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Known as polymorphonuclear leukocytes (PMNs), neutrophils have been shown to play a 

regulatory role in healing injuries and resolving infections. Although the immune response 

(IR) of neutrophils in bacterial and fungal infections is well understood, their impact during 

sporozoite infection is much less studied. This project investigates the role of neutrophils 

in recognizing Plasmodium berghei sporozoites in an effort to understand the mechanism 

of sporozoites’ IR evasion and spread of malaria infection in the blood circulation. 

Plasmodium berghei GFP-expressing sporozoites were purified from infected mosquitoes 

by manual dissection of salivary glands and exposed to antibiotics for decontamination. 

Processed and post-thaw cryopreserved sporozoites were assessed for viability using LSM 

and quantified using hematocytometer. Viable sporozoites were then incubated with 

human host blood, mimicking in vivo infection, and evaluated using the neutrophil function 

test (NFT) and spectral resolution. NFT results showed an activation rate of neutrophils of 

about 70% and incomplete loss of GFP signal upon incubation with sera complement 

proteins. This output delineates a partial early IR induced by neutrophils, leaving space for 

ambiguous queries related to the factors hindering a complete protective efficacy. 
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Abbreviations 

 
RBCs 

 

WHO 

Red blood cells 

 

World Health Organization 

 

IR Immune response 

 

Hepatocytes Liver cells 

 

PMNs Polymorphonuclear leukocytes 

 

NETs Neutrophils extracellular traps 

 

WTS Wild type sporozoites 

 

RAS Radiation attenuated sporozoites 

 

SGE Salivary glands extracts 

 

MBL Mannose-binding lectin 

 

MASP MBL associated serine protease 

 

MAC Membrane attack complex 

 

PG Prostaglandins 

 

ROS Reactive oxygen species 

 

BCR B cell receptor 

 

CR Complement receptors 

 

CSP Circumsporozoites proteins 

 

PMA Phorbol meristate acetate  

 

NBT Nitrotetrazolium blue  

 

PBS Phosphate buffer saline 

 

Pen/Strep Penicillin/Streptomycin 

 

Pb Plasmodium berghei 
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PbGFPCON Recombinant Plasmodium berghei 

expressing GFP 

 

GFP Green fluorescent protein 

 

RPMI Roswell Park Memorial Institute 

 

DMSO Dimethyl sulfoxide 

 

IV Intravenously 

 

EDTA Ethylnediamine tetraacetic acid 

 

LSM Laser hazardous instrument 

 

PMT Fluorescence channel 

 

NADPH Nicotinamide adenine dinucleotide 

phosphate 

 

NFT Neutrophil function test  

 

CFU Colony forming units 

  

RNS Nitrogen species 

 

SR-BI 

 

Scavenger receptors BI 

 

CLDN1 

 

Tight junction protein Claudin-1 

 

DBL 

 

Duffy binding-like 

 

EBL 

 

Erythrocytes binding-like 

 

MSP 

 

Merozoites surface proteins 

 

ADRB 

 

Antibody-dependent respiratory burst 

 

SGS 

 

Mosquito’s salivary gland proteins 

 

HSPGs Low- sulfate heparin sulfate proteoglycans 

 

HGF 

 

Hepatocyte growth factor 
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The term malaria was coined from Medieval Italian origin: mal aria –“bad air” [1]. Despite 

the appearance of first scientific studies on malaria in 1880 by Charles Laveran [2], there 

exists pre-historic evidence of malaria cases as described by Hippocrates [3]. Around 4000 

years ago, Malaria symptoms, mainly periodic fevers, tiredness, yellow skin, and seizure 

were characterized; but not until 1508, one year after the Nobel prize award by Laveran 

that the mode of malaria transmission by mosquitoes was discovered by Carlos Finlay [4]. 

Malaria remained unnoticed and endemic for thousands of years until the agricultural 

revolution where malaria population increased significantly [5]. And recently with the 

industrial revolution and increase of traveling among countries, malaria cases are spreading 

across continents [6]. 

The complete sporogonic cycle of identified species of malaria: Plasmodium falciparum 

(P. falciparum), Plasmodium vivax (P. vivax) and Plasmodium malaria (P. malaria) was 

demonstrated in 1899. This helped in vaccine and preventative treatment of malaria. 

During 1947 and 1951, as a result of a national eradication program, malaria was 

considered eliminated from the United States [7]. In 1955, the World Health Organization 

(WHO) submitted an ambitious proposal for the eradication of malaria worldwide to the 

World Health Assembly. Between 1955 and 1978, worldwide eradication efforts varied 

between success and failure [7]. 

To date, malaria is one of the major causes of disease burden in mankind in the third world 

countries [8]. Malaria’s conventional areas include some of the world's poorest nations [9]. 

It is one of the ten fatal tropical parasitic diseases beyond comparison transmitted to 

humans through the bite of the Anopheles mosquito [9]. The parasites causing malaria are 

extremely specific, with man as the only host and mosquitoes as the only vector. P. berghei 
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is usually used as an investigation laboratory model of human malaria since it is non-

invasive to human and yet it preserves its malarial infection as other Plasmodium species. 

Correspondingly, malaria in human is caused by only four protozoan parasites and 

classified according to their level of severity, starting with P. falciparum then P. vivax, P. 

ovale, and finally P. malariae [10, 11].  

 

Epidemiology 

In the past years, most cases in the U.S. have been in people who have acquired the disease 

after travelling to tropical and sub-tropical areas.  Over 200 million cases worldwide are 

reported each year. 

Estimates of deaths caused by malaria exceed 1 million each year, with the majority being 

African children [8]. 

In 2017, WHO estimated, 219 million people with malaria infections globally and 435,000 

people death cases – most of them being children under the age of 5 in Africa [12]. 

 

Life cycle of the parasite in host and vector 

Although the development of Plasmodium parasites within the mosquito vector is not 

passive, significant losses in parasite numbers occur due to effective immune responses 

mounted by the mosquito [13, 14]. In this manner, Plasmodium parasite undergoes 

a complex life cycle within its mosquito vector before being transmitted to the vertebrate 

host. After a female Anopheles gambiae ingests an infected blood meal, Plasmodium life 

cycle is initiated as described in figure 1. Blood ingestion triggers gametogenesis of female 

(macrogamete) and male (microgamete) gametocytes [15, 16]. Fertilization leads to zygote 

http://www.who.int/malaria/publications/world-malaria-report-2016/report/en/
http://www.who.int/malaria/publications/world-malaria-report-2016/report/en/
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formation, which further develops into a motile ookinete that invades the midgut 

epithelium 12 hours after blood ingestion. Afterwards, ookinetes reside at the basal side of 

the midgut epithelium beneath the basal lamina and develop into oocysts. Oocysts further 

mature and develop within the next 10 days undergoing numerous rounds of mitotic 

divisions to produce thousands of haploid sporozoites. Approximately two weeks post 

infection, oocysts rupture and release sporozoites into the hemocoel of the mosquito, from 

which they migrate  and invade the salivary glands [17]. In the lumen, sporozoites mature 

for few days ready to infect another host upon new blood meal ingestion. 

