in mosquito or in human hosts, possibly paving the way for the 
future development of innovative and cost-effective tools to fi ght malaria. 

 Lysozymes are antibacterial proteins widely present in the animal kingdom and 
defi ned by their ability to hydrolyze β-1,4-glycosidic linkage between 
 N -acetylmuramic acid and  N -acetylglucosamine of peptidoglycan in the cell wall of 
bacteria. Recently, a few independent research groups have reported some interest-
ing evidence on the involvement of both human and mosquito lysozymes in malaria. 
Hemozoin, a lipid-bound ferriprotoporphyrin IX crystal produced by  Plasmodium  
parasites after hemoglobin catabolism, was shown to promote in vitro the early 
release of human lysozyme from adherent monocytes. Consistently, the plasma lev-
els of human lysozyme and the number of hemozoin-containing leukocytes in the 
peripheral blood of  P. falciparum -infected patients correlated well with parasitemia 
degree and disease severity. On the other hand, the mosquito homologue of human 
lysozyme was shown to facilitate the development of  Plasmodium berghei  and  falci-
parum  within  Anopheles gambiae ,  stephensi , and  dirus  vectors after binding to 
oocysts. All these data will be thoroughly discussed in this book in an attempt to 
show the readers the potential role of these molecules in malaria diagnosis and vector 
control approaches. 

 My editing of  Human and Mosquito Lysozymes: Old Molecules for New 
Approaches Against Malaria  has been rather time consuming, yet very rewarding in 
providing me with a privileged look at the status of cutting edge research in this 
fi eld. I would like to thank all of the authors (Nicoletta Basilico, Sarah D’Alessandro, 
Luca Facchinelli, Giuliana Giribaldi, Clelia Oliva, Manuela Polimeni, Roberta 
Spaccapelo, and Vivian Tullio) for their hard work in preparing excellent discus-
sions on their respective topics. Additionally, I am very grateful to Springer’s staff 
members (Rita Beck, Susan Safren, and Arthur Smilios) for inviting me on board 
and helping me during such an exciting journey. And, of course, thanks to you, who 
are reading this book. Will lysozymes reveal themselves as the “silver standard” to 
leave the Land of Malaria? Let’s knock our heels together three times and command 
the shoes to…  

  Torino, Italy     Mauro     Prato    

Preface
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    Chapter 1   
 Etiopathogenesis and Pathophysiology 
of Malaria 

                Giuliana     Giribaldi     ,     Sarah     D’Alessandro    ,     Mauro     Prato    , 
and     Nicoletta     Basilico   

1            Introduction 

 According to the latest estimates, World Health Organization (WHO) offi cially 
 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 confi ned 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 identifi cation 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. Defi nitive accounts of malaria occur in classical 
Indic (Charaka and Sushuruta) and Greek (Hippocrates) medical texts. These texts 
not only document the classifi cation 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 fi fth 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 fi nd also 
 P. falciparum  while in Central America and in island of Pacifi c Ocean there are 
 P. vivax  and  P. falciparum  (Tan et al.  2014 ). 

 The malaria parasite was observed for the fi rst 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 fi rst 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 
fi rst 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 identifi ed 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 

  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 
diffi cult 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-infl ammatory 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 fi nally 
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 fi ssions 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 ). 

G. Giribaldi et al.
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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/CXCL8. 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-specifi c 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 modifi cation, 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- 
specifi c 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 modifi cations occur. New molecules are exported 
into the RBC: some of them assemble into fl at 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 
( Pf EMP)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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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. 

  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       
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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 specifi c 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 fl agella-like projections. A daughter nucleus enters in each 
projection. These projections separate from the cytoplasm. This process of forma-
tion of microgametes is called exfl agellation. From each microgametocyte, 6–8 
fl agella-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 fi ve 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 fi rst 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 fi rst Fe(III) 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 proinfl ammatory molecules, including cytokines (TNFalpha, IL-1beta, 
IL-1RA) and chemokines (MIP-1alpha/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 fi eld 
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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 neuroinfl ammation.  

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 naïve 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 defi ned as a potentially reversible, 
diffuse encephalopathy causing a Glasgow coma score of 11/15 or less, often asso-
ciated with fi tting, 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-
fi cult to confi rm 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 defi cits 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 ; Piña-Vázquez 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 proinfl ammatory, 
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 infl ammatory 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 immunodefi ciency 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 (Dörmer 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 affi rm that reduced erythropoiesis in SMA children 
results from imbalanced infl ammation (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-infl ammatory 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 infl ammatory mediators. If the 
infl ammatory 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 

G. Giribaldi et al.



13

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 infl ammation, 
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, fl uid loss due 
to multiple mechanisms, and alterations in the renal microcirculation, should be 
listed among the most credited hypotheses. Restricted local blood fl ow in the kid-
neys is considered to play a major role in development of malarial ARF. Low intake 
or high loss of fl uids as a consequence of vomiting and pyrexial sweating could be 
responsible for dehydration and renal ischemia. Increased fl uid administration, oxy-
gen toxicity, and yet unidentifi ed factors may contribute to pulmonary edema, 
ARDS, multiorgan failure, and death. Currently, the mainstay treatment consists of 
appropriate antimalarial drug therapy, fl uid replacement, and renal replacement 
therapy (Das  2008 ).      

      References 

    Abdalla SH, Pasvol G (2004) Malaria: A hematolgical perspective. Imperial College Press, 
London, UK  

    Adams S (2002) Breaking down the blood-brain barrier: signaling a path to cerebral malaria? 
Trends Parasitol 18:360–366  

    Aguilar R, Moraleda C, Achtman AH et al (2014) Severity of anaemia is associated with bone 
marrow haemozoin in children exposed to Plasmodium falciparum. Br J Haematol 164:
877–887. doi:  10.1111/bjh.12716      

    Aikawa M, Uni Y, Andrutis AT et al (1986) Membrane-associated electron-dense material of the 
asexual stages of Plasmodium falciparum: evidence for movement from the intracellular para-
site to the erythrocyte membrane. Am J Trop Med Hyg 35:30–36  

    Aly AS, Vaughan AM, Kappe SH (2009) Malaria parasite development in the mosquito and infec-
tion of the mammalian host. Annu Rev Microbiol 63:195–221  

     Atkinson CT, Aikawa M (1990) Ultrastructure of malaria infected erythrocytes. Blood Cells 
16:351–368  

    Balasubramanian D, Mohan Rao C, Panijpan B (1984) The malaria parasite monitored by photo-
acoustic spectroscopy. Science 223:828–830  

     Bannister L, Mitchell G (2003) The ins, outs and roundabouts of malaria. Trends Parasitol 
19:209–213  

    Bannister LH, Hopkins JM, Fowler RE (2000) A brief illustrated guide to the ultrastructure of 
Plasmodium falciparum asexual blood stages. Parasitol Today 16:427–433  

    Barsoum RS (2000) Malaria acute renal failure. J Am Soc Nephrol 11:2147–2154  
    Bassat Q, Guinovart C, Sigaúque B et al (2009) Severe malaria and concomitant bacteraemia in 

children admitted to a rural Mozambican hospital. Trop Med Int Health 14:1011–1019  
    Baum J, Maier AG, Good RT et al (2005) Invasion by P. falciparum merozoites suggests a hierar-

chy of molecular interactions. PLoS Pathog 1:e37  
    Berkley JA, Mwangi I, Mellington F et al (1999) Cerebral malaria versus bacterial meningitis in 

children with impaired consciousness. Q J Med 92:151–157  
    Berkley JA, Lowe BS, Mwangi I et al (2005) Bacteremia among children admitted to a rural hos-

pital in Kenya. N Engl J Med 352:39–47  
   Biography of Alphonse Laveran. The Nobel Foundation.   http://www.nobelprize.org/nobel_prizes/

medicine/laureates/1907/laveran-bio.html      
   Biography of Ronald Ross. The Nobel Foundation.   http://www.nobelprize.org/nobel_prizes/medi-

cine/laureates/1902/ross-bio.html      
    Brabin BJ, Premji Z, Verhoeff F (2001) An analysis of anemia and child mortality. Nutr J 131:

636S–645S  

G. Giribaldi et al.

http://dx.doi.org/10.1111/bjh.12716
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1907/laveran-bio.html
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1907/laveran-bio.html
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1902/ross-bio.html
http://www.nobelprize.org/nobel_prizes/medicine/laureates/1902/ross-bio.html


15

    Buffet PA, Safeukui I, Milon G et al (2009) Retention of erythrocytes in the spleen: a double-edged 
process in human malaria. Curr Opin Hematol 16:157–164  

    Coltel N, Combes V, Hunt NH et al (2004) Cerebral malaria—a neurovascular pathology with 
many riddles still to be solved. Curr Neurovasc Res 1:91–110  

    Cooke BM (2000) Falciparum malaria: sticking up, standing out and outstanding. Parasitol Today 
16:416–420  

    Coronado LM, Nadovich CT, Spadafora C (2014) Malarial hemozoin: from target to tool. Biochim 
Biophys Acta 1840:2032–2041. doi:  10.1016/j.bbagen.2014.02.009    , pii: S0304-4165(14)00055-5  

    Cowman AF, Crabb BS (2006) Invasion of red blood cells by malaria parasites. Cell 
124:755–766  

    Cox-Singh J, Davis TM, Lee KS et al (2008) Plasmodium knowlesi malaria in humans is widely 
distributed and potentially life threatening. Clin Infect Dis 46:165–171  

    Daneshvar C, Davis TM, Cox-Singh J et al (2009) Clinical and laboratory features of human 
Plasmodium knowlesi infection. Clin Infect Dis 49:852–860  

    Das A (1994) Biosynthesis, export and processing of a 45 kDa protein detected in membrane clefts 
of erythrocytes infected with Plasmodium falciparum. Biochem J 302:487–496  

    Das BS (2008) Renal failure in malaria. J Vector Borne Dis 45:83–97  
    Davenport GC, Ouma C, Hittner JB et al (2010) Hematological predictors of increased severe 

anemia in Kenyan children coinfected with Plasmodium falciparum and HIV-1. Am J Hematol 
85:227–233  

     Deroost K, Tyberghein A, Lays N et al (2013) Hemozoin induces lung infl ammation and correlates 
with malaria-associated acute respiratory distress syndrome. Am J Respir Cell Mol Biol 
48:589–600  

    Dondorp AM, Angus BJ, Chotivanich K (1999) Red blood cell deformability as a predictor of 
anemia in severe falciparum malaria. Am J Trop Med Hyg 60:733–737  

    Dörmer P, Dietrich M, Kern P et al (1983) Ineffective erythropoiesis in acute human P. falciparum 
malaria. Blut 46:279–288  

    Eiam-Ong S (2003) Malaria nephropathy. Semin Nephrol 23:21–33  
    Eiam-Ong S, Sitprija V (1998) Falciparum malaria and the kidney: a model of infl ammation. Am 

J Kidney Dis 32:361–375  
    Ejigiri I, Sinnis P (2009) Plasmodium sporozoite-host interactions from the dermis to the hepato-

cyte. Curr Opin Microbiol 12:401–407. doi:  10.1016/j.mib.2009.06.006      
    English M, Waruiru C, Amukoye E et al (1996) Deep breathing in children with severe malaria: 

indicator of metabolic acidosis and poor outcome. Am J Trop Med Hyg 55:521–524  
    Fiori PL, Rappelli P, Mirkarimi SN et al (1993) Reduced microbicidal and anti-tumour activities 

of human monocytes after ingestion of Plasmodium falciparum-infected red blood cells. 
Parasite Immunol 15:647–655  

     Francis SE, Sullivan DJ Jr, Goldberg DE (1997) Hemoglobin metabolism in the malaria parasite 
Plasmodium falciparum. Annu Rev Microbiol 51:97–123. doi:  10.1146/annurev.micro.51.1.97      

    Geurts N, Martens E, Van Aelst I et al (2008) Beta-hematin interaction with the hemopexin domain 
of gelatinase B/MMP-9 provokes autocatalytic processing of the propeptide, thereby priming 
activation by MMP-3. Biochemistry 47:2689–2699  

    Geurts N, Opdenakker G, Van den Steen PE (2012) Matrix metalloproteinases as therapeutic tar-
gets in protozoan parasitic infections. Pharmacol Ther 133:257–279  

    Gildenhuys J, LeRoex T, Egan TJ et al (2013) The single crystal X-ray structure of β-hematin 
DMSO solvate grown in the presence of chloroquine, a β-hematin growth-rate inhibitor. J Am 
Chem Soc 135:1037–1047  

    Giribaldi G, Ulliers D, Schwarzer E et al (2004) Hemozoin- and 4-hydroxynonenal-mediated inhi-
bition of erythropoiesis. Possible role in malarial dyserythropoiesis and anemia. Haematologica 
89:492–493  

     Giribaldi G, Prato M, Ulliers D et al (2010) Involvement of infl ammatory chemokines in survival 
of human monocytes fed with malarial pigment. Infect Immun 78:4912–4921  

      Gitau EN, Newton CR (2005) Review article: blood–brain barrier in falciparum malaria. Trop Med 
Int Health 10:285–292  

1 Etiopathogenesis and Pathophysiology of Malaria

http://dx.doi.org/10.1016/j.bbagen.2014.02.009
http://dx.doi.org/10.1016/j.mib.2009.06.006
http://dx.doi.org/10.1146/annurev.micro.51.1.97


16

    Golgi C (1886) Sull’infezione malarica. Arch Sci Med 10:109–134  
   Grassi GB (1900) Studi di uno zoologo sulla malaria. Reale Academia dei Lincei, Roma  
    Grau GE, Craig AG (2012) Cerebral malaria pathogenesis: revisiting parasite and host contribu-

tions. Future Microbiol 7:291–302  
    Horuk R, Chitnis CE, Darbonne WC et al (1993) A receptor for the malarial parasite Plasmodium 

vivax: the erythrocyte chemokine receptor. Science 261:1182–1184  
    Kariuki MM, Li X, Yamodo I et al (2005) Two Plasmodium falciparum merozoite proteins binding 

to erythrocyte band 3 form a direct complex. Biochem Biophys Res Commun 338:1690–1695  
      Khadjavi A, Giribaldi G, Prato M (2010) From control to eradication of malaria: the end of being 

stuck in second gear? Asian Pac J Trop Med 3:412–420  
    Klonis N, Tan O, Jackson K et al (2007) Evaluation of pH during cytostomal endocytosis and vacu-

olar catabolism of haemoglobin in Plasmodium falciparum. Biochem J 407:343–354  
    Krogstad DJ, Schlesinger PH, Gluzman IY (1985) Antimalarials increase vesicle pH in Plasmodium 

falciparum. J Cell Biol 101:2302–2309  
    Lalloo DG, Shingadia D, Pasvol G et al (2007) UK malaria treatment guidelines. J Infect 

54:111–121  
    Lartey A (2008) Maternal and child nutrition in Sub-Saharan Africa: challenges and interventions. 

Proc Nutr Soc 67:105–108  
    Maguire GP, Handojo T, Pain MC et al (2005) Lung injury in uncomplicated and severe falciparum 

malaria: a longitudinal study in Papua, Indonesia. J Infect Dis 192:1966–1974  
    Markus MB (2011) Malaria: origin of the term “hypnozoite”. J Hist Biol 44:781–786. doi:  10.1007/

s10739-010-9239-3      
    Marsh K, Forster D, Waruiru C et al (1995) Indicators of life-threatening malaria in African chil-

dren. N Engl J Med 332:1399–1404  
    Matthay MA, Zemans RL (2011) The acute respiratory distress syndrome: pathogenesis and treat-

ment. Annu Rev Pathol 6:147–163  
    Medana IM, Turner GD (2006) Human cerebral malaria and the blood-brain barrier. Int J Parasitol 

36:555–568  
    Ménard R (2005) Medicine: knockout malaria vaccine? Nature 13:113–114  
    Mitchell GH, Thomas AW, Margos G et al (2004) Apical membrane antigen 1, a major malaria 

vaccine candidate, mediates the close attachment of invasive merozoites to host red blood cells. 
Infect Immun 72:154–158  

      Mohan A, Sharma SK, Bollineni S (2008) Acute lung injury and acute respiratory distress syn-
drome in malaria. J Vector Borne Dis 45:179–193  

    Mota MM, Pradel G, Vanderberg JP et al (2001) Migration of Plasmodium sporozoites through 
cells before infection. Science 291:141–144  

    Nayak KC, Mohini, Kumar S et al (2011) A study on pulmonary manifestations in patients with 
malaria from northwestern India (Bikaner). J Vector Borne Dis 48:219–223  

    Newton CR, Krishna S (1998) Severe falciparum malaria in children: current understanding of 
pathophysiology and supportive treatment. Pharmacol Ther 79:1–53  

     Newton CR, Warrel DA (1998) Neurological manifestations of falciparum malaria. Ann Neurol 
43:695–702  

    Oakley MS, Gerald N, McCutchan TF et al (2011) Clinical and molecular aspects of malaria fever. 
Trends Parasitol 27:442–449  

    Olivier M, Van Den Ham K, Shio MT et al (2014) Malarial pigment hemozoin and the innate 
infl ammatory response. Front Immunol 5:25, eCollection 2014  

    Orjih AU (2001) On the mechanism of hemozoin production in malaria parasites: activated eryth-
rocyte membranes promote beta-hematin synthesis. Exp Biol Med 226:746–752  

    Otieno RO, Ouma C, Onģecha JM et al (2006) Increased severe anemia in HIV-1-exposed and 
HIV-1- positive infants and children during acute malaria. AIDS 20:275–280  

    Pagola S, Stephens PW, Bohle DS et al (2000) The structure of malaria pigment beta-haematin. 
Nature 404:307–310  

      Perkins DJ, Were T, Davenport GC et al (2011) Severe malarial anemia: innate immunity and 
pathogenesis. Int J Biol Sci 7:1427–1442  

G. Giribaldi et al.

http://dx.doi.org/10.1007/s10739-010-9239-3
http://dx.doi.org/10.1007/s10739-010-9239-3


17

    Phillips RE, Looareesuwan S, Warrell DA et al (1986) The importance of anaemia in cerebral and 
uncomplicated falciparum malaria: role of complications, dyserythropoiesis and iron seques-
tration. Q J Med 58:305–323  

    Piña-Vázquez C, Reyes-López M, Ortíz-Estrada G et al (2012) Host-parasite interaction: parasite- 
derived and -induced proteases that degrade human extracellular matrix. J Parasitol Res 
2012:748206. doi:  10.1155/2012/748206      

     Pino P, Taoufi q Z, Nitcheu J et al (2005) Blood–brain barrier breakdown during cerebral malaria: 
suicide or murder? Thromb Haemost 94:336–340  

     Polimeni M, Prato M (2014) Host matrix metalloproteinases in cerebral malaria: new kids on the 
block against blood–brain barrier integrity? Fluids Barriers CNS 11:1. doi:  10.1186/
2045-8118-11-1      

    Pouvelle B, Buffet PA, Lépolard C (2000) Cytoadhesion of Plasmodium falciparum ring-stage- 
infected erythrocytes. Nat Med 6:1264–1268  

    Prato M, Giribaldi G (2011) Matrix metalloproteinase-9 and haemozoin: wedding rings for human 
host and plasmodium falciparum parasite in complicated malaria. J Trop Med 2011:628435. 
doi:  10.1155/2011/628435      

     Prato M, Giribaldi G, Polimeni M et al (2005) Phagocytosis of hemozoin enhances matrix metal-
loproteinase- 9 activity and TNF-alpha production in human monocytes: role of matrix metal-
loproteinases in the pathogenesis of falciparum malaria. J Immunol 175:6436–6442  

     Prato M, Gallo V, Giribaldi G et al (2008) Phagocytosis of haemozoin (malarial pigment) enhances 
metalloproteinase-9 activity in human adherent monocytes: role of IL-1beta and 
15-HETE. Malar J 7:157. doi:  10.1186/1475-2875-7-157      

    Prato M, Gallo V, Valente E et al (2010a) Malarial pigment enhances Heat Shock Protein-27 in 
THP-1 cells: new perspectives for in vitro studies on monocyte apoptosis prevention. Asian Pac 
J Trop Med 3:934–938  

    Prato M, Gallo V, Arese P (2010b) Higher production of tumor necrosis factor alpha in hemozoin- 
fed human adherent monocytes is dependent on lipidic component of malarial pigment: new 
evidences on cytokine regulation in Plasmodium falciparum malaria. Asian Pac J Trop Med 
3:1–5  

      Prato M, Khadjavi A, Mandili G et al (2011) Insecticides as strategic weapons for malaria vector 
control. In: Perveen F (ed) Insecticides—advances in integrated pest management, 1st edn. 
Intech, Croatia, pp 91–114  

    Price RN, Simpson JA, Nosten F (2001) Factors contributing to anemia after uncomplicated falci-
parum malaria. Am J Trop Med Hyg 65:614–622  

    Roberts L, Enserink M (2007) Did they really say… eradication? Science 318:1544–1545  
     Rogier C, Hommel M (2011) Plasmodium life-cycle and natural history of malaria. In: Impact 

malaria sanofi  Aventis’ commitment.   http://www.impact-malaria.com/iml/cx/en/layout.
jsp?cnt=2FAECA4CCA72-4C97-9090-B725867E1579      

