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Zusammenfassung
Ein Kennzeichen der Plasmodium-Infektion ist die Induktion von strukturellen
Veränderungen der Membranen der Wirtszelle. Neben der parasitophoren
Vakuolenmembran (PVM), die den Parasiten innerhalb der infizierten roten Blutzelle
einkapselt, bilden sich zusätzliche Membranstrukturen im Zytoplasma der Wirtszelle
aus. Die Maurersche Fleckung ist einer der am besten charakterisierten Struktur von
Plasmodium falciparum, die für den Transport von Virulenzfaktoren an die Oberfläche
der infizierten Erythrozytenmembran wichtig ist. Plasmodium berghei, eine Nagetierinfizierende Spezies, bildet ähnliche Strukturen aus, die als intra-erythrozytäre P.
berghei induzierte Strukturen (IBIS) bezeichnet werden, obwohl der Beitrag dieser
Strukturen zur Fitness des Parasiten weniger bekannt ist. Die IBIS und die Maurersche
Fleckung unterscheiden sich morphologisch voneinander bezüglich der Struktur und
Proteinzusammensetzung. Dennoch können in beiden Strukturen Proteine gefunden
werden, die für die Sequestrierung von infizierten roten Blutkörperchen innerhalb des
Wirts verantwortlich sind, was die Verwendung von P. berghei als Modellsystem
unterstützt.
Zwei P. berghei Proteine, IPIS2 (PBANKA_0524300) und IPIS3 (PBANKA_0623100),
sind sowohl im Leber- als auch im Blutstadium der Infektion präsent. Im Leberstadium
sind sie in der PVM lokalisiert und im Blutstadium werden sie in die IBISKompartimente exportiert nach einem ähnlichen Muster wie andere zuvor identifizierte
IBIS-Proteine, wie IBIS1, PbCP1, PbSBP1 und PbMAHRP1. Die beiden Proteine
enthalten eine Tryptophan-reiche Domäne, ein Merkmal von der Tryptophan-reichen
Multigenfamilie, die in Nagetier-infizierenden Spezies und speziell in einigen klinisch
relevanten Plasmodium-Spezies wie P. knowlesi und P. vivax verbreitet ist. Das
speziesübergreifende Vorkommen von IPIS2 und IPIS3 und ihre Expression in
verschiedenen Entwicklungsstadien deuten darauf hin, dass sie konservierte
Funktionen haben könnten, die für das intrazelluläre Wachstum von Plasmodium
wichtig sind. Diese Arbeit beschreibt Rollen für beide Proteine an der Wirts-Parasit
Schnittstelle während der Infektion von mehreren Plasmodium-Spezies.
Um einen Einblick in die induzierten Veränderungen zu erhalten, wurde die Infektion
von P. berghei in Abwesenheit von IPIS2 beziehungsweise IPIS3 charakterisiert.
Darüber hinaus interessierte uns auch, wie sich die Orthologe von IPIS2- und IPIS3 in
den Blutstadien von P. knowlesi verhalten. Zu diesem Zweck haben wir Werkzeuge
entwickelt, die zur genetischen Manipulation von P. knowlesi eingesetzt werden
können. Darüber hinaus zeigt diese Arbeit, dass die Deletion von entweder IPIS2 oder
IPIS3 in P. berghei zu leicht reduzierten Wachstumsraten der Parasiten im Blut
infizierter Tiere führte und die Anzahl der zirkulierenden Schizonten im peripheren Blut
erhöhte, während das Leberstadium unbeeinflusst blieb. Zusammengenommen
deuten diese Daten darauf hin, dass sowohl IPIS2 als auch IPIS3 für den WirtszellUmbau erforderlich sind, der für die effiziente Sequestrierung von infizierten
Erythrozyten aus dem Blutkreislauf verantwortlich ist.
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Summary
A hallmark of Plasmodium infection is the induction of structural changes to
membranes of the host cell. In addition to the parasitophorous vacuole membrane
(PVM) that encapsulates the parasite within the infected red blood cell, there are
additional membrane structures formed in the host cell cytoplasm. The best
characterized of these structures are the Maurer’s clefts of Plasmodium falciparum,
which are important for the trafficking of virulence factors to the surface of the infected
red blood cell membrane. Plasmodium berghei, a rodent-infecting species, forms
similar structures termed intra-erythrocytic P. berghei induced structures (IBIS), though
the contribution of these structures to parasite fitness is less understood. The IBIS and
Maurer’s clefts are morphologically distinct from one another with respect to structure
and protein composition, but despite this, proteins found in both types of structures
support the sequestration of infected red blood cells within the host which supports the
usage of P. berghei as a model system.
Two P. berghei proteins, IPIS2 (PBANKA_0524300) and IPIS3 (PBANKA_0623100),
are present in both the liver and blood stages of infection. In the liver stages, they
localize to the PVM, and in the blood stage they are exported to the IBIS compartments
in a similar pattern to other previously identified IBIS-proteins such as IBIS1, PbCP1,
PbSBP1, and PbMAHRP1. These two proteins contain a tryptophan-rich domain, a
characteristic shared by the members of the tryptophan-rich multigene family, a gene
family that is expanded in rodent and some clinically relevant species of Plasmodium
such as P. knowlesi and P. vivax. The multi-species presence of IPIS2 and IPIS3 and
their expression in multiple developmental stages indicate that they may have
conserved functions important for Plasmodium intracellular survival, and this work
identified roles for these two proteins found at the host-parasite interface of infection
present in multiple species of Plasmodium.
In order to gain insight into such adaptations, P. berghei infection was characterized in
the absence of either IPIS2 or IPIS3. Furthermore, we were also interested in how the
IPIS2 and IPIS3 orthologs behave in the blood stages of P. knowlesi infection. To this
end, we developed tools to be used for genetic manipulation of P. knowlesi.
Additionally, this body of work shows that deletion of either IPIS2 or IPIS3 in P. berghei
resulted in mildly reduced parasite growth rates in the blood of infected animals and
increased the number of circulating schizonts in peripheral blood, while the liver stage
remained unaffected. Together these data indicate that both IPIS2 and IPIS3 are
required for the host cell remodeling responsible for the efficient sequestration of
infection erythrocytes from circulation.
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Chapter 1 Introduction
1.1 Causative agent of malaria
The disease malaria is caused by multiple species of apicomplexan parasites found
within the genus Plasmodium. The different species of malaria-causing parasites
infect a range of the vertebrate hosts including bats, rodents, birds and humans,
and the invertebrate hosts
Anopheles

mosquito

consist

genus.

of

numerous

Plasmodium

Plasmodium malariae, Plasmodium ovale, and

female

falciparum,

members
Plasmodium

Plasmodium

knowlesi

of

the

vivax,
cause

malaria in humans. The severity of disease manifestation varies depending
on the species causing infection, despite genomic comparisons indicating that
99% of the 3336 orthologs expressed across the species are syntenic (Carlton et al.,
2008). The variable outcomes of infection despite genetic overlap emphasize the
demands for specific study into the mechanisms of pathogenesis.
1.1.1

Impact of malaria on global health

Nearly two-thirds of the world’s population is at risk for malaria exposure, and
according to the World malaria report 2020 by the WHO, approximately 229 million
cases of malaria were reported in 2019, which creates a challenge of utmost
importance to develop therapies and vaccines (World Health Organization, 2020).
Current vaccination strategies such as the RTS,S/AS01 vaccine exist, but their
coverage and protection are incomplete, with phase 3 clinical trial 48 month follow
up studies revealing efficacy rates of only 18-36% in children, depending on age and
number of doses, and this efficacy dropped further by the seven year follow-up (Olotu
et al., 2016; RTS,S Clinical Trials Partnership, 2015; White et al., 2013).
Plasmodium remains virtually undetected by the host immune system due to its
intracellular developments and modifications to made to the host cell (reviewed in
Langhorne et al., 2008), which creates further challenges for vaccine development
– fueling the need for fundamental research on the nuances of infection.
1

1.1.2

Global distribution of the Plasmodium parasite

The most deadly of the malaria-causing parasites is Plasmodium falciparum, and
it is predominately found within Africa (Gething et al., 2012). Plasmodium vivax is
found within South-East Asia, South America, and selected African countries such as
Ethiopia (Geleta & Ketema, 2016) and Uganda (Asua et al., 2017). Plasmodium
ovale and Plasmodium malariae are less common, but are primarily found in subSaharan Africa and tropical Africa, respectively (Autino et al., 2012; Collins &
Jeffery, 2005). Plasmodium ovale consists of two morphologically identical
subspecies which can only be differentiated genetically (Sutherland et al., 2010).
Additionally, P. knowlesi was traditionally thought to be a species of Plasmodium that
infects macaques but has also been found in humans throughout Southeast Asia,
specifically Malaysia, after better diagnostic tools were developed to distinguish
it from Plasmodium malariae (Cox-Singh & Singh, 2008).
1.1.3

Lifecycle of the malaria parasite

The lifecycle of Plasmodium follows a cyclical infection pattern involving an
invertebrate host for sexual reproduction and the vertebrate host for asexual
replication (CDC-Centers for Disease Control and Prevention, 2020). For species
infecting humans, the infected person serves as the vertebrate host. Inoculation of
the vertebrate host occurs when an infected female Anopheles mosquito takes a
blood meal from the vertebrate host. During this process, sporozoites are released
into the blood stream of the host where they travel through the blood vessels until
they reach the liver. Once in the liver, the sporozoites transverse liver cells until
they establish intracellular residency within a hepatocyte (Mota, 2001).
intracellular

parasite

undergoes

several

rounds

of

asexual

The

replication,

generating an exo-erythrocytic schizont that contains tens of thousands of
merozoites that, upon bursting, releases free merozoites which will invade and
infect erythrocytes. The erythrocyte-resident parasite undergoes the transition
from a ring stage, to a trophozoite, and lastly to a schizont consisting of around
20 merozoites. It is thought that commitment to sexual stages occurs before the
schizont stage, which means each
2

individual merozoite will be committed to either fate before the next invasion
step (Silvestrini et al., 2000). The asexual cyclical behavior of bursting and
reinfection is responsible for the clinical manifestations within the host, such as high
fever, potentially leading to coma and death. Alternatively, schizonts can commit to
sexual development, and as a result the released merozoites will invade new
erythrocytes and will form either male or female gametocytes (Bruce et al., 1990).
At this point, if an uninfected female mosquito from the genus Anopheles takes a
blood meal from the infected host, it could take up the sexually mature
gametocytes. Fertilization occurs in the midgut of the mosquito when the
microgamete fuses with the macrogamete. The fertilized macrogamete then
transforms into an ookinete, before developing into an oocyst. Sporozoites
develop within the oocysts in the midgut and eventually migrate to the salivary
glands of the mosquito, where they await the opportunity to infect another vertebrate
host during the subsequent blood meal (Tuteja, 2007).
1.2 Membrane modifications in the host induced by Plasmodium
Existing within an intracellular environment requires that the parasite successfully
shields itself from the host immune system, as well as creates pathways for nutrient
acquisition, pH regulation, and waste removal (reviewed by Saliba & Kirk, 2001). To
this end, both the liver and blood stages of infection by Plasmodium are
characterized by parasite-induced

membrane

formations

containing

various

exported parasite proteins. The membrane modifications include changes to the
infected host cell membrane on the surface of the infected cell and cytoplasmic
membranous structures (Ingmundson et al., 2012; Spycher et al., 2006).

3

1.2.1

Protein export is required for induction of membrane modifications

Proteins of parasite origin decorate the different membrane compartments
described above in Plasmodium, and in order to reach their destination, the proteins
must embark on an export journey originating from the parasite ribosomes to
membrane targets that are sometimes many membrane layers distal to the parasite
(reviewed by Spielmann & Gilberger, 2015). This process is of special consideration
as the export of Plasmodium proteins mediates the pathology of the malaria disease.
Exported proteins fall into various sequence categories. The first category of
exported proteins contain a PEXEL motif, which is a pentameric amino acid
sequence consisting of Rx(L,I)x(D,E,Q), downstream from a secretion signal motif.
The PEXEL motif is cleaved after the leucine residue by Plasmepsin V which
exposes a new N terminus which is important for export (Chang et al., 2008;
Boddey et al., 2009; Grüring et al., 2012). Interestingly, not all species of
Plasmodium strictly adhere to the PEXEL consensus sequence. P. falciparum
exported proteins tend to express exported proteins with the canonical PEXEL
sequence while this is not the case in non-Laverenian species of Plasmodium (Pick
et al., 2011). However, many exported proteins lack this PEXEL motif, and they
are classified as the Type 2 PEXEL-negative export proteins (PNEP) (Grüring et
al., 2012).

Many PNEPs are responsible for infected red blood cell remodeling in

P. berghei (Pasini et al., 2013), and while there is evidence for the importance of
the N terminus in PNEP export as well (Spycher et al., 2006; Haase et al., 2009), it
is not necessarily due to Plasmepsin V activity (Boddey et al., 2013).
1.2.2 Liver stage parasite-induced membrane alterations and host-parasite
interaction
The liver stage requires successful maintenance of undetected residence within
the hepatocyte while the parasite also undergoes several rounds of asexual
replication and merosome egress. This replication is one of fastest growth rates
of eukaryotic cells

4

(Prudêncio et al., 2006; Bano et al., 2007). Membrane modifications within the
infected hepatocyte include the parasitophorous vacuole membrane (PVM), which
encapsulates the parasite within a vacuole in the hepatocyte cytoplasm and forms
after invasion, and the tubovesicular network, which is a membrane network
extending from the PVM in long, thin protrusions (Mueller, Camargo, et al., 2005;
Bano et al., 2007; Grützke et al., 2014).
Due to technical limitations on observing liver stage in humans, what is known
about parasite-induced membrane modifications during the liver stage has been
described via model systems. Studies using the murine model organism P.
berghei revealed that starting from the early formation of the parasitophorous
vacuole membrane only two hours

after

sporozoite

invasion

of

the

host

hepatocyte, the P. berghei proteins Circumsporozoite protein (CSP) and Upregulated in infective sporozoites 4 (UIS4) can be found localizing to the PVM and
tubovesicular network. In the following hours post-infection, other exported proteins
such as Upregulated in infective sporozoites 3 (UIS3), intraerythrocytic P. berghei
structure 1 (IBIS1), and Liver-specific protein 2 (LISP2) can be found (Mueller,
Camargo, et al., 2005; Ingmundson et al., 2012; Orito et al., 2013). Furthermore,
antibodies against liver stage PVM protein UIS4 were used to probe P. vivax liver
stage infections, resulting in the identification of a tubovesicular network in dormant
hypnozoites (Sylvester et al., 2020), and the entire liver stage development has
been documented for P. falciparum in mouse models (Vaughan et al., 2012).
Changes to the membrane architecture of both parasite and host results in
interactions between host and parasite. In preparation for hepatocyte egress,
Plasmodium parasites weaken the hepatocyte plasma membrane integrity by
disrupting the binding of actin with the plasma membrane (Burda et al., 2017).
Furthermore, the parasite liver stage PVM protein UIS3 has been found to inhibit
host cell-mediated selective autophagy, a process in which a cell removes cellular
components from the cytosol, through the competitive inhibition of LC3 from LC3
binding proteins (Real et al., 2018). Additionally, inhibition of apoptosis of the
hepatocyte has been found to accompany P. berghei infection,

5

presumably from disrupting PI3-kinase signaling as the result of activation of
hepatocyte growth factor (HGF) pathways (Leiriao et al., 2005; Sand et al., 2005).

1.2.3

Parasite-induced membrane formations within the infected erythrocyte

The erythrocyte is devoid of organelles and mechanisms for protein transport,
meaning the parasite must produce its own ribosomes and export machinery. The
invading merozoite forms a PVM in the host-cell cytoplasm by a combination of
indentation and subsequent encapsulation

within the erythrocyte membrane,

together with its own membrane synthesis (Vielemeyer et al., 2004). This behavior
is shared amongst members of apicomplexan parasites (Ward et al., 1993; Beĭer et
al., 2003). In addition, some members of the apicomplexans produce motile
cytoplasmic structures found distally from the PVM, and their specific morphologies
and depth of functional understanding varies, depending on the species of
Plasmodium (Sherling & van Ooij, 2016). Additional structures, such as the tubular
extensions extending from the PVM found within the cytoplasm of P. berghei-infected
erythrocytes, have been shown to engage with free protein exchange between the
parasitophorous vacuole and the protruding tubules (Matz, Goosmann, et al., 2015).
Last, but certainly not least, the surface of the P. falciparum infected erythrocyte
undergoes dramatic changes to its morphology with the emergence of knob
structures that are the result of an accumulation of exported proteins, and are
responsible for accumulation of the infected erythrocytes within the host (Gruenberg
et al., 1983; Raventos-Suarez et al., 1985; Baruch et al., 1995)

The blood stage exportome of P. falciparum contains over 300 predicted
exported proteins (Howard et al., 1988; Kun et al., 1991; Sargeant et al., 2006;
van Ooij et al., 2008; Heiber et al., 2013). Exported proteins in P. falciparum pass
through the Maurer’s clefts, the best characterized of the cytoplasmic membrane
structures produced by this species. The Maurer’s clefts are flat cisternae that start
off as motile structures, and are eventually tethered to the plasma membrane of the
infected red blood cell (Wickert et al.,
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2004; Grüring et al., 2011). They are important for the trafficking of virulence factors
to the surface of the infected red blood cell membrane (reviewed by Cooke et al.,
2004), which then adhere to host tissues through interactions with host-receptors
such as CD36 and intercellular adhesion molecule-1 (ICAM-1) (Ochola et al., 2011).
More generally, the Maurer’s clefts are responsible for protein processing and
sorting (Trelka et al., 2000; Taraschi et al., 2001; Przyborski et al., 2003; Wickert et
al., 2003), and similar structures have been identified in P. knowlesi as determined by
studies on the P. knowlesi ortholog of membrane-associated histidine-rich protein-2
(MAHRP2) (Cooke et al., 2004). The structures resemble oblong vesicular clefts,
and do not accumulate under the plasma membrane of the erythrocyte. In P.
vivax these structures are called Schüffner’s dots (Schüffner, 1899), and
Plasmodium berghei, a rodent-infecting species of Plasmodium, forms cytoplasmic
structures

termed

intra-erythrocytic

P.

berghei

induced

structures (IBIS)

(Ingmundson et al., 2012; Haase, 2013). The IBIS are highly motile tubular
structures that do not tend to associate with the red blood cell periphery (Haase,
2013; Hanssen et al., 2010; Ingmundson et al., 2012). The IBIS are home to
proteins that contribute to CD36 mediated cytoadherence and sequestration (De
Niz et al., 2016; Fonager, 2012; Haase, 2013).
The similarities between the cytoplasmic membrane alterations formed by these
different species of Plasmodium are not restricted to just aesthetics. There is a
growing body of evidence suggesting that the mechanics of protein export are
similar as well. For example, some orthologous proteins expressed in both P.
falciparum and P. berghei can be expressed and exported in either species.
Through work to characterize the IBIS, it was determined the P. falciparum protein,
PfSTEVOR, could be expressed under a P. berghei IBIS1 promoter, indicating P.
berghei is capable of exporting P. falciparum PEXEL/HT motifs (Ingmundson et
al., 2012). There is further evidence for reciprocity of the export machinery of the two
species as P. berghei IBIS1 was successfully expressed as a membrane delineated
structure in P. falciparum Mauer’s clefts (Petersen et al., 2015). Furthermore,
orthologous proteins found in both structures are required for the efficient
sequestration of blood stage schizonts of both P. berghei and P. falciparum
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(Blisnick et al., 2000; Spycher et al., 2003; Cooke et al., 2006; Spycher et al., 2008;
Maier et al., 2006; De Niz et al., 2016).

Evidence for compatibility of protein export across species of Plasmodium also
exists between P. falciparum and P. knowlesi. For example, the Mauer’s cleft
resident protein, Skeletal-binding protein-1 (PfSBP1), facilitates the trafficking of
surface ligands such as Plasmodium falciparum erythrocyte membrane protein 1
(PfEMP1) to the surface of the infected erythrocyte (Cooke et al., 2006; Maier et
al., 2006). The P. knowlesi syntenic ortholog, PkSBP1, was found to localize in
the P. knowlesi infected red blood cell cytoplasm in patterns similar to that of
the Sinton and Mulligan’s stippling visible in Giemsa-stained smears. Additionally,
PkSBP1 can be expressed in P. falciparum and was found to colocalize together
with the PfSBP1 (Lucky et al., 2016). Another P. falciparum protein, PfMAHRP2,
localizes to tether structures of the infected erythrocyte, and the P. knowlesi ortholog,
PkMAHRP2, was found to localize in plate-like structures, which the authors
postulate could be equivalent to the P. falciparum tethers (Asare et al., 2018). The
similarities between species of Plasmodium opens up attractive possibilities for
usage of model systems to study previously restricted phenomena, whether due to
lack of a robust continuous culturing system or ethical restrictions associated with in
vivo liver stage study.
1.3 Sequestration of late-stage Plasmodium infected erythrocytes
Sequestration of late blood stage infected erythrocytes is a hallmark of P.
falciparum infection peaking at 24 hours into the lifecycle and is mediated by knobs
on the surface of the infected erythrocyte which contain PfEMP1. Binding to host
microvasculature contributes towards a litany of potentially fatal consequences
such as cerebral malaria (Storm et al., 2019), complications with pregnancy (Mishra
& Newton, 2009), respiratory distress (Valecha et al., 2009),

and vascular

obstruction (Dondorp et al., 2004). The specific mechanism for sequestration
depends on the species, but it generally is mediated
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by a combination of adhesion of the infected erythrocyte with host proteins and
changes in membrane rigidity that can hinder the erythrocyte progression through the
circulatory system (Sherman et al., 2003; Suwanarusk et al., 2004).
These examples illustrate how sequestration of the parasite affects the host
negatively, however, a body of evidence suggests that parasite growth fitness
is related to sequestration. By sequestering in the host tissues, the parasite is able
to safely develop into the late stages before they are removed by the spleen by a
process called splenic clearance (Looareesuwan et al., 1987; Ho et al., 1990).
Chotivanich et al. showed how P. falciparum could be eliminated from red blood cells
without destroying the red blood cell, and later provided evidence for the role of the
spleen in this clearance of parasites from the infected red blood cell (Angus et al.,
1997; Chotivanich et al., 2002). An actual reduction of parasite fitness in the
absence of sequestration was shown in P. berghei. For example, several P. berghei
mutants lacking proteins such as PTEX88, PbMAHRP1a, PbSBP1, SMAC all
displayed inefficient growth compared to wild type (Fonager, 2012; Matz,
Ingmundson, et al., 2015; De Niz et al., 2016).
1.3.1

The sequestration of P. falciparum depends on expression of PfEMP1

It is important to note that sequestration, or the removal of infected erythrocytes
from circulation, is not a product of a single phenomenon. How exactly sequestration
occurs depends on the species of Plasmodium is being described, though it is best
understood in P. falciparum, where sequestration results in severe malaria
complications. The sequestration of P. falciparum infected erythrocytes in the lungs,
brain, and placenta is well described to be due to PfEMP1 cytoadherence
(Rogerson et al., 2007; Mishra & Newton, 2009).
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Figure 1. The exported P. falciparum protein PfEMP1 mediates adhesion on the
surface of the infected erythrocyte. The infected erythrocyte sequesters within host
tissues through the binding of PfEMP1 with host cell receptors. Pictured here is an
infected erythrocyte circulating in a blood vessel, where encounters between PfEMP1
of the knob structure facilitates binding with host receptors such as CD36, ICAM-1,
VCAM-1, ELAM-1, among others. The specific binding interactions depend on where
in the host’s body binding occurs, as the distribution of host receptors is heterogenous.