 

Therefore, the life cycle of the parasite causing malaria exists between two organisms: 

humans and the Anopheles mosquito. When a female mosquito bites human, it injects 

anticoagulant saliva, which keeps the human bleeding and ensures an even flowing meal 

for it. When the vector injects saliva into the human, it also injects 10% of its sporozoite 

load. Once in the bloodstream, the Plasmodium travels to the liver cells (hepatocytes) and 

reproduces asexually. Hepatocytes then burst, releasing new formed parasites named 

merozoites back into the bloodstream where they invade red blood cells (RBCs) that 

become parasitized erythrocytes (PE). Plasmodium feeds on hemoglobin and reproduces 

again by asexual reproduction [18]. Afterwards, PE burst and release newly formed 

parasites. Some of the parasites released from red blood cells may develop into immature 

gametocytes. When a mosquito bites the host again, infected blood enters the mosquito. 

Here, mature forms of female and male gametocytes fertilize into a motile zygote in the 

mosquito gut. To complete the parasite’s life cycle, zygotes develop into new sporozoites 

that again migrate to the mosquito salivary glands ready for another skin injection [9]. 
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Figure 1: Parasite’s life cycle in its vector and its host. Mosquito ingests gametocytes when 

feeding on an infected human. Within the gut of the mosquito, gametocytes mate and undergo 

meiosis. An oocyst is formed in the midgut wall of the mosquito. Thousands of sporozoites develop 

within the oocyst ready for injection during the next blood meal. The sporozoites then travel to the 

liver where they infect hepatocytes. After 6-15 days, thousands of merozoites are released into the 

blood after the rupture of liver schizonts. Over the next 48h, the parasite starts to replicate passing 

through a set of stages (ring, trophozoite and schizont). To bring the transmission cycle full circle, 

some merozoites will develop into gametocytes, which can infect vulnerable mosquitoes. 

 

 

Sporozoites host invasion 

As mentioned earlier, sporozoites infect hepatocytes in the hijacked host to start an initial 

replication before the multiplication of the parasites in the blood. Several studies showed 

that four receptors named tetaspanin CD81, Scavenger Receptor BI (SR-BI), the tight 

junction proteins Claudin-1 (CLDN1) [19] and Occludin (OCLN) [20-22] play a critical 
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role during the post-attachment invasion steps. However, the molecular function of these 

receptors remains unclear. Studies demonstrate that each receptor depends on a specific 

Plasmodium species. For instance, CD81 is important for P. falciparum and P. yoelii 

sporozoite invasion [20], while P. berghei is optional [20, 23] and can invade cells via 

a SR-BI-dependent route in the absence of CD81 [24]. Moreover, SR-BI is important for 

P. vivax sporozoite invasion [24]. 

Reaching the blood stream, the merozoites rapidly invade RBCs, remodelling the host red 

blood cell, yielding a stiff and misshape cell that is capable to adhere to different cells [25]. 

Studies were conducted to explain the ability of the penetration into these erythrocytes 

while using proteins located on the surface of merozoites [26], such proteins can either 

indirectly interact with RBC while being anchored to the plasma membrane of the 

merozoites or directly related to the interaction with surface proteins [27]. These latter 

proteins are suggested to play a role in protein-protein interaction, including the Duffy 

binding–like (DBL) or erythrocyte binding–like (EBL) domains that are specific to 

Plasmodium spp. Concurrently, such interactions induce a cascade of attack outcomes, 

ranging from invasion to post-invasion remodelling [28, 29] and cytoadherence [30]. 

 

Innate immunity 

The parasite is able to surpass the host innate and adaptive immune responses hijacking the 

normal homeostatic rhythm. The humoral and cellular constituents of the innate immune 

response act collectively to eliminate the evolving forms of the parasite, whether they are 

present in the skin, liver or blood. However, parasites exhibit allelic diversity of certain 

surface proteins such as the CSP, [31, 32] Surfin, [33] and the merozoite surface proteins 
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(MSPs) that dictates certain evasion tactics to escape immune responses [34]. Despite these 

evasion strategies, several interactions do occur between cellular and humoral components 

of the innate immune system and the parasite as elaborated in the sections below.  

 

Actors of the innate immunity 

The innate immunity is the first line of defense; it is nonspecific as it is activated by any 

non-self-antigens generating similar responses without memory or specificity [35]. The 

innate immune system include: some physical barriers, such as skin and nasopharynx, some 

defense mechanisms such as sweat and saliva, and some general immune responses such 

as inflammation and the complement system [36]. The actors of the innate immune system 

are several types of white blood cells with major players including  macrophages, 

neutrophils, eosinophils [37],  and mast cells [38]. Recognition of parasites by these cells 

is generally described below, while reflecting the degree of innate immune response 

elicited by various P. species. 

Macrophages interaction with sporozoites 

In 1882, Elie Mitchinkoff, a Russian zoologist, discovered macrophages as phagocytes that 

can engulf and digest foreign material, infected or cancer cells, and many cell debris [39]. 

He and Paul Ehlrich together were awarded the Nobel Prize in physiology in 1908 [40]. 

Macrophages are phagocytic cells which leave the circulatory system by moving across the 

walls of the capillary vessels. They can secrete cytokines in order to signal and recruit other 

cells to an infected area [41]. Studies were conducted on macrophages to investigate their 
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interaction with sporozoites in an attempt to produce vaccines [42, 43]. For example, P. 

berghei and P. knowlesi sporozoites incubated with peritoneal macrophages showed that 

in the presence of serum, the uptake of sporozoites by macrophages depends on the 

presence of specific Plasmodium antibodies [44]. Compared to normal serum, immunized 

serum enhances the phagocytic uptake of sporozoites leading to their destruction; while in 

normal serum, the destruction of sporozoites is due to active invasion of these latter into 

the macrophages [45]. On the other hand, Plasmodium-infected erythrocytes were shown 

to be phagocytosed and killed by activated macrophages using oxidative burst and in the 

presence of immune serum [44, 45]. The interaction of sporozoites with macrophages 

seems to be dependent on the dysfunction of Kupffer cells that will undergo apoptosis upon 

encountering P. yoelii sporozoites. Consequently, Kupffer cells will down-regulate the pro-

inflammatory cytokine, TNF-α, and will up-regulate the anti-inflammatory cytokine, IL-

10 leading to  macrophages activation [46, 47]. Moreover, the respiratory burst of Kupffer 

cells is suppressed by sporozoites and recombinant circumsporozoite protein due to 

increased levels of cAMP [48]. 

