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Introduction
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1. Malaria and malaria vaccines

Humans develop malaria after being inoculated, via the bite of an infected female
mosquito, with the unicellular protozoan parasite, Plasmodium. There were an
estimated 219 million cases of malaria and 660 000 deaths in 2010 and it is one of the
world’s most important global health challenges ([1]; http://www.who.int/malaria/

publications/world_malaria_report_2012/en/). Indeed, a recent systematic analysis on

global malaria mortality showed that malaria was the underlying cause of death for 1.24
million individuals in 2010 and that malaria mortality therefore is likely to be larger than
previously estimated [2]. Many prevention and elimination initiatives, such as distribution
of insecticide-treated nets, indoor residual spraying with insecticides or implementation
of drug treatment programmes, are underway to limit both the incidence and spread

of the infection, as well as to limit the severity of the disease (http://www.who.int/

malaria/publications/world _malaria_report_2012/en/). While these measures have

contributed to the global decline in malaria, they are all under threat to the acquisition
of drug resistance, either by Plasmodium parasites to antimalarial drugs or mosquitoes
to insecticides [3-5]. Among the human malaria parasites, P. falciparum is the species
responsible for most severe disease and accounts for the largest numbers of deaths,
and therefore has been the target of most antimalarial drugs and vaccine development
efforts.

Problems with the costs and logistics involved in mass drug administration campaigns
targeting Plasmodium infected and at risk populations in resource and infrastructure
poor settings, as well as the above mentioned acquisition of drug resistance, mean that
vaccination remains the most (cost) effective method of malaria disease control, and
ultimately eradication [6-8]. To date, disease elimination or eradication in humans has
only been effectively achieved through the mass administration of vaccines [9]. However,
a vaccine against malaria has not been licensed and indeed, only 1 vaccine candidate
RTS,S has advanced to Phase Ill clinical testing (http://www.who.int/vaccine_research/

links/Rainbow/en/index.html). Several features of a Plasmodium infection would appear

to hamper the development of a vaccine against malaria. Specifically, for most of its
development, the malaria parasite is intracellular, developing either inside hepatocytes
or erythrocytes and thereby limiting its recognition and removal by the immune
system. Moreover it exists as many morphologically and antigenically different forms,
and parasite molecules most readily detected by the host immune response exhibit
high levels of antigenic diversity (highly diverse allelic polymorphisms) and several of
these critical parasite proteins are immunologically variant (where the genome encodes

multiple copies of antigenically diverse but functionally related proteins). As the parasite
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is itself eukaryotic, a number of parasite antigens may provoke relatively weak immune

responses that do not contribute to protection against infection [6-8].

While P. falciparum blood stages can be effectively propagated in vitro, understanding
the complexity of the host response to a malaria infection is best performed in vivo.
And while very powerful, the expense and safety concerns of performing experimental
studies in humans and non-human primates have limited their use. Consequently, rodent
malaria parasites are recognized as valuable models to investigate the developmental
biology of malaria parasites, parasite-host interactions, vaccine development and drug
testing (http://www.lumc.nl/con/1040/ 81028091348221/810281121192556/81107074
0182556/811070744452556/).

1.1. The malaria parasite life cycle

Plasmodium parasites infect a wide variety of hosts, including birds, reptiles and mammals
via an insect vector, usually a mosquito. There are five species associated with infecting
humans, P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi [10]. Most of the
severe pathologies and deaths due to malaria are associated with P. falciparum and it is
consequently the most studied human malaria parasite (http://www.who.int/malaria/

publications/world _malaria_report_2012/en/).

1.1.1. The P. falciparum life cycle

One of the main difficulties in developing an effective vaccine against P. falciparum is the
complex lifecycle of the parasite with its many different developmental stages (Figure
1). P. falciparum can only undergo sexual reproduction in Anopheles mosquitoes, its
definitive host. The human being the intermediate host where parasites only reproduce
asexually, both in the liver and the blood. When an infected female mosquito takes
a blood meal, it injects parasites, sporozoites, into the skin and these then enter the
bloodstream and migrate to the liver where they invade hepatocytes. Within the
hepatocyte, the sporozoite grows and multiplies forming a hepatic schizont that contains
several thousands of daughter parasites, the so-called exo-erythrocytic merozoites.
These merozoites are released into the blood stream where they invade red blood cells
(RBC). The development of the P. falciparum schizonts in the liver take 7-10 days, but
the infection of the liver is not associated with any clinical symptoms. After merozoite
invasion of a RBC, the parasite grows and multiplies, forming a blood-stage schizont
containing 16—32 daughter parasites (merozoites) in a 44—48 hour period. When schizonts
rupture, they release merozoites that can invade new RBC initiating a proliferative stage
of development with new waves of parasites being released into the blood approximately
every 48 hours. In other Plasmodium species that infect humans, replication inside RBC
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can vary from 24—72 hours. The rapid increase in parasite numbers, destruction of RBC
and the ability of infected RBC (iRBC) to attach to uninfected red blood cells and host
tissue (sequestration) contribute to the clinical symptoms associated with P. falciparum
infections [11]. P. falciparum infections lead to severe symptoms and death if untreated;
the most common clinical features of severe malaria are high fever, respiratory distress,
vascular obstructions, metabolic acidosis, multi-organ derangement, severe anaemia
and neurological syndrome known as cerebral malaria (CM) [11]. CM is believed to
be associated with iRBC sequestration in brain microvasculature and is thought to be
enhanced by the proinflammatory status of the host and virulence characteristics of the

infecting parasites [12].

A = ntective Stage
A = Disgnostic Stage

Human Liver Stages

BAFE®: HEALTHIER: FEORLE™

Mosquito Stages Fibtp: e, iped cote, genidipe s

mRupmm 0A

o Meosquito 1akes
i bload rmeal rocytic
1'0\., \ ;:::;p\ [injects sporozoites) Exc-eryth Cycle

@ Oocyst
/ EWUW'U“ : Gnmu-odn:hiw\t Oﬂ o
— e 8w ;
o E—F xZﬂ *"'5%;" Schizont

R B
r

Sporoganic Cycle l, , Human Blood Stages
5] pr— Immature
E : trophazoite
O ookinete C ring stage)
’ A
Macrogametocyle
g
f.-u«—& .'-‘:'-'-5' i "/ Erythrosytic Cyele Mature il
Mi\'-roﬂirnwcem:nm o e @ trophoacae
macregamets @) E? -.T;t
.. L
Exflagellated Ruptu t'\ p‘!il /
melocyte izan W
mieregs 7 g . 'Sc.hlmrﬂﬁ ‘

Povly S u::'

P malariae
Figure 1. The life cycle of Plasmodium falciparum.

P. falciparum replication and maturation in humans (blue arrows) and mosquitoes (red arrows). This image was

taken from Center for Disease Control and Prevention website (http://www.cdc.gov/malaria).

Some merozoites that invade RBC do not proceed with asexual multiplication but
differentiate into male or female gametocytes, the sexual precursor cells of gametes.

These gametocytes are responsible for transmission between host and mosquito and
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once taken up by mosquitoes rapidly develop into male and female gametes in the
mosquito midgut where fertilisation takes place. The resulting zygote matures into a
motile ookinete, which can traverse the mosquito’s midgut wall and attach onto the
hemocoel side of the midgut where it differentiates into an oocyst. Through sporogony
the oocyst forms thousands of daughter parasites, sporozoites. When these are released
from the oocyst, they invade the mosquito salivary glands where they further mature and

become infectious to humans.

1.1.2. The life cycle of P. berghei, the rodent malaria parasite used as a model in
this study

In this study we have used the rodent malaria model, Plasmodium berghei. This parasite
is the most genetically tractable of the four murine Plasmodium species (P. berghei, P.
vinckei, P. chabaudi and P. yoelii). Several different P. berghei strains have been isolated,
either from its natural host Grammomys surdaster (thicket rat) or from the natural vector
Anopheles dureni. These parasites are infectious to laboratory rodents such as mice and

rats, and can infect A. stephensi in the laboratory (http://www.lumc.nl/con/1040/810280
91348221/810281121192556/811070740182556/811070746282556). Rodent parasites

are recognized as valuable model organisms to investigate human malaria, because they

are similar in most essential aspects of morphology, physiology and lifecycle and the
manipulation of the complete lifecycle of these parasites, including mosquito infections,

is simple and safe [13].

Like the four human malaria parasites, P. berghei is transmitted by Anopheles mosquitoes
and it infects the liver after being injected into the bloodstream by a bite of an infected
female mosquito. After a short period (a few days) of development and multiplication,
these parasites leave the liver and invade RBCs. The multiplication of the parasite in the
blood causes the pathology such anemia and damage of essential organs of the host
such as lungs, liver and spleen. P. berghei infections may also affect the brain and can
be the cause of cerebral complications in laboratory mice. These symptoms are to a
certain degree comparable to symptoms of cerebral malaria in patients infected with the
human malaria parasite [14]. The complete genome of P. berghei has been sequenced
and it shows a high level of similarity with the genome of the human malaria parasite P.
falciparum [15]. Despite the similarities between the life cycle stages of P. berghei and
P. falciparum, some important differences exist. The P. berghei asexual blood cycle takes
22-24 hours to complete, unlike the 44-48 hours required by P. falciparum. P. berghei
parasites have, like the human parasite P. vivax, a strong preference for invading and
growing in immature RBCs (reticulocytes), whereas P. falciparum can invade both mature
and immature RBCs. The P. berghei development in the liver does not, like P. falciparum,
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take 7-10 days but only 48—-52 hours. When studying host-parasite interactions, pathology
and immune responses induced by Plasmodium infections in rodents, not only do the
differences between the parasites but also clearly the differences between the rodent
and human host have to be taken into consideration, since differences in host physiologies
and immune responses will strongly influence how a host will cope with an infection
and manifest malarial disease. In a recent review, the relevance of rodent Plasmodium
infections in mice and rats as models of severe disease induced by P. falciparum infections
in humans, have been discussed in depth [11]. For example, cerebral malaria is one of the
most severe of all malaria pathologies observed in humans infected with P. falciparum,
and C57BL/6 mice infected with P. berghei ANKA strain can also develop cerebral
pathologies resulting in death, termed experimental cerebral malaria (ECM). Currently,
the P. berghei ANKA-C57BL/6 system is the only available experimental model for the
study of cerebral malaria in vivo [14], however, the similarities between the inflammatory
context and the induced immuno-pathology between humans and rodent infections is
under considerable debate [11,16].

1.2. Malaria vaccine intervention strategies

Most initiatives to develop a malaria vaccine target one or more of the following 3 stages
of parasite development: 1) pre-erythrocytic vaccines that target the sporozoites and/or
liver stages; 2) erythrocytic vaccines targeting merozoites or iRBC; and 3) transmission
blocking vaccines that targets sexual and ookinete stages within the mosquito midgut
[8]. Specifically:

Pre-erythocytic vaccines aim to generate antibody responses against sporozoites and
thereby preventing hepatocyte invasion and/or T-cell (cellular) immune responses
against intra-hepatic parasites that can kill intracellular liver stages. These vaccines
prevent an infection from progressing beyond the asymptomatic liver stage and into a
malaria infection in the blood [8]. However, to be successful such vaccine it has to be
100% effective in preventing blood stage infection, as any liver stage parasite that escape
immune detection could generate an unregulated and potentially fatal blood stage
infection.

Erythrocytic vaccines aim to generate antibody responses that target either merozoite
antigens or parasite antigens expressed on the iRBC surface, therefore blocking parasite
entry into a RBC or opsonising parasite/iRBC for phagocytic destruction. There is a strong
rationale for the development of vaccines based on antigens of blood-stage parasites
as most naturally acquired (albeit partial) protective immunity in humans is believed to

target Plasmodium antigens expressed at the blood stage of development. Ideally, these
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vaccines should reduce parasite densities to levels that do not cause disease [17]. Due to
parasite antigenic variation, polymorphism and mutation, sterile immunity is likely to be
very difficult for single antigen subunit blood-stage vaccines, but vaccination with such
vaccines may allow the host to mount a better and more effective immune response
thereby reducing the risk of the individual developing severe clinical disease [8,18].

