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Background
Malaria, caused by Plasmodium (P.) parasite species, poses a
signiﬁcant global health burden. There were 229 million malaria cases reported in 2019 and 95% of the 409,000 global
malaria-caused fatalities occurred in sub-Saharan Africa (World
Malaria Report 2020). Infection of the human host begins with a
Plasmodium-infected mosquito bite that deposits sporozoites in
the skin. Sporozoites enter blood vessels, are transported to the
liver and invade hepatocytes. Within a hepatocyte, each
sporozoite transforms into a liver stage (LS), which differentiates into tens of thousands of exo-erythrocytic merozoites. The
hepatocyte takes center stage throughout this asymptomatic
phase of infection; it initiates with hepatocyte surface interactions that mediate sporozoite entry, it continues with the
complex remodeling of the infected hepatocytes and the defense mechanisms that have evolved to alert the immune system against the silent invader and ends with hepatocyte death
and exo-erythrocytic merozoite release. Only recently, robust in
vivo and in vitro models have been developed to study liver
infection by the two most important human malaria parasites,
P.falciparum (Pf) and P.vivax (Pv). Thus, we highlight our general
knowledge of LS biology and immunology, mainly garnered
from rodent malaria research but also insights directly gained
from human parasite LS research.

Hepatocytes orchestrate immune responses against
liver stages
It remains unclear whether natural parasite liver infection engenders protective immunity but if it does, immunity is incomplete. In contrast, vaccination with whole attenuated parasites
engenders complete immune protection, which is mainly
mediated by hepatic resident memory CD8 T cells (Trm)6 eliminating infected hepatocytes, and humoral immune responses to
sporozoites, and potentially LS.7 How innate immune responses
to LS inﬂuence the development of the cellular and humoral
adaptive immune responses is not fully understood, but accumulating evidence indicates that hepatocytes play an integral
role: recognition of LS infection induces a type I interferon
response (IFN-1) in hepatocytes, which promotes immune cell
recruitment to the liver8 but also compromises the durability of
hepatic CD8 T cell immunity.9 In addition, infected hepatocyte
cell death leads to the release of LS antigens that are acquired by
inﬁltrating monocyte-derived antigen presenting cells which in
turn prime naïve CD8 T cells.10 Whether the induction of infected
hepatocyte cell death is dependent on IFN-1 signaling remains to
be determined. Linking all ﬁndings to achieve a comprehensive
understanding of LS infection and immunity is a priority for
future malaria research.
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Molecular interactions that mediate productive invasion
Sporozoites of human malaria parasites have an exclusive hepatocyte tropism and appear to further select speciﬁc hepatocytes for infection. Sporozoites ﬁrst traverse multiple
hepatocytes before selecting one for invasion and residence.1
The molecular switch from sporozoite traversal to invasion
remains poorly understood but might be determined by sulfation levels of hepatocyte heparan sulfate proteoglycans
(HSPGs).1 Both involve the release of unique effector proteins
from the sporozoite secretory organelles. Surface-positioned
proteins engage host receptors for infection and these receptors might differ for Pf and Pv sporozoites.2 In addition,
hepatocyte heterogeneity might render some hepatocytes
more conducive to sporozoite infection, for example degrees of
hepatocyte ploidy.

Liver stage biology
Successful invasion establishes the sporozoite inside a parasitophorous vacuole (PV) with a hepatocyte-derived PV membrane (PVM) forming the interface with the hepatocyte
cytoplasm. The PV is essential for parasite survival and is
extensively remodeled by the parasite, both to evade the hepatocyte defenses such as the autophagosomal machinery3 and
to use it as a conduit for uptake of host cell-derived nutrients.4
If these initial perturbations are successful, the parasite undergoes extensive organellar and genome replication without
cytokinesis, resulting in the formation of a multinucleated
schizont.5 Cytokinesis occurs at the end of LS development and
results in formation of exo-erythrocytic merozoites. All Pf LS
immediately undergo schizogony, while in Pv liver infection, a
subpopulation of LS become dormant stages called hypnozoites.5 Hypnozoites can remain dormant for weeks to years
and then activate to undergo secondary schizogony and cause
relapses of blood infection.
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