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Abstract

Plasmodium parasites belong to the Apicomplexan phylum, which consists mostly of obligate
intracellular pathogens that vary dramatically in host cell tropism. Plasmodium sporozoites are
highly hepatophilic. The specific molecular mechanisms, which facilitate sporozoite selection and
successful infection of hepatocytes, remain poorly defined. Here, we discuss the parasite and host
factors which are critical to hepatocyte infection. We derive a model where sporozoites initially
select host cells that constitute a permissive environment and then further refine the chosen
hepatocyte during liver stage development, ensuring life cycle progression. While many unknowns
of pre-erythrocytic infection remain, advancing models and technologies that enable analysis of
human malaria parasites and of single infected cells will catalyze a comprehensive understanding
of the interaction between the malaria parasite and its hepatocyte host.

Introduction

Malaria-causing Plasmodium parasites are obligate intracellular pathogens within their
mammalian host. Their first obligatory site of infection and replication occurs in
hepatocytes, where the number of infected cells is low and the infection asymptomatic [1].

The second site of replication is the bloodstream, where parasites infect and multiply within
red blood cells, ultimately destroying billions of them. It is blood stage infection that causes

malaria and leads to disease and death. The mammalian host becomes initially infected
when the bite of infected Anopheles mosquitoes deposits sporozoites into the skin. The
highly motile sporozoites then move between and traverse through cells of the skin until
they find a capillary, which they penetrate to access the blood circulation, thereby
facilitating their transport to the liver. Once they reach the blood capillaries in the liver
(called sinusoids), parasites traverse through liver sinusoidal endothelial cells (LSECs) [2]
or Kupffer Cells (liver-resident macrophages) [3] to exit the blood stream, enter the
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parenchyma and infect hepatocytes. Sporozoites display an impressive protein
armamentarium positioned on the surface and in specialized secretory organelles ([4], Figure
1), which they employ to travel to and invade hepatocytes and simultaneously evade host
defenses. This includes active motility, the capacity to shed antibodies which impede their
travel from the skin to the liver [5] and the ability to traverse cells by means of membrane
wounding [6]. Once in the liver, each sporozoite invades a single hepatocyte, ensconcing
itself within a protective parasitophorous vacuole (PV) for further life cycle progression as a
liver stage (LS). Within the sheltered PV environment, the parasite establishes conduits to
control and exploit the host hepatocyte and to protect it from untimely demise.

The sporozoite is exquisitely selective for infection of hepatocytes. This choice of host cell
has likely evolved to support a nearly unparalleled magnitude of parasite replication and
ensures further life cycle progression with the release of the first generation of red-blood cell
infectious merozoites (exoerythrocytic merozoites). In the liver, some Plasmodium species
also have the capacity for long-term persistence in the form of hypnozoites, which, when
activated, initiate relapsing infection. Yet, the liver is a complex environment. Hepatocytes
make up only ~60% of liver cells [7], and resident non-parenchymal cells are diverse
including macrophages, other professional antigen presenting cells, endothelial cells, and a
wide range of T cells [8], many of which are activated [9]. The liver is also the primary site
for processing cellular toxins, and home to a variety of viral and bacterial pathogens [7].
Thus, the malaria parasite must ensure protection of its host cell in this tumultuous
environment. Interestingly, the first line of defense innate immune responses elicited by
primary parasite liver infection has only a modest negative impact on parasite survival [10,
11], although the impact of innate responses on survival of secondary liver infections is
substantial, mediated by a type | interferon response [11, 12].

Here we highlight recent literature, which provides initial insights into how malaria parasites
choose a hepatocyte and then modify their host cell to sustain intracellular growth and
replication. While our understanding is based primarily on rodent models of malaria
infection, new in vitro and in vivo models allow the analysis of hepatocyteparasite
interactions directly with human-infecting malaria parasites. Furthermore, new approaches
based on the analysis of few or single cells have already begun to enhance research on
parasite hepatocyte infection. We emphasize data generated in the past two years, which
provides insights into how the parasite navigates the challenges and exploits the riches of the
liver microenvironment in which it thrives.