    Rowe JA, Claessens A, Corrigan RA et al (2009) Adhesion of Plasmodium falciparum-infected 
erythrocytes to human cells: molecular mechanisms and therapeutic implications. Expert Rev 
Mol Med 11:e16. doi:  10.1017/S1462399409001082      

    Salmon BL, Oksman A, Goldberg DE (2001) Malaria parasite exit from the host erythrocyte: a 
two-step process requiring extra erythrocytic proteolysis. Proc Natl Acad Sci U S A 
98:271–276  

    Scherf A, Pouvelle B, Buffet PA (2001) Molecular mechanisms of Plasmodium falciparum placen-
tal adhesion. Cell Microbiol 3:125–131  

    Schwarzer E, Turrini F, Ulliers D et al (1992) Impairment of macrophage functions after ingestion 
of Plasmodium falciparum infected erythrocytes or isolated malarial pigment. J Exp Med 
176:1033–1041  

    Scorza T, Magez S, Brys L (1999) Hemozoin is a key factor in the induction of malaria-associated 
immunosuppression. Parasite Immunol 21:545–554  

    Slater AF (1992) Malaria pigment. Exp Parasitol 74:362–365. doi:  10.1016/0014-4894(92)90162-4      
    Slater AF, Swiggard WJ, Orton BR et al (1991) An iron-carboxylate bond links the heme units of 

malaria pigment. Proc Natl Acad Sci U S A 88:325–329  

1 Etiopathogenesis and Pathophysiology of Malaria

http://dx.doi.org/10.1155/2012/748206
http://dx.doi.org/10.1186/2045-8118-11-1
http://dx.doi.org/10.1186/2045-8118-11-1
http://dx.doi.org/10.1155/2011/628435
http://dx.doi.org/10.1186/1475-2875-7-157
http://www.impact-malaria.com/iml/cx/en/layout.jsp?cnt=2FAECA4CCA72-4C97-9090-B725867E1579
http://www.impact-malaria.com/iml/cx/en/layout.jsp?cnt=2FAECA4CCA72-4C97-9090-B725867E1579
http://dx.doi.org/10.1017/S1462399409001082
http://dx.doi.org/10.1016/0014-4894(92)90162-4


18

    Szklarczyk A, Stins M, Milward EA et al (2007) Glial activation and matrix metalloproteinase 
release in cerebral malaria. J Neurovirol 13:2–10  

    Tan KR, Arguin PM, Steele SF (2014) Travel vaccines & malaria information, by country in CDC 
health information for international travel (chapter 3). Centers for Disease Control and 
Prevention, Atlanta,   http://wwwnc.cdc.gov/travel/yellowbook/2014/chapter-3-infectious- 
diseases-related-to-travel/travel-vaccines-and-malaria-information-by-country      

     Taylor WR, Cañon V, White NJ (2006) Pulmonary manifestations of malaria: recognition and 
management. Treat Respir Med 5:419–428  

     Taylor WR, Hanson J, Turner GD (2012) Respiratory manifestations of malaria. Chest 142:
492–505. doi:  10.1378/chest.11-2655      

    Tilley L, Dixon MW, Kirk K (2011) The Plasmodium falciparum-infected red blood cell. Int J 
Biochem Cell Biol 43:839–842. doi:  10.1016/j.biocel.2011.03.012      

    Urban BC, Todryk S (2006) Malaria pigment paralyzes dendritic cells. J Biol 5:4  
    Van den Steen PE, Van Aelst I, Starckx S et al (2006) Matrix metalloproteinases, tissue inhibitors 

of MMPs and TACE in experimental cerebral malaria. Lab Invest 86:873–888  
    Van den Steen PE, Deroost K, Deckers J et al (2013) Pathogenesis of malaria-associated acute 

respiratory distress syndrome. Trends Parasitol 29:346–358. doi:  10.1016/j.pt.2013.04.006      
    Weber MW, Böker K, Horstmann RD et al (1991) Renal failure is a common complication in non- 

immune Europeans with Plasmodium falciparum malaria. Trop Med Parasitol 42:115–118  
    Were T, Davenport GC, Hittner JB et al (2011) Bacteremia in Kenyan children presenting with 

malaria. J Clin Microbiol 49:671–676  
    Wheeler AP, Bernard GR (2007) Acute lung injury and the acute respiratory distress syndrome: a 

clinical review. Lancet 369:1553–1564  
    White NJ (1998) Not much progress in treatment of cerebral malaria. Lancet 352:594–595  
    WHO (2000) Severe falciparum malaria; World Health Organization, communicable diseases 

cluster. Trans R Soc Trop Med Hyg 94:S1–S90  
    WHO (2013) World malaria report: 2013. WHO library cataloguing-in-publication data.   http://

apps.who.int/iris/bitstream/10665/97008/1/9789241564694_eng.pdf      
    William T, Menon J, Rajahram G et al (2011) Severe Plasmodium knowlesi malaria in a tertiary 

care hospital, Sabah, Malaysia. Emerg Infect Dis 17:1248–1255    

G. Giribaldi et al.

http://wwwnc.cdc.gov/travel/yellowbook/2014/chapter-3-infectious-diseases-related-to-travel/travel-vaccines-and-malaria-information-by-country
http://wwwnc.cdc.gov/travel/yellowbook/2014/chapter-3-infectious-diseases-related-to-travel/travel-vaccines-and-malaria-information-by-country
http://dx.doi.org/10.1378/chest.11-2655
http://dx.doi.org/10.1016/j.biocel.2011.03.012
http://dx.doi.org/10.1016/j.pt.2013.04.006
http://apps.who.int/iris/bitstream/10665/97008/1/9789241564694_eng.pdf
http://apps.who.int/iris/bitstream/10665/97008/1/9789241564694_eng.pdf


19© Springer International Publishing Switzerland 2015
M. Prato (ed.), Human and Mosquito Lysozymes, 
DOI 10.1007/978-3-319-09432-8_2

    Chapter 2   
 Malaria Diagnosis, Therapy, Vaccines, 
and Vector Control 

                Nicoletta     Basilico     ,     Roberta     Spaccapelo    , and     Sarah     D’Alessandro   

1            Introduction 

 Depending on the transmission intensities and the age of the patient, human malaria 
manifests with different clinical outcomes ranging from asymptomatic malaria, 
mild uncomplicated disease to life-threatening severe disease. In addition, different 
vectors can be associated with different parasite strains, thereby further infl uencing 
the clinical outcomes. In this context, it appears evident that diagnosis, therapy, vac-
cine, and vector control approaches must be multiple. The present chapter will 
review the current state of the art of the approaches currently employed to counter-
act the various manifestations of malaria.  

2     Malaria Diagnosis 

 An effective management and treatment of malaria depends on early and accurate 
diagnosis, as misdiagnosis can result in signifi cant morbidity and mortality. In par-
ticular, it is essential to diagnose the presence of  P. falciparum  early since the infec-
tion can be fatal within few days. 
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 The diagnosis of malaria is sought on clinical signs and symptoms and is based 
on the detection of parasites in the blood (parasitological diagnosis). The fi rst symp-
toms of malaria are nonspecifi c (headache, muscle pains, fatigue, fever, chills, nau-
sea, vomiting) and similar to several viral illnesses. In many endemic areas, malaria 
is therefore frequently overdiagnosed. World Health Organization (WHO) 
 recommends rapid parasitological confi rmation of diagnosis (by microscopy or 
malaria rapid diagnostic test [RDT]) in all patients with suspected malaria prior to 
the start of treatment (WHO  2013 ). This is important either to restrict use of antima-
larial drugs only to the patients with malaria or to reduce the emergence and spread 
of drug resistance. 

2.1     Microscopic Diagnosis 

 Microscopic slide examination of peripheral blood is regarded as the “gold stan-
dard” for malaria diagnosis and remains the most widely used test in most endemic 
areas. When used appropriately, microscopy is inexpensive, rapid, and relatively 
sensitive offering signifi cant advantages over other methods. Sensitivity is about 10 
parasites/μL and about 500 parasites/μL for thick fi lm and thin fi lm, respectively. 
Although thick fi lm is more sensitive for detecting the presence of parasite, thin fi lm 
can be used for accurate identifi cation of species (except for  P. knowlesi  infection) 
and for counting the parasitemia. Microscopy offers indeed the advantage to iden-
tify the presence of mixed infections and can also be used to monitor the effi cacy of 
therapy by successive examination of the parasitemia until the complete clearance 
(Kilian et al.  2000 ; Mayxay et al.  2004 ). However, microscopic slide examination 
might not be able to detect very low parasitemias; moreover, it is time consuming 
and needs adequately trained and skilled people while reading the smears to make 
accurate and reproducible diagnoses. 

 Thick blood fi lms consist of a thick layer of lysed red blood cells (RBCs) since 
it is stained as unfi xed preparation using diluted Giemsa or Wright’s stain (see 
Table  2.1 ). The thin blood fi lm is methanol fi xed, thus the morphological identifi ca-
tion of the parasite species is much easier.

   A standard way of estimating the parasite count per μL of blood on thick fi lm is 
to use a standard value for the leucocytes count (8,000 WBC/μL). Counting the 
number of parasites present in thick fi lm until 200 white blood cells (WBCs) has 
been seen and then multiplying the counted parasites by 40 will give the number of 
parasite count per microliter of blood (Warhurst and Williams  1996 ). Quantifi cation 
should also be performed using a thin fi lm by counting the number of parasitized 
RBCs (not individual parasite) per 100 RBCs in a thin fi lm (at least 1,000 RBCs 
have to be counted). 

 Different morphological characteristics of both parasites and infected RBCs 
should be considered for accurate species identifi cation in a thin fi lm (Table  2.1 ). 

 In general, all stages of the parasite can be seen in the case of  P. vivax ,  P. ovale , 
and  P. malariae , but usually only the ring parasites (see Fig.  2.1 ) and the  banana- like 
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gametocytes are distinguished in peripheral blood in the case of  P. falciparum  
malaria since mature parasites are sequestered.

   Microscopy alone is insuffi cient to diagnose  P. knowlesi , forms of which can be 
confused with  P. malariae  and a PCR test is required to confi rm the infection. With 
high parasitemia  P. malariae -like parasites should be treated for  P. knowlesi  
infection. 

 The presence of malaria pigment in leukocytes (neutrophils and monocytes) is a 
prognostic marker of severe malaria (Nguyen et al.  1995 ).  

2.2     Rapid Diagnostic Test 

 Malaria RDTs were developed in the mid-1990s (Dietze et al.  1995 ; Palmer et al. 
 1998 ) and are based on the detection of antigens or enzymatic activities associated 
with the parasites. RDTs are quick    (provide results within 20 min), simple, and 
easy to perform. A blood sample collected from the patient is placed in a test strip; 

  Fig. 2.1     Plasmodium 
falciparum : ring stage 
trophozoites in a thin ( a ) and 
a thick ( b ) blood smear. 
Rings are marked with 
 arrows  (Courtesy of Dr. 
Romualdo Grande, Azienda 
Ospedaliera L. Sacco, Milan, 
Italy)       
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dye- labeled antibodies bind to parasite antigen, the resultant complex migrates on 
a nitrocellulose strip and is arrested by a capture antibody, forming a visible line. 
The presence of specifi c bands in the test card window indicates whether the 
patient is infected and a control line gives information on the integrity of the anti-
body–dye conjugate (see Fig.  2.2 ). RDTs are very useful in endemic areas since 
they are simple and quick to perform, easily transportable, and they do not require 
a source of electricity, thus offering a useful alternative to microscopy. Moreover, 
in non- endemic areas, they can be a complementary test in case of microscopy 
inexperience.

   Some RDTs can detect only one species of malaria parasite, some other can 
detect more than one. The most common antigens for RDTs are  P. falciparum  
histidine- rich protein-2 ( Pf HRP2), specifi c for  P. falciparum , and two enzymes of 
the parasite glycolytic pathways, namely plasmodial lactate dehydrogenase (pLDH) 
and aldolase. LDH can be specifi c for  P. falciparum  or  P. vivax  or it can be a variant 
pan specifi c (common to all species:  P. falciparum, P. vivax ,  P. malariae ,  P. ovale , 
and  P. knowlesi ); aldolase is pan specifi c (see Table  2.2 ).

   Another advantage in the use of RDTs is that parasite antigens, in particular 
 Pf HRP2, can also be measured when mature parasites are sequestered. Sequestration 

  Fig. 2.2    RDTs positive or 
negative for  P. falciparum        

   Table 2.2    Parasite species and target antigen of RDTs   

 Target antigen 

 HRP2  pLDH  Aldolase 

 Species of parasites detected   P. falciparum  specifi c   P. falciparum  specifi c  Pan specifi c 

  P. vivax  specifi c 
 Pan specifi c 

  Modifi ed from Wilson ( 2012 )  
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of mature trophozoites and schizonts in the microvasculature of vital organs is a 
central feature in the pathogenesis of  falciparum  malaria. Peripheral blood parasit-
emia counted by microscope does not take into account sequestered parasitized 
RBCs. However, these parasites secrete  Pf HRP2 into the plasma and thus plasma 
concentration of this protein can provide a better estimation of the total parasite 
biomass (   Dondorp et al.  2005b ). Moreover, it is possible to measure antigens when 
parasite detection by microscopy is diffi cult because most of them are sequestered 
and present at very low parasitemia in the peripheral blood. 

 The disadvantage in the use of the RDTs is related to the multiplicity of different 
commercial products with different quality control and variability in the specifi city 
and sensitivity (WHO  2011 ). The WHO and the Foundation for Innovative New 
Diagnostics (FIND) offer a testing program to evaluate the performance of RDTs 
(WHO  2011 ). Moreover, RDTs suffer of several diagnostic limitations: (1) antigens 
specifi c for  P. ovale ,  P. malariae , or  P. knowlesi  are missing; (2) they cannot be used 
to determine the parasitemia or to follow the therapy since the malaria antigens (in 
particular  Pf HRP2) can persist in the blood after the parasite clearance or are pro-
duced also by gametocytes, which are not usually killed by the standard antimalarial 
therapy; (3) persistence of the  Pf HRP2 antigen in the blood after parasite clearance 
can lead to false positives (Iqbal et al.  2002 ; Mayxay et al.  2001 ; Mharakurwa and 
Shiff  1997 ; Mueller et al.  2007 ); (4) some isolates from the Amazon region and 
from Africa and India have been found lacking the  Pf HRP2 (Gamboa et al.  2010 ; 
Houzé et al.  2011 ; Kumar et al.  2013 ), which means that RDTs based on this anti-
gen cannot be useful in these regions.  

2.3     New Malaria Diagnostic Targets 

 Some alternative malarial diagnostic targets have been explored and include pro-
teins whose genes are highly conserved (Mouatcho and Goldring  2013 ). 

 Heat-shock proteins (HSPs) are produced at high levels by the parasite in 
response to increases in body temperature during malaria fever (Sharma  1992 ). 
Among HSPs, HSP-70—which is most abundant—has been explored as a new 
diagnostic target. Elevated levels of anti- Pf HSPs IgM and IgG have been found in 
the serum of malaria patients (Minota et al.  1988 ; Zhang et al.  2001 ). A  P. vivax  
recombinant HSP-70-based ELISA has been shown to detect anti- Pv -HSP70 anti-
bodies in the plasma of  P. vivax  and  P. falciparum  malaria with a sensitivity of 
88.8 % and 78.8 % for  P. vivax  and  P. falciparum , respectively (Na et al.  2007 ). 

 Another possible diagnostic target antigen could be the  Plasmodium  heme 
detoxifi cation protein (HDP), a novel identifi ed protein that binds heme and con-
verts it into nontoxic hemozoin (Jani et al.  2008 ). HDP is present in all the species 
of  Plasmodium , is functionally conserved, and seems to be critical for the survival 
of the parasite (Jani et al.  2008 ; Vinayak et al.  2009 ). Monoclonal    Abs against 
 Pf HDP have been developed and their specifi city and affi nity were comparable to  
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commercially available histidine-rich protein antibodies, making them promising 
for further test development (Kattenberg et al.  2012 ). 

 Dihydrofolate reductase (DHFR) is an enzyme of the folate pathway that cata-
lyzes the reduction of dihydrofolate to tetrahydrofolate. Unlike bacteria and higher 
eukaryotes, protozoan DHFR forms a bifunctional enzyme with thymidylate syn-
thase (TS) (Sherman  1979 ). Moreover, the plasmodial DHFR domain contains two 
additional regions whose sequences vary slightly in all plasmodia and these differ-
ences can therefore be assessed for  Plasmodium  species differentiation (Yuvaniyama 
et al.  2003 ). Monoclonal Abs against this protein have also been developed and it has 
been shown that they can detect  P. falciparum  and  P. vivax  (Kattenberg et al.  2012 ). 

 Glutamate-rich protein (GLURP), a highly antigenic exoantigen of  P. falciparum  
whose gene is conserved in different isolates, is another possible target only suitable 
for  P. falciparum  diagnosis, since the gene is not present in the other species. This 
protein has also been considered as a malaria vaccine candidate (Jepsen et al.  2013 ). 

 An alternative approach could be to detect host markers rather than parasite pro-
teins or metabolites. 

 High mobility group box 1 (HMGB1) protein is an important mediator of infl am-
mation implicated in sepsis pathophysiology. Elevated plasma HMGB1 levels were 
signifi cantly associated with severe malaria in pediatric patients with  P. falciparum  
infection suggesting that elevated HMGB1 could be a prognostic marker of disease 
severity (Higgins et al.  2013 ). 

 Several biomarkers have been proposed for detecting malaria-associated infl am-
mation and infection during pregnancy.  Plasmodium falciparum -infected erythro-
cytes sequester in the placenta causing placental malaria, a condition associated 
with reduced birth weight baby and reduced chance of surviving the fi rst year of 
life. Since infected erythrocytes are not observed in peripheral blood smears, 
women with placental malaria are misdiagnosed and thus not treated. Detection of 
infl ammatory mediators in the peripheral blood may provide an approach to diag-
nose placental malaria. A study from Cameroon reported an association between 
plasma- soluble TNF receptor-2 levels and low birth weight babies in women 
infected with  P. falciparum , suggesting that biomarkers in peripheral blood might 
discriminate women with poor pregnancy outcomes as a function of infection 
(Thévenon et al.  2010 ). 

 Another study in Tanzania showed that in women infected with  P. falciparum  the 
levels of IL-10 and IP-10 increased signifi cantly while those of RANTES decreased 
signifi cantly concluding that this condition might be predictive of  P. falciparum  
infections (Boström et al.  2012 ).  

2.4     Molecular Diagnosis 

 PCR-based methods to detect malaria infection were described in the early 1990s 
and have proven to be the most sensitive test able to identify low levels of infection, 
parasite species, or mixed infections (Barker et al.  1992 ; Snounou et al.  1993 ). 
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 Some modifi ed PCR methods, e.g., nested PCR, real-time PCR, and reverse 
 transcription PCR, have been developed to augment the sensitivity and specifi city. 

 Recently, the PCR method has become widely accepted for identifying 
 P. knowlesi  infections since the current microscopic examination may fail to 
 distinguish  P. knowlesi  from  P malariae , due to their similar morphology (Oddoux 
et al.  2011 ). 

 However, the utility of PCR is limited by high cost, inadequate laboratory facil-
ities, the need for trained operators, and the time to obtain results that is too long 
to be appropriate in establishing the diagnosis of malaria. Even in non-endemic 
countries, PCR is not a suitable method for routine use, but it is more useful for 
confi rming the parasite species after the diagnosis has been established by micros-
copy or RDT. Moreover, PCR is useful as a research tool in clinical trials, epide-
miological studies, and for detection of molecular markers of drug resistance to 
antimalarial drugs. 

 Loop-mediated isothermal amplifi cation (LAMP) is a simple, inexpensive, spe-
cifi c nucleic acid amplifi cation method, the application of which for malaria diag-
nosis was reported in 2006 (Poon et al.  2006 ). A species-specifi c LAMP diagnostic 
method for the detection of the four human species was described in 2007 
(Han et al.  2007 ) and more recently the method has been applied to the detection of 
 P. knowlesi  infection (Iseki et al.  2010 ; Lau et al.  2011 ). 

 LAMP method can be used under fi eld conditions since it requires simple labora-
tory devices both for amplifi cation and for detection of the target gene. The whole 
amplifi cation reaction takes place continuously under isothermal conditions (65 °C), 
thus a simple water bath can be enough. LAMP results can also be carried out with 
naked eye observation in the form of either visual turbidity or visual fl uorescence. 

 Alternatively, the amplifi ed products can also be visualized using a fl uorescent 
intercalating dye; when SYBR green is employed, the original orange color of the 
dye change into green, in case of positive amplifi cation. The use of the UV light can 
increase the fl uorescence intensity.   

