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Abstract

Malaria is a devastating infectious disease caused by protozoan parasite
of the genus Plasmodium. When an infected mosquito bites a vertebrate host
it leaves a small number of sporozoites under the skin. Sporozoites from the
site of bite, end up in lymph node or liver. In the lymph node these parasite
are degraded and act as source of antigen for the immune system. In liver, the
sporozoites invade into a hepatocyte and develop into mature schizonts. Liver
stage parasites are able to evade host immune responses as well as modulate
the various host pathways. Study of Plasmodium liver stage exportome may
provide valuable vaccine candidates and those with strong T cell epitope may be
inducted into pre erythrocytic stage vaccine pipeline. Hepatocytes process and
present foreign antigens on its surface hence some of the Plasmodium exported
proteins are also likely presented on its surface similar to circumsporozoite
protein. In terms of designing vaccine delivery system and the antigen load
in liver, recent advances suggest that one need to deliver antigen in <20% of
hepatocytes. Presence of antigen in large population of hepatocytes (>25%)
leads to silencing of CTLs, which are no longer effective in killing the pathogens.

Keywords: Liver stage Malaria; Plasmodium; Exported proteins; Novel
antigen; Vaccine

Abbreviations

Ag: Antigen; EEF: Exo-Erythrocytic Forms; KCs: Kupffer Cells;
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Introduction

Malaria, a deadly diseases spread worldwide, is caused by
protozoan parasites of the genus Plasmodium. Infection in the
vertebrate host is comprised of two stages: an asymptomatic pre-
erythrocytic stage, and a symptomatic erythrocytic stage. The pre-
erythrocytic stage is short-lived, yet critical for the establishment of
malaria infection. This phase is an amplification stage where parasite
increases its number from one to 10-30 thousand. Sporozoites,
inoculated by infected mosquitoes, initiate the infection in vertebrate
host, which leads to development of mature liver schizont containing
thousand of merozoites ready for blood stage infection (Figure 1). In
this mini review we discuss on the early stages of malaria infection,
how parasite deals with host immune response and host modulation.
In the end, we conclude with some thoughts as to how this knowledge
could be utilized for vaccine design for the generation of improved
malaria vaccine.

Innate Immune Responses are the First
Hurdle Crossed by the Malaria Sporozoites

Theinfective forms of malaria parasite, sporozoites, are introduced
under host skin, when an infected female Anopheles mosquitoe bites

the host [1,2]. Sporozoites cross the cellular barrier and reach to blood
and lymphatic systems [3]. Sporozoites in lymph nodes transform
into early liver stages and act as a source of antigen for the immune
system [4,5]. Sporozoites circulating in the blood home in liver
and invade hepatocytes. Before invading a hepatocyte, sporozoites
traverse through Kupffer cells and several hepatocytes [6]. Sporozoite
traversal not only inactivate Kupffer cell defenses, but it also help in
the activation of sporozoite (exocytosis) for productive invasion [7].
In productive invasion, sporozoites are enclosed by a parasitophorous
vacuole membrane (PVM), which physically separates it from host
cytoplasm. Inside PVM, a sporozoite transform into round form
and develop into liver schizonts containing thousands of merozoites,
which are released into blood stream in the form of merosomes [8].

In the end, only 10% or less sporozoites successfully develop
into mature schizonts and the remaining sporozoites/liver forms are
cleared by the immune system [1]. During cell traversal parasite may
shed molecules that can trigger innate immune responses. Recently
it was shown that parasite RNA is recognized by the host MDA5 and
MAVS and activates innate immune response in the form of type
I interferon secretion [9]. Both, type I and IFN-y interferons are
known to inhibit EEF growth [10]. Innate immune response mediated
by NK, NKT, and y8T cells inhibits EEF growth through secretion
of interferon [11-13]. Hepcidin is also implicated in inhibition of
EEF growth [14]. In each bite of mosquito 100-200 sporozoites are
deposited and despite innate immune hurdle some parasites still able
to establish successful infection [15]. Recent findings suggest that
liver stage parasites have developed host immune evasion strategies
[16-17].

Austin J Vaccines & Immunother - Volume 1 Issue 1 - 2014
Submit your Manuscript | www.austinpublishinggroup.com
Singh et al. © All rights are reserved

Citation: Jaijyan DK, Singh H and Singh AP. Malaria Liver Stage Parasites Strategies for Inmune Evasion and
Host Modulation: Implication for Vaccine Design. Austin J Vaccines & Immunother. 2014;1(1): 5.