Point of invasion: a unique view of the hepatocyte surface and an
important ‘choice’

Sporozoite selectivity for infection of hepatocytes was first described in 1948 by Short and
Garnham [13]. Although recent reports show that a small fraction of exoerythrocytic forms
develop in the skin of mice [14, 15], sporozoites are largely hepatotropic. Once sporozoites
enter the parenchyma of the liver, they either traverse hepatocytes by membrane wounding
[6] or invade hepatocytes and form a PV to establish residence (Reviewed in [16]). In each
encounter with a potential host cell, sporozoites directly probe the hepatocyte surface. An
intriguing but unproven hypothesis is that the sporozoite initially interacts with the
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hepatocyte via its surface but only secretes factors that commit it to invasion if the initial
extracellular interaction signals a suitable host cell. One direct interaction between the
sporozoite and the hepatocyte surface has been reported that triggers the cleavage of the
main sporozoite surface protein circumsporozoite (CS) protein. This occurs when
sporozoites contact the hepatocyte surface and CS interacts with highly sulfated
proteoglycans (HSPGs) [17]. CS cleavage is mediated by a papain family cysteine protease
of parasite origin [18]. Thrombospondin-Related Anonymous Protein (TRAP) also engages
HSPGs but the functional consequences of this interaction during hepatocyte infection
remain unclear [19] (Figure 1).

Several other hepatocyte receptors are also important for sporozoite invasion but none of
their cognate parasite ligands have been identified. The tetraspanin CD81, which is involved
in hepatocyte microdomain formation through its interaction with phospholipids [20], is
critical for sporozoite invasion [21]. Cholesterol, often provided to the hepatocyte by
Scavenger Receptor B1 (SR-BI) [22] also plays a significant role in microdomain formation,
and is important for hepatocyte invasion [23, 24]. Interestingly, it has been recently
demonstrated that monoclonal antibodies directed at CD-81 but not SR-BI block P.
falciparum sporozoite infection in a liver-humanized mouse model [25]. However, the
extent to which these antibodies disrupt micro-domain formation is unknown.

In a more well-studied liver infection system, Hepatitis C Virus (HCV), hepatocyte surface
molecules directly engage the virus (Occludin, CD81) [26, 27] and other molecules (e.g.
Epidermal Growth Factor Receptor) are involved in regulating these host factors [28].
Current evidence suggests that CD81 likely regulates yet to be identified receptors since it
does not appear to directly bind sporozoites [21] and some regions of CD81 that are critical
in sporozoite invasion cannot eliminate sporozoite entry when blocked with a monoclonal
antibody [29]. Another hepatocyte receptor, c- Met, has been implicated in hepatocyte
infection [30]. However, its role appears to be specific for Plasmodium berghei and is not
conserved in P. falciparum or Plasmodium yoelii infection [31]. Thus, the specific
hepatocyte surface receptors, engaged by the sporozoite and downstream of HSPG binding
to CS, remain to be uncovered.

The identity of key sporozoite entry factors might be extracted from the extensive presence
of well-known eukaryotic adhesion domains in the sporozoite proteome such as EGF-like
domains, TSR domains and 1gG domains [4], each of which might have the structural
capacity to engage hepatocyte surface proteins. Moreover, TRAP contains an A-domain
with a von Willebrand factor (VWF) structure [32, 33] that is usually found in integrins, and
might be an adhesion domain involved in engaging the hepatocyte surface during sporozoite
entry. In addition, convergent evolution might have equipped the parasite with domains that
lack sequence similarity to mammalian folds, yet share structural similarity, which might
also allow the direct engagement of hepatocyte receptors. An emergent example is the
Plasmodium-specific 6-Cys fold, which has structural similarity to metazoan Ephrin
domains and is present in a family of secreted parasite proteins [34, 35]. Ephrin domains
interact with their cognate receptors, the Eph receptor tyrosine kinases in cell-cell junction
adhesion, suggesting that 6-Cys proteins might also have the potential in directly binding
Eph receptors [36]. Considering the importance of sporozoite-specific 6-Cys proteins for
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productive hepatocyte invasion [34, 35], the hypothesis that they provide the sporozoite
ligands to directly engage a hepatocyte receptor is worthy of further investigation. Future
research should focus on detailed analysis of hepatocyte invasion. We should ask whether
the principles of this process adheres to the standard invasion model derived from studies of
Plasmodium merozoite invasion of red blood cells [37] and the Toxoplasma tachyzoite
invasion of nucleated host cells [38].

Liver stage development: Dramatic changes require adaptation

During the intra-hepatocytic phase, the sporozoite transforms into a trophozoite, which then
grows into a multinucleated schizont, replicating its genome between 104-10° times over the
course of 2-10 days. Developmental phases of the parasite are likely accompanied by
distinct interactions with the host hepatocyte. Before the parasite embarks on this rapid
increase in cell mass and DNA replication, it spends approximately one third of its
intrahepatocytic residence undergoing a process called de-differentiation. In this, the
sporozoite transforms from its elongated state to a rounded, trophic stage. It disassembles
the molecular and cellular components that are important for motility and invasion and
jettisons some entire structures [39]. Host-parasite interactions during de-differentiation
remain largely uncharacterized, yet the possibility that the parasite might use this time to
mold and adapt its host environment to support subsequent expansion is an enticing
possibility (Figure 2).

