
INTRODUCTION

In 2016, there were an estimated 216 million cases of 
malaria across the world, which included around 445,000 
deaths1–2. This was an increase of about five million cases 
and 16000 deaths over the previous year, respectively. 
Malaria remains an unconquered disease of tropical 
and subtropical regions which is caused by a protozoan 
parasite called Plasmodium, a member of phylum Api-
complexa. One or more Plasmodium spp sporozoites 
(spz) are responsible for the infection (malaria). Plasmo-
dium spp voyage in human host begins when several Spz  
enters the human skin through the mosquito’s (infected 
female Anopheles spp) saliva, while drawing blood meal 
(mosquito bite)2. Subsequently, spz reaches to blood ves-
sels and travel passively to various body parts including 
liver, where spz develop and transforms into merozoites, 
an infectious form for red blood cells. Extensive literature 
survey was done by accessing NCBI-PubMed and google 
scholar, and research articles discussing pre-erythrocytic 
stage in rodent and human Plasmodium spp were selected 
to extract significant information. Subsequently, a hy-
pothesis was developed by connecting the points from 
various studies, which is discussed in this review.

Plasmodium spp belongs to the Plasmodiidae  

family. In the course of evolution, parasite might have 
developed with unique cellular organelles such as micro-
neme, rhoptory and apicoplast, enclosed by an apical po-
lar ring3. These organelles are necessary, to infiltrate host 
cells, spz motility and development of the non-phago-
somal parasitophorous vacuole (PV) inside the host cell. 
Microneme and rhoptories acts as reservoir for secretory 
proteins and phospholipids. They also assist spz to estab-
lish in host to develop as more infectious form for clinical 
manifestations4. For survival, spz switches between ver-
tebrate and invertebrate hosts, by operating various mo-
lecular machineries, which helps the parasite in finding a 
suitable microenvironment to continue their replication 
and progeny in two different hosts. In human host, spz 
journey goes through a life-threatening period where they 
escape from immune responses; and to overcome with 
such obstacles, spz use different mechanisms like, unique 
gliding motility, hepatocyte invasion and cell traversal, 
replication into multiple infectious form for erythrocytic 
stage, or hibernate into a dormant forms, and production 
of male and female gametocytes4.

Plasmodium’s entry, persistence and exit from liver 
cells are an essential part of the parasite’s development 
biology, before proceeding for the erythrocytic stage5–7. 
There are several unknown factors that might have signifi-
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cant role to establish the parasite in the liver and continue 
to code and decode its mysterious events in their DNA 
database for its progeny. If, some of the factors can be 
identified and studied in detail, they might provide an-
swers to understand the parasite biology (mode of action 
inside and outside of the host cells) and open doors for 
new therapeutic developments.

This brief review emphasizes on different aspects of 
the pre-erythrocytic stages of spz (Fig. 1) including the 
liver stage, which is one of the most crucial part of the 
Plasmodium’s fate in humans. The following sections in-
cludes discussion on spz, cell traversal through epidermal 
cells, hepatocyte invasion and gaps in understanding the 
liver stage biology of parasite.

Infectious stage—Sporozoite
In mosquito, a diploid zygote is formed after fertil-

ization of male and female gametocytes. Sequentially, 
zygote transforms into motile and invasive ookinete that 
undergoes various developmental changes and traverses 
through midgut epithelial cells and transforms into oocyst. 
These oocysts later develop as sporoblasts from which 
spz buds out and matures in salivary glands of mosquito. 
Development of 3D cryoelectron microscopy has aided 
our understanding on architecture of spz. Physically, spz 
are 10–15µm long and ~1 µm in diam with slight curve 
slender cells3. They are fast runner and use gliding motil-
ity (at high speed of ~ 1–2 µM/sec) in the first 30 min to 
pierce the epithelial cell membrane during cell traverse4. 
Often, they use actin-myosin motor for gliding motility 
along with flexing, twisting and turning motions; for cap-
ping of parasite surface molecule and to invade the host 
cell4. Adhesion dynamics studies have revealed the mech-

anism behind fast spz motility using reflection interfer-
ence contrast microscopy (RICM). The reason behind the 
fast motility in spz  is the detachment and re-attachment 
of distinct adhesion sites based on the actin dynamics and 
the surface protein thrombospondin-related anonymous 
protein (TRAP)8. 