Neutrophils interaction with sporozoites  

Neutrophils are known as polymorphonuclear cells. They are characterized by a complex, 

lobulated nucleus shape. Neutrophils are also named granulocytes and phagocytes since 

they hold different types of granules and they ingest microorganisms [49]. Furthermore,  

neutrophils release chemokines and cytokines to amplify inflammation [50]. Moreover, 

they have a major role in the development of the acquired immune response. Neutrophils 

migrate towards the infected sites through a process called chemotaxis via amobae 
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movement and specific cell surface receptors. These cells secrete interleukin-8 and 

interferon-gamma to direct the path of their migration, and since they are highly motile, 

they quickly assemble to the site of infection [51]. 

Neutrophils have three means for directly attacking micro-organisms: phagocytosis 

(ingestion), degranulation (release of soluble anti-microbials), and generation of neutrophil 

extracellular traps (NETs) [52]. In a study, NETs were shown to be present in the blood 

circulation of a 6-year child having malaria, attached to his parasitized-erythrocytes 

[53,54]. Moreover, neutrophils respiratory burst appears to be involved in the mechanism 

of destroying the parasite, by the use of specific antibodies named antibody-dependent 

respiratory burst (ADRB). In that study, the reactive oxygen species (ROS) showed a high 

level of production intracellularly indicating that indeed the central mechanism in this case 

is phagocytosis [55]. 

In a study conducted in 2008, a sterile insect bite triggered neutrophils migration to the 

dermis and the epidermis [54], meaning that the probing behavior of the insect proboscis 

that causes the damage inflicted to the skin is sufficient to drive neutrophil migration.   

Another study done on mice as a model vertebrate host, reported the steady increase in 

neutrophil counts in the skin after 1-2 hours of an insect bite [55]. In 2014, Mac Daniel et 

al. analyzed the influx of neutrophils into the skin of mice. They injected the skin of mice 

with either wild type sporozoites (WTS), radiation attenuated sporozoites (RAS), or 

salivary gland extracts (SGE) from uninfected mosquitoes. Four hours later, it was shown 

that the neutrophil count decreased to reach basal levels after SGE infection; while in WTS 

and RAS injected mice, the neutrophil count increased drastically indicating that neutrophil 

https://en.wikipedia.org/wiki/Phagocytosis
https://en.wikipedia.org/wiki/Degranulation
https://en.wikipedia.org/wiki/Neutrophil_extracellular_traps
https://en.wikipedia.org/wiki/Neutrophil_extracellular_traps
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recruitment to the skin by the sporozoites is sustained [58]. Another study made by Hopp 

Cs et al. showed that the count of  monocytes unlike that of neutrophils was relatively low 

in all cases during the first few hours of malarial infection [59]. This proves that neutrophils 

are the first cells to be recruited to the site of infection. 

Recently, a finding by Waisberg M et al. [56] showed rapid neutrophil infiltration into the 

skin after the injection of sporozoites – contradictory to previous report [60]. Furthermore, 

this latter report showed that a protein called Agaphelin was upregulated to several folds 

in the salivary glands of P. falciparum-infected Anopheles gambiae mosquitoes. This 

indicates that Agaphelin exhibits inhibitory effects on the chemotaxis of neutrophils in 

vitro and in vivo in a mouse model of acute induced inflammation. 

Nevertheless, although neutrophils are known as the most abundant innate immune cells 

(60-70%), their exact role in the defense against Plasmodium parasites is still not very well 

understood. 

Mast cells and interaction with malaria sporozoites 
 
 

A recent study reported that the cutaneous mast cell degranulation leads to the influx of 

neutrophils to the site of infection following a bite of Anopheles [59]. Nevertheless, the 

neutrophil chemotactic activity in vitro was reported to be dependent upon a glycoprotein 

found in Anopheles saliva [61]. While a contradictory study reported that the neutrophils 

are attracted by the mediators of mast cells rather than the chemotactic components [56].  

Also, neutrophils are known to be recruited by tumor necrosis factor- α and a pleiotropic 

inflammatory cytokine secreted by mast cells [62]. Mast cells are found to have a helping 
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role in sporozoites invasion. Due to the fact that it was previously found that whenever 

mast cells are activated, the endothelial cell junction is ruptured increasing blood flow, 

thereby facilitating the entrance of sporozoites into the dermal vessels [63]. 

 

Plasmodium sporozoites and the complement system  

 

In the 1890s, Jules started a research on complement system using sheep antiserum. He 

named those substances alexins [64]. Later on, Paul Ehlrich invented the term complement 

indicating that the latter substances are antibodies attached to heat-labile antimicrobial 

component [65,66]. Moreover, complement was not a single substance since the two 

researchers, Ferrata and Brand, noticed that the bactericidal activity of complement was 

only possible when both fragments were present [67]. 

The complement system is made up of a group of 20 plasma proteins that are considered 

an essential part in the innate immunity and communicate with the adaptive immunity. 

Complement proteins are mainly synthesized in the liver and distributed among the body 

tissues and fluids. The complement system comes into effect only when it is activated. Out 

of the 20 plasma proteins, 11 proteins are mostly involved named C, C1-C9 and D as 

enzyme precursors that catalyze series of enzymatic reactions [36]. 

The complement system is mainly activated by three pathways: the classical pathway 

(antigen-antibody reaction), the alternative pathway (bacterial endotoxin) and the lectin 

pathway [68]. 
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Figure 2: Pathways of complement activation: The classical pathway is initiated by the 

binding of IgM or IgG antigen/antibody complexes to C1q. The alternative pathway is 

activated spontananeously and by pathogen surfaces. The third pathway known as MBL 

(Mannose-binding lectin)/MASP (MBL associated Serine Protease) pathway is initiated by 

the binding of multimeric lectin complexes to specific carbohydrate patterns in the host. 

