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Malaria parasites are unicellular eukaryotic pathogens that develop through a
complex lifecycle involving two hosts, an anopheline mosquito and a
vertebrate host. Throughout this lifecycle, the parasite encounters widely
differing conditions and survives in distinct ways, from an intracellular lifestyle
in the vertebrate host to exclusively extracellular stages in the mosquito.
Although the parasite relies on cholesterol for its growth, the parasite has an
ambiguous relationship with cholesterol: cholesterol is required for invasion of
host cells by the parasite, including hepatocytes and erythrocytes, and for the
development of the parasites in those cells. However, the parasite is unable to
produce cholesterol itself and appears to remove cholesterol actively from its
own plasma membrane, thereby setting up a cholesterol gradient inside the
infected host erythrocyte. Overall a picture emerges in which the parasite relies
on host cholesterol and carefully controls its transport. Here, we describe the
role of cholesterol at the different lifecycle stages of the parasites.
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Introduction

Malaria parasites replicate in a complex lifecycle involving an Anopheles mosquito as
the definitive host and a vertebrate as an intermediate host (Figure 1A). During this
lifecycle, the parasite encounters a wide range of conditions, including different
temperatures, nutrient availability, host cells and tissue environments. Infection of the
vertebrate host starts when the mosquito injects parasites during a bloodmeal, in the form
of sporozoites, into the vertebrate host; these sporozoites then travel through the
bloodstream to the liver. There, the parasite invades a hepatocyte by attaching to the
host cell plasma membrane and moving itself into the host cell. Subsequently, the parasite
is surrounded by a membrane, the parasitophorous vacuole membrane (PVM), that
separates it from the cytosol of the host cell. After replicating within the hepatocyte, the
progeny (merozoites) is released within a merosome, a membrane-bound structure, that
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Mosquito host

Stage: Liver stage Asexual erythrocytic stage Gametocyte stage Oocyst Sporozoite
Intracellular Intracellular Intracellular Free-living Free-living
(within vacuole) (within vacuole) (within vacuole) (associated with  (motile)
basal lamina)
B
Host cell
Parasitophorous

vacuole membrane

vacuole

FIGURE 1

Plasmodium falciparum lifecycle. (A) For the different stages, the location of the parasite with regards to the host and host cells is indicated. Note
the different lifestyles of the parasites. (B) A malaria parasite within a parasitophorous vacuole in a host cell. Shown here is an infected erythrocyte.

enters the bloodstream, where the merosome lyses, releasing free
merozoites. These merozoites subsequently bind and invade
erythrocytes, in which they are once again surrounded by a
PVM that separates the parasite from the host cell cytoplasm
(Figure 1B). After growth and asexual replication through
schizogony, the erythrocyte bursts to release more merozoites,
which in turn bind and invade uninfected erythrocytes.
However, a small portion of these parasites commit to sexual
development, leading to the formation of female and male
gametocytes. These gametocytes are sequestered in the bone
marrow, rather than the bloodstream, until they reach a more
mature stage of development, at which time they re-enter the
bloodstream and can be taken up by mosquitoes during a
bloodmeal. In the mosquito gut, the gametocytes differentiate
into female and male gametes and subsequently fuse to form a
mobile zygote (ookinete), which is free in the midgut. This form
of the parasite can traverse the midgut wall, where it forms an
oocyst. Although the parasite is not intracellular at the oocyst
stage, it is located inside the basal lamina of the midgut. Division
of the parasite leads to the formation of sporozoites, which, after
release from the oocyst, travel to the salivary glands, from where
they are injected into the vertebrate host during the
next bloodmeal.

The nature of the cellular environments the parasite
encounters during the different life-cycle stages could not be
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more different: the parasite initially grows as an intracellular
parasite in a host cell that can endocytose, divide, produce new
proteins and phospholipids and display antigens on its surface
(liver stage). In the next lifecycle stage (asexual and sexual
erythrocytic stages) the parasite’s host cell does not divide, has
no endocytic machinery or membrane biosynthetic capacity.
Finally, in the mosquito the parasite converts from a mobile
extracellular form (ookinete) to an immobile form (oocyst),
which in turn transforms into an extracellular motile stage
that can move within the host organism (sporozoite).
Furthermore, the parasite grows at vastly different
temperatures (35-37°C in the vertebrate host, ambient
temperature in the mosquito). These changes in conditions
between the lifecycle stages require the parasite to adapt to
new conditions at successive lifecycle stages.

Membranes are the immediate contact point between
parasites and host cell, hence the properities of both parasite
and host membranes are crucial for almost all interactions. One
important difference between the host cells and the host tissues
that the parasite encounters is the make-up of the different host
membranes. The constituents of the host cell membrane
determine its biophysical characteristics, such as the stiffness,
permeability and fluidity, which can vary widely between cells
and organisms (Dufourc, 2008; Ikonen, 2008; Van Meer et al,
2008; Krause and Regen, 2014). Hence, one mechanism by
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which the parasite responds to the differences between the host
environments is by adjusting the composition of host membrane
to be more conducive to the parasite’s needs (Hsiao et al., 1991).
Furthermore, the different host cells present the parasite with a
different pool of lipids it could potentially scavenge and lipid
transfer systems that it could take advantage of.

One important regulator of the biophysical properties of a
membrane is cholesterol. The importance of cholesterol in the
infection of malaria parasites has long been established (Vial
et al., 1984; Samuel et al., 2001; Murphy et al., 2007; Murphy
et al., 2009) and recent research findings have provided further
insight into how cholesterol affects the entry and growth of the
parasites. Furthermore, the regulation of cholesterol level in the
host cell and the parasite plasma membrane by the parasites has
recently come into greater focus. Here we review the current
understanding of how cholesterol influences the interaction of
the parasite with its host.

Role of cholesterol in host
cell membranes

Sterols (including cholesterol) consist of four steroid
hydrocarbon rings with a hydroxyl group (Figure 2A). In
cholesterol and many other sterols, a short iso-octyl acyl chain
is attached to carbon 17 in one of the hydrocarbon rings
(Figure 2A). Cholesterol is present in lipid bilayers, with the
hydroxyl group nestled between the phosphate groups of
the phospholipids in the bilayer and the hydrophobic rings
and the hydrocarbon chain positioned between the acyl chains
of the phospholipids (Figure 2B). Sterols come in many forms
along the phylogenetic tree and are often phylum-specific: in

A

Sterol Cholesterol
B
Vertebrates
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vertebrates, the main sterol is cholesterol but sterols are also
present in plant cells, mainly in the form of campesterol,
sitosterol and stigmasterol, and fungi, as ergosterol (Hannich
et al,, 2011). Insects depend on the dietary uptake of sterols for
membrane functions and hormone production (Behmer and
Grebenok, 1998). They lack crucial enzymes for the de novo
synthesis, however, they have enzymes that allows the
conversion of different sterols (Clark and Bloch, 1959).

Cholesterol affects multiple properties of a phospholipid
bilayer. The intercalation of the hydrophobic rings of
cholesterol between the acyl chains of the phospholipids leads
to a condensing effect, decreasing the movement of the acyl
chains, thereby decreasing the fluidity and increasing the
thickness of the membrane (Holthuis and Menon, 2014).
Furthermore, these cholesterol-induced changes in the
membrane lead to a decrease in the permeability. However,
cholesterol also decreases the temperature at which the
membrane transitions to the solid gel state, keeping the
membrane fluid at lower temperatures.

In addition to altering the biophysical properties of
membranes, cholesterol is also a key force in their functional
compartmentalisation. Intercalation of cholesterol can happen
through its interaction with various lipids in a membrane.
However, owing to the long, saturated acyl chains of
sphingomyelin, cholesterol has a particular affinity for
sphingomyelin (Kinoshita et al., 2017; Kinoshita et al., 2018).
This increased interaction and local aggregation of cholesterol
and sphingomyelin in the lipid bilayer results in the formation of
detergent-resistant membrane (DRM microdomains [also
known as lipid rafts (Coskun and Simons, 2011)]. In turn,
certain membrane proteins are enriched in these lipid
microdomains, where the spatial constraints and vicinity to
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FIGURE 2

Cholesterol structure, membrane localization and synthesis pathway. (A) Structure of the sterol backbone and structure of cholesterol.

(B) Localization of cholesterol in a lipid bilayer. The sterol backbone of cholesterol intercalates between the acyl groups of the phospholipid in
the lipid bilayer and the OH group is associated with the headgroup of the phospholipids. Cholesterol is concentrated in lipid rafts, along with
sphingomyelin. (C) Synthesis pathway of farnesyl pyrophosphate and cholesterol in vertebrates and Plasmodium parasites. The intermediates
used in vertebrates but not Plasmodium parasites to produce farnesyl pyrophosphate are shown in blue, whereas the intermediates used in
Plasmodium parasites but not in vertebrates are shown in red; in black are the shared intermediates. Note that Plasmodium parasites lack the

enzymes required to convert farnesyl PP to cholesterol.
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other proteins will influence their function. Depending on the
nature of the proteins these functions can be related to cell
structure, metabolism or signalling. It is worthwhile noting, that
the lipid raft paradigm is not without controversy (Sevcsik and
Schiitz, 2016). However, the general concensus is, that
cholesterol aids in the self-organisation of lipid membranes
and hence can act as facilitator and stabiliser of protein
complexes or as allosteric regulator of protein function
(Fantini and Barrantes, 2013).

In vertebrate cells, cholesterol is synthesized in the ER, from
where it is distributed throughout the cell. Despite this, the level
of cholesterol in the ER is relatively low, with cholesterol levels
increasing along the secretory pathway (hence increasing the
cholesterol-phospholipids ratio, with concomitant changes in
the biophysical properties of the membrane), reaching the
highest levels in the plasma membrane (Ikonen, 2008; Van
Meer et al., 2008; Holthuis and Menon, 2014). Exchange of
cholesterol between organellar membranes is mediated by lipid
transfer proteins, which can ferry hydrophilic molecules through
aqueous environments by solubilizing cholesterol and then
moving through the cytosol (Turner et al., 2012; Wong et al.,
2018). Alternatively, cholesterol transfer proteins can act at
membrane contact sites, where they promote the exchange the
cholesterol between two membranes that are held in close
proximity (Mesmin et al., 2019; Garten et al., 2020).

Cells obtain cholesterol from their surroundings, either
through the direct uptake of cholesterol from High Density
Lipoproteins (HDL) or the internalization and degradation of
Low Density Lipoproteins (LDL) particles (Li et al., 2021). After
uptake, LDL is degraded in late endocytic organelles and its
cholesterol is subsequently transferred from the organelle to
other parts of the cell through the action of the proteins LAMP1/
2 and NPCl1/2 (Eskelinen et al., 2004; Chang et al., 2005;
Schneede et al., 2011).

Cholesterol in the plasma membrane is a target for several
hemolysins, including Listeriolysin O and Streptolysin O,
produced by bacterial pathogens. These hemolysins insert
themselves into the membrane through contact with
cholesterol and subsequently form a pore. Hemolysins are
important tools in cell biology and are also widely used in
malaria research for localisation studies or the enrichment of
particular lifecycle stages (Ansorge et al., 1997; Brown
et al., 2020).