PfEMP1 is encoded by the var family of proteins, which contains 60 genes
distributed across seven groups of binding specificity. It is expressed around 18
hours into the asexual stage of growth and expression can switch during the
following generation, usually in a coordinated manner, but at least one of the 60
variants are expressed at a given time (D. Roberts et al., 1992; Scherf et al., 1998;
Bachmann et al., 2011; Attaher et al., 2019). PfEMP1 has been shown to bind
numerous

host

receptors,

including

thrombospondin (TSP), CD36, ICAM-1,

vascular cell adhesion molecule-1 (VCAM-1), E-selectin (ELAM-1), P-selectin,
PECAM-1/CD31, Endothelial Protein C Receptor (EPCR), some integrins, laminin
and cellular fibronectin, and during pregnancy, it binds to chondroitin sulphate
A (CSA) (Figure 1) (D. D. Roberts et al., 1985; Barnwell et al., 1989; Berendt et al.,
1989;

Ockenhouse

et

al.,

1989,

1992;

Fried

&

Duffy,

1996;

Udomsangpetch et al., 1997; Treutiger et al., 1997; Siano et al., n.d.; Biswas et al.,
2007; Turner et al., 2013; Attaher et al., 2019; Bernabeu et al., 2019). The
determination of the strength of the binding interaction and whether the bound
erythrocyte remains static or rolls along depends on the flow and culture conditions
and temperature used in the assay (Tilly et al., 2015; Lubiana et al., 2020).
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1.3.2 Sequestration of P. berghei depends partially on the expression of P.
falciparum orthologs
While an ortholog of PfEMP1 has not been identified in P. berghei, and knob formation
is also absent, exported blood stage proteins are still present in P. berghei infection
(Marti et al., 2004; Pasini et al., 2013). Despite the absence of a PfEMP1 ortholog
and knob formation, P. berghei schizonts sequester in the lungs, spleen, and
adipose tissue of infected mice, as well as brain endothelial cells (Franke-Fayard et
al., 2005; El-Assaad et al., 2013; Pasini et al., 2013).
Although whichever proteins that may be present on the surface of P. bergheiinfected erythrocytes are still unidentified, there are parallels in sequestration between
P. berghei and P. falciparum. CD36 binding by P. berghei-infected erythrocytes is
supported by exported proteins, in some way similar to those of P. falciparum.
One such protein, Schizont Membrane-Associated Cytoadherence protein (SMAC),
localizes to the infected red blood cell cytoplasm, and in its absence, CD36-mediated
binding is indirectly reduced in vivo (Fonager, 2012). Additionally, SBP1 and MAHRP1
are two exported proteins that are expressed as syntenic orthologs in both P. berghei
(PbSBP1 and PbMAHRP1) and P. falciparum (PfSBP1 and PfMAHRP1), and they
localize to the IBIS of P. berghei and the Maurer’s clefts of P. falciparum and
contribute to schizont sequestration and cytoadherence (Blisnick et al., 2000;
Spycher et al., 2003; Cooke et al., 2006; Maier et al., 2006; Spycher et al., 2008; De
Niz et al., 2016). When the P. berghei ortholog of PfSBP1 is knocked out, CD36dependent sequestration is lost, indicating that despite the mismatch of one-to-one
functional

orthologs

throughout

the

trafficking

pathways

associated with the

cytoplasmic membrane alterations, there appears to be similar roles for proteins
exported to the IBIS as there is for proteins found in the Maurer’s clefts (De Niz et al.,
2016).
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Although CD36 is one receptor P. berghei infected erythrocytes interact with,
the possibility of other, yet undefined, receptor-ligand interactions cannot be
excluded. For example, cerebral malaria (CM) caused by P. falciparum is the result of
sequestration of infected erythrocytes in the host microvascular (MacPherson
et

al.,

1985),

but experimental cerebral malaria (eCM) caused by P. berghei

infection is thought to be due to congestion caused by immune cell infiltrate, even
though the outward disease present similarly to CM (Chen et al., 2000; Hearn et al.,
2000; Belnoue et al., 2002; Nitcheu et al., 2003). Indeed, P. berghei infection in
CD36-/- mice still resulted in cases of eCM (Franke-Fayard et al., 2005). This does
not mean that cytoadherence does not contribute at all towards P. berghei
sequestration, as co-cultures of P. berghei infected erythrocytes with murine lung and
murine brain microvascular endothelial cells (MVEC) have shown direct binding of the
two components of the co-culture in vitro (El-Assaad et al., 2013), rather that our
understanding of species specific mechanisms of cytoadhesion must be further
explored.
1.3.3 P. knowlesi is not known for sequestration, yet displays cytoadherence
behaviors
Interestingly, P. knowlesi does not seem to have the same link between
cytoadherence and sequestration. P. knowlesi schizonts express Schizont-Infected
Cell Agglutination Antigens (SICAvar) genes which share binding motifs of the var
genes of P. falciparum, though complicated malaria infection involving coma is not a
common pathology of P. knowlesi infection (Al-Khedery et al., 1999; Korir & Galinski,
2006; Pain et al., 2008), aside from one documented patient that succumbed to
severe malaria displaying an accumulation of erythrocytes in their brain tissue
(Cox-Singh et al., 2010). Even though P. knowlesi is not known for a tendency to
accumulate in the brain microvascular, P. knowlesi has been shown to bind ICAM-1
and VCAM in vitro (Fatih et al., 2012). And while P. knowlesi doesn’t form knob
structures, changes to the erythrocyte surface were observed to be associated with
the increase in deformability. The increased cellular
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rigidity could decrease successful passage of infected red blood cells through
the capillaries (Barber et al., 2018; Liu et al., 2019).
1.3.4

Removal of P. vivax parasites from circulation

P. vivax infection is regarded as a hazard for pregnant women and unborn children,
as well as for a higher propensity for inciting an inflammatory response and anemia
(Anstey et al., 2012). The disease pathology does not normally include coma, and the
assumption has been that P. vivax infected erythrocytes are non-sequestering due to
the lack of knob formation and the appearance of schizonts in the periphery
(Aikawa et al., 1975; Garnham, 1966). This has since been challenged, for
example a study of 50 clinical isolates revealed that 27 of those isolates did not show
any schizonts in circulation (Lopes et al., 2014).
P. vivax parasites express the P. vivax variant antigens (VIR) family of proteins, and
the number of VIR genes makes it difficult to pinpoint which are responsible for
binding to host-cell receptors (Fonseca et al., 2017). The discussion on the extent
of

P.

vivax

cytoadhesion

has

been

furthered

with

the

computational

identification of putative adhesion motifs within the VIR genes and ex vivo binding to
ICAM-1 and CSA (Carvalho, 2010; Lopes et al., 2014). As for deformability, P. vivax
infected erythrocytes appear to maintain flexibility until they become spherical in
later stages, which decreased deformability (Russell & Cooke, 2017).
Interestingly, it appears that P. vivax could have additional mechanisms for removal
from circulation. Modeling infection dynamics of Plasmodium cynomolgi as a model
system for Plasmodium vivax suggests that hidden, non-circulating, P. cynomolgi
reservoirs within the host liver, bone marrow, or spleen account for the observed
growth data, and this could potentially extend to P. vivax (Fonseca et al., 2017). This
hypothesis was supported by the observations that the peripheral parasitemia is not
an accurate representation of parasite biomass in infected hosts (Silva-Filho et al.,
2020). Specifically, late asexual
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stages of P. vivax were found to be underrepresented in circulation, and the bone
marrow is likely a reservoir for infection (Obaldia et al., 2018). While P. vivax
may not be sequestering to the same extent as P. falciparum, the model suggests
the likelihood of a concealment mechanism, and it is still of significance due to the
damage that can occur to the host during concealment (Moreno, 2016).
Taken together, there are multiple biological distinctions between which virulence
factors are expressed, what types of adhesion occur, the end effect on disease
severity, and overall parasite fitness when comparing species of Plasmodium. This
means there are biologically

unique

pathways

to

pathology

that

warrant

investigation in order to gain a clearer understanding of disease risk factors. At the
same time, the parallels between P. falciparum and P. berghei provide support for
the use of rodent models in assessing human pathological complication. Using P.
berghei as a model system for sequestration offers the chance to study PfEMP1independent pathways for Plasmodium sequestration, that would help develop the
current understanding of the role sequestration plays on the overall fitness of
Plasmodium development.
1.4 PBANKA_0524300 (IPIS2) and PBANKA_0623100 (IPIS3) are two P.
berghei proteins found within the IBIS
A

P.

berghei

protein

called

intraerythrocytic

intra-erythrocytic

P.

berghei-

induced structure-1 (IBIS1) was discovered using the ExportPred algorithm that
searched for PEXEL motif. This protein was found to be exported to the IBIS in the
infected erythrocyte cytoplasm (Ingmundson et al., 2012), despite the absence of an
identified P. falciparum ortholog. Since IBIS1 was found to contribute to efficient blood
stage growth of P. berghei, it suggests that proteins found to localize in these
membrane compartments are of interest to P. berghei fitness and infection
severity. Mass spectrometry of the co-immunoprecipitation products of IBIS1mCherry with anti-red fluorescent protein (RFP)-bound agarose beads was
performed in order to identify further candidates for study, and this led to the
identification of PBANKA_0524300 (IPIS2) and PBANKA_0623100 (IPIS3),
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which were named in the following fashion of IBIS1 based on their localization to the
IBIS in the infected red blood cell (Grützke, 2015).

1.4.1

Features of the proteins IPIS2 and IPIS3

General information that can be derived from the primary amino acid sequences of
IPIS2 and IPIS3 can be found summarized in Figure 2. To summarize, both
members contain a
contains

a

tryptophan-rich

predicted

domain,

and

the

sequence

of

IPIS3

transmembrane sequence. Aside from the shared

tryptophan-rich domain and similar localization patterns, the sequences of IPIS2
and IPIS3 are different from one another, and they are not found on the same
chromosome.

Figure 2. General sequence information of IPIS2 and IPIS3. Both proteins contain a
tryptophan-rich domain. They are found on separate chromosomes. IPIS3 has a N’
terminal predicted transmembrane domain (TM) that has not yet been experimentally
confirmed. Additionally, both genes contain two exons, and neither contains a
PEXEL/VTS signaling motif, and are therefore considered PEXEL Negative Export
Proteins (PNEP).
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1.4.1.1 The Antigen (TRAg) family of proteins play important roles for
parasite biology in multiple species of Plasmodium
IPIS2 and IPIS3 are both members of a tryptophan-rich domain-containing family
of proteins that are defined by the presence of positionally conserved protein
domain enriched with the amino acids tryptophan and threonine. The domain can be
identified by the InterPro domain ID IPR022089. While four members of the
tryptophan-rich multigene family are present in P. falciparum, the gene family is
expanded in rodent and other clinically relevant strains, with 36 members present in
P. vivax and 26 in P. knowlesi (H. R. Ansari et al., 2016; PlasmoDB, n.d.). Within
Plasmodium,

tryptophan-rich

domains

have

been

identified

in

Plasmodium

falciparum to potentially play a role in merozoite invasion (Curtidor et al., 2006;
Ntumngia et al., 2004, 2005). The IPIS2 orthologue in P. yoelii (pypAg-3 or PY03625)
and the Sporozoite, Liver stage Tryptophan-Rich Protein (SLTRiP) have been
shown to be immunodominant (Burns et al., 2000; Uhlemann et al., 2001; Jaijyan et
al., 2015), and proteins containing this domain in Plasmodium vivax play roles in
parasite growth, adhesion, and possess immunogenic properties (Jalah et al., 2005;
M. T. Alam et al., 2008; Mittra et al., 2010; M. S. Alam et al., 2015; Tyagi et al.,
2015; Wang et al., 2015).
1.4.2 IPIS2 and IPIS3 are expressed at the parasite-host interface in the liver and
blood stages of infection
The mRNA expression of IPIS2 and IPIS3 was detected in a MudPIT anaylsis of
mixed asexual blood stages (Hall et al., 2005), and IPIS3 has been identified as
part of the gametocyte egressome (Kehrer et al., 2016). PhD thesis work by
Josephine Grützke contains florescence microscopy data showing IPIS2-mCherry
and IPIS3-mCherry are associated with parasite-induced membrane alterations.
Starting from 17 hours after the initiation of in vitro liver infections, IPIS2 and IPIS3
were found to localize to the PVM and tubovesicular network (TVN). IPIS2 and IPIS3
are exported during the blood stages and

16

appear to localize to the IBIS compartments in infected blood cells in a similar pattern
to other previously identified IBIS-proteins such as PbCP1 and PbSBP1, and
PbMAHRP1, and they also both colocalize with IBIS1 (Ingmundson et al., 2012;
Haase, 2013; Pasini et al., 2013; De Niz et al., 2016).

1.4.3

The contribution of IPIS2 and IPIS3 to P. berghei infection

The functions of IPIS2 and IPIS3 are currently undescribed. Information regarding
effects on growth is primarily found in pooled P. berghei knock out assays. Initially,
IPIS3 was described to be refractory to deletion (Fonager et al., 2011), but a pooled
in vivo knock-out competition assay later provided data to support that knock out
of either IPIS2 or IPIS3 could result in slower asexual blood stage growth, with the
authors citing the length of the homology arms in the original study as a possible
explanation for the previously unsuccessful attempts of knocking out various genes
in the study (Bushell et al., 2017). An interesting postulation proposed by Bushell et
al. is the observation that more than half of the genes in the pool were either
essential or supportive to growth hints towards a decreased probability that the
proteins in the pool play redundant functions due to genetic optimization of the
genome. Niikura et al. preformed a comparative genomics screen between two
strains of P. berghei: a lethal strain named P. berghei NK65 (Pb NK65) and a
nonlethal derivative strain called P. berghei XAT which was found not to sequester
and caused infections that were clearable by the infected mice. Comparative
proteomics between the two lines revealed that IPIS2 was one of several
proteins no longer identifiable in the Pb XAT line. Though the lack of IPIS2
detection was only a part of the change associated with the attenuated line, the
reveal prompts the question of whether or not IPIS2 plays a role in parasite fitness in
its own right (Niikura et al., 2018).
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1.4.4

Orthologs of IPIS2 and IPIS3 in clinically relevant species of Plasmodium
offer cross-species study of infection

Annotated

orthologs

exist

for

IPIS2

and

IPIS3

in

multiple

species

of

Plasmodium, including clinically relevant strains. Table 1 lists the Gene IDs and in
which species the orthologs are present. Whether or not the orthologs are
syntenic is also listed. All information was obtained from the PlasmoDB online
database.
Table 1. Orthologs of IPIS2 (PBANKA_0524300) and IPIS3 (PBANKA_0623100)
exist in other species of Plasmodium
Organism
P. knowlesi
P. knowlesi
P. vivax
P. yoelii

Gene ID
PKNH_0516000
PKNH_0200900
PVP01_0532600
PY17X_0525700
PY17X_0525800

P. berghei ortholog
PBANKA_0524300
PBANKA_0623100
PBANKA_0524300
PBANKA_0524300

Synteny
yes
no
yes
yes

P. yoelii

PY17X_0626000

PBANKA_0623100

yes

P. cynomolgi
P. chabaudi

PCYB_053750
PCHAS_0524500
PCHAS_0524600
PCHAS_0624800

PBANKA_0524300
PBANKA_0524300

yes
yes

PBANKA_0623100

yes

P. chabaudi

The expression and behavior of the IPIS2 and IPIS3 orthologs in other species
of Plasmodium are poorly described. Lapp et al. identified blood stage mRNA
expression of PKNH_0200900 and PKNH_0516000 (Lapp et al., 2015). While there
is evidence for the expression of the orthologs in their respective organisms, it is not
yet clear how much of a functional conservation they maintain, or even if they
even localize to the species-equivalent cytoplasmic membrane compartments as
IPIS2 and IPIS3 do in P. berhgei.
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Further studies on IPIS2 and IPIS3 in the context of other species could contribute
to the general understanding of how host-parasite interfaces contribute to
Plasmodium development and pathogenicity. Considering the divergences and
convergences in pathways related to sequestration and cytoadhesion across the
discussed species of Plasmodium, it would be interesting to dissect which factors
are conserved and which are unique to each organism.
1.5 Experimental objective of this thesis
IPIS2 and IPIS3 are exported during the blood stages of P. berghei infection and
appear to localize to the IBIS compartments in infected erythrocytes. These two
proteins contain a tryptophan-rich domain, a characteristic shared by the members
of the tryptophan-rich multigene family. While members of the tryptophan-rich
multigene family are present in P. falciparum, the gene family is expanded in
rodent and other clinically relevant strains of Plasmodium such as P. knowlesi and
P. vivax (Ntumngia et al., 2004). The differences in the exported repertoire among
species of Plasmodium suggests differential adaptations to their host environments.
In order to gain insight into such adaptations, we characterized P. berghei infection in
the absence of either IPIS2 or IPIS3.

Based on their localization at the host-parasite interface in both liver and blood
stages of infection, we hypothesized that the absence of IPIS2 or IPIS3 would impact
the interaction between Plasmodium and its host cells and may in turn influence
parasite growth. To test this hypothesis, we carried out phenotyping experiments
with genetically attenuated lines of P. berghei where the endogenous gene
encoding either IPIS2 or IPIS3 were knocked out. Furthermore, we were also
interested in how the IPIS2 and IPIS3 orthologs in P. knowlesi behave in in vitro
blood stage parasites. In both objectives, we aimed to deepen our knowledge of the
fundamental factors contributing to Plasmodium development and fitness.
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Chapter 2 Materials and methods
2.1 Materials
Experimental work was conducted at the Humboldt University of Berlin in Berlin, DE,
The Australian National University in Canberra, AU, the Max Planck Institute for
Infection Biology in Berlin, DE, and the Charité in Berlin, DE.
2.1.1

Animal ethics statement

Animal research was performed in strict adherence to German and EU animal
protection laws (Tiergeschuzgesetz in der Fassung vom 22. Juli 2009 and the Directive
2010/63/EU of the European Parliament and Council “On the protection of animals
used for scientific purposes”).
The protocol for usage of animals obtained approval from the Berlin ethics committee
(Landesamt für Gesundheit und Soziales Berlin) and operated under the permit
number G0294/15.
2.1.2

Laboratory animals

Mouse line
Mus musculus Naval Medical Research
Institute (NMRI) mice
Mus musculus Swiss Webster
Mus musculus C57BL/6

2.1.3

Origin
Charles River Laboratories (Germany)
Charles River Laboratories (Germany)
Charles River Laboratories (Germany)

Biological agents

Biological agent
Anopheles stephensi
Plasmodium berghei ANKA
HepG2 hepatoma cells
E. coli XL-1 Blue
P. knowlesi

Origin
Nijmegen (Netherlands)
Nijmegen (Netherlands)
Stratagene (Germany)
Obtained from Dr. Kevin Saliba
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2.1.4

Cloning vectors

Vector
GOMO- GFP-Luciferase

Origin
Obtained from Dr. Olivier Silvie (Manzoni et
al., 2014)
Obtained from Prof. Andy Waters (Silvie et
al., 2008)
Obtained from Dr. Rob Moon
Obtained from Dr. Rob Moon

B3D+
mNeonGreen
pCas9/sg

2.1.5

Primers for cloning, genotyping, and sequencing

Direction

Purpose

fwd

IPIS2 5’ UTR

rvs

IPIS2 5’ UTR

NotI

ggatgcggccgcTTTGAAGATATTTTATAATAT
TAATGATAAAATTG

fwd

IPIS2 3’ UTR

XhoI

atcactcgagATTCTATAAAAATTATTAACTAA
TC

rvs

IPIS2 3’ UTR

KpnI

aacggtaccGAAACATGCACTTTCTAATATTA
TTC

fwd

IPIS3 5’ UTR

SacII

atcccgcggTTTACATTAATGTGTGAGATTTT
GG

rvs

IPIS3 5’ UTR

NotI

gtatgcggccgcAGTGATTTACAAAGATCAAAA
ATAAAAATAAG

fwd

IPIS3 3’ UTR

XhoI

catcctcgagTGATTCTATATTACATAATCATA
TTAATC

rvs

IPIS3 3’ UTR

KpnI

tccggtaccATAAACGGATTACATAAAATGAT
TC

fwd

ipis2-[GFPLuc;mCherry]
integration
check
ipis2-[GFPLuc;mCherry]
integration
check
ipis3-[GFPLuc;mCherry]

rvs

fwd

Restriction Sequence
enzyme cut
site
SacII
atcccgcggAGAACATTGTTAGAACATACCTC
GTTG

GTGTGTTCCGCATAATGCAAAGTTTTC

GGATTTAAATGTAACATTGTTCTATCGATG
C
CAATCAATACTTCAAATATACGTTTCCAC

21

fwd

integration
check
ipis3-[GFPLuc;mCherry]
integration
check
IPIS2 wild type

rvs

IPIS2 wild type

CAAAGTTTGTTTCTCAGCTTTCCATCGTC
C

fwd

IPIS3 wild type

GAATCGATTTCCGTAGGTGCTAGCGC

rvs

IPIS3 wild type

GAACTTGTATCGGTATCTTCTTTCTTTTCA
TCGG

fwd

ipis2-[GFPLuc;PyrS]
Recycle
screen –
mCherry
excised
ipis2-[GFPLuc;PyrS]
Recycle
screen –
mCherry
excised
ipis3-[GFPLuc;PyrS]
Recycle
screen –
mCherry
excised
ipis3-[GFPLuc;PyrS]
Recycle
screen –
mCherry
excised
ipis3-[GFPLuc]:IPIS2mCherry
5’ integration
ipis3-[GFPLuc]:IPIS2mCherry
5’ integration
ipis3-[GFPLuc]:IPIS2mCherry
3’ integration