Transmission-blocking vaccines target the stages of the parasite that establish an
infection in a mosquito, specifically the sexual stages and/or the ookinetes, or even
target mosquito midgut proteins. Vaccines targeting the parasite mainly rely on inducing
a neutralizing antibody and/or antibody-complement based responses to eliminate
parasites in the mosquito midgut, i.e. gametes and zygotes/ookinetes. These vaccines
aim to reduce transmission and thereby limiting new infections within the community,
and such vaccines do not provide protection against a malaria infection for the immunized
individual. Consequently, they are likely to be deployed as part of multi-stage vaccine
strategies, for example with vaccines that limit disease in the host and transmission to
the population as a whole. Further, the importance of transmission blocking vaccines is
that they may contribute to the eventual removal of reservoir populations of parasites
in semi-immune individuals who carry the parasite but do not exhibit malaria symptoms

[8].

The recent interest is not only in malaria control but in eradication, these different
vaccination strategies may either be effectively brought together or different
immunization methods used to best protect the populations at risk from malaria, such as

young children, pregnant women, travellers, semi-immune adults etc [18,19].

2. Aim of this study

Despite major efforts over the past 50 years to develop one, there is currently no licensed
malaria vaccine available. The most advanced vaccine is the sub-unit vaccine RTS,S that
is based on the immunodominant sporozoite surface antigen, circumporozoite protein
(CSP). It targets the sporozoite/liver stage of P. falciparum and has advanced to Phase llI
clinical trials. The preliminary results from the trial have shown a 55.8% reduction in the
acquisition of clinical malaria, a 34.8% efficacy against severe malaria in young children
aged between 5 to 17 month [20], and a 26% efficacy against severe malaria in infants
6-12 weeks of age [21]. The limited success achieved in inducing sterile and long-lasting
protective immunity against malaria using subunit vaccines has led to renewed interest
in whole-organism vaccination strategies [22,23]. Indeed, most licensed vaccines against
other infectious diseases are based on killed or live attenuated whole organisms (http://
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www.cdc.gov/vaccines/). It has been shown in studies with rodent and primate models

of malaria and in experimental clinical studies with humans, that sterile immunity could
be achieved by immunization with live radiation-attenuated sporozoites (RAS) [24-26],
which has constituted the gold standard for the malaria vaccine research field. In rodent
models of malaria (both P. berghei and P. yoelii), similar or even better levels of protective
immunity have been achieved by immunization using genetically-attenuated sporozoites
[27]. These genetically attenuated parasites (GAP) in which critical genes in liver stages
are deleted (GAP ), after the invasion in hepatocytes, abort liver stage development at
different time points, inducing CD8+ T-cell immunity that are capable of killing liver stage
parasites, which is comparable to RAS [28], (see Section 3.1). In addition to immunization
with attenuated sporozoites, it has been demonstrated that both in rodent and primate
models, partial to full protective immunity can be achieved through immunization with
either killed or radiation attenuated blood stages or with low doses of viable blood
stage parasites followed by drug cure (reviewed in detail [23,29]). Moreover, it has been
shown in humans that experimental blood stage immunity can be induced by repeated
administration of ultra-low doses of infected RBC under drug cover, which induces CD4+
T-cell based protective immunity [30].

The renewed interest in whole parasite malaria vaccine strategies, due to the lack of
significant progress on subunit vaccines, not only exists in developing a vaccine consisting
of attenuated sporozoites, but also in exploring possibilities for inducing protective and
long-lived immunity by immunization with whole blood stages (see Section 3.2). It has
recently been shown in rodent malaria models that immunity against malaria can be
achieved by immunization using genetically attenuated blood stage parasites (GAP_/),
which are growth and/or virulence attenuated through genetic modification [31-34].
Infection of mice with these GAP resulted in self-resolving infections, and after a single
infection with these parasites, all convalescent mice were protected against subsequent
parasite challenge for prolonged periods. These results show that infection of mice with
growth and virulence attenuated malaria parasites can induce long-lasting protective
immunity [31-34], (see also Section 3.2). The major advantages of immunization with
GAPs over immunization with radiation attenuated parasites are that they constitute
a homogeneous population of parasites with defined genetic identity and attenuation
phenotype [35]; moreover, gene insertion techniques also permit the introduction of
transgenes into GAP genome that may enhance attenuation phenotype and/or improve

the potency of the vaccine [35].

The aim of this study is to identify additional rodent GAPs that demonstrate growth-

and virulence-attenuation of their blood stages, specifically GAP, that shows only short,
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low-parasitemia blood infection and that can induce protective immune responses
(see Section 3.2 and 5). In order to screen for a larger array of GAPs, we first aimed at
improving methods for both the generation of genetically attenuated parasites and for

analysing blood stage growth attenuation of GAP, (see Section 5).

3. Whole parasite based vaccine approaches
against Plasmodium

Most of the licensed human vaccines available today belong to one of three categories—
live attenuated microbes (e.g. measles, mumps), killed/inactivated microbes (e.g.
Polio, rabies) or protein subunit/conjugate (e.g. Hepatitis B, HPV) (http://www.cdc.
gov/vaccines/). A large number of subunit-vaccine candidates against Plasmodium
malaria parasites have been tested in animal models and humans, mainly as a protein
(antigen) formulation or expressed by a (DNA or viral) vector system in order to generate
protective immunity [36]. Most malaria antigens that have been selected as subunit-
vaccine candidates have been characterized as targets of natural immunity, most often
associated with strong humoral responses [37]. However, the most advanced leading
subunit pre-erythrocytic vaccine candidate RTS,S showed only limited efficacy as in
Phase Il testing with clinical malaria episodes in children being reduced by only 30—50%
[20,21]. Progress on clinical trials of blood stage subunit-vaccines has been slow: the
testing of more than 10 candidate subunit vaccines targeting Plasmodium blood stages
have not progressed to or further than Phase 2 trials, with only 3 candidates having
reached Phase 2b trials [38]. The limited success with subunit-vaccine development
has renewed interest in developing vaccines consisting of whole, killed or attenuated,
parasites [23,35]. While sustained and sterile immunity has been achieved using live liver
stage parasites attenuated by radiation or genetic modification or administered under
curative doses of chemoprophylaxis [35,39,40], full protective immunity with either

killed sporozoites or blood stage parasites have so far been unsuccessful [29,39].

3.1. Immunization with attenuated sporozoites

In 1967, a study using P. berghei in rodents demonstrated that complete immune
protection can be achieved by delivering live but attenuated sporozoites damaged by
a specific dose of irradiation [24]. In contrast to killed sporozoites, which induce strong
humoral responses, mostly to the major sporozoite surface protein—CSP, radiation
attenuated sporozoites infect hepatocytes but fail to replicate and elicit antibody and

cellular responses against sporozoites and infected hepatocyte [41]. Long lasting sterile
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protective immunity induced by irradiated sporozoites was not only demonstrated in
animal models of malaria, but also importantly in humans where malaria naive volunteers
were immunized by bites of infected mosquitoes delivering irradiated P. falciparum
sporozoites [26,42,43]. These findings provided the paradigm for a whole organism
malaria vaccination, demonstrating that complete protective immunity against a malaria

infection was achievable.

In rodent models of malaria, similar or even higher levels of protective immunity has
been achieved by immunization using genetically attenuated sporozoites [27,35]. These
liver-stage genetically attenuated parasites (GAP ) were created by targeted deletions
of genes that result in developmental arrest in liver stage after invasion of attenuated
sporozoites and have been shown to induce high level of sterile protective immunity in
mice [35,44-46]. Techniques to create multiple gene deletion could ensure the safety
of GAP

presence of one gene are be unable to develop without the presence of another.

.» specifically to ensure that any parasites that are able to survive without the
Moreover, genes have been identified that when removed create GAP _ that arrest at late
into liver development and induce protective immunity that is better than that induced
by irradiated sporozoites [27]. Equivalents of some of the liver stage GAP . candidates
have been also generated in the human parasite P. falciparum, and importantly, showed
similar phenotypes. For example, a P. berghei GAP _lacking P36p expression arrests in liver
stage and can confer long lasting protective immunity in mice [44], and a P. falciparum
GAP lacking expression of the same gene (termed P52 in P. falciparum) also arrests during

liver stage development [47].

Up until now, it has only been possible to establish P. falciparum infections in humans
via the bite of infected mosquitoes. To overcome this limitation for vaccine delivery,
the company Sanaria Inc. has produced aseptic sporozoites that can be administered to
humans by needle inoculation. These sporozoites are reared in sterile mosquitoes and
have been purified and cryopreserved, and formulated for use in humans in compliance

with all regulatory requirements [48].

3.2. Immunization with attenuated or killed blood stage parasites

Whole Plasmodium blood-stage formulations used for immunization have generally
consisted of iRBC. These formulations have included killed parasites in adjuvant,
radiation-attenuated iRBCs or infection with wild-type iRBC administered under curative
doses of chemotherapy, and they have been used to immunize both rodents and primates
[23,29,49,50]. The results of these immunizations, while varied in their protective

efficacies for the different combinations, have demonstrated protective immunity
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including complete protection against a challenge with wild-type parasites. Furthermore,
in an immunization study in humans, evidence was found for the generation of complete
protective immunity against P. falciparum that was achieved via repeated inoculations of
ultra low numbers of iRBC (~30), resulting in sub-patent infections that were controlled by
curative dose of chemotherapy [30]. These studies were remarkable in that not only they
showed that immunization with whole blood stages can induce complete protection in
humans, but also that protective immunity could be achieved using only limited amounts

of parasite material and in the absence of a major antibody response [23].

Currently practical limitations exist for immunization strategies that require humans be
infected with parasites inside RBCs, either killed or attenuated. For example it is unclear
if regulatory authorities would approve, as part of a mass vaccination program, the
intravenous administration of infected red blood cells to humans [23,37]. Nonetheless,
such studies can provide important insights into how protective immune responses
can be induced and maintained against Plasmodium blood stages [51,52]. Similar to
immunization studies using genetically attenuated parasites that arrest in the liver (GAP )
[35], studies into blood-stage vaccination would clearly benefit from creating genetically
attenuated blood stage parasites (GAP,) in animal models that induce limited, self-
resolving infections that are virulence-attenuated and that can provoke strong and long-
lasting immunity without the induction of malarial symptoms or additional pathologies.
Such parasites can be instructive tools to uncover important correlates of protection and
disease, and to better understand how iRBC are detected and eliminated by host immune

response.

A number of gene-deletion mutants generated in both rodent and human parasites
have been reported that exhibit moderate to severe reduction in their blood-stage
multiplication rates. However, the first growth- and virulence-attenuated GAP_ was only
recently reported for the rodent model malaria parasite P. yoelii YM (a lethal strain);
this GAP,,
virulence-attenuated and produces a self-resolving infection in mice [31]. Importantly,

which lacks the gene encoding purine nucleoside phosphorylase (PNP), is

after a single infection with this parasite, all convalescent mice were protected against
subsequent wild-type parasite challenge for prolonged periods (>5 months). Since then,
other rodent malaria GAP have also been reported which show growth- and virulence-
attenuation and that induce self-resolving infections after which mice are protected
against wild type challenge. These include a GAP . in P. yoelii XNL (a non-lethal strain) that
lacks the gene encoding nucleotide transporter 1 (NT1), which is strongly attenuated and
generates a self-resolving infection in mice [33]. Other GAP_ characterized in the rodent
model P. berghei include GAP_ lacking expression of rhomboid 1 [53], plasmepsin-4
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(PM4) [32], and a GAP_ that lacks both PM4 and MSP7 (a merozoite-specific protein)
[34]. These GAP, that have been created in P. berghei ANKA do not cause experimental
cerebral malaria (ECM) in ECM-susceptible mice [34]. These studies show that not only
is it possible to generate growth- and virulence-attenuated blood stage parasites by
targeting specific genes in the parasite genome, but also that strong and long-lasting
protective immune responses can be induced in mice that have resolved their infections.
However, despite growth- and virulence-attenuation, most of the reported GAP_ still
produce infections with relatively high parasitemias (parasite loads). An ideal GAP,
should result in infections with low parasitemias that spontaneously resolve shortly after
parasites are introduced into the blood. An infection with low (sub-patent) parasitemias
was only achieved with low dose inoculation of Antl mutant generated in non-lethal
P. yoelii XNL in mice [33]. This sub-patent, self-resolving infections generated strong
cellular and humoral immune responses that provided complete protective immunity in
BALB/c, C57BL/6 and SWISS mice [33]. However, this mutant was not created in a virulent
rodent parasite line (i.e. P. yoelii YM or P. berghei ANKA), where the kinetics and virulence

phenomena of a gene-deletion mutant might be substantially different.