Synthesis and uptake of cholesterol
by malaria parasites

Remarkably, both human host cells that provide a home for
the malaria parasite are particularly rich in cholesterol; liver cells
are the major synthesis sites for cholesterol in the human body,
whereas human red blood cells contain 50% of the circulating
cholesterol in humans (Turner et al., 2012). Hence, it is
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intriguing to speculate about the relationship between host
cells and the cholesterol demand of the parasite. Early
experiments examining the ability of the parasites to
incorporate radiolabeled precursors into cholesterol showed
that malaria parasites lack the ability to synthesize cholesterol
de novo (Trigg, 1968; Cenedella et al,, 1969; Lawrence and
Cenedella, 1969; Holz, 1977; Sherman, 1979; Maguire and
Sherman, 1990; Mbaya et al., 1990; Vial et al, 1990). This
finding was confirmed when sequencing of the genome of the
malaria parasite Plasmodium falciparum revealed that it lacked
the genes encoding the enzymes that convert farnesyl
pyrophosphate into cholesterol (Carlton et al., 2002; Gardner
et al,, 2002; Guggisberg et al., 2014) (Figure 2C). Phylogenetic
investigations point to the presence of sterol synthesis in the
earliest eukaryotic organisms, with differences in the synthesis
pathway resulting from lineage-specific gene acquisition or gene
loss (Desmond and Gribaldo, 2009). The Alveolate lineage,
which includes the apicomplexans, lost the genes for sterol
synthesis at an early point in evolution (Desmond and
Gribaldo, 2009). The parasite nonetheless encodes several
orthologues of proteins that may play a role in uptake,
binding, transport or modification of cholesterol (Table 1). For
example, the Fam A protein PF3D7_1463500 (PF14_0604) is a
START-domaining protein that has been predicted to bind
cholesterol based on the similarity of its predicted structure to
that of STARD3 (MLN64), a known cholesterol transport
protein (Frech and Chen, 2013). However, the ability of the
Fam A protein to bind and transport cholesterol requires
experimental validation. Hence, despite the lack of synthesis,
the parasite has the potential to interact with cholesterol.

The plasma membrane of P. falciparum-infected
erythrocytes contains less cholesterol compared to uninfected
erythrocytes (Maguire and Sherman, 1990; Jackson et al., 2007;
Orjih et al., 2008; Hernandez-Castafieda et al., 2021). This
finding is corroborated by the diminished susceptibility of
infected erythrocytes to pore-forming hemolysins and saponin,
whose activity is cholesterol-dependent (Jackson et al., 2007;
Orjih et al., 2008; Hernandez-Castafieda et al.,, 2021). On the
other hand, plasma membranes of murine erthrocytes seemingly
do not have such a reduced cholesterol content when infected
with rodent Plasmodium species (Wunderlich et al., 1991).
Whether this difference is a species-specific adaptation or
reflects methodological differences remains to be determined.

Furthermore, the parasite plasma membrane contains only
very little, if any, cholesterol. This property is exploited for the
isolation of intact parasites from erythrocytes using saponin,
which lyses membranes in a cholesterol-dependent manner
1939; Schlosser, 1969). Several
the phospholipid-cholesterol ratio

(Christopher and Fulton,
studies have indicated that
of isolated parasites is lower than that of uninfected erythrocytes
(Rock et al., 1971b; Vial et al., 1984). Notably, these studies used
cholesterol-dependent mechanism to isolate parasites from their
host cells, which comes with the caveat that saponin also
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TABLE 1 Putative cholesterol binding proteins of Plasmodium falciparum.

Protein Gene ID Expression (a)
(Previous
Gene ID)
Fam A PF3D7_1463500 unknown
(PF14_0607)
NCR1 PF3D7_0107500 liver stage, asexual (trophozoite,
(PFA0375¢) schizont), very low gametocytes,
ookinetes, sporozoites
ABCG2 PF3D7_1426500 female gametocytes (low expression

(PF14_0244) male)

PF3D7_1131800
(PF11_0327)

Oxysterol binding liver stage, asexual stage (trophozoite,

protein (putative) schizont), gametocytes (male, female),

ookinete
Phosphatidylcholine- ~ PF3D7_0629300 liver stage, asexual stage (trophzoite,
sterol acyltransferase,  (PFF1420w) schizont), oocyst, sprozoite (injected)
putative
PFA66 PF3D7_0113700 asexual stage

(PFA0660w)

Conserved Essential

10.3389/fcimb.2022.984049

Phenotype of mutant (d)

(b) (c)
All No ND (Frech and Chen,
Plasmodium (asexual) 2011; Fougere

et al., 2016)
All Yes lethal (Istvan et al.,
Plasmodium (asexual) 2019)
All No Decreased cholesteryl esters, (Tran et al., 2014)
Plasmodium  (asexual) diacylglycerols and
triacylglycerols in gametocytes
All No ND
Plasmodium (asexual)
All No Delayed egress from PV in liver ~ (Burda et al,
Plasmodium (asexual) stage 2015)
Laverania No Malformation of knobs (Petersen et al.,
(asexual) 2016; Diehl et al.,

2021)

Note that in most cases cholesterol binding has not been shown biochemically and is inferred by homology only.

ND, Not determined.

liberates cholesterol from membranes (Bottger and Melzig,
2013) and hence any cholesterol measurements of saponin-
isolated parasites are may underestimate the level of
cholesterol. Not surprisingly, studies using saponin to isolate
Plasmodium knowlesi parasites revealed that the cholesterol-
phospholipid ratio is lower in the parasite than in the host
erythrocyte (Rock et al., 1971a). However, when Plasmodium
chabaudi-parasites were released from the erythrocytes by
osmotic shock, the cholesterol-phospholipid ratio detected in
the released parasites was also lower than that of the host
erythrocyte (Wunderlich et al., 1991). Overall, the cholesterol-
phospholipid ratio was found to be lower in erythrocytes from
rats infected with Plasmodium berghei compared with
erythrocytes from uninfected rats (Lawrence and Cenedella,
1969). A similar result was recently obtained using
erythrocytes infected with P. falciparum (Hayakawa et al,
2020). The decrease in cholesterol-phospholipid ratio is owing
to the significant (4-5-fold) increase of phospholipids found in
Plasmodium-infected erythrocytes (Lawrence and Cenedella,
1969; Vial et al, 1990). Despite the decreased cholesterol-
phospholipid ratio in the infected erythrocytes, the total
amount of cholesterol in infected erythrocytes increases
compared to uninfected erythrocytes, although to a lesser
degree than observed for the phospholipids. This increase was
detected via diverse biochemical methods and mass-
spectroscopy, using different parasite species (Lawrence and
Cenedella, 1969; Angus et al., 1971; Botte et al., 2013; Tran
etal, 2016; Ridgway et al., 2022). Hence, the infected erythrocyte
does seem to take up cholesterol, as even isolated parasites
contain cholesterol.
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Very little is known about the destination of cholesterol
within the infected erythrocyte. Determining the detailed
distribution of cholesterol within the parasite-infected host cell
is not only hindered by the restrictions of optical resolution but
also by the technical limitations of cholesterol-specific probes:
some dyes commonly used to detect cholesterol induce changes
in environmental conditions (e.g. polarity), rather than detecting
cholesterol directly (Klymchenko, 2017). Furthermore, the
addition of fluorescent tags alters the physical properties of
cholesterol and hence these probes might not behave like
untagged cholesterol (Maxfield and Wiistner, 2012).
Nonetheless, there is evidence for the uptake of cholesterol by
the parasite itself, as cholesterol-specific probes accumulate in
asexual parasite and gametocytes (Tran et al., 2016; Hayakawa
et al., 2020). Within the parasite, cholesterol is believed to be
present in lipid bodies and in the related Apicomplexan parasite
Toxoplasma gondii, cholesterol has been detected in the
rhoptries within the parasite (Jackson et al, 2004; Coppens
and Vielemeyer, 2005; Besteiro et al., 2008). Cholesterol was
also detected in the parasite plastid (the apicoplast). This is
remarkable, as cholesterol is an unusual sterol for plastid
membranes (Botte et al., 2013).

As the cholesterol content in infected erythrocyte increases
but neither the host erythrocyte nor the parasite has the capacity
for de novo cholesterol synthesis, it raises the question about the
source of cholesterol. Investigations on the delivery of
cholesterol to the erythrocyte membrane have been
inconclusive: some studies have identified HDL as the external
cholesterol source (Grellier et al., 1991), others have identified a
transfer of cholesterol from LDL to erythrocytes (Hui et al., 1981;
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Ohkawa et al., 2020). Advances in detection methods will aid the
determination of the exact source and mode of delivery of the
cholesterol during the asexual and gametocyte stages.

Role of cholesterol in invasion and
growth of malaria parasites

Hepatocytes

Cholesterol plays an important role in the invasion and
development of the parasite during the liver stage. Treatment of
hepatocytes with methyl B-cyclodextran (MBCD), a compound
that extracts cholesterol from membranes (Ohtani et al., 1989),
decreases the invasion of P. falciparum and Plasmodium yoelii,
but not P. berghei, into hepatocytes (Silvie et al., 2006a).
Cholesterol may in fact be a limiting factor in the invasion
process, as addition of cholesterol to the hepatocyte plasma
membrane stimulates parasite invasion (Silvie et al., 2006a).
Invasion of P. falciparum and P. yoelii, but again not P. berghei,
furthermore requires the hepatocyte surface protein CD81
(Silvie et al., 2003; Silvie et al., 2006a; Silvie et al., 2006b; Silvie
etal., 2007). CD81 (being a member of the membrane-spanning
tetraspanin family) is present in tetraspanin-enriched membrane
domains, which contain proteins and cholesterol
(Zuidscherwoude et al.,, 2015; Robert et al.,, 2020). CD81
interacts with cholesterol via a dedicated cholesterol-binding
pocket and bound cholesterol plays an important role in
mediating CD81 function (Charrin et al., 2003a; Charrin et al,
2003b; Zimmerman et al., 2016). Anti-CD81 antibodies block
invasion of hepatocytes by sporozoites (Silvie et al., 2003; Silvie
et al., 2006b; Silvie et al., 2007). However, no parasite ligand for
CD81 has been identified and CD81 may not be the actual
receptor for the parasite; instead, it may organize the membrane
domain that contains the receptor or potential signalling
molecules required for parasites invasion (Silvie et al., 2006b).

Once inside the hepatocyte, the parasite is surrounded by a
membrane, the parasitophorous vacuole membrane (PVM), that
separates it from the host cell cytosol (Figure 1B). Staining of
hepatocytes infected with P. berghei with the cholesterol stain
filipin revealed that the parasite is surrounded by a cholesterol-
containing membrane (Bano et al., 2007; Petersen et al., 2017).
The merosome, which is surrounded by a hepatocyte-derived
membrane, also stains brightly with filipin (Sturm et al., 2006;
Labaied et al.,, 2011). The exact function of the cholesterol in the
PVM has not been established, but it may have an important
function in the regulation of nutrient acquisition. The PVM is
permeable to substrates smaller than ~850 Da, allowing the
parasite access to nutrients from the host cell (Bano et al., 2007),
likely mediated by a pore formed by the parasite protein EXP2
(Gold and Kaplan, 2015; Hakamada et al., 2017; Garten et al,,
2018). However, no diffusion of small fluorescent molecules into
the parasite was detected after treatment of infected hepatocytes
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with MBCD, potentially indicating a need for cholesterol for
formation or function of the EXP2 pore (Bano et al., 2007).

The PVM expands as the parasite grows, so if the parasite
requires a constant level of cholesterol in the PVM, it needs to
obtain cholesterol from the host cell. A hepatocyte can acquire
cholesterol both through synthesis and uptake. Apart from the
de novo synthesis in the ER of the hepatocyte (Van Meer et al.,
2008; Hannich et al,, 2011), Low Density Lipoprotein (LDL)
particles containing cholesterylesters are endocytosed and
degraded while the cholesterylesters are converted to
cholesterol (Brown and Goldstein, 1985). High Density
Lipoprotein (HDL), also containing cholesterylesters, are taken
up by the hepatocyte via the scavenger receptor class B type I
(SR-BI)-mediated mechanism (Krieger, 1999; Shen et al.,, 2017).