CTAATACGACTCACTATAGGGC

rvs

rvs

fwd

rvs

fwd

rvs

fwd

ATATTAATTACATTTTATTATTGGTTCAATG
C
TGTATTGTGGCAAATAGCTCAAACTTCTT
GAG

ggatttaaatgtaacattgttctatcgatgc

CTAATACGACTCACTATAGGGC

caatcaatacttcaaatatacgtttccac

TTA GAA CAT TGT TAG AAC ATA CCT CGT
TGC
GATCCTTACTTGTACAGC

CTTATCGATACCGTCGACCTC
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ipis3-[GFPLuc]:IPIS2mCherry
3’ integration
ipis2-[GFPLuc]:IPIS3mCherry
5’ integration
ipis2-[GFPLuc]:IPIS3mCherry
5’ integration
ipis2-[GFPLuc]:IPIS3mCherry
3’ integration
ipis2-[GFPLuc]:IPIS3mCherry
3’ integration
T3 promoter
sequencing
primer
For mCherry
sequencing
PbDHFR used
for sequencing

rvs

fwd

rvs

fwd

rvs

fwd
rvs
rvs

2.1.6

CGGGTTTGGTTATCCTTATTTTGACAAAAT

TATCCCTCATAATGGGGTTATGAATTTTTT
C
GATCCTTACTTGTACAGC

CTTATCGATACCGTCGACCTC

TAAAAGAAAAATAGCAGCAAATAACGTAA
TTATC
ATTAACCCTCACTAAAG
TCCATGTGCACCTTGAA
tagataaagaacaccttgtttatttttcccc

Antibodies

Antibody
Mouse aHSP70
Rabbit aRFP
Rabbit aUIS4

Dilution
1:2000 Western blot, 1:400
IFA
1:1000 Western blot
1:400 IFA

amouse IRDye
arabbit IRDye
amouse Alexa Fluor 488

1:15,000 Western blot
1:15,000 Western blot
1:20,000 IFA
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Manufacturer
(Tsuji et al., 1994)
Abcam, Germany
Eurogentec
(Mueller,
Camargo, et al., 2005)
Li-cor, USA
Li-cor, USA
Life Technologies, USA

2.1.7

Enzymes

Enzyme
T4 DNA ligase
Calf-Intestinal Phosphatase
S7 Fusion high-fidelity polymerase
Restriction endonucleases
SYBR Green I Master Mix
DreamTaq

2.1.8

Manufacturer
New England Biolabs, US
New England Biolabs, US
Biozym, Germany
New England Biolabs, US
Thermo Fisher Scientific, US
Thermo Fisher Scientific, US

Commercial kits

Kit name
Amaxa Human T Cell Nucleofactor Kit
QIAprep Spin Miniprep Kit
QIAprep Spin Midiprep Kit
QIAamp DNA-Blood Mini Kit
QIAquick PCR Purification Kit
QIAquick Gel Extraction Kit
Rapid DNA Dephosphorylation & Ligation Kit
TOPO TA Cloning
PureLink Hipure plasmid filter Purification
Kits
Amaxa P3 primary Cell 4D Nucleofector X
KitL

2.1.9

Manufacturer
Lonza, Germany
QIAGEN, Germany
QIAGEN, Germany
QIAGEN, Germany
QIAGEN, Germany
QIAGEN, Germany
Roche, Switzerland
Thermo Fischer, Germany
Invitrogen, US
Amaxa, US

Chemicals

Chemical
b-Mercaptoethanol
2-Propanol Rotipuran
5-Fluorocytosine
6 x DNA loading dye
Acetic acid
Agarose
Albumax II
Albumin Fraction V (BSA)
Alsever's Solution
AMAXA T cell nucleofector
Ammonium acetate
Ammonium persulfate (APS)
Ampicillin
Bacto-Yeast
Bacto-Tryptone
Cellulose
Chloroform

Manufacturer
Sigma-Aldrich, US
Roth, Germany
Sigma-Aldrich
Thermo Scientific, Lithuania
Roth, Germany
Invitrogen, US
Thermo Fischer Scientific, US
Roth, Germany
Sigma, Germany
Lonza, Canada
Sigma, US
Roth, Germany
Roth, Germany
Roth, Germany
BD Bioscience, Germany
Sigma Life Science, Germany
Roth, Germany
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Compound-2
Concanavalin A
Cut smart Restriction Enzyme Buffer
DMEM-medium
DMSO (Dimethyl sulphoxide)
dNTP MIX, 2mM
Ethanol, Absolute
Ethanol, 96%
Ethylenediamine tetra acetic acid (EDTA)
Fetal Calf Serum (FCS), certified (USA)
Fetal bovine serum (FCS SA, Heat inactivated)
Fluoromount G (DAPI)
Formaldehyde 16%, MeOH-free
GeneRuler 1kb Plus DNA Ladder,
Gentamycin
Giemsa stain
Glass distilled Acetone
Gluteraldehyde
Glucose
Glycerine
Glycerol
Glycine
HEPES
Hexadecene
Hydrochloric acid (HCl)
Heparin-Na
HM20 Lowicryl Embedding Resin
Hoechst 33342
Horse Serum
Human Serum
Hypoxanthine
Immersion oil
Isofluorane
Kanamycin
Ketamine/Xylazine hydrochloride
Laemmli 2x
LB-agar powder
Methanol
NaHCO3
NaOH
NH4OAc
Nycodenz density gradient medium
PABA (4-Aminobenzoic Acid)
Paraformaldehyde (PFA)
PBS, sterile solution
PBS, tablets Gibco
PCR primers
Penicillin-Streptomycin, liquid
Poly-L-Lysine
Potassium chloride
Pre-stained protein ladder
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Obtained from Dr. Rob Moon
Sigma-Aldrich, US
New England Biolabs, US
Pan Biotech
Roth, Germany
Roth, Germany
VWR Chemicals, France
Merck, Germany
Merck, Germany
Invitrogen, Germany
Gibco
Southern Biotech
Polyscience
Thermo Fischer, US
Gibco Life Technologies,
Germany
VWR, Germany
EMS, US
EMS, US
Merck, Germany
Roth, Germany
Roth, Germany
Roth, Germany
Merck/Calbiochem, Germany
EMS, US
Roth, Germany
Ratiopharm, Germany
EMS, US
Invitrogen, Germany
Thermo Fischer Scientific, US
Australian Red Cross
Roth, Germany
Roth, Germany
CP-Pharma, Germany
Sigma-Aldrich
Ceva/ Medistar, Germany
Sigma, US
Clonetech, US
Thermo Fisher Scientific, US
Roth, Germany
Merck, Germany
Ambion, US
Axis Shield, Norway
Sigma, US
Sigma, US
Pan Biotech
Invitrogen, Germany
Thermo Scientific, Germany
Invitrogen, Germany
Sigma-Aldrich, US
AppliChem, Germany
Thermo Scientific, Lithuania

Protease Inhibitor Cocktail
Pyrimethamine
RPMI 1640-medium
Saponin
SOC Outgrowth Medium
Sodium acetate
Sodium bicarbonate
Sodium chloride
Sodium dodecyl sulfate (SDS) 10%
Sorbitol
SYBR Safe DNA Gel stain
Tetramethylethylenediamine (TEMED)
Tissue culture gas mixture (1% O2, 5% CO2, 94% N2)
TRIS
Triton X-100
Trizol
Trypsin-EDTA
Tween 20
Uranylacetate

Roche, Germany
Sigma, Germany
Pan Biotech
Sigma, Germany
New England Biolabs, US
Roth, Germany
Roth, Germany
Roth, Germany
Sigma Life Science, Switzerland
Sigma, US
Invitrogen, Germany
Roth, Germany
BOC Gasses and Coregas
Roth, Germany
Roth, Germany
Ambion, US
Invitrogen, Germany
Roth, Germany
EMS, US

2.1.10 Buffers and solutions
Buffer/Solution
Electrophoresis buffer TAE (50x)

Electrophoresis buffer TAE (1x)
LB-Agar
Luria-Bertani (LB) medium (pH 7.5):

Transfection Medium
Ketamine/Xylazine hydrochloride:
Heparin/PBS
Pyrimethamine H2O

Stabilate freezing solution

Contents
Tris 2M
Sodium acetate 250 mM
EDTA 0.5 mM (pH 7.8)
ddH2O 1L
20 mL Electrophoresis buffer TAE (50x)
980 mL ddH2O
LB-Medium 1 L
LB-Agar 15 g
Bacto-tryptone 10 g
Bacto-yeast extract 5 g
NaCl 5 g
ddH2O 1,000 mL
RPMI 160 mL
FCS (origin USA) 40 mL
Gentamycin 50-60 μL
Ketamine (100 mg/mL) 1 mL
2 % Rompun (Xylazine) 150 μL
1x PBS 2.85 mL
Heparin 40 μL
PBS 960 μL
stored at 4°
Pyrimethamine 0.35 g
DMSO 50 mL
ddH2O add 5 L, adjust pH 3.5-4.5
Stored in the dark at RT
Alsever's solution 90 mL
Glycerol 10 mL
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RIPA buffer

10X Transfer buffer (Western Blot):
1x Wet-transfer buffer
5x SDS running/electrophoresis buffer

1x SDS running/electrophoresis buffer
TBST

Blocking Solution
FACS medium
Nycodenz stock

Nycodenz working 55%
DMEM cell culture medium
HepG2 freezing solution
16% Paraformaldehyde (pH 7.2)

Blocking Solution
P. knowlesi culturing medium

0.87g NaCL in 1 mL Triton
12.5 mL deoxycholate
1 mL 10% SDS
5 mL 1M Tris pH 8
0.2 mL 0.5M EDTA in 100 mL dd H2O
Glycine 144 g
Tris 30 g
ddH2O ad 1 L
100 mL 10x transfer buffer
200 mL methanol
700 mL ddH2O
30g Tris
144g glycine
50 mL 10% SDS
950 mL ddH2O
200 mL 5x running buffer
800 mL ddH2O
1 L PBS
0.05% Tween
25 mL 5M NaCl
25 mL 1M Tris pH 8.0
5% Milk powder in TBST
PBS + 1mM EDTA + 2% FCS
KCl 3 mM
EDTA 0.3 mM
Tris pH 7.5, 5 μM
Nycodenz 110.4 g
ddH2O to 400 mL
Solution autoclaved and stored in the dark at
4°
16.5 mLNycodenz stock
13.5 mLPBS
DMEM medium
10% FCS
1% P/S
DMEM (with 10% FCS)
10% DMSO
PFA 16 g
Sodium hydroxide (2M) added until the
solution was clear
10x PBS 10 mL
ddH2O 100 mL(55-60°C)
PBS/NH4CL
0.3% Triton X-100
0.003 g/l BSA
Incomplete:
RPMI 1640 500 mL
HEPES 12.5 mL
Glucose 20% 5 mL
Hypoxanthine 1.25 mL
Gentamycin 1.2 mL
Complete:
AlbumaxII 15 mL
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Horse Serum/Human Serum 45 mL
28% Glycerol (v/v)
3% Sorbitol (v/v)
0.65% NaCl in water
12% and 1.6% NaCl in PBS (w/v)
0.9% NaCl in PBS (w/v) + 0.2% Glucose in
PBS (w/v)
0.2% glutaraldehyde
0.1% Uranyl Acetate in acetone

P. knowlesi freezing solution
P. knowlesi thawing solution (3 solutions)
Freeze substitution cocktail

2.1.11 Laboratory instruments
Instrument
Agarose gel station, Easy Cast
Agarose gel electrophoresis EPS 200, power
supply
Amaxa Electroporator
Automated Freeze Substitution (AFSII)
AxioImager Z2 epifluorescence microscope
Axio Observer Z2
AxioCam MR3 camera
Balance
BD FACS CantoII Flow cytometer
BD FACS Aria Cell Sorter
Bio Rad PowerPac HC
Binocular MS 5 (mosquito dissections)
Cell culture hood, Herasake KS12
Centrifuge 5804
Heraeus Megafuge 1.0R
Li-cor Odyssey
Centrifuge for PCR tubes
DM LS microscope
EOS700D camera
Electroporator Genepulser II
Electroporator Genepulser Xcell
Gel Documentation system, Gel Doc 200
Ice machine
Incubator for Anopheles stephensi
Heracell 150i CO2 cell culture incubator
Agar plate incubator incubator
Incubator for E. coli LB cultures
Incubator for P. berghei cultures
Inverted Microscope primo vert
Leica EM-PACT
Liquid nitrogen tank Arpege 170
Magnetic stirrer
Megafuge 1OR Heraeus
Mouse incubator
Nano Drop-1000, spectrophotometer
pH-meter

Manufacturer
Owe Scientific Inc.
Amersham Pharmacia Biotech, UK
Amaxa
Leica, Germany
Zeiss, Germany
Zeiss, Germany
Zeiss, Germany
Sartorius, Germany
BD Bioscience, Germany
BD Bioscience, Germany
Bio-Rad
Leica, Germany
Heraeus, Germany
Eppendorf, Germany
Thermoscientific
Li-Cor
Novis, Germany
Leica, Germany
Canon
Biorad, US
Biorad, US
Biorad
Ziegra, Germany
Mytrom
Unity Lab services, Germany
Memmert, Germany
New Brunswick Scientific
Mytrom, Germany
Thermo Fischer Scientific
Leica, Germany
Air Liquide, Germany
IKA Labortechnik, Germany
Thermo Scientific
Ehret, Germany
PeQlab, Germany
Mettler Toledo, Germany
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Vibromix shaking incubator
Thermomixer comfort
Sterile hood, Herasafe KS12
PCR Thermocycler, Labcycler
Vortex-Genie2
Water bath
EBT 250 Water bath
4° Refrigerator
-20° C Freezer
-80 °C HERA freezer
Gel casting supplies
Leica EM UC7 Ultramicrotome
Zeiss 780 Confocal Microscope
Zeiss UltraPLus FESEM

Mytrom
Eppendorf, Germany
Heraeus, Germany
Sensquest, Germany
Scientific Industries, US
VWR, Germany
ETG, Germany
Liebherr, Germany
Liebherr, Germany
Thermo Scientific
Bio-rad, Germany
Leica, Germany
Zeiss, Germany
Zeiss, Germany

2.1.12 Consumables
Consumable item
Gold planchets, electron microscopy
AFSII sample revolver
Cell culture flask (T-25 and T-75)
Glass slides, clear
Glass slides, frosted
PCR tubes
Petri dishes
Pipette tips
Electroporation cuvettes (P. berghei)
Electroporation cuvettes (0.2 cm gap)
Falcon tubes 15 mL and 50 mL
Serological pipettes 5 mL, 10 mL and 25 mL
Transfer pipette 3.5 mL
Sterile filter 0.2 mm and 0.4 mm
Sterile filtration units (500 mL)
Nature cotton
Pasteur pipettes
Syringes 1 mL and 5 mL
Needles 23G (0,6 x 25 mm)
Needles 27G (0,4 x 20 mm)
Counting chamber, Neubauer
Eppendorf tubes, 1.5 mL
Eppendorf tubes, 2.0 mL
Cell culture flask (T-25 and T-75)
Cryo-freezing tubes
48-well plate
24-well plate
Round glass cover slips
Cover slips
Forceps
Microscope oil
FACS strainer (Cell Trics, 30μm)

Manufacturer
EMS, US
EMS, US
Sarstedt, Germany
Roth, Germany
Roth, Germany
Greiner, Germany
Greiner, Germany
Sarstedt, Germany
Amaxa, Germany
BTX Harvard Aparatur, US
Greiner, Germany
Sarstedt, Germany
Sarstedt, Germany
Sarstedt, Germany
Sarstedt, Germany
Hartmann, Germany
Kimble, US
Braun, Germany
Braun, Germany
Braun, Germany
Roth, Germany
Eppendorf, Germany
Eppendorf, Germany
Sarstedt, Germany
Greiner, Germany
Sarstedt, Germany
Sarstedt, Germany
Roth, Germany
Roth, Germany
Neolab, Germany
Zeiss, Germany
Sysmex
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FACS tubes (U bottom tubes)
Cell strainer

Micronic
BD Bioscience, US

2.1.13 Software
Software
ImageJ / Fiji
GraphPad PRISM
Microsoft Word
Adobe Creative Suite
Serial Cloner
Axio Vision
FlowJo
BD FACS DIVA
Image Studio

Version
2.0.0-rc68/1.52p
7.0a
16.41
2018
2-6-1
rel. 4.8
8.7.3
8.0.0
Ver 4.0

Company
Public Domain, BSD-2
GraphPad Software, Inc.
Microsoft
Adobe Systems
Serial Basics
Zeiss
BD Biosciences
BD Biosciences
Li-cor

2.1.14 Databases
Databases
PlasmoDB
NCBI PubMed
NCBI Blast
GeneDB
UniProt

2.2 Methods
2.2.1

Preparation of constructs for the genetic manipulation of P. berghei

2.2.1.1 Polymerase chain reaction
Polymerase chain reaction (PCR) was used to amplify regions of genomic DNA to be
inserted into cloning vectors and to verify successful integration of constructs into
parasite genome after transfection. The following programs were used, and they differ
only in extension time which depended on the expected DNA fragment length to be
amplified.
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Generation and screening of ipis2-[GFPLuc;mCherry] and ipis3-[GFPLuc;mCherry]
95°
2 minutes
94°
30 seconds
50°
30 seconds 30x
60°
2 minutes
60°
8 minutes
12°
Hold
Screening of ipis2-[GFP-Luc;PyrS] and
ipis3-[GFP-Luc;PyrS]
95°
2 minutes
94°
30 seconds
50°
30 seconds 30x
60°
3 minutes
60°
8 minutes
12°
Hold
Screening of ipis2-[GFP-Luc]:IPIS3mCherry and ipis3-[GFP-Luc]:IPIS2mCherry
95°
2 minutes
94°
30 seconds
50°
30 seconds 30x
60°
5.5 minutes
60°
8 minutes
12°
Hold

2.2.1.2 Agarose gel for detection of DNA products
The size of DNA fragments amplified by PCR were confirmed by loading samples on
a 0.8% agarose gel in 1x TAE buffer with the UV-fluorescent SYBR Safe DNA stain.
2.2.1.3 Digests of PCR products and cloning plasmids
The desired DNA fragments amplified from the source DNA were integrated into the
respective cloning vector by digesting both the plasmid and DNA product. After
generation of the DNA product by PCR, the product was purified using a Qiagen PCR
purification kit according to the manufacturer’s protocol. The final elution volume of the
purified PCR product was 20µl, of which 17µl was used in the following digests to
account for concentration requirements of the restriction enzyme digest reaction. The
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process of digestion generated a few base-pair long overhangs that were later used to
ligate the PCR product and cloning vector together.
Digest of plasmid
Vector
1.5µg
10x Cut Smart
2µl
Buffer
Restriction enzyme 0.2µl
#1
Restriction enzyme 0.2µl
#2
Water
To 20µl
Digest of PCR product
Purified PCR
17µl
product
10x Cut Smart
2µl
Buffer
Restriction enzyme 0.2µl
#1
Restriction enzyme 0.2µl
#2
Water
0.6µl
Restriction enzymes used prior to
ligation
GOMO GFPNotI and XhoI
luciferase vector
KpnI and SacII
IPIS2 5’ UTR
NotI and SacIi
IPIS2 3’ UTR
XhoI and KpnI
IPIS3 5’ UTR
NotI and SacII
IPIS3 3’ UTR
XhoI and KpnI

The reactions were allowed to digest for a minimum of 3 hours at 37°C. In the last half
hour, calf intestinal phosphatase (CIP) was added to the vectors to prevent re-ligation
of the vector. The resulting digested products were purified with the Qiagen Gel
Purification kit following the manufacturer’s protocol, and the concentration of DNA in
each sample was determined by gel electrophoresis before moving on to ligation.
For the generation of the GOMO GFP-luciferase gene knock-out constructs, the
integration was done in two steps. In the first step, the 5’ UTR PCR product was
digested, along with the corresponding enzymes in the GOMO GFP-luciferase
plasmid. After the plasmids were screened for successful integration of the 5’ UTR
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PCR product, a second digestion was carried out in which the 3’ UTR PCR product
and plasmid containing the 5’ UTR were digested with the second set of appropriate
enzymes (see table above).
2.2.1.4 Ligation of fragments for transformation into E. coli
A molar ratio of 3:1 insert:vector was used for all ligation steps. The appropriate
amount of each gel purified sample to use for ligation was calculated with the following
formula:

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐷𝐷𝐷𝐷𝐷𝐷 𝑥𝑥

660 𝑓𝑓𝑓𝑓 1𝑛𝑛𝑛𝑛
𝑥𝑥
𝑥𝑥 𝐷𝐷𝐷𝐷𝐷𝐷 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑛𝑛𝑛𝑛 𝐷𝐷𝐷𝐷𝐷𝐷
1 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 10! 𝑓𝑓𝑓𝑓

The following reaction set up was used for ligation of DNA insert into the cloning vector:
Ligation reaction set-up
15 fmol vector
X µl
45 fmol insert
X µl
DNA dilution buffer 2µl
T4 DNA ligase
10µl
buffer
Water
Up to 19µl
T4 ligase
1µl

The reaction was incubated for a minimum of 30 minutes at room temperature, before
proceeding to transformation.
2.2.1.5 Transformation of chemically competent E. coli
Chemically competent XL1-BLue E. coli cells were thawed on ice. 4µl of the ligation
mixture was added to 40µl of competent cells and incubated for 30 minutes on ice.
This was followed by a 45 second heat pulse in a 42°C water bath, and then the tubes
were immediately placed back on ice for 2 minutes. Then 250µl of SOC media was
added to each ligation transformation sample and allowed to incubate at 37°C for 30
minutes. The bacteria were then pelleted at 6000 rpm for 2 minutes, and the
supernatant was discarded. The remaining pellet was resuspended in 30µl LB media
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and plated onto a bacterial agar plate. The plate was placed in a 37° incubator
overnight to allow for the growth of colonies. Colonies were screened for successful
integration of the PCR product through colony PCR, and successful clones were
selected to grow over night in LB medium at 37° on a shaker.
2.2.1.6 Plasmid DNA isolation
The isolation of plasmid DNA from the overnight liquid cultures of E. coli were done
using Qiagen Mini Prep kits, as per the manufacturer’s protocol.
2.2.1.7 Sequencing
Sequencing of final cloning constructs was carried out by the company LCG Genomics
in Berlin, Germany using the “Ready2Run” protocol.
Sequence reaction set-up
Sequencing primer 2 µl of 10µM
stock
Plasmid
1500ng
Water
Up to 14µl