The PV membrane (PVM), which is modified by the parasite during dedifferentiation,
enhances the parasites’ ability to complete LS development. Sporozoites, which enter
hepatocytes without a PVM, are rapidly cleared by host cell apoptosis, whereas sporozoites
that enter during PVVM formation render host cells less susceptible to apoptosis [34, 40, 41].
Sensitivity to apoptosis is dependent on the Bcl-2 family of mitochondrial proteins [40],
although no specific parasite molecules have been demonstrated to directly engage the
hepatocyte mitochondria. The mitochondria of the host hepatocyte may also have additional
importance as liver stages scavenge their lipoic acid through an undescribed mechanism
[42]. There are conflicting reports of whether or not host mitochondria sequester around the
LS PVM [39, 42], although it is clear that any direct interaction is far more subtle than in
Toxoplasma, which decorates its PVM extensively with host organelles [39].

To generate a more comprehensive map of the hepatocyte responses to LS infection,
analysis of both the transcriptome and signaling changes has been performed [43, 44].
Transcriptome data revealed that host hepatocytes exhibit an initial stress response to
parasite infection and that resolves into a period of regulating cell viability and metabolic
processes [43]. Probing hepatocyte protein levels and post-translational modification at 24
hours post-infection with rodent malaria parasites revealed a cohesive signaling network
aimed at preventing host cell death. Interestingly, the tumor suppressor P53 is substantially
suppressed in infected hepatocytes and this has functional importance as LS infection is
nearly eliminated by boosting P53 levels [44]. This is however not linked to the parasite’s
capacity to avoid host cell apoptosis [45]. Recent evidence demonstrates that the LS thrives
in hypoxic conditions [46], which are often linked to elevated levels of P53 [47], suggesting
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that the parasite might lower P53 to survive one consequence of the hypoxic environment
which it otherwise requires.

Beyond regulation of host cell signaling pathways, the liver stage likely needs to sustain
their massive growth by importing host cell components [16]. Interestingly, it has been
demonstrated that the P\/M is porous [39] providing a clue to how small host factors might
be transported to the vacuole-confined parasite. Furthermore, the PVM-resident protein
Upregulated in Infectious Sporozoites 3 (UIS3) directly binds the Liver Fatty Acid Binding
Protein (L-FABP) [48] which is hypothesized to facilitate fatty acid import, although the
precise structure and function of this interaction remains poorly understood [49]. Itoe and
colleagues have recently demonstrated that the developing liver stage scavenges
phosphatidylcholine from their hepatocyte host [50]. Liver stages also scavenge PI(3,5)P,
from late endosomes which fuse with the tubovesicular vesicular network (TVN) during
development [51]. Interestingly, liver stages sequester both late endosomes [52] and
lysosomes [53], but not early endosomes [51] around their PVM. This process is required
for optimal growth of liver stages as cells that have been treated with NH4ClI or
Concanamycin A lose their capacity to acidify vesicles and harbor smaller parasites [52].
Interestingly, there is some evidence that these vesicles can cross the PVM [52] suggesting
that their content might provide nutrients for parasite growth and development. In contrast to
other parasites, such as Leishmania, the malaria parasite is not housed within a host cell
phagosome. Yet, the recent reports suggest that the liver stages have a more entrenched
interaction with the host cell endophagosomal system than previously understood.

Plasmodium blood stages extensively remodel their erythrocyte host cell, including the
establishment of endomembrane structures, such as the Maurer’s clefts [54, 55],
Schueffner’s dots [56, 57], J-dots [58] and the TVN [59]. Yet, only the TVN has been
described in liver stage-infected hepatocytes [53], suggesting that parasites might have a
comparatively limited need to remodel the endomembrane system of the hepatocyte. This
might differ because one of the major functions of the intraerythrocytic endomembrane
system is export of virulence factors, such as the Plasmodium falciparum erythrocyte
membrane protein 1 family, that are exported to the infected erythrocyte surface and mediate
adhesion of the infected cell to the vascular endothelium [60], allowing the parasite to avoid
clearance by the spleen [60]. There is currently little evidence of parasite protein export
beyond the confines of the PVM during liver stage development and no evidence that the
parasite modifies the infected hepatocyte surface. Such modifications might not be needed
as infected hepatocytes reside within a solid tissue, and export to the hepatocyte surface
might expose parasite antigens to the array of non-parenchymal immune cells in the liver.