As the research in rodent malaria model can serve as a template to create P. falciparum
GAPs to be used as live-vaccines in humans, the research on generation of GAP, is better
focused onidentification of GAP_ in normally virulent rodent Plasmodium parasite strains.
The double gene-deletion mutant Apm4/Amsp7 showed greater growth- and virulence
attenuation than either of the single gene-deletion mutants, Apm4 and Amsp7 [34]. The
Apm4/Amsp7 infections could be resolved in BALB/c, C57BL/6 and CD1 mice, whereas
only BALB/c mice could survive Apm4 infections. However, creating an equivalent pm4
and msp7 deficient P. falciparum parasites is complicated, as it is not clear what the
functional msp7 ortholog in P. falciparum is, being a member of a multigene family [34].

Therefore, up to now, there is no ideal GAP_ that could be translated to P. falciparum.

4. Genetic modification of malaria parasites

Reverse genetic technologies have been widely applied to gain an understanding of
Plasmodium gene function and to provide an insight into the biology of malaria parasites
and their interactions with the host [54-56]. Targeted gene disruption and loss-of-
function analyses have provided insight into Plasmodium gene function and biology, and
protein-tagging methodologies have helped reveal the pattern of expression, localization
and transportation of Plasmodium proteins. Furthermore, reverse genetics is increasingly
being used to generate parasites that express transgenes encoding heterologous proteins,

for example fluorescent and/or luminescent reporter proteins. Such reporter parasites
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have been instrumental to visualize and analyse parasite-host interactions, in real-time,
in vitro and in vivo [57-59]. Transgenic parasites expressing luciferase have also been
used to develop sensitive and simple assays to measure blood and liver stage parasite
drug sensitivity both in vitro and in vivo [60-62]. Genetic modification technologies have
been developed for different Plasmodium species (P. falciparum, P. knowlesi, P. cynomolgi
and three rodent parasites P. berghei, P. yoelii and P. chabaudi) [54,63]. The availability
of efficient reverse-genetic technologies for the rodent parasites P. berghei and P. yoelii
and the fact that these parasites can be followed throughout their complete life cycle
in laboratory conditions, both in vitro and in vivo, have made them the most frequently
used animal malaria models for so called functional genomics, helping ascribe functions
to Plasmodium genes, and also for analysing host-parasite interactions through the use

of transgenic parasites expressing heterologous proteins such as GFP or luciferase [54].

4.1. Generation of attenuated rodent malaria parasites by genetic
modification

Genetic modification of the malaria parasite has not only been used to understand the of
Plasmodium biology and to analyse parasite-host interactions, but also to generate GAPs
(as mentioned above). These mutants permit us to explore the possibilities of whole
organism vaccines against malaria. Specifically, by deleting genes from the Plasmodium
genome critical for liver stage development, GAP . have been produced that arrest
during development in the liver and induce strong protective immunity (see Section 3.1).
Similarly, by deleting genes that play an important role during blood-stage growth and/or
multiplication, GAP__ have been generated that are both growth- or virulence-attenuated
(See Section 3.2). For these purposes, the rodent models P. berghei and P. yoelli, are
frequently employed to generate and analyse GAPs, both for liver and blood stages.

4.2. Generation of transgenic Plasmodium parasites expressing
heterologous proteins

The creation of parasites that express heterologous proteins, most commonly fluorescent
or luminescent reporter proteins (e.g. GFP, luciferase etc) either by themselves or fused
to Plasmodium proteins, are now being routinely used to investigate parasite protein
localization and interactions (http://www.pberghei.eu). Reference reporter parasites,

which express reporter proteins either constitutively at high levels or in a stage-specific
manner, are now invaluable tools in Plasmodium research. For example, GFP-expressing
parasites have been used in conjunction with flow cytometry to provide quantitative
information on the parasites development in both red blood cells [32] and hepatic cells

[64]. Transgenic parasites expressing luciferase have been used to unravel and monitor
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the pattern of sequestration in live mice [65,66], to visualize and quantify the in vivo liver
stage development [62] and to screen and evaluate antimalarial activity of drugs both in
vitro and in vivo [60-62]. Other transgenes have also been introduced into Plasmodium
genome to dissect the host-pathogen interaction. Model antigen OVA (Ovalbumin) is used
to examine immune responses of antigen-specific CD8+ T cells during malaria infection
[67,68]. Creation of GAPs in these references lines could allow better examination and
evaluation of their efficacy and potency, and this requires multiple genetic manipulation
of the parasite genome. Therefore, it is has become increasingly important to develop a
robust and versatile transfection system to both introduce genes and re-cycle selectable

markers that permit subsequent transfections.

The application of reverse genetics in P. berghei and P. yoelii for generation of gene-
deletion mutants or transgenic parasites is however restricted by the limited number
(only 2) of drug resistance genes (permitting the selection of transformed parasites) that
are currently available. This low number of selection markers hampers multiple genetic
modifications in the genome of the same parasite line. In order to circumvent this problem,
GFP has been utilized as a selection marker, permitting the selection of transformed
parasites by flow cytometry [69,70]. In addition, a method has been developed for
removing drug-selection markers from transformed P. berghei parasites by utilizing the
yeast fcu (yfcu) selection marker and negative selection with the drug 5-fluorocytosine (5-
FC) [71]. Both the selection of GFP-expressing mutants by flow cytometry and selection
of marker-free mutants by negative selection have their limitations. They are laborious
and time consuming, and also require the use of many extra animals as additional cloning
steps in mice are required [72]. In Chapter 2, we present a novel transfection method in
two rodent malaria parasites, P. berghei and P. yoelii, which generate transgenic mutants
ready for subsequence genetic modification easily and quickly.

5. Outline and structure of this thesis

The main purpose of the studies described in this thesis was to generate and characterize
genetically modified P. berghei ANKA parasites that are growth- and virulence-attenuated
during blood stage development in mice. The availability of such GAP _ parasites permits
us to explore the possibilities for the use of these GAP for inducing protective immune
responses in vivo in mice. In addition, studies of infections with growth- and virulence-
attenuated parasites may also provide insights into the development of protective
immunity, the correlates of protection and disease, as well as increase our knowledge
of parasite factors that underlie malarial pathology. This knowledge may help to frame

studies that explore the use of whole blood stages of the human parasite P. falciparum
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to induce strong and long-lasting protective immunity. Several GAP_  have already been
reported in both P. yoelii and P. berghei virulent strains, however the disadvantage of
these GAP, is that they still result in infections with relatively high parasitemias (see
Section 3.2). We therefore decided to perform a large screening study to identify
additional GAP,, with a more severe growth- and virulence-attenuated phenotype (see
below for a rationale for the choice of the different genes we have targeted for gene
deletion in order to generate GAP_).

In order to improve and speed up the generation of gene-insertion or gene-deletion
mutants necessary for large screening assays, we sought to improve the existing
transfection methods. In Chapter 2, we report on the development of a novel ‘gene
insertion/marker out’ (GIMO) method in two rodent malaria parasites, P. yoelii and P.
berghei, which uses negative selection to rapidly generate transgenic mutants ready for
subsequent modifications. This method greatly simplifies and speeds up the generation
of mutants expressing heterologous proteins, free of drug-resistance genes, and requires
far fewer laboratory animals. It can be used to rapidly and more easily generate reporter
parasites useful for phenotype characterization, and it also facilitates the generation of
reporter parasites expressing multiple transgenes and GAP _ in which multiple genes have
been deleted. In addition to improving methods for generation of GAP ., we improved
the assays for analysing in vitro and in vivo growth kinetics of GAP_.. The improved
protocols of these assays, which were based on published methods to analyse growth
and drug-sensitivity of blood stage and liver stage parasites [62,73], are described in
Chapter 3. These optimised assays for analysing drug-sensitivity of Plasmodium blood
stages to newly-developed drugs are deployed by other groups and their use has also
been published [74,75].

In Chapter 4, we present systematic gene deletion analyses of all eight Plasmodium
rhomboid-like proteins as a means to screen for mutants with a growth- and virulence-
attenuated phenotype. Rhomboid proteases cleave membrane-anchored proteins within
their transmembrane domains, and in apicomplexan parasites, these substrates include
molecules involved in parasite motility and host cell invasion [76-79]. Understanding the
biological functions of apicomplexan rhomboids is an active area of research and the
critical roles have been identified for several of these proteases in host cell invasion and
pathogenesis [76-78]. Rhomboid 1 and 4 of Plasmodium have been reported to play critical
roles in host-cell invasion [53,80,81], through cleavage of various parasite adhesins [79].
Both P. berghei and P. yoelii mutants lacking rhomboid 1 were reported to have reduced
growth rate in asexual blood stages and are virulence attenuated [82,83]. To confirm this

phenotype of rhomboid 1 mutant and to identify additional growth-attenuated mutants,
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we targeted all 8 rhomboid genes for deletion and characterized the phenotypes of the

gene deletion mutants throughout the whole parasite life cycle.

In Chapter 5 we present systematic gene deletion analyses for 12 enzymes with a
possible role in hemoglobin digestion and hemozoin formation, including all 8 predicted
hemoglobinases in P. berghei. All clinical symptoms of a malaria infection are associated
with growth of Plasmodium parasites inside RBCs, where the parasite ingests and
catabolises more than half of the host hemoglobin (Hb) [84,85]. Because Plasmodium
has a limited capacity to synthesize amino acids de novo, Hb digestion is believed to be
essential in supplying the parasite with amino acids [86]. During Hb degradation, free
heme is released, which is cytotoxic and is rapidly detoxified by the parasite through
polymerization into inert crystals known as hemozoin (Hz). Hz is released into the
circulation during schizont rupture and is rapidly removed by phagocytosis by cells in the
liver and spleen. Upon host-cell phagocytosis, Hz cannot be further degraded and persists
for some time in host tissues, and it has long been considered as a virulence factor. Indeed,
the number of pigment containing leukocytes in the peripheral blood correlates with
disease severity in P. falciparum-infected patients [87,88], and several inflammatory and
immunomodaulatory effects of Hz have been reported (reviewed in [89,90]). Interestingly,
evidence has been presented that both P. falciparum and P. berghei mutants lacking
plasmepsin 4 have reduced Hz production and are reduced in their growth rates [32,91].
Furthermore, P. berghei mutants lacking pm4 in mice are also virulence attenuated
[32]. In the studies described in chapter 5 and 6, we generated additional gene deletion
mutants lacking different hemoglobinases (some in combination) to screen for mutants
with a more severe reduction in growth and reduction of Hz production.

In Chapter 6 we present experiments where we targeted a total of 41 P. berghei genes
in this study, in order to generate genetically attenuated blood stage parasites that are
growth- and virulence- attenuated (i.e. GAP,.), and that may serve as immunogens and
as tools to study protective immunity. Using GAP . generated in this study and studies
described in Chapter 4 and 5, we examined their infection and virulence characteristics
by assessing experimental cerebral malaria (ECM) in C57BL/6 mice and the development

of hyper-parasitemia in BALB/c mice.