2.2.2

Transfection of P. berghei with cloning constructs

Genetic alteration of the P. berghei genome was done via transfection of cloning
constructs into the blood-stage schizonts. The following sections describe the
preparation of cloning constructs and parasites for transfection.
2.2.2.1 Digest in preparation for transfection
The final sequenced cloning construct to be used for the transfection of P. berghei
parasites was first digested before transfection. In the case of constructs made with
the GOMO GFP-luciferase vector, a double digest was preformed to release the insert
from the vector. In the case of adding in the mCherry tag to IPIS2 and IPIS3, the B3D+
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vector was digested with only one restriction enzyme using a site present in the
homology sequence in order to linearize the vector. For IPIS2, the PacI site was used,
and in IPIS3, HpaI was used. In both cases, a minimum of 10µg of vector was
digested. The previously listed reaction set up was used for the digestion of the final
constructs as well, with the following differences: no individual reaction should exceed
50µl, 1µl of each restriction enzyme was used, and the digestion occurred overnight at
37°C.
2.2.2.2 Ethanol precipitation
Ethanol precipitation of the digested vectors was done in order to concentrate the
volume of digested DNA to be used in the transfection. First, 3M sodium acetate pH
5.2 was added to the digested sample at 1/10 the total volume. This was followed by
a 2.5x volume addition of absolute ethanol. The reactions were then chilled for a
minimum of 20 minutes at -80°C before centrifuging for 30 minutes at 4°C at a speed
of 14,000 rpm. This resulted in a sticky DNA pellet that was washed one time with 70%
ethanol. This wash step was centrifuged for 15 minutes at 4°C at 14,000 rpm. The
supernatant was removed, and the pellet was allowed to air dry in a fume hood. The
final pellet was resuspended to a concentration of 1µg/µl. The precipitated DNA was
stored at -20°C until used for transfection.
2.2.2.3 Overnight ex vivo culture of P. berghei infected blood and schizont
purification with Nycodenz gradient centrifugation
Preparation for transfection including establishment of overnight ex vivo cultures of P.
berghei were carried out according to previously published protocols (Cj et al., 2006).
SWR/J mice were infected with blood stage parasites originating from thawed culture
stocks stored in liquid nitrogen. When the parasitemia reached a minimum of 5%, the
mice were bled via cardiac puncture, and the blood was added to 10 mL of transfection
medium which consisted of DMEM culture medium, 10% FCS, and 250µl 1% heparin
in PBS. The infected blood was gently centrifuged without break for 8 minutes at 1,000
rpm. The supernatant was removed, and the pellet was resuspended in 5 mL of the
transfection medium. The 5 mL of blood in transfection medium mixture was pipetted
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underneath 250 mL of transfection medium already placed in a large sterile flask. This
flask was sealed with a rubber stopper, and cotton was placed within the ventilation
hole in the rubber stopper to maintain sterility. This flask was placed on a shaking
platform moving at 15 rpm in a 37°C incubator that maintained a gas composition of
5% CO2, 10% 02, and 85% N2.
22 hours after the start of the ex vivo culture, the culture was collected, and schizonts
were purified by Nycodenz gradient separation. The culture was collected, and 10 mL
of 55% Nycodenz in PBS was carefully pipetted from underneath the culture. The tubes
were weighed and balanced, and then the Nycodenz-layered cultures were centrifuged
for 25 minutes at 1,000 rpm without break. The late stage infected red blood cells were
found in a layer at the interface between the Nycodenz and culture medium. The
infected red blood cell layer was removed with Pasteur pipettes and deposited into a
new falcon tube. The collected infected red blood cells were washed by adding more
transfection medium up to 50 mL, and then the centrifugation step was carried out at
1,000 rpm for 10 minutes with break. The supernatant was removed, and the final pellet
was resuspended in 1 mL of transfection medium.
2.2.2.4 Transfection of P. berghei parasites
The protocol of P. berghei schizont transfection was detailed in (Cj et al., 2006).
Transfection of P. berghei schizonts was done using the Nucleofactor T-cell
transfection kit in combination with an Amaxa gene pulser. The 10µg/µl of prepared
construct was added to 100µl of human T cell nucleofector mix. The schizonts present
in the 1 mL of transfection medium were pelleted with a pulse spin of 15 seconds, and
the supernatant was removed. The remaining pellet was resuspended with the 110µl
T cell nucleofection + DNA mixture. The suspension was then added to transfection
cuvettes, while taking care to not touch the metal plates of the cuvette. The cuvette
and its contents were pulsed by the Amaxa using the program titled “U-33”.
Immediately after, 50µl of transfection medium was added to the cuvette, and the entire
content was removed and injected intravenously into the tail vein of a naïve mouse.
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2.2.2.5 Selection of transfected parasites
The GOMO Vector contains a hDHFR-gFCU drug resistance cassette that allows for
the positive selection of parasites that successfully integrated the exogenous DNA.
The parasites that survive drug exposure are parasites that integrated the drug
resistance cassette from the cloning vector. The day after transfection, pyrimethamine
was added to the drinking water of the mice at a concentration of 70ng/µl, pH 3.5-3.0.
The mice were kept with pyrimethamine water for 8 days, at which point blood was
withdrawn via cardiac puncture in order to make frozen stocks, isolate parasite
genomic DNA for genotyping, and for FACS-based sorting of transected parasites in
order to obtain a clonal population of P. berghei expressing both mCherry and GFPluciferase. The genomic DNA (gDNA) isolated from transfected and FACS sorted P.
berghei was screened for successful integration of the cloning construct to knock out
IPIS2 and IPIS3 by PCR. The primers within the coding region of wild type IPIS2 and
IPIS3 were used to determine if the final population of FACS sorted parasites were an
isogenic population. Two other primer pairs annealing up and downstream of the 5’
and 3’ homology regions as well as downstream and upstream on the GOMO vector
were used to confirm successful integration on the basis of expected PCR product size
2.2.2.6 Recycling of the drug cassette in the ipis2-[GFP-Luc; PyrS] and
ipis3-[GFP-Luc; PyrS] P. berghei lines
The GOMO vector hDHFR-gFCU cassette also confers sensitivity to 5-fluorocytosine
(5-FC), due to the conversion of 5-fluorocytosine to the toxic 5-fluorouracil. As
described, recombination products can result in the excision of this 5-FC sensitivity
cassette, rendering the parasites insensitive to 5-FC (Manzoni et al., 2014). Treatment
of mouse drinking water with 5-FC then allows for the positive selection of parasites
which have undergone the excision of the drug resistance cassette (Orr et al., 2012).
A drinking water solution of 5-FC at a concentration of 1.5mg/ mL was administered
for 5 days. New solution was prepared daily, and the water bottles were covered to
protect from light exposure. When parasites expressing only mCherry or only GFPluciferase were identifiable under the fluorescence microscope, a drop of tail blood was
taken to FACS isolated the parasites whose genome had undergone excision of the
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drug-sensitivity cassette. The verification of successful excision of the drug resistance
cassettes was done by checking for correct PCR product size. Primer pairs used
include the primer pair screening for 3’ integration used during generation of the
knockout lines, of which the annealing sites should have been removed during
excision, and primer pairs that would only generate a product if excision occurred. The
annealing sites for these primer pairs are present in the unrecycled knockout, but the
expected product size is too large to generate a product in the programmed extension
time.
This process yielded parasites that could be further genetically manipulated using the
transfection procedures described above, as they were once again sensitive to
pyrimethamine selection. Part of the open reading frame of IPIS2 or IPIS3 was cloned
into the B3D+ plasmid containing mCherry in order to endogenously tag the proteins
in the P. berghei ipis3-[GFP-Luc; PyrS] or ipis2-[GFP-Luc; PyrS] respectively. The
vectors containing IPIS2 or IPIS3 in the B3D+mCherry vector were made by Josephine
Grützke. Through a singular homologous recombination event between the open
reading frame of IPIS2 or IPIS3, the linearized B3D+mCherry vector was integrated
into the endogenous IPIS2 and IPIS3 locus. 5’ and 3’ integration primers were selected
for screening of the up- and downstream regions of the integration product. One primer
of each primer pair annealed to the genomic region and the B3D+mCherry plasmid.
2.2.2.7 Isolation of parasite genomic DNA from P. berghei infected red
blood cells
The process of isolating parasite genomic DNA (gDNA) from the infected red blood
cells involves first purifying the red blood cells from whole blood, lysing the red blood
cell membrane, and then using a purification kit to obtain the gDNA.
To isolate the red blood cells from whole blood, a column was prepared using a 5 mL
syringe with a small bit of cotton at the bottom of the syringe, followed by a layer of
cellulose and a layer of fine glass beads. The column was then placed on top of a 15
mL falcon tube, in which a small hole was made in the lid in order to support the tip of
the column. The column was equilibrated with 5 mL of PBS, and just before the PBS
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had finished passing the surface of the top layer of the column, the whole blood
collected by cardiac puncture was added. After all the blood had entered the column,
a final 15 mL PBS was done in order to obtain the maximum number of cells from the
input. The tube was then capped with a normal lid, mixed via inverting, and centrifuged
at 800 x g for 3 minutes.
To lyse the red blood cell membranes, the pellet obtained in the previous step was
resuspended in 200µl of 0.2% saponin in PBS. The lysed red blood cells were then
centrifuged for 8 minutes at 1,500 x g. The supernatant was discarded, and the pellet
was resuspended in 1 mL of PBS before being transferred to a 1.5 mL Eppendorf tube.
The Eppendorf tube was centrifuged once again at 4600 x g for 3 minutes and
resuspended in 200µl PBS.
The gDNA was isolated from the lysate obtained above with the QIAmp DNA Blood
Mini Kit according to the manufacturer’s protocol. In the end, the gDNA was eluted in
100µl deionized water and was stored at -20° before use for genotyping. The
genotyping by PCR was carried out as described above.
2.2.3

Blood stage infections and monitoring

Over the natural course of infection, blood stage infections occur after sporozoites
transmitted from a mosquito bite travel through the blood stream of the host to the liver,
transverse liver cells, and develop into schizonts after establishment of intracellular
residence. The merozoites contained within the schizonts release into the blood stream
after 52 hours to start the asexual stage of blood infection. Experimentally, blood stage
infections can also be achieved by either directly transferring infected blood from a
blood stage-positive animal into a naïve animal, or by injecting an aliquot of infected
blood frozen in Alsever’s solution.
Blood stage infections initiated from a transfer required the collection of a small volume
of blood from an already infected animal via a pin prick to the tail. This blood was
diluted in RPMI medium before injection into the new host animal. To initiate a blood
stage infection with a frozen stock, the stock of infected blood was removed from liquid
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nitrogen storage and allowed to thaw. The infected blood was taken up with a syringe
and subsequently administered by intraperitoneal injection. Blood stage parasitemia
was monitored by thin Giemsa-stained blood smears of methanol-fixed tail-blood using
a 10% solution of Giemsa stain in water.
2.2.4

Flow cytometry analysis of P. berghei blood stage infections

The protocol for the flow cytometric detection of blood stage parasites was described
in (Matz et al., 2013). In order to determine the parasitemia of blood-stage infections
by flow cytometry, a blood-stage infection was initiated with a frozen stock as described
above. Giemsa-stained blood smears were used to determine when the infected mice
became blood stage positive. Before the parasitemia reached 1%, a drop of blood was
collected in Alsever’s media, run through a 0.22µm cell strainer, and the parasitemia
was measured on the BD FACS Canto II. The parasitemia was determined on the
basis of the percentage of events found within the GFP- luciferase+ or mCherry+
populations. The gating strategy used first removed cellular debris (SSC-A side
scatter-area against FSC-A forward scatter-area), then excluded doublets (FSC-W
forward scatter - width against FSC-H forward scatter – height and SSC-W side scatter
– width against SSC-H side scatter – H). The flow cytometry-determined parasitemia
was used to calculate the dilution factor necessary to obtain 500 parasites in 100µl.
The mice were then bled via cardiac puncture, and the blood was serially diluted until
500 parasites of both wild type and either ipis2-[mCherry; PyrS] or ipis3-[mCherry;
PyrS] could be injected into a naïve recipient mouse. On days 3-7 following injection,
a drop of tail blood was collected in Alsever’s solution and run through a 0.22µm cell
strainer. The diluted infected blood was measured in the same manner for the initial
parasitemia determination. Blood cells infected with one or more parasites of both lines
were excluded from the gating strategy as they would be present in the mCherry+GFPluciferase+ populations.
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2.2.5

Immunofluorescence assay of infected red blood cells

Glass coverslips were prepared by creating 30µl droplets of 0.3mg/mL concanavalin
A in water and allowing the coverslips to sit on the droplet for 20 minutes. After 20
minutes, the coverslips were flipped over and allowed to dry for at least 30 minutes.
To prepare the blood, 5µl of infected blood was collected from the tail of an infected
mouse and added to 300µl of PBS. The blood was washed one time in PBS by spinning
at room temperature for 3 minutes at 200 x g in a table-top centrifuge. The washed
infected red blood cells were then resuspended in 400µl of PBS. Of this suspension,
100µl was carefully added to the concanavalin A-coated coverslip, and it was allowed
to settle for a minimum of 10 minutes. Once settled, the infected blood was fixed with
the addition of 400µl of 5% PFA + 0.0094% glutaraldehyde. Fixation was carried out
at room temperature for 15 minutes, and the fixative was washed away 2x with PBS.
For quantification of mCherry signal, the coverslips were directly mounted onto
microscopy slides using mounting medium without further treatment of the samples.
Due to the relatively low expression levels of IPIS2 and IPIS3, the mCherry signal when
tagged to one of the two proteins can be suboptimal for taking illustrative images. In
order to amplify the signal and increase the quality of the fluorescence images, infected
blood was probed with a primary anti-body against red fluorescent protein (RFP). The
coverslips were permeabilized with 0.1% triton X-100 in 3% BSA/ PBS. The infected
and permeabilized blood was then allowed to incubate with a 3% BSA/ PBS blocking
solution for 1 hour. The blocking solution was then replaced by the polyclonal rabbit
primary antibody against RFP (diluted 1:500 in blocking solution) and the samples
incubated overnight at 4°. The utilization of the a-RFP antibody was determined to be
appropriate for the detection of mCherry on the basis of confirmation from the
manufacturer, as well as preforming a control of western blot detection of mCherry.
The following day, the coverslips were washed 3x with PBS, and then incubated with
the anti-rabbit Alexa Fluor 546 secondary antibody for 1 hour. The coverslips were
washed an additional 4x in PBS before being mounted onto glass slides with
Fluoromount mounting medium.
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2.2.6

Calculation of mCherry signal in infected blood

Fluorescence microscopy images of fixed and mounted infected blood were taken at
the same exposure lengths to quantify to the mCherry signal in the presence and
absence of IPIS2 and IPIS3. Images were imported into FIJI for quantification of both
the mCherry signal in the red channel and parasite size in the DIC channel.
The outline of the red blood cell visible in the DIC channel was used to define the area
of mCherry calculation within the red channel. P. berghei in vivo infections are
asynchronous, and therefore multiple blood stages are present at any given time. To
account for the possibility that developmental stage correlates to the amount of IPIS2mCherry or IPIS3-mCherry expressed, the mCherry signal intensity calculated was
expressed as a ratio to parasite size, which was also determined in the DIC channel.
2.2.7 Synchronous blood-stage infections for determination of schizont
sequestration
In order to assess schizont sequestration in a synchronous infection, an overnight ex
vivo culture was prepared in order to collect an enriched population of schizonts.
Approximately 1 mL of infected blood was collected via cardiac puncture from an
anesthetized mouse. The blood was added to 10 mL RPMI + 10% FCS + 1% Heparin
and washed. The supernatant was removed, and 10 mL of prewarmed medium was
used to resuspend the pellet, and the entire volume was added below the surface of
40 mL of media in a 250 mL conical flask. Another 10 mL of media was used to wash
out the falcon tube that was previously containing the washed blood, and it was then
slowly dropped on the surface of the 50 mL in the flask, using the “no blow out” function
of the pipet. The conical flask was sealed with a rubber stopper, and cotton was
inserted into ventilation holes. This flask was placed on a shaking platform moving at
15 rpm in a 37°C incubator that maintained a gas composition of 5% CO2, 10% 02, and
85% N2 and allowed to incubate for 22 hours. At the end of the incubation, the flask
was swirled by hand to loosen any red blood cells adhering to the bottom of the flask,
and the 60 mL contents were divided across two separate 50 mL falcon tubes. Latestage parasites were isolated with a Nycodenz gradient (described above under
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overnight ex vivo culture). Purified infected red blood cells were counted in a Neubauer
cell counting chamber before intravenous injection into naïve recipient mice. The
injection consisted of the schizont pellet resuspended in 200µl of RPMI. In the first
experimental replicate, between 2-7x107 purified infected red blood cells were injected
into recipient mice, and in the second experimental replicate, each mouse was injected
with 5x107 infected red blood cells. For all experimental replicates, one donor mouse
and one recipient mouse were used per line.
Giemsa-stained thin blood smears using tail blood were made at 2 hours post infection
to ensure successful invasion of merozoites. After this, giemsa smears were made at
20, 22, 23, and 24 hours after infection. The relative percentage of blood stage
parasites was calculated on the basis of morphology. The stages identified were rings,
early trophozoites, late trophozoites, and schizonts. Early trophozoites were classified
when parasites were 1/3 the size of the red blood cell or smaller, and late trophozoites
were classified when parasites were larger than 1/3 of the infected cell. 300 total
parasites were counted per time point per mouse, and the population percentages
were calculated as a portion of the total parasites.
2.2.8

Breeding of Anopheles stephensi mosquito cultures

The propagation of mosquitos for breeding involves the husbandry of both the larval
and mosquito stages. Female mosquitos lay eggs after taking a blood meal. At the
start of the cycle, a blood meal is administered to a breeding cage full of mosquitos via
an anesthetized and uninfected mouse which is accessible to the mosquitos through
a mesh lining. Three days later, a dish containing breeding water, which is a 0.1%
saline solution, is added to the cage. On the fourth day, the eggs that were deposited
into the dish by the female mosquitos were removed, and the eggs were rinsed with
ethanol and water before being evenly distributed into trays containing breeding water.
From here, the eggs hatch into mosquito larvae. In order to maintain proper larval
density, the larvae are split or killed at days 4 and 7 after hatching. The decision to split
or kill is dependent on the density of larvae (split) and size (when too small, it is
necessary to kill the larvae as they will not develop properly). The breeding water in
the trays is changed on day 3. From day 8 to day 11, the larvae begin to pupate, and
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at this point it becomes necessary to separate the pupae from the larvae trays and put
them into petri dishes containing breeding water in the breeding cage. This way the
pupae can become mosquitos within the cage. Alternatively, the pupae can be
collected for individual cages to be used for experimental purposes.
2.2.9 Transmission of blood-stage parasites to Anopheles stephensi
mosquitos
Anopheles stephensi mosquitos take up gametocytes from the blood of the infected
host. In order to achieve this phenomenon in the laboratory, the infected blood of
blood-stage positive mice was checked for the presence of ex-flagellation by adding a
drop of blood to a microscopy slide, covering with a cover slip, incubating at 20° for 10
minutes, and then viewing under a light microscope. After confirmation of sufficient exflagellation and parasitemia, the mice were anesthetized with a mixture of ketamine
and xylamine. The mice were laid on top of the mesh of the cage, and the mosquitos,
which have been starved for a minimum of 3 hours, were allowed to take a blood meal
from the mouse for a period of 30-40 minutes. After this time period, the mice were
euthanized via cervical dislocation. The cages containing the bloodmeal-fed mosquitos
were then incubated at 22°C for the duration of the experiment. From the point of
feeding, oocysts become visible in the midgut 10 days later, and sporozoites became
present in the salivary glands 17 day, and therefore these time points were used for
checking of parasite infectivity in the mosquito.
2.2.10 Sporozoite dissection from the salivary glands of infected Anopheles
mosquitos
Mosquitos were withdrawn from the cage 21 days after infection using a vacuum pump
that had a filter placed over the nozzle. The mosquitos were transferred to a 15 mL
falcon tube on ice. The mosquitos were prepared for dissection by lining several
mosquitos on a glass plate underneath the objective of binocular microscope. The
mosquitos were lightly covered in RPMI + 10% FCS serum. Accessing the salivary
glands of the Anopheles mosquito required the slow separation of the head from the
thorax using needles and syringes as dissection tools. Non-severing pressure was
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exerted against the base of the head, and a sliding-forward motion, while maintaining
the thorax in place, resulted in the emergence of the salivary glands. Once the salivary
glands were exposed, the needle moving the head forwards was used to sever the
connection of the salivary glands to the head. The salivary glands would be collected
with forceps and transferred to a 1.5 mL Eppendorf tube containing RMPI + 10% FCS
and were allowed to sit on ice for the duration of the dissection. When dissection was
complete, a thin plastic pestle was used to crush the salivary glands and release the
sporozoites from the salivary glands. Sporozoites were taken up in a defined volume
of medium in order to count the number of sporozoites in a Neubauer chamber.
2.2.11 Sporozoite induced growth curves and time to patency
Sporozoites that were extracted from salivary glands as described above were counted
in multiple fields in a Neubauer chamber to obtain an accurate count for the number of
sporozoites present in the collection tube. The sporozoites were diluted appropriately
to achieve injection that contains 1,000 sporozoites in 200µl of RMPI. The sporozoites
were injected into the tail vein of naïve mice, and thin Giemsa-stained blood smears
were made every day starting from day 3 after injection. Determining time to patency
required noting at what time point the first blood stage parasite was visible in the smear.
To determine the parasitemia each day, all smears were observed with light
microscopy, and the number of parasites present in 10 fields were counted and divided
by the number of total red blood cells present in the 10 fields.
2.2.12 Immunofluorescence assay of infected hepatoma cells for the
determination of liver-stage development
HepG2 hepatoma cells cultured in DMEM + 10% FCS + 1% Pen/Strep were seeded
onto poly-L-lysine coated coverslips and allowed to adhere overnight. Sporozoites
isolated as described were added to the culture medium of the hepatoma cells, and
the plate was centrifuged for 5 minutes at 1800 x g. The cells were fixed at 24- and 48hours post infection with 4% PFA for 15 minutes and then were washed 2x with PBS.
Cells were permeabilized with methanol and immediately washed with PBS. A blocking
and quenching solution of 3% BSA + 4% FCS serum in ammonium chloride in PBS
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was applied for one hour at room temperature. The mouse anti-HSP70 primary
antibody was diluted 1:400 in blocking medium and allowed to incubate with the cells
for one hour. The coverslips were washed 3x with PBS before probing with Alex Fluor
488 anti-mouse secondary antibody at 1:1000 for one hour in the dark at room
temperature. Four final PBS washes were done before mounting the coverslips on
glass slides with mounting medium. Images captured by fluorescence microscopy
were imported into FIJI imaging software in order to quantify exoerythrocytic form size.
2.2.13