In the rodent malaria parasites P. yoelii and P. berghei it
appears that cholesterol from only some of these sources is
available to the parasite during the liver stage; when infected
hepatocytes are cultured in lipoprotein-deficient serum, the
intensity of filipin staining of the parasite is less than in
infected hepatocytes cultured in the presence of LDL,
indicating that the parasite can obtain cholesterol from LDL
(Labaied et al., 2011). Furthermore, fluorescent cholesterol
accumulates in the PVM when hepatocytes are incubated in
the presence of LDL containing fluorescently labeled cholesterol
(Labaied et al., 2011). Interestingly, no such accumulation was
detected when fluorescently labeled cholesterol HDL particles
were added, indicating that only the LDL pathway supplies
cholesterol to the parasite from the medium at this stage
(Labaied et al., 2011). This is consistent with the notion that
HDL is responsible for the removal of excess cholesterol from
the body. Furthermore, radiolabel was detected in merosomes
released from hepatocytes incubated in the presence of
radiolabeled cholesterol, further indicating that cholesterol
added externally to the host hepatocyte can be incorporated
into the PVM or parasites themselves (Labaied et al., 2011).

The parasite also directly obtains cholesterol synthesized de
novo by the hepatocyte. Incubation of the infected hepatocytes
with radiolabeled HMG-CoA, a precursor in the cholesterol
synthesis pathway (Figure 2C), leads to the incorporation of
radiolabeled cholesterol in the released merosome (Labaied et al.,
2011). Furthermore, inhibition of de novo cholesterol synthesis
by the hepatocyte using squalestatin, which inhibits squalene
synthase (Figure 2C), decreases the cholesterol content of the
parasite, although it does not affect the growth of the parasites
(Labaied et al., 2011). As P. berghei mutants lacking the protein
UIS4 take up less filipin, this parasite protein may play a role in
the uptake of cholesterol (Petersen et al., 2017).

Together, these experiments reveal that the parasite actively
acquires cholesterol from the host hepatocyte, by intercepting
cholesterol taken up through LDL and cholesterol synthesized de
novo. Different studies that have investigated the effect of
lowering the cholesterol levels in the host hepatocyte obtained
different results. In some cases no effect on parasite growth was

frontiersin.org


https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Maier and van Ooij

detected (Labaied et al., 2011). This was the case when infected
hepatocytes were grown in lipoprotein-depleted medium, when
LDL receptor levels were decreased using siRNA or when
squalene synthase activity level was decreased using either an
inhibitor or siRNA (Labaied et al., 2011). In contrast, the growth
of the parasite was affected and fewer progeny were produced
when the transfer of cholesterol from the lysosome was
prevented, either by genetically reducing the levels of the
lysosomal proteins LAMP2 or NPCI1/2 or through the
addition of Ul8666A, a compound that blocks the exit of
LDL-derived free cholesterol from late endosomes of the host
(Petersen et al., 2017).

The difference in the results may reflect the amount by
which cholesterol acquisition by the parasites was affected and
indicate that under normal circumstance cholesterol availability
is not a rate-limiting step for optimal parasite replication. In
support of this, supplementing the medium of infected
hepatocytes with additional LDL did not increase the
production of progeny (Labaied et al., 2011). The function of
the cholesterol in the growth of the parasite is not known;
potentially metabolic functions, including the function of the
EXP2 pore, require cholesterol (Bano et al., 2007). Nonetheless,
cholesterol clearly plays an essential role for invasion replication
of the parasite in hepatocytes, although the exact function during
these steps remains to be identified.

Erythrocytes

Asexual stage

Similar to invasion of hepatocytes, invasion of erythrocytes
requires cholesterol in the host cell membrane. The cholesterol-
phospholipid ratio of animal cells lies normally between 1:1 and
0.8:1 (Van Meer et al., 2008), indicative of a functional
significance of the higher cholesterol content. This ratio is
independent of the level of cholesterol in the surrounding
serum, as erythrocytes from people or mice with high serum
cholesterol levels maintain a 1:1 cholesterol-phospholipid ratio
(Koch et al,, 2019). Artifically reducing the cholesterol level in
erythrocytes by treatment with MBCD results in fewer parasites
being able to invade these cells (Dluzewski et al., 1985; Samuel
et al., 2001; Murphy et al., 2009; Koch et al.,, 2019; Geoghegan
et al,, 2021; Ahiya et al,, 2022). Parasites trying to invade the
MBCD-treated cells follow through with the early stages of the
invasion, forming a tight interaction with the cell and induce a
Ca®" flux, but ultimately are unable to complete invasion (Koch
et al,, 2019; Ahiya et al., 2022). Hence, cholesterol appears to be
required at a later stage of the invasion process (Weiss et al,
2015; Geoghegan et al., 2021). In contrast to the invasion of
hepatocytes, artificially increasing the cholesterol level in
erythrocytes has little effect on the invasion efficiency of the
parasite and invasion efficiency actually decreases at high
cholesterol concentrations (Dluzewski et al., 1985; Koch et al.,
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2019). The exact effect of the cholesterol depletion on invasion is
not knowny; it is likely that the disruption of lipid rafts prevents
the parasites from engaging with an essential receptor or leads to
loss of lipid raft-based signaling (Samuel et al.,, 2001; Harrison
et al., 2003). Supporting the notion that the effect of the MBCD
treatment is caused by the disruption of rafts is the finding that
treatment of erythrocytes with lidocaine, which disrupts rafts
(Kamata et al., 2008), also prevents parasite invasion (Koshino
and Takakuwa, 2009). Furthermore, it has been suggested that
cyclosporin mediates its antimalarial properties through its effect
on lipid rafts (Azouzi et al,, 2011).

Finally, inside the erythrocytes, the parasites are - like in the
hepatocyte — encased by a PVM, which also contains host cell-
derived cholesterol. This cholesterol has been introduced during
the invagination of the erythrocyte membrane in the course of
the invasion process (Tokumasu et al., 2014; Geoghegan et al.,
2021). Measurement of the cholesterol concentration in the
PVM immediately after completion of invasion indicated that
cholesterol is concentrated in the PVM, leading to a decrease in
the cholesterol concentration in the erythrocyte plasma
membrane (Geoghegan et al, 2021). This finding confirmed
other studies, either investigating purified erythrocyte lipids or
using cholesterol-sensitive probes, that showed that the
cholesterol level in the infected erythrocyte plasma membrane
was reduced after parasite invasion and revealed the presence of
cholesterol derived from the erythrocyte membrane in the PVM
(Maguire and Sherman, 1990; Tokumasu et al., 2014; Fraser
et al., 2021).

The decrease of cholesterol in the infected erythrocyte
membrane has important consequences for the evasion of the
host immune system. The enzymes flippase and scramblase,
which regulate the lipid asymmetry across the membrane leaflets
of the erythrocyte membrane, are sensitive to cholesterol level in
the surrounding membrane (Van Zwieten et al., 2012;
Tokumasu et al., 2014; Arashiki et al.,, 2016; Hayakawa et al.,
2020; Fraser et al, 2021). Hence, a decrease in the level of
cholesterol affects the lipid asymmetry in the plasma membrane,
leading to an increased exposure of phosphatidylserine and
phosphatidylethanolamine in the outer leaflet (Joshi et al,
1987; Fraser et al., 2021). The surface exposure of
phosphatidylserine in particular leads to increased
phagocytosis of infected erythrocytes by monocytes and hence
the parasites has to invest additional energy to maintain higher
flippase activity (Fraser et al, 2021). In addition, the altered
biophysical properties of the infected erythrocytes membrane
caused by cholesterol reduction might also influence further
parasite-host interactions, including the fluidity of the
erythrocyte plasma membrane and the formation of lipid rafts,
which may have a bearing on the ability of the spleen to filter out
infected erythrocytes.

Cholesterol depletion increases the fluidity of the inner
plasma membrane leaflet (Chabanel et al., 1985). Even after
invasion, the parasite requires that the cholesterol concentration

frontiersin.org


https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Maier and van Ooij

in the erythrocyte plasma membrane remains above a certain
threshold, as removing cholesterol from the plasma membrane
of infected erythrocytes using MBCD leads to rapid extrusion of
the parasite. The extracellular parasite remains surrounded by
the PVM, albeit a broken one (Lauer et al., 2000; Samuel et al.,
2001; Ahiya et al,, 2022) and seems to remains viable for about
24 hours (Lauer et al., 2000; Samuel et al., 2001; Ahiya et al.,
2022). The parasites do not enter schizogeny and hence do not
replicate further (Samuel et al., 2001). Interestingly, the
erythrocyte itself does not disintegrate during the extrusion of
the parasite (Samuel et al., 2001; Ahiya et al., 2022), although the
MBCD treatment increases the permeability of the plasma
membrane sufficiently to allow phalloidin to enter the
erythrocyte (Ahiya et al, 2022). The mechanism of extrusion
is unclear; it is very rapid, occurring over a span of about ten
seconds and is insensitive to the microtubule inhibitor
cytochalasin D, indicating that the extrusion is not powered by
the parasite, since cytochalasin D interferes with the parasite
actin cytoskeleton. Inhibitors of the parasite proteins ATP4 or
NCR1, which increase the cholesterol level in the parasite plasma
membrane, decrease the effect of the removal of cholesterol from
the erythrocyte, although the reason for this remains unclear
(Das et al,, 2016; Bhatnagar et al, 2019). The extrusion of
parasites has only been observed with trophozoites; ring-stage
parasites remain in the erythrocyte upon MBCD-treatment.
However, ring-stage parasites in MBCD-treated erythrocytes
do not develop properly, forming oddly shaped schizonts, and
produce fewer progeny, indicating that the cholesterol level in
the plasma membrane of the host cell remains important for the
development of the parasite (Frankland et al., 2006; Ahiya et al.,
2022). Despite the lowered cholesterol level in the erythrocyte
plasma membrane, parasites treated during the ring stage are not
extruded when they mature to the trophozoite stage (Ahiya et al.,
2022), potentially indicating that the parasite can adapt and
redistribute cholesterol in the ring stage to prevent extrusion
when it reaches the trophozoite stage.

PV

Erythrocyte Parasite

FIGURE 3
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Furthermore, cholesterol in the erythrocyte plasma
membrane is required at later intraerythrocytic stages for the
display of parasite proteins on the cell surface. Certain parasite
proteins (or the machinery required for transporting these
proteins) have an affinity for lipid rafts in the host cell
membrane - disruption of lipid rafts through the treatment of
infected cells with MBCD prevents transport of the parasite
protein PfEMPI to the surface of the infected cell (Frankland
et al,, 2006). It is likely that the knobs on the surface of the
infected erythrocyte represent cholesterol-rich membrane rafts,
as these structures are Triton X-100-insoluble but are solubilized
in 2% SDS, the same conditions that enrich membrane rafts
(Schravendijk et al., 1993).

Detailed investigation of the distribution of cholesterol in the
infected erythrocyte revealed the presence of an inward
cholesterol gradient: the highest level of cholesterol is found in
the erythrocyte plasma membrane, a lower level in the PVM and
even less cholesterol in the parasite plasma membrane
(Tokumasu et al., 2014; Hayakawa et al.,, 2020) (Figure 3). It
appears the parasite actively maintains this gradient, in part by
removing cholesterol from the parasite plasma membrane. For
this it uses an orthologue of the Niemann-Pick Type C protein,
NCRI (PF3D7_0107500), the human orthologue of which,
NPCl, binds cholesterol, whereas the Saccharomyces cerevisiae
orthologue binds sphingomyelin (Malathi et al., 2004). NCRI is
present in the parasite plasma membrane and is essential for the
parasite — inhibition or genetic knock-down leads to changes in
digestive vacuole formation and, interestingly, makes the
parasite itself sensitive to saponin, indicating that cholesterol
accumulates in its plasma membrane (Istvan et al., 2019). Hence,
NCRI may be responsible for removing the cholesterol that the
parasite takes up when it ingests hemoglobin - and takes up part
of the cholesterol-containing PVM in the process - through the
cytostome from the parasite plasma membrane. Similarly,
Inhibition of ATP4 leads to accumulation of cholesterol within
the parasites, with similarly lethal consequences (Bhatnagar

—EPM (high cholesterol)

PVM (medium cholesterol) X PFA66

@ NCR1
| ABCG2
®FamA

PPM (low cholesterol)

Cholesterol gradient in erythrocytes infected with Plasmodium falciparum and localization of several putative cholesterol-binding or transport
proteins. The level of cholesterol in each membrane — the erythrocyte plasma membrane (EPM), the parasitophorous membrane (PVM) and the
parasite plasma membrane (PPM) — is indicated by the blue coloring. The EPM contains the highest concentration of cholesterol, followed by
the PVM and then the PPM. PV-parasitophorous vacuole. Also indicated are the locations of several parasite proteins that are known or have
been proposed to have a role in cholesterol transport. See Table 1 for more information about these proteins.
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et al, 2019). How the accumulation of cholesterol inside the
parasite leads to the phenotypes that are detected remains
unclear, however.