3     Malaria Treatment 

 Malaria (mainly due to  P. falciparum ) can lead to fatal outcomes in only few days, 
thus treatment should be started as soon as possible. The main targets of current 
antimalarial chemotherapy are the asexual blood stages of the parasite, responsible 
for the malaria symptoms. However, with the new goal of malaria eradication 
(   Khadjavi and Prato  2010 ; Partnership  2008 ), the strategy has been changed and the 
ideal drug should prevent both disease transmission and the relapse of dormant liver 
stages of  P. vivax and P. ovale . Drugs able to kill both gametocytes, responsible for 
malaria transmission from human host to mosquito vector, and hypnozoites, respon-
sible for  P. vivax  and  P. ovale  relapse, are indeed urgently needed. Primaquine rep-
resents the only antimalarial currently in therapeutic use able to affect both the 
mature stage V gametocytes and the hypnozoites. However, primaquine may cause 
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hemolysis in patients with glucose-6-phosphate dehydrogenase (G6PD)-defi ciency 
and is contraindicated in pregnancy and in young children. 

 Another great challenge to malaria treatment is parasite resistance to almost 
every class of antimalarial compounds. The use of two or more drugs with different 
mechanism of action in combination is now recommended for the treatment of  P. 
falciparum  malaria to delay development of resistance. 

3.1     Treatment of Uncomplicated Malaria 

 WHO recommends artemisinin-based combination therapies (ACTs) for the treat-
ment of uncomplicated malaria caused by  P. falciparum  parasite. ACT is the combi-
nation of a fast acting artemisinin derivative (dihydroartemisinin, artesunate, 
artemether) and a partner drug (amodiaquine -AQ-, mefl oquine, piperaquine, lume-
fantrine) with a different mechanism of action and longer half-life than artemisi-
nins. Almost all countries in which  falciparum  malaria is endemic have adopted 
ACT as the fi rst-line treatment policy. Unfortunately, fake antimalarials are wide-
spread in African and Asian countries compromising effectiveness and increasing 
the risk for emergence of resistance (White et al.  2014 ). Second-line treatment for 
uncomplicated malaria (to be used when ACT is not available) is a combination of 
artesunate or quinine and doxycycline, tetracycline, or clindamycin. Quinine plus 
clindamycin is recommended for treatment of malaria in the fi rst trimester of preg-
nancy since the safety of artemisinin derivatives during this period is not yet estab-
lished (WHO  2010 ). 

 Chloroquine (CQ) in combination with primaquine for radical cure is still the 
drugs of choice to treat  P. vivax  malaria in endemic areas where CQ is already effec-
tive. However, ACTs should be used in areas where CQ-resistant  P. vivax  parasite 
has been identifi ed.  

3.2     Treatment of Severe Malaria 

 Severe malaria is a life-threatening disease and should be promptly treated with 
parenteral antimalarial therapy. Severe malaria is most commonly caused by infec-
tion with  P. falciparum , although  P. vivax  and  P. knowlesi  can also be responsible 
(Antinori et al.  2013 ; Price et al.  2009 ). Over the years, quinine has been the main-
stay in the treatment of severe malaria. More recently, injectable artesunate (intra-
muscular or intravenous) has become the recommended treatment of choice for 
severe malaria worldwide (WHO  2010 ), including severe infection caused by  P. 
vivax  and  P. knowlesi  (Barber et al.  2013 ). Two large multicenter clinical trials (the 
fi rst on adult patients in Asia and the second on children in Africa) compared paren-
teral treatment of artesunate versus quinine in patients with severe malaria revealing 
that artesunate treatment reduces both adult and child mortality rates (Dondorp 
et al.  2005a ,  2010 ).  
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3.3     Antimalarial Drugs 

    4-Aminoquinolines 

 CQ, a 4-amino 7-chloro quinoline, is the lead compound of the 4-aminoquinolines 
family (Fig.  2.3 ). It was fi rst synthesized in 1934 and for several decades it was the 
most widely used antimalarial drug. The success of this drug is due to high effi cacy, 
low toxicity, and low-cost synthesis. However, uncontrolled, massive, and often 
improper treatment with CQ potentiated the emergence and spread of parasite 
 resistance. Nowadays, the use of this drug to treat  falciparum  malaria is limited 
to few areas even though it still maintains considerable effi cacy for the treatment of 
 P. vivax, P. ovale , and  P. malariae  infections (WHO  2010 ).

   The mechanism of action of CQ is not completely understood. CQ and related 
4-aminoquinolines are weak bases which diffuse passively through membranes 
along pH gradients as unprotonated molecules, and accumulate intracellularly 
where they are trapped in acidic compartments, become protonated, and raise the 
local pH (O’Neill et al.  2006 ). In  Plasmodia , they accumulate in the parasite food 
vacuole, where host hemoglobin is degraded to peptides and free heme, which is in 
turn detoxifi ed by forming inert hemozoin. The antimalarial activity of 
4- aminoquinolines is ascribed to their ability to form drug-heme adducts and 
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 accumulation of free heme, which is toxic for the parasite (Egan  2008 ; Ridley et al. 
 1997 ). Additional effects on parasites have also been reported, such as the inhibition 
of hemoglobin endocytosis and digestion or disruption of normal vesicle traffi cking 
(Fitch et al.  2003 ; Hoppe et al.  2004 ; Roberts et al.  2008 ). 

 CQ resistance is related to point mutations in the gene encoding for the  P. falci-
parum  chloroquine resistance transporter ( Pf CRT) protein, resulting in reduced CQ 
accumulation in the food vacuole (Bray et al.  2005 ; Wellems and Plowe  2001 ). 

 AQ is a phenyl-substituted analog of CQ (see Fig.  2.1 ) with a mechanism of 
action similar to CQ, but still divisive (O’Neill et al.  1998 ). Although cross- 
resistance of CQ and AQ has been documented, AQ is effective against several 
CQ-resistant strains. However, its clinical use has been severely restricted because 
of hepatotoxicity and agranulocytosis. 

 Piperaquine is a bisquinoline antimalarial, fi rst synthesized in the 1960s, with an 
excellent activity on CQ-resistant parasites (Raynes  1999 ; Vennerstrom et al.  1992 ). 
The exact mechanism of action of piperaquine is unknown hitherto. Nonetheless, it 
seems to act in a similar way to other quinolines, interfering with the heme detoxi-
fi cation process (Davis et al.  2005 ). Piperaquine has been used extensively in China 
as mass prophylaxis and treatment until the emergence of resistance, which dimin-
ished its use by the late 1980s. Subsequently, due to its good tolerability, pharmaco-
kinetic profi le, and low cost, piperaquine was rediscovered as a promising partner 
drug for ACT. A fi xed oral dose combination of piperaquine and dihydroartemisinin 
(Eurartesim ® ) is now available for the treatment of uncomplicated  falciparum  
malaria in adults and children.  

    Aryl Amino Alcohol 

 Quinine, a member of the cinchona alkaloid family (Fig.  2.3 ), is one of the oldest 
antimalarial agents. Cinchona bark extracts were identifi ed as early as 1600 to be 
effective in treating the tertian fever of malaria. In 1820, quinine was isolated and 
named by Pierre Joseph Pelletier and Joseph Caventou and remained the mainstay 
of malaria treatment until the 1920s, when more effective synthetic antimalarials, 
such as CQ, became available. Quinine was successfully used in mass campaigns 
that, together with other control measures, led to the eradication of malaria in Italy 
at the start of the twentieth century (Brown  1997 ). 

 Quinine has rapid schizonticidal activity against intraerythrocytic malaria para-
sites. Its mechanism of action has not been fully elucidated. As the quinoline anti-
malarials, the most widely accepted hypothesis is that the drug can inhibit hemozoin 
crystallization interfering with the heme detoxifi cation process. 

 Although the drug has been used since the seventeenth century, resistance was 
fi rst reported in 1910 after hundreds of years of use, differently from the resistance 
to CQ that emerged within only 12 years of its introduction (Peters  1982 ). Moreover, 
resistance to quinine is usually in low grade. It has been well documented in Asia 
(Mayxay et al.  2007 ) and South America (Legrand et al.  2008 ), whereas confl ict-
ing results have been reported in Africa (Mutanda  1999 ; Pradines et al.  1998 ; 
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Tinto et al.  2006 ; Touré et al.  2008 ). Documentation of quinine resistance has been 
decreasing in this century due to the increasing use of artemisinin. 

 Quinine has been the mainstay for treating severe malaria since the results of the 
SEAQUAMAT and AQUAMAT trials have shown the superiority of artesunate with 
respect to quinine (Dondorp et al.  2005a ,  2010 ). Quinine is now a second line of 
choice when artesunate is not available. 

 Mefl oquine, a 4-methanolquinoline (Fig.  2.3 ), was developed at the Walter Reed 
Army Institute of Research in the 1970s in response to concerns regarding the 
increase of CQ-resistant parasite. Mefl oquine is a blood schizonticide, active against 
the erythrocytic stages of all malaria species that infect humans, including  P. 
knowlesi  (Bronner et al.  2009 ). Mefl oquine, atovaquone/proguanil, and doxycycline 
are all medications licensed and recommended for malaria chemoprophylaxis to 
areas of chloroquine-resistant  P. falciparum.  Mefl oquine is indeed effective in the 
prevention of malaria, except in clearly defi ned Thai border regions of multidrug 
resistance. The mechanism of action of mefl oquine is still unknown, probably being 
different from 4-aminoquinolines. Activity on the parasite seems to be related to the 
ability of mefl oquine to interfere with the transport of hemoglobin from the eryth-
rocyte to the food vacuole (Olliaro  2001 ). 

 Halofantrine and lumefantrine are other two compounds of this class, on the mar-
ket alone or in combination with an artemisinin derivative, respectively. Lumefantrine 
is available only in an oral preparation co-formulated with artemether.  

    8-Aminoquinolines 

 8-Aminoquinolines (Fig.  2.3 ) are an important class of antimalarials because they 
belong to the only class proven to be effective against the hypnozoites of  P. vivax  
and  P. ovale . Primaquine is certainly used to achieve radical cure (complete elimina-
tion) of relapsing malaria due to  P. vivax  or  P. ovale , in combination with a blood 
schizontocide for the erythrocytic parasites. In addition to the activity against hyp-
nozoites, 8-aminoquinolines can kill gametocytes and consequently block the 
malaria transmission. The addition of a single dose of primaquine to ACT treatment 
is, therefore, recommended by WHO to reduce gametocyte burden and thus trans-
mission. G6PD defi ciency should be evaluated before the administration of prima-
quine since the most signifi cant adverse effect is hemolytic anemia in patients with 
G6PD defi ciency. Primaquine    is not recommended for pregant women and for 
children under 4 years (WHO  2010 ). The mechanism of action of primaquine is 
unknown but the mitochondria may be the biological target. It is thought to interfere 
with the cellular respiration of the parasite by means of generating oxygen-free 
radicals and deregulating the electron transport (Krungkrai et al.  1999 ). 

 Tafenoquine is a primaquine analog developed at the Walter Reed Army Institute 
of Research in 1979 with aim to fi nd less toxic and longer acting 8- aminoquinolines. 
Tafenoquine possesses higher activity than primaquine both in in vitro assays on  P. 
falciparum  and in in vivo animal models with  P. berghei  (Coleman et al.  1992 ; 
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Vennerstrom et al.  1999 ). Moreover tafenoquine retains gametocytocidal and 
 sporontocidal activities representing a hopeful candidate agent for transmission- 
blocking public health applications.  

    Antifolates 

 Antifolates (see Fig.  2.3 ) are drugs able to block the synthesis or the conversion of 
folate derivatives, thus indirectly they have an effect on the synthesis of nucleic 
acids in the malaria parasite. 

 The antifolates currently in use can target two important enzymes of the folate 
pathway, namely the DHFR and dihydropteroate synthase (DHPS). Pyrimethamine 
and proguanil target DHFR, whereas sulfadoxine and dapsone act on DHPS. These 
drugs have not been used for long time alone since it was demonstrated that DHPS 
inhibitors could synergize with inhibitors of DHFR (Bushby  1969 ) leading to their 
use in combination. Proguanil, the fi rst antifolate to be discovered, is converted in 
the liver into the active metabolite, cycloguanil. It is not actually used alone as resis-
tance to proguanil develops very quickly. The combination of proguanil and atova-
quone, an inhibitor of the electron transport, is known as Malarone ®  and it is used 
for both treatment and prophylaxis. 

 Pyrimethamine is used in synergistic combination with sulfadoxine (Fansidar ® ) 
or sulfalene (Metakelfi n ® ) for treatment of uncomplicated malaria and with dapsone 
for prophylaxis. 

 Pyrimethamine/sulfadoxine has been the drug of choice for intermittent preven-
tive treatment (IPT) in pregnant women living in malaria-endemic areas. It has been 
shown that the administration of one dose of pyrimethamine/sulfadoxine in the sec-
ond and third trimester of pregnancy is associated with a reduction of placental 
parasitemia, maternal anemia, and low birth weight (Grobusch et al.  2007 ). 

 Resistance, caused by point mutations in DHFR and DHPS, arises rather rapidly 
in response to drug pressure and is now common worldwide. 

 Atovaquone is a hydroxynaphthoquinone antiparasitic drug active against all 
 Plasmodium  species. Atovaquone selectively inhibits the parasite mitochondrial 
electron transport chain at the cytochrome bc1 complex. Selectivity is due to struc-
tural differences between the cytochrome b encoded by the parasite mitochondrial 
DNA and that encoded by the host mitochondrial DNA (Vaidya et al.  1993 ). As 
stated previously, it is currently used in combination with proguanil for both treat-
ment and prophylaxis. Resistance is related to mutations of cytochrome b gene 
(Srivastava et al.  1999 ).  

    Artemisinin and Derivatives 

 Artemisinin (quinghaosu) is an endoperoxide sesquiterpene lactone (see Fig.  2.4 ) 
extracted from the Chinese herb  qinghao  ( Artemisia annua ), a herbal remedy used 
in China for the treatment of fever for about 2,000 years. In 1967, the Chinese 
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government launched a coordinated program to discover antimalarial compounds in 
indigenous plants used in traditional Chinese medicine which led to the discovery 
of quinghaosu (now called artemisinin), an extract of quinghao, with potent antima-
larial activity in 1971. Artemisinin is a potent and fast acting blood schizontocide 
killing all parasite stages including young  P. falciparum  gametocytes (stages I–IV). 
However, artemisinin has some pharmacokinetic limitations such as low solubility, 
poor bioavailability, and short half-life in vivo. To overcome some of these prob-
lems, semisynthetic derivatives have been developed. First generation derivatives 
include dihdyroartemisinin, artesunate, arteether, and artemether. All of these com-
pounds share the same basic chemical structure of artemisinin but possess different 
chemical groups at the C10 position (see Fig.  2.4 ). Moreover, all active compounds 
possess a distinctive 1,2,4-trioxane pharmacophore, which is essential for the anti-
malarial activity since the corresponding acyclic compounds lacking the endoper-
oxide are biologically inactive (Posner et al.  1992 ). Second generation artemisinin 
includes artemisone which has shown improved pharmacokinetic properties such as 
longer half-life and lower toxicity (Haynes  2006 ).

   Artemisinin derivatives, alone or in combination, are the treatment of choice for 
severe and uncomplicated malaria, respectively. In particular, artesunate is world-
wide recommended for severe malaria, including severe  vivax  malaria and  knowlesi  
malaria (Barber et al.  2013 ). 

 ACT    consists of an artemisinin derivative combined with a long-acting 
 antimalarial drug. Different ACT options are now available and include artemether/
lumefantrine, artesunate/AQ, artesunate/mefl oquine, artesunate/sulfadoxine-pyri-
methamine, and dihydroartemisinin/piperaquine. To promote patient adherence to 
treatment and to avoid the use of artemisinins as monotherapies, fi xed-dose combi-
nation formulations into a single tablet are strongly recommended (WHO  2010 ) 
and are now available for all recommended ACTs, except for artesunate plus SP 
(WHO  2010 ). 

 Artemisinins should be avoided in the fi rst trimester of pregnancy until more 
information is available. Morphological abnormalities in early pregnancy have 
been indeed demonstrated in animal studies (Longo et al.  2006 ). The precise mech-
anism of action of artemisinin is unclear and still controversial (O’Neill et al.  2010 ). 
It has been suggested that the endoperoxide bond undergoes reductive activation by 

  Fig. 2.4    Chemical structures of artemisinin and some fi rst generation (dihydroartemisinin and 
artesunate) and second generation (artemisone) derivatives       
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iron(II) or iron(II)-heme. This redox reaction produces carbon-centered radicals 
that alkylate target molecules leading to parasite’s death (Meshnick et al.  1991 ; 
Olliaro et al.  2001 ). Alternative views suggest that artemisinin inhibits a  P. falci-
parum  sarcoendoplasmic reticulum Ca 2+ -ATPase (SERCA) homolog (Eckstein- 
Ludwig et al.  2003 ). Another proposed mechanism is that artemisinins act as 
oxidant drugs through oxidation of FADH2 and parasite fl avoenzymes (Haynes 
et al.  2010 ,  2012 ). 

 Parasite resistance to artemisinin has so far been described in Southeast Asian 
countries (Cambodia, Myanmar, Thailand, and Viet Nam). Several factors, such as 
low patient adherence to antimalarial regimens, counterfeit drugs, and monothera-
pies, contributed to the emergence of artemisinin resistance. If resistances were to 
spread, the public health consequences could be disastrous considering that no 
alternative antimalarials, with comparable effi cacy to artemisinins, are presently 
available.    

4     Malaria Vaccines 

 The emergence and spread of artemisinin and insecticide resistance have shown the 
limitations of the current recommended malaria control measures, thus a safe and 
protective vaccine is needed to achieve the goals of WHO’s malaria eradication 
agenda. If malaria eradication has to be achieved, not only  P. falciparum  but also 
 P. vivax  vaccine has to be developed. 

 The rationale for a malaria vaccine development is based on the observation that 
people living in endemic areas develop clinical protective immunity that limits the 
severity of the disease and prevent mortality (Greenwood  2005 ). 

 Despite decades of intense research in this fi eld, no licensed malaria vaccines are 
available until now. The most advanced one in development is the RTS,S subunit 
vaccine which targets the circumsporozoite protein of  P. falciparum . The listless 
development in this fi eld and the complexity in achieving a vaccine are due to the 
strong ability of malaria parasite to evade host’s immune system. During the multi-
stage life cycle, malaria parasites express different antigens, each stimulating a spe-
cifi c immune response. Moreover, parasites exhibit wide genetic diversity, 
particularly in the surface proteins which could be employed as vaccine antigens; 
some blood-stage antigens, such as  P. falciparum  erythrocyte membrane protein-1 
( Pf EMP1), show temporal switching of variant expression. There is also a lack of 
understanding of the specifi c immune responses able to confer protection against 
the parasite in humans. 

 The main required characteristics of an ideal malaria vaccine should include high 
effi cacy in preventing clinical disease and transmission, good safety profi le for 
young infants and pregnant women, and protection against the fi ve species of 
malaria parasite or at least against  P. falciparum  and  P. vivax . 
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 Vaccination against malaria can target different life cycle stages. Vaccines can be 
indeed divided into three types:

•    Preerythrocytic vaccines  
•   Blood-stage vaccines  
•   Transmission-blocking vaccines    

4.1     Preerythrocytic Vaccines 

 Target of these vaccines are sporozoites and/or hepatic stages of the parasite. These 
vaccines should be able to elicit an immune response mediated by an antibody that 
prevents invasion or by T cells that attack the infected liver cell. 

 Sterile immunization with whole irradiated sporozoites, inoculated by mosquito 
bite, was demonstrated both in mice (Nussenzweig et al.  1967 ) and in humans 
(Clyde et al.  1973 ) more than 40 years ago. However, in order to obtain a whole 
parasite vaccine, sporozoites have to be cryopreserved and then administered via 
standard methods, such as intramuscular and intradermal injections. Little progress 
in improving these models has been made until recently. In 2011, Epstein et al. 
demonstrated that intradermal inoculation of cryopreserved irradiated  P. falciparum  
sporozoites to 80 volunteers was safe but neither immunogenic nor protective 
(Epstein et al.  2011 ). In contrast fi ve intravenous inoculations of attenuated, cryo-
preserved  P. falciparum  sporozoites protected all the six participants of the study 
(Seder et al.  2013 ). A genetically attenuated parasite has been proposed as an alter-
native to irradiation: by dual gene deletions, an attenuated  P. falciparum  unable to 
complete liver stage development has been obtained (VanBuskirk et al.  2009 ). 