Determination of infected spleen weight

Eight days after the injection of 1,000 sporozoites, the infected mice were weighed and
sacrificed. The spleens were then dissected and weighed. To account for differences
in body weight, a ratio of spleen weight to body size was calculated.
2.2.14 Preparation of infected red blood cells for western blot determination of
mCherry signal
Infected mice were bled via cardiac puncture, and the approximately 1 mL blood
obtained was added to 22 mL of RPMI + 10% FCS. Carefully using the expel function
of the pipetman, a 10 mL serological pipet was used to add 10 mL Nycodenz
underneath the blood and RPMI mixture. The tubes were weighed and balanced, and
then they were centrifuged at 168 x g for 25 minutes without brake. The interface
containing infected red blood cells was collected using a Pasteur pipet and rubber bulb,
and the collected layer was washed one time with RPMI + 10% FCS for 10 minutes at
168 x g with break. The supernatant was discarded, and the purified infected red blood
cells were resuspended in 1 mL RPMI + 10% FCS and transferred into a 1.5 mL
Eppendorf tube before being counted. The infected red blood cells were centrifuged in
a tabletop centrifuge for 3 minutes at 200 x g, and the pellet was suspended in 100µl
of RIPA lysis buffer + 1:100 protein inhibitor cocktail. Samples were then boiled for 5
minutes at 95°C in 2x Laemmli buffer and then stored at -20°C.
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2.2.15 Western blot determination of mCherry signal intensity
In preparation for SDS-PAGE gel electrophoresis, the samples were allowed to thaw
on ice, boiled for 5 minutes at 95°C, quickly vortexed, and spun down at 4°C for 5
minutes. Approximately 3-10x10^6 infected red blood cells of each sample were added
per well to a 10% acrylamide SDS-PAGE gel. The BioRad electrophoresis device was
allowed to run one hour and 10 minutes at 120V. The gel was transferred onto a PVDF
membrane that was previously activated in methanol for the duration of one hour and
10 minutes at 100V. The blot was then blocked for 30 minutes in 5% milk powder in
TBST buffer. The primary antibodies, rabbit anti-RFP (1:1000) and mouse anti-HSP70
(1:2000), were diluted in blocking buffer and allowed to probe the blot overnight at 4°
while shaking. The blot was washed 3x 10 minutes with TBST. The secondary
antibodies, anti-mouse IRDye 680 (1:15000) and anti- rabbit IRDye 800 (1:15000)
were diluted in blocking buffer and allowed to probe the blot for one hour in the dark,
which then was washed 4x 15 minutes with TBST. Images in the 700 and 800 channels
were taken with the Li-cor gel imager at an exposure time of 2 minutes per channel.
The mCherry and HSP70 signal intensities were calculated by the Image Lab software
used to take the images, and a ratio of mCherry:HSP70 was used to compare relative
mCherry signal intensities between samples.
2.2.16 Preparation of P. berghei infected blood for Correlative Electron
Microscopy
Correlative electron microscopy (CLEM) allows for both the identification of infected
red blood cells via fluorescence of the mCherry tag fused to IPIS2 and IPIS3 with
confocal microscopy and using calibration marks on the sample stage to then visualize
the membrane structures with scanning electron microscopy.
Infected red blood cells obtained from an infected mouse were purified with Nycodenz
(as described). The purified infected red blood cells were allowed to settle by gravity
to the bottom of the 1.5 mL Eppendorf tube. The supernatant was removed, leaving
only a small volume equal to the pellet size behind. The sample was resuspended by
softly flicking the tube, and then 2µl of the sample was carefully pipetting into the
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hexadecane coated gold planchet sample carrier. The sample was cryopreserved
using a high-pressure freezer and was then transferred to the AFSII for freeze
substitution. The freeze substitution cocktail was prepared in advanced and added to
the sample revolver which would receive the cryo-preserved samples. The freeze
substitution medium was deep frozen at -120°C and brought up to -90° over the course
of the hour before receiving the samples. The AFSII robotic arm was responsible for
carrying out the various acetone, ethanol, and resin infiltration steps. The program was
as follows:
STEP

T.End
(°C)
-90

Slop

Time

Reagent

Content

Transfer

Agitation

01

T.Star
t (°C)
-90

0

48:00

FSmedium

100%

stay

off

02

-90

-45

5

09:00

FSmedium

100%

stay

off

03

-45

-45

0

02:00

FSmedium

100%

stay

off

04

-45

-45

0

00:10

Acetone

100%

Exch/fill

on

05

-45

-45

0

00:10

Acetone

100%

Exch/fill

on

06

-45

-45

0

00:10

Ethanol

100%

Exch/fill

on

07

-45

-45

0

00:10

Ethanol

100%

Exch/fill

on

08

-45

-45

0

10:00

25%

Exch/fill

on

09

-45

-45

5

08:00

50%

Exch/fill

on

10

-45

-45

5

06:00

75%

Exch/fill

on

11

-45

-45

0

24:00

HM20 in
EthOH
HM20 in
EthOH
HM20 in
EthOH
HM20

100%

Exch/fill

on

12

-45

-45

0

24:00

HM20

100%

Exch/fill

on

13

-45

-45

0

12:00

HM20

100%

Exch/fill

on

14

-45

-45

0

06:00

HM20

100%

Exch/fill

on

UV

PAUSE POINT
15

-45

-25

20

01:00

HM20

100%

stay

off

on

16

-25

-25

0

48:00

HM20

100%

stay

off

on

17

-25

20

5

09:00

HM20

100%

stay

off

on

18

20

20

0

24:00

HM20

100%

stay

off

on
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The UV-light embedded resin blocks were sectioned into 300nm thin sections using a
Leica EM UC7 Ultramicrotome. The sections were collected onto Indium-Tin-Oxide
coated coverslips with etched-in fiducial markers. The fiducial calibration marks make
it possible to find the same spot on the coverslip with both the confocal microscope
and the scanning electron microscope. Fluorescence was first measured and imaged
with the Zeiss 780 Confocal microscope. Afterwards, the sections were treated to a
post-staining treatment that produces contrast when visualized with the SEM. This
consists of first adding a drop of 2% uranyl acetate on top of the sections for 10
minutes. The conductive surface was then washed three times with milli Q water. After
washing, a small quantity of fresh NaOH pellets were placed on new clean parafilm in
a petri dish to produce a CO2-free atmosphere. Then lead citrate was added on top of
the sections for 10 minutes, before once again washing three times with milli Q water
and being allowed to dry. Scanning electron microscopy was performed on a Zeiss
UltraPlus FESEM.
2.2.17 In vitro culturing of asexual P. knowlesi blood stage parasites
2.2.17.1 Preparation of uninfected erythrocytes
Human blood was provided by the Australian Red Cross. For blood with purified RBCs,
the blood bag was split in smaller aliquots of 50 mL under sterile conditions. The
scissors for the bag puncture were sterilized in advanced. The aliquots of blood were
stored at 4°C until the expiry date which was approximately 2 weeks after collection.
For donations of whole blood, blood was centrifuged for 5 minutes at 500 x g. The
lowest layer of RBCs was removed and transferred into fresh 50 mL tubes.
2.2.17.2 Serum deactivation
The serum was provided by the Australian Red Cross and kept in plastic bags with a
blood clot. The serum was aliquoted in 50 mL tubes without the clot and centrifuged at
671 x g for 10 minutes. Only serum with slightly transparent supernatant was used for
culturing medium. Cloudy or erythrocyte contaminated serum was not appropriate for
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use. Afterwards, the approved supernatant was transferred into new 50 mL tubes and
heat-inactivated at 56°C for 1.5 hours. The aliquots were kept at –20°C.
2.2.17.3 Thawing of frozen stocks
Frozen stocks of infected blood containing P. knowlesi were thawed in a 37° water
bath. The thawed blood was transferred to a 50 mL falcon tube, and a 1/5 volume of
12% NaCl was added dropwise. The mixture was allowed to rest for 5 minutes before
repeating with 10 mL of 1.8% NaCl. The tube was centrifuged at 500 x g for 5 minutes,
and the supernatant was decanted. Then 10 mL of 0.9% NaCl and 0.2% glucose was
added. The tube was again centrifuged for 5 minutes at 500 x g. After the supernatant
was decanted, the pellet was washed with 20 mL incomplete culture media. After a
final wash of 5 minutes at 500 x g, the supernatant was removed, and the pellet was
resuspended in 10 mL of complete medium. This was then added to a cell culture dish,
which was placed in an insulated box. The valves of the box were opened to allow for
the administration of pre-mixed gas containing 94% nitrogen, 5% carbon dioxide, and
1% oxygen before placing in a 37°C incubator.
2.2.17.4 Monitoring growth of in vitro P. knowlesi
Giemsa-stained thin blood smears were used to monitor the development of the in vitro
culture of P. knowlesi. The preparation of the smears started with removal of 0.5 mL
of the in vitro culture, which was briefly spun down in a reaction tube. A few microliters
of the pellet were taken up with a pipette tip and transferred to fresh glass slide. By
using another glass slide the blood drop was evenly smeared over the glass slide with
a slow and constant movement. After air drying, the slide was fixed and in 100%
methanol for 10-30 seconds and stained with a 10% Giemsa solution for 10 minutes.
After washing off the Giemsa solution under running water, the slide was air-dried and
ready for microscopy. To count the parasitaemia, parasites were observed under a
bright-field microscope with 1,000-fold magnification using immersion oil directly on the
stain. The total infected erythrocytes were counted per 500-1,000 total RBC to
calculate the parasitemia.
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2.2.17.5 Preparing cryopreserved frozen stocks of P. knowlesi
Parasites that were determined to be stable in growth and a sufficiently high
parasitaemia of ring stages (> 1%) were prepared for cryopreservation in liquid
nitrogen by centrifuging the culture at 377 x g for 5 minutes, and the supernatant was
removed.
Two volumes of a sterilised freezing solution containing 28% Glycerol (v/v), 3% Sorbitol
(v/v), 0.65% NaCl in tissue culture water was added dropwise to one volume of the
pellet. The tube was swirled to keep the culture resuspended while adding the freezing
solution. The suspension was allowed to settle for 5 minutes and 0.5 mL was
transferred to a freezing vial carefully to avoid the creation of bubbles or wetting the
rim of the tube. To allow an even freezing, the tube was frozen in liquid nitrogen using
forceps. Completely frozen tubes were stored liquid nitrogen.
2.2.17.6 Culturing of P. knowlesi
Blood stage P. knowlesi parasites were maintained in complete culture medium, using
a method adapted from (Moon et al., 2013). The parasite culture was cultured in blood
type 0+ at 2% hematocrit in a continuous culture. Every two days, the culture would be
split to 0.2% parasitemia while maintaining hematocrit.
2.2.18 Adaptation of P. knowlesi to horse serum
Although P. knowlesi was originally cultured in complete culture medium containing
human serum, the cultures can be adapted to horse serum to use a serum with a
general availability rather than on a donation basis (Moon et al., 2016). In order to
adapt the human serum-growing P. knowlesi to horse serum, the parasites were
cultured with progressively increasing proportions of horse to human serum for a week
at a time. After the frozen stock was growing stably in 100% human serum, the
parasites were switched to a culture medium containing 50:50 proportions of horse to
human serum. A week later, the proportion was adjusted to 70:30. The following week
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was a 90:10 ratio, and the final week was in culture medium containing only horse
serum.
2.2.19 CRISPR-Cas9 mediated genetic manipulation of P. knowlesi
The P. knowlesi proteins, PKNH_0516000 and PKNH_0200900, are annotated
orthologs of the P. berghei proteins, IPIS2 and IPIS3. However, the localization of
these orthologs in P. knowlesi has not yet been described. In order to endogenously
tag PKNH_0516000 and PKNH_0200900 with a fluorescent protein, mNeonGreen,
using a CRISPR-Cas9 approach, we followed the protocols outlined by (Mohring et al.,
2019). The CRISPR-Cas9 system allows for targeted introduction of donor DNA via
homology directed repair after the Cas9 enzyme cuts the genomic DNA at a site
specified by the guide RNA sequence. Therefore, for this technique it was necessary
to design donor DNA containing homology regions flanking the sequence of the
desired fluorescent tag.
2.2.19.1 Design of donor DNA repair templates for CRISPR-Cas9 tagging
of PKNH_0516000 and PKNH_0200900 in P. knowlesi
P. knowlesi readily integrates linear repair template DNA fragments into its genome
(Moon et al., 2013). Due to this, a PCR based approach for the generation of repair
templates that would incorporate the mNeonGreen fluorescent tag was utilized in
conjunction with the CRISPR-Cas9 genetic modification targeting system. The donor
DNA consists of three sections which were brought together in a 3-step nested PCR
approach. The three sections consisted of an upstream ~800 base pair homology
region homologous to the 3’ end of the targeted gene of interest, up to but omitting the
stop codon (HR1), the coding sequence of the fluorescent protein markers (tag), and
a ~800 base pair homology region homologous to the non-coding region just
downstream of the stop codon of the gene of interest (HR2).
The first PCR reactions amplified the two homology regions and the coding region for
the tag. The reactions were carried out in 2x 25µl volumes which were then pooled,
and gel extracted. A nested PCR reaction was then carried out to combine HR1 and
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the tag. This was achieved by designing the primers to include overhangs specific for
the joining sequence. The product was again gel extracted before use in the second
nested PCR reaction that brought together the HR1+tag together with the HR2. In
order to increase the efficiency of scaling up the donor DNA needed for transfection,
the donor DNA fragments generated by PCR were cloned in the pCR2.1-TOPO vector
from the TOPO TA-cloning kit according to the manufacturer’s protocol.
Direction
fwd
rvs
fwd
rvs
fwd
rvs
fwd
rvs
fwd

rvs
fwd
rvs
fwd
rvs
fwd
rvs
fwd
rvs
fwd
rvs
fwd
rvs

Purpose
mNeonGreen
mNeonGreen
PkIPIS2 HR1
PkIPIS2 HR1
PkIPIS3 HR1
PkIPIS3 HR1

Sequence
GGATCCGGTGGAGGCAGC
GCAAGGAAACAGCTATGACCATGTTAATGC
CATAACCAGATGCACAACCCACAAAC
acctccgctgcctccaccGGatcctttgtagccattGtaCctAccTcGAC
gtgtaagcacatagttaaaagatttttaattaaagttttagcgac
ctccgctgcctccaccGGaTCCatactccataaaaccaagatacatacttcttg
attttc
PkIPIS2 HR2
cagatgttatgggaatggatgaattgtataaataaatgtacagaaaagagaggg
gcacca
PkIPIS2 HR2
GACTTGAGGACCCGCTACCTC
PkIPIS3 HR2 acagatgttatgggaatggatgaattgtataaataGGTTGTCACCTGTCT
with
GACAAGTACC
mNeonGreen
overhang
PkIPIS3 HR2
ctcttcctgtatgacaaataatatttcaaaaatgt
PkIPIS2
gagtgccagctcgttcttctcc
nested 1
PkIPIS2
ttatttatacaattcatccattcccataacatctgt
nested 1
PkIPIS3
CGCTACTGTTCTATTATGGATAATCTACTAC
nested 1
PkIPIS3
ctcttcctgtatgacaaataatatttcaaaaatgt
nested 1
PkIPIS2
CATTGCACACCCACCACCCAAC
nested 2
PkIPIS2
ATACTAAAACATTTGGGTAAGCAAAGAGGG
nested 2
PkIPIS3
gtgtatgtttgtttgtttgtttgtttgtttgtttttg
nested 2
PkIPIS3
ctttcctcttccaattttaattattaaaagtaaataacatac
nested 2
PkIPIS2 guide TTACAGTATATTATTaataaatgtacagaaaagagGTTTTAGAG
oligo
CTAGAA
PkIPIS2 guide TTCTAGCTCTAAAACctcttttctgtacatttattAATAATATACTGT
oligo
AA
PkIPIS2 guide TTACAGTATATTATTagatcaaggggaagatataaGTTTTAGAG
oligo
CTAGAA
PkIPIS2 guide TTCTAGCTCTAAAACttatatcttccccttgatctAATAATATACTGT
oligo
AA
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fwd
rvs

PkIPIS3 guide TTACAGTATATTATTtcttggttttatggagtattGTTTTAGAGCTAG
oligo
AA
PkIPIS3 guide TTCTAGCTCTAAAACaatactccataaaaccaagaAATAATATAC
oligo
TGTAA

Q5 Master mix for amplification of
homology regions and tags
Q5 Reaction
5µl
buffer
dNTPS (2mM) 0.5µl
Q5
0.25µl
polymerase
Water
Up to 25µl
Template
gDNA 2µl
plasmid 0.5µl
Forward
1.25µl
primer
Reverse
1.25µl
primer
PCR amplification of homology regions
98°
98°
61°
60°
60°
12°

and tags

30 seconds
10 seconds
20 seconds
20 seconds
2 minutes
Hold

35x

S7 Master mix for amplification of nested
PCR 1
5x HF buffer
10µl
dNTPS (2mM) 5µl
S7 polymerase 0.5µl
Water
30.5µl
Template
1µl 1:10 gel extracted
tag PCR product
1µl 1:10 gel extracted
HR1 PCR product
Forward primer 1µl
Reverse
1µl
primer
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PCR amplification of nested PCR 1
98°
30 seconds
98°
10 seconds
61°
20 seconds 35x
60°
90 seconds
60°
10 minutes
12°
Hold
S7 Master mix for amplification of nested
PCR2
5x HF buffer
10µl
dNTPS (2mM) 5µl
S7 polymerase 0.5µl
Water
30.5µl
Template
1µl 1:10 gel extracted
nested PCR 1 product
1µl 1:10 gel extracted
HR2 PCR product
Forward primer 1.25µl
Reverse
1.25µl
primer

98°
98°
61°
60°
60°
12°

PCR amplification of nested PCR 2
30 seconds
10 seconds
20 seconds 35x
4 minutes
10 minutes
Hold

2.2.19.2 Generation of plasmids containing guide sequence for CRISPRCas9 editing of PKNH_0516000 and PKNH_0200900
The guide sequences selected for the targeting editing of PKNH_0516000 and
PKNH_0200900 consisted of 20 base pair long target sequences chosen based on
their proximity to a protospacer adjacent motif (PAM) sequence, which is a sequence
the Cas9 enzyme recognized cutting and follows a 5’ – NGG – 3’ motif. The 20 base
pair target sequences were ordered as desalted oligos, which were rehydrated and
annealed before insertion into the pCas/sg guide plasmid. The guide sequence oligos
were designed to have a TATT overhang in the 5’ – 3’ direction on the forward oligo
and an AAC overhang in the 5’ – 3’ direction on the reverse oligo so that they could be
inserted to the pCas/sg guide plasmid.
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The pCas/sg guide plasmid contains a BtgZI cut site which reveals four exposed
nucleotides after a staggered cut, 10 base pairs away from the recognition sequence
in the 5’ to 3’ direction, and 14 base pairs away in the 3’ to 5’ direction. These ends
were used to ligate phosphorylated and annealed oligos composed of the guide
sequence, and nucleotides homologous to the overhangs. To digest the plasmid in
preparation for receiving the oligos, approximately 1µg of plasmid was digested at 60°
with the BtgZI enzyme consisting of 10% of the reaction volume, and the reaction was
carried out in the presence of 10x cut smart buffer and water. The digested plasmid
was then gel extracted. Each desired guide plasmid required a forward and reverse
sequence of the guide, which came in the form of standard oligos. The oligos were
phosphorylated in the presence of 0.5µl T4 PNK, 1µl 10x T4 ligation buffer, and 4.25µl
of each oligo. In a thermocycler, they were treated to a controlled cool down in order
to anneal them together. They were incubated for 30 minutes at 37°C, heated up to
95°C for 5 minutes, and they were cooled at a rate of 5°/minute until 25°. To ligate the
two components together, 3.7µl of gel extracted vector, 0.3µl of 1:100 diluted annealed
oligos, 1µl of DNA dilution budder, 5.5µl T4 ligase buffer, and 0.5µl T4 ligase (Roche)
were incubated together. After the guide sequences were inserted into the pCas/sg
vector, the products were transformed into competent E. coli cells, and plasmid
minipreps from positive colonies were sequenced for confirmation.
Direction
fwd
rvs
fwd
rvs
fwd
rvs

Purpose
PkIPIS2 guide
oligo
PkIPIS2 guide
oligo
PkIPIS2 guide
oligo
PkIPIS2 guide
oligo
PkIPIS3 guide
oligo
PkIPIS3 guide
oligo

Sequence
TATTaataaatgtacagaaaagag
AAACctcttttctgtacatttatt
TATTagatcaaggggaagatataa
AAACttatatcttccccttgatct
TATTtcttggttttatggagtatt
AAACaatactccataaaaccaaga
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2.2.19.3 Preparation of donor DNA and guide plasmids for transfection
For each transfection, 20µg of donor DNA and 10µg guide plasmid were required.
Maxipreps were done of all plasmids with the PureLink Hipure plasmid filter Purification
Kits from Invitrogen according to the manufacturer’s protocol. The donor DNA within
the TOPO vector was digested with EcoRI to release the donor DNA construct from
the vector. The digested donor DNAs and undigested guide plasmids were ethanol
precipitated (described in P. berghei transfection) in order to concentrate the DNA, and
the precipitated DNA was resuspended in 10µl of water.
2.2.19.4 Schizont transfection of P. knowlesi
To begin the preparation for a schizont transfection, the culture of P. knowlesi must
contain both enough infected red blood cells and late-stage parasites. A culture of 200
mL was prepared by changing the medium daily up to the transfection. When the
culture contained late-stage parasites and schizonts, at around 25-hour growth mark,
the medium with exception of approximately 45 mL was aspirated without disturbing
the settled blood at the bottom of the culture flask. The culture was collected in a 50
mL falcon tube, spun down 500 x g for 3 minutes, and the supernatant was removed
with the exception of 8 mL to obtain 50% hematocrit. This was mixed before addition
of Nycdoenz.
A 55% Nycodenz solution in PBS was prewarmed and carefully layered onto of the
culture. The tube was then centrifuged at 900 x g for 12 minutes without break. Most
of the supernatant was removed, and 1 mL of the resulting schizont layer was
removed, and a Giemsa-stain was done to detect the age of the schizonts. The isolated
late-stage parasites were washed once with culture medium. Compound-2 is a
chemical that prevents the bursting of schizonts in culture (Obtained from the lab of
Rob Moon), which allows for the acquisition of late stage schizonts, and it was
prepared as a 10mM stock in DMSO, and then diluted 1:100 in sterile RPMI. From this
solution, compound-2 was added 1:100 to the culture dish. After 2 hours, a smear was
made to check the culture, and the compound-2 was washed twice from the culture
medium.
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From here, there was a 15-minute window to proceed with transfection. A 10µl aliquot
of the packed schizont pellet was removed and aliquoted into a 1.5 mL Eppendorf tube.
Meanwhile, 20µg of donor DNA and 10µg guide plasmid were combined to a total
volume of 10µl, and they were added to 100µl of Nuclofector mix from the P3 primary
Cell 4D Nucleofector X KitL.