Although the PVM contains a lower level of cholesterol than
the erythrocyte plasma membrane, the PVM does appear to
contain DRMs; the parasite protein EXP1 and the Plasmodium
Translocon of Exported Proteins (PTEX) are both located in the
PVM and are present in DRMs (Lauer et al., 2000; Samuel et al.,
2001; Murphy et al,, 2007; de Koning-Ward et al.,, 2009). The
presence of DRMs in the PVM raises the possibility that the
spatial separation detected between PVM proteins, such as certain
ETRAMPs and EXP1 (Spielmann et al., 2003; Spielmann et al,
2006), reflects different affinities of these proteins for DRMs.
However, it should be noted that the presence of ETRAMPS in
DRMs has not yet been established, and hence the spatial
separation may also be determined by other factors.

Cholesterol is also present in the cytosol of infected
erythrocytes, as part of J-dots. These are small proteinaceous
structures containing the heat shock protein PfHSP70x and the
J-domain proteins PFA66 and PFE55 (Kiilzer et al., 2010;
Petersen et al., 2016; Dichl et al., 2021) and may play a role in
the transport of transmembrane-domain containing proteins,
including PfEMPI1, through the cytoplasm of the host cell.
PFA66 - important for the proper formation of knobs - binds
cholesterol directly (Behl et al., 2019; Diehl et al., 2021). This
interaction could potentially serve to transport cholesterol
through the erythrocyte cytosol, be involved in the tethering of
J-dots to the erythrocyte plasma membrane or act as a stabilizer
for the transmembrane proteins transported by the J-dots.
Erythrocytes infected with mutant parasites expressing a
version of PFA66 that lacks the putative cholesterol binding
region at its C terminus contain aberrant, greatly extended knobs
(Diehl et al.,, 2021).

These findings demonstrate that cholesterol plays multiple
roles in the growth of the parasite in erythrocytes, from its
requirement for invasion to the stabilization of the infected
erythrocyte to the dependence of the parasite on cholesterol for
the formation of functional knobs.

Gametocytes

The role of cholesterol in gametocytes has been explored less
than in asexual stages, despite the fact that the amount of
cholesterol in gametocyte-infected erythrocytes increases
significantly during maturation (Tran et al., 2016). There are
three potential reasons for such an increase in cholesterol:
regulation of deformability, functionalisation of membranes
and storage for use upon transmission to the mosquito.

Early gametocyte stages are stiff and cytoadhere in the bone
marrow (Rogers et al., 2000) (presumably as a form of immune-
evasion) (Rogers et al., 2000). Mature gametocytes on the other
hand are deformable and circulate in the blood of the human
host, which allows for passage through the spleen (Aingaran
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et al, 2012; Duez et al, 2015; Dearnley et al, 2016) and
distribution to the periphery of the human body to ensure
efficient transmission to mosquitoes. The molecular mechanism
underlying this shift in deformability most certainly involves both
a change in lipid composition (including cholesterol) and the
rearrangement of the inner membrane complex of gametocytes
(Dixon et al., 2012; Schneider et al,, 2017). Another regulator of
membrane fluidity, sphingomyelin, also increases during
maturation (Tran et al,, 2016), consistent with the notion that
the observed changes in deformability of the gametocyte-infected
erythrocyte during the sexual development are also driven by
membrane lipid composition. Notably, male and female
gametocytes contain a similar amount of cholesterol (Ridgway
et al.,, 2022).

A study that analysed the proteome of the DRM
microdomains of gametocytes (Fratini et al., 2017) assigned an
involvement of these domains in contact and exchange sites
between organelles (e.g. ER and mitochondria) or secretory
vesicles (Lahiri et al., 2014), attachment sites for chromatin
(Albi et al, 2013) or transcription processes at the nuclear
membrane based on the nature of the proteins identified
(Cascianelli et al., 2008).

As the transition from the vertebrate host to the mosquito
also involves a switch from a high-cholesterol to a low-
cholesterol environment (see below), the parasite might
stockpile cholesterol during the gametocyte development in
the human host. Excess free cholesterol is toxic to cells and
results in decreased membrane fluidity, disrupted membrane
microdomains and altered membrane protein function (Musso
et al, 2013). Hence, many cells convert and store excess
hydrophobic cholesterol in the form of more water-soluble
cholesteryl esters (CE) (Brown et al., 1980). Whereas
erythrocytes infected by asexual parasites contain very little
CE, the level of CE in the erythrocyte increases more than 6-
fold during gametocyte maturation (Tran et al, 2016). This
points to a role of CE in transmission, which is further
corroborated by the finding that female gametocytes contain
over 4 times more CE than male gametocytes (Ridgway et al.,
2022). Since female gametocytes provide the cell body for the
future oocyst, whereas the contribution of the male gametocyte
is restricted to delivery of DNA, female-specific accumulation of
nutrients to be carried over to the mosquito seems logical.

Mosquito stages

The parasite’s access to cholesterol in the mosquito is more
restricted than in the human host. Cholesterol is essential for the
biological function of insect cellular membranes, and without
cholesterol insects cannot complete their life cycle (Canavoso
et al., 2001). However, similar to human erythrocytes,
mosquitoes are unable to synthesise cholesterol, as they lack
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key enzymes of the cholesterol synthesis pathway. Hence,
mosquitoes have to obtain cholesterol from their diet (Clark
and Bloch, 1959; Canavoso et al., 2001). Apart from being used
for their biological membranes, mosquitos use cholesterol to
synthesise ecdysteroids, hormones important for their egg
development (Clifton and Noriega, 2012; Talyuli et al., 2015).

Since the parasite and mosquito both rely on the uptake of
cholesterol, once inside the mosquito midgut, the parasite very
quickly faces a low cholesterol environment. One would
therefore expect the parasite to possess mechanisms by which
it can overcome this bottleneck (for example, by accumulating
cholesterol or CE in the gametocyte stages where cholesterol can
be easily obtained and storing it for use in the insect phase of the
life cycle). There are precedents for the impact of resource
restriction on disease transmission in mosquitoes: mosquito
cells infected with Wolbachia bacteria display aberrant
intracellular cholesterol trafficking and localised cholesterol
accumulation. This in turn renders the cell more resistant to
viral infection (Geoghegan et al., 2017). A mosquito diet
particular rich in cholesterol on the other hand, makes the
insects more susceptible to viral infection (Caragata et al,
2013). It has been shown previously that Wolbachia infection
of Anopheles stephensi mosquitos renders the mosquitos
refractory to infection with Plasmodium parasites (Bian et al,
2013). Although it was speculated that reactive oxygen species
produced by the bacteria inhibite the parasites, it would be
interesting to explore whether availability of cholesterol might
also play a role in the modulation of mosquito susceptibility to
infection with Plasmodium parasites.

Conclusion

During the life-cycle transition the parasite encounters various
environments with different cholesterol availabilities. Hence the
parasite has developed various strategies to ensure that enough
cholesterol is available to cover the significant demand that is
fuelled by the massive proliferation and consequent membrane
synthesis of the parasite. The detailed analysis of the way the
malaria parasites acquires and utilises cholesterol might identify
opportunities to interfere with Plasmodium infections.

As outlined above, cholesterol is important for the invasion
of host cells in the human host. Cholesterol is also crucial for the
correct development of parasite induced structures in the host
erythrocyte (e.g. PVM and knobs) and the correct transport of
parasite molecules important for host-parasite interactions (e.g.
PfEMPI1). It further impacts host-parasite interactions by
modulating the activity of some transmembrane proteins (e.g.
flippase) or the deformability of infected erythrocytes. It is very
likely that in time additional functions of cholesterol important
for the survival of the parasite will be uncovered and added to
this already impressive list.

Frontiers in Cellular and Infection Microbiology

10

10.3389/fcimb.2022.984049

Although significant findings have been made in the last few
years, there are still many open questions: e.g., what is the precise
mechanism of cholesterol uptake? How is cholesterol distributed
within the infected erythrocyte, parasite and within the various
membranes? Are there differences in the different Plasmodium
species, and if yes, do they reflect host-specific adaptations? How
exactly does the parasite utilise and store cholesterol?

Without a doubt cholesterol plays a key role in the interplay
between host and parasite, however, it remains to be seen
whether the underlying infrastructure that allows the parasite
to exploit the host cholesterol provides distinctive features
for interference.

Author contributions

AM and CvO wrote and edited this manuscript. All authors
contributed to the article and approved the submitted version.

Acknowledgments

AM is supported by the Australian National Health and
Medical Research Council (GNT1182369) and the Australian
Research Council (DP1801032), CvO is supported by the
Medical Research Council Career Development Award MR/
R008485/1. Figures 1, 2 were produced in part using
BioRender.com and ChemDraw.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fcimb.2022.984049/full#supplementary-material

frontiersin.org


https://www.biorender.com
https://www.frontiersin.org/articles/10.3389/fcimb.2022.984049/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.984049/full#supplementary-material
https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Maier and van Ooij

References

Ahiya, A. L, Bhatnagar, S., Morrisey, J., Beck, J. R., and Vaidya, A. B. (2022).
Dramatic consequences of reducing erythrocyte membrane cholesterol on
Plasmodium falciparum. Microbiol. Spectr. 10 (1), e0015822. doi: 10.1128/
spectrum.00158-222021

Aingaran, M., Zhang, R., Law, S. K., Peng, Z., Undisz, A., Meyer, E., et al. (2012).
Host cell deformability is linked to transmission in the human malaria parasite
Plasmodium falciparum. Cell. Microbiol. 14, 983-993. doi: 10.1111/j.1462-
5822.2012.01786.x

Albi, E., Lazzarini, A., Lazzarini, R., Floridi, A., Damaskopoulou, E., Curcio, F.,
et al. (2013). Nuclear lipid microdomain as place of interaction between
sphingomyelin and DNA during liver regeneration. Intl J. Mol. Sci. 14, 6529-
6541. doi: 10.3390/ijms14046529

Angus, M. G, Fletcher, K. A., and Maegraith, B. G. (1971). Studies on the lipids
of Plasmodium knowlesi-infected rhesus monkeys (Macaca mulatta). IV. changes in
erythrocyte lipids. Ann. Trop. Med. Parasitol. 65, 429-439. doi: 10.1080/
00034983.1971.11686775

Ansorge, I, Paprotka, K., Bhakdi, S., and Lingelbach, K. (1997). Permeabilization
of the erythrocyte membrane with streptolysin O allows access to the vacuolar
membrane of Plasmodium falciparum and a molecular analysis of membrane
topology. Mol. Biochem. Parasitol. 84, 259-261. doi: 10.1016/s0166-6851(96)
02806-x

Arashiki, N., Saito, M., Koshino, I., Takakuwa, K. K., J. Hale, N., Mohandas
Manno, S.Y,, et al. (2016). An unrecognized function of cholesterol: Regulating the
mechanism controlling membrane phospholipid asymmetry. Biochemistry 55,
3504-35-13. doi: 10.1021/acs.biochem.6b00407

Azouzi, S., Mondarat, S., and Kirat, K. E. (2011). The potent antimalarial peptide
cyclosporin a induces the aggregation and permeabilization of sphingomyelin-rich
membranes. Langmuir 27, 9465-9472. doi: 10.1021/1a201040c

Bano, N., Romano, J. D., Jayabalasingham, B., and Coppens, L. (2007). Cellular
interactions of Plasmodium liver stage with its host mammalian cell. Intl J.
Parasitol. 37, 1329-1341. doi: 10.1016/j.ijpara.2007.04.005