CD35, CD46, CD55 & CD59 (green boxes) are the sites of action of the regulators of the 

membrane bound complement. C1-INH, Factor H, Factor I and C4bp (violet boxes) are 

complement control proteins. MAC (membrane attack complex) results from the 

interaction of C5b with C6, C7, C8 and C9, and inserts a functional pore into the membrane 

leading to cell lysis.  

The classical pathway is triggered by the antigen-antibody reaction elicited mainly by the 

isotypes IgG and IgM [69]. The latter activates the C1q component of the complement 

system, which then cleaves the C4 component into smaller components – C4a, and a larger 

component C4b. C1q combines with C4b to convert C2 into C2a and C2b. Then C4b will 

combine with C2a to form the C3 convertase which splits C3 into C3a and C3b. C3b will 

combine with C3 convertase to form C5 convertase that in turn converts C5 into C5a and 

C5b. The larger product, C5b, will combine with C6, C7, C8 and C9 and will form the 

membrane attack complex (MAC) [70]. MAC will act with the help of fluid phase 

regulators (CD35, CD46, CD55 and CD59) the membrane bound complement regulators 

(C1-INH, Factor H, Factor I and C4bp) that  will cause pores on the target cell's membrane, 

inducing cell lysis and death [66]. In other words, whenever the complement proteins are 
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activated and initiate the complement cascade, several steps will be realized, including: (1) 

opsonization (a process that marks foreign particles for phagocytosis); (2) chemotaxis (the 

use of cytokines and chemokines to attract macrophages and neutrophils to the site of 

infection); (3) cell lysis (the destruction of the membrane of foreign cells or pathogens 

weakens their ability to proliferate, and stops the spread of infection), and (4) agglutination 

(by using antibodies to cluster pathogens together much like a cowboy rounds up his 

cattle) [71]. 

I will only project light on the alternative pathway, since the mice model that was used in 

my research was not pre-immunized. Thus, serum lacks antibodies and it has been shown 

that such a serum can inhibit sporozoites propagation [72]. Sporozoites activate the host 

complement factor H (soluble protein) thereby inhibiting the alternative pathway against 

the formation of C3-convertase. This inhibition is achieved by supporting the conversion 

of C3b to iC3b [73]. Furthermore, the survival in cerebial malaria-susceptible mice is 

improved whenever C5a signaling is blocked through the C5a receptor (C5aR) either by 

genetic deletion or by antibody treatment [74].   

The inhibition of the complement system might generate many anaphylatoxins such as C3a, 

C4a, and C5a. The binding of these latter substances to receptors on mast cells and 

basophils triggers the release of histamine. In return, neutrophils release prostaglandins 

(PG), reactive oxygen (ROS) and nitrogen species (RNS) and an increase of the expression 

of adhesion molecules and chemokinesis occur. Subsequently, phagocytosis leads to the 

coating of microorganisms and immune complexes by iC3b, C4b, and mainly C3b which 

have opsonizing activity. Not to forget that neutrophils and macrophages express 
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complement receptors such as CR1, CR2, and CR4, which bind to C3b, C4b, and iC3b 

respectively. The binding mentioned above will lead to phagocytosis by allowing the 

adherence of sporozoites markers named CSP to phagocytic host cells [75]. Another 

required function is linked to B cell activation and differentiation where the cross-linking 

between CR2 and B cell receptor (BCR) through C3d–antigen complexes leads to the 

reduction of the threshold of B cell activation leading to migration – proving that the 

recognition of C3-tagged antigen is a key in this function. Adding to the functions stated 

above cell lysis is an epic biological function of the complement system.  MBL/ficolins, 

specific antibodies, and the impetuous hydrolysis of C3 will activate the formation of 

membrane-attack complexes (MAC) on the surface of sporozoites’ infected cells, which 

cause their lysis. Furthermore, immune complexes activate the complement system which 

is mainly done through the binding of C3b to the complexes and to CR1 which is present 

on the surface of infected erythrocytes – this is known as immune complex clearance. 

Finally, some of the complement actors such as mannose-binding lectin, ficolins and C1q 

can bind to the debris of apoptotic cells leading to their removal, recognized as apoptic cell 

clearance in reference to the cited schematic drawing in figure 3 [66]. 
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Figure 3: Biological functions of complement. The complement system exhibits several 

functions that help the protection of the host from infection/inflammation and that by 

recruiting (chemotaxis) and enhancing phagocytosis by innate immune cells 

(opsonisation), leading to lysis of the target cells.  

In a recent study, Liriye Kurtovic et al. showed that antibodies against a major sporozoite 

surface antigen, circumsporozoite protein (CSP), were predominately IgG1, IgG3, and 

IgM, and could interact with complement proteins through recruitment of C1q and 

activation of the classical pathway. Thus, the complement system plays a role in triggering 

anti-sporozoite human immunity [75]. Many more studies have emphasized the role of the 



26 
 

 
 

complement system against malarial infections [66,76]. In a case-control study, Nancy et 

al. measured the serum hemolytic activity, the functional activity of each pathway of the 

complement system and the levels of C3a, C4a and C5a in children with severe malarial 

anaemia (SMA) or uncomplicated malaria (UM). The results showed that the complement 

activation occurs in both SMA and UM children, whereas complement consumption is 

excessive in SMA. This indicates that in SMA, consumption of complement proteins 

exceeds their regeneration [77]. Regardless of the deep-rooted activation mechanism of the 

classical pathway and the alternative pathways through the increased binding of C1q to 

CRP and through the activation of C3 by particles from infected erythrocytes respectively. 

So far, there is no conclusive mechanism on the involvement of the lectin pathway in 

malaria infections [11]. 

Of note, sporozoites are capable of traversing host cells with low- sulfate heparin sulfate 

proteoglycans (HSPGs) [78] via a non-phagocytic access. This mechanism masks the 

sporozoites within normal tissue cells and allow them to cross the dermis and evade 

phagocytes. Interestingly, sporozoites can also enter the hepatocytes in a transient vacuole 

rupturing their membrane during their exit rather than entrance, facilitating their spread to 

neighboring cells [79]. Many models have emerged to describe the molecular components 

underlying the host cell traversal mechanism. One model suggests that sporozoites secrete 

hepatocyte growth factor (HGF) rendering cells more susceptible to infection [80]. Another 

model suggests that sporozoites enter and exit cells so quickly thus escaping the immune 

cells [81]. On the other hand, mutants of P. berghei sporozoites deficient in SPECT and 

SPECT2 proteins lacked cell traversal and were associated more 

with monocytes and neutrophils [82]. This also indicates the role of specific proteins in 
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masking sporozoites from phagocytes through cell traversal. In addition to host cell 

traversal, certain sporozoites can secrete inhibitory migration cytokines to halt the 

recruitment of macrophages and neutrophils to the site of infection [83]. 