In Chapter 7 the studies of the Chapters 2—6 are summarized and discussed, including
a critical evaluation of the use of rodent malaria models for generation of GAP . and
analysing their growth- and virulence-attenuated phenotypes.
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Abstract

Research on the biology of malaria parasites has greatly benefited from the application of
reverse genetic technologies, in particular through the analysis of gene deletion mutants
and studies on transgenic parasites that express heterologous or mutated proteins.
However, transfection in Plasmodium is limited by the paucity of drug-selectable markers
that hampers subsequent genetic modification of the same mutant. We report the
development of a novel ‘gene insertion/marker out’ (GIMO) method for two rodent
malaria parasites, which uses negative selection to rapidly generate transgenic mutants
ready for subsequent modifications. We have created reference mother lines for both P,
berghei ANKA and P. yoelii 17XNL that serve as recipient parasites for GIMO-transfection.
Compared to existing protocols GIMO-transfection greatly simplifies and speeds up the
generation of mutants expressing heterologous proteins, free of drug-resistance genes,
and requires far fewer laboratory animals. In addition we demonstrate that GIMO-
transfection is also a simple and fast method for genetic complementation of mutants
with a gene deletion or mutation. The implementation of GIMO-transfection procedures

should greatly enhance Plasmodium reverse-genetic research.
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Introduction

Reverse genetic technologies have been widely applied to gain an understanding of the
function of genesin Plasmodium and to provide insight into the biology of malaria parasites
and interactions with their hosts (for reviews see [1-3]). The availability of efficient genetic
modification technologies for the rodent malaria parasites P. berghei and P. yoelii and the
possibilities for analysis of these parasites throughout the complete life cycle have made
P. berghei and P. yoelii the most frequently used models for analysis of gene function
[2]. Targeted disruption or mutation of genes coupled with protein tagging has provided
insight into Plasmodium gene function and parasite protein expression, localization and
transport. Reverse genetics is not only applied to understand Plasmodium gene function
by gene deletion but is also increasingly being used to generate parasites that express
heterologous proteins, for example parasites having transgenes introduced into their
genome to encode fluorescent or luminescent reporter proteins. Such reporter parasites
have been instrumental in the visualization and analysis of parasite-host interactions in
real-time in vitro and in vivo [4—6]. The use of mutant parasites to investigate host-parasite
interactions as well as parasite gene function requires genetic modification systems that
are flexible and easy to perform. The application of reverse genetics in P. berghei and P,
yoelii is however restricted by the limited number of drug resistance genes (permitting
the selection of transformed parasites) that are currently available. This low number of
selection markers hampers and slows down successive modifications in the genome of
the same parasite line. Currently only two resistance gene/drug combinations exist for
use in rodent malaria parasites that can be used in successive transfections, specifically
dhfr-ts/pyrimethamine and hdhfr/WR99210 [7]. Since both drug-selection markers confer
resistance against pyrimethamine, the introduction of consecutive genetic modifications
in the same parasite can only be performed by first selecting with pyrimethamine
followed by WR99210 selection [7]. In order to circumvent the problem of limited drug-
selection markers, GFP has been utilized as a selection marker and permits the selection
of transformed P. berghei parasites by flow cytometry [8,9]. In addition, a method has
been developed for removing drug-selection markers from transformed P. berghei
parasites by utilizing the yeast fcu (yfcu) selection marker and negative selection with the
drug 5-fluorocytosine (5-FC) [10], which kills all parasites expressing yfcu. In this method
transformed parasites expressing the fusion gene hdhfr::yfcu are first selected by positive
selection with pyrimethamine. Subsequently, negative selection with 5-FC is applied to
select for marker-free parasites that have ‘spontaneously’ lost the hdhfr::yfcu marker
from their genome, achieved by a homologous recombination/excision event around the
selection cassette [10]. Both the selection of GFP-expressing mutants by flow cytometry
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and selection of ‘spontaneous’ marker-free mutants by negative selection have their
limitations. They are laborious and time consuming, and also require the use of many
extra animals as additional cloning steps in mice are required; therefore these methods
are not commonly used for successive genetic modifications or for complementation
studies [11].

Here we report the development and application of a novel ‘gene insertion/marker out’
(GIMO) system for transfection of two rodent malaria parasites, P. berghei and P. yoelii.
For both species we have created reference mother lines that contain the hdhfr::yfcu
selection marker stably integrated into the silent 230p genomic locus. We show that
transfection of these mother lines with DNA-constructs that target the modified 230p
locus, followed by negative selection of transformed parasites with 5-FC is a simple and
fast method to generate mutants that stably express heterologous proteins and are free
of drug-selectable markers. These mother lines are therefore useful tools to generate a
wide range of mutants expressing reporter and/or other heterologous proteins (under
the control of different promoters) without restricting subsequent modification of the
genome of these parasites. In addition, we demonstrate that GIMO-transfection is a
simple and fast method to genetically complement, restoring the wild-type genotype of
parasite mutants with a gene deletion or gene mutation. Importantly, GIMO transfection
can be easily partnered for use with a recently developed ‘recombineering’ system
for high-throughput, genome wide and highly efficient generation of gene targeting

constructs [12].

Results

Generation of the P. berghei and P. yoelii ‘gene insertion/marker out’
(GIMO) mother lines

For both P. berghei ANKA and P. yoelii 17XNL transgenic parasites were generated that
express a fusion of a drug resistance gene and a drug sensitivity gene, the so called
postive-negative selectable marker (SM), constitutively expressed by the P. berghei
eefla promoter (Figure 1A). Specifically, these parasites contain a fusion gene of hdhfr
(human dihydrofolate reductase; positive SM) and yfcu (yeast cytosine deaminase and
uridyl phosphoribosyl! transferase; negative SM) stably integrated into the 230p locus
(PBANKA_030600 in P. berghei and PY03857 in P. yoelii) through double cross-over
recombination. These lines are named GIMO mother lines (gene insersion/marker out);
for P. berghei GIMO (line 1596¢l1) and for P. yoeliiGIMOPWX (line 1923cl1). Both GIMO

mother lines were cloned after transfection by positive selection with pyrimethamine.

PbANKA



GIMO transfection method | 25

Correct integration of the hdhfr::yfcu selectable marker cassette in the 230p locus was
demonstrated by PCR and Southern analyses of chromosomes separated by pulse-field
gel electrophoresis (Figure 1B and C). The multiplication rate of asexual blood stages per
24 h as determined in mice infected with a single parasite [13], gametocyte production
and production of oocysts and sporozoites were identical to those of the parent P. berghei
and P. yoelii lines (data not shown). These GIMO mother lines are used for introduction
of transgenes into the modified 230p locus through transfection with constructs that
target the 230p locus. These constructs insert into the 230p locus (‘gene insertion’),
thereby removing the hdhfr::yfcu selectable marker (‘marker out’) from the genome of
the mother lines. Transgenic parasites that are marker-free are subsequently selected by

applying negative drug selection using 5-FC (see below).
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Figure 1. Generation and genotype analyses of P. berghei and P. yoelii GIMO mother lines.

A. Schematic representation of the constructs used to introduce the positive-negative selectable maker cassette
in the P. berghei (PbANKA) or P. yoelii (Py17XNL) 230p locus. DNA constructs pL1603 (targeting P. berghei 230p,
PBANKA_030600) and plL1805 (targeting P. yoelii 230p, PY03857) containing a fusion of the positive drug
selectable marker hdhfr (human dihydrofolate reductase) and negative marker yfcu (yeast cytosine deaminase
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and uridyl phosphoribosyl transferase) under the control of the eefla promoter target the 230p locus at the
target regions (hatched boxes) by double cross-over homologous recombination. Location of primers used for
PCR analysis and sizes of PCR products are shown (see Table S2 for all primer sequences).

B. Diagnostic PCR and Southern analysis of PFG-separated chromosomes confirming correct integration of the
construct in the P. berghei mother line GIMO,, ...: 5’ integration PCR (5’ int; primers 5510/3189), 3’ integration
PCR (3’ int; primers 4239/5511), amplification of hdhfr::yfcu marker (SM; primers 4698/4699) and the original
P. berghei 230p (230p; primers 1637/5600). Primer location (black arrows) and product sizes are shown in A.
For Southern analysis, PFG-separated chromosome were hybridized using a 3’"UTR pbdhfr probe that recognizes
the construct integrated into P. berghei 230p locus on chromosome 3 and the endogenous locus of dhfr/ts on
chromosome 7.

C. Diagnostic PCR and Southern analysis of PFG-separated chromosomes confirming correct integration of the
construct in the P. yoelii mother line GIMO, ..: 5" integration PCR (primers 6527/4770), 3’ integration PCR
(primers 4771/6528), amplification of hdhfr::yfcu marker (primers 4698/4699) and the P. yoelii 230p original
locus (primers 6529/6530). Primer location (grey arrows) and product sizes are shown in A. For Southern
analysis, chromosomal hybridization using a 3’"UTR pbdhfr probe recognizes the construct integrated into P.
yoelii 230p locus on chromosome 3 and the endogenous locus of dhfr/ts on chromosome 7.

Assessing the efficiency of GIMO-transfection to select transgene
expressing, drug-selectable marker-free P. berghei parasites

We generated a test DNA-construct containing a transgene expression-cassette to test
the efficiency of selection of transgenic mutants through the application of negative

selection using 5-FC after transfection into the GIMO mother line. This construct

PbANKA
contains the mCherry gene under the control of the constitutive eefla promoter and
230p targeting sequences (Figure 2A) and lacks a drug selectable marker cassette. This
DNA-construct, pL1628, targets the same regions in the 230p locus in which hdhfr::yfcu

selection cassette was introduced in the GIMO mother line (Figure 2A). Transfection

PbANKA
of GIMO,,, .. (exp. 1645) was performed using standard procedures [14] except that after
transfection negative drug selection was applied instead of positive drug selection. This
negative selection was performed by treating mice that were infected with transfected
parasites with the drug 5-FC for 4 consecutive days (one dose per day of 10 mg), starting

24 hours after transfection.

Transfected parasites of line 1645 were collected at day 7 and 8 after transfection (at
a parasitemia of 0.5-3%) for phenotype and genotype analyses. Diagnostic PCR and
Southern analysis of separated chromosomes confirmed the correct integration of the
test construct and simultaneous removal of the hdhfr::yfcu selection cassette (Figure 2B).
Analysis of mCherry expression by fluorescence microscopy in blood stage parasites of line
1645 showed that >90% of the parasites expressed mCherry (Figure 2C). Quantification
of the percentage of mCherry-expressing parasites was performed by FACS analysis of
mature schizonts collected from overnight blood stage cultures. Expression of transgenes,

such as mCherry, under the control of the eefla promoter increases with the maturation
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of parasites inside blood cells and therefore FACS quantification is improved by analysing
mature schizont stages (these stages are selected based on Hoechst-fluorescence)
[15]. FACS analysis confirmed that > 90% (93%z+1.1 Figure 2D) of the schizonts were
mCherry positive. Since episomal constructs cannot be maintained during selection in
GIMO-transfected parasites (see Discussion), these analyses demonstrate that GIMO-

transfection permits the selection parasites that express transgenes and are marker-free.
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Figure 2. Generation of a marker-free mCherry-expressing parasite using GIMO-transfection

A. Schematic representation of the introduction of a mCherry-expression cassette into the GIMO,, ., mother
line. Construct pL1628 containing the eefla-mCherry-3'pbdhfr cassette (mCherry; red box) is integrated
into the modified P. berghei 230p locus containing the hdhfr::yfcu selectable marker cassette (black box) by
double cross-over homologous recombination at the target regions (hatched boxes). Negative (Neg) selection
with 5-FC selects for parasites (line 1645) that have mCherry reporter introduced into the genome and the
hdhfr::yfcu marker removed. Location of primers used for PCR analysis and sizes of PCR products are shown (see
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Supplementary Table S2 for primer sequences).