Behl, A., Kumar, V., Bisht, A., Panda, J. J., Hora, R., and Mishra, P. C. (2019).
Cholesterol bound Plasmodium falciparum co-chaperone ‘PFA0660w’ complexes
with major virulence factor PfEMPI’ via chaperone ‘PfHsp70-x.’. Sci. Rep. 9 (1),
2664. doi: 10.1038/s41598-019-39217-y2017

Behmer, S., and Grebenok, R. (1989). Impact of dietary sterols on life-history
traits of a caterpillar. Physiol. Entomol. 23, 165-175. doi: 10.1046/].1365-
3032.1998.232074.X

Besteiro, S., Bertrand-Michel, J., Lebrun, M., Vial, H., and Dubremetz, J.-F. (2008).
Lipidomic analysis of Toxoplasma gondii tachyzoites rhoptries: further insights into
the role of cholesterol. Biochem. J. 415, 87-96. doi: 10.1042/bj20080795

Bhatnagar, S., Nicklas, S., Morrisey, J. M., Goldberg, D. E., and Vaidya, A. B.
(2019). Diverse chemical compounds target Plasmodium falciparum plasma
membrane lipid homeostasis. ACS Infect. Dis. 5, 550-558. doi: 10.1021/
acsinfecdis.8b00277

Bian, G., Joshi, D., Dong, Y., Lu, P., Zhou, G., Pan, X,, et al. (2013). Wolbachia
invades Anopheles stephensi populations and induces refractoriness to Plasmodium
infection. Science 340, 748-751. doi: 10.1126/science.1236192

Botté, C. Y., Yamaryo-Botté, Y., Rupasinghe, T. W. T., Mullin, K. A, MacRae, J.
I, Spurck, T. P., et al. (2013). Atypical lipid composition in the purified relict
plastid (apicoplast) of malaria parasites. Proc. Natl. Acad. Sci. 110, 7506-7511.
doi: 10.1073/pnas.1301251110

Bottger, S., and Melzig, M. F. (2013). The influence of saponins on cell
membrane cholesterol. Bioorgan. Med. Chem. 21, 7118-7124. doi: 10.1016/
j.bmc.2013.09.008

Brown, M., and Goldstein, J. (1985). The receptor model for transport of
cholesterol in plasma. Ann. NY Acad. Sci. 1, 178-182. doi: 10.1111/j.1749-
6632.1985.tb11856.x

Brown, M. S,, Ho, Y. K,, and Goldstein, J. L. (1980). The cholesteryl ester cycle in
macrophage foam cells. continual hydrolysis and re-esterification of cytoplasmic cholesteryl
esters. J. Biol. Chem. 255, 9344-9352. doi: 10.1016/s0021-9258(19)70568-7

Brown, A. C., Moore, C. C., and Guler, J. L. (2020). Cholesterol-dependent
enrichment of understudied erythrocytic stages of human Plasmodium parasites.
Sci. Rep. 10, 4591. doi: 10.1038/541598-020-61392-6

Burda, P.-C., Roelli, M. A., Schaftner, M., Khan, S. M., Janse, C. J., and Heussler,
V. T. (2015). A Plasmodium phospholipase is involved in disruption of the liver
stage parasitophorous vacuole membrane. PloS Pathog. 11, €1004760. doi: 10.1371/
journal.ppat.1004760

Canavoso, L. E., Jouni, Z. E.,, Karnas, K. J., Pennington, J. E., and Wells, M. A.

(2001). Fat metabolism in insects. Annu. Rev. Nutr. 21, 23-46. doi: 10.1146/
annurev.nutr.21.1.23

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2022.984049

Caragata, E. P., Rances, E., Hedges, L. M., Gofton, A. W., Johnson, K. N., O’Neill,
S. L, et al. (2013). Dietary cholesterol modulates pathogen blocking by Wolbachia.
PloS Pathog. 9, €1003459. doi: 10.1371/journal.ppat.1003459.5003

Carlton, J. M., Angiuoli, S. V., Suh, B. B., Kooij, T. W., Pertea, M., Silva, J. C,,
et al. (2002). Genome sequence and comparative analysis of the model rodent
malaria parasite Plasmodium yoelii yoelii. Nature 419, 512-519. doi: 10.1038/
nature01099

Cascianelli, G., Villani, M., Tosti, M., Marini, F., Bartoccini, E., Magni, M. V.,
et al. (2008). Lipid microdomains in cell nucleus. Mol. Biol. Cell 19, 5289-5295.
doi: 10.1091/mbc.e08-05-0517

Cenedella, R,, Jarrell, J., and Saxe, L. (1969). Lipid synthesis in vivo from [ 1-14C]
oleic acid and [6-3H]glucose by intraerythrocytic Plasmodium berghei. Mil. Med.
134, 1045-1055. doi: 10.1093/milmed/134.9.1045

Chabanel, A., Abbott, R. E., Chien, S., and Schachter, D. (1985). Effects of benzyl
alcohol on erythrocyte shape, membrane hemileaflet fluidity and membrane
viscoelasticity. Biochim. Biophys. Acta - Biomembr. 816, 142-152. doi: 10.1016/
0005-2736(85)90402-x

Chang, T.-Y., Reid, P. C,, Sugii, S., Ohgami, N., Cruz, J. C., and Chang, C. C. Y.
(2005). Niemann-pick type ¢ disease and intracellular cholesterol trafficking. J. Biol.
Chem. 280, 20917-20920. doi: 10.1074/jbc.r400040200

Charrin, S., Manié, S., Billard, M., Ashman, L., Gerlier, D., Boucheix, C., et al.
(2003a). Multiple levels of interactions within the tetraspanin web. Biochem.
Biophys. Res. Commun. 304, 107-112. doi: 10.1016/s0006-291x(03)00545-x

Charrin, S., Manié, S., Thiele, C., Billard, M., Gerlier, D., Boucheix, C., et al.
(2003b). A physical and functional link between cholesterol and tetraspanins. Eur.
J. Immunol. 33, 2479-2489. doi: 10.1002/eji.200323884

Christopher, S., and Fulton, J. (1939). Experiments with isolated malaria
parasites (Plasmodium knowlesi) free from red cells. Ann. Trop. Med. Parasitol.
33, 161-170. doi: 10.1080/00034983.1939.11685064

Clark, A. J., and Bloch, K. (1959). The absence of sterol synthesis in insects. J.
Biol. Chem. 234, 2578-2582. doi: 10.1016/s0021-9258(18)69741-8

Clifton, M. E., and Noriega, F. G. (2012). The fate of follicles after a blood meal is
dependent on previtellogenic nutrition and juvenile hormone in Aedes aegypti. J.
Insect Physiol. 58, 1007-1019. doi: 10.1016/j.jinsphys.2012.05.005

Coppens, I, and Vielemeyer, O. (2005). Insights into unique physiological
features of neutral lipids in apicomplexa: from storage to potential mediation in
parasite metabolic activities. Intl J. Parasitol. 35, 597-615. doi: 10.1016/
j.ijpara.2005.01.009

Coskun, U., and Simons, K. (2011). Cell membranes: The lipid perspective.
Structure 19, 1543-1548. doi: 10.1016/j.5tr.2011.10.010

Das, S., Bhatanagar, S., Morrisey, J. M., Daly, T. M., Burns, J. M., Coppens, I,
et al. (2016). Na+ influx induced by new antimalarials causes rapid alterations in
the cholesterol content and morphology of Plasmodium falciparum. PloS Pathog.
12, €1005647. doi: 10.1371/journal.ppat.1005647

Dearnley, M., Chu, T., Zhang, Y., Looker, O., Huang, C., Klonis, N., et al. (2016).
Reversible host cell remodeling underpins deformability changes in malaria
parasite sexual blood stages. Proc. Natl. Acad. Sci. 113, 4800-4805. doi: 10.1073/
pnas.1520194113

de Koning-Ward, T. F.,, Gilson, P. R, Boddey, J. A., Rug, M., Smith, B. ],
Papenfuss, A. T., et al. (2009). A newly discovered protein export machine in
malaria parasites. Nature 459, 945-949. doi: 10.1038/nature08104

Desmond, E., and Gribaldo, S. (2009). Phylogenomics of sterol synthesis:
Insights into the origin, evolution, and diversity of a key eukaryotic feature.
Genome Biol. Evol. 1, 364-381. doi: 10.1093/gbe/evp036

Diehl, M., Roling, L., Rohland, L., Weber, S., Cyrklaff, M., Sanchez, C. P., et al.
(2021). Co-Chaperone involvement in knob biogenesis implicates host-derived
chaperones in malaria virulence. PloS Pathog. 17, €1009969. doi: 10.1371/
journal.ppat.1009969

Dixon, M. W. A,, Dearnley, M. K., Hanssen, E., Gilberger, T., and Tilley, L.
(2012). Shape-shifting gametocytes: how and why does P. falciparum go banana-
shaped? Trends Parasitol. 28, 471-478. doi: 10.1016/j.pt.2012.07.007

Dluzewski, A. R., Rangachari, K., Wilson, R. J., and Gratzer, W. B. (1985).
Relation of red cell membrane properties to invasion by Plasmodium falciparum.
Parasitol 91 (Pt 2), 273-280. doi: 10.1017/s003118200005736x

Duez, J., Holleran, J. P., Ndour, P. A,, Loganathan, S., Amireault, P., Francais, O.,
et al. (2015). Splenic retention of Plasmodium falciparum gametocytes to block the
transmission of malaria. Antimicrob. Agents Chemother. 59, 4206-4214.
doi: 10.1128/aac.05030-14

Dufourg, E. J. (2008). Sterols and membrane dynamics. J. Chem. Biol. 1, 63-77.
doi: 10.1007/s12154-008-0010-6

frontiersin.org


https://doi.org/10.1128/spectrum.00158-22
https://doi.org/10.1128/spectrum.00158-22
https://doi.org/10.1111/j.1462-5822.2012.01786.x
https://doi.org/10.1111/j.1462-5822.2012.01786.x
https://doi.org/10.3390/ijms14046529
https://doi.org/10.1080/00034983.1971.11686775
https://doi.org/10.1080/00034983.1971.11686775
https://doi.org/10.1016/s0166-6851(96)02806-x
https://doi.org/10.1016/s0166-6851(96)02806-x
https://doi.org/10.1021/acs.biochem.6b00407
https://doi.org/10.1021/la201040c
https://doi.org/10.1016/j.ijpara.2007.04.005
https://doi.org/10.1038/s41598-019-39217-y
https://doi.org/10.1046/J.1365-3032.1998.232074.X
https://doi.org/10.1046/J.1365-3032.1998.232074.X
https://doi.org/10.1042/bj20080795
https://doi.org/10.1021/acsinfecdis.8b00277
https://doi.org/10.1021/acsinfecdis.8b00277
https://doi.org/10.1126/science.1236192
https://doi.org/10.1073/pnas.1301251110
https://doi.org/10.1016/j.bmc.2013.09.008
https://doi.org/10.1016/j.bmc.2013.09.008
https://doi.org/10.1111/j.1749-6632.1985.tb11856.x
https://doi.org/10.1111/j.1749-6632.1985.tb11856.x
https://doi.org/10.1016/s0021-9258(19)70568-7
https://doi.org/10.1038/s41598-020-61392-6
https://doi.org/10.1371/journal.ppat.1004760
https://doi.org/10.1371/journal.ppat.1004760
https://doi.org/10.1146/annurev.nutr.21.1.23
https://doi.org/10.1146/annurev.nutr.21.1.23
https://doi.org/10.1371/journal.ppat.1003459.s003
https://doi.org/10.1038/nature01099
https://doi.org/10.1038/nature01099
https://doi.org/10.1091/mbc.e08-05-0517
https://doi.org/10.1093/milmed/134.9.1045
https://doi.org/10.1016/0005-2736(85)90402-x
https://doi.org/10.1016/0005-2736(85)90402-x
https://doi.org/10.1074/jbc.r400040200
https://doi.org/10.1016/s0006-291x(03)00545-x
https://doi.org/10.1002/eji.200323884
https://doi.org/10.1080/00034983.1939.11685064
https://doi.org/10.1016/s0021-9258(18)69741-8
https://doi.org/10.1016/j.jinsphys.2012.05.005
https://doi.org/10.1016/j.ijpara.2005.01.009
https://doi.org/10.1016/j.ijpara.2005.01.009
https://doi.org/10.1016/j.str.2011.10.010
https://doi.org/10.1371/journal.ppat.1005647
https://doi.org/10.1073/pnas.1520194113
https://doi.org/10.1073/pnas.1520194113
https://doi.org/10.1038/nature08104
https://doi.org/10.1093/gbe/evp036
https://doi.org/10.1371/journal.ppat.1009969
https://doi.org/10.1371/journal.ppat.1009969
https://doi.org/10.1016/j.pt.2012.07.007
https://doi.org/10.1017/s003118200005736x
https://doi.org/10.1128/aac.05030-14
https://doi.org/10.1007/s12154-008-0010-6
https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Maier and van Ooij