Epidermal cell traversal
Skin cells play a central role in guarding the host’s 

internal organs from external infectious agents. Spz are 
injected in skin connective tissues rather than in hosts 
blood vessels as shown in recent findings9. In humans, 
Anopheles stephensi mosquito release about 10–100 spz 
per blood meal, with the rate of ~1–2.5 per second, as mea-
sured in P. berghei mice models2. For the development of 
spz into merozoites (infectious form for red blood cells), 
parasites translocate them in liver by invading hepatocyte 
through sinusoidal space. Spz takes about 2–2.3 h to reach 
the sinusoid space from epidermal cells after mosquito 
bite10. During the process of dermal cell traversal spz re-
main at the site of a mosquito bite in the human skin for at 
least 30 min, subsequently majority of spz leave the site 
either by blood vessel (70%) or lymphatic system (30%). 
Later, dermal fibroblast comes in action and clears the 
weak, traversal deficient or dead spz from the host by den-
dritic cells during and after the escape from immune cells 
by traversing them. During cell traversal and migration 
to hepatocytes, SPECT 1 (sporozoite protein essential for 
cell traversal) and SPECT 2 (perforin like protein 1 or 
PLP1) proteins plays key roles. 

Sporozoites have evolved with an array of molecular 
mechanisms for a successful escape from host immune 
system and progressive survival in their host11–15. Bhanot 
et al16 in 2005, reported that spz traverse through skin epi-
dermal cells to get access in the blood vessel, in P. berghei 
rodent model; they had discovered that spz secrete a sur-
face phospholipase enzyme, which is highly conserved 
throughout Plasmodium species and is also involved in 
the migration of spz through epidermal cell traversal. Al-
though, the exact mechanism used by Plasmodium spp to 
invade the cell membrane of the host cell is not exactly 
known.

Sporozoites activity in sinusoid lumen
After leaving the dermis and perceptively escaping 

from the host immune system, spz moves towards the 
liver through hepatic arteries and arterioles and reaches 
to sinusoid cavity, where they adhere to endothelial cells 
before proceeding to invade the hepatocytes. To get ac-
cess in the livers cells, spz uses different approaches; they 
enter either through the space between the discontinuous 

Fig. 1: Schematic representation of pre-erythrocytic stages of sporo-
zoite—(a) Entry of spz in skin tissues through mosquito bite, 
followed by epidermal cell traversal to enter blood vessels; 
(b) Spz succeeds to liver sinusoid lumen through blood ves-
sels by gliding motility; (c) Escape of spz from endothelial 
and Kupffer cells; and (d) Spz invades to hepatocytes and 
traverses in neighbouring cells by using various molecular 
approaches.
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endothelial cells or migrate through endothelial cells or 
traverse through the Kupffer cells by rupturing the plasma 
membrane. Subsequently, these events are followed by 
formation of nonfusogenic parasitophorous vacuole and 
transcytosis into hepatocyte5, 17–18. Interestingly, based 
on results from the experiments performed on P. berghei 
and P. yoelii spz, it was postulated that Kupffer cells are 
the preferred target sites to get access in hepatocytes18–19. 
Spz use cell traverse approach to protect themselves from 
getting cleared by Kupffer cells in sinusoid space before 
reaching to hepatocyte20. In Fig. 2, a summary of poten-
tial interaction has been shown, where Plasmodium spz 
secretes microneme or rhoptory proteins for Kupffer cell 
lysis, and escape from gaps between endothelial cells and 
hepatic invasion. The purpose behind spz drive to reach si-
nusoid lumen is to develop into the erythrocytic infectious 
form or to go in a dormant stage. During development and 
maturation, spz might programme themselves to survive 
on their own, until they find a suitable microcellular en-
vironment to propagate into new self-regenerative forms.