Thus, our approach is envisioned in trying to investigate the role of serum complement 

proteins while incubating this latter with GFP-expressing sporozoites setting the railway 

tracks for further future developments in malaria treatments. 
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Chemicals 

Ficoll Hypaque is a sterile, endotoxin tested solution of polysucrose and sodium 

diatrizoate, adjusted to a density of 1.119g/mL. This ready-to-use medium facilitates the 

rapid recovery of viable mononuclear cells and granulocytes from small volumes of whole 

blood. It was purchased from Sigma Aldrich. 

 

Schneider medium which is an insect medium, with L-glutamine, without calcium chloride 

and sodium bicarbonate and powdered was dissolved with purified water with a resistivity 

 18.2 MΩ cm. Schneider medium was purchased from Sigma Aldrich as well. 

Accudenz is a non-ionic tri-iodinated of benzoic acid with aliphatic side chains. Its 

systematic name is 5-(N-2,3 dihydroxypropylacetamido)-2,4,6tri-iodo-N,N-bis(2,3 

dihydroxypropyl) isophtalamide. It was purchased from Gentaur. 

 

CryoStor CS2 is a cryogenic solution for the cryopreservation of sporozoites. Its major 

component is 2% DMSO. It was purchased from Sigma Aldrich. 

Phorbol myristate acetate (PMA), Nitrotetrazolium blue (NBT) and Phosphate buffer 

saline (PBS) which are the chhemicals used in Neutrophil Function test were all purchased 

from Sigma Aldrich. 

Penicillin- Streptomycin which is a solution stabilized with 10 000 units penicillin and 10 

mg streptomycin/mL was purchased from Sigma Aldrich as well. 

All chemicals were used as received without further purification. 
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GFP-expressing sporozoites 

The rodent parasite P. berghei (Pb) lines which can be genetically manipulated constitute 

a reference line for investigations of parasite–host cell interactions [84]. 

A recombinant Plasmodium berghei, PbGFPCON constitutively expresses GFP in a growth 

responsive manner in its cytoplasm from a transgene that is integrated into the genome 

using a PbGFPCON plasmid and controlled by the strong promoter from a P. berghei 

elongation factor-1α gene [85]. Those GFP-expressing sporozoites were obtained from Dr. 

Mike Osta laboratory at AUB. 

 

Dissection of mosquitoes and isolation of sporozoites 

Prior to dissection protocol, the infected mosquitoes were chilled as previously reported at 

-20˚C for 5 min. The dissection of mosquitoes allows the obtaining of the salivary glands. 

Under a dissecting microscope at x30, a drop of PBS placed on a slide, the head is pulled 

off by a forceps and the 6 salivary glands are pushed out by squeezing the thorax using an 

angled pin. After removing the salivary glands, the slide is transferred to a compound 

microscope to observe the preparation at x100 to locate the salivary glands and search for 

sporozoites. The collection of sporozoites is done in an eppendorf tube containing 

Schneider medium. Grinding is a must to obtain a suspended medium for centrifugation. 

After spinning at 1000xg for 3 min the supernatant containing the sporozoites is collected. 

The entire procedure was performed at Dr. Mike Osta laboratory at AUB. 
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Sporozoites count 

Using a hematocytometer, without any dye staining, 2 μL of the collected sporozoites not 

diluted were exposed to visual counting in triplicates to obtain the exact number of 

sporozoites (yield= 6.9 x106 sporozoites/mL).  

Bacterial decontamination 

Streaking of sporozoites on LB agar plate was done to detect the presence of bacterial 

colonies. These plates were incubated for 30 min with PBS at RT, transferred on slides and 

compared under light microscope. Three replicates were done, and each experiment was 

repeated three times. 

The dissected sporozoites mixture was layered gently on top of prepared 17% w/v solution 

of Accudenz in distilled deionized water (4˚C) and centrifuge at 2500g for 20 min. The 

supernatant was discarded. The pelleted sporozoites were then resuspended in RPMI 1640 

and then incubated in Pen/Strep for 20 min at room temperature and placed in the incubator 

with Schneider medium at 37˚C for 24 hours prior to cryopreservation [86].  

Cryopreservation of sporozoites 

After decontamination, the sporozoites were counted again to check their viability rate and 

were maintained in sample cryovials on ice for 30 minutes and mixed with 300 μL of 

cryostor CS2 (2% DMSO) solution at a ratio (10000sporozoites/ μL) and transferred to an 

isopropanol chamber for few hours at -20 ˚C and then placed  at -80 ˚C into a styroform 

box [87]. To determine the viability rate of sporozoites post-freezing, a sample vial was 
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thawed at 37 ˚C after one day and fluorescence of GFP-expressing sporozoites was 

observed under LSM. 

Neutrophils isolation 

Blood samples of 5mL were withdrawn intravenously (IV) for sedimentation from 

volunteers by the medical house at NDU. Samples were kept at room temperature for an 

hour prior to ficoll hypaque procedure. 

5 mL of whole blood was added on top of 5 mL of Ficoll Hypaque slowly in order to avoid 

mixing. Centrifugation at 15 000 rpm for 12 min is a must to allow the separation. After 

the removal of the sample tube, the interface was collected where the neutrophils are 

present [88]. 

 

Figure 4: Polymorphonuclear leukocytes isolation. Using a density-gradient purification 

technique, ficoll-hypaque was added, whole blood was separated into four layers after 

centrifugation at maximum speed for 8 min: the upper layer represents the serum, the 

interface represents the PMNs, while the RBCs reside at the bottom of the tube. 
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Neutrophil Function Test and Microscopic Examination 

1mL of whole human blood was taken out by intravenous injection and stored in EDTA 

tubes. 100 μL of blood was transferred to an eppendorf tube containing 50 μL of 1 mg/mL 

nitrotetrazolium blue (NBT) with the addition of PMA as a positive control and with 

Schneider medium or PBS as negative control. 5 μL of different sporozoites solution were 

added. The mixture was then incubated at 37 °C for 15 min. Smears where fixed later on 

using 1 mL of ice-cold methanol and left to dry at room temperature. At last, smears were 

stained using the Wright’s stain technique (eosin-methylene blue) and observed under a 

light microscope at 40x and 100x [89]. 

Spectroscopy 
 

Genetically modified GFP-expressing sporozoites were incubated for 2 min with serum 

samples isolated from human volunteers at a 1/50 ratio and the level of absorbance at 

λ=488nm was measured as function of time (time lapse = 2 min). The negative control 

which was only serum was compared to the positive control having only sporozoites. 