Meanwhile, 200µl of 100% hematocrit blood was

aliquoted into a 1.5 mL Eppendorf tube and 500µl complete culture medium was added
to the tube and incubated at 37°C. The 110µl of DNA + nucleofector mixture was added
to the 10µl of schizonts, and 100µl was transferred to 0.2cm cuvettes. Parasites were
electroporated with an AMAXA 4D system using program FP158. The electroporated
parasites were added to the complete culture medium containing blood and placed on
a 650 rpm shaker for 30 minutes at 37°. Afterwards, the parasites were transferred to
a 6 well culture dish with 4.5 mL complete culture medium.
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Chapter 3 Results
3.1 Genetic modification of P. knowlesi using targeted CRISPR-Cas9 genome editing
in order to study localization of PKNH_0516000 and PKNH_0200900
Intracellular membrane alterations are present across Plasmodium blood stage
infections, though their morphologies differ from one another. There appears to be
functional or morphological similarities between the IBIS of P. berghei, the Maurer’s
clefts of P. falciparum, the caveola-vesicle complex of P. vivax, and the Sinton and
Mulligan’s stippling of P. knowlesi (Miller et al., 1971; Aikawa et al., 1975; Ingmundson
et al., 2012; Lucky et al., 2016). However, the extent which the slit-like complexes
known as the Sinton and Mulligan’s stippling play similar roles in P. knowlesi, as has
been described between the IBIS and Mauer’s clefts, is still to be determined.
P. knowlesi expresses orthologs of the P. berghei proteins IPIS2 and IPIS3,
PKNH_0516000 and PKNH_0200900. In P. berghei, IPIS2-mCherry and IPIS3mCherry were shown to localize to the IBIS, as is apparent with their colocalization
with the IBIS marker, IBIS1 (Grützke, 2015). PKNH_0516000 and PKNH_0200900
have been identified to be expressed during P. knowlesi blood stage infections, but
their protein localizations have not yet been determined (Lapp et al., 2015). We
attempted to address the question of how the orthologs of IPIS2 and IPIS3 behave in
P. knowlesi.
3.1.1

Adaptation of P. knowlesi to horse serum

The culturing of P. knowlesi requires three times as much human serum as the
culturing of P. falciparum. The human serum used for culturing was obtained on a
donation basis from the Australian Red Cross and was therefore a precious and limited
resource. Since previous reports demonstrate the possibility to culture P. knowlesi in
horse serum (Moon et al., 2016), we decided to acclimate our P. knowlesi cultures to
horse serum. Through rounds of culturing which incrementally incorporated more
horse serum, the P. knowlesi culture was successfully transitioned to horse serum. In
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accordance with previously described P. knowlesi growth (Moon et al., 2013), we
observed a lifecycle time of ~26 hours, and the parasitemia regularly ranged between
1.5% to 2.5% every other day after being split to 0.3% parasitemia at 2% hematocrit.
3.1.2

Generation of repair template DNA and guide plasmid

In order to draw further conclusions on the level of conservation between the parasiteinduced membrane structures between P. berghei and P. knowlesi, we attempted a
CRISPR-cas9 mediated approach to endogenously tag PKNH_0516000 and
PKNH_0200900 with a fluorescent protein marker, mNeonGreen (Ecker et al., 2006).
This approach requires the generation of a plasmid containing the target sequence for
the Cas9 enzyme, as well as a DNA repair template to be used during homology
directed repair of the targeted DNA site.
The CRISPR Cas9-based method for targeted gene editing requires the cotransfection of the guide plasmid along with the repair template Figure 3. The donor
DNA to act as the repair template for the Cas9 enzyme was generated through a series
of nested PCR and gel extraction reactions Figure 4. The first reaction amplified the
two homology regions from the P. knowlesi genome and the coding sequence for the
mNeonGreen fluorescent tag from its plasmid (obtained from Dr. Rob Moon). In the
second reaction, the first homology region (HR1) was brought together with the tag. In
the third reaction, the HR1+ tag was joined with the second homology region (HR2).
The final PCR product was then cloned into the TOPO TA cloning pCR2.1 vector for
easier amplification of the DNA repair sequence.
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Figure 3. Illustrated schematic of the components for CRISPR-Cas9 based gene
editing of PKNH_0516000 and PKNH_0200900. The Cas9 enzyme uses the DNA
sequence generated via nested PCR and inserted into the pCR2.1 TOPO TA cloning
as a repair template for homology-directed repair of the cleaved DNA, with the intended
result of incorporating the mNeonGreen tag within the endogenous gene.
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Figure 4. PCR-based generation of donor DNA. The donor DNA for the Cas9
repair template was designed using a series of three nested PCR reactions.

3.1.3

Transfection of P. knowlesi schizont blood stages

Transfection was carried out twice with the AMAXA 4D system according to the
protocol described. As the transfections have not yet yielded viable parasites, it is not
yet possible to determine if the introduction of the mNeonGreen tag influences P.
knowlesi growth. Considering that not every parasite necessarily would have
incorporated the foreign DNA repair template, the lack of parasite growth was likely
not due to the tag disrupting parasite growth. Further attempts at transfection will
require additional optimization.
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3.2 The expression and localization of P. berghei IPIS2 or IPIS3 are unchanged in
the absence of one another
IPIS2 and IPIS3 are two tryptophan-rich proteins protein which were selected as
targets for study of the host-parasite interface due to their mutual localization to
conserved parasite-induced membrane alterations in both the liver and blood stages
of infection (Grützke, 2015). In order to see if any interdependency on expression or
localization exist between the two proteins, as well as if any changes to the IBIS
membrane ultrastructure occurs when one is absent, IPIS2 and IPIS3 were tagged
with mCherry in the recycled lines ipis2-[GFP-Luc; PyrS] or ipis3-[GFP-Luc; PyrS]. To
generate these lines, IPIS2 and IPIS3 were first knocked out, then the drug resistance
cassette was recycled out, and then IPIS3 and IPIS2, respectively, were tagged with
mCherry. In this way, we could visualize the behavior of one protein with respect to
the presence or absence of the other.
3.2.1 Generation of IPIS2 and IPIS3 knock-out P. berghei lines was done
using the GOMO-GFP luciferase cloning vector
The knockouts were generated via double homologous recombination of flanking
homology regions of the gene of interest cloned into the GOMO GFP-Luciferase
vector. The resulting parasites express both mCherry and GFP-luciferase and lack
either IPIS2 or IPIS3, the genotypes of which were confirmed by PCR (Figure 5).
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Figure 5. Generation of ipis2-[GFP-Luc;mCherry] and ipis3-[GFP-Luc;mCherry]
was confirmed by PCR amplification of integration products. This was achieved
through double homologous recombination. A) Homology regions (labeled as the 5’ and
3’ genomic regions) flanking the gene of interest were cloned into the GOMO GFPLuciferase vector. The resulting products were parasites lacking either IPIS2 or IPIS3,
expressing both mCherry and GFP-luciferase, and contain a DHFR-gFCU drug
resistance cassette. B) Successful integration of the construct was verified by PCR
amplifying the regions where integration should have occurred and checking the PCR
product size on a gel. The following product sizes were predicted: Wild type IPIS2 712
base pairs (bp), wild type IPIS3 1289 bp, IPIS2 5’ integration 1545 bp, IPIS2 3’ integration
1783 bp, IPIS3 5’ integration 1476 bp, IPIS3 3’ integration 1607 bp.
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3.2.2 Recycling of the GOMO vector produces parasites further amendable to
genetic manipulation
The P. berghei lines ipis2-[GFP-Luc;mCherry] or ipis3-[GFP-Luc;mCherry] generated
are resistant to pyrimethamine drug treatment and contain both GFP-luciferase and
mCherry as fluorescent markers. The GOMO-Luciferase vector also allows for the
possibility of generating genetically modified parasite lines that express only one of the
markers. The process of recycling out the drug resistance cassette leaves parasites
drug sensitive and thus available for further genetic manipulation. By further selecting
alternate recombination products, the lines ipis2-[GFP-Luc; PyrS], ipis2-[mCherry;
PyrS], ipis3-[GFP-Luc;PyrS], ipis3-[mCherry;PyrS] were obtained (Figure 6).
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Figure 6. PCR-based confirmation of selection of alternate recombination events
after recycling of the drug resistance cassette. A) Alternate recombination products
resulted in parasites containing either only GFP-luciferase or mCherry. B) Excision of the
mCherry and drug resistance expression cassette from the recycled lines was confirmed.
The expected PCR sizes of the mCherry excision products in base pairs (bp) were as
follows: ipis2-[GFP-Luc;PyrS] mCherry excision was predicted to result in a 1,883 bp
PCR product, and in ipis3-[GFP-Luc;PyrS] it was a 3,125 bp PCR product.

3.2.3 Generation of ipis2-[GFP-Luc]:IPIS3-mCherry or ipis3-[GFP-Luc]:IPIS2mCherry allows for study of potential interdependencies
Plasmids containing IPIS2-mCherry and IPIS3-mCherry were transfected into the
ipis3-[GFP-Luc; PyrS] or ipis2-[GFP-Luc; PyrS] lines, respectively, to generate
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parasites that express mCherry tagged IPIS2 or IPIS3 from their endogenous loci
(Figure 7). The generation of these lines allowed for the quantification of protein
expression via detection of mCherry signal through different experimental methods,
such as microscopy and western blot. Additionally, the mCherry tagged proteins
served as a marker for the IBIS in the infected red blood cell and allowed for the
assessment of IBIS formation in the absence of either IPIS2 or IPIS3.
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Figure 7. PCR-based confirmation of transfection of the B3D+mCherry plasmid.
A) ipis3-[GFP-Luc; PyrS] or ipis2-[GFP-Luc; PyrS] were used as recipient lines for
transfection of B3D+mCherry vectors containing part of the open reading frame from
either IPIS2 or IPIS3, respectively. B) Successful integration of the plasmid was
confirmed by size of PCR products using the following primer pairs and expected
sizes: wild type IPIS2 712 bp, wild type IPIS3 1,289 bp, ipis2-[GFP-Luc]:IPIS3mCherry 5’ integration 3,137 bp, ipis2-[GFP-Luc]:IPIS3-mCherry 3’ integration 3,954
bp, ipis3-[GFP-Luc]:IPIS2-mCherry 5’ integration 2,610 bp, and ipis3-[GFPLuc]:IPIS2-mCherry 3’ integration 3,568 bp. The absence of product for the 5’ and 3’
integration primer pairs in the wild type, ipis2-[GFP-Luc;PyrS], and ipis3-[GFPLuc;PyrS] were negative controls.
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3.2.4 The localization of IPIS2 and IPIS3 to the IBIS of parasite-infected red
blood cells appears to be independent of one another
The localization of IPIS2 and IPIS3 does not appear to change whether or not the other
is expressed when visualized by fluorescence microscopy (Figure 8). The distribution
of the two studied IBIS resident proteins tagged with mCherry was similar irrespective
of the presence or absence of IPIS2 and IPIS3 and appear to localize to the IBIS found
within the cytoplasm of the infected erythrocyte in discrete, punctate structures. Figure
8 shows one representative infected cell out of the ~300 parasites imaged per line.
The size of the infected red blood cell in cells infected with P. berghei lacking either
IPIS2 or IPIS3 appears approximately 2 µm smaller, however this is not an overall
trend that is observed when calculating the size of the infected red blood cell for all
cells imaged and quantified.

Figure 8. The distribution of mCherry-tagged IBIS resident proteins as seen by
fluorescence microscopy. The localization seems unchanged in the absence of
either IPIS2 or IPIS3 in P. berghei-infected red blood cells. DAPI panels depict
parasite nuclear labelling. Parasite cytoplasmic GFP signal was detected in ipis2[GFP-Luc]:IPIS3-mCherry and ipis3-[GFP-Luc]:IPIS2-mCherry. The mCherry signal
was amplified by probing with a rabbit α-mCherry primary antibody and α-rabbit Alexa
Fluor 596 secondary antibody. The fourth panel (right) shows all three channels
merged. Scale bar = 10 µm
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3.2.5 CLEM allows for visualization of membrane ultrastructure within ipis2[GFP-Luc]:IPIS3-mCherry and IPIS3-mCherry infected erythrocytes
Correlative electron microscopy (CLEM) was employed in order to gain deeper insight
into the specific structural features of parasite-induced membrane formations in the
infected erythrocyte. The P. berghei lines expressing IPIS3-mCherry were selected for
initial experiments, with the intention to address the localization and membrane
association of IPIS3, as well as assess formation of the IPIS in P. berghei lines lacking
IPIS2. Samples of mouse blood infected with either IPIS3-mCherry or ipis2-[GFPLuc]:IPIS3-mCherry P. berghei were cryo-preserved with high pressure freezing in
order to obtain the best possible preservation of delicate membrane formations.
Furthermore, fluorescence is preserved via this method and by polymerizing the
embedding resin at low temperatures. Sectioned samples on conductive coverslips
were first imaged under the confocal microscope to identify infected red blood cells
and to localize the mCherry signal. The same sample section was then transferred to
the SEM and the confocal images were compared to the corresponding SEM images
to see the underlying ultrastructure of the membranes with which IPIS3-mCherry
associates.
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Figure 9. Preparation of erythrocytes infected with IPIS3-mCherry or ipis2-[GFPLuc]:IPIS3-mCherry for CLEM allows for the visualization of fluorescence signal
with confocal microscopy and membrane architecture with SEM. The higher
magnification image of the IPIS3-mCherry sample has a yellow arrow pointing of an
IBIS. The SEM image alone was included for ipis2-[GFP-luc]:IPIS3-mCherry to clearly
show the visible structures. Another yellow arrow in points at possible membranes in
the cytoplasm that correspond with the strong mCherry signal in the confocal image.
The blue arrow indicates the parasite plasma membrane, and the red arrow indicates
the parasitophorous vacuole membrane. IPIS3-mCherry scale bar = 200 nm, ipis2[GFP-luc]:IPIS3-mCherry scale bar = 1 µm Sample preparation by J. Gabelich, image
acquisition by J. Lee, D. Webb, and M. Rug.

The PVM (red arrow), the parasite plasma membrane (PPM) (blue arrow), and the
membranes surrounding organelles within the parasite are clearly visible which
indicates successful sample fixation and contrasting. When comparing the mCherry
signal in the confocal images of the CLEM-prepared samples seen in Figure 9 to the
signal in the fluorescence microscopy images found in Figure 8, the mCherry signal
appears more diffuse punctate, though regions of higher intensity are visible (such as
indicated by the yellow arrow). The mCherry signal was also most readily detected in
erythrocytes that were infected by multiple parasites.

The sample preparation

technique should be considered when comparing the appearance of the mCherry
signal. The images taken by fluorescence microscopy focused on entire cells that were
applied to coated cover slips, whereas the confocal images were taken of samples that
were embedded and sectioned into 300 nm sections. Considering the mCherry signal
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is already rather weak, taking images of signal present in very thin sections would
reduce the amount of visible fluorescent molecules. This is not to exclude however that
the differences may also be attributed to a need for improved sample preparation.
The mCherry signal appears to accumulate in certain regions of the infected
erythrocyte which correspond to what could potentially be red blood cell cytoplasmic
membrane structures, as seen in the SEM images (yellow arrows). An image SEM
image in Figure 10 gives a magnified view of such a structure, also marked with a
yellow arrow. However, analysis of additional samples and images is required to
confirm these results. One consideration is that if the regions of contrast visible in the
SEM images are indeed membranous structures, they appear more numerous than
what would be expected when comparing to previously published transmission
electron micrographs of P. berghei infected erythrocytes (Ingmundson et al., 2012).

Figure 10. An erythrocyte infected with ipis2-[GFP-luc]:IPIS3-mCherry was
imaged with SEM. The yellow arrow points towards an area of membrane contrast
that appears to be an IBIS in the cytoplasm, adjacent to the parasite. Scale bar =
200 nm.
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In conclusion, the technique utilized here for sample preparation works in principle, but
more images would need to be compared in order to properly identify the IBIS in the
cytoplasm of the infected erythrocyte. Only then would it be possible to draw
conclusions about the morphology of the parasite-induced membrane structures in the
presence and absence of IPIS2. This would then also need to be extended to ipis3[GFP-Luc]:IPIS2-mCherry and IPIS2-mCherry infected erythrocytes.

3.2.6 Quantification of mCherry signal in IPIS2-mCherry and IPIS3-mCherry
reveals similar expression in the presence and absence of IPIS3 and
IPIS2
The fluorescence microscopy data reveals IPIS2-mCherry and IPIS3-mCherry
localizing to the IBIS independent of presence or absence of IPIS3 or IPIS2, indicating
that IBIS formation does not depend on the simultaneous presence of both proteins.
However, we were also interested in whether or not the extent of protein expression is
co-dependent on their simultaneous expression.
The mCherry signal in infected blood was quantified by western blot to determine if the
expression of one depends on the expression of the other (Figure 11). Purified infected
red blood cells were treated with RIPA lysis buffer and loaded into an SDS PAGE
protein gel. Approximately 0.5x106-2.5x106 infected red blood cells were added per
well. To calculate the relative mCherry signal, the band intensity of the mCherry tagged
protein was divided by the band intensity of the HSP70 loading control. The relative
value obtained for IPIS3-mCherry was 4.24 and for ipis2-[GFP-Luc]:IPIS3-mCherry it
was 4.2. Multiple bands specific for mCherry were visible in the IPIS2-mCherry sample.
The size of mCherry alone is 27 kDa, which corresponds to the bottom band of the
blot. An additional cleavage product is visible at 55 kDa, in addition to the expected
band at 70 kDa. To quantify the mCherry signal in this sample, the signal intensity of
the individual bands was added together under the assumption the mCherry originally
belonged to IPIS2-mCherry. This assumption was made due to the observation that
treatment of the sample with proteinase inhibitor cocktail during RIPA lysis reduced
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the number of unexpected bands. Using this method, the relative values for ipis3-[GFPLuc]:IPIS2-mCherry was 6.6x stronger than in the absence of IPIS3.

Figure 11. Western blot quantification of IPIS2- and IPIS3-mCherry signal in the
absence and presence of IPIS3 and IPIS2. All bands visible were used for the
quantification of mCherry. The mCherry signal was 6.6x brighter in IPIS2-mCherry than
in ipis3-[GFP-Luc]:IPIS2-mCherry, though the IPIS2-mCherry tag appears to have
undergone protein cleavage. The relative mCherry signal detected by western blot was
comparable between IPIS3-mCherry in both the presence and absence of IPIS2.

We were interested in verifying these results by fluorescence microscopy because the
mCherry tag would be visible in the infected erythrocyte. In order to quantify the
mCherry signal intensity, the signal was calculated in proportion to parasite size
(Figure 12). The size of the parasite was used as a normalizing factor for mCherry
intensity to account for different levels of expression of IPIS2-mCherry and IPIS3mCherry over the course of blood stage infection. There was no difference observed
of the mCherry signal in either IPIS2-mCherry or IPIS3-mCherry in the presence or
absence of IPIS3 or IPIS2.
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Figure 12. The mCherry signal quantified for both IPIS3-mCherry and IPIS2mCherry via fluorescence microscopy was similar to the signal obtained in the
absence of IPIS2 or IPIS3. The mCherry signal was calculated in infected blood as
a proportion to parasite size. Each dot represents the ratio of mCherry signal to
parasite size within one infected erythrocyte.

The explanation for the incongruence between the two quantification methods could
lie within how infected cells were selected for analysis. It was possible to distinguish
multiply infected red blood cells when quantifying mCherry signal microscopically, and
those cells were excluded from analysis. Whereas the protein preparation of infected
blood includes all stages of infected red blood cells. Furthermore, the Nycodenz
purification done to isolate infected red blood cells before loading into a protein gel
selects for late-stage parasites which includes late trophozoites, schizonts, and
gametocytes, whereas early trophozoites and ring stages would have been discarded.
It is feasible that expression levels are greater in later stages, but the microscopy data
“buffered” this difference by sampling from a more equal distribution of blood stage
parasites.
3.3 IPIS2 and IPIS3 do not affect mosquito-stage parasite development
The entirety of the Plasmodium berghei life cycle can be carried out in the laboratory
by administering a blood meal to a cage of Anopheles stephensi mosquitos containing
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infected erythrocytes. We first decided to see if the absence of IPIS2 or IPIS3 affects
the growth efficiency within the mosquito using the lines ipis2-[GFP-Luc;mCherry] and
ipis3-[GFP-Luc;mCherry].
3.3.1

The number of exflagellation events is unchanged in the absence of
either IPIS2 or IPIS3 compared to wild type

Exflagellation of the microgamete must be active at the time of the blood meal to
ensure fertilization can occur within the mosquito midgut. Therefore, we checked if the
number of exflagellation events of male gametocytes within a defined time period in
the absence of IPIS2 and IPIS3 was comparable to the number of events observed
with wild type infected red blood cells. This was done preparing a Neubauer chamber
containing tail blood in ookinete medium, and the number of exflagellation events
occurring within 10 minutes was determined via light microscopy (Table 2). Wild type
parasites had over all more exflagellation events, however the overall parasitemia was
also higher. Creating a ratio of the exflagellation events to the parasitemia, we see that
wild type exflagellation events occur at a proportion of 3.37, ipis2-[GFP-Luc;mCherry]
3.2, and ipis3-[GFP-Luc;mCherry] 4.6. However, as this experiment was meant only
as a peripheral check of exflagellation, it was only done one time. As a result, no
conclusions towards the exflagellation efficiency can be drawn other than that
exflagellation is indeed present.
Table 2. Male microgametes that form within the presence and absence of
IPIS2 and IPIS3 produced visible exflagellation events. Over a 10-minute period
of observation, the number of exflagellation events recorded ranged from 23 for
ipis2-[GFP-Luc;mCherry] and 27 for wild type.