Eskelinen, E.-L., Schmidt, C. K., Neu, S., Willenborg, M., Fuertes, G., Salvador,
N., et al. (2004). Disturbed cholesterol traffic but normal proteolytic function in
LAMP-1/LAMP-2 double-deficient fibroblasts. Mol. Biol. Cell 15, 3132-3145.
doi: 10.1091/mbc.e04-02-0103

Fantini, J., and Barrantes, F. J. (2013). How cholesterol interacts with membrane
proteins: an exploration of cholesterol-binding sites including CRAC, CARC, and
tilted domains. Front. Physiol. 4. doi: 10.3389/fphys.2013.00031

Fougere, A., Jackson, A. P., Bechtsi, D. P., Braks, J. A. M., Annoura, T., Fonager,
J., et al. (2016). Variant exported blood-stage proteins encoded by Plasmodium
multigene families are expressed in liver stages where they are exported into the
parasitophorous vacuole. PloS Pathog. 12, e1005917. doi: 10.1371/
journal.ppat.1005917

Frankland, S., Adisa, A., Adisa, A., Horrocks, P., Taraschi, T. F., Taraschi, T. F.,
et al. (2006). Delivery of the malaria virulence protein PfEMP1 to the erythrocyte
surface requires cholesterol-rich domains. Eukaryot. Cell 5, 849-860. doi: 10.1128/
€c.5.5.849-860.2006

Fraser, M., Jing, W., Bréer, S., Kurth, F., Sander, L.-E., Matuschewski, K., et al.
(2021). Breakdown in membrane asymmetry regulation leads to monocyte
recognition of P. falciparum-infected red blood cells. PloS Pathog. 17, €1009259.
doi: 10.1371/journal.ppat.1009259

Fratini, F., Raggi, C., Sferra, G., Birago, C., Sansone, A., Grasso, F., et al. (2017).
An integrated approach to explore composition and dynamics of cholesterol-rich
membrane microdomains in sexual stages of malaria parasite. Mol. Cell Proteomics
16, 1801-1814. doi: 10.1074/mcp.m117.067041

Frech, C., and Chen, N. (2011). Genome comparison of human and non-human
malaria parasites reveals species subset-specific genes potentially linked to human
disease. PloS Comp. Biol. 7, €1002320. doi: 10.1371/journal.pcbi.1002320

Frech, C,, and Chen, N. (2013). Variant surface antigens of malaria parasites:
functional and evolutionary insights from comparative gene family classification
and analysis. BMC Genomics 14, 427. doi: 10.1186/1471-2164-14-427

Gardner, M. J,, Shallom, S. J., Carlton, J. M., Salzberg, S. L., Nene, V., Shoaibi, A.,
et al. (2002). Sequence of Plasmodium falciparum chromosomes 2, 10, 11 and 14.
Nature 419, 531-534. doi: 10.1038/nature01094

Garten, M., Beck, J. R., Roth, R., Nature, T. T.-H., Heuser, J., Istvan, E. S., et al.
(2020). Contacting domains segregate a lipid transporter from a solute transporter
in the malarial host-parasite interface. Nat. Commun. 11, 237. doi: 10.1038/s41467-
020-17506-9

Garten, M., Nasamu, A. S., Niles, J. C., Zimmerberg, J., Goldberg, D. E., and
Beck, J. R. (2018). EXP2 is a nutrient-permeable channel in the vacuolar membrane
of Plasmodium and is essential for protein export via PTEX. Nat. Microbiol. 111, 1.
doi: 10.1038/s41564-018-0222-7

Geoghegan, N. D,, Evelyn, C., Whitehead, L. W., Pasternak, M., McDonald, P.,
Triglia, T., et al. (2021). 4D analysis of malaria parasite invasion offers insights into
erythrocyte membrane remodeling and parasitophorous vacuole formation. Nat.
Commun. 12, 3620. doi: 10.1038/s41467-021-23626-7

Geoghegan, V., Stainton, K, Rainey, S. M., Ant, T. H., Dowle, A. A,, Larson, T,
et al. (2017). Perturbed cholesterol and vesicular trafficking associated with dengue
blocking in Wolbachia-infected Aedes aegypti cells. Nat. Commun. 8, 526.
doi: 10.1038/s41467-017-00610-8

Gold, S., and Kaplan, D. A. (2015). The Toxoplasma dense granule proteins
GRA17 and GRA23 mediate the movement of small molecules between the host
and the parasitophorous vacuole. Cell Host Microbe 17, 642-652. doi: 10.1016/
j.chom.2015.04.003

Grellier, P., Rigomier, D., Clavey, V., Fruchart, J. C., and Schrevel, J. (1991).
Lipid traffic between high density lipoproteins and Plasmodium falciparum-
infected red blood cells. J. Cell Biol. 112, 267-277. doi: 10.1083/jcb.112.2.267

Guggisberg, A. M., Amthor, R. E,, and Odom, A. R. (2014). Isoprenoid
biosynthesis in Plasmodium falciparum. Eukaryot. Cell 13, 1348-1359.
doi: 10.1128/ec.00160-14

Hakamada, K., Watanabe, H., Kawano, R., Noguchi, K., and Yohda, M. (2017).
Expression and characterization of the Plasmodium translocon of the exported
proteins component EXP2. Biochem. Biophys. Res. Commun. 482, 700-705.
doi: 10.1016/j.bbrc.2016.11.097

Hannich, J. T., Umebayashi, K., and Riezman, H. (2011). Distribution and
functions of sterols and sphingolipids. CSH Perspect. Biol. 3,2004762. doi: 10.1101/
cshperspect.a004762

Harrison, T., Samuel, B. U.,, Akompong, T., Hamm, H., Mohandas, N.,
Lomasney, . W., et al. (2003). Erythrocyte G protein-coupled receptor signaling
in malarial infection. Science 301, 1734-1736. doi: 10.1126/science.1089324

Hayakawa, E. H., Yamaguchi, K., Mori, M., and Nardone, G. (2020). Real-time
cholesterol sorting in Plasmodium falciparum-erythrocytes as revealed by 3D label-
free imaging. Sci. Rep. 10 (1), 2794. doi: 10.1038/541598-020-59552-92017

Hernandez-Castafieda, M. A., Lavergne, M., Casanova, P., Nydegger, B., Merten,
C., Subramanian, B. Y., et al. (2021). A profound membrane reorganization defines

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2022.984049

susceptibility of Plasmodium falciparum infected red blood cells to lysis by
granulysin and perforin. Front. Immunol. 12. doi: 10.3389/fimmu.2021.643746/full

Holthuis, J. C. M., and Menon, A. K. (2014). Lipid landscapes and pipelines in
membrane homeostasis. Nature 510, 48-57. doi: 10.1038/nature13474

Holz, G. G. (1977). Lipids and the malarial parasite. Bull. World Health Organ.
55, 237-248.

Hsiao, L. L., Howard, R. J., Aikawa, M., and Taraschi, T. F. (1991). Modification
of host cell membrane lipid composition by the intra-erythrocytic human malaria
parasite. Biochem. J. 274, 121-132. doi: 10.1042/bj2740121

Hui, D., Noel, J., and Harmony, J. (1981). Binding of plasma low density
lipoproteins to erythrocytes. Biochim. Biophys. Acta 664, 513-526. doi: 10.1016/
0005-2760(81)90129-6

Tkonen, E. (2008). Cellular cholesterol trafficking and compartmentalization.
Nat. Rev. Mol. Cell Biol. 9, 125-138. doi: 10.1038/nrm2336

Istvan, E. S, Das, S., Bhatnagar, S., Beck, J. R, Owen, E,, Llinas, M., et al. (2019).
Plasmodium niemann-pick type Cl-related protein is a druggable target required
for parasite membrane homeostasis. Elife 8, e40529. doi: 10.7554/elife.40529

Jackson, K. E., Klonis, N., Ferguson, D. J. P., Adisa, A., Dogovski, C., and Tilley,
L. (2004). Food vacuole-associated lipid bodies and heterogeneous lipid
environments in the malaria parasite, Plasmodium falciparum. Mol. Microbiol.
54, 109-122. doi: 10.1111/j.1365-2958.2004.04284.x

Jackson, K. E., Spielmann, T., Hanssen, E., Adisa, A., Separovic, F., Dixon, M. W.
A., et al. (2007). Selective permeabilization of the host cell membrane of
Plasmodium falciparum-infected red blood cells with streptolysin O and
equinatoxin II. Biochem. ]. 403, 167-175. doi: 10.1042/bj20061725

Joshi, P, Dutta, G. P., and Gupta, C. M. (1987). An intracellular simian malarial
parasite (Plasmodium knowlesi) induces stage-dependent alterations in membrane
phospholipid organization of its host erythrocyte. Biochem. J. 246, 103-108.
doi: 10.1042/bj2460103

Kamata, K., Manno, S., Ozaki, M., and Takakuwa, Y. (2008). Functional
evidence for presence of lipid rafts in erythrocyte membranes: Gso. in rafts is
essential for signal transduction. Am. J. Hematol. 83, 371-375. doi: 10.1002/
ajh.21126

Kinoshita, M., Suzuki, K. G. N., Matsumori, N., Takada, M., Ano, H., Morigaki,
K., et al. (2017). Raft-based sphingomyelin interactions revealed by new fluorescent
sphingomyelin analogs. J. Cell Biol. 216, 1183-1204. doi: 10.1083/jcb.201607086

Kinoshita, M., Suzuki, K. G. N., Murata, M., and Matsumori, N. (2018). Evidence
of lipid rafts based on the partition and dynamic behavior of sphingomyelins.
Chem. Phys. Lipids 215, 84-95. doi: 10.1016/j.chemphyslip.2018.07.002

Klymchenko, A. S. (2017). Solvatochromic and fluorogenic dyes as
environment-sensitive probes: Design and biological applications. Acc. Chem.
Res. 50, 366-375. doi: 10.1021/acs.accounts.6b00517

Koch, M., Cegla, J., Jones, B., Lu, Y., Mallat, Z., Blagborough, A. M,, et al. (2019).
The effects of dyslipidaemia and cholesterol modulation on erythrocyte
susceptibility to malaria parasite infection. Malar. J. 18, 1-16. doi: 10.1186/
512936-019-3016-3

Koshino, I, and Takakuwa, Y. (2009). Disruption of lipid rafts by lidocaine
inhibits erythrocyte invasion by Plasmodium falciparum. Exp. Parasitol. 123, 381—
383. doi: 10.1016/j.exppara.2009.08.019

Krause, M. R,, and Regen, S. L. (2014). The structural role of cholesterol in cell
membranes: from condensed bilayers to lipid rafts. Acc. Chem. Res. 47, 3512-3521.
doi: 10.1021/ar500260t

Krieger, M. (1999). Charting the fate of “good cholesterol”: Identification and
characterization of the high-density lipoprotein receptor SR-BI. Annu. Rev.
Biochem. 68, 523-558. doi: 10.1146/annurev.biochem.68.1.523