Agam Prasad Singh Austin Publishing Group

Figure 1: Sites in the malaria life cycle that could be interrupted by vaccines (1) Malaria infection begins when an infected female anopheles mosquito
bites a person, injecting Plasmodium spp parasites, in the form of sporozoites, into the bloodstream. (2) The sporozoites pass quickly into the human liver.
(3) The sporozoites multiply asexually in the liver cells over the next 7-10 days, causing no symptoms. (4) In an animal model, the parasites, in the form
of merozoites, burst from the liver cells in vesicles, journey through the heart, and arrive in the lungs, where they settle within lung capillaries. The vesicles
eventually disintegrate, freeing the merozoites to enter the blood phase of their development. (5) In the bloodstream, the merozoites invade erythrocytes and
multiply again until the cells burst. Then they invade more erythrocytes. This cycle is repeated, causing fever each time parasites break free and invade blood
cells. (6) Some of the infected blood cells leave the cycle of asexual multiplication. Instead of replicating, the merozoites in these cells develop into sexual forms
of the parasite, called gametocytes,that circulate in the bloodstream. (7) When a mosquito bites an infected human, it ingests the gametocytes, which develop
further into mature sex cells called gametes. (8) The gametes develop into actively moving ookinetes that burrow through the mosquito’s midgut wall and form
oocysts. (9) Inside the oocyst, thousands of active sporozoites develop. The oocyst eventually bursts, releasing sporozoites that travel to the mosquito salivary

glands. (10) The cycle of human infection begins again when the mosquito bites another person. Figure along with legend, reproduced with permission from
Elsevier Limited, Oxford, UK [The Lancet (2010) 375:1468-81].
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Figure 2: Approaches of immunization against liverstage parasites.

In the last four-decade various methods of immunization against liver stage parasite has been tried. Some of them are successful others failed. In the figure listed
are some of them that have shown promise. Both methods (whole parasite and subunit) are currently being pursued. So far the gold standard is immunization
with radiation-attenuated sporozoites. This method although very effective but, has problems in implementation at the mass scale. Use of axenic EEFs should
provide means to circumvent some of the problems associated with irradiated sporozoite immunization, for example storage, viability, transportation and route
of immunization#. Whole parasite immunizations have shown highly effective immune responses capable of clearing the high doses of challenge. Subunit based
(protein) immunization either single or multiple antigens have shown so far limited efficacy. The most advanced subunit based vaccine is CS based [RTS, S] which
recently completed phase-lll trials. RTS,S is partially effective (50 % protection from sever disease) but in absence of any other malaria vaccine, it may be licensed
very soon for mass scale use. # Please refer to article by Kaiser, K. et al, AJVI (2014) vol 1(1).
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Kupffer Cells Form the Second Barrier for
Sporozoites

In a study using intravital microscopy it was proposed that
sporozoites pass through Kupffer cells (KC) but not the endothelial
cells (EC) [18-19]. However recently it was demonstrated that
sporozoites have multiple mechanism to cross the sinusoidal barrier.
Study showed that most of the sporozoites penetrate through ECs
(53%) and some through KCs (24%) and remaining pass through gaps
without traversal [20]. Traversal deficient parasite lines (SPECT1,
SPECT2 and CelTOS) may primarily reach hepatocytes using the
gaps [21-23].

For the sporozoites passing through KCs, it is amazing that
parasites are not killed by KCs although they are known to kill
other microorganism present in the liver. We partly know why this
does not happen. Studies have shown that sporozoite abundant
surface protein circumsporozoite (CSP) binds to LRP1 receptor
and proteoglycans on KC surface and it leads to increased level of
EPAC (Exchange proteins activated by cAMP ) and reduced levels
of ROS [24]. Sporozoite contact with KC, and upon stimulation with
IFN-y or LPS, leads to increase in anti-inflammatory cytokine IL-10
and decrease in inflammatory molecules like IL6, TNFa and MCP1
[25]. Sporozoite traversal through KCs also reduces their antigen
presentation capacity [26] and thus affecting the adaptive immune
responses.

Processing and Presentation of Liver-Stage
Antigens by Hepatocytes

Hepatocytes are capable of processing and presentation of foreign
antigens present in its cytoplasm. Bongfen et al. [27] showed that both
infected and traversed primary hepatocytes process and present the

CSP. The processing and presentation pathway was found to involve
the proteasome, Ag transport through a post endoplasmic reticulum
compartment, and aspartic proteases [27]. It has been suggested that
in malaria, hepatocytes express MHC class I-peptide complexes on
their surface and that the recognition of these complexes by CD8*
T cells is necessary for protection [28,29]. This notion is supported
by studies that show irradiated sporozoite-immunized f2m™ mice
are not protected against sporozoite challenge, despite induction of
IL-12, IFN-y, and proliferating T cells [30]. The finding that infected
hepatocytes present parasite Ags has profound consequences for
vaccine development. CSP is the leading pre-erythrocytic stage
vaccine candidate and is an immunodominant protective Ag in
irradiated sporozoites (Figure 2) [31]. However, the developing
parasite also expresses other Ags inside the infected cell. If these Ags
are presented on the surface of the infected hepatocyte, they could
be potential candidates for a pre-erythrocytic stage vaccine. In fact
two of the liver stage exported proteins (with active PEXEL motif)
when used for immunization in mice and subsequently challenged
with high dose of sporozoites, both offered 10000 fold reduction in
liver parasite burden compared to controls (Jaijyan D.K., Singh, H.
and Singh A.P. unpublished data) and Figure 2. Thus it is not far
fetched to say that study of liver stage exportome holds promise for
pre erythrocytic vaccine candidates (Figure 3).