Sporozoites encounter with endothelial and Kupffer cells 
In vitro studies suggest that spz do not invade sinu-

soidal endothelial cells but attacks Kupffer cells, and 
while keeping themselves stabilized with circumsporo-
zoite protein-heparan sulfate proteoglycan (CSP-HSPG) 
interaction, they form a nonfusogenic parasitophorous or 
transient vacuole inside the Kupffer cells. This strategy 
protect spz from being degraded by phagocytosis to con-
tinue the journey of a successful entry in hepatocytes21.  
Heparan sulfate proteoglycan (HSPG) protrudes from he-
patocytes into the sinusoid lumen through fenestrated en-
dothelial cells22–23. HSPG act as receptors for CSPs which 
are present on the surface of sporozoites and signals the 

parasite to invade hepatocyte productively. Recent find-
ings suggest that P39 and CD38 macromolecules are also 
involved during the invasion process24-26. This may be one 
of the possible reasons why spz migrate from low sulfated 
skin region and endothelial cells to highly sulfated liver 
cells27. For stability of sporozoite in sinusoid, the CSP 
anchor binds with glycosaminoglycan chains (GAG’s, 
found only in liver) of HSPG in the perisinusoidal space 
(space of Disse).This interaction is rapid and highly spe-
cific, however during cell invasion heparin does not show 
significant effect28.

Hepatic invasion and traversal
In P. berghei CSP constitute 5–15% of total spz pro-

tein29 and is crucial during the formation of sporozoite 
in midgut of mosquito, followed by release of sporozo-
ites from oocyst and maturation in salivary glands. CSPs 
are the necessary dominant macromolecules actively in-
volved in hepatic invasion27–28, 30–34. 

Evidences have shown that sporozoite stage of many 
apicomplexan parasites have a common property of cell 
traversal, though this is still not clearly known why cell 
traversal is necessary before development of infectious 
stage of sporozoite. Cell traversal deficient spz are not 
able to walk through the dermal and hepatic cells12, 35–37. 
Based on different experimental approaches, few models 
have been proposed that clears the picture of spz cell tra-
versal in hepatocytes. In the first concept, during the api-
cal exocytosis high intracellular calcium (Ca2+)   increases 
hepatocyte infection, while high intracellular potassium 
(K2+) increases hepatocyte invasion and decreases cell 
traversal activity, simultaneously. Elevated concentra-
tion of K2+ could be inhibiting the secretion of microneme 
proteins, whereas low concentration of K2+ could be trig-
gering the microneme secretion38–39. Second concept sug-
gests, that due to cell traversal hepatocytes may secretes 
extracellular micro-factors to facilitate spz to infect the 
neighboring cells40. The third concept suggests, that the 
spz sense their micro-environment and respond accord-
ingly by switching off the mechanism for cell traversal 
and invasion. For example, spz with in low HSPG may 
enhance cell traversal activity whereas cells with high 
HSPG enhances the cell invasion activity27. It has been 
established in recent years that P. yoelii spz take about 
30–60 min to switch between cell traversal and cell inva-
sion in hepatocytes21. The key to most of the questions 
behind the hepatic cell invasion and traversal lies with 
the structural and functional properties and mechanisms 
of proteins secreted by microneme and rhoptory. These 
cell organelles play significant role during the liver stage 
proliferation of spz.

Fig. 2: An overview of possible interaction between Plasmodium 
spz with Kupffer cells, endothelial cells and hepatocytes—
(a) Spz prefer Kupffer cells as gateway to exit from sinusoid 
space and invade hepatocyte; and (b) Spz may use one more 
strategy through which they can pass through the gaps be-
tween discontinuous endothelial cells to invade hepatic cells.
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CONCLUSION

Most of the basic research done so far well connects 
the loose points in the early liver stage cell traversal, in-
vasion and infection of Plasmodium. The majority of the 
works have been performed on P. berghei. Further, re-
search on P. falciparum and P. vivax need to be planned 
by following the leads from rodent malaria parasite mod-
els. The findings might help us to understand the para-
site biology in detail by knowing the mechanism behind 
hepatic cell invasion and traversal, through investigating 
macromolecules involved in Kupffer cell traversal and 
hepatic cell membrane remodeling. Also, it will provide  
with potential targets to design and develop new  
antimalarial molecules or potential vaccine candidates for 
therapeutics.
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