Kiilzer, S., Rug, M., Brinkmann, K., Cannon, P., Cowman, A., Lingelbach, K.,
etal. (2010). Parasite-encoded Hsp40 proteins define novel mobile structures in the
cytosol of the P. falciparum-infected erythrocyte. Cell. Microbiol. 12, 1398-1420.
doi: 10.1111/j.1462-5822.2010.01477.x

Labaied, M., Jayabalasingham, B., Bano, N., Cha, S., Sandoval, J., Guan, G,, et al.
(2011). Plasmodium salvages cholesterol internalized by LDL and synthesized de novo
in the liver. Cell. Microbiol. 13, 569-586. doi: 10.1111/j.1462-5822.2010.01555.x

Lahiri, S., Chao, J. T., Tavassoli, S., Wong, A. K. O., Choudhary, V., Young, B. P.,
et al. (2014). A conserved endoplasmic reticulum membrane protein complex
(EMC) facilitates phospholipid transfer from the ER to mitochondria. PloS Biol. 12,
€1001969. doi: 10.1371/journal.pbio.1001969

Lauer, S., VanWye, J., Harrison, T., McManus, H., Samuel, B. U,, Hiller, N. L.,
et al. (2000). Vacuolar uptake of host components, and a role for cholesterol and
sphingomyelin in malarial infection. EMBO J. 19, 3556-3564. doi: 10.1093/emboj/
19.14.3556

Lawrence, C. W., and Cenedella, R. J. (1969). Lipid content of Plasmodium
berghei-infected rat red blood cells. Exp. Parasitol. 26, 181-186. doi: 10.1016/0014-
4894(69)90110-6

frontiersin.org


https://doi.org/10.1091/mbc.e04-02-0103
https://doi.org/10.3389/fphys.2013.00031
https://doi.org/10.1371/journal.ppat.1005917
https://doi.org/10.1371/journal.ppat.1005917
https://doi.org/10.1128/ec.5.5.849-860.2006
https://doi.org/10.1128/ec.5.5.849-860.2006
https://doi.org/10.1371/journal.ppat.1009259
https://doi.org/10.1074/mcp.m117.067041
https://doi.org/10.1371/journal.pcbi.1002320
https://doi.org/10.1186/1471-2164-14-427
https://doi.org/10.1038/nature01094
https://doi.org/10.1038/s41467-020-17506-9
https://doi.org/10.1038/s41467-020-17506-9
https://doi.org/10.1038/s41564-018-0222-7
https://doi.org/10.1038/s41467-021-23626-7
https://doi.org/10.1038/s41467-017-00610-8
https://doi.org/10.1016/j.chom.2015.04.003
https://doi.org/10.1016/j.chom.2015.04.003
https://doi.org/10.1083/jcb.112.2.267
https://doi.org/10.1128/ec.00160-14
https://doi.org/10.1016/j.bbrc.2016.11.097
https://doi.org/10.1101/cshperspect.a004762
https://doi.org/10.1101/cshperspect.a004762
https://doi.org/10.1126/science.1089324
https://doi.org/10.1038/s41598-020-59552-9
https://doi.org/10.3389/fimmu.2021.643746/full
https://doi.org/10.1038/nature13474
https://doi.org/10.1042/bj2740121
https://doi.org/10.1016/0005-2760(81)90129-6
https://doi.org/10.1016/0005-2760(81)90129-6
https://doi.org/10.1038/nrm2336
https://doi.org/10.7554/elife.40529
https://doi.org/10.1111/j.1365-2958.2004.04284.x
https://doi.org/10.1042/bj20061725
https://doi.org/10.1042/bj2460103
https://doi.org/10.1002/ajh.21126
https://doi.org/10.1002/ajh.21126
https://doi.org/10.1083/jcb.201607086
https://doi.org/10.1016/j.chemphyslip.2018.07.002
https://doi.org/10.1021/acs.accounts.6b00517
https://doi.org/10.1186/s12936-019-3016-3
https://doi.org/10.1186/s12936-019-3016-3
https://doi.org/10.1016/j.exppara.2009.08.019
https://doi.org/10.1021/ar500260t
https://doi.org/10.1146/annurev.biochem.68.1.523
https://doi.org/10.1111/j.1462-5822.2010.01477.x
https://doi.org/10.1111/j.1462-5822.2010.01555.x
https://doi.org/10.1371/journal.pbio.1001969
https://doi.org/10.1093/emboj/19.14.3556
https://doi.org/10.1093/emboj/19.14.3556
https://doi.org/10.1016/0014-4894(69)90110-6
https://doi.org/10.1016/0014-4894(69)90110-6
https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Maier and van Ooij

Li, H, Yu, X.-H,, Ou, X,, Ouyang, X.-P., and Tang, C.-K. (2021). Hepatic
cholesterol transport and its role in non-alcoholic fatty liver disease and
atherosclerosis. Prog. Lipid Res. 83, 101109. doi: 10.1016/j.plipres.2021.101109

Maguire, P. A., and Sherman, I. W. (1990). Phospholipid composition,
cholesterol content and cholesterol exchange in Plasmodium falciparum-infected
red cells. Mol. Biochem. Parasitol. 38, 105-112. doi: 10.1016/0166-6851(90)90210-d

Malathi, K., Higaki, K., Tinkelenberg, A. H., Balderes, D. A., Almanzar-Paramio,
D., Wilcox, L. ], et al. (2004). Mutagenesis of the putative sterol-sensing domain of
yeast niemann pick c-related protein reveals a primordial role in subcellular
sphingolipid distribution. J. Cell Biol. 164, 547-556. doi: 10.1083/jcb.200310046

Maxfield, F. R,, and Wiistner, D. (2012). Analysis of cholesterol trafficking with
fluorescent probes. Methods Cell Biol. 108, 367-393. doi: 10.1016/b978-0-12-
386487-1.00017-1

Mbaya, B., Rigomier, D., Edorh, G., Karst, F., and Schrevel, J. (1990). Isoprenoid
metabolism in Plasmodium falciparum during the intraerythrocytic phase of
malaria. Biochem. Biophys. Res. Commun. 173, 849-854. doi: 10.1016/S0006-
291X(05)80864-2

Mesmin, B., Kovacs, D., and D’Angelo, G. (2019). Lipid exchange and signaling
at ER-golgi contact sites. Curr. Opin. Cell Biol. 57, 8-15. doi: 10.1016/
j.ceb.2018.10.002

Murphy, S. C,, Fernandez-Pol, S., Chung, P. H.,, Murthy, S. N. P, Milne, S. B,,
Salomao, M., et al. (2007). Cytoplasmic remodeling of erythrocyte raft lipids during
infection by the human malaria parasite Plasmodium falciparum. Blood 110, 2132-
2139. doi: 10.1182/blood-2007-04-083873

Murphy, S. C,, Hiller, N. L., Harrison, T., Lomasney, ]. W., Mohandas, N., and
Haldar, K. (2009). Lipid rafts and malaria parasite infection of erythrocytes. Mol.
Membr. Biol. 23, 81-88. doi: 10.1080/09687860500473440

Musso, G., Gambino, R., and Cassader, M. (2013). Cholesterol metabolism and
the pathogenesis of non-alcoholic steatohepatitis. Prog. Lipid Res. 52, 175-191.
doi: 10.1016/j.plipres.2012.11.002

Ohkawa, R., Low, H., Mukhamedova, N., Fu, Y., Lai, S.-J., Sasaoka, M., et al.
(2020). Cholesterol transport between red blood cells and lipoproteins contributes
to cholesterol metabolism in blood. J. Lipid Res. 61, 1577-1588. doi: 10.1194/
jlr.ral20000635

Ohtani, Y., Irie, T., Uekama, K., Fukunaga, K., and Pitha, J. (1989). Differential
effects of o-, B- and y-cyclodextrins on human erythrocytes. Eur. J. Biochem. 186,
17-22. doi: 10.1111/j.1432-1033.1989.tb15171.x

Orjih, A. U,, Cherian, P., and AlFadhli, S. (2008). Microscopic detection of
mixed malarial infections: Improvement by saponin hemolysis. Med. Prin. Pract.
17, 458-463. doi: 10.1159/000151567

Petersen, W., Engels, S., Zhang, Q., Igmundson, A., Rug, M., Maier, A,, et al.
(2016). J-Dot targeting of an exported HSP40 in Plasmodium falciparum-infected
erythrocytes. Intl J. Parasitol. 46 (8), 519-25. doi: 10.1016/j.ijpara.2016.03.005

Petersen, W., Stenzel, W, Silvie, O., Blanz, ., Saftig, P., Matuschewski, K., et al.
(2017). Sequestration of cholesterol within the host late endocytic pathway restricts
liver-stage Plasmodium development. Mol. Biol. Cell 28, 726-735. doi: 10.1091/
mbc.e16-07-0531

Ridgway, M. C., Cihalova, D., Brown, S. H. J.,, Tran, P., Mitchell, T. W, and
Maier, A. G. (2022). Analysis of sex-specific lipid metabolism of P. falciparum
points to importance of sphingomyelin for gametocytogenesis. J. Cell Sci. 135 (5),
j€s259592. doi: 10.1242/jcs.259592

Robert, J.-M. H., Amoussou, N. G., Mai, H. L., Loge, C., and Brouard, S. (2020).
Tetraspanins: useful multifunction proteins for the possible design and
development of small-molecule therapeutic tools. Drug Discovery Today 26, 56—
68. doi: 10.1016/j.drudis.2020.10.022

Rock, R,, Standefer, J., Cook, R., Little, W., and Sprinz, H. (1971a). Lipid
composition of Plasmodium knowlesi membranes: comparison of parasites and
microsomal subfractions with the host rhesus erythrocyte. Comp. Biochem. Physiol.
B: Comp. Biochem. 38, 425-432. doi: 10.1016/0305-0491(71)90021-6

Rock, R., Standefer, J., and Little, W. (1971b). Incorporation of 33P-
orthophosphate into membrane phospholipids of Plasmodium knowlesi and host
erythrocytes of macaca mulatta. Comp. Biochem. Physiol. B: Comp. Biochem. 40,
543-552. doi: 10.1016/0305-0491(71)90239-2

Rogers, N. ., Hall, B. S., Obiero, J., Targett, G. A. T, and Sutherland, C. J. (2000).
A model for sequestration of the transmission stages of Plasmodium falciparum :
Adhesion of gametocyte-infected erythrocytes to human bone marrow cells. Infect.
Immun. 68, 3455-3462. doi: 10.1128/1ai.68.6.3455-3462.2000

Samuel, B. U., Mohandas, N., Harrison, T., McManus, H., Rosse, W., Reid, M.,
et al. (2001). The role of cholesterol and glycosylphosphatidylinositol-anchored
proteins of erythrocyte rafts in regulating raft protein content and malarial
infection. J. Biol. Chem. 276, 29319-29329. doi: 10.1074/jbc.m101268200

Schlésser, E. (1969). Interaction of saponins with cholesterol, lecithin, and
albumin. Can. J. Physiol. Pharmacol. 47, 487-490. doi: 10.1139/y69-085

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2022.984049

Schneede, A., Schmidt, C. K., Holttd-Vuori, M., Heeren, J., Willenborg, M.,
Blanz, J., et al. (2011). Role for LAMP-2 in endosomal cholesterol transport. J. Cell
Mol. Med. 15, 280-295. doi: 10.1111/j.1582-4934.2009.00973.x

Schneider, M. P., Liu, B., Glock, P., Suttie, A., McHugh, E., Andrew, D., et al.
(2017). Disrupting assembly of the inner membrane complex blocks Plasmodium
falciparum sexual stage development. PloS Pathog. 13, €1006659. doi: 10.1371/
journal.ppat.1006659