B. Diagnostic PCRs and Southern analysis of PFG-separated chromosomes confirms the correct integration of
construct pL1628 in line 1645 parasites shown by the absence of the hdhfr::yfcu marker and the presence of
the mCherry gene: 5’ integration PCR (5’ int; primers 5510/4958), 3’ integration PCR (3’ int; primers 5515/5511),
amplification of hdhfr::yfcu (SM; primers 4698/4699) and the eefla-mCherry (EF-mC; primers 3173/5514).
Primer locations and product sizes are shown in A. (primer sequences in Supplementary Table S2). Hybridization
of separated chromosomes of GIMO,, ., and line 1645 using a hdhfr probe recognizes the hdhfr::yfcu marker
in the 230p locus on chromsomse 3 in GIMO,, .. butis absent in line 1645. Hybridization with 3'UTR dhfr probe
recognizes both modified the 230p locus on chromosome 3 (both marker and mCherry expression cassettes
contain the 3’pbdhfr sequence) and the endogenous dhfr/ts gene on chromosome 7 as loading control.

C. Fluorescence microscopy of a live mCherry-expressing trophozoite of line 1645; bright field (BF), DNA staining
(Hoechst; Blue) and mCherry expression (red).

D. FACS analysis of mCherry-expressing blood stages of line 1645. The percentage of mCherry-expressing
parasites was performed by FACS analysis on cultured blood stage. Mature schizonts (12-16N) were selected
based on their Hoechst fluorescent intensity (gate P2) and mCherry-expressing schizonts were selected in gate
P3 (right panel).

To further investigate the efficiency of the GIMO system, we performed a set of
independent transfections with the DNA-construct pL1628 (exp. 1794-1799) in the
GIMO,, .« Mother line. In these experiments transfected parasites were selected using
negative selection as described above and mCherry expression analysed by FACS (Figure
3A). In 5 out of 6 transfection experiments, the percentage of mCherry-expressing
parasites was higher than 75%, whereas in one experiment (exp. 1798) 32% of schizonts
were mCherry positive (Figure 3A). The presence of mCherry negative parasites in the
drug-selected population indicates that non-transformed parasites survived the drug-
selection but presumably still carry the hdhfr::yfcu cassette. We therefore analysed
the genotype of the selected populations of all experiments by quantitative real-time
PCR (qPCR) and Southern analysis of separated chromosomes to determine the ratio
between parasites with and without hdhfr::yfcu. For gPCR, C, values of amplification of
mCherry, hdhfr::yfcu and the control hsp70 gene were determined and the percentage
of mCherry positive parasites was calculated as the relative ratio between mCherry and
hdhfr:.yfcu using the 2T method [16]. The percentage of mCherry positive parasites
based on qPCR correlated well with the percentage determined by FACS analysis (Figure
3A). Southern analysis also showed that in the selected populations a low percentage
of parasites still contain the hdhfr::yfcu gene (Figure 3B). These observations indicate

that the application of negative selection after transfection of GIMO while it highly

PbANKA’
enriches for transformed parasites, it does not generate a pure population of marker-
free parasites. Therefore, parasite cloning after negative selection is an essential step in
GIMO-transfection in order to obtain correctly transformed parasites that express the

transgene and are drug-selectable marker free.
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Figure 3. The efficiency of GIMO-transfection to select marker-free parasites that express mCherry.

A. Percentage of mCherry-positive parasites in GIMO-transfection of GIMO,,, .. (shown in Figure 2) after
negative selection. The percentage of mCherry-positive parasites in six independent transfections (1794-1799)
was determined by FACS analysis (see Figure 2D) and quantitative PCR (qPCR). By gPCR the ratio of mCherry and
hdhfr::yfcu marker positive parasites was determined relative to the presence of a control gene hsp70, using the
22T method (primers used in qPCR are described in Table S2).

B. Efficiency of selection of hdhfr::yfcu marker-free determined by Southern analysis of PFG-separated
chromosomes. Hybridization performed using a mixture of two probes, one specific for pb25 (chromosome 5)
and one for hdhfr (chromosome 3) showing the efficiency of selecting hdhfr::yfcu marker-free parasites in the
different experiments.

Generation of a P. yoelii reporter line, PyGFP-luc_ , which is marker-free
and expresses a GFP-luciferase fusion protein, by GIMO-transfection

The application of negative selection to genetic modification of P. yoelii has not been
reported. To test the possibility to select P. yoelii parasites lacking hdhfr::yfcu from a
population of hdhfr::yfcu-containing parasites by negative selection, we generated
a construct (pL1847) that targets the modified py230p locus of the GIMO, ., mother
line by double cross-over homologous recombination. Plasmid pL1847 contains a
fusion gene of gfp and luciferase under the control of the P. berghei eefla promoter
(Figure 4A). Integration of this construct will result in the introduction of the gfp-luc

expression cassette and a simultaneous removal of the hdhfr::yfcu gene from GIMO, .,
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(Figure 4A). Transfection of GIMO
described above for GIMO
GIMOPbANKA’
parasites became positive at day 6 (parasitemia 1-2%) after selection with the drug 5-FC.

by17x parasites and negative selection was performed as

poanka: COMparable to results obtained with the transfection of

two mice (exp. 1970 & 1971) that were infected with GIMO, transfected
Analysis by fluorescence microscopy showed that ~30% and ~70% of the parasites of line
1970 and 1971, respectively, were GFP positive (Figure 4B). Southern analysis of PFG-
separated chromosomes confirmed that most drug-selected parasites of line 1971 had
removed the hdhfr::yfcu selectable marker (Figure 4C). We obtained three clones of line
1971 and all three expressed luciferase as shown by in vivo imaging of mice infected
with 1971cl1-3 blood stages parasites (Figure 4D). PCR analysis confirmed the correct
integration of the fusion gene gfp-luciferase and removal of hdhfr::yfcu (Figure 4E). The

results demonstrate that GIMO-transfection and the negative selection procedure can
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Figure 4. Generation of a P. yoelii reporter line, PyGFP-luc__that is marker-free and expresses a fusion protein
of GFP and luciferase.

A. Schematic representation of the introduction of a gfp-luciferase expression cassette into the GIMO, .,
mother line. Construct pL1847 containing the eefla-gfp::luciferase-3’pbdhfr cassette is integrated into the
modified P. yoelii 230p locus containing the hdhfr::yfcu selectable marker cassette (black box) by double cross-
over homologous recombination at the target regions (hatched boxes). Negative selection with 5-FC results
in selection of parasites that have the gfp-luciferase reporter introduced into the genome and the hdhfr::yfcu
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marker removed. Location of primers used for PCR analysis and sizes of PCR products are shown (see Table S2
for primer sequences).

B. Fluorescence microscopy of a live schizont of PyGFP-luc__; bright field (BF), DNA staining (Hoechst; Blue) and

con’

GFP expression (green).

C. PFG-separated chromosomal Southern analysis of two independent GIMO transfection parasite lines (exp.
1970 and 1971). Hybridization performed with a mixture of two probes, one specific for pb25 (chromosome 5)
and the other for hdhfr (chromosome 3), demonstrating the efficiency of selection of hdhfr::yfcu ‘marker-free’
parasites in the different experiments.

D. Analysis of luciferase-expression of blood stages of 3 clones of PyGFP-luc (exp. 1971). Luciferase-activity
was measured by real time in vivo imaging of live mice with a parasitemia of 1-3%.

E. Diagnostic PCR analysis confirming correct integration of the gfp-luciferase gene in PyGFP-luc__clones
(exp. 1971): amplification of hdhfr::yfcu marker (SM, primers 4698/4699), 5’ integration PCR (5’ int, primers
6527/6812), 3’ integration PCR (3’ int, primers 6813/6528) and gfp-luc (primers 6814/6815). Primer location,
product sizes are shown in A. and primer sequences in Table S2.

be applied to P. yoelii in order to generate parasites that express transgenes and are
free of drug-selectable markers. In addition, these marker-free P. yoelii 1971 cloned lines
(PyGFP-luc_ ), are excellent tools to quantitatively analyse P. yoelii development in blood
and liver stages using both in vivo and in vitro luminescent assays as has been achieved

with P. berghei reporter parasites [17,18].

GIMO-transfection is a rapid and simple method for gene
complementation

Gene complementation is used to prove that the phenotype of a gene deletion/
modified parasite is the direct result of the gene mutation and not a consequence of an
unintended alteration of the parasites genome [11]. Complementation is performed by
reintroduction of a wild-type copy of the gene into the genome of a mutant in order to
restore the wild-type phenotype, thereby establishing the association of the phenotype
to the deletion genotype. We analysed whether GIMO-transfection can be used for gene
complementation using a published gene deletion mutant of P. berghei with a defined
phenotype. Complementation of a mutant using GIMO-transfection requires that the
mutant contain the negative selectable marker yfcu in its genome. We therefore choose
to complement a P. berghei mutant (Agr) which lacks expression of glutathione reductase
[19]. In this mutant, the glutathione reductase (gr) has been deleted using a construct
containing the hdhfr::yfcu marker and the mutant becomes arrested in the mosquito
during oocyst development with a complete absence of sporozoite production [19].
For complementation of the Agr mutant we generated a restoration DNA-construct by
simply amplifying the gr gene from wild-type P. berghei genomic DNA and therefore

avoided any cloning steps. Using the same primers that amplified the 5" and 3’ targeting
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regions for the DNA construct used to generate the Agr gene deletion mutant [19] (See
Supplementary Table S1), specifically the forward primer of 5’ targeting region and reverse
primer of 3’ targeting region, a 2.8kb PCR product that contained the complete gr gene
and both targeting regions was amplified by a high fidelity proof reading polymerase
(see Figure 5A). This PCR product was used to transfect Agr parasites, with the aim to
introduce the complete gr gene (‘gene insertion’) and thereby replacing the deleted
gr locus, containing the hdhfr::yfcu (‘marker out’) as shown in Figure 5A. Selection of
transfected parasites, using negative selection was as described above for other GIMO-
transfections, and resulted in the selection of parasites (exp. 1761; Agr(+gr)) in which the
deleted gr had been replaced by the wild-type gr gene as confirmed by both diagnostic
PCR and Southern analysis of digested genomic DNA (Figure 5B). We next analysed the
phenotype of the complemented Agr(+gr) parasites by comparing oocyst and sporozoite
development of Agr(+gr) and Agr parasites in Anopheles stephensi mosquitoes. As
previously reported [19], Agr produced oocysts that abort development resulting in small
degenerated oocysts without any signs of sporoblast or sporozoite formation (Figure 5C)
at day 12 post infection (p.i.). The Agr infected mosquitoes are not able to infect naive
mice at day 21 p.i. In contrast, the complemented Agr(+gr) have normal development in
mosquitoes producing normal sized mature oocysts, which contain sporozoites at day
12 p.i. and salivary glands contained sporozoites at day 21 p.i. (Figure 5D). The Agr(+gr)
sporozoites are infectious as shown by injection of 10* salivary gland sporozoites in two
naive Swiss mice. Both mice developed a blood stage infection with a prepatency period
of 5 days which is comparable to the prepatancy of mice infected with 10* wild type
sporozoites. Genotype analysis of Agr(+gr) blood stage parasites after mosquito passage
and sporozoite infection, by diagnostic PCR and Southern analysis of digested genomic
DNA, confirmed that gr was indeed restored (i.e. complemented) in the Agr(+gr) parasites
and no deletion mutants were present (Figure 5B). The restoration of the phenotype
of Agr parasites using a PCR-amplified construct in combination with negative selection
demonstrates that GIMO transfection is a fast method for gene complementation (see
also the Discussion section). In addition it is a relatively simple method, requiring only
PCR-amplified DNA-constructs that can be used as the constructs do not require a drug-
selectable marker cassette.
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Figure 5. Gene complementation using GIMO-transfection.