Parasite line

Exflagellation

Parasitemia

events
Wild type

27

8%

ipis2-[GFP-

23

7%

25

5.4%

Luc;mCherry]
ipis3-[GFPLuc;mCherry]
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3.3.2

The percentage of mosquitos with successful oocyst formation is
unchanged in the absence of either IPIS2 or IPIS3 compared to wild
type

Oocysts begin developing within the midgut of the infected mosquito 10 days after
taking a blood meal of P. berghei infected blood. The mosquito midguts were studied
for the presence of oocysts at day 14 after the blood meal in order to determine the
infection rate of the mosquitos. (Table 3). This experiment was also intended as a
check for infectivity, and therefore the same argument above about the small sample
size is relevant for the interpretation of this data. What is clear is oocysts were still
forming in the absence of IPIS2 or IPIS3, which was supported later by the ability to
isolate sporozoites for the later-described experiments. An important consideration for
future controls would be to remove mosquitos from the cage which had not taken a
blood meal to ensure only mosquitos with the chance to become infected are being
assessed.
Table 3. Oocysts develop in the midgut of mosquitos infected with wild type,
ipis2-[GFP-Luc;mCherry], and ipis3-[GFP-Luc;mCherry] P. berghei. A sample of
mosquitos from each cage were randomly selected for midgut dissection to determine
if formation of oocysts 14 days after the blood meal of infected blood occurred.

Parasite line

% Infectivity

Wild type

75%

ipis2-[GFP-

62.5% (5/8)

(6/8)

Luc;mCherry]
ipis3-[GFP-

80%

Luc;mCherry]
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(4/5)

3.3.3

The number of sporozoites obtained from salivary glands were similar
in the presence and absence of IPIS2 and IPIS3

Sporozoites from the oocysts migrate to the salivary glands of the infected mosquito
and are ready for transmission back into the vertebrate host 21 days after a blood
meal. Sporozoite infectivity is reflected in the number of sporozoites obtained per
mosquito (Gamage-Mendis et al., 1993), therefore over the course of 12 independent
dissections, the number of sporozoites per mosquito were calculated. Within each
individual dissection attempt, the number of sporozoites per mosquito varied greatly,
at times by an order of magnitude. No statistical analysis was done because there was
no control to ensure mosquitos that did not take a blood meal were not included.
However, similar amounts of sporozoites per mosquito on average were dissected
from the salivary glands. Explanations for the differences observed on the technical
replicate level could lie within inconsistent dissection technique, inefficient sporulation
during times of heat wave, causing failure in temperature control of the mosquito
incubator, and the random selection of mosquitos means some dissected mosquitos
may not have taken a blood meal.

Figure 13. The number of sporozoites per mosquito were calculated in order to
determine extent of infectivity in the mosquito. The data is compiled using
infections of mosquitos from a combination of ipis2-[GFP-Luc;mCherry], ipis2-[GFPLuc], ipis3-[GFP-Luc;mCherry], ipis3-[GFP-Luc], depending on which line of
sporozoites was required for the corresponding experiments. Each dot on the graph
represents the number of sporozoites per mosquito.

3.4 In vitro liver stage growth of P. berghei is unaffected by the absence of IPIS2 or
IPIS3
To verify if in vitro liver stage development was similar in ipis2-[GFP-Luc;mCherry] and
ipis3-[GFP-Luc;mCherry] to that of wild type, HepG2 cells were fixed at 48 hours post
infection of one of the three lines. Part of liver stage development involves the
formation of the parasitophorous vacuole membrane (PVM) (Dijk et al., 2005; Mueller,
Camargo, et al., 2005; Mueller, Labaied, et al., 2005; Labaied et al., 2007; Silvie et al.,
2008; Aly et al., 2008). The cells were probed with antibodies against HSP70 and
UIS4, and representative images were captured with fluorescence microscopy (Figure
14) where HSP70 was used to visualize the parasite and UIS4 as a PVM marker
(Mueller, Camargo, et al., 2005). In all lines, UIS4 could be seen surrounding the
parasite, and additionally in distal extensions of the tubovesicular network of wild type
and ipis3-[GFP-Luc;mCherry] infected hepatocytes, as would be expected of normal
PVM formation.

Figure 14. Liver stage UIS4 expression as visualized with fluorescence
microscopy demarcates formation of the PVM similarly between wild type, ipis2[GFP-Luc;mCherry] and ipis3-[GFP-Luc;mCherry] parasites. Each sample was
fixed and probed for UIS4 48 hours after infection of in vitro HepG2 cells by sporozoites.
The red fluorescent signal depicts UIS4, the green signal depicts HSP70, and the nuclei
were stained with Hoechst. Scale bars: 10 µm.
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The size of the exoerythrocytic form (EEF) of the developing parasite within HepG2
cells was also calculated at 48 hours post infection using a specific software package
(FIJI) in order to determine if the parasite develops to a typical wild type size in the
absence of IPIS2 or IPIS3 (Figure 15). The average EEF size of parasites lacking
IPIS2 or IPIS3 were not significantly different from the EEF of wild type parasites.

Figure 15. Average exoerythrocytic form size between wild type liver stage
parasites and parasites lacking either IPIS2 or IPIS3 are similar. HepG2 cells
infected with either wild type, ipis2-[GFP-Luc;mCherry], or ipis3-[GFP-Luc;mCherry]
sporozoites were fixed 48 hours post infection, and the samples were probed with
aHSP70. Images were taken with the fluorescence microscope, and EEF size was
determined using FIJI. The difference between the means were found to be
nonsignificant using a student’s t-test (p = 0.419 for wild type and ipis2-[GFPLuc;mCherry] and p = 0.503 for wild type and ipis3-[GFP-Luc;mCherry]).

3.5 P. berghei lacking expression of IPIS2 or IPIS3 grow less efficiently during in vivo
blood stages when compared to wild type infections
Based on the lack of difference in UIS4 expression and EEF size, it was determined
that the proteins IPIS2 and IPIS3 do not play a role in in vitro liver stage development.
However, IPIS2 and IPIS3 are expressed during the blood stages as well, so we
decided to assess blood stage growth efficiency in vivo.
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3.5.1

The time to patency is similar between wild type, ipis2-[GFPLuc;mCherry], and ipis3-[GFP-Luc;mCherry] sporozoite infection

To determine the severity of infection in vivo, mice were infected with P. berghei lacking
either IPIS2 or IPIS3, and the time for the first blood stage parasite appearance (time
to patency) and mouse survival was recorded. As determined by Giemsa-stained thin
blood smears, wild type-infected mice become blood stage positive at either day 3 or
day 4 after infection with 1,000 sporozoites. ipis2-[GFP-Luc;mCherry] parasites also
appear within this range, with a tendency towards day 4, whereas ipis3-[GFPLuc;mCherry] parasites become visible in the blood stream as late as day 5 after
infection. Two mice infected with ipis3-[GFP-Luc;mCherry] parasites never became
blood stage positive (Figure 16).

Figure 16. Time to patency of ipis2-[GFP-Luc;mCherry] infected mice is similar
to wild type whereas mice infected with ipis3-[GFP-Luc;mCherry] experience
up to a 1-day delay to patency. P value is the result of preforming the Log-rank
(Mantel-cox) test comparing the either ipis2-[GFP-Luc;mCherry] or ipis3-[GFPLuc;mCherry] to wild type.

The mild delay to patency seen in parasites lacking IPIS3 could be attributed to various
upstream lifecycle inefficiencies. Seeing as the data here point towards successful
oocyst and sporozoite formation, as well as expected in vitro growth, the explanation
could be reduced efficiency in the replicative capabilities of the liver-resident parasite
to form merosomes, which in the future could be further investigated by performing
qPCR quantification of P. berghei 18s rRNA in infected mouse livers.
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3.5.2

Mice infected with either ipis2-[GFP-Luc;mCherry] or ipis3-[GFPLuc;mCherry] survive longer than mice infected with wild type P.
berghei

C57BL/6 mice infected with wild type P. berghei succumb to infection related
complications like experimental cerebral malaria between 5-7 days after infection
(Engwerda et al., 2005). We therefore used mouse survival as a readout for how
pathogenic infection by ipis2-[GFP-Luc;mCherry] or ipis3-[GFP-Luc;mCherry] is in
vivo. The severity of infection was determined by observing how long infected mice
survived after injection of 1,000 sporozoites. Twenty percent more mice infected with
ipis2-[GFP-Luc;mCherry] parasites survived past day 15 after infection compared to
wild type-infected mice, based on one biological replicate containing 5 mice per group.
The percentage of surviving mice infected with ipis3-[GFP-Luc;mCherry] was 50%
higher than mice infected with wild type P. berghei (Figure 17) after 15 days of
infection.

Figure 17. Mice injected with 1,000 P. berghei sporozoites lacking either IPIS2 or
IPIS3 survive longer than mice infected with wild type parasites. The data
presented here for the ipis3-[GFP-Luc;mCherry] comparison is the combination of two
experiments, and the mice from both experiments totaled n=10 for each group. P value
is the result of preforming the Log-rank (Mantel-cox) test comparing either ipis2-[GFPLuc;mCherry] or ipis3-[GFP-Luc;mCherry] to wild type.

3.5.3

IPIS2 and IPIS3 contribute to efficient blood stage growth

In order to examine blood stage growth independent of liver stage factors, it was
necessary to look at the progression of infection using a blood stage transfer from a
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previously infected mouse. For this purpose, 500 blood stage parasites of wild typeexpressing GFP-luciferase and another 500 blood stage parasites of either ipis2[mCherry; PyrS] or ipis3-[mCherry; PyrS] were injected intravenously into SWR/J mice.
Parasitemia was detected by flow cytometry (Figure 18). At each day post infection,
the population of knock out infected erythrocytes was less than the populations
measured containing wild type parasites, indicating a mild deficiency in parasite
growth. The difference in growth efficiency between wild-type and ipis3-[mCherry;
PyrS] parasites is significant between day 4 (p < 0.01) through day 7 (p < 0.005), with
the largest difference recorded on day 5 (p > 0.0001). The difference in blood-stage
parasite burden between wild type and ipis2-[mCherry; PyrS] parasites is significant
between day 5 (p < 0.05) through day 7 (p < 0.01), with the largest differences recorded
on day 6 and 7 (p < 0.01).

Figure 18. IPIS2 and IPIS3 contribute to efficient blood stage growth.
Parasitemia was measured by flow cytometry between days 4-7 after infection. * p <
05 **
01 ***
0 005 ****
0 0001 d
i db

3.6 The absence of IPIS2 and IPIS3 results in increased circulation of schizonts in
the peripheral blood of infected mice
Schizonts are only rarely detected in peripheral blood of P. berghei-infected mice due
to their sequestration in lung and adipose tissue (Franke-Fayard et al., 2005).
However, we detected the presence of schizonts in Giemsa-stained blood smears
taken from mice infected with either ipis2-[GFP-Luc; PyrS] or ipis3-[GFP-Luc; PyrS] P.

berghei. Considering that other exported proteins found in the cytoplasmic parasiteinduced membrane structures of the infected red blood cell, such as the Maurer’s
Clefts of P. falciparum and the IBIS of P. berghei, have been demonstrated to play
important roles in the protein composition of the infected red blood cell plasma
membrane (Cooke et al 2006; Maier et al. 2007; Spycher et al., 2008) and adhesion to
host cell receptors in various tissues (De Niz et al., 2016), we investigated how much
of an effect the absence of either IPIS2 or IPIS3 has on the sequestration of schizonts.
The experiment was designed to use a synchronous infection to calculate the relative
proportions of each life cycle stage. Purified schizonts were injected into recipient mice
to create a synchronous infection. In the first experimental replicate, between 2-7x107
purified infected red blood cells were injected into recipient mice, and in the second
experimental replicate, each mouse was injected with 5x107 infected red blood cells.
Giemsa-stained blood smears were prepared between 18-24 hours after schizont
injection, and the various life cycle stages present were counted and categorized
based on phenotypic characteristics. The stages identified were ring stages, early
trophozoites, late trophozoites, and schizonts. Parasites were categorized as early
trophozoites when the parasite was less than 1/3 the size of the infected red blood cell
and late trophozoites when the parasite is larger than 1/3 the size of infected red blood
cell. Within the observed time-points, wild type schizonts made up a maximum of 4%
of circulating parasites. Whereas, of the infected red blood cells counted, up to a
maximum of 30.4% of ipis2-[GFP-Luc; PyrS] parasites and 8.9% of ipis3-[GFP-Luc;
PyrS] parasites were schizonts (Figure 19). These maxima were all observed at 23
hours post-infection.
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Figure 19. The absence of IPIS2 or IPIS3 leads to increased schizonts in
peripheral blood of infected mice. Percentage of various stages of P. bergheiinfected erythrocytes from Giemsa-stained blood smears (18-24 hours post infection)
were plotted. n=2 for each line, split over two experimental replicates. Time-points 18,
20, 22, and 24 hours contain biological replicates. The calculation of schizonts at the
23-hour time point is from one mouse per group. Statistics: students unpaired t- test.
Comparison of wild type to ipis2- at 22 hours p = 0.0132, at 24 hours p = 0.0013;
comparison of wild type to ipis3- at 24 hours p = 0.0244.

Since ipis2-[GFP-Luc; PyrS] and ipis3-[GFP-Luc; PyrS]

schizonts are not

sequestering like wild type schizonts, we hypothesized that the spleens of mice
infected with ipis2-[GFP-Luc; PyrS] or ipis3-[GFP-Luc; PyrS] P. berghei would be
heavier because an increased presence of schizonts in circulation has been reported
to result in the increased detection of parasites in the spleen (Chotivanich et al., 2002;
Franke-Fayard et al., 2005; Fonager, 2012; De Niz et al., 2016). Spleens from mice
infected with 1,000 sporozoites were harvested and weighed eight days after infection
(Figure 20). The spleen-to-body weight ratio in mice infected with parasites lacking
IPIS2 or IPIS3 was on average 20% higher than in mice infected with wild type P.
berghei. This result is consistent with previous studies in which mice were infected with
P. berghei lines which displayed schizont sequestration defects (De Niz et al., 2016).
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Figure 20. Spleens from mice infected with ipis2- GFP-Luc; PyrS] or ipis3-[GFPLuc; PyrS] are significantly heavier than spleens from wild type infections. The
values presented here are the combination of two experiments. Wild type: n=10, ipis2GFP-Luc; PyrS] n=4, ipis3- GFP-Luc; PyrS] n=10. Statistics: unpaired students t-test.
Comparison of wild type and ipis3- GFP-Luc; PyrS] p = 0.0229, comparisons of wild
type and ipis2- GFP-Luc; PyrS] p = 0.0142.

3.7 In summary
We found that deletion of either IPIS2 or IPIS3 resulted in mildly reduced parasite
growth rates in the blood of infected animals. We hypothesized that these proteins play
a role in sequestration of infected red blood cells based on the detection of ipis2-[GFPLuc; PyrS] or ipis3-[GFP-Luc; PyrS] schizonts in the peripheral blood of infected
animals. Though the roles of Maurer’s clefts are clearly described in sequestration of
P. falciparum, further investigation within the P. berghei model augments the less
understood parasite-host interactions that result in cytoadherence and sequestration
in non-falciparum species. The multi-species presence of IPIS2 and IPIS3 and their
expression in multiple developmental stages indicate that they may have conserved
functions important for Plasmodium intracellular survival.
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Chapter 4 Discussion
The membrane interfaces of intracellular infections are of particular importance
because they demarcate regions where the parasite interacts with the environment of
its host. The balance of these interactions results in the successful establishment of
infection. Understanding what essential and therapeutically accessible factors
contribute to parasite fitness opens avenues of study for drug and vaccine
development.
The work presented here seeks to address how the two P. berghei proteins IPIS2 and
IPIS3 contribute to parasite growth because of their localization to host-parasite
interfaces, where they delineate membrane structures within both the liver and blood
stages of infection. Whatever undescribed interaction they partake in could be
important to maintaining parasite-host homeostasis and a suitable growth
environment. Furthermore, we sought to identify how conserved these observations
are by studying the orthologs expressed by other species of Plasmodium. Here we
describe that parasites lacking expression of IPIS2 and IPIS3 display a prominent
blood-stage phenotype with respect to sequestration. Additionally, we developed
genetic modification tools needed to address the question of ortholog behavior in P.
knowlesi, the understudied yet prominent cause of malaria in Southeast Asia.
4.1 Growth phenotypes of ipis2 and ipis3-deficient P. berghei
We did not observe major changes in liver stage growth when P. berghei lacks either
IPIS2 or IPIS3. Infection of hepatocytes in culture resulted in the expected localization
of UIS4 in the PVM, no arrest of growth, and similar EEF sizes compared to wild type
parasites. A one-day delay to patency was observed in the absence of IPIS3 which
corresponds to a ten-times lower parasite burden compared to wild type. Whether this
is due to a liver stage specific phenotype or blood stage growth attenuation should be
confirmed with qPCR detection of the actual parasite burden within infected livers.
Overall, parasites lacking IPIS2 or IPIS3 pass through the liver stage normally.
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A modest growth deficiency during the blood stage was observed, accompanied by an
increase in the number of infected mice which did not succumb to infection-related
complications within the window for experimental cerebral malaria (eCM), which
typically occurs approximately 7 days after infection. Although using eCM as an
experimental read-out should be done with caution as even clonal wild type
populations of P. berghei display different propensities for induced eCM when
compared to polyclonal populations (Amani et al., 1998), the increase in mouse
survival may nevertheless be an indication of decreased parasite fitness. Setting aside
the scrutiny of growth attenuation of P. berghei, the reduced growth efficiency was also
coupled with an increase in schizonts in peripheral circulation, something unusual as
P. berghei schizonts sequester within mouse tissues (Franke-Fayard et al., 2005). The
presence of circulating schizonts in the absence of IPIS2 and IPIS3 provides evidence
that supports the involvement of the IBIS in the sequestration of infected erythrocytes,
paralleling the Maurer’s clefts of P. falciparum.
The increase in splenic clearance due to a decrease in sequestration could be one
reason for the observed growth impairment. Fonager et al. generated smac- P. berghei
lines which produced abnormally high levels of schizonts in peripheral circulation,
which was accompanied with a lower multiplication rate compared to wild type.
Through in vivo live imaging, they observed that smac- parasites readily accumulated
in the spleen, rather than the expected adipose tissue. When these lines were serially
passaged through splenectomized mice, the parasite infection persisted for longer
(Fonager, 2012). This work is partially supported by the observations of significantly
increased splenomegaly of ptex88- P. berghei that was accompanied by a two-fold
reduction in parasitemia when compared to wild type (Matz et al., 2015). While
splenectomy did not affect the growth rate of either wild type or ptex88- lines in these
experiments, it must be considered that the growth rate effects of Fonager et al. were
observed over a period of weeks and multiple passaging, rather than a singular initial
infection. It appears that the clearance of parasites by the spleen helps decrease
parasite biomass, and by extension, the extent of pathology experienced by the
mouse. These observations were supported by a mathematical model which
suggested impaired growth could be due to the clearance of schizonts from circulation
by the spleen (Khoury et al., 2014).
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We predicted that the spleens of mice infected with parasites lacking IPIS2 or IPIS3
would be heavier than spleens of mice infected with wild type because the decrease
in sequestration would enable increased splenic clearance of parasite. This prediction
was made based on the visibly larger spleens observed in a similar infection model
(Matz et al., 2015) combined with in vivo imaging showing a strong accumulation of
parasites in the spleen upon infection with non-sequestering parasites (De Niz et al.,
2016; Fonager, 2012) and a respective increase in spleen weight (De Niz et al., 2016).
In this work, heavier spleens were indeed found in mice infected with either of the IPIS
knock-outs, but further work should be carried out to determine whether this was solely
due to an increase in parasite clearance. It was previously described that infection by
P. berghei induces structural changes to the spleen architecture in infected mice in the
form of poor germinal center formations (Carvalho et al., 2007). It would be interesting
to compare the spleen architecture of mice infected with either ipis2- or ipis3- P.
berghei to that of wild type infections to address potential changes in immune response
and infiltration as this would provide deeper insight into not only the sequestration
behavior of ipis2- and ipis3-, but also to changes in the host immune response to
infection.
It was observed in this study that schizonts lacking IPIS2 or IPIS3 do not sequester to
the same extent as wild type schizonts, though this does not exclude the possibility
that the non-sequestering lines develop into schizonts less efficiently than wild type
blood stage parasites. Potential roles for IPIS2 or IPIS3 could involve trafficking of
protein cytoadherence mediators to the membrane, or even another mechanism
altogether, such as effects on interactions with the cytoskeleton and influences on
erythrocyte flexibility. Should the roles of IPIS2 and IPIS3 directly affect cytoadhesion,
it would be expected that the change in distribution of ipis2- or ipis3- infected
erythrocytes would reflect what was previously observed with infection by nonsequestering parasites with a shift towards an accumulation in the spleen and
periphery rather than adipose tissues (Fonager, 2012; Matz et al., 2015; De Niz et al.,
2016).
To provide more well-rounded support for the role of IPIS2 and IPIS3 in the IBIS, one
should consider also investigating potential changes to the infected erythrocyte plasma
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membrane. Despite the fact that P. falciparum and P. berghei both sequester and
display CD36-mediated cytoadherence (Franke-Fayard et al., 2005), no PfEMP1
ortholog has been identified in P. berghei (Hall et al., 2005). Furthermore, attempts to
identify P. berghei proteins containing the PfEMP1 CD36 binding domain also have
not yielded results (Fonager, 2012), despite the works that convincingly link the
cytoadherence of P. berghei infected erythrocytes to the host receptor CD36. So far it
is known that CD36 guides the distribution in the lungs and adipose tissue of
sequestered erythrocytes infected with P. berghei (Franke-Fayard et al., 2005), CD36
correlates to the extent of acute lung injury in mice (Lovegrove et al., 2008), and CD36mediated sequestration positively affects parasite growth (Fonager, 2012). A P.
berghei surface ligand likely exists, but there is no consensus on a definitive exported
protein on the surface of the P. berghei infected erythrocyte, let alone one that is
involved with sequestration. The tandem mass spectrometry of differentially
centrifugated hypotonic cell-lysates and trypsin-treated infected erythrocytes led to the
identification of two members of the Pb-fam-1 gene family which seem to localize to
the infected erythrocyte surface, though the fluorescence microscopy data used to
support this point were not verified through other means (Pasini et al., 2013). The
incomplete knowledge on what is occurring on the surface of the P. berghei infected
erythrocyte cell membrane prompts the motivation for the study of exported proteins
to reveal deeper insight into P. berghei biology. To determine if IPIS2 or IPIS3
contribute towards general changes on the surface of the infected erythrocyte that
could guide further studies as to how these two proteins influence sequestration, one
could utilize the approach developed by de Koning Ward et al., in which antibodies
specific to merozoites generated in response to infection had inhibitory effects on
invasion (de Koning-Ward et al., 2003). Adapting this method, one could utilize the
polyclonal nature of semi-immune serum as a primary antibody for probing the surface
of the infected erythrocyte and measuring the extent of surface binding in the presence
and absence of ipis2 and ipis3 by flow cytometry.
It has been known since the 1980s that the lipid composition of Plasmodium infected
erythrocytes differs compared to uninfected red blood cells (Vial et al., 1982, 1984;
Maguire & Sherman, 1990; Wunderlich et al., 1991; Hsiao et al., 1991). Furthermore,
the erythrocyte is characterized by immense flexibility as is required when navigating
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narrow capillaries, and it is understood to be due to their membrane compositions
(Mohandas & Gallagher, 2008). Furthermore, the lipid bilayer of membranes contains
various phospholipids, such as phosphatidylcholine, phosphatidylethanolamine, and
phosphatidyl serine. The redistribution of phosphatidyl serine in even uninfected
erythrocytes resulted in cytoadhesive effects (Closse et al., 1999; Manodori et al.,
2000). The redistribution of phospholipids was observed within the bilayer of P.
falciparum parasitized erythrocytes, and P. knowlesi induces stage specific
reorganization of phospholipids, indicating this redistribution is a dynamic process
(Joshi et al., 1987; Schwartz et al., 1987). Should the sequestration phenotype of P.
berghei lacking IPIS2 or IPIS3 be due to either changes in lipid composition affecting
membrane deformability or cytoadhesion encouraged by phospholipid redistribution, it
would be more appropriate to study various lipid labeling changes on the infected
erythrocyte. A first step towards determining a redistribution of phospholipids and lipids
would be detection of lipid labels such as LipidTOX Red, Nile Red, and Annexin V. The
data presented here does not seem to support the heart of this speculation, but the
possibility should nonetheless be considered.
4.2 P. berghei expression of IPIS2 and IPIS3 does not appear to influence the
formation of IBIS nor affect the localization of the other to the IBIS
In the work presented here, the P. berghei lines ipis2-[GFP-Luc; PyrS] and ipis3-[GFPLuc; PyrS] were modified with a mCherry tag to create ipis2-[GFP-Luc]:IPIS3-mCherry
and ipis3-[GFP-Luc]:IPIS2-mCherry with a twofold intention: to determine if either
IPIS2 or IPIS3 are essential for IBIS formation and if being members of the same
protein family with similar localization also meant their expression depends on one
another.
Fluorescence microscopy and correlative electron microscopy (CLEM) were used to
determine if IPIS2 or IPIS3 are needed for IBIS formation, and it appears they are not
essential to this process. Whether or not there are structural changes to the IBIS in
their absence requires further study, but the mCherry signal was clearly found in
punctate structures in the cytoplasm of the infected erythrocyte in the absence of either
IPIS protein. Improvements on sample preparation conditions for CLEM and further
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image analysis will hopefully fulfill the ultimate objective of examining potential effects
either of these proteins could have on internal membrane ultra-structures of the
infected erythrocyte.
Western blot and microscopic quantification of the mCherry signal present in
erythrocytes infected with either IPIS2-mCherry, ipis2-[GFP-Luc]:IPIS3-mCherry,
IPIS3-mCherry, or ipis3-[GFP-Luc]:IPIS2-mCherry were used to address the question
of whether or not they influence one another – possibly via effects on stability or a
reactive change in expression due to redundancy. Western blot quantification of the
mCherry signal suggested there is more IPIS2-mCherry signal present in the wild type
background