 
 

Statistical Analysis  

All the experiments were carried out in triplicates, and each experiment was repeated three 

times. The data was analysed using one-way ANOVA using SPSS software. The results 

are reported as the mean ± standard deviation. The level of significance upon comparing 

the control versus treatment was set at p < 0.05  
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Results  
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Imaging malaria sporozoites 

Genetically modified sporozoites expressing GFP were imaged using LSM to determine 

their viability, count, and general cellular aspects related to their size and shape (figure 5). 

Interestingly, isolating and purifying the sporozoites did not affect their viability since GFP 

fluorescence was quite intense. Few (non-significant) sporozoites were non fluorescent 

indicating their death. A fundamental common feature of sporozoites was noted namely its 

spindle shaped appearance and size up to 300 µm. Using visual counting an estimate yield 

of around 7 x 106 sporozoites per mL was recorded. 

Decontamination of isolated sporozoites 

After the isolation of sporozoites from mosquito salivary glands, they were shown to be 

mixed by excessive amounts of mosquito debris in addition to microorganisms such as 

yeast cells and bacteria. So, it would be beneficial to eliminate the debris to prevent the 

false positive interference with the results. Under the light microscope, at two different 

magnifications, little to no contaminated visible material was observed. The reduction of 

bacterial contamination was ~70% since the number of colony forming units (CFUs) 

decreased which is considered a good result (figure 6). 

After the resuspension of isolated salivary glands sporozoites in Schneider medium, three 

testing methods were used to determine how to best eliminate contaminating bacteria, as 

follows: (1) purifying with 17% w/w Accudenz, (2) treating with Pen/Strep, and (3) 

combination of methods 1 and 2. The latter method shows that no significant reduction 

(38%) in CFUs was achieved on pre-treated sporozoites compared to those purified with 

Accudenz (97%). In contrast, Accudenz purification and Pen/Strep treated sporozoites 
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showed a higher percent of CFUs reduction in all replicates (~99%), as presented in table 

1. Hence, Accudenz purification proved to be the most effective method for elimination of 

contaminating bacteria.  

 

Neutrophil function test and microscopic examination. 

To identify the behavior of GFP-expressing sporozoites under physiological condition, we 

tested their effect on freshly withdrawn whole blood samples rather than isolated 

neutrophils, assuming that we are mimicking the in vivo physiological conditions. The 

activation of neutrophils was clearly seen in figure 7 under the microscope by using NBT, 

a yellowish dye that is normally used in neutrophils activation tests. NFT is used to 

calculate the percentage of activated neutrophil in peripheral blood [90]. The incubation 

with phorbol meristate acetate (PMA) leads to formazan deposits due to the activation of 

NBT that becomes reduced by the NADPH oxidase pathway in neutrophils to become dark 

blue-grey [89,90]. The incubation with Schneider medium (fig 7 n=2) showed no activation 

of neutrophils confirming that indeed the activation is due to the sporozoites not to the 

medium itself. The percentage of activated neutrophils was deduced from the amount of 

formazan deposits in the cytoplasm of neutrophils visualized under basic light microscope 

as depicted in figure 8. The NFT results revealed that ~70% of neutrophils were activated 

in the presence of undiluted sporozoites (fig 7 n=4) or a (1:50) ratio of diluted sporozoites 

(fig 7 n=5) compared to ~75% in the presence of PMA (figure 8). Activated neutrophils 

were clearly observed by the dark blue staining of the formazan granules deposited inside 

the cells and those that have been dispersed and released extracellularly, while the percent 
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of activation harshly dropped to almost 5% in the presence of a diluted solution of 

sporozoites (ratio 1:100).  

Spectroscopy and absorbance measurement 

To track the behaviour of GFP-expressing sporozoites, we tested their absorbance level at 

λ=488 nm in the presence of blood serum isolated from human volunteers; thereby 

assessing their activity level on complement proteins found in the serum. The orange curve 

in figure 9 represents the increased absorbance of GFP-expressing sporozoites in positive 

control samples. The blue curve, on the other hand, represents a 35% decrease in sporozoite 

fluorescence in the presence of complement proteins. This decrease indicates that 

sporozoite invasion is more likely inhibited in the presence of active complement proteins.  

In addition, the yellow curve \shows a non-significant absorbance of complement proteins 

in serum, and is probably due to the yellowish color of the serum that may absorb light in 

the visible range tested. 
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A) 

 

B) 

 

Figure 5: Micrographs of GFP-expressing P. falciparum sporozoites observed using confocal 

microscopy. (A) Plane field specimen to determine the mean count of sporozoites (count/ml). (B) 

Inset from panel A observed at a higher magnification (x63) to depict the general spindle-shaped 

appearance of P. falciparum sporozoite isolated from the salivary glands of mosquitoes with a 

length around 300 µm. 10µL of sporozoites solution in Schneider medium were applied on a slide 

and covered by a cover slip and observed using LSM (Laser Scanning Microscope). 
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Figure 6: Bacterial decontamination of P. falciparum sporozoites samples on agar plates. 

Inset of panel (A) was observed under the light microscope at (x10) magnification, however inset 

of panel (B) was observed at a higher magnification (x40). 1mL of treated sporozoites with 

penicillin/streptomycin was incubated for 20 mins at room temperature and plated on LB agar 

plates. It was shown that a reduction of 70% of bacterial contamination occurred. Black arrows 

point to P. falciparum sporozoites of ~300 μm length. Experiments were done in triplicates and 

repeated three times. Scale bar = 100μm. 

 

 

Table 1: Measurements of the reduction of bacterial contaminants by penicillin/streptomycin 

pre-treatement and Accudenz of P. berghei sporozoites. Thawed salivary glands sporozoites 

were resuspended in Schneider medium, left treated or untreated with penicillin/streptomycin, and 

were left unpurified or were purified on an Accudenz discontinuous gradient and were diluted 

differently and plated on agar plates. The percent of residual bacterial burdens for purified 

sporozoites compared to the unpurified ones are listed in the table below. Colony forming units 

(CFU) are listed for three biological replicates. (-/-) show the negative control while (+/+) indicates 

the positive control. (-/+) and (+/-) were either purified with Accudenz or treated with Pen/Strep, 

respectively. The Accudenz purification shows a relative high percent compared to the Pen/Strep 

treatment alone. In contrast, Pen/Strep treatment on sporozoites shows a higher percent compared 

to the negative control. 