A. Schematic representation of the re-introduction of the glutathione reductase (gr) gene into the gr gene
deletion mutant (Agr, 1513cl1); 1513cl1 expresses the hdhfr::yfcu selectable marker (black box). Transfection
with a 2.8kb PCR-fragment amplified from wild type genomic DNA (primers 4530/3681) containing the gr
gene, as well as the 5’- and 3’-targeting sequences, was used to re-introduce gr gene into the Agr mutant.
Negative selection with 5-FC selects for parasites that have the gr gene re-introduced into the genome replacing
the hdhfr::yfcu marker (line 1761; Agr(+gr). Location of primers used for PCR analysis, sizes of PCR products,
restriction enzyme sites and sizes of the expected fragments in Southern analysis are indicated (see Table S1
and S2 for primer sequences).

B. Diagnostic PCR analysis and Southern analysis of restricted genomic DNA confirm correct integration
of the PCR fragment and complementation in Agr(+gr) parasites: amplification of hdhfr::yfcu marker (SM;
primers 4698/4699) and gr (ORF; primers 3742/3743). Primer location, product sizes are shown in A. and
primer sequences in Table S2. Southern blot was hybridized with 3’UTR gr probe (i.e. 3’ targeting region). The
localization of the restriction enzymes used and the expected size of the fragments are shown in A.: wt (wild
type); Agr (gr deletion mutants); Agr(+gr) (complemented Agr); mp (blood stages after mosquito passage).

C. Oocyst development of Agr and Agr (+gr) parasites. Only small, aberrant oocysts with no signs of sporozoite
formation are present in Agr infected mosquitoes at days 10-21 after feeding. In Agr (+gr) infected mosquitoes
sporozoite-containing oocysts with wild-type morphology are visible at day 12.
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D. Salivary gland sporozoites of Agr(+gr) examined by immuno-fluorescence microscopy: bright field (BF) and
anti-CS antibody staining (CS, green).

Discussion

Genetic modification of malaria parasites is limited by the paucity of drug-selection
markers that permit selection of transformed mutants, which in turn hampers the
generation of multiple genetic modifications in the same mutant. The novel GIMO-
transfection method reported in this study permits the generation of mutants stably
expressing heterologous proteins free of drug-selectable markers, facilitating further
genetic modification of the transgenic parasites. In addition, it provides a fast and
simple way for gene complementation of gene deletion/mutation mutants. We have
generated reference mother lines and standard ‘knock-in” constructs for both P. berghei
ANKA and P. yoelii 17XNL, which we will make available for the research community. In
GIMO-transfection of these mother lines, transgenes are introduced in the 230p locus
of both P. berghei and P. yoelii. For P. berghei ANKA it has been shown that 230p is a
‘silent’ locus [20] and different reporter lines with transgenes introduced in this locus
has been generated that show wild-type progression through the complete life-cycle
[8,21]. Whether 230p is also a ‘silent’ locus in P. yoelii has not been reported before.
Our observations of normal development of asexual stages, mosquito development and
sporozoite infectivity of the P. yoelii mother line and PyGFP-luc__indicates that p230 is
also a suitable locus to introduce transgenes in P. yoelii.

Several P. berghei reference lines exist that express reporter proteins, such as GFP and
luciferase, and do not contain drug-selection markers. Most of these parasites have been
obtained by FACS-sorting where GFP expression is used as the selectable marker [8,9].
However, selection of transgenic fluorescent-expressing parasites by FACS-sorting has
been only reported for selecting GFP-expressing parasites and not with parasites that
express other fluorescent proteins. In our hands, FACS-sorting of GFP-expressing parasites
is not a highly efficient selection method as often the selected population consists of both
mutant and wild type parasites. Moreover, introducing a GFP-selection cassette increases
the size of the transfection construct. This limits the size of the heterologous DNA that
can be cloned into these vectors as it is difficult to maintain Plasmodium transfection
vectors with a size larger than 14kb in E. coli. Therefore, in comparison with FACS-sorting,
the GIMO-transfection system is a more flexible and simpler system to introduce a wide
range of heterologous genes into the parasite genome with the additional advantage
that GIMO transfection constructs are far smaller since a selection-marker cassette is not
required.
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In addition to the use of FACS-sorting for the generation of marker-free P. berghei
mutants a ‘marker-recycling’ method has also been employed in P. berghei [10].
Specifically, transformed parasites expressing the fusion gene hdhfr::yfcu are first
selected by positive selection with pyrimethamine; subsequently negative selection
with 5-FC is applied to select parasites that have lost the resistance genes. The efficiency
of selection of marker-free parasites is dependent on the frequency of the loss of the
hdhfr::yfcu marker from the genome by homologous recombination and excision [10].
This method has been successfully used to generate marker-free reporter lines [22], to
introduce two independent genetic modifications in the same parasite lines [22—24] and
for complementation [10]. However, this marker-recycling method is relatively laborious
and time consuming since it involves both positive and negative selection procedures
and two parasite-cloning steps, a procedure requiring at least 9 weeks to complete.
Further, marker-recycling method requires at least 24 mice in order to obtain a marker-
free mutant (Figure 6A), in part a consequence of essential cloning procedures [19,22].
In contrast, the generation of marker-free mutants with GIMO-transfection can be
achieved in only 4 weeks and requires only 11 mice (Figure 6A). The marker-recycling
transfection constructs consist of the hdhfr::yfcu drug-selectable marker cassette, a
transgene expression and two targeting sequences for integration into the genome (See
Supplementary Figure S2A). In addition, they have two identical regions of DNA sequence
that can recombine (in the parasite genome) and excise the selectable marker cassette.
In contrast the GIMO-constructs contain only the two genome targeting sequences and
the transgene expression cassette (see Supplementary Figure S2 for a comparison of
the marker-recycling and GIMO constructs). The simple structure of GIMO constructs
permits the cloning of larger transgenes (the GIMO constructs are smaller as the
selectable marker cassette is absent) and improves the retention of plasmids in bacteria
as internally repetitive regions of AT-rich Plasmodium DNA are absent. Further, after
transfection with the GIMO construct, the selection of integration mutants is improved
as no episomal construct DNA is maintained in the parasites and negative selection kills

parasites expressing yfcu.

GIMO-transfection is dependent on the transgene-expression construct replacing the
hdhfr::yfcu selection cassette present in the mother line genome and the efficiency of
the drug 5-FC to kill all parasites where this integration has not occurred and that are
still expressing yFCU. Interestingly, in both P. berghei and P. yoelii GIMO-transfection
experiments we always observed that populations of 5-FC selected parasites contain (low
numbers of) parasites that still have the hdhfr::yfcu selection cassette in their genome.
Further research is required to determine whether these parasites express yFCU but are
able to survive 5-FC drug treatment or if these parasites have lost expression of yFCU
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through the mutation of hdhfr::yfcu selectable marker cassette. Experiments in our
laboratory are now focused on improving the application of negative selection to mutant
parasites in mice by providing 5-FC in the drinking water, which may permit treatment

with higher concentrations of 5-FC and for longer periods. Notwithstanding the presence
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Figure 6. Compared to the marker-recycling method GIMO-transfection is faster and requires fewer animals
to both generate marker-free gene insertion (Gl) mutants and to complement gene deletion mutants.

A. Number of weeks (w) and number of mice (m) needed to generate ‘marker-free’ gene insertion mutants
expressing transgenes using GIMO-transfection (right) and using the marker-recycling method (left).

B. Number of weeks (w) and number of mice (m) needed for complementation of a gene deletion mutant using
GIMO-transfection (right) and using the marker-recycling method (left).
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of non-transformed parasites after selection of GIMO-transfected parasites, the high
percentages of transformed parasites in the populations permit the collection of the
desired mutants by cloning. Using GIMO- transfection we have already been able to
successfully generate multiple marker-free lines that express a variety of heterologous
proteins (unpublished data JWL and SK).

GIMO-transfection was used to generate a P. yoelii GFP-luciferase reporter parasite and
is the first report describing the use of negative selection with 5-FC in combination with
the yFCU marker for genetic modification of this parasite species. Moreover, the PyGFP-
luc_ line is the first P. yoelii reporter line that is marker-free and can be easily further
genetically modified. Similar P. berghei reporter lines have been used to visualize and
quantify host parasite interactions in vivo [13,21,25,26], analysis of drug-susceptibility
[17,27,28] and in vivo quantification of liver stage development [18,29].

In this study we demonstrate that GIMO-transfection can not only be used to introduce
heterologous genes but also is a fast and simple method for gene complementation.
Restoration of the wild type phenotype by gene complementation is the most optimal
strategy to show that a mutant phenotype is the result of the intended deletion (or
mutation) and is not due to unrelated alterations in the parasite genome [2,11]. Genetic
complementation has not been widely applied in Plasmodium due to difficulties in making
successive genetic modifications in the same parasite, and to problemsinherentin cloning
full-length AT-rich Plasmodium genes into bacterial plasmid vectors [11]. Till now two
methods have been used to complement gene deletion mutants in P. berghei. The first
method re-introduces the wild-type gene using a construct containing hdhfr as a positive
selectable marker [30,31]. The encoded protein confers resistance to WR99210, and
can be used to transfect gene deletion mutants that already contain the pyrimethamine
resistance markers dhfr/ts from P. berghei or the dhfr from Toxoplasma gondii (tgdhfr)
[7]. However, selection with WR99210 is not straightforward because of problems with
dissolving this drug and because there is a reduced sensitivity to WR99210 of parasites
that already contain the dhfr/ts or tgdhfr marker [7,10] (unpublished observations ClJ).
The second complementation method is based on the marker-recycling, as described
above. Gene deletion mutants (containing hdhfr::yfcu) are first subjected to negative
selection to select for marker-free parasites, cloned and then transfection is performed
with constructs containing the gene for complementation and a drug selection cassette
[10] (see Supplementary Figure S3A). This method requires generally 7 weeks and 14 mice
to perform (Figure 6B). In contrast, complementation with GIMO-transfection takes only
2 weeks and 1 mouse (Figure 6B). Not only is the GIMO method much faster, requiring
far fewer mice, but also a big advantage is that a simple PCR amplicon containing the
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wild-type gene can be used for complementation as no drug selectable needs to be used
in the construct (see Supplementary Figure S3 for schematics of the marker-recycling and
GIMO methods).

In summary, we have developed a novel method that simplifies and speeds up both the
generation of marker-free parasites expressing heterologous proteins and for the genetic
complementation of gene deletion/mutation mutants. Moreover the application of this
method greatly reduces the numbers of animals required to generate and complement
mutants. We have also generated the first marker-free P. yoelii reporter line and
established the successful use of negative selection in transfection of P. yoelii parasites.
The GIMO-transfection is a simple, fast and efficient approach to generate mutants
permissive to subsequent genetic modification. Therefore we recommend that, where
possible, transfection of P. berghei and P. yoelii parasites be performed with constructs
that contain the postive-negative selectable marker cassette, hdhfr::yfcu. The presence
of this marker in mutants permits subsequent GIMO transfection that not only simplifies
the creation of additional deletions or modifications but also gene complementation
experiments. A recent study has reported high-throughput, genome wide and highly
efficient ‘recombineering’ system, for high-throughput, genome wide and highly efficient
generation of gene targeting constructs [12]. This exciting development can be partnered
with GIMO transfection by ensuring all these targeting constructs have a positive-negative
(hdhfr::yfcu) selectable marker cassette. Consequently all resulting mutants would be
receptive to GIMO transfection thereby permitting further modification (e.g. reporter
protein expression) and complementation.

Materials and Methods

Experimental animals and parasites

Female Swiss OF1 mice (6—8 weeks old; Charles River/lanvier) were used. All animal
experiments of this study were approved by the Animal Experiments Committee of
the Leiden University Medical Center (DEC 07171; DEC 10099). The Dutch Experiments
on Animal Act is established under European guidelines (EU directive no. 86/609/EEC
regarding the Protection of Animals used for Experimental and Other Scientific Purposes).
Two reference rodent malaria parasite lines were used: P. berghei ANKA line cl15cy1 [14]
and P. yoelii 17XNL (clone 1.1) parasite line [32].