 The circumsporozoite antigen was identifi ed as the major component of the spo-
rozoite surface and the gene was cloned and sequenced. This antigen reacts with 
antibodies that inhibit the invasion of hepatocytes by sporozoites and induce T cell 
responses against sporozoite-infected liver cells (Nardin and Nussenzweig  1993 ; 
Rieckmann et al.  1974 ). These fi ndings led to circumsporozoite antigen develop-
ment as a candidate vaccine and the RTS,S is now the leading candidate vaccine for 
malaria. RTS,S is a recombinant subunit vaccine composed of the central repeat 
region of  P. falciparum  circumsporozoite protein fused to hepatitis B surface antigen 
(HBsAg). The fused protein is coexpressed in yeast cells with free HBsAg (Gordon 
et al.  1995 ). RTS,S antigen construct on its own has limited immunogenicity and it 
has since been formulated with potent adjuvant system, AS02 and AS01. The results 
from a phase III trial in children 5–17 months of age showed reduced episodes of 
both clinical and severe malaria by approximately 50 % (Agnandji et al.  2011 ). 
Another large multicenter phase III trial of RTS,S in infants aged 6–12 weeks showed 
good safety, but moderate effi cacy with 30 % protection against clinical malaria and 
26 % against severe malaria for 12 months follow-up after the last vaccination 
(Agnandji et al.  2012 ). These results show that the vaccine does not meet the ambi-
tious 2015 goal of the Malaria Vaccine Technology Roadmap that a malaria vaccine 
must provide 50 % protection against severe disease and death for at least 1 year.  
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4.2     Blood Stage Vaccines 

 The objectives of these vaccines are preventing the erythrocyte invasion and 
 blocking the adherence of parasitized RBCs to several tissues. They do not prevent 
infection but attenuate the clinical symptoms of malaria. Among the large number 
of asexual blood stage vaccine candidates, most target merozoite antigens, such as 
the merozoite surface protein 1 (MSP1), 2 (MSP2), 3 (MSP3), the apical membrane 
protein (AMA1), the GLURP, and the erythrocyte-binding antigen 175 (EBA175). 
None have resulted in clear clinical protection, and generally phase II trials showed 
limited effi cacy (Fowkes et al.  2010 ; Goodman and Draper  2010 ; Richards and 
Beeson  2009 ). 

 Antigens expressed on the surface of infected RBCs are highly polymorphic and 
thus they are not good candidates for vaccine development. An exception is a vari-
ant of the erythrocyte membrane protein 1 ( Pf EMP1) known as VAR2CSA, studied 
in the search of a vaccine for prevention of pregnancy-associated malaria. This is a 
variation of  falciparum  malaria in prima gravidas, associated with maternal anemia 
and placental malaria infection, reducing the birth weight and increasing the risk of 
neonatal mortality. Pregnancy-associated malaria is characterized by accumulation 
of infected erythrocytes in the placenta, and this process is mediated by parasite- 
encoded VAR2CSA binding to chondroitin sulfate A (CSA). The feasibility of a 
vaccine able to prevent complication during pregnancy is supported by the fact that 
women acquire immunity after one pregnancy through the production of antibodies 
against VAR2CSA that inhibits the adhesion of infected erythrocytes to placental 
CSA (Rogerson et al.  2007 ). Multigravidae who have acquired antibodies against 
VAR2CSA are indeed protected from pregnancy-associated malaria. Vaccine candi-
dates directed against VAR2CSA are currently under development (Hviid  2010 ).  

4.3     Transmission-Blocking Vaccine 

 Transmission-blocking vaccines target the sexual stages of the parasite preventing 
malaria transmission and thus they will not protect the vaccinated individual but the 
community by reducing the incidence of infection. 

 The feasibility of a transmission-blocking vaccine is supported by the observa-
tion that sera from immune individuals can block the fertilization of gametes and 
prevent further parasite development (Greenwood  2005 ; Greenwood et al.  2008 ). 
Oocyst    formation and sporogonic cycle in the mosquito midgut can be blocked 
by specifi c host antibodies, complement proteins, and cytokines (Sinden  2010 ; 
Sutherland  2009 ). Prevention of sporogonic development can block the transmis-
sion of the parasite to the next human and subsequent spread of parasites in endemic 
populations. Targets of transmission-blocking immunity are surface proteins 
expressed on gametocytes, gametes, zygotes, and ookinetes.  Pf s25,  Pf s28,  Pf s48/45, 
and  Pf s230 of  P. falciparum  have been shown to induce antibodies with transmis-
sion-blocking activity when ingested by the mosquito vector during the blood meal 
(Pradel  2007 ). 
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 Transmission-blocking vaccine candidates identifi ed in  Plasmodium vivax  are 
the ookinete surface proteins  Pv s25 and  Pv s28 and the gamete surface protein 
 Pv s230 (Sattabongkot et al.  2003 ; Tachibana et al.  2012 ). Among these leading can-
didates,  Pf s 25 and  Pv s25 have completed Phase I clinical trials with limited results 
(Wu et al.  2008 ). Transmission-blocking targets have been also identifi ed in the 
Anopheles mosquito and include mosquito midgut ligands. The biggest advantage 
of targeting mosquito ligands is the possibility of obtaining a vaccine able to inter-
rupt the transmission of more than one plasmodial species (Dinglasan and Jacobs- 
Lorena  2008 ).   

5     Malaria Vector Control 

 Unlike other infections, and in particular from the other two major global public 
health threats HIV and TBC, malaria absolutely requires vectors to be transmitted. 
Vector control is indeed an essential and effective measure of malaria prevention 
and was responsible for malaria elimination from some countries in the past. Wide- 
scale use of insecticide-treated nets (ITNs) and indoor residual spraying (IRS) have 
contributed to the fall in malaria morbidity and mortality in the last decades (WHO 
 2013 ). ITNs should be used in all endemic areas; they possess several properties 
protecting the users (not only against mosquitoes but also against other insects car-
rying diseases) as well as the community by killing infective insects. IRS    is effec-
tive for indoor night biters mosquitoes and not for outdoor daytime biters, thus its 
effi cacy is mostly dependent on the insect’s behavior. 

 Pyrethroids are the only insecticides currently recommended by the WHO for 
use on bed nets (WHO  2013 ). It is therefore not surprising that during the last 
decades, pyrethroids-resistant mosquitoes have emerged in some areas of Africa 
(Ranson et al.  2011 ). 

 Three other classes of insecticides, organochlorines (OCs), organophosphates 
(OPs), carbamates (Cs), have been used in IRS throughout Africa, and resistance to 
all three had been reported in mosquitoes (WHO  2012 ). 

5.1     Organochlorines 

 OCs belong to the class of chlorinated hydrocarbons, which are compounds that 
contain chlorine. The most famous compound of this class is Dichlorodipheny-
ltrichloroethane (DDT) (see Fig.  2.5 ), a pesticide with a long history of widespread 
use around the globe. OCs have the advantage to be cheap and very effective; how-
ever, they can have serious consequences on environment and on human health. 
OCs are indeed very stable compounds and can persist in the environment for long 
periods of time. Since they are lipophilic they can concentrate in body fat tissue 
and accumulate in animals and humans through the food chain (Kutz et al.  1991 ). 
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DDT shares the same mechanism of action of pyrethroids,  inhibiting the sodium 
channels. Insects with mutations in sodium channel gene can become resistant to 
DDT and to other related insecticides. DDT resistance is also conferred by overpro-
duction of detoxifi cation enzyme such as cytochrome P450 through enhanced 
biodegradation of the insecticide (Müller et al.  2008 ).

5.2        Organophosphates and Carbamates 

 OPs and Cs share the same mechanism of action, the inhibition of acetylcholinester-
ase, an enzyme responsible for neurotransmitter acetylcholine degradation at the 
cholinergic nerve synapse. Structural differences between the various OPs and Cs 
affect the effi ciency and degree of acetylcholinesterase inhibition. With the spread 
of pyrethroid resistance, OPs and Cs may be vital alternative insecticides for 
IRS. However, resistance to OPs and Cs based on reduced sensitivity of acetylcho-
linesterase has been detected among  An. gambiae  from Cote d’Ivoire (N’Guessan 
et al.  2003 ).  

5.3     Pyrethroids 

 Synthetic PYs represent one of the newer classes of insecticides and their use has 
increased signifi cantly over the last 20 years. Although their chemical structure is 
different from that of OCs, their toxic effects are similar, acting on the insect’s neu-
ronal voltage-gated sodium ion channels in the axonal membranes of insect nerves. 
Resistance mechanisms are also shared by pyrethroids and DDT and cross- resistance 
between these compounds restricts the choice of alternative insecticides that can be 
used to manage resistance.  

5.4     Transgenic Mosquitoes 

 Another approach for controlling transmission could be the use of genetically modi-
fi ed mosquitoes unable to transmit parasites. Several molecules able to block para-
site transmission in mosquitoes have been investigated and competitor peptides able 

  Fig. 2.5    Chemical structure 
of DDT       
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to bind salivary gland receptors have been tested.  Anopheles stephensi , genetically 
modifi ed for the expression of the SM1 peptide able to bind an ookinete receptor on 
midgut epithelium, inhibited the ability of mosquito to transmit parasites (Ghosh 
et al.  2001 ). Other peptides displaying parasiticidal effects in mosquitoes such as 
cecropins, defensins, and scorpine have been also described (Gwadz et al.  1989 ; 
Kokoza et al.  2010 ). For a better explanation of these peptides see Chap.   7    . 

 An interesting way to interfere with malaria transmission is the use of paratrans-
genesis for delivering anti- Plasmodium  effector molecules by using genetically 
modifi ed symbiotic microorganism of the insect (Hurwitz et al.  2011 ). 

 Lastly, the use of transgenic procedure can ameliorate the sterile insect technique 
(SIT) for anopheles mosquitoes. SIT approach relies on the release of radiation- 
sterilized males in the fi eld to compete with wild ones. Currently, sterility in insects 
is induced by radiation; however, this approach can induce deleterious somatic 
effects leading to poor mating competitiveness of the sterile male compared to the 
wild insect (Benedict and Robinson  2003 ). The use of transgenic approach to induce 
sterility in male could increase the effi ciency of SIT-based strategy (Catteruccia 
et al.  2009 ). 

 However, once a transgenic mosquito is obtained, the next step is its introduction 
in the fi eld in order to substitute the wild vector population. In order to reach this 
focal point, several aspects, such as the potentially harmful ecological effects and 
the acceptance of genetically modifi ed organism usage, have to be carefully 
investigated.   

6     Conclusion 

 Despite many efforts, the burden of malaria is still great and to reach the goal of 
malaria elimination and eradication it is necessary to improve all the strategies to 
combat malaria. These include new diagnostic methods, drugs able to block the 
transmission of the disease, new classes of insecticides to control mosquitoes and an 
effective vaccine to prevent infection and/or transmission. 

 Progresses in each of these approaches could make a huge contribution to malaria 
eradication.     
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Chapter 3
Lysozymes in the Animal Kingdom

Vivian Tullio, Roberta Spaccapelo, and Manuela Polimeni

1  Introduction

“Lysozyme, which was described by Fleming, in 1922, is an enzyme which is able 
to destroy not only the non-pathogenic bacteria, but also most of the organisms 
pathogenic for man and the lower animals. It is very widely distributed in Nature, 
being found in all animal tissues and tissue fluids and in most of the secretions. It is 
destructive for many of the pathogenic bacteria in the tears, polymorphonuclear 
leucocytes, nasal mucus and sputum of man. This being so, it must be of the greatest 
importance in the defense of the normal individual against bacterial invasion.” 
These words were written by Frederick Thomas Ridley (1904–1977) in June 1928 
(Ridley 1928) (see Fig. 3.1). Ridley was born and educated in Birmingham. He 
graduated in 1922 and became a pathologist at the Central London Ophthalmic 
Hospital. He worked with Alexander Fleming on lysozyme and devised a system of 
purification and concentration. He then worked at the Western, in 1928 gained his 
FRCS, and joined the staff at Moorfields, High Holborn, where he developed micro-
corneal lenses for therapeutic use including indolent corneal ulcers, dry eyes, and 
symblepharon. His rule was never produced on a commercial basis but the proto-
type is now in the Contact Lens Collection of the BOA Museum at the College of 
Optometrists. Ridley was President of the ophthalmological section of Royal 
Society of Medicine in 1963 and retired as Director of the Moorfields contact lens 
clinic in 1968.
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Sir Alexander Fleming was born at Lochfield near Darvel in Ayrshire, Scotland, 
on August 6, 1881. He attended the polytechnic and in 1906 began research at St. 
Mary’s under Sir Almroth Wright, a pioneer in vaccine therapy. He gained M.B., 
B.S. (London), with Gold Medal in 1908, was elected Professor of the School in 
1928, and Emeritus Professor of Bacteriology, University of London, in 1948. He 
was elected Fellow of the Royal Society in 1943 and knighted in 1944. He was 
Rector of Edinburgh University during 1951–1954. He was also awarded doctorate, 
honoris causa, degrees of almost 30 European and American Universities. Fleming 
owes his fame to the discovery of penicillin in 1928, but already in 1921, he observed 
that a drop of nasal mucus, which accidently fell onto an agar plate as he was suf-
fering from a cold, caused lysis of the bacteria on the plate (see Fig. 3.2). From this 

Fig. 3.1 A picture of 
Frederick Thomas Ridley 
(1904–1977)

Fig. 3.2 Some pictures of Alexander Fleming (1881–1955). (a) Staphylococcus aureus culture; 
(b) Penicillium spp. colonies on agar plates
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observation, he discovered an important bacteriolytic substance, which he later 
named Lysozyme (Fleming 1922). As with many brilliant discoveries, Fleming’s 
skills in looking beyond the obvious led to his discovery of the antimicrobial prop-
erties of these two compounds. Sir Alexander wrote numerous papers on bacteriol-
ogy, immunology, and chemotherapy, including original descriptions of lysozyme 
and penicillin.

Lysozyme has since been isolated in human tears, saliva, and mother’s milk, as 
well as insects, birds, reptiles, and other mammalian fluids (Newman et al. 1974; 
McDermott 2013). It is commonly known that lysozymes are distributed in the 
animal kingdom. Lysozyme is not just present by chance in all these organisms and 
their related biological fluids: lysozyme is an important part of their immune sys-
tems, and plays a key role in the defense of these organisms against bacterial infec-
tions. Other types of lysozymes are also found in plants, bacteria, phages, and 
fungi. In viruses (or bacteriophages), lysozyme is used as an agent to break into the 
host bacterial cell. Lysozyme from the tail of the virus (or bacteriophage) destroys 
the peptidoglycan bacterial cell wall and then virus can injects its DNA. After mul-
tiplication in bacteria, many lysozyme molecules are created to lyse the bacterial 
cell wall and release new viruses. Apart from the antimicrobial action, lysozymes 
also show antifungal and antiviral activities associated with their charge, rather 
than their lytic activity (Banks et al. 1986; Hung et al. 1999; Losso et al. 2000; 
Fiołka et al. 2012). These enzymes destroy the AIDS virus (Singh et al. 2005). 
Lysozymes have many other functions including immune modulation, immune 
stimulation, and anticancer action (Kovacs-Nolan et al. 2005; Fiołka et al. 2012). In 
fact, they have important roles in surveillance of membranes of mammalian cells, 
enhancement of phagocytic activity of macrophages, and stimulation of prolifera-
tion and antitumor functions of monocytes (LeMarbre et al. 1981; Bjermer et al. 
1986; Sava et al. 1989).

2  Lysozyme Research: Is the Study of Such an Old Molecule 
Still Worthy Nowadays?

Lysozyme is likely the most scientifically studied protein of all; therefore, it could 
seem to be an “old” molecule, which is assumed to be known. Lysozyme from 
chicken egg was first described by Laschtschenko in 1909 (Laschtschenko 1909). 
Later Bloomfield reported it in saliva in 1919 (Bloomfield and Huck 1920; Imoto 
2009). Alexander Fleming officially named lysozyme in 1922, when he discovered 
a bacterium susceptible to lysozyme, Micrococcus lysodeikticus, which is still used 
today for lysozyme activity assays (Jiang and Huang 2007; Helal and Melzig 2008; 
Ng et al. 2013). In 1965, Blake et al. solved the structure of lysozyme, making it the 
second protein and first enzyme structure to be solved by X-ray diffraction methods 
(Blake et al. 1965). A year later, the mechanism of action of lysozyme was explained 
(Blake et al. 1967) and nowadays lysozyme is often used as a model in protein bio-
chemistry, enzymology, crystallography, and molecular biology. Throughout the 
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1960s and in the 1970s, interest in the enzyme increased as a “natural” antibiotic 
and aid in the diagnosis of disease (Glynn 1968; Pruzanski and Saito 1969). 
Commercially, the most readily available source of lysozyme has been chicken egg 
white, from which it is industrially extracted. The lysozyme of chicken egg white 
has been most extensively studied. Lysozyme has been used in pharmaceutical and 
food applications for many years, due to its lytic activity on the cell wall of Gram-
positive microorganisms. Lysozyme is used in “over-the-counter” drugs in order to 
increase the natural defenses of the body against bacterial infections. The pharma-
ceutical use of lysozyme encompasses applications such as oto-rhino- laryngology 
(lozenges for the treatment of sore throats and of canker sores), and ophthalmology 
(eye drops and solutions for the decontamination of contact lenses) (McDermott 
2013). Lysozyme is also added to infant formulae in order to make them more 
closely resemble human milk (cow’s milk contains very low levels of a lysozyme 
enzyme). Much research has been done on the use of lysozyme as a preservative in 
food products, particularly in the Far East and Japan. Several applications have been 
developed and patented, including the treatment of fresh fruits, vegetables, seafood, 
meat, tofu, sake, and wine. Lysozyme is a safe product which has been positively 
evaluated by several regulatory agencies (WHO, FDA, Scientific Food Committee 
of the EU) and which has a safe record of accomplishment during many years of use 
in the pharmaceutical and food industries (Proctor and Cunningham 1988; Holzapfel 
et al. 1995; Mahajan et al. 2010; Abeyrathne et al. 2013; Zheng et al. 2013).

Elevated lysozyme levels were found to be present in the urine and serum of 
leukemia patients (Osserman and Lawlor 1966) and in the cerebrospinal fluid of 
patients with a central nervous system tumor (Newman et al. 1974). The enzyme has 
been also detected in granulocytes, cells of the mononuclear phagocytic system, 
various exocrine glands, cartilage, and the kidney in which lysozyme is serum 
derived (Reitamo et al. 1978). Lysozyme research in the 1980s included investigat-
ing enzyme intermediates (Acharya and Taniuchi 1982; Desmadril and Yon 1984; 
Ikeguchi et al. 1986), analyzing the protein structure (Delepierre et al. 1982), and 
performing binding studies (Perraudin and Prieels 1982; Smith-Gill et al. 1984; 
Nitta et al. 1988; Liu et al. 2013). In the 1990s, transcription control, silencers, and 
additional binding sites were investigated (Baniahmad et al. 1991; Madhusudan 
1992; Bonifer et al. 1997). Recent studies have focused on obtaining more informa-
tion about gene regulation of lysozyme both in the hen and in other animals (Shimizu 
et al. 2005), gaining a better understanding of the secondary structure (Schwinté 
et al. 2002) and refining its use in biochemical applications (Reischl 2004; Zhu et al. 
2007).

Therefore, in this context some questions arise. Is it important to continue to 
speculate on lysozyme? Is it still relevant to study this important substance nowa-
days? There is still something to discover on lysozyme? Yes, since many aspects 
concerning its biological role are not yet understood. Hence, Fleming’s prophecy 
“We shall hear more about lysozyme” has certainly been fulfilled. Lysozyme is an 
antibacterial agent, but evidence is accumulating which suggests that the enzyme 
might have other functions as well (Callewaert and Michiels 2010).
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3  Classification, Structure, and Function of Lysozymes

Lysozyme hydrolyzes the beta-glycosidic linkage between N-acetylmuramic acid 
and N-acetyl glucosamine in the peptidoglycan of bacterial cell walls and can bind 
polymers of N-acetyl glucosamine (Arnheim et al. 1973) (see Fig. 3.3). The mature 
lysozyme of chicken is composed of 128 amino acids. Amino acid sequences of 
other avian lysozymes are homologous in sequence and differ in only 4–20 amino 
acids (Arnheim et al. 1973). The lysozyme gene in chickens is expressed tissue 
specifically in the oviduct and in macrophages. Although there is only one copy of 
the lysozyme gene, it is regulated differently in the oviduct and macrophages. 
Regulation of lysozyme in the oviduct utilizes steroid hormones, while a combina-
tion of cis-regulatory elements are used during differentiation in macrophages 
(Shimizu et al. 2005). Three enhancers, a complex promoter, and a negative regula-
tory element control transcription (Bonifer et al. 1997; Lefevre et al. 2008).

The structure of lysozyme is consistent under a variety of conditions, making it 
ideal for crystallography studies. The active site of lysozyme consists of a deep 
crevice, which divides the protein into two domains linked by an alpha helix. One 
domain (residues 40–85) consists almost entirely of beta-sheet structure, while the 
second domain (residues 89–99) is more helical (Strynadka and James 1991).

In the animal kingdom three major different types of lysozymes, differing in 
amino acids sequences, biochemical and enzymatic properties, have been  
identified, designated as the C-type (chicken or conventional type), the G-type 

Fig. 3.3 Peptidoglycan and lysozyme catalysis
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(goose-type) and, recently, also the I-type (invertebrate type) lysozymes (Callewaert 
and Michiels 2010).

C-type lysozymes are the archetype molecule, extracted from hen egg white 
(HEWL). These lysozymes have been served as a model for studies on enzyme 
structure and function and are the major lysozymes produced by most vertebrates, 
including mammals (Callewaert and Michiels 2010).