Interrogating liver stages of human malaria parasite species

Most research on sporozoite invasion and liver stage infection has been conducted with
rodent malaria parasites. However, the extent to which host-pathogen interactions are
conserved between human malaria parasites and rodent malaria parasites remains unclear.
Humanized mouse models [61-63] and increasingly robust in vitro models [64, 65] provide
an opportunity to directly interrogate the impact of P. falciparumand P. vivax parasites on
their host hepatocytes. Recently, the FAH(~"") Rag2(~/) 1.2y receptor(-/-) FRG human

Curr Opin Microbiol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaushansky and Kappe Page 6

hepatocyte (HuHep) model has been used to demonstrate that, as with rodent-malaria-
infected hepatocytes, inhibiting the Bcl-2 family of proteins or boosting levels of P53
eliminates P. falciparum LS-infected human hepatocytes [45]. The Micro-patterned Cell
Culture primary hepatocyte in vitro co-culture model combines a pattern of primary
hepatocytes co-cultured with fibroblasts. It has been used to demonstrate that P. falciparum
parasites develop better in hypoxic conditions [46] and scavenge host phospholipids [50].
More recently, it has been demonstrated that hepatocytes derived from induced pluripotent
stem cells can also support liver stage parasites [65], facilitating an investigation of whether
or not differences in human genetic background are linked to the capacity to support LS
development.

While new models have facilitated early discoveries about host responses to P. falciparum
LS infection, host-parasite interactions during P. vivax LS infection remain unstudied.
Unlike P. falciparumP. vivax LS can remain dormant in the liver in the form of hypnozoites
for months or even years [66]. Hepatocytes often die as a result of liver damage and are
subsequently regenerated [67], thus P. vivax hypnozoites might have a specialized
machinery to deal with this unique challenge. Recently, the FRG HuHep mouse model has
been used to analyze P. vivax hypnozoites in more depth [68], providing a platform to
interrogate host-parasite interactions unique to hypnozoites.

Conclusions

Malaria parasites are obligate intracellular pathogens that require a host cell throughout their
lifetime in the liver. During first encounter, sporozoites have a unique view of the
hepatocyte surface, which expresses surface proteins that may provide a molecular signature
for the metabolic, proteomic and lipidomic properties within. Current evidence supports a
model where the sporozoite ‘selects’ its optimal hepatocyte host at entry, and then further
molds it surroundings to ensure liver stage survival. Recent findings that describe substantial
differences in mouse hepatocyte susceptibility to rodent malaria sporozoite infection might
provide experimental systems to further elucidate the molecular mechanisms of hepatocyte
selection [69, 70]. Furthermore, there is building evidence that liver stages import host
material, which sustains their developmental progress. The machinery and specific parasite
proteins which mediate this process remain a major point for future investigation.

While the last several years have generated substantial advances describing the changes in
the hepatocyte after infection, the direct interactions between host and parasite proteins
remain largely uncharacterized. Research in this area remains limited by technical hurdles
associated with collection of material from the relatively rare liver stage-infected
hepatocytes that is compatible with traditional biochemical techniques. The current
technological advances in animal models (humanized mice, CRISPR-Cas9-based knockout
generation) and analysis techniques (correlative microscopy, highly multiplexed and
imaging flow cytometry and microfluidic-based platforms) are well-suited for the challenges
of studying malaria parasite infection in the liver. These technologies provide a platform not
only to analyze single-infected cells but also to link host cell perturbations to parasite
survival outcomes. If fully exploited, the study of hepatocyte-parasite interactions could be a
major beneficiary of recent technological advances.
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Figure 1. Model of initial attachment and invasion of the Plasmodium sporozoite
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After transmission, sporozoites glide and traverse through the skin into the blood stream,
which involves the secretion of micronemal proteins. After sporozoites traverse the
sinusoids, they directly engage a hepatocyte for invasion. This binding likely involves
several factors including the interaction between CSP and highly sulfated proteoglycans. For
most species of Plasmodium, this requires the expression of CD81 and SR-BI, although
there has been no evidence of direct interaction between parasite proteins and these
molecules. After attachment, sporozoites initiate the moving junction and the formation of
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the nascent parasitophorous vacuole membrane. The sporozoite plasma membrane is shown
in blue, the micronemes in red, the rhoptries in purple and hepatocyte membranes in green.
A red and blue co-colored membrane (shown in step 4) is indicative of the sporozoite
membrane after it has been modified by micronemal proteins.
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Figure 2. The current model of Plasmodium liver stage development
Once the malaria parasite takes up residence in the hepatocyte, it transforms from its

elongated sporozoite form to a rounded trophozite during a process called de-differentiation.
After this process, the parasite undergoes rapid schizogony, replicating its DNA and
producing tens of thousands of exo-erythrocytic merozoites within the confines of the PVM.
Throughout this process, the parasite must regulate a variety of cellular processes, including
the direct interaction with host structures and proteins. Host membranes and proteins are
depicted in green, parasite structures and proteins in red and orange.
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