Host Modulation by Liver-Stage Parasite

Liver stage parasites develop with in PVM. For its survival
parasites have developed several strategies to suppress host immunity
[16,17], apoptosis [32] and selective autophagy [33,34]. Parasite
also depends on host metabolites like lipids, nucleotide, sugars,
amino acids and metals like iron to maintain its rapid growth rate.
Circumsporozoite protein, a major surface protein of sporozoites and
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Figure 3: Host modulation by malaria liverstage parasites.

A host cell infected with Plasmodium liverstage parasite (EEF), undergo lots of changes in gene expression. EEFs export many proteins into the host cytoplasm
(represented with white and colored dots) to manipulate the host. The upregulation of mMTOR, heamoxygenase (HO), Akt and downregulation of p53, Bcl-2 has
been experimentally verified. The CS protein has been shown to interfere with translocation of activated NFkB to the host nucleus, leading to down regulation of 40
NFkB dependent genes expression. CS and HO are involved in inhibiting host inflammatory response (inflammatory cytokines) and promote parasite growth and
survival. Besides NFkB, inhibition of host transcription factor by parasite proteins is an area open for exploration.
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EEFs, is cleaved at it N terminus and exported across PVM into the
hepatocyte cytoplasm [16]. Cleaved CSP also has a functional nuclear
localization signal which drives CSP into host nucleus. To enter the
host nucleus, CSP uses importin alpha 3, alpha 4, the same importins
also utilized by activated NFkB [16]. Large amount of CSP present in
host cytoplasm and its import into host nucleus competes with tiny
amounts of activated NF«B. This competition for utilization of same
importins by CSP and NFkB leads to reduction in or complete loss of
NFkB mediated host gene expression (Figure 3). Microarray results
from CSP over-expressing cell line showed that several NFkB regulated
immunity related genes were down regulated [16]. CSP ectopic
expression also lead to changes in the transcript levels of over 1000
host genes that fall in various host pathways. CSP ectopic expression
causes enhanced growth of the EEFs [16]. Up regulation of host
heme oxygenase (HO) is another example of host modulation. HO-1
overexpression in the liver leads to a proportional increase in parasite
liver load. Findings suggest that, while stimulating inflammation,
the liver stage of Plasmodium also induces HO-1 expression, which
modulates the host inflammatory response, protecting the infected
hepatocytes and promoting the liver stage of infection (Figure 3) [17].
Using protein microarrays it was discovered that sporozoite infection
ofhepatocytes causes altered levels of proteins involved in cell survival,
proliferation and autophagy/anabolism/cell growth (mTOR) [35].
Autophagy was originally thought to be essential for cell survival,
development, and homeostasis, but growing evidence suggests that it
could also play role in inhibiting the growth of viruses or intracellular
pathogens (Figure 3) [36]. Autophagy was found to play role in the
transformation of sporozoites into the liver stage [37], however the
mechanism of action is still not known. Hepatic merozoites also
evade host defenses when they exit hepatocytes. To avoid host cell
defense mechanisms, merozoites bud from detached hepatocytes in
the form of merosomes [8], which are covered with host cell-derived
membranes [38]. Hepatic merozoites uptake Ca** and maintain low
Ca*" levels in the host cell to inhibit host cell apoptosis [8]. Thus,
dying hepatocytes avoid recognition by phagocytes, and merosomes
are safeguarded from immune attack [39].

Conclusion

The finding that infected hepatocytes present parasite Ags has
profound bearing on vaccine development. Developing EEFs also
express other Ags (than CSP) and export across PVM inside the
infected cell. If these Ags are presented on the surface of the infected
hepatocyte, they could be potential candidates for a pre-erythrocytic
stage vaccine (Figure 2). Understanding how EEFs modulate host
immune responses (Figure 3) may help in formulating strategies that
nullify the parasite tricks and thus providing better vaccines against
malaria liver stage parasites. Liver possesses unique tolerogenic
properties, yet it is also target of immune-mediated damage in
chronic viral infections. Liver tolerogenic properties likely evolved
to maintain immunological unresponsiveness toward food-derived
and microbial antigens that enter the circulation via the gut. Several
studies [40,41] have shown that effective immune responses can be
sustained in the liver despite its apparent predisposition towards
tolerance.

In a recent study [42], findings reveal a threshold of antigen
expression within the liver as the dominant factor determining

T-cell fate, irrespective of T-cell receptor affinity or antigen cross-
presentation. In mice, when a low percentage of hepatocytes expressed
cognate antigen, high-affinity T cells developed and maintained
effector function, whereas, at a high percentage (> 25%), they became
functionally exhausted and silenced [42]. Authors also show that
exhaustion was not irreversibly determined by initial activation,
but was maintained by high intrahepatic antigen load during the
early phase of the response [42]. These finding should be taken into
consideration for future malaria vaccine design where antigens are
directly expressed in hepatocyte using viral vector or other delivery
methods. Keeping the low percentage of hepatocytes having antigens
will maintain the effector CTLs for longer duration.
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