Human lysozyme was the first mammalian lysozyme to be sequenced and, along 
with HEWL, served as a model protein in many studies (Peters et al. 1989; Prager 
and Jollès 1996). C-type lysozymes have also been reported in other vertebrates 
such as birds, fish, reptiles, and amphibians. However, the data for the two latter 
vertebrate groups are scanty and referred only to turtles and toads (Araki et al. 1998; 
Thammasirirak et al. 2006; Zhao et al. 2007; Siritapetawee et al. 2009). C-type lyso-
zymes were also found in different classes of Arthropoda, in particular some insect’s 
orders, arachnids (tick and scorpions), and crustaceans (shrimp).

G-type lysozyme was identified in egg whites of the Embden goose (Canfield 
and McMurry 1967) and then was characterized in chicken, black swan, ostrich, 
cassowary, and rhea. However, G-type lysozyme is not present only in these birds. 
In fact, since 2001 many authors have demonstrated lysozyme in several fish species 
(Hikima et al. 2001; Yin et al. 2003; Sun et al. 2006; Kyomuhendo et al. 2007; 
Jiménez-Cantizano et al. 2008; Larsen et al. 2009), humans, mice, rats (Irwin and 
Gong 2003), mollusks (Zhao et al. 2007), and members of the tunicates (Irwin and 
Gong 2003).

I-type lysozymes belong to the invertebrates: Annelida, Echinodermata, 
Crustacea, Insects, in particular to mosquitos (Anopheles gambiae), Mollusca, and 
Nematoda (Ito et al. 1999; Zavalova et al. 2004; Takeshita et al. 2004; Matsumoto 
et al. 2006; Xue et al. 2007; Paskewitz et al. 2008; Cong et al. 2009; Peregrino- 
Uriarte et al. 2012).

Lysozymes of different types are widespread among animals. Most of them have 
the capacity to produce lysozymes of different types, and it is presumed that these 
may have complementary or different functions (Callewaert and Michiels 2010). 
For some lysozymes, the biological significance is well established, while the func-
tion of others remains to be understood. Recognized functions of lysozymes are 
antimicrobial properties and the role of digestive enzyme in some animals. 
Antibacterial defense is generally expressed in tissue and body fluids exposed to the 
environment, while high levels of lysozymes in the gastrointestinal tract indicate a 
digestive function (Hankiewicz and Swierczek 1974; Banks et al. 1986; Imoto 
2009; Callewaert and Michiels 2010; Ibrahim et al. 2011).

Lysozymes were shown to kill Gram-positive bacteria by catalyzing the hydroly-
sis of 1,4-beta-linkages between N-acetylmuramic acid and N-acetyl-d-glucosamine 
in the peptidoglycan backbone of bacterial cell walls (Ibrahim et al. 2011; 
McDermott 2013) (see Fig. 3.3). Cell wall polymer, unique to bacteria, determines 
the shape of the cells and provides protection against cellular turgor pressure. Loss 
of peptidoglycan integrity, therefore, results in rapid cell lysis in a hypo-osmotic 
environment. On the contrary, the peptidoglycan of Gram-negative bacteria is 
not  directly accessible for lysozymes, because it is surrounded by a 
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 lipopolysaccharide- containing outer membrane (Masschalck and Michiels 2003). 
Nevertheless, this barrier can be breached by components of the innate immune 
systems of animals such as lactoferrin, defensins, and cathelicidins, which permea-
bilize the outer membrane, allowing lysozymes to act also against Gram-negative 
bacteria, including Pseudomonas aeruginosa (Itami et al. 1992; Yousif et al. 1994; 
Hikima et al. 2001; Zheng et al. 2007; Martìnez et al. 2009). In particular, there is 
evidence that C- and G-type lysozymes isolated from some fishes (i.e., rainbow 
trout, yellow croacker, and Japanese flounder) have antibacterial activity against 
Gram-negative pathogen bacteria such as Vibrio anguillarum, V. splendidus, and  
V. parahaemolyticus (Hikima et al. 1997; Zhao et al. 2007). Moreover, some I-type 
lysozymes were reported to have significant antibacterial activity against the Gram-
negative Escherichia coli, Pediococcus cerevisiae, and V. vulnificus. Recently, it was 
observed that low concentrations of lysozyme might be beneficial to reduce and 
prevent biofilm formation by E. coli and Klebsiella pneumoniae subsp. pneumoniae 
(Sheffield et al. 2012).

As happened for antibiotics, even in the case of lysozyme bacteria have devel-
oped resistance mechanisms. One of these mechanisms is represented by cell wall 
modifications of the glycan strands such as N-deacetylation, N-glycolylation, and 
O-acetylation, or the covalent linkage of other cell-wall polymers such as teichoic 
acid to the peptidoglycan. These cell wall changes have been described in several 
pathogenic Gram-positive and Gram-negative bacteria and contribute to lysozyme 
resistance (Zipperle et al. 1984; Clarke and Dupont 1992; Raymond et al. 2005; 
Bera et al. 2006, 2007; Boneca et al. 2007; Vollmer 2008).

Another bacterial strategy to evade lysozyme action is the production of lyso-
zyme inhibitors (Monchois et al. 2001; Callewaert et al. 2008a, b; Callewaert and 
Michiels 2010; Wang et al. 2013) that may even contribute to virulence in patho-
genic bacteria. For instance the C-type lysozyme inhibitor Ivy is required for the 
ability of E. coli to grow in human saliva, which is naturally rich in lysozyme 
(Deckers et al. 2008; Callewaert et al. 2009). However, the inhibitory spectrum of 
the known lysozyme inhibitor families (Ivy family and PliC/MliC family) seems 
restricted to the C-type lysozymes (Callewaert et al. 2005). Recently, bacterial 
G-type and I-type lysozyme inhibitors were isolated and identified (Vanderkelen 
et al. 2008; Van Herreweghe et al. 2010). Further research will have to point out the 
functional importance of these additional lysozyme inhibitors.

The lysozyme molecule consists of two domains, alfa and beta, between which 
the active site is located (Ibrahim et al. 2011). A helix-loop-helix peptide at the 
upper lip of the active site cleft of chicken and human lysozymes confers potent 
antimicrobial activity with membrane permeabilization action (Ibrahim et al. 
2001b).

The molecular mechanism for the antimicrobial function of chicken lysozymes 
is independent of its catalytic function but appears to depend on a structural phase 
transition in the molecule (Hankiewicz and Swierczek 1974; Ibrahim 1998; Ibrahim 
et al. 2001a). In humans, the physiological fluids in which lysozyme exerts its 
defense role against microorganisms suggest a protease-dependent strategy by 
which its antimicrobial action is modulated in vivo. In fact, aspartic proteases of 
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azurophil granules, including cathepsin D, have been reported to potentiate the 
 antimicrobial activity of lysozyme against Gram-negative bacteria (Ibrahim et al. 
2011). While tears and saliva contain cathepsins G and D, human milk contains 
cathepsins D, and a significant amount of lysozyme, and seems to play a major role 
in the protection of infant’s gastrointestinal tract. However, aspartic proteases, 
cathepsins D and E are also involved in severe pathologies of the gastrointestinal 
mucosa, including cancer and bacterial infections. The functional significance of 
the coexistence of lysozyme with aspartic proteases on the molecular mechanism of 
its antimicrobial action seems to be related to a proteolytic process in which a com-
plex of five peptides released by pepsin contributes to the antimicrobial action of 
lysozyme (Ibrahim et al. 2011). To elucidate this process and the antimicrobial role 
of the individual peptides of lysozyme assumed to be liberated upon cleavage with 
neonate pepsin, Ibrahim et al. (2011) synthesized five peptides and tested them for 
antimicrobial activity against different microorganisms. Experimental findings indi-
cated that there are a variety of peptides within the sequence of lysozyme that are 
able to contrast Gram-positive and Gram-negative bacteria and the fungus Candida 
albicans by at least two different mechanisms of action: dissipation of bacterial 
respiration and loss of membrane integrity. Synthetic peptides are able to kill bacte-
ria by crossing the outer membrane of Gram-negative bacteria via self-promoted 
uptake and are able to dissipate the membrane potential-dependent respiration of 
Gram-positive bacteria (Ibrahim et al. 2011).

4  Conclusion

Although the first studies on lysozyme date from the 1960s, this enzyme is still a 
current subject of many investigations and knowledge on lysozyme is still growing. 
The spread of antibiotic resistance among bacterial pathogen has prompted an effort 
to explore potential adjuvant and alternative therapies derived from nature’s reper-
toire of bactericidal protein and peptides. Several studies have examined lysozyme’s 
potential as an exogenously administered biotherapeutic by using engineered 
enzyme that seems an interesting candidate for treating bacterial infection, although 
further studies will be needed to rigorously assess its therapeutic utility (Bhavsar 
et al. 2010, 2011; Teneback et al. 2013).
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1            Introduction 

 The hydrolytic enzyme lysozymes are widely found in all living organisms. They 
are important participants of the antibacterial defense but may also show a digestive 
function (Callewaert and Michiels  2010 ). Three major distinct lysozyme types 
have been identifi ed (c-type, g-type, and i-type) with a common ability to hydrolyze 
the glycosidic bond between  N -acetylmuramic acid and  N -acetyl glucosamine in the 
peptidoglycan layer of bacterial cell walls. 

 The antibacterial activity of lysozymes has been demonstrated in most organ-
isms. Bacterial challenge or wounding induces a higher expression of lysozyme 
genes. The muramidase activity results in the loss of cell wall integrity and the lysis 
of susceptible bacteria or inhibition of cell growth (Nakimbugave et al.  2006 ). 
However, the existence of nonenzymatic bactericidal pathways has been put for-
ward. This may act through the activation of bacterial autolysins or induction of 
membrane leakage following direct interaction with the cell membrane (   During 
et al.  1996 ; Ibrahim et al.  2001 ; Masschalck and Michiels  2003 ). Lysozyme strongly 
affects numerous Gram-positive bacteria species and to a lesser extent Gram- 
negative ones (in insects: Abraham et al.  1995 ; Yu et al.  2002 ; Skerrett  2004 ; Mai 
and Hu  2009 ) in which the peptidoglycan layer is shielded by the outer layer of 
lipopolysaccharide and protein (Masschalck and Michiels  2003 ). Besides their 
direct bactericidal activity, lysozymes may be important regulators of the overall 
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response to bacteria. The interaction of peptidoglycan recognition proteins with the 
lysozyme-digested peptidoglycans activates the prophenoloxidase cascade leading 
to melanization (Christensen et al.  2005 ; Park et al.  2007 ; Kim et al.  2008 ). 

 Insects are the only invertebrates to possess both c- and i-type lysozymes, which 
suggests that each type might have evolved to fi ll diverse functional roles (Paskewitz 
et al.  2008 ). C-type lysozymes (Hultmark  1996 ) are the most studied group and 
have a 35–40 % sequence homology and share a common three-dimensional fold to 
alpha-lactalbumin. The i-types differ from the c-types in their primary sequence and 
in electric charge (acidic/neutral vs. basic, respectively) and are shown to have anti-
bacterial activity (Ito et al.  1999 ; Nilsen et al.  1999 ; Zavalova et al.  2000 ; Bachali 
et al.  2002 ), although they miss potentially critical amino acids for the muramidase 
activity (Bachali et al.  2002 ). 

 In the mosquito  Anopheles gambiae , lysozymes are present in different tissues 
and developmental stage expression profi les (Li et al.  2005 ; Paskewitz et al.  2008 ), 
which probably enhance the response to the bacteria population corresponding to 
different diet and/or environments. Recently, lysozymes have been shown to play an 
important role in the development of  Plasmodium  parasite in  Anopheles  species, 
protecting the oocytes from melanization. Their potential importance for the devel-
opment of malaria control tools is discussed.  

2     Lysozymes in  Anopheles  Mosquito 

 The fi rst isolation and characterization of a gene encoding a lysozyme (now known 
as  LysC1 ) in  An. gambiae  was reported in 1996 by Kang et al. They showed a strong 
expression of the transcript in sugar-fed females and low levels of proteins after 
blood feeding (Kang et al.  1996 ). It is suggested that lysozyme could be involved in 
the digestion process of the bacteria and fungi present in the nectar, similarly to  Lys 
P  in Drosophila (Kylsten et al.  1992 ). In the higher fl ies,  Musca domestica  and 
 Drosophila melanogaster , lysozymes occurring in the gut exhibit isoelectric points 
that are adaptive for a digestive function under acidic conditions (Lemos et al.  1993 ; 
Daffre et al.  1994 ). The presence of these enzymes in the salivary glands also sug-
gests a role in the prevention of bacterial infection of the mouthparts (Rossignol and 
Lueders  1986 ; Moreira-Ferro et al.  1999 ). 

 In  An. gambiae , eight different lysozymes belonging to the c-type have been 
discovered (Kajla et al.  2010 ). Their functional roles are still not completely under-
stood, but they probably possess diverse function and target diverse tissues (Li et al. 
 2005 ).  LysC1  and  LysC2  are the most documented proteins and are involved in the 
innate immunity. The gene expression profi les and the analyses of the predicted 
proteins suggest that the remaining six genes might be involved in novel functions 
in immunity or other biological processes.  LysC4 ,  LysC5  and  LysC7 , and several of 
the domains of  LysC 6 are lacking critical amino acids for muramidase activity. 
However, these proteins might still possess an antibacterial activity, which could 
derive from their ability to bind to  N -acetyl glucosamine or other oligosaccharides 
(Li et al.  2005 ).  LysC4  and  LysC7  transcripts did not increase following bacterial 
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infection or wounding, which makes them unlikely to be involved in immunity. The 
function of  LysC3  and  LysC8  has not yet been unrevealed, but the presence of a 
potential calcium binding site suggests that they could be involved in the digestion 
of bacteria (Li et al.  2005 ). 

 I-type lysozymes have been little studied yet and their functional roles in 
 mosquito biology are still unclear. Two genes belonging to the i-type have been 
discovered in  Anopheles  (Paskewitz et al.  2008 ).  LysI1  and  LysI2  are expressed in 
all developmental stages of  An. gambiae  females but not in the salivary glands and 
in the midgut of non-blood-fed females (Paskewitz et al.  2008 ). Blood feeding 
strongly increases the transcript levels of  LysI1  in the ovaries, Malpighian tubules, 
and fat bodies.  LysI1  and  LysI2  are both upregulated in the mosquito midgut after 
blood feeding. The expression of i-type lysozymes in the gut could suggest a diges-
tive rather than an immune function. The involvement of these proteins in the 
immunity has not yet been demonstrated, and wounding or injection of  Micrococcus 
luteus  did not affect the transcription of  LysI1  in  An. gambiae  but consistently 
downregulates  LysI2  transcripts (Paskewitz et al.  2008 ). These enzymes could be 
involved in the digestion of bacteria present in the blood or in the breaking down of 
the blood clots (Zavalova et al.  2000 ; Paskewitz et al.  2008 ).  

3     Lysozyme C1 and  Anopheles  Immune System 

 Kajla et al. ( 2010 ) stated that lysozyme C1 is constitutively expressed in the midgut 
and in the salivary glands of  An. gambiae  but the same researchers failed to detect 
it in the midgut in a later study (Kajla et al.  2011 ). Bacterial challenge upregulates 
the expression of  LysC1  gene at least up to 72 h posttreatment, induces a strong 
increase of the protein in the hemolymph and a higher muramidase activity from 15 
to 120 h posttreatment (Li et al.  2005 ; Dong et al.  2006 ,  2009 ; Kajla et al.  2010 ). 
However LysC1 directly kills only a few bacteria species but seems to play an 
important indirect role in the immune response. Indeed, the knocking down of the 
gene increased the mosquito mortality after infection with the Gram-negative  E. coli  
although the bacteria were not killed in vitro by the enzyme (Kajla et al.  2010 ). 
Kajla et al. ( 2010 ) showed that the knocking down of  LysC1  does not affect the 
transcription of other genes involved in the immune response. It is therefore hypoth-
esized that the production of small peptidoglycan fragments by  LysC 1 might upreg-
ulate the signaling cascades that result in the production of antimicrobial peptides.  

4     Interaction of Lysozyme and  Plasmodium  

 The sporogonic development of malaria parasites depends on a complex interaction 
with their mosquito hosts. In  An. gambiae , LysC1 binds to and can protect an abi-
otic target (CM-Sephadex beads) from melanization (Li and Paskewitz  2006 ). 
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Kajla et al. ( 2011 ) showed through immunohistochemical analyses and gene 
 silencing that physical interaction of LysC1 with the parasite surface following 
the critical period of midgut invasion was associated with parasite persistence. The 
injection of dsRNA into the thorax of female  An. gambiae  G3 mosquitoes signifi -
cantly reduced the expression of  LysC 1. Four days after dsRNA injection, mosqui-
toes were allowed to feed on mice infected with GFP-expressing  Plasmodium 
berghei.  Three days post-infection the number of oocysts per midgut were scored 
showing that knockdown of  LysC 1 signifi cantly reduced prevalence and intensity of 
 P. berghei  infections (Kajla et al.  2011 ). Similar results were obtained in a different 
study where the knockdown of  AdLys C1  gene in  Anopheles dirus  showed the ago-
nistic role of  LysC1  in the response of mosquitoes during  P. berghei  infection (Kajla 
et al.  2010 ). 

 Knockdown of  LysC 1 in  An. gambiae  did not result in changes in numbers of 
viable  P. berghei  parasites until 3 days post-infection (Kajla et al.  2011 ). Similar 
numbers of fl uorescing parasites were seen in control and knockdown mosquitoes 
at 24 h post-infection (Kajla et al.  2011 ). This suggested that formation of ookinetes 
and invasion of the midgut were similar in treated and control mosquitoes and that 
the block occurred after oocysts formation (Kajla et al.  2011 ). The transition to 
oocysts occurs once the ookinetes move between the epithelial cells and the midgut 
basal lamina (BL). The rapidly expanding oocysts stretch the overlying layer of the 
BL at the hemocelic surface while a new BL is generated between the oocysts and 
the epithelial cells (Meis et al.  1989 ). At the same time, mosquito-derived collagen 
and laminin are incorporated into oocyst capsules (Dessens et al.  2003 ; Osta et al. 
 2004 ;    Adini and Warburg  1999 ; Castillo et al.  2006 ). Knockdown of laminin mRNA 
led to a substantial reduction in the number of successfully developed oocysts 
(Arrighi et al.  2005 ). Laminin has been shown to bind to at least fi ve  P. berghei  
proteins (P25, P28, SOAP, circumsporozoite, and TRAP related) in yeast two hybrid 
assays (Meis et al.  1989 ; Dessens et al.  2003 ; Vlachou et al.  2001 ). Nacer et al. 
( 2008 ) showed that mosquito-produced laminin indeed becomes part of the parasite 
capsule during its passage through the gut. The acquisition of the basal lamina pro-
teins is likely to help protect the developing oocysts from the mosquito immune 
system and, therefore, may facilitate their prolonged extracellular development in 
the mosquito body cavity (Castillo et al.  2006 ). Vertebrate lysozymes bind to gly-
cosaminoglycans in extracellular matrices (Mahairaki et al.  2005 ) and insect basal 
laminae are negatively charged (Moss et al.  1997 ), which could promote interaction 
with the basic LysC1. Lysozymes have also been shown to bind and prevent the 
proteolytic degradation of the elastin component of elastic fi bers in the basal lam-
ina, indicating that lysozyme interaction can protect elastic fi bers at the sites of 
injury (Park et al.  1996 ). Arrighi et al. ( 2005 ) suggested that the production of new 
basal lamina around the midgut may be a normal process following blood feeding, 
a process that has been co-opted by the parasite. Kajla et al. ( 2011 ) hypothesize that 
LysC1 might associate with components of the midgut BL and become incorporated 
during formation of the BL-related capsule around the parasite. Immunohistochemistry 
data on the interaction of LysC1 and malaria oocysts support a direct LysC1 asso-
ciation with the parasite (Kajla et al.  2011 ). Since the detection of LysC1 in Western 
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blots failed and after extended incubation periods of midgut extracts muramidase 
activity could not be detected, Kajla et al. ( 2011 ) speculated that the protein may not 
originate from the midgut cells. Ahmed et al. ( 2002 ) also failed to detect murami-
dase activity in midgut extracts following blood feeding. By contrast Kajla et al. 
( 2011 ) detected LysC1 in mosquito hemolymph through Western blotting (Li and 
Paskewitz  2006 ; Kajla et al.  2010 ) and Ahmed et al. ( 2002 ) determined that muram-
idase activity in the hemolymph increased following blood feeding. Castillo et al. 
( 2006 ) also described the occurrence of LysC1 in hemocytes. Together, these obser-
vations suggest that LysC1 associated with parasites is derived from the hemo-
lymph. In studies of the transport of molecules from the hemolymph across the 
basal lamina to the intercellular spaces of the midgut epithelium, other researchers 
have shown that cytochrome- c  can make this passage (   Reddy and Locke  1990 ). 
Cytochrome- c  is nearly identical to LysC1 in both size and charge. Thus, it seems 
likely that LysC1 can also move in this direction. 