than

in

ipis3-[GFP-Luc]:IPIS2-mCherry,

but

quantification

with

fluorescence microscopy suggested there was no difference. This discrepancy may
partially be explained by the protein cleavage visible in the IPIS2-mCherry sample,
which may be sign of sample preparation quality. Furthermore, the western blot
readout allows for the discrimination between neither gametocytes nor erythrocytes
infected with more than one parasite, as is possible with microscopy. Both
gametocytes and erythrocytes infected by multiple parasites were excluded from the
microscopic quantification of mCherry, but both produce distinct mCherry signal. If
either of those categories were overrepresented in infection of one line compared to
the other, this would be reflected in the sum total of all mCherry signal quantified. The
use of asynchronous infections for sample preparation would then also play a role, as
comparison of the mCherry signal between samples will reflect the different
representations of each blood stage parasite. Alternative to what was done here,
synchronous infections could allow for a stage-dependent comparison of protein
expression, though this would not solve the presence of gametocytes.
Although the conciseness of the Plasmodium genome may indicate a lower probability
of redundant roles (Bushell et al., 2017), the current study cannot exclude the
possibility for IPIS2 and IPIS3. Further experiments with a double knock out of both
IPIS2 and IPIS3 could reveal if there are fail-safe redundancies present to ensure
proper formation of the IBIS. Should there be redundant protection of the formation of
new membranous structures conferred by multiple proteins, it may indicate that the
IBIS are important enough to successful infection that it was evolutionarily
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advantageous to protect it. This appears to be the case with the elimination of various
Maurer’s clefts proteins, the result of which involves impaired PfEMP1 trafficking and
changes to – or elimination of – knob formation, while Maurer’s clefts remain present
(Cooke et al., 2006; Maier et al., 2006; Hanssen et al., 2008; Spycher et al., 2008;
McHugh et al., 2020). While the structures of the Maurer’s clefts may be altered in the
absence of its resident proteins, no singular protein knock out so far has resulted in
the complete elimination of Maurer’s clefts. For example, MAHRP1 was found not to
be essential to Maurer’s clefts formation, but its absence disrupted knob formation and
PfEMP1 was found to accumulate in the PVM (Spycher et al., 2008). The absence of
PfSBP1 does not affect knob formation, but the ultrastructure of the Maurer’s clefts
was slightly altered both in thickness and distance from the cell surface, and also
resulted in impaired PfEMP1 loading into the Maurer’s clefts which was associated
with reduced CSA binding (Cooke et al., 2006; Maier et al., 2006). The knockout of
Ring exported protein 1 (REX) resulted in a stronger Maurer’s cleft phenotype type
where they appear to be stacked (Hanssen et al., 2008). More striking is the effect on
Maurer’s clefts morphology the knockout of GEXP07 generates. The absence of
GEXP07 resulted in fragmented Maurer’s clefts, in addition to altered knob formation
and reduced PfEMP1 trafficking (McHugh et al., 2020). The greatest effect so far,
however, was observed in the absence of PfEMP1 transport protein 1 (PTP1), which
resulted in the abolishment of cytoadherence due to the failure to traffic PfEMP1 and
STEVOR members to the surface. The Maurer’s clefs in this case appeared globular
and untethered to the erythrocyte membrane (Rug et al., 2014). Though the effects off
GEXP07 and PTP1 on the morphology of the Maurer’s clefts may actually provide a
counter example to the hypothesis that the Maurer’s clefts structures are protected,
the parasites lacking GEXP07 were also found to display increased growth efficiency,
which may act as a balance to the impaired effects on cytoadherence. Considering
IPIS2 and IPIS3 are found in the IBIS and their absence influences the sequestration
of infected erythrocytes, it could be possible the roles of these two proteins are similar
to the above-described Maurer’s clefts proteins. For this reason, it would be intriguing
to use CLEM to analyze the membrane ultrastructure of the IBIS in the absence of
IPIS2 and IPIS3 beyond what was accomplished here. The preliminary CLEM images
captured within this work provide the first step towards this goal.
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4.3 Functional classification of IPIS2 and IPIS3 requires further study
Investigation into the mechanistic action of these proteins is beyond the scope of this
thesis, as we sought to describe the wider perspective of parasite development in the
absence of IPIS2 and IPIS3. Nonetheless, to continue this study, the next steps should
indeed delve into the molecular basis for the effects of IPIS2 and IPIS3 on parasite
fitness. From a structural perspective, these two genes code for proteins that do not
contain a PEXEL signaling motif, contain a tryptophan-rich domain, and IPIS3 contains
a sequence for a predicted transmembrane domain.
The tryptophan-rich domain expressed by members of Plasmodium consists of a
domain enriched with positionally conserved tryptophan residues. In P. berghei, there
are at least 10 other identified tryptophan-rich proteins, though not all are expressed
during blood stage infection. Some of the other P. berghei tryptophan-rich proteins are
annotated as pseudogenes, although this may be misleading when deciphering their
significance because at least one of these genes, SLTRiP, is important for liver stage
development (Jaijyan et al., 2015). The significance of the expansion of proteins
containing this domain in certain species of Plasmodium is not fully understood, though
it could be the presence of multiple pseudogenes serves as a reservoir for genetic
variation (Restrepo et al., 1994; Balakirev & Ayala, 2003; Ntumngia et al., 2005). The
described roles for the other Plasmodium proteins containing tryptophan-rich domains
include effects on growth, interaction with red blood cell cytoskeletal components, and
binding to erythrocytes which affects invasion (Ntumngia et al., 2004; Curtidor et al.,
2006; M. T. Alam et al., 2008; Mittra et al., 2010; Tyagi et al., 2015; M. S. Alam et al.,
2015; X. Zhu et al., 2017), and they have been the focus of attention for vaccine
development due to immunogenic properties (Burns et al., 2000; Uhlemann et al.,
2001; M. T. Alam et al., 2008; Jaijyan et al., 2015). Attributing any significance of the
above listed occurrences specifically to the tryptophan-rich domain would require
expression of tryptophan-rich proteins lacking this domain and observing if similar
phenotypic effects occur.
The unifying characteristic of these protein properties is interaction with membranes,
and indeed, this appears to be the case with proteins containing tryptophan-rich
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domains in organisms outside of the Plasmodium genus (Broer et al., 2006; Kitagawa
et al., 2011; Komla-Soukha & Sureau, 2006).

For example, proteins containing

tryptophan-rich domains are found in puroindolines which have interestingly been
shown to interact with various membranes (Blochet et al., 1993; Weis & Palmer, 2001;
Evrard et al., 2008; Wall et al., 2010), and they have been implicated in viral signaling
pathways involving membrane and protein interaction (Broer et al., 2006; Kitagawa et
al., 2011; Komla-Soukha & Sureau, 2006). Considering it is unknown whether the
enrichment of tryptophan is of particular significance, or if it is the overall structure of
the domain that is critical to function, it must be emphasized that the tryptophan-rich
domains found in the non-Plasmodium organisms are structurally distinct from the
positional conservation of the tryptophan residues of the tryptophan-rich domains
found in Plasmodium, and thus the similar naming may be a false connection.
The observation that schizonts are visible in the periphery in the absence of either
IPIS2 or IPIS3 may indicate that the proteins IPIS2 and IPIS3 facilitate some form of
membrane interaction important for cytoadhesion or at least the sequestration of
parasites, providing evidence for the significance of proteins containing this domain
with respect to host-parasite interactions. Based on the combination of observations
regarding IPIS2 and IPIS3, including their localization to the IBIS and effects on
sequestration, it is not improbable that they are indirect contributors to cytoadherence.
There is no evidence that IPIS2 and IPIS3 are present at or even near the surface of
the infected red blood cell, which means they likely are not the direct cytoadhesion
mediators. It is more likely that they chaperone the trafficking of either membrane
remodeling proteins or the unidentified cytoadhesion mediator itself. The next steps of
studying the roles of these proteins will bring to light how exactly they contribute to
sequestration.
It must be considered that it is possible for IPIS2 and IPIS3 to play roles in Plasmodium
that do not involve cytoadherence, despite the data in this thesis pointing toward at
least a supporting role in this direction. For example, numerous members of the pir,
fam-a, and fam-b multigene families are also present in both the liver and blood stages
of infection, and they localize within the cytosol of the infected erythrocyte and the
parasitophorous vacuole in the infected hepatocyte, and in some cases, the PVM
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(Fougère et al., 2016). The authors Fougère et al. describe how some members of
fam-a engage in the uptake and transport of phosphatidyl choline via hydrophobic
interactions during the liver stage. While there is no evidence that IPIS2 and IPIS3
contain the specific lipid-interacting domain described by Fougère et al. (Fougère et
al., 2016), the data presented in that study supports the action of IPIS2 or IPIS3
extending to only one stage while being present in both is not exclusive to IPIS2 and
IPIS3.
To continue this study, it would be necessary to consider the possibilities of additional
roles for IPIS2 and IPIS3. We did not observe liver stage growth deficiencies in
parasites lacking IPIS2 or IPIS3. However, their expression during the liver stage
suggests the possibility of interaction with the host immune system, and the result of
these interactions may not be relevant until the blood stages of infection. Furthermore,
the particular domain of IPIS2 and IPIS3 responsible for the observed phenotype of P.
berghei lacking either IPIS2 or IPIS3 should be identified - whether the responsible
part of the protein is the tryptophan-rich domain or some other region. Addressing this
would require phenotyping P. berghei lines expressing only certain domains.
4.4 Studying the P. knowlesi proteins PKNH_0516000 and PKNH_0200900 in the
infected erythrocyte would provide insight into the behavior of Plasmodium
orthologs
It is currently undescribed how PKNH_0516000 and PKNH_0200900 contribute to
blood stage P. knowlesi infection. In a study comparing the transcriptomes of in vivo
and ex vivo P. knowlesi blood stage parasites, mRNA transcripts for both proteins were
identified in infected erythrocytes (Lapp et al., 2015). Membranous structures by the
name of Sinton and Mulligan’s stippling have been identified in the cytoplasm of P.
knowlesi infected erythrocytes ( Sinton and Mulligan 1933, Miller et al., 1971), and they
are home to orthologs of P. falciparum required for cytoadherence in P. falciparum
(Cooke et al., 2006; Maier et al., 2006; Lucky et al., 2016). From work in P. berghei, P.
vivax, and P. falciparum, it is known that differing combinations of sequestration and
cytoadherence occur, and proteins resident in the P. berghei and P. falciparum
parasite induced membrane formations indirectly contribute to sequestration. P.
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knowlesi expresses members of the SICAvar multi-gene family on the surface of the
infected erythrocyte and has been shown to cytoadhere to host ICAM endothelial
receptors (Fatih et al., 2012), though this has not been shown to be directly linked to
SICAvar proteins themselves. Despite the lack of sequence conservation between the
var genes of P. falciparum and the SICAvar of P. knowlesi, cytoadherence may not be
entirely surprising because proteomic analysis have revealed similarities on the
peptide level to PfEMP1 molecules (Korir & Galinski, 2006). P. knowlesi as a species
is understudied, but its status as an emerging disease in Southeast Asia creates
pressure for efforts to understand its biology (Barber et al., 2017). Determining if
PKNH_0516000 and PKNH_0200900 localize to the Sinton and Mulligan’s stippling
would be the first step towards linking the P. knowlesi orthologs to P. berghei proteins
that have an effect on sequestration. It would also further support the usage of P.
berghei as a model system to study non-Laveranian species of Plasmodium, especially
considering the divergence of P. berghei and P. knowlesi occurred later than the
divergence forming the Laverania clade (Escalante & Ayala, 1994; Silva et al., 2011).
The findings regarding the localization of PKNH_0516000 and PKNH_0200900 could
potentially extend to P. vivax as well since P. knowlesi is used as a model system for
P. vivax (Carlton et al., 2008; Pain et al., 2008).
The usage of P. knowlesi to compare the roles of IPIS2 and IPIS3 in a more general
Plasmodium context depends on the functional conservation of the orthologs over
evolutionary timespans. Orthologs are gene sequences found in multiple species that
descended from a common gene, though their functional conservation may not always
align with a sequence or chromosome location conservation. For example, it is
possible for proteins to be functional orthologs even with little to no sequence identity,
as is the case for the P. falciparum and P. berghei orthologs of SBP1 and MAHRP1
(De Niz et al., 2016).
Comparing the amino acid identity of PKNH_0516000 and PKNH_0200900 to their P.
berghei counterparts reveals a 40% and 45% sequence identity, respectively. Roughly
a quarter of the sequence similarities of the orthologs is due to the positional
conservation of tryptophan residues, a feature described for Plasmodium proteins
containing this domain (Burns et al., 2000; Wang et al., 2015). This again sparks the
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question regarding the significance of the tryptophan-rich domain, as even evolutionary
sequence divergences still maintained the conservation of this particular domain. A
dissection of the evolutionary lineage of IPIS2 and IPIS3 is also outside the scope of
this thesis, but the question is worth posing in its own right when one considers the
roles tryptophan-rich proteins in Plasmodium play. Studying PKNH_0516000 and
PKNH_0200900 offers instead an experimental approach to determining functional
conservation of Plasmodium proteins.
The divergence of ortholog function may be illustrated by the presence of IPIS2 and
IPIS3 orthologs in P. vivax, despite the observation that P. vivax schizonts can be
found in peripheral circulation. While this potential disconnection between the
functional roles of orthologs in two different species may call into question the validity
of using model systems to draw conclusions, it also highlights the diversity of the
Plasmodium genus and the requirement for studies inclusive of multiple species, as
sequestration appears to be driven by different factors across species. With the tools
generated here for studying conservation between P. berghei and P. knowlesi, we
begin the process of dissecting features important for Plasmodium pathogenesis.
Here we generated tools for addressing the unknown localizations of PKNH_0516000
and PKNH_0200900 in P. knowlesi by generating cloning constructs to carry out
endogenous tagging using CRISPR-Cas9. The repair template donor DNA and guide
RNAs were prepared, and the P. knowlesi culture was adapted to horse serum. This
preparation opens up the possibility to study the localization of PKNH_0516000 and
PKNH_0200900 by fluorescence microscopy, and to describe the detailed membrane
ultrastructure of parasite induced membrane formations using CLEM.
4.5 Closing remarks
The data presented in this body of work clearly illustrates that sequestration of P.
berghei lacking either IPIS2 or IPIS3 occurs less efficiently compared to wild type while
the overall fitness during the blood stage was reduced. Despite their expression during
liver stage development, IPIS2 and IPIS3 do not affect liver stage growth. The
localization of IPIS2 and IPIS3 to membrane-delineated boundaries between host and
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parasite leads to a myriad of potential avenues of research that could be pursued in
order to delve deeper into the specific role these proteins play, especially when
considering their potential roles within other species of Plasmodium. To this end, we
generated genetic tools to modify the orthologs of IPIS2 and IPIS3 expressed by P.
knowlesi, which would broaden the greater understanding for conservation of
pathological features shared across members of the Plasmodium genus. Considering
the prominent effect of IPIS2 and IPIS3 on sequestration, this body of work supports
the usage of P. berghei in studying a phenomena characteristic of the deadly malariacausing parasites, and it further emphasizes the importance of these unique
boundaries between host and parasite when attempting to define factors important for
parasite fitness and virulence.
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Abbreviations
%

percent

°C

degree Celsius

~

around

µF

microfaraday

μL

microliter

μm

micrometer

μM

micromolar

bp

basepairs

cDNA

complementary DANN

Cas9

CRISPR-associated protein 9

CLEM

Correlative electron microscopy

CRISPR

clustered regularly interspaced short palindromic
repeats

CSA

chondroitin sulphate A

CSP

circumsporozoite protein

C-terminal

carboxy-terminal

CQ

Chloroquine

ddH2O

distilled water

DIC

differential interference contrast

DI water

deionised water

DNA

deoxyribonucleic acid

ds DNA

double-strand DNA

dNTP

deoxyribonucleotide triphosphate

E. coli
eCM

Escherichia coli
experimental cerebral malaria

e.g.

exempli gratia

EEF

exo-erythrocytic form

EPCR

Endothelial Protein C Receptor

et al.

et alia

FACS

fluorescence activated cell sorting

FCS

fetal calf serum

fwd

forward
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g

gram

g
G

gravity units
guanosine

gDNA

genomic DNA

gRNA

guide RNA

GFP

green fluorescent protein

g
HGF

hours
hepatocyte growth factor

HSP

heat shock protein

IBIS

intra-erythrocytic P. berghei induced structures

IBIS1

intraerythrocytic P. berghei structure 1

IPIS2

intraerythrocytic P. berghei structure 2

IPIS3

intraerythrocytic P. berghei structure 3

ICAM-1

intercellular adhesion molecule-1

iRBC

infected red blood cell

i.p.

intraperitoneal

i.v.

intravenously

kb

kilobase

kg

kilogram

l
LB

liter
Lysogeny Broth

LISP2

Liver-specific protein 2

M

molar

m
MAHRP1
MAHRP2
MEME

meter
membrane-associated histidine-rich protein-1
membrane-associated histidine-rich protein-2
Multiple expectation maximiztation motif elicitation

min

minutes

mL

milliliter

mm

millimeter

mRNA

messenger RNA

MVEC

microvascular endothelial cells

N-terminal

amino-terminal

NMRI

Naval Medical Research Institute

n.s.

not significant

ng

nanogram
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ORF

open reading frame

P.
PAM

Plasmodium
protospacer adjacent motif

PBS

phosphate buffered saline

P. berghei
P. falciparum
P. knowlesi
P. vivax
PCR

Plasmodium berghei
Plasmodium falciparum
Plasmodium knowlesi
Plasmodium vivax
Polymerase chain reaction

PFA

paraformaldehyde

PfEMP1

P. falciparum erythrocyte membrane protein 1

PNEP

PEXEL negative exported protein

PV

parasitophorous vacuole

PVM

parasitophorous vacuole membrane

PyrS

pyrimethamine sensitive

RBC

red blood cell

rev

reverse

RFP

red fluorescent protein

RNA

Ribonucleic acid

rpm

rounds per minute

RPMI medium

Roswell Park Memorial Institute medium

RT

room temperature

s

seconds

SBP1

skeletal-binding protein 1

SCV

Salmonella containing vacuole

SEM

scanning electron microscopy

SICAvar

Schizont-Infected Cell Agglutination Antigens

SIF

Salmonella induced filaments

SMAC

Schizont membrane-associated cytoadherence

SLTiP

Sporozoite, Liver stage Tryptophan-Rich Protein

ssDNA

singe-stranded DNA

Taq
TBST

Thermus aquaticus
Tris-buffered saline + tween20

TM

transmembrane

TVN

tubovesicular network

UTR

untranslated region

UIS3

Up-regulated in infective sporozoites 3
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UIS4

Up-regulated in infective sporozoites 4

V

Volt

VCAM-1

vascular cell adhesion molecule-1

VTS

vacuolar transport signal

v/v

volume per volume

w/v

weight per volume

WT

wild type
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