 

 



40 
 

 
 

Accudenz 

purification/Pen-Strep 

treatment 

-/- -/+ +/- +/+ 

Replicate 1 

 

Replicate 2 

 

Replicate 3 

3% 

 

2.7% 

 

5% 

 

38% 

 

49% 

 

70% 

97% 

 

96% 

 

97% 

99.3% 

 

99.5% 

 

98.7% 

 

 

 

 

Figure 7: Microscopic observation of the interaction of sporozoites with neutrophils. 

Whole blood was withdrawn intravenously from adult volunteers in a healthy condition. It 

was mixed with EDTA (1: 1 ratio) prior to its incubation with different sporozoites 

solutions for 15 mins at 37°C in the presence of nitro blue tetrazolium (NBT) dye. Stained 

smears are observed under light microscopy. As shown the cell density of 

polymorphonuclear (PMN) cells was relatively similar in both thick and thin smears, 

regardless of erythrocytes’ concentration. Black circles and arrows pinpoint PMNs. (1) 

positive control (PMA) (2) Schneider medium (3) negative control (PBS) (4) neutrophils 

with sporozoites solution (1:1 ratio) (5) neutrophils with sporozoites solution (1:50 ratio) 
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(6) neutrophils with sporozoites (1:100 ratio). (7) neutrophils with uninfected mosquitoes 

(no sporozoites). As shown, neutrohpils were activated at a rate of ~ 70% in (4) and (5) 

panels as compared to the positive control with PMA. No activation was found in (6) panel 

due to the high dilution, however (2) and (7) panels were acting as a negative control to 

drastically show that the neutrophil activation was not due to the medium itself (2) neither 

to P. berghei mosquitoes. 

 

 

Figure 8: Neutrophil activation by various sporozoites solutions. Sporozoites (1:1 ratio) 

and sporozoites (1:50 ratio) showed similar activation potency of neutrophils as compared 

to the control stimulant, PMA, with ~70% of activated neutrophils forming formazan 

deposits. Schneider medium, sporozoites (1:100 ratio) and uninfected cells only exhibited 

a 5% activation level with nonsignificant (NS) p values compared to PBS. ∗p value<0.05. 
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Figure 9: Spectral resolution of GFP-expressing sporozoites with serum containing 

complement proteins as function of time in mins. The absorbance level was measured 

at λ=488nm (the epic excitation peak of the green fluorescent protein GFP). Orange curve 

denotes the absorbance level for isolated sporozoites from salivary glands used as positive 

control. Serum was used as a negative control for the experiments (yellow curve). Blue 

curve designates the level of absorbance for sporozoites incubated with serum samples 

(1:50 ratio) from human volunteers. The experiment was carried in triplicates and repeated 

at least for three times. Data was analysed with a one-way ANOVA which showed a 

significant effect on sporozoites fluorescence. P value *p < 0.05 
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Discussion 
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Malaria infection is manifested through two major pathways, namely invading hepatocytes 

as sporozoites [91] and then exiting hepatocytes and invading RBCs as merozoites [92]. 

The immune response against the liver and blood stages forms of the parasites has been 

well reported in the literature [83]. However, to date, it remains unclear how the innate 

immune response is elicited against the early sporozoite stages from the site of bite 

infection to the liver, bypassing the dermal and peripheral blood leukocytes [93]. Several 

mechanisms of evasion are exhibited by the sporozoites, such as receptor-ligand 

interactions, high speed motility, host cell traversal, and their transformation into other 

invasive parasite forms [94]. 

Interestingly, a study made in 2009 showed that sporozoites are specific since they only 

invade salivary glands in the mosquitoes, but not host organelles. Such specificity is 

mediated by receptor-ligand interactions [95] that can be inhibited by monoclonal 

antibodies raised against salivary proteins [96]. One type of mosquito’s salivary proteins, 

namely SGS, was identified as a major receptor for Plasmodium sporozoites development 

[97]. SGS family constitutes a group of high molecular weight proteins and possess 

transmembrane domains near their C-terminal ends. Targeting SGS proteins inhibit 

sporozoites invasion by about 75% [98]. Thus, the lack of receptor-ligand interactions in 

the host cells contributes to the hijack mechanism of sporozoite evasion.  

Moreover, hepatocytes invasion by sporozoites is seen to be a rapid process that occurs 

after intravenous injection by minutes [99]. Thus parasites migrate to the liver directly, this 

emphasizes the efficiency and speed of sporozoites to circumvent the innate immune 

response and infect the liver [100]. The high speed of gliding motion was reported to be  
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1-2 µm/s [101] reaching as well 4 µm/s [102,103] compared to a slow motion of leukocytes 

around 0.1 µm/s [104]. In addition to its high speed, sporozoites are characterized by a 

gliding motion that might hinder the binding of antibodies onto their surface [105]. 

Despite the evasion mechanisms exhibited by P. sporozoites, more than 80% of sporozoites 

remain trapped in the dermis and/or killed by innate immune players. Nevertheless, the 

infectivity rate of the liver by sporozoites remains high almost ~ 22% as reported by two 

in vivo studies using P. yoelii and P. falciparum [106,107]. It remains yet pressing to 

understand the exact role of neutrophils and the complement system in recognizing and 

eliminating sporozoites prior to liver infection. Innate immune responses play an important 

role in blocking initial infection of the mammalian host by the malaria parasite sporozoite, 

and yet tools and methods to evaluate the impact of this immunity on parasite infection 

have remained insufficiently developed. Therefore, the serum incubation with sporozoites 

from infected and non-infected mosquitoes as control is speculated to show the burst of 

sporozoites upon opsonization. This leads to a loss of GFP signal due to the presence of 

complement proteins in the serum. Accordingly, complement proteins are important as an 

additional immune effector mechanism in pre-erythrocytic immunity after whole-parasite 

invasion. 

 

In this study, we addressed this issue by tracking the activation rate of neutrophils and the 

viability of sporozoites in whole blood using a genetically modified strain of P. berghei 

expressing GFP fluorescence. Under LSM, the shape of GFP- expressing P. berghei 

sporozoites depicted a slim and slender morphology. The high number of sporozoites found 

in salivary glands reaching a yield of ~7 000 000 sporozoites/mL thus authorizing a high 

frequency of invasion per sporozoite inoculum. We speculate that the spindle-shaped 
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appearance of sporozoites and its minute size enable them to penetrate host cells easily and 

quickly as discussed above [108].  