 Rao et al. ( 2010 ) suggested that the trade-off between lysozyme activity and phe-
noloxydase activity (PO) (Cotter et al.  2008 ; Povey et al.  2009 ) might result in the 
lysozyme inhibiting the melanization. They showed that direct protein interaction 
between lysozyme and pro-PO inhibited its cleavage and therefore the activation 
pathway; however, lysozyme had no effect on active PO.  Plasmodium  apparently 
evolved to avoid attacks from  Anopheles  immune system taking advantage of lyso-
zyme interaction. 

 Kajla et al. ( 2011 ) considered the possibility that the regulation of parasite devel-
opment might offer new target for malaria control. Although this research fi eld may 
open the possibility to develop malaria control tools, there is not a neat picture of 
 Plasmodium – Anopheles  interactions yet. The role of lysozymes in the regulation of 
oocysts development and the mechanism of action are still unclear.     
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    Chapter 5   
 Effects of Malaria Products on Human 
Monocyte and Neutrophil Degranulation 
and Lysozyme Release 

                Manuela     Polimeni     ,     Giuliana     Giribaldi    , and     Mauro     Prato   

1            Introduction 

 During the intraerythrocytic developmental stages of  Plasmodium  parasites, the 
high amounts of hemoglobin are catabolized while toxic heme (ferroprotoporphyrin 
IX) accumulates in parasite digestive vacuole, where it is detoxifi ed through bio-
crystallization into malarial pigment hemozoin (Hz) (Egan  2008 ). Free Hz released 
into the bloodstream as well as infected red blood cells (RBCs) is avidly phagocy-
tosed by monocytes, macrophages, and neutrophils. As a consequence of phagocy-
tosis, the phenotype of these cells is dramatically altered and their functions are 
seriously impaired, as schematized in Fig.  5.1  (Schwarzer et al.  1992 ; Prato and 
Giribaldi  2011 ). Interestingly, Hz promotes monocyte degranulation and lysozyme 
release after inducing the expression and secretion of several proinfl ammatory mol-
ecules (Prato et al.  2009 ; Polimeni et al.  2012 ,  2013b ). Hz also enhances the release 
of human matrix metalloproteinase-9 (MMP-9) and tissue inhibitor of metallopro-
teinase- 1 (TIMP-1), two molecules stored in specifi c gelatinase granules along with 
lysozyme (Prato et al.  2005 ,  2008 ,  2010a ; Giribaldi et al.  2010 ,  2011 ; Polimeni 
et al.  2013a ; Polimeni and Prato  2014 ). The present chapter will describe 
Hz-dependent lysozyme release from human phagocytes, focusing on the underly-
ing mechanisms, as well as on the involved Hz biochemical components.
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2        Hemozoin Induces Human Phagocyte Degranulation 
and Lysozyme Secretion 

 The malarial pigment Hz, released into blood circulation after infected RBCs 
 rupture at the schizont stage, is rapidly removed by circulating phagocytes such as 
monocytes and granulocytes. However, upon phagocytosis Hz cannot be degraded 
and remains in the host for a long time after the infection has been cleared (Shio 
et al.  2010 ), thus impairing the functionality of human phagocytes (see Fig.  5.1 ). 
For example, Hz-fed monocytes are unable to mount oxidative burst and repeat 
phagocytosis (Schwarzer et al.  1992 ), do not kill ingested bacteria (Fiori et al. 
 1993 ), fail presenting antigens correctly (Scorza et al.  1999 ), do not differentiate 
and mature to dendritic cells (Urban and Todryk  2006 ), and do not properly coordi-
nate erythropoietic events (Giribaldi et al.  2004 ). Moreover, the phenotype of human 
monocytes is dramatically altered, as these cells shed large amounts of bioactive 
peroxidation derivatives of polyunsaturated fatty acids (Schwarzer et al.  2003 ) and 
produce enhanced amounts of a large number of proinfl ammatory and/or anti- 
apoptotic molecules, including cytokines (IL-1β, TNF-α, IL-1RA), chemokines 
(MIP-1α/CCL3, MIP-1β/CCL4, MCP-1/CCL2, IL-8/CXCL8, ENA-78/CXCL5, 
GROα/CXCL1, GROβ/CXCL2, GROγ/CXCL3) (Pichyangkul et al.  1994 ; Sherry 
et al.  1995 ; Giribaldi et al.  2010 ), heat shock proteins (HSP-27) (Prato et al.  2010b ), 

  Fig. 5.1    Hz functionally impairs human monocytes and alters their phenotype. The fi gure shows 
Hz-dependent impairment of main monocyte functions (oxidative burst, repeated phagocytosis, 
bacteria killing, antigen presentation, differentiation and maturation to dendritic cells, erythropoi-
esis) as well as representative phenotype modifi cations (secretion of proinfl ammatory molecules)       

 

M. Polimeni et al.



69

lytic enzymes (MMP-9, lysozyme) (Prato et al.  2005 ,  2009 ), and enzyme inhibitors 
(TIMP-1) (Polimeni et al.  2013a ) (see Fig.  5.1 ). 

 Hz-dependent monocyte degranulation is associated with enhanced release of 
lysozyme, stored in the so-called gelatinase granules. Indeed, it has been recently 
demonstrated in vitro that phagocytosis of Hz—either free or contained in 
 trophozoites—by human adherent monocytes induces an early increase in the 
release of active lysozyme (Prato et al.  2009 ). Hz-increased lysozyme levels appear 
signifi cantly higher than those induced by phagocytosis of opsonized RBCs or latex 
particles, thus suggesting that Hz effects are not dependent on phagocytosis per se. 
Interestingly, as shown in Fig.  5.2 , Hz promotes lysozyme release quite immedi-
ately (1–2 h after phagocytosis), whereas at later time points (24–48 h) a plateau is 
reached, possibly as a result of complete degranulation of human monocytes 
(Polimeni et al.  2012 ). Intriguingly, since Hz-induced degranulating response is 
very rapid and unlikely accompanied by any second waves, lysozyme could be a 
potential suitable marker for early diagnosis of severe malaria (Prato  2012 ).

3        Hz-Dependent Lysozyme Release Is Mediated 
by TNF-α, IL-1β, and MIP-1α/CCL3 

 The possible soluble mediators responsible for Hz-dependent lysozyme release (see 
Fig.  5.3 ) have been investigated in a series of recent studies (Prato et al.  2009 ; 
Polimeni et al.  2012 ,  2013b ). TNF-α was the fi rst mediator to be evaluated, showing 

  Fig. 5.2    Early time-dependent induction of lysozyme release from Hz-fed human adherent mono-
cytes. Cells were left unfed (control cells, CTR) or fed with natural Hz for 2 h. Thereafter, lyso-
zyme levels in cell supernatants were monitored 0, 1, 2, 24, and 48 h after the end of phagocytosis 
by spectrometric assay. Data are means + SEM of three independent experiments. Lysozyme 
release from monocytes is indicated as enzyme activity units measured in a 2-mL well of cell 
supernatants. All data were evaluated for signifi cance by ANOVA: versus CTR * p  < 0.0001 
(Adapted from Polimeni et al.  2012 )       
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an increase up to 72 h after Hz phagocytosis (Prato et al.  2005 ). Inhibition with 
 anti-TNF- α blocking antibodies or stimulation with the recombinant exogenous 
cytokine revealed that higher levels of soluble TNF-α were actively involved in 
Hz-triggered increase of lysozyme release from human adherent monocytes. Indeed, 
the upregulating effects of Hz were mimicked by exogenous recombinant human 
TNF-α and abrogated by blocking anti-TNF-α antibodies (Prato et al.  2009 ). In 
human phagocytes such as neutrophil granulocytes and monocytes, lysozyme is 
stored in different types of granules, including the so-called gelatinase granules, 
which also contain MMP-9 (Borregaard  1997 ). Consistently, Hz was previously 
shown to enhance the expression, release and activity of human constitutive mono-
cytic MMP-9 (Prato et al.  2005 ) but not inducible MMP-2 (Prato  2011 ). Such an 
enhancement appears to be mediated by several proinfl ammatory molecules, includ-
ing TNF-α (Prato et al.  2005 ), IL-1β (Prato et al.  2008 ), and MIP-1α/CCL3 
(Giribaldi et al.  2011 ). The gene expression of these molecules, along with that of 
other cytokines and chemokines, is also upregulated by Hz (Pichyangkul et al. 
 1994 ; Sherry et al.  1995 ; Giribaldi et al.  2010 ). Praecox IL-1β production has been 
suggested to trigger the expression of all other genes, as suggested by results from 
a macroarray study (Giribaldi et al.  2010 ). This evidence is strengthened by some 

  Fig. 5.3    Involvement of proinfl ammatory molecules (TNF-α, IL-1β, MIP-1α/CCL3) in 
Hz-dependent lysozyme release. ( a ) Shows the effects of natural Hz on production and secretion 
of several proinfl ammatory molecules (TNF-α, IL-1β, MIP-1α/CCL3) by human monocytes. In 
( b ) the experiments with recombinant cytokines (on the  left ) and blocking antibodies (on the  right ) 
performed to demonstrate TNF-α, IL-1β, MIP-1α/CCL3 involvement in upregulation of lysozyme 
release are schematized       
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data emerging from further investigation on protein secretion, showing that 
Hz-enhanced protein release of IL-1β and MIP-1α/CCL3, was already signifi cant 
1 h after the end of phagocytosis, whereas TNF-α was signifi cantly increased 
120 min after phagocytosis (Polimeni et al.  2012 ,  2013b ). As resulting from 
 experiments with blocking antibodies and recombinant cytokines, IL-1β and 
MIP-1α/CCL3 appeared to be causally connected to Hz-dependent upregulation of 
lysozyme release in a manner similar to TNF-α. Indeed, anti-IL-1β and anti-
MIP-1α/CCL3 blocking antibodies reduced—although did not fully abrogate—
Hz-dependent induction of lysozyme release, while recombinant IL-1β and MIP-1α/
CCL3 partially mimicked the effects of Hz, promoting lysozyme release without 
reaching the levels induced by Hz. Apparently, all three molecules are required as 
soluble mediators to fulfi ll Hz-dependent lysozyme upregulation, since the combi-
nation of all three exogenous proinfl ammatory molecules was able to trigger lyso-
zyme levels similar to those induced by Hz alone while a mix of all the blocking 
antibodies fully abrogated the effect of Hz. These data are consistent with previous 
documents showing lysozyme gene dependence on cytokine levels (Berger et al. 
 1988 ; Lewis et al.  1990 ).

   Nevertheless, it should be underlined that, contrary to lysozyme, Hz-dependent 
enhanced production of TNF-α, IL-1β, and MIP-1α/CCL3 appears continuous, 
going on also at longer times: for instance, in Hz-fed monocyte supernatants 25 ng/
mL TNF-α was measured 72 h after phagocytosis (Prato et al.  2005 ); 35 ng/mL 
IL-1β was found 48 h after phagocytosis (Prato et al.  2008 ); and 20 ng/mL MIP-1α/
CCL3 was retrieved 24 h after phagocytosis (Giribaldi et al.  2011 ). Moreover, it has 
been reported that Hz-fed monocytes produce increased amounts of several chemo-
tactic molecules other than MIP-1α/CCL3 (including MIP-1β/CCL4, GROα/
CXCL1, GROβ/CXCL2, GROγ/CXCL3, MCP-1/CCL2, IL-8/CXCL8, and ENA- 
78/CXCL5) (Giribaldi et al.  2010 ) and show compromised ability to perform 
repeated phagocytosis (Schwarzer et al.  1992 ). Thus, in order to translate the pres-
ent fi ndings into acute and chronic human malaria and to explain the higher plasma 
levels of lysozyme found in patients with malaria (Mohamed et al.  1996 ; Mohammed 
et al.  2003 ), it is reasonable to hypothesize that the lysozyme accumulation might 
be a consequence of two complementary events, as schematized in Fig.  5.4 : on the 
one hand, immediately after Hz phagocytosis human monocytes may release higher 
amounts of lysozyme; on the other hand, after full release of lysozyme, Hz-laden 
monocytes could go on producing proinfl ammatory molecules, such as TNF-α, 
IL-1β, and MIP-1α/CCL3, as well as other chemotactic molecules, which might in 
turn recruit more monocytes into the areas of parasite sequester in microvessels. 
Therefore, as a consequence of increased circulating levels of TNF-α, IL-1β, and 
MIP-1α/CCL3 and as a result of additional phagocytosis of Hz by newly recruited 
monocytes (but not of repeated phagocytosis by those already laden), new lysozyme 
release would be induced, thus contributing to enhance total lysozyme circulating 
levels (Polimeni et al.  2012 ) (Fig.  5.3 ).
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4        Hz Induces Activation of p38 MAPK and NF-κB Pathways 

 Once demonstrated Hz-enhanced lysozyme release from human granulocytes, the 
putative mechanisms of signal transduction underlying such an enhancement 
have been investigated, mainly focusing on p38 mitogen-activated protein kinase 
(MAPK) and nuclear factor-kappaB (NF-κB) pathways (Polimeni et al.  2012 ). 

 The pathways activated by Hz in human monocytes have been scarcely described 
in the past years. However, some helpful information comes from a few in vitro 
and in vivo studies, suggesting an involvement of MAPKs in malaria. In murine 
macrophages or monocytes, Hz was shown to induce activation of p38 (Cambos 
et al.  2010 ) and ERK1/2 (Jaramillo et al.  2003 ,  2005 ; Griffi th et al.  2009 ) but not 
JNK-2/STAT-1 (Jaramillo et al.  2003 ,  2005 ) MAPK pathways, whereas  P. falci-
parum  glycosylphosphatidylinositol ( Pf GPI) promoted phosphorylation of all 
routes (Lu et al.  2006 ; Zhu et al.  2009 ). Interestingly, inhibition of  Pf GPI-dependent 
activation of MAPK decreased infl ammatory responses and enhanced phagocytic 

  Fig. 5.4    Putative mechanism underlying lysozyme release and accumulation in the blood of 
human malaria patients. The scheme illustrates the two complementary events hypothesized to 
account for new lysozyme production and release and its following accumulation in the blood of 
human malaria patients: human monocytes can release higher amounts of lysozyme after Hz 
phagocytosis (on the  left ); after full release of lysozyme, Hz-laden monocytes can go on producing 
proinfl ammatory molecules able to recruit more monocytes into the areas of parasite sequester in 
the microvessels, thereby contributing to enhance total lysozyme circulating levels       
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clearance of infected RBCs in mice infected by  P. berghei  or  chabaudi  (Serghides 
et al.  2009 ). Lucchi and colleagues reported in human syncytiotrophoblast cells a 
Hz-dependent phosphorylation of ERK1/2 and an infected RBC-dependent phos-
phorylation of JNK-1; both events were causally related to the production of pro-
infl ammatory molecules (TNF-α, MIP-1α/CCL3, IL-8/CXCL8) (Lucchi et al. 
 2008 ,  2011 ). 

 In human monocytes, it has been recently shown that Hz activates p38 MAPK 
pathway by inducing p38 MAPK phosphorylation without altering basal protein 
levels (Polimeni et al.  2012 ). Such an event is directly connected to Hz-induced 
lysozyme levels, as demonstrated by experiments using the specifi c synthetic 
inhibitor of p38 signaling SB203580, which abrogated Hz enhancing effects on 
lysozyme release into monocyte supernatants in vitro. These observations are con-
sistent with previous data correlating activation of MAPK pathways to degranula-
tion from human neutrophils (Sue-A-Quan et al.  1997 ) and p38 MAPK 
phosphorylation to lysozyme release in vibrio-infected mussel granulocytes 
(Ciacci et al.  2010 ). 

 In addition,  c -lysozyme gene has been reported to be regulated also through 
NF-κB signaling (van Phi  1996 ). Interestingly, evidence on Hz-dependent NF-κB 
activation is presently available: in human monocytes, natural Hz was shown to 
upregulate MMP-9 through long-term (24 h after phagocytosis) I-κBα degradation 
and NF-κB nuclear translocation in vitro (Dell’agli et al.  2010 ; Prato et al.  2010a ), 
whereas in murine macrophages either natural or synthetic Hz promoted cytokine 
and chemokine production through NF-κB activation both in vitro and in vivo 
(Jaramillo et al.  2003 ,  2005 ; Griffi th et al.  2009 ). Proof of early activation of NF-κB 
pathway has also been recently documented, as Hz was shown to induce cytosolic 
I-κBα phosphorylation and degradation, p50/p65 NF-κB subunits nuclear transloca-
tion, and NF-κB/DNA binding 2 h after phagocytosis by human monocytes 
(Polimeni et al.  2012 ). All these effects of Hz were abrogated by quercetin, artemis-
inin, and parthenolide, three molecules reported as NF-κB inhibitors (García- 
Piñeres et al.  2001 ; Aldieri et al.  2003 ; Nair et al.  2006 ) and showing antimalarial 
properties (Khalid et al.  1986 ; Burrows et al.  2011 ). Moreover, quercetin, artemis-
inin, and parthenolide inhibited Hz-dependent enhancement of lysozyme levels in 
monocyte supernatants, suggesting a potential role for NF-κB in lysozyme regula-
tion by Hz. Interestingly, in a previous work these three inhibitors abrogated the 
upregulating effects of Hz on MMP-9, TNF-α, and IL-1β production by human 
monocytes (Prato et al.  2010a ). 

 Collectively, natural Hz-enhanced lysozyme release from human monocytes 
appears to be dependent on overproduction of TNF-α, IL-1β, and MIP-1α/CCL3 
and on activation of p38 MAPK and NF-κB pathways. For more clearness, the over-
all mechanism underlying Hz-triggered increase of lysozyme release has been sche-
matized in Fig.  5.5 .

5 Effects of Malaria Products on Human Monocyte and Neutrophil…



74

5        15-HETE Plays a Major Role in Hz-Dependent 
Enhancing Effects on Lysozyme Release 

 Natural Hz has a scaffold structure composed both by the ferric heme and by the 
lipid moiety, which contains large amounts of lipoperoxidation products generated 
by nonenzymatic catalysis, including monohydroxy-derivatives of arachidonic and 
linoleic acids [13- and 9-hydoxy-octadecadienoic (HODEs) acids; 9-, 12-, and 
15-hydroxyeicosatetraenoic (HETE) acids] and 4-hydroxynonenal (4-HNE), stable 
end products of hydroxylation and peroxidation of polyenoic fatty acids (Schwarzer 
et al.  2003 ). 15-HETE and 4-HNE are directly related to functional impairment of 
nHz-fed human monocytes, whereas HODEs are almost inert (Prato and Giribaldi 
 2011 ) (see Fig.  5.6a ).

  Fig. 5.5    Signaling pathways activated by Hz in human monocytes. The fi gure schematizes the 
possible mechanisms underlying Hz-enhanced lysozyme release in human monocytes. Immediately 
after phagocytosis, Hz activates PKC and p38 MAPK. These kinases have been associated with 
cytosolic I-κBα phosphorylation and degradation, resulting in subsequent nuclear translocation of 
NF-κB p50 and p65 subunits. As a consequence of NF-κB pathway activation, the transcription 
and protein expression of several proinfl ammatory molecules including TNF-α, IL-1β, and 
MIP-1α/CCL3 is promoted. Thereafter, these molecules can induce in turn lysozyme release into 
the extracellular environment via p38 MAPK       
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   Lipid-free synthetic Hz and delipidized Hz do not reproduce the effects of  natural 
Hz on lysozyme early release, suggesting a major role for the lipid moiety of Hz 
(Polimeni et al.  2012 ) (see Fig.  5.6b ). Nevertheless, it has been recently proposed 
that the phagocytosis of the packaging digestive vacuole—and not only of Hz 
released after schizogony—might be at the root of pathway activation in phagocytic 
cells (Dasari et al.  2011 ). Thus, an in vivo involvement of the full digestive vacuole 
as a causative agent of the enhanced lysozyme levels found in plasma of patients 
with malaria (Mohamed et al.  1996 ; Mohammed et al.  2003 ) cannot be excluded at 
the moment. 

 In a recent work human adherent monocytes were treated with different concen-
trations (0.1–10 μM) of 15-HETE and 4-HNE, two major components of the lipid 
moiety which have been previously associated with nHz-dependent phenotype 
alteration and functional impairment of these cells (Polimeni et al.  2013b ). There 
are extensive data from literature providing strong evidence that several HETEs, 
including 5-, 12- and 15-HETE, promote degranulation and lysozyme release from 
polymorphonuclear leukocytes (Stenson and Parker  1980 ; Goetzl and Pickett  1980 ; 
Bokoch and Reed  1981 ; Smith et al.  1981 ; O’Flaherty and Thomas  1985 ). 