Generation of GIMO mother lines in P. berghei ANKA and P. yoelii 17XNL

To generate the GIMO mother line in P. berghei, a DNA-construct pL1603 was generated
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for integration into the 230p gene (PBANKA_030600) by cloning the 5’ and 3’ regions of
230p as previously described [8]. The targeting sequences were amplified from genomic
DNA using primer sets 5585/5586 and 5587/5588 (See Table S1 for the sequence of all
primers) and cloned into the restriction sites of Hindlll/Kspl and Asp718I/EcoRI of the
standard cloning vector pL0034 (MRA-849, www.mr4.org), which contains the hdhfr::yfcu
selectable marker under the control of the eefla promoter [10]. The hdhfr::yfcu marker
is a fusion gene of the positive selection marker human dihydrofolate reductase and the
negative selection marker which is a fusion gene of yeast cytosine deaminase and uridy!
phosphoribosyl transferase [10]. Prior to transfection the DNA-construct pL1603 was
linearized with Hindlll and EcoRlI.

To generate the GIMO mother line in P. yoelii, a modified two step PCR method [33] was
used to generate DNA-construct pL1805 for integration into the 230p gene (PY03857) of P.
yoelii (Figure S1A). In the first PCR reaction two fragments (5’- and 3’- targeting sequences,
both ~1kb) of 230p were amplified from P. yoelii 17XNL genomic DNA with the primer
sets 6523/6524 and 6525/6526 (Table S1). Primers 6524 and 6525 have 5’- extensions
homologues to the hdhfr::yfcu selectable marker cassette (CATCTACAAGCATCGTCGACCTC
in 6524 and CCTTCAATTTCGGATCCACTAG in 6525). This selectable marker cassette was
excised by digestion with Xhol and Notl from a plasmid (pL0048) that contains the P.
berghei eefla-hdfhr::yfcu-3'dhfr/ts (i.e. promoter-drug selectable marker-3’ terminator
sequence) selection cassette. Primers 6523 and 6526 have 5’-terminal extensions with
an anchor-tag suitable for the second PCR reaction. In the second PCR reaction, the
amplified 5’- and 3’- targeting sequences were annealed to either side of the selectable
marker cassette, and the joint fragment was amplified by the external anchor-tag primers
4661/4662, resulting in the PCR-based targeting construct with an expected size of 4.7
kb (2.7 kb of the selectable marker cassette plus two targeting sequences of 1kb). Before
transfection, the PCR-based construct was digested with Asp718l and Scal (in primers
6523 and 6526, respectively) to remove the ‘anchor-tag’ and with Dpnl that digests any
residual pLO048 plasmid.

Transfection in P. berghei ANKA and P. yoelii 17XNL, selection and cloning of the mother
lines were performed by standard procedures described for transfection of P. berghei [14].
DNA-construct pL1603 was introduced into P. berghei generating mother line, GIMO,,_ .
(1596cl1), and DNA construct pL1805 was introduced into P. yoelii generating mother
line, GIMOpy17X

PCR analysis (see Table S2 for primers used) and Southern blot analysis of pulse-field gel

(1923cl1). Correct integration of the constructs was verified by diagnostic

(PFG) electrophoresis-separated chromosomes probed with the 3’ untranslated region
(UTR) of the dhfr/ts gene of P. berghei.
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Generation of basic constructs without selection marker and that target
the 230p locus of the GIMO and GIMO mother lines

PbANKA Py17X

To generate a basic P. berghei 230p-targeting construct (pL0043), the 230p targeting
regions as well as the ampicillin resistance gene were amplified from plasmid pL1063
(MRA-852, www.mr4.org) using primers 5116/5117 (Table S1). A multiple cloning site
(MCS) was amplified from pCRII-Blunt-TOPO vector (Zero Blunt TOPO PCR Cloning Kit,
Invitrogen, Groningen, The Netherlands) using M13 forward and reverse primers. The
two PCR products were digested with Asp718l and Notl restriction enzymes and ligated
together creating the targeting construct pL0043.

A basic P. yoelii 230p-targeting construct (pL1849) was generated using a modified 2-step
PCR method (Figure S1B). In the first PCR reaction, 5’-and 3’- targeting sequences (both
~1kb) of 230p were amplified from P. yoelii 17XNL genomic DNA with the primer set
6523/6534 and 6525/6526 (Table S1). As described above these primers contain 5’-
extensions homologues to the hdhfr::yfcu selectable marker cassette and 5’-terminal
extensions with an anchor-tag suitable for the second PCR reaction. A 55nt oligo (oligo
6598; GAGGTCGACGATGCTTGTAGATGCCCGGGCCTTCAATTTCGGATCCACTAG) containing
a Xmal restriction site flanked by 2 sequences homologues to the hdhfr::yfcu selectable
marker cassette was used to join the two 230p targeting regions (Figure S1B). In the
second PCR reaction an fragment containing both 230p targeting sequences interrupted
by the Xmal site was amplified, using the external anchor-tag primers 4661/4662,
resulting in the PCR product of ~2 kb. The PCR product was cloned into TOPO TA vector
(TOPO TA Cloning® Kit, Invitrogen, Groningen, The Netherlands) resulting in construct
plL1849.

Generation of a mCherry reporter test construct and GIMO-transfection in
the P. berghei mother line, GIMO

PbANKA

A test construct (pL1628) for GIMO-transfection in the GIMO, , .. mother line was
generated by transferringthe mCherry-expression cassette (5’ pbeefla-mCherry -3’ pbdhfr)
from plasmid pL0017-mCherry [34] into the basic 230p targeting construct pL0043 (see
above) using restriction sites ECORV/Asp718l. This plasmid was linearized with Kspl before
transfection. Transfection was performed as described [14]. Transformed parasites were
selected by negative selection by the administration the drug 5-FC (Sigma) to mice infected
with transfected parasites. Specifically; 0.4g/kg bodyweight of 5-FC (stock: 20mg/mL in
1xPBS) administered by intra-peritoneal injection; one dose per day; for a period of 4

days, starting at 24 hours after transfection. Transformed parasites were collected at day
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6/7 (infected tail blood) for phenotype analysis by fluorescence microscopy and FACS
(see below) and at day 7/8 (infected heart blood) for genotype analysis using standard
methods of diagnostic PCR and Southern analysis of PFG-separated chromosomes [14].

Generation of a constitutively GFP-luciferase expressing P. yoelii (PyGFP-
luc_ ) reporter line using GIMO-transfection

A construct (pL1847) for GIMO-transfection in the GIMO, ., mother line was generated
by cloning an PCR-amplified GFP-luciferase expression cassette into the Xmal site of the
basic P. yoelii 230p targeting construct pL1849 (see above). The GFP-luciferase expression
cassette (5’ eefla-gfp::luciferase-3’pbdhfr) was amplified from pL1603 (MRA-852, www.

mr4.org) using primers 6599 and 6600.

Transfection of GIMO, ., parasites and negative selection of transformed parasites was

performed as described above for transfection of GIMO Transformed parasites

PbANKA®
were collected for genotype analyses using standard methods of diagnostic PCR and
Southern analysis of PFG-separated chromosomes [14]. Cloned parasites were analysed

for luciferase expression using the in vivo imaging technology described below.

Gene complementation using GIMO transfection

Gene complementation was performed using the published glutathione reductase
deletion mutant (Agr) of P. berghei [19]. In this mutant (Agr4; 1531cl1) the glutathione
reductase (gr) gene has been deleted by a replacement construct (pL1538) that contains
the postive-negative hdhfr::yfcu selectable marker cassette [19]. The pL1538 construct
contains 5’ and 3’ targeting regions of gr. We used two of the primers that have been
used to generate the replacement construct pL1538 to amplify gr gene from P. berghei
genomic DNA using a proof reading polymerase (Phusion®, Finnzymes, Espoo, Finland).
These primers (4049; forward primer for 5’ targeting region and 3681; reverse primer for
3’ targeting region) amplify the complete gr gene including the 5" and 3’ targeting regions
(see Table S1 for primer sequences). PCR resulted in amplification of a 2.8 kb fragment
which was used to transfect Agr parasites using standard transfection procedures [14].
Transformed parasites were selected by negative selection as describe above. Transformed
parasites were collected for genotype analyses using standard methods of diagnostic
PCR and Southern analysis of digested genomic DNA. Analysis of the phenotype of the
complemented parasites, Agr(+gr), was analysed by mosquito transmission experiments

(see below).
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Fluorescence microscopy and FACS analysis

For analysis of GFP- or mCherry- expression in blood stages of transgenic parasites,
infected tail blood was collected in PBS and examined by microscopy using a Leica DMR
fluorescent microscope with standard GFP and Texas Red filters. Parasites nuclei were
labeled by staining with Hoechst-33258 (2 pumol/L, Sigma, NL). Images were recorded
with the digital camera CoolSNAP HQ? (Photometrics, NL) and processed with the
ColourProc software [35]. The percentage of blood stages parasites that express mCherry
was determined by FACS analysis of cultured blood stages. In brief, infected tail blood
(10 pL) with a parastemia between 0.5 and 1% was cultured overnight in ImL complete
RPMI1640 culture medium at 37°C under standard conditions for the culture of P. berghei
blood stages [36]. Cultured blood samples were then collected and stained with Hoechst-
33258 (2 umol/L, Sigma, NL) for 1 hr at 37°C in the dark and analysed using a FACScan
(BD LSR I, Becton Dickinson, CA, USA) with filter 440/40 for Hoechst signals and filter
610/20 for mCherry fluorescence. For FACS analysis the population of mature schizonts
were selected based on the their Hoechst-fluorescence intensity [37]; see gate P2 in the
left panel of Figure 2D. The percentage of mCherry-expressing parasites was calculated
by dividing the number of mCherry-positive schizonts (gate P3 in right panel of Figure 2D)
by the total number of schizonts (gate P2).

Quantitative real-time PCR (qPCR) analysis of transformed parasites

Genomic DNA extracted from blood stage parasites was used for gPCR analysis. To
determine the ratio of transformed/non-transformed parasites in the selected parasite
populations, PCR amplifications of the mCherry gene (only present in transformed
parasites) and the hdhfr:.yfcu selectable marker (only present in non-transformed) were
carried out using the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) on a
CFX96 thermal cycler (Bio-Rad Laboratories, The Netherlands). The housekeeping gene,
P. berghei hsp70, was used as reference (see Table S2 for primers used). Real-time PCR
cycle thresholds (C,) were calculated as the average of triplicate analyses (per genomic
DNA from transgenic parasite). The ratio between mCherry and hdhfr::yfcu was calculated
by the 222" method relative to hsp70 [16]. The amplification efficiencies of mCherry and
hsp70 did not violate assumptions of the AAC, method (data not shown).

Real time in vivo imaging of the PyGFP-luc_ _reporter parasites in whole
bodies of live mice

Expression of luciferase and imaging of distribution of luciferase-expressing PyGFP-luc_

parasites in whole bodies of live mice was determined by measuring bioluminescent
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activity using the IVIS100 in vivo imaging system (Caliper Life Sciences, USA) as described
previously [21,38]. Bioluminescence of blood stage parasites was imaged in Swiss mice
with asynchronous infections of PyGFP-luc__parasites at a parasitemia of 0.5-2%.

Analysis of the phenotype of Agr and complemented Agr(+gr) parasites
during mosquito transmission

Infection of Anopheles stephensi mosquitoes with Agr and Agr(+gr) parasites as well as
determination of production of oocysts and salivary gland sporozoites was performed as
previously described [39]. Infectivity of sporozoites was tested by intravenous injection of
Swiss OF1 mice with 10* hand dissected salivary gland sporozoites. The prepatent period
was determined by light microscopy analysis of Giemsa-stained thin smears of tail blood.
Prepatency (measured in days after sporozoite inoculation) is defined as the day when
parasitemia reaches 0.5-2%.