It is worth noting that isolates of sporozoites were contaminated by bacteria despite careful 

handling of mosquitoes and rigorous ethanol wash. Thus, decontamination was necessary 

to eliminate false positive activation of neutrophils by bacteria rather than sporozoites.  In 

this work, Pen/Strep treatment was realized to be an effective method to eliminate the 

bacteria, fungi or probable yeasts presence at a range of 50% reduction in accordance with 

a previous study done on P. yoelii species [109]. Since, Pen/Strep alone did not eliminate 

all bacterial contaminants, we supplemented the Pen/Strep treatment with Accudenz 

purification to minimize the bacterial burdens to its lowest level by 98 % as described in 

the results. 

Trying to decipher the role of neutrophils in the pre-erythrocyte parasite infection, 

neutrophils function test was applied. Neutrophils incubated with sporozoites showed an 

activation rate of 70% as depicted by granules deposition into formazan complexes. 

Granules components in neutrophils are estimated to play a key role in parasite killing since 

upon activation by PMA, they were able to inhibit malaria parasites [110]. Thus, 

sporozoites invasion succeeds to trigger the first line of defense in our body at a high rate 

supporting the review made in 2019 [110]. However, the innate IR seems not sufficient to 

stop the evasion since sporozoites continue to strike RBCs as they did not activate 

neutrophils by 100%.  

Studies implementing the phagocytosis of P. falciparum sporozoites have been perceived 

in vivo [111,112] and in vitro [113]. It was shown that the presence of immune sera and 
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the addition of inflammatory cytokines IFN-γ, TNF-α, IL-1β, and GM-CSF can activate 

phagocytosis [114]. Furthermore, the infected neutrophils seem to inhibit the growth of 

sporozoites [107,110] as compared to the uninfected ones [114]. As shown, PMN from 

children with acute P. falciparum malaria considerably inhibited parasite growth where 

phagocytosis of schizonts in vitro was observed [110]. 

It remains intriguing to determine the final fate of internalized sporozoites in neutrophils. 

Several scenarios could be displayed. To start with, sporozoites can remain dormant, 

inactivated, or killed via neutrophil extracellular traps (NETs). Neutrophils can act in 

several ways to inhibit the growth of P. falciparum parasites. In contrast, in a recent study 

made in 2015 [115], it was shown that the neutrophils count is low in patients with 

uncomplicated malaria case compared to the ones with severe case opposing our study. 

Undetected sporozoites that escaped neutrophil activation might interact with other innate 

immune components, such as macrophages, mast cells and complement proteins. This 

latter will recognize GFP- expressing sporozoites by bleaching their fluorescence. Despite 

many studies made previously on the classical complement system [71,75,76], the 

alternative pathway remains unclear. In an attempt to study how the alternative pathway is 

activated by sporozoites, the complement proteins found in the serum were used in this 

study. Likewise, complement proteins present in the serum are shown to deactivate 

sporozoites at 35% after 8 minutes and up to 70 % at 10 minutes of the invasion. This 

deactivation indicates that these actors of the IR contribute to the diminishment of the 

sporozoites activity by inducing MAC formation. In a study reported by Kurtovic in 2018, 

the role of complement proteins was shown to deactivate sporozoites. As well as, Cunha 

C. et al, prove the complement fixing activity by using CPS-induced antibodies IgM and 
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IgG to [116]. So, to recapitulate neutrophils are being activated at ~70% and complement 

proteins deactivate complement proteins at ~35%. Yet, the evasion of our immune system 

is still activated. 

We speculate that this evasion could be due to the trafficking of the sporozoites is faster 

than the 10-minute time frame tested in this study hindering the complete activation of 

neutrophils and escaping other leukocytes and complement system. Moreover, it is most 

likely that sporozoites enter and stay in the neutrophils in a dormant stage or reside in a 

parasitophorous vacuole escaping the immune cells recognition as suggested by Mac 

Daniel et al. (84). In the future, staining for parasitophorous vacuoles in sporozoites would 

aid to decipher the exact destination of sporozoites under LSM. Last, it is important to note 

that even few parasites (<10 in count) [82] can carry the virulence to a liver stage infection. 

To sum up, despite the high activation rate of neutrophils up to 30% of sporozoites can 

escape phagocytosis, out of which the majority (70%) can be deactivated by complement 

proteins. The remaining active sporozoite can migrate to the liver in an infectious state for 

a complete life cycle as shown in figure 11. 
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Figure 10: Pie chart of sporozoites fate in response to neutrophils and complement 

system. 70% of sporozoites activate neutrophils. Up to 70% out of the remaining 30% are 

deactivated by the complement system. Less than 30% can cause malaria infection and 

complete the parasite’s cycle. 
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Host invasion by Plasmodium spp. sporozoites is a multi-process that occurs in various 

host cells, particularly in hepatocytes and erythrocytes. A spectrum of studies was made to 

understand the immunoregulatory innate response against parasites, though to date the 

entire mechanism is yet to be further elucidated. The wide majority of deaths incidents 

related to malaria are caused by P. falciparum, while P. vivax is rarely fatal [117]. 

Countless questions are yet to be highlighted ranging from the co-evolution of host-parasite 

that enables the natural selection of certain parasitic genes to resist the host, to the 

understanding of various cellular and molecular evasion strategies.  

To decrease the infectivity of these sporozoites, scientists develop a whole sporozoite 

malaria vaccine. It was shown that intravenous immunization seems to be effective in 

rodents, however intradermal and subcutaneous immunizations exhibit a lower protective 

efficacy as compared to intravenous immunization [118, 119]. Our method mimics 

intravenous injection; however lower levels of neutrophil activation might be induced upon 

intradermal or subcutaneous injections. 

Moreover, as reported in a study made in 2014, RAS and genetically attenuated parasites 

are thought to be the primary candidates for human vaccines against malaria [58]. 

Our results support a direct, though partial, recognition of sporozoites by complement 

proteins and neutrophils. Such observation delineates two pathways for sporozoites host 

invasion. One of the pathways can elicit innate immune recognition; however, the other 

pathway allows the escape of certain sporozoites into the blood and lymphatic vessels, 

favoring the entrance of sporozoites into hepatocytes. Many inputs were used during this 
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study, for instance, P. berghei sporozoites incubated with human blood. If one of these 

inputs would change such as different strain of sporozoites or the usage of rodent blood, 

outputs might be affected. Flow cytometry experiment was replaced by spectroscopy, not 

to mention that spectroscopy has many advantages. Spectroscopy is less costly, non-

destructive method, requires small amount of sample and gives quick results. A series of 

future in-vitro and in-vivo studies are necessary to investigate whether early innate immune 

players can be fully activated in the hope of finding a cure against malaria. 
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