  Fig. 5.6    15-HETE reproduces natural Hz-dependent effects on lysozyme release. ( a ) Schematizes 
the different components (HETEs, HODEs, and 4-HNE) of the lipid moiety of natural Hz (either 
free or contained in trophozoites), highlighting their effects on human monocytes. ( b ) Shows the 
different effects of natural, delipidized, synthetic Hz along with the different components of Hz 
lipid moiety on lysozyme release from human monocytes       

 

5 Effects of Malaria Products on Human Monocyte and Neutrophil…



76

In the above-mentioned study, 15-HETE was the only molecule able to reproduce 
natural Hz effects on lysozyme release. Indeed, at lower concentrations (0.1–1 μM) 
it promoted dose dependently lysozyme secretion from human monocytes, whereas 
a plateau was apparently reached after using the highest one (10 μM); on the con-
trary, any concentrations of 4-HNE did not mimic nHz effects on lysozyme release 
(see Fig.  5.6b ). This is in general agreement with the hypothesis that 15-HETE 
plays a major role in natural Hz-dependent enhancing effects on expression and 
secretion of proinfl ammatory molecules by human monocytes, whereas 4-HNE is 
more likely to be involved in impairing the immune functions of these cells (Prato 
and Giribaldi  2011 ) (see Fig.  5.6a ). 

 As previously mentioned, phagocytosis of natural Hz by human monocytes pro-
motes IL-1β, TNF-α, and MIP-1α/CCL3 expression and secretion (Prato et al. 
 2005 ,  2008 ,  2010a ; Giribaldi et al.  2010 ,  2011 ), and early secretion of these mol-
ecules mediates Hz-dependent induction of lysozyme release (Polimeni et al. 
 2012 ). IL-1β, TNF-α, and MIP-1α/CCL3 have also been reported as soluble media-
tors of nHz- enhanced expression and release of MMP-9 (Prato et al.  2005 ,  2008 ; 
Giribaldi et al.  2011 ) and TIMP-1 (Polimeni et al.  2013a ). The effects of the dif-
ferential components of nHz on lysozyme release, as well as the possible soluble 
mediators and  underlying mechanisms, have been explored in a recent study 
(Polimeni et al.  2013b ). 

 Apparently, the lipid moiety of natural Hz is required to early enhance the pro-
duction of IL-1β and TNF-α, but not that of MIP-1α/CCL3, whose upregulation 
seems dependent on heme crystal through unknown mechanisms. Interestingly, 
15-HETE was shown to be involved in Hz-dependent early production of IL-1β and 
TNF-α, whereas 4-HNE was not. These data are consistent with previous results 
from either short-term studies, showing that 15-HETE does not alter MIP-1α/CCL3 
mRNA expression 6 h after treatment of human immunopurifi ed monocytes 
(Giribaldi et al.  2010 ), or long-term studies, describing higher protein levels of 
IL-1β and TNF-α (along with those of MMP-9) 48 h after treatment with 15-HETE 
of human adherent monocytes (Prato et al.  2008 ,  2010a ). Interestingly, 12-HETE, a 
peroxidated lipid closely related to 15-HETE, was reported to stimulate TNF-α 
mRNA and protein expression in a dose-dependent manner in murine macrophages 
(Wen et al.  2007 ) and to enhance IL-1β-stimulated nitrite production and iNOS 
expression in vascular smooth muscle cells (Hashimoto et al.  2003 ), thereby con-
fi rming that HETEs can upregulate the production of both cytokines. On the other 
hand, MIP-1α expression was upregulated in murine macrophages fed with either 
natural Hz or lipid-free synthetic Hz, confi rming that lipids are irrelevant in nHz- 
dependent enhancement of MIP-1α/CCL3 (Jaramillo et al.  2005 ). Since these three 
molecules were suggested to be involved in natural Hz-dependent enhancement of 
lysozyme (Polimeni et al.  2012 ), a double blocking/mimicking approach with neu-
tralizing antibodies and recombinant cytokines/chemokines was used in order to 
confi rm their possible role as soluble mediators of lysozyme regulation by 
15-HETE. IL-1β and TNF-α appeared to be causally connected to the 15-HETE- 
dependent induction of lysozyme release, whereas MIP-1α/CCL3 did not. Therefore, 
since MIP-1α/CCL3 is upregulated by natural Hz regardless of its lipid moiety and 
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does not concur in 15-HETE-dependent lysozyme release induction, it appears 
 reasonable to speculate a redundant role for this chemokine in achieving natural Hz 
effects on lysozyme secretion (Fig.  5.5 ). Besides, previous documents reported 
lysozyme gene dependence on levels of cytokines (Berger et al.  1988 ; Lewis 
et al.  1990 ). 

 The mechanisms of signal transduction promoted by 15-HETE, along with its 
involvement in natural Hz-induced lysozyme release, have also been investigated 
(Polimeni et al.  2013b ). Activation of p38 MAPK and NF-κB pathways were previ-
ously suggested to be two integrated mechanisms underlying natural Hz-dependent 
upregulation of lysozyme levels secreted by human monocytes (Polimeni et al. 
 2012 ). Interestingly, activation of p38 MAPK pathway by HETEs has been reported 
in several cells: 15-HETE induces p38 MAPK phosphorylation in rat smooth mus-
cle cells (Chava et al.  2009 ) and human retinal microvascular endothelial cells 
(Bajpai et al.  2007 ); additionally, 12-HETE-dependent phosphorylation has been 
observed in murine macrophages (Wen et al.  2007 ,  2008 ), murine fi broblasts 
(Nieves and Moreno  2008 ), and human adrenocortical cells (Natarajan et al.  2002 ). 
Consistently, in human monocytes 15-HETE was shown to promote early phos-
phorylation of p38 MAPK without affecting basal protein levels, similarly to natural 
Hz. Since chemical inhibition of this event abrogated 15-HETE-induced lysozyme 
release, 15-HETE was proposed to play a major role in natural Hz enhancing effects 
on monocyte degranulation (Polimeni et al.  2013b ). 

 Natural Hz also promotes both early (Prato et al.  2010a ) and late (Polimeni et al. 
 2012 ) activation of NF-κB pathway in human monocytes by inducing phosphoryla-
tion/degradation of cytosolic I-κBα and subsequent NF-κB nuclear translocation/
DNA binding. Long-term activation of NF-κB transcription system by natural Hz 
was mimicked by 15-HETE, whereas chemical inhibition of this route reduced the 
long-term increased levels of MMP-9, IL-1β, and TNF-α (Prato et al.  2010a ). 
15-HETE has also been proposed to be responsible for early activation of NF-κB 
pathway in human monocytes, and such an event appears to be directly related to 
enhanced lysozyme levels, as demonstrated by blocking experiments with three dif-
ferent NF-κB inhibitors (Polimeni et al.  2013b ). According to literature, both inhi-
bition and activation of NF-κB by HETEs have been described. HETEs and parent 
compounds HODEs can bind peroxisome proliferator-activated receptor-γ (PPAR-γ) 
(Huang et al.  1999 ). Thus, they should be expected to suppress the NF-κB system 
(Cabrero et al.  2002 ). However, HETEs can also activate NF-κB through several 
alternative mechanisms, thereby contrasting PPAR-γ effects. Above all, it has been 
convincingly suggested that HETE-dependent activation of MAPK pathways, such 
as ERK and p38 MAPK, leads to the concurrent activation of NF-κB system 
(Di Mari et al.  2007 ;    Ishizuka et al.  2008 ; Chen et al.  2008 ; Cheng et al.  2010 ). 
Thus, 15-HETE-dependent NF-κB activation in nHz-fed human monocytes appears 
reasonably justifi ed by concurrent 15-HETE-dependent p38 phosphorylation, as 
previously described. Additionally, HETEs can activate protein kinase C (Sharma 
et al.  2005 ; Wyke et al.  2005 ; Chen et al.  2008 ), which in turn activates IKK (Smith 
et al.  2004 ), the kinase responsible for I-κBα phosphorylation and subsequent acti-
vation of NF-κB pathway (Verma and Stevenson  1997 ). Interestingly, transient 
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early  activation of protein kinase C by natural Hz has been reported (Schwarzer 
et al.  1993 ). Finally, activation of NF-κB may result from the direct oxidation and 
inactivation of I-κBα by lipid hydroperoxides (Flohé et al.  1997 ).  

6     Conclusion 

 Recent fi ndings showed natural Hz-dependent upregulation of lysozyme release in 
human monocytes. Such increase was mediated by Hz-induced proinfl ammatory 
cytokines, including IL-1β, TNF-α, and MIP-1α/CCL-3 through activation of p38 
MAPK and NF-κB transcriptional pathways. In addition, recent evidence strongly 
supports 15-HETE, the major component of the lipid moiety of natural Hz, as the 
main actor in these events. Therefore, as discussed in the next chapter, lysozyme 
could reveal itself as a good marker to design future specifi c cost-effective diagnos-
tic approaches to detect severe malaria.     
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    Chapter 6   
 Human Lysozyme in Malaria Patients: 
Possible Role as Biomarker for Disease 
Severity 

                Mauro     Prato     ,     Manuela     Polimeni    , and     Vivian     Tullio   

1            Introduction 

 Biomarkers are substances such as metabolites, enzymes, cytokines, and genetic 
markers that can be objectively measured in any biological fl uids or specimens—
including serum, plasma, urine, and cells—and used as indicators of physiological 
and pathological processes as well as responses to therapeutics. As such, biomark-
ers allow to support disease management and control by prosecuting different 
objectives: (1) to diagnose a disease; (2) to assess disease severity; (3) to provide a 
prognosis; (4) to provide some information relevant for the treatment and manage-
ment of the disease; and (5) to identify the patients at risk for incurrence of the 
disease itself as well as long-term complications. Notably, the procedures required 
for biomarker evaluation must be simple, quantitative, and inexpensive therefore 
allowing for wide usage. 

 To date, biomarkers have been employed to diagnose and prognosticate the prog-
ress and outcome of several chronic and acute infectious, metabolic, and noncom-
municable diseases, including cancer, diabetes, autoimmune diseases, and HIV/
AIDS. However, the use of biomarkers in parasitic infectious diseases has been 
limited so far. As discussed in Chap.   1    , the transition from mild malaria to the severe 
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forms of malaria can be sudden and requires immediate intervention. Therefore, the 
use of biomarkers to risk-stratify severe malaria patients would greatly enhance 
patient care and assist in appropriate management of health care resources (Lucchi 
et al.  2011 ). In addition, biomarkers able to identify asymptomatic patients, who 
might have levels of parasitemia undetectable by light microscopy or other conven-
tional testing methods (see Chap.   2    ), could play a key role in monitoring the elimi-
nation of malaria reservoirs from endemic populations (Ogutu et al.  2010 ). The use 
of early, diagnostic, and prognostic biomarkers during the clinical course of malaria 
(see Fig.  6.1 ) might signifi cantly improve the results obtained by malaria control 
and management programs.

   Intriguingly, little yet consistent evidence is currently available from in vitro 
experiments (Prato et al.  2009 ; Polimeni et al.  2012 ,  2013 ) as well as from clinical 
studies (Mohamed et al.  1996 ; Mohammed et al.  2003 ) showing that increased lev-
els of human lysozyme are associated with malaria severity. As it will be discussed 
in the next paragraphs, lysozyme can be detected in human fl uids and specimens 
through several simple, quantitative, and inexpensive techniques. Therefore, a 
potential role for this molecule as an affordable biomarker of malaria severity has 
been recently proposed (Prato  2012 ). 

 Of course, it should be noted that the employment of biomarkers in the clinical 
practice requires a thorough validation of their utility. Collectively, fi ve phases of 
biomarker development can be pinpointed (Pepe et al.  2001 ; Coca and Parikh  2008 ). 
The initial phase involves preclinical exploration during which potential biomarkers 
are identifi ed. At this phase, markers capable of discriminating the severity of the 
disease are identifi ed. During the second phase, new clinical assays measuring the 
potential biomarkers are established. In the third phase, retrospective longitudinal 
studies are carried out to test the new biomarkers for their utility, sensitivity, and 

  Fig. 6.1    Potential use of biomarkers in malaria management. The diagram briefl y summarizes 
how early, diagnostic and prognostic biomarkers might be clinically employed during the various 
steps of the clinical course of malaria patients       
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specifi city. The fourth phase involves a prospective screening phase which entails 
the use of the identifi ed biomarkers to screen large populations. Finally, during the 
fi fth phase the impact of the biomarkers on disease control and management is 
determined. In this context, the data supporting a role for human lysozyme as a 
marker of malaria severity have been scaled up to the third phase so far.  

2     Methods to Measure Lysozyme Levels 
in Human Specimens 

 Since the discovery of lysozyme (Fleming  1922 ), several authors have proposed 
different methods for determining the activity of various preparations containing 
this enzyme. Most of these methods were based upon the clearing of dense suspen-
sions of a susceptible organism without concern for accurate quantitative results. In 
1946, the isolation of highly purifi ed crystalline lysozyme by Alderton and Fevold 
suggested the possibility of a method for assaying lysozyme (Alderton and Fevold 
 1946 ). Since then, several quantitative methods to measure lysozyme levels in 
human fl uids (serum, blood, urine) and specimens (tissues and cells) have been 
developed and standardized. In these days, several simple, cheap, and sensitive 
approaches routinely employed in research and diagnostic laboratories are avail-
able, including: (1) photometric assay; (2) radioimmunoassay (RIA); (3) immuno-
histochemistry (IHC); and (4) enzyme-linked immunoadsorbent assay (ELISA). 

2.1     Photometric Assay 

 Lysozyme photometric assays have been developed after the methods proposed by 
Smolelis and Hartsell ( 1949 ) and    Litwack ( 1955 ). These procedures provide for the 
rapid and accurate microbiological assay of fl uid materials that show lytic activity 
considered to be due to lysozyme, including urine, serum, saliva, mucus, and tears 
(Osserman and Lawlor  1966 ; Seal et al.  1980 ). 

 The method is based on a comparison of light transmissions of standard crystal-
line lysozyme dilutions with the values for the substance being tested, after the 
addition of susceptible cells and incubation. A purifi ed hen egg lysozyme is gener-
ally used as the standard. The natural substrate for lysozyme is the high molecular 
weight, insoluble peptidoglycan polymer that generally reinforces the bacterial cell 
wall. As such, this molecule—employed in the form of dried cells of UV-inactivated 
 Micrococcus lysodeikticus —represents the most widely used substrate for measur-
ing lysozyme lytic action on the linkages between  N -acetylmuramic acid and 
 N -acetylglucosamine in the cell wall. The cell suspension from the dried cells and 
the dilutions of crystalline lysozyme from a stock solution are prepared in Sorenson’s 
phosphate buffer, pH 6.2. Rehydration is easily accomplished since lyophilized 
cells can be readily resuspended. Prior to the test the unknown should be checked 
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for its activity to determine what dilutions are needed to give the same level of 
 activity as the crystalline control. Before beginning the assay, a suffi cient number of 
test tubes are matched so that all tubes will show the same light transmission value 
with distilled water as a reference. At measured intervals the lysozyme dilution is 
mixed with the cell suspension. The same procedure is used for the dilutions of the 
material being tested. All mixtures are made in duplicate. 

 After a 20-min incubation at room temperature, the light transmissions for the 
various mixtures are recorded and the concentration of the unknown is determined. 
With the transmission values for the crystalline lysozyme mixtures, a standard curve 
is prepared by plotting the transmission against concentration. A log scale is used 
on the abscissa of the standard curve. The transmission values for the unknown dilu-
tions are located on the ordinate and projected to the standard curve. By projection 
to the abscissa from these points, the concentration of lysozyme in each dilution is 
determined. Multiplication by the dilution factor results in the concentration of 
lysozyme per mL of undiluted extract. The results obtained from this test are gener-
ally accurate and reliable.  

2.2     Radioimmunoassay 

 The fi rst studies to develop a RIA for human serum and urinary lysozyme date back 
to the late 1970s (Peeters et al.  1978 ; Thomas et al.  1981 ), as a consequence of the 
ongoing discussion concerning the diagnostic value of serum lysozyme determina-
tions in gastrointestinal diseases, where differences in methodology were evoked as 
the cause of the observed discrepancies (Falchuk et al.  1975 ; Peeters et al.  1976 ). 

 Briefl y, antiserum and labeled lysozyme are diluted in phosphate-buffered saline 
with 20 g/L of bovine serum albumin while standard dilutions are prepared from a 
stock lysozyme solution. Antiserum and labeled lysozyme are added to the standards 
and the diluted samples. The vials are incubated overnight at 4 °C, then the bound 
and free moieties are separated, vortex-mixed, and centrifuged. After aspirating the 
supernatant fl uid, the radioactivity of the “free” fraction is counted. Samples of 
pooled sera at low, medium, and high lysozyme concentrations may serve as a qual-
ity control. Lysozyme results are interpolated from a curve, constructed by plotting 
the “free” count rate (in cpm) of standards versus the concentration of lysozyme.  

2.3     Immunohistochemistry 

 IHC has become an increasingly popular and effective tool in research and diagnos-
tic laboratories. The manifest success of this method is due to technological 
improvements, increased availability of purifi ed antigens, antisera, and other 
reagents, and the accumulation of practical experience in a variety of applications. 
IHC combines the advantages of the high specifi city and affi nity of antibodies in 
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recognizing tissue antigens with the high topographical resolution of light and 
 electron microscopy. It can thus provide information which would be diffi cult or 
impossible to obtain by other techniques (Linnoila and Petrusz  1984 ). 

 In the respiratory system, for example, IHC investigations have demonstrated the 
presence of lysozyme in a number of different cell types, including serous cells of 
bronchial glands, neutrophils, and alveolar macrophages, pointing to the role of the 
enzyme as an antibacterial agent and as a diagnostic biomarker for pneumonia (Ishii 
et al.  2010 ). Specifi c staining was obtained with rabbit anti-rat lysozyme or anti- 
human urinary lysozyme antibodies but not with antibodies against egg white 
lysozyme.  

2.4     Enzyme-Linked Immunoadsorbent Assay 

 Several ELISA kits for research or diagnostic purposes are commercially available 
to quantitatively measure lysozyme levels in human plasma, serum, urine, saliva, 
tears, mucus, and cell culture supernatants (Tiwari et al.  2012 ; Lu et al.  2014 ). This 
assay employs a quantitative competitive enzyme immunoassay technique that mea-
sures lysozyme rather quickly (~3 h). In general, an antibody specifi c for lysozyme 
is precoated onto a 96-well microplate with removable strips. Lysozyme in stan-
dards and samples can be competed with a biotinylated lysozyme sandwiched by 
the immobilized antibody and streptavidin-peroxidase conjugate. All unbound 
material is then washed away and a peroxidase enzyme substrate is added. The color 
development is stopped and the intensity of the color is measured. Lysozyme levels 
in the samples are fi nally calculated based on the generated standard curve.   

3     Plasma Levels of Human Lysozyme in Malaria Patients 

 Although no retrospective longitudinal studies are available so far, the results from 
two small prospective studies enrolling healthy volunteers and malaria patients from 
Sudan have intriguingly shown enhanced lysozyme plasma levels in malaria patients, 
with a signifi cant correlation between disease severity and lysozyme levels. 

 The fi rst study (Mohamed et al.  1996 ) enrolled 14 patients with severe malaria 
cases in the pediatric casualty ward of Khartoum Teaching Hospital, Sudan, dis-
playing convulsions, coma, and fever as clinical features with thick blood fi lm posi-
tive for  P. falciparum . Blood samples were collected before the administration of 
quinine, the standard treatment in such conditions. Lysozyme was estimated by 
RIA. Mean plasma lysozyme levels in patients were ~2200 μg/L, an amount almost 
double with respect to the corresponding levels in the controls. The differences 
between the levels of lysozyme in the patients and the controls were signifi cant. 
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 Interestingly, there was also a strong correlation between the levels of lysozyme 
and those of myeloperoxidase, another enzyme secreted by leucocytes (Dunn et al. 
 1968 ). The authors suggested that such a correlation may mean that both molecules 
were produced by the same cell type, or that the signal that activates myeloperoxi-
dase production is also responsible for macrophage activation. It should be noted 
that the products of neutrophil degranulation are toxic to host tissues. Therefore, 
they may be responsible for the induction of severe malaria. However, both 
myeloperoxidase and lysozyme are produced also by monocytes/macrophages. 
Additionally, the study did not compare uncomplicated and severe malaria. 

 For this reason, the role of neutrophil activation in severe malaria patients was 
investigated by the same group in a second Sudanese study (Mohammed et al. 
 2003 ). Mohammed and colleagues enrolled three groups: (1) healthy individuals 
( n  = 18); (2) patients with uncomplicated malaria ( n  = 25); and (3) patients with 
severe malaria ( n  = 22). Moreover, they did not measure lysozyme and myeloperoxi-
dase plasma levels only, but also human neutrophil lipocalin, a specifi c marker for 
neutrophil activation stored in neutrophil secondary granules (Xu et al.  1994 ). All 
malaria patients were  P. falciparum  infected, since patients infected with  P. vivax  or 
with mixed infections were excluded. Patients with mild, uncomplicated malaria 
received standard chloroquine, pyrimethamine/sulfadoxine, or quinine treatment. 