Schravendijk, M. R. V., Howard, R. J., Handunnetti, S. M., Pasloske, B. L., and
Baruch, D. 1. (1993). Immunochemical characterization and differentiation of two
~300-KD erythrocyte membrane-associated proteins of Plasmodium falciparum,
PfEMP1 and PfEMP3. Am. ]J. Trop. Med. Hyg. 49, 552-565. doi: 10.4269/
ajtmh.1993.49.552

Sevcsik, E., and Schiitz, G. J. (2016). With or without rafts? alternative views on
cell membranes. Bioessays 38, 129-139. doi: 10.1002/bies.201500150

Shen, W.-]J., Azhar, S., and Kraemer, F. B. (2017). SR-B1: A unique
multifunctional receptor for cholesterol influx and efflux. Annu. Rev. Physiol. 80,
1-22. doi: 10.1146/annurev-physiol-021317-121550

Sherman, I. W. (1979). Biochemistry of Plasmodium (malarial parasites).
Microbiol. Rev. 43, 453-495. doi: 10.1128/mr.43.4.453-495.1979

Silvie, O., Charrin, S., Billard, M., Franetich, J.-F., Clark, K.L., van Gemert, G.-].,
et al. (2006a). Cholesterol contributes to the organization of tetraspanin-enriched
microdomains and to CD81-dependent infection by malaria sporozoites. J. Cell Sci.
119, 1992-2002. doi: 10.1242/jcs.02911

Silvie, O., Franetich, J.-F., Boucheix, C., Rubinstein, E., and Mazier, D. (2007).
Alternative invasion pathways for Plasmodium berghei sporozoites. Intl J. Parasitol.
37, 173-182. doi: 10.1016/j.ijpara.2006.10.005

Silvie, O., Greco, C., Franetich, J., Dubart-Kupperschmitt, A., Hannoun, L.,
Gemert, G. V., et al. (2006b). Expression of human CD81 differently affects host cell
susceptibility to malaria sporozoites depending on the Plasmodium species. Cell.
Microbiol. 8, 1134-1146. doi: 10.1111/.1462-5822.2006.00697.x

Silvie, O., Rubinstein, E., Franetich, J.-F., Prenant, M., Belnoue, E., Rénia, L.,
et al. (2003). Hepatocyte CD81 is required for Plasmodium falciparum and
Plasmodium yoelii sporozoite infectivity. Nat. Med. 9, 93-96. doi: 10.1038/
nm808

Spielmann, T., Fergusen, D. J. P., and Beck, H.-P. (2003). Etramps, a new
Plasmodium falciparum gene family coding for developmentally regulated and
highly charged membrane proteins located at the parasite-host cell interface. Mol.
Biol. Cell 14, 1529-1544. doi: 10.1091/mbc.e02-04-0240

Spielmann, T., Gardiner, D. L., Beck, H.-P., Trenholme, K. R., and Kemp, D. J.
(2006). Organization of ETRAMPs and EXP-1 at the parasite-host cell interface of
malaria parasites. Mol. Microbiol. 59, 779-794. doi: 10.1111/j.1365-
2958.2005.04983.x

Sturm, A., Amino, R,, van de Sand, C., Regen, T., Retzlaff, S., Rennenberg, A.,
et al. (2006). Manipulation of host hepatocytes by the malaria parasite for delivery
into liver sinusoids. Science 313, 1287-1290. doi: 10.1126/science.1129720

Talyuli, O. A. C,, Bottino-Rojas, V., Taracena, M. L., Soares, A. L. M, Oliveira, J.
H. M., and Oliveira, P. L. (2015). The use of a chemically defined artificial diet as a
tool to study aedes aegypti physiology. J. Insect Physiol. 83, 1-7. doi: 10.1016/
jjinsphys.2015.11.007

Tokumasu, F., Crivat, G., Ackerman, H., Hwang, J., and Wellems, T. E. (2014).
Inward cholesterol gradient of the membrane system in P. falciparum-infected
erythrocytes involves a dilution effect from parasite-produced lipids. Biol. Open 3,
529-541. doi: 10.1242/bi0.20147732

Tran, P. N, Brown, S. H. J., Mitchell, T. W., Matuschewski, K., Mcmillan, P. J.,
Kirk, K., et al. (2014). A female gametocyte-specific ABC transporter plays a role in
lipid metabolism in the malaria parasite. Nat. Commun. 5, 4773. doi: 10.1038/
ncomms5773

Tran, P. N, Brown, S. H. J., Rug, M., Ridgway, M. C,, Mitchell, T. W., and Maier,
A. G. (2016). Changes in lipid composition during sexual development of the
malaria parasite Plasmodium falciparum. Malar. J. 15, 1-13. doi: 10.1186/s12936-
016-1130-z

Trigg, P. I. (1968). Sterol metabolism of Plasmodium knowlesi in vitro. annals
trop. Med. Parasitol. 62, 481-487. doi: 10.1080/00034983.1968.11686587

Turner, S., Voogt, J., Davidson, M., Glass, A., Killion, S., Decaris, J., et al. (2012).
Measurement of reverse cholesterol transport pathways in humans: In vivo rates of
free cholesterol efflux, esterification, and excretion. J. Am. Hear. Assoc. Cardiovasc.
Cerebrovasc. Dis. 1, €001826. doi: 10.1161/jaha.112.001826

Van Meer, G., Voelker, D. R, and Feigenson, G. W. (2008). Membrane lipids:
where they are and how they behave. Nat. Rev. Mol. Cell Biol. 9, 112-124.
doi: 10.1038/nrm2330

Van Zwieten, R., Bochem, A. E., Hilarius, P. M., van Bruggen, R., Bergkamp,
F., Hovingh, G. K., et al. (2012). The cholesterol content of the erythrocyte
membrane is an important determinant of phosphatidylserine exposure.

frontiersin.org


https://doi.org/10.1016/j.plipres.2021.101109
https://doi.org/10.1016/0166-6851(90)90210-d
https://doi.org/10.1083/jcb.200310046
https://doi.org/10.1016/b978-0-12-386487-1.00017-1
https://doi.org/10.1016/b978-0-12-386487-1.00017-1
https://doi.org/10.1016/S0006-291X(05)80864-2
https://doi.org/10.1016/S0006-291X(05)80864-2
https://doi.org/10.1016/j.ceb.2018.10.002
https://doi.org/10.1016/j.ceb.2018.10.002
https://doi.org/10.1182/blood-2007-04-083873
https://doi.org/10.1080/09687860500473440
https://doi.org/10.1016/j.plipres.2012.11.002
https://doi.org/10.1194/jlr.ra120000635
https://doi.org/10.1194/jlr.ra120000635
https://doi.org/10.1111/j.1432-1033.1989.tb15171.x
https://doi.org/10.1159/000151567
https://doi.org/10.1016/j.ijpara.2016.03.005
https://doi.org/10.1091/mbc.e16-07-0531
https://doi.org/10.1091/mbc.e16-07-0531
https://doi.org/10.1242/jcs.259592
https://doi.org/10.1016/j.drudis.2020.10.022
https://doi.org/10.1016/0305-0491(71)90021-6
https://doi.org/10.1016/0305-0491(71)90239-2
https://doi.org/10.1128/iai.68.6.3455-3462.2000
https://doi.org/10.1074/jbc.m101268200
https://doi.org/10.1139/y69-085
https://doi.org/10.1111/j.1582-4934.2009.00973.x
https://doi.org/10.1371/journal.ppat.1006659
https://doi.org/10.1371/journal.ppat.1006659
https://doi.org/10.4269/ajtmh.1993.49.552
https://doi.org/10.4269/ajtmh.1993.49.552
https://doi.org/10.1002/bies.201500150
https://doi.org/10.1146/annurev-physiol-021317-121550
https://doi.org/10.1128/mr.43.4.453-495.1979
https://doi.org/10.1242/jcs.02911
https://doi.org/10.1016/j.ijpara.2006.10.005
https://doi.org/10.1111/j.1462-5822.2006.00697.x
https://doi.org/10.1038/nm808
https://doi.org/10.1038/nm808
https://doi.org/10.1091/mbc.e02-04-0240
https://doi.org/10.1111/j.1365-2958.2005.04983.x
https://doi.org/10.1111/j.1365-2958.2005.04983.x
https://doi.org/10.1126/science.1129720
https://doi.org/10.1016/j.jinsphys.2015.11.007
https://doi.org/10.1016/j.jinsphys.2015.11.007
https://doi.org/10.1242/bio.20147732
https://doi.org/10.1038/ncomms5773
https://doi.org/10.1038/ncomms5773
https://doi.org/10.1186/s12936-016-1130-z
https://doi.org/10.1186/s12936-016-1130-z
https://doi.org/10.1080/00034983.1968.11686587
https://doi.org/10.1161/jaha.112.001826
https://doi.org/10.1038/nrm2330
https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Maier and van Ooij

Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1821, 1493-1500. doi: 10.1016/
j.bbalip.2012.08.008

Vial, H. J., Ancelin, M. L., Philippot, J. R., and Thuet, M. J. (1990). Biosynthesis
and dynamics of lipids in Plasmodium-infected mature mammalian erythrocytes.
Blood Cells 16, 531-555.

Vial, H. ], Philippot, J. R,, and Wallach, D. F. (1984). A reevaluation of the status
of cholesterol in erythrocytes infected by Plasmodium knowlesi and P. falciparum.
Mol. Biochem. Parasitol. 13, 53-65. doi: 10.1016/0166-6851(84)90101-4

Weiss, G. E., Gilson, P. R,, Taechalertpaisarn, T., Tham, W.-H., Jong, N. W. M,,
Harvey, K. L., et al. (2015). Revealing the sequence and resulting cellular
morphology of receptor-ligand interactions during Plasmodium falciparum
invasion of erythrocytes. PloS Pathog. 11, €1004670-25. doi: 10.1371/
journal.ppat.1004670

Frontiers in Cellular and Infection Microbiology

14

10.3389/fcimb.2022.984049

Wong, L. H., Gatta, A. T., and Levine, T. P. (2018). Lipid transfer proteins: the
lipid commute via shuttles, bridges and tubes. Nat. Rev. Mol. Cell Biol. 9, 1.
doi: 10.1038/s41580-018-0071-5

Wunderlich, F., Fiebig, S., Vial, H., and Kleinig, H. (1991). Distinct lipid
compositions of parasite and host cell plasma membranes from Plasmodium
chabaudi-infected erythrocytes. Mol. Biochem. Parasitol. 44, 271-277.
doi: 10.1016/0166-6851(91)90013-v

Zimmerman, B., Kelly, B, McMillan, B. J., Seegar, T. C. M., Dror, R. O, Kruse, A.
C., et al. (2016). Crystal structure of a full-length human tetraspanin reveals a
cholesterol-binding pocket. Cell 167, 1041-1051.e11. doi: 10.1016/j.cell.2016.09.056

Zuidscherwoude, M., Géttfert, F., Dunlock, V. M. E., Figdor, C. G, van den
Bogaart, G., and van Spriel, A. B. (2015). The tetraspanin web revisited by super-
resolution microscopy. Sci. Rep. 5, 12201. doi: 10.1038/srep12201

frontiersin.org


https://doi.org/10.1016/j.bbalip.2012.08.008
https://doi.org/10.1016/j.bbalip.2012.08.008
https://doi.org/10.1016/0166-6851(84)90101-4
https://doi.org/10.1371/journal.ppat.1004670
https://doi.org/10.1371/journal.ppat.1004670
https://doi.org/10.1038/s41580-018-0071-5
https://doi.org/10.1016/0166-6851(91)90013-v
https://doi.org/10.1016/j.cell.2016.09.056
https://doi.org/10.1038/srep12201
https://doi.org/10.3389/fcimb.2022.984049
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	The role of cholesterol in invasion and growth of malaria parasites
	Introduction
	Role of cholesterol in host cell membranes
	Synthesis and uptake of cholesterol by malaria parasites
	Role of cholesterol in invasion and growth of malaria parasites
	Hepatocytes
	Erythrocytes
	Asexual stage
	Gametocytes

	Mosquito stages

	Conclusion
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