 Before starting the treatment, blood was collected from all individuals involved 
in the study. The plasma concentrations of lysozyme, lipocalin, and myeloperoxi-
dase were measured by a double-antibody RIA. The severe malaria group showed 
signifi cantly higher levels of all three proteins as compared with the mild malaria 
group or the group with no malaria. There were no signifi cant differences between 
the mild malaria group and the group with no malaria. Interestingly, there was a 
highly signifi cant correlation between the plasma levels of lipocalin and myeloper-
oxidase or lysozyme, respectively. 

 Notably, some studies have shown that the hemozoin-containing leucocyte count 
is a simple marker of disease severity in children with malaria (Amodu et al.  1997 , 
 1998 ; Were et al.  2009 ). Consistently, as discussed in Chap.   5    , the phagocytosis of 
hemozoin by human leucocytes has been associated with enhanced lysozyme secre-
tion (Prato et al.  2009 ; Polimeni et al.  2012 ,  2013 ).  

4     Conclusion 

 According to the results from two small prospective studies performed on Sudanese 
patients with malaria, human plasma lysozyme appears as a good candidate marker 
of disease severity. Therefore, future prospective as well as retrospective studies 
using larger cohorts of patients, possibly from different geographic areas, are 
certainly encouraged to assess the possible role of lysozyme as a biomarker for 
malaria.     
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    Chapter 7   
 Beyond Lysozyme: Antimicrobial Peptides 
Against Malaria 

                Sarah     D’Alessandro     ,     Vivian     Tullio    , and     Giuliana     Giribaldi   

1            Introduction 

 Antimicrobial peptides (AMPs) are components of innate immunity, the arm of the 
immune system in charge for the fi rst defense against pathogens, not only in humans 
but also in plants, insects, and primitive multicellular organisms. AMPs are short 
amino acidic sequences with less than 100 residues with a secondary structure 
which can be used for their classifi cation (Table  7.1 ) (Giuliani et al.  2007 ).

   They have a broad spectrum of activity against many microorganisms like Gram 
positive and negative bacteria, fungi, and protozoa, but also viruses. Furthermore, 
antitumor activity for AMPs has also been reported (Hoskin and Ramamoorthy 
 2008 ). 

 AMPs have a rapid action (minutes to hours) but they are usually active in the 
micromolar range, at higher doses compared to other antibiotics. 

 Although the mechanisms of action of the majority of AMPs are not precisely 
defi ned, interference with membranes is recognized as the main activity. Figure  7.1  
schematizes the most known hypotheses on the mode of action of AMPs on the 
membranes of microorganisms. The nonspecifi c activity on membranes gives to 
AMPs the advantage that they should be less prone to induce resistance in the target 
organisms, being their mechanism of action not connected to a specifi c target. 
However, this resistance-proof of AMPs has to be demonstrated. On the other side, 
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a disadvantage of the activity on cell membranes could be potential mammalian cell 
toxicity. This is true for some AMPs (e.g., gramicidin A, see    paragraph 2.8), but not 
for others (e.g., some dermaseptin derivatives, see    Sect.  2.6 ), which are specifi c for 
the membranes of microorganisms. In these cases, the difference in activity could be 
due to differences in lipid composition of membranes (cholesterol proportion or 
fl uidity).

   Beyond the activity at the membrane level, other intracellular targets such as 
protein or DNA synthesis have also been identifi ed for some AMPs (Brogden  2005 ). 

 Due to their ability to penetrate cell membranes, AMPs have been proposed as 
vector for drug delivery (Splith and Neundorf  2011 ). 

 AMPs are diffi cult to be classifi ed due to their huge diversity. The classifi ca-
tions can be based on different features, including amino acidic sequence (e.g., 
presence of cysteine residues, prevalence of particular amino acids, and presence 
of conserved sequences), membrane activity, secondary structure, and toxicity 
(Table  7.1 ).  

    Table 7.1    Classifi cation of AMPs   

 Structure  AMPs 

 Linear, no Cys  Cecropin A 
 Cys residues  Defensins 
 Rich in specifi c amino acids (proline, glycine, histidine, 
tryptophan) 

 PR39 (proline rich), Indolicidin 
(tryptophan rich) 

  Fig. 7.1    The three model mechanisms of interaction between AMPs and biologic membranes. The 
image was modifi ed from Chan et al. ( 2006 ). ( a ) Barrel/stave model. The AMPs form a pore in the 
membrane. ( b ) Torroidal pore. After massive AMP accumulation at the membrane surface, some 
AMPs acquire a transmembrane orientation and form pores, which have mixed composition (phos-
pholipids and peptides). A curvature is induced in the membrane. ( c ) Carpet-like mechanism. The 
membrane surface, covered by AMPs, undergoes disruption       
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2     Antimicrobial Peptides in Malaria 

 Some AMPs of different origin are known to affect  Plasmodium  development in 
different phases of the biological cycle, from asexual blood stages (cecropin, melit-
tin, magainin, dermaseptin S4) to sexual stages in the mosquito, where AMPs can 
block ookinetes viability (VIDA 1-3, scorpine) or oocyst formation (VIDA 1-3) 
(Bell  2011 ). A recent work by Carter and colleagues investigated the effect of 33 
AMPs on  Plasmodium  early sporogonic stages, verifying that they did not alter 
mosquitoes’ fi tness (Carter et al.  2013 ). Table  7.2  summarizes the antiplasmodial 
activity of some AMPs.

   The secondary structure of AMPs has been used to predict the activity on differ-
ent  Plasmodium  stages. For instance, Arrighi and colleagues designed new AMPs 
starting from natural or synthetic antimicrobial polypeptides and observed that pep-
tides with no particular secondary structures (containing mainly random coils and 
turns) were more active on the sporogonic stages of  P. berghei  and  P. yoelii  (Arrighi 
et al.  2002 ). 

 Some antimalarial AMPs are hemolytic or toxic, whereas others specifi cally act 
on the membrane of infected red blood cells (RBCs) or directly on the membrane 
of the parasite and not on the membrane of uninfected RBCs. An example is given 
by dermaseptin S4, which is hemolytic and disrupts uninfected RBCs too. 
Development of more selective substitutes was necessary to decrease toxicity 
(Krugliak et al.  2000 ). 

   Table 7.2    Antimalarial activity of some representative AMPs   

 Activity  AMPs  Target  References 

 Inhibition of 
 Plasmodium  in vitro 

 Dermaseptin S4 
(μM range) 

 Erythrocytic stages, 
especially 
trophozoites 

 Dagan et al. ( 2002 ), 
Ghosh et al. ( 1997 ), 
Krugliak et al. ( 2000 ) 

 Vida 1-3  Ookinetes of Pb and 
Py 

 Arrighi et al. ( 2002 ) 

 Scorpine  Pb ookinetes 
formation; asexual 
parasites 

 Carballar-Lejarazú 
et al. ( 2008 ), Conde 
et al. ( 2000 ) 

 Cecropin, melittin, 
magainin e cecropin–
melittin hybrids 

 Bloodstream forms  Boman et al. ( 1989 ), 
Gwadz et al. ( 1989 ), 
Wade et al. ( 1990 ) 

 Block malaria 
transmission in 
mosquitoes 

 Vida 1-3  Oocyst formation, 
Pb ookinetes in vitro, 
Pb and Pf sporogonic 
stages in mosquito 

 Arrighi et al. ( 2002 ), 
Carter et al. ( 2013 ) 

 Defensin  Oocyst development  Shahabuddin et al. 
( 1998 ) 

 Melittin  Pb ookinetes in vitro, 
Pb and Pf sporogonic 
stages in mosquito 

 Carter et al. ( 2013 ) 
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2.1     Antimalarial AMPs Source 

 Antimalarial AMPs can be produced by mammalian hosts and mosquito vectors, as 
well as other organisms, which are not related to malaria (Table  7.3 ).

   AMPs are part of the immune defense of mosquitoes, and  Plasmodium  infection 
can modulate AMPs expression in the  Anopheles  mosquito (Fig.  7.2 ). Vizioli and 

   Table 7.3    Sources of representative antimalarial AMPs   

 AMPs  Origin 

 Human  Defensin 
 Mosquito  Defensin   A. gambiae  

 Gambicin   A. gambiae  
 Cecropins   A. gambiae  

 Other organisms  Metalnikowin   Palomena prasina  
 Scorpine  venom of  Pandinus imperator  
 Cecropin A   Hyalophora cecropia —Cecropia moth 
 Magainin 2  Skin and stomach of  Xenopus laevis  

  Fig. 7.2    The insect immune 
response to microorganisms. 
Common immune pathways 
in  Drosophila  and  Anopheles . 
Proteins known in  Drosophila  
with unknown ortholog in 
 Anopheles  are defi ned 
as “X?”          
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colleagues demonstrated that  Anopheles  mosquitoes fed upon mice infected with 
 P. berghei  expressed higher mRNA levels of cecropin A compared to mosquitoes 
fed with parasites unable to develop in the insect (Vizioli et al.  2000 ). Another 
example is described by Herrera-Ortiz and colleagues, who demonstrated that the 
mRNAs of attacin, cecropin, and gambacin were overexpressed in the midgut and 
abdominal tissue of mosquitoes fed with  P. berghei -infected mouse blood (Herrera-
Ortiz et al.  2011 ).

   The majority of AMPs with antimalarial activity described by Carter and col-
leagues were derived from bee/wasp venoms (Carter et al.  2013 ). 

 Other examples of organisms producing AMPs with antimalarial activity are 
the scorpio  Pandinus imperator , from which scorpine was isolated; the Cecropia 
moth which produces Cecropins; and  Xenopus laevis , from which Magainin was 
extracted.  

2.2     Defensins 

 Defensins represent the most important human AMPs as they are present at high 
concentrations (up to millimolar ranges) in epithelial and phagocytic cells. Their 
structure is characterized by a fold rich in beta-sheets and disulfi de bonds between 
pairs of cysteines. The direct role of human defensins in malaria is not clear. 
Overexpression of a rat defensin (NP-1) was observed in a rat malaria model. Such 
enhancement was associated to protection of the young rats from lethal infection. 
That work supported a role for defensin in the immunity reaction to malaria infec-
tion (Pierrot et al.  2007 ). However, no direct studies on human defensins and malaria 
have been published. 

 Defensins are also part of the immune system of mosquitoes: their structure dif-
fers from that of human defensins, since it contains an alpha-helix linked to a beta- 
sheet. The role of mosquito defensins in malaria infection is better described 
compared to human defensins (Dixit et al.  2008 ; Hoffmann  1997 ; Meredith et al. 
 2008 ). Defensin expression, constitutive in mosquitoes midgut, is further induced 
by malaria infection (Richman et al.  1997 ;    Vizioli et al.  2001b ). The injection of 
defensin in  Aedes egypti  inhibited the development of  Plasmodium  sexual stages, 
resulting in oocyst abnormal development (Shahabuddin et al.  1998 ). The treatment 
of sporozoites with defensin decreased their viability. 

 However, a reverse genetic approach demonstrated that defensin is not necessary 
in  A. gambiae  (Blandin et al.  2002 ). The gene of defensin was disrupted in  A. gam-
biae  by treatment with dsRNA. This knockdown approach decreased the mosquito 
resistance to bacterial infections but did not alter the ookinete/oocyst formation or 
oocyst number after infection with  P. berghei .  
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2.3     Scorpine 

 Scorpion venom is a rich source of peptides with different pharmacological 
 activities. Interestingly, AMPs have been found in scorpion venom, and they may 
have different functions: the defense of scorpions from bacterial infection, the 
immobilization of their prey, or the synergistic activity with other venom toxins 
(Simard and Watt  1990 ). 

 In particular, scorpine (amino acid sequence in Table  7.4 ) is extracted from the 
venom of the scorpion  Pandinus imperator . It was tested for the fi rst time against 
 Plasmodium  due to its similarity, in the peptide sequence, to cecropins and defen-
sins, already known for their antimalarial activity (Conde et al.  2000 ).

   Scorpine decreased in a dose-dependent manner the fecundation of  P. berghei  
parasites (measured as number of rosettes) and the formation of ookinetes (Conde 
et al.  2000 ). The inhibition of ookinetes formation in  P. berghei  was confi rmed by 
Carballar-Lejarazù and colleagues, who also demonstrated the inhibition of asexual  P. 
falciparum  parasites in vitro (Carballar-Lejarazú et al.  2008 ). The authors used 
recombinant scorpine produced by transfected  A. gambiae  cells (cell line Sua 5.1). 
The plasmid for transfection was designed in order to make scorpine expressed under 
the control of the  A. gambiae  serpin promoter. They also created transgenic  Drosophila , 
demonstrating that the expression of scorpine is not toxic to the insect. Such a paper 
was proposed as a proof of concept for the development of recombinant mosquitoes, 
an approach already proposed by Possani et al. ( 2002 ), as described below.  

2.4     Cecropins, Melittin, and Cecropin–Melittin Hybrids 

 Cecropins are a group of insect-derived inducible antibiotic peptides from the 
giant silk moth  Hyalophora cecropia . Cecropins A and B AMPs were fully charac-
terized by Boman and colleagues, a work published by  Nature  and reproduced on 

       Table 7.4    Amino acid sequence of the major antimalarial AMPs discussed in this chapter   

 Name  Amino acid sequence 

 Scorpine  GWINEEKIQKKIDERMGNTVLGGMAKAIVHKMAKNEFQCM
ANMDMLGNCEKHCQTSGEKGYCHGTKCKCGTPLSY 

 Cecropin A  KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK 
 Melittin  GIGAVLKVLTTGLPALISWIKRKRQQ 
 CA(1-13) M(1-13)  KWKLFKKIEKVGQGIGAVLKVLTTGL 
 CA(1-8) M(1-18)  KWKLFKKIGIGAVLKVLTTGLPALIS 
 Magainin 2  GIGKFLHSAKKFGKAFVGEIMNS 
 Dermaseptin S4  ALWMTLLKKVLKAAAKAALNAVLVGANA 
 Gambicin  MVFAYAPTCARCKSIGARYCGYGYLNRKGVSCDGQTTINSCE

DCKRKFGRCSDGFITECFL 

   CA  cecropin A,  M  melittin  
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 The Journal of Immunology  representing a pillar article in immunology (Steiner 
et al.  2009 ) (see Fig.  7.3  for cecropin structure). Cecropin B affected oocyst devel-
opment in the  A. gambiae - P. cynomolgi  model (Gwadz et al.  1989 ). Some deriva-
tives, namely Shiva-1, Shiva-2, and Shiva-3, were designed starting from the 
cecropin amino acidic sequence (Rodriguez et al.  1995 ; Yoshida et al.  2001 ). They 
inhibited the sexual stages of  P. berghei  as well as ookinete and sporozoite develop-
ment in the mosquito model.

   The structural conformation of melittin was described by Wade and colleagues 
as percentages of alpha-helixes, beta-sheet, and random coils (Wade et al.  1990 ). 

 Few years later the possibility of improving the antibacterial and antimalarial 
activities by creating hybrids between cecropin and melittin was explored (Boman 
et al.  1989 ). The properties of cecropins along with melittin and megainin to form 
ion channels in biologic membranes were studied in the 1990s (Wade et al.  1990 ). 
The amino acidic sequence of cecropin A, melittin, and two hybrids is reported in 
Table  7.4 .  

2.5     Magainin 

 Magainins were originally isolated from the skin of the African clawed frog 
 Xenopus laevis  (Zasloff  1987 ). Magainin (amino acidic sequence in Table  7.4 ) is 
active against different bacteria, such as  Escherichia coli ,  Streptococcus pyogenes , 
and  Pseudomonas aeruginosa , by forming pores in the membranes. Magainin 
affects the viability of others microorganisms, including  Saccharomyces cerevi-
siae  and  Plasmodium  spp (Gwadz et al.  1989 ). Some derivatives were developed. 
However, none of them were approved by FDA after clinical trials since they did 
not display increased activity compared to existing antibacterials or because they 
implicated toxicity issues. The structural conformation as percentages of alpha-
helixes, beta-sheet, and random coils (see Fig.  7.4 ) was described by Wade and 
colleagues (Wade et al.  1990 ).

  Fig. 7.3    Structure of 
cecropin. Image from the 
PFAM protein database 
(Punta et al.  2012 ) of the 
Wellcome Trust Sanger, 
Hinxton, UK (  http://pfam.
sanger.ac.uk/family/
Cecropin     )        
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2.6         Dermaseptins 

 Dermaseptins are a family of AMPs isolated from frogs of the  Phyllomedusa  genus 
with cytolytic activity against bacteria, protozoa, yeast, and fi lamentous fungi. 
Ghosh and colleagues compared hemolytic dermaseptin S4 (amino acidic sequence 
in Table  7.4 ) with nonhemolytic dermaseptin S3 for their physical properties (aggre-
gation in solution and dissociation in membranes, binding to and interaction with 
RBCs) and for the effect on  P. falciparum  growth in vitro (Ghosh et al.  1997 ). 
Several derivatives were prepared starting from dermaseptin S4, with many show-
ing a selective activity on the membrane of infected RBCs compared to the activity 
on the membranes of normal RBCs (Krugliak et al.  2000 ). The effects of derma-
septin S4 and its derivatives on malaria parasites were further investigated with 
respect to stage specifi city (Dagan et al.  2002 ; Efron et al.  2002 ).  

2.7     Gambicin 

 Gambicin (amino acidic sequence in Table  7.4 ) was fi rst isolated from the condi-
tioned medium of the  Anopheles gambiae  cell lines 4a-3A and 4a-3B (Vizioli 
et al.  2001a ). The activity on different microorganism was tested and gambicin 
inhibited the growth of  Micrococcus luteus ,  E. coli  SBS363, and  Neurospora 
crassa . Gambicin was also effective against  P. berghei  ookinetes. Moreover, as 
other AMPs, the expression of gambicin was enhanced by  Plasmodium  infection. 
In 2006, Dong and colleagues studied the immune response of  Anopheles gam-
biae  to the human  P. falciparum  or the murine  P. berghei  malaria parasites (ooki-
nete stage) by DNA microarray analyses and RNAi gene silencing assays (Dong 
et al.  2006 ). The two species induced the expression of different genes and the 
authors confi rmed the different ability to modulate the mosquito immune response 
to malaria.  

  Fig. 7.4    NMR structure of magainin-2 in DPC micelles, ten structures. Picture from the Research 
Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (Berman et al.  2000 ). 
Protein chains are colored from the N-terminal to the C-terminal using a rainbow (spectral) color 
gradient (  http://www.rcsb.org/pdb/explore/explore.do?pdbId=2MAG    )       
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2.8     Other Antimalarial AMPs 

 A possible classifi cation of antimalarial AMPs is described by Bell ( 2011 ). Cationic, 
amphipathic “host-defense” peptides such as defensins and cecropins were treated 
in this chapter. Other membrane-active peptide antibiotics, such as gramicidin, have 
high activity on  Plasmodium  in the nanomolar range but they are also toxic for 
mammalian cells. Cyclosporine A, representative of the hydrophobic peptides class, 
was studied in all the  Plasmodium  stages and is active especially in the murine 
models. Thiopeptides, such as thiostrepton, have antimalarial activity but quite high 
IC 50 . Some other naturally occurring or synthetic peptides have been shown to have 
antimalarial activity. The antiprotozoal activity of AMPs from amphibian origin 
was reviewed by Rivas and colleagues (Rivas et al.  2009 ).   

3     Potential Application of AMPs in Malaria 
Research and Control 

 AMPs have been investigated as potential drugs against different  Plasmodium  
stages and in particular against the erythrocytic phase, which is largely associated 
with the symptoms of the disease (Khadjavi et al.  2010 ). Recently, the interest of the 
research community and health authorities has moved toward elimination/eradica-
tion programs. To reach this ambitious goal, blocking transmission becomes an 
important step and AMPs could be reevaluated for their activities against the sexual 
stages, occurring throughout the mosquito vector. 

 The most described application for AMPs in malaria is mosquito and parasite 
engineering to reduce or interrupt malaria parasite transmission (Carter and Hurd 
 2010 ). Possani and colleagues proposed to insert the genetic code for bioactive pep-
tides extracted from scorpion venom (scorpine mainly) into  Anopheles  mosquitoes 
to make them resistant to malaria infection (Possani et al.  2002 ). The authors started 
from evidence from the literature that  P. gallinaceum  ookinetes injected in 
 Drosophila melanogaster  were able to develop into sporozoites identical to those 
obtained in mosquitoes and, as expected, able to infect chickens. They designed a 
strategy involving  Drosophila  as an investigation tool to study AMPs toxicity 
against insects and  Plasmodium  development within the insect. However, the 
authors did not go beyond the design of this strategy and did not show results of the 
transgenic work, only referring to preliminary, encouraging results. 

 A big issue with these transgenesis approaches is represented by the ethical con-
cern in releasing transgenic insects in the environment. 

 A different approach is to engineer those microorganisms living in mosquitos’ 
midgut. In this case, the aim is to make the vector resistant to malaria parasites. 
 Metarhizium anisopliae  fungi were transfected with salivary gland and midgut pep-
tide 1 (SM1), scorpine, or an antibody that agglutinates sporozoites. Mosquitoes 
were infected with this microorganism, leading to a reduction of sporozoites 
 production by more than 50 %, with the best result, 98 % reduction, obtained with 
scorpine (Fang et al.  2011 ).     
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