Indirect Immunofluorescence assay

10* Agr(+gr) salivary gland sporozoites in 10 puL were allowed to adhere to polylysine
coating slides, fixed for 15 minutes with 4% PFA, and washed 3x5 minutes with PBS.
Sporozoites were then permeabilized with 0.5% Triton-X100 for 15 minutes followed by
a 3x5 minutes wash with PBS. Slides were blocked 30 minutes at room temperature in
10% FCS and incubated over night with polyclonal rabbit anti-CS antiserum [40] (dilution
1:1000, kindly provided by Dr M. Yuda) at 4°C. Slides were washed 3x5minutes in PBS and
incubated with donkey anti-rabbit, Alexa 488-conjugated secondary antibody (dilution
1:500), 1 hr in room temperature. Slides were washed 3x5 minutes in PBS, and then
incubated 15 minutes with Hoechst 33342 in room temperature. Prior to mounting,
slides were washed for 5 minutes and analysed with were analyzed using a Leica DMR

fluorescence microscope at 1000x magnification.
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Figure S1. Generation of P. yoelii 230p targeting constructs using a PCR method

A. The DNA construct (pL1805) used to generate the P. yoelii GIMO mother line was created using a modified
two-step PCR method. In the first PCR reaction, 5’- and 3’- targeting sequences of 230p were amplified from P,
yoelii 17XNL genomic DNA with the primer sets 6523/6524 and 6525/6526 (Table S1). Primers 6524 and 6525
have 5’- extensions homologues to the hdhfr::yfcu selectable marker cassette (hatched boxes). This selectable
marker cassette was excised from plasmid pL0048 digested with Xhol and Notl. Primers 6523 and 6526 have
5’-terminal extensions (black boxes) for the second PCR reaction. In the second PCR reaction, the 5’- and 3’-
targeting sequences annealed to either side of the selectable marker cassette, and the joint fragment was
amplified by the external anchor-tag primers 4661/4662. Before transfection, the PCR construct was digested
with Asp718I and Scal to remove the anchor-tag and with Dpnl to digest any residual pL0048 plasmid.

B. The basic P. yoelii 230p targeting construct (pL1849) was generated by a modified PCR method. In the first
PCR reaction, 5’-and 3’- targeting sequences with homologous sequences (hatched boxes) and anchor-tag
sequences (black boxes) were amplified as shown in A. Oligo no. 6598 that contains the joint homologous
sequences interrupted by an Xmal site (hatched boxes) was used as template for the second PCR reaction.
Using the external anchor-tag primers 4661/4662, a PCR product containing both targeting sequences now with
the Xmal site in the middle was amplified and subsequently cloned into TOPO TA vector resulting in construct
pL1849.
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Figure S2. Schematic representation of the generation of marker-free gene insertion (Gl) mutants using
GIMO-transfection method or using the marker-recycling method.

A. Generation of marker-free gene insertion mutants expressing a gene of interest (GOI; grey box) using the
standard marker-recycling method. The construct containing the hdhfr::yfcu selectable maker (black box) flanked
by the recombination sequences (rc, shaded boxes) targets the 230p locus by double cross-over homologous
recombination at specific target regions (hatched boxes). GI mutants are obtained after transfection, using
positive selection with pyrimethamine and then cloning. Subsequently, marker-free GI mutants are selected
by negative selection using 5-FC. Only those mutants that have ‘spontaneously’ lost the hdhfr::yfcu marker
from their genome, achieved by a homologous recombination/excision (see arrow), survive negative selection.
B. Generation of marker-free gene mutants that express a GOl (grey box) using GIMO-transfection. The
construct that contains no selectable marker cassette and targets the modified GIMO mother line 230p locus
that contains the hdhfr::yfcu (black box) marker, by double cross-over homologous recombination at the target
regions (hatched boxes). Marker-free GI mutants, that have GOI expression cassette introduced into the 230p
locus replacing the hdhfr::yfcu marker, are obtained by negative selection with 5-FC.
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Figure S3. Schematic representation of gene complementation using GIMO-transfection and the marker-
recycling method
A. Gene deletion and complementation using the marker-recycling method. The gene deletion construct,
containing the hdhfr::yfcu selectable maker (black box) flanked by the recombination sequences (rc; shaded
boxes), targets the gene of interest (GOI) by double cross-over homologous recombination at the target
regions (hatched boxes). Gene deletion mutants are obtained after transfection and positive selection with
pyrimethamine, and cloning. Subsequently, marker-free gene deletion mutants are selected by negative
selection using 5-FC. Only those mutants that have ‘spontaneously’ lost the hdhfr::yfcu marker from their
genome, achieved by a homologous recombination/excision event (see arrow), survive negative selection.
Complementation of the (cloned) marker-free gene deletion mutant is performed using constructs that contain
a GOI expression cassette and a positive selectable marker cassette. These constructs can target either the
original deleted locus or a locus that is redundant or functionally silent. Complemented parasites are selected
by positive selection.

B. Gene deletion and complementation using the GIMO-transfection method. The gene deletion construct
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containing the hdhfr::yfcu selectable maker fusion (black box) targets the GOI by double cross-over homologous
recombination at specific target regions (hatched boxes). Gene deletion mutants are obtained after transfection
using positive selection with pyrimethamine and then cloning. These constructs do not include recombination
(rc) sequences (see A). Complementation of the gene deletion mutant is performed using a PCR fragment
amplified from genomic DNA using the same outer primers used to generate the gene deletion construct (i.e.
the forward primer of the 5’UTR and the reverse primer of 3’UTR, indicated by arrows). Integration of the
PCR fragment by homologous recombination restores the deleted gene locus replacing the hdhfr::yfcu maker.
Complemented parasites are selected by negative selection.
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Table S2. Primers used for genotype analysis

No. Primer sequences Restriction sites  Description
Primers for PCR analysis
5510 GCAAAGTGAAGTTCAAATATGTG 5’-intgr pb230p, F

3189 CTGGTGCTTTGAGGGGTG 5'pbeefla, R

4698 GTTCGCTAAACTGCATCGTC hdhfr, F

1637 AATATGTAGCATTACATTGTCC pb230p, F

6527 GAAGGATATGAATTAGATCCACC 5’-intgr py230p, F

4770 CATCTACAAGCATCGTCGACCTC pL0048, R

6529 GAGGCCATAGAAAATGATGTAG py230p, R

4958 GCATGAACTCCTTGATGATG mCherry, R

3173 TGCCCTTTATTAACTAGTCG 5'pbeefla, F

6812 CTCGCAAAGCATTGAACACC gfp R

(6813 CTTACCGGAAMACTCGACGC s F
6814 TGACGGGAACTACAAGACAC gfp, F

(6815 ACGAACGIGTACATCGACTS  lfeaseR
3742 GGGAAGCTTCGCTAGTTTATATACACGTGG Hindlll gr ORF, F

373 TOCLCGOGGOATGAACTTTTTCATTICTICTAC ksl grORRR
Primers for PCR probes
692 CTTATATATTTATACCAATTG 3'pbdhfr/ts, F

886 GGAAGATCTATGGTTGGTTCGCTAAACTGCATCG hdhfr, F

1462 CATGCCATGGATGAATACTTATTACAGTG pb25, F

3680 CGGGGTACCGTTGCTATAAATGCGGGGCGATTATTAGCTG Asp718| 3'UTRgr, F

Primers for qPCR analysis

5530 TTCAGCCTCTGCTTGATCTC mCherry, F

6246 CCAGAATACCCAGGTGTTCTC hdhfr, F

6249 CAATTGCAGGGTTAAATGTTATGAG pbhsp70, F

pb = P. berghei, py = P. yoelii; h = human, y=yeast
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Abstract

We describe two improved assays for in vitro and in vivo screening of inhibitors and
chemicals for anti-malarial activity against blood stages of the rodent malaria parasite,
Plasmodium berghei. These assays are based on the determination of bioluminescence in
smallblood samplesthatis produced by reporter parasites expressing luciferase. Luciferase
production increases as the parasite develops in a red blood cell and as the numbers
of parasites increase during an infection. In the first assay, in vitro drug luminescence
(ITDL) assay, the in vitro development of ring-stage parasites into mature schizonts in
the presence and absence of candidate inhibitor(s) is quantified by measuring luciferase
activity after the parasites have been allowed to mature into schizonts in culture. In the
second assay, the in vivo drug luminescence (IVDL) assay, in vivo parasite growth (using a
standard 4-day suppressive drug test) is quantified by measuring the luciferase activity of
circulating parasites in samples of tail blood of drug-treated mice.
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1. Introduction

Antimalarial drug screening and validation is relatively time-consuming and complicated.
The first phase of drug screening usually comprises the following two steps. Initially it
involves the use of whole cell (infected red blood cell) assays that are used to determine
the efficacy of drugs on in vitro growth of the human parasite Plasmodium falciparum
in erythrocytes. The second step involves the testing of the in vivo efficacy of the most
promising drug candidates in small animal models of malaria, principally using the
rodent parasite P. berghei in laboratory mice. Compared to progress in the development
for automated drug screening assays using the human parasite P. falciparum [1-7], the
development of simple and sensitive assays for drug-screening in small animal models
has been slow in part because the new technologies developed for P. falciparum cannot
be directly applied in drug screening using rodent malaria parasites [8]. Usually in vivo
drug screening is performed using the standard ‘4-day suppressive drug test’ [9], in which
inhibition of parasite growth (P. berghei) in drug-treated mice is determined by manual
counting the parasitemia in Giemsa-stained smears from small blood samples. Analysis
of in vitro drug susceptibility has only been reported for one of the four rodent parasites,
i.e. P. berghei. Since P. berghei blood stages can be cultured for only one developmental
cycle, drug potency can only be determined during the development of ring forms
into mature schizonts, which is established by determination of schizont maturation
in Giemsa stained smears or by FACS analysis [10,11]. The availability of a P. berghei
in vitro drug susceptibility assay is important since it permits to determine whether a
discrepancy between in vitro P. falciparum drug-sensitivity and in vivo P. berghei drug-
sensitivity is the result of intrinsic differences between the two parasites or is caused by
pharmacokinetic and/or pharmacodynamic characteristics of the drug in a live animal.
Because of the limitations of manual counting of rodent parasites in Giemsa stained slides
and automated counting of rodent parasites stained with fluorescent, DNA/RNA-specific
dyes, possibilities have been explored of using transgenic rodent parasites expressing
reporter proteins, such as GFP or luciferase, for drug screening [12,13]. Herein we
describe simple and sensitive in vitro and in vivo screening assays to test inhibitors and
chemicals for antimalarial activity against blood stages of a reporter P berghei parasite
[8]. These assays are based on the determination of luciferase activity (luminescence) in
small blood samples containing transgenic blood stage parasites that express luciferase
under the control of a promoter that is either schizont-specific (ama-1) or constitutive
(eefla). The reading of luminescence assays is rapid, requires a minimal number of
handling steps and no experience with parasite morphology or handling fluorescence-
activated cell sorters, produces no radioactive waste and test-plates can be stored for
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prolonged periods before processing. Both tests are suitable for use in larger-scale in

vitro and in vivo screening of drugs.

2. Materials

2.1. Reporter parasites

For the in vitro drug luminescence (ITDL) assay, reporter parasite line PbGFP-Luc__
(1037m1fimicli; see Note 1) is used, which expresses a fusion protein of GFP (mutant3)
and firefly luciferase (LUC-IAV) under the control of the schizont-specific ama-1 promoter
[14]. For details of PbGFP-Luc, _,, see RMgm-32 (http://www.pberghei.eu/index. php?

rmgm=32).

For the in vivo drug luminescence (IVDL) assay, reporter parasite line PbGFP-Luc__
(676m1cll; see Note 1) is used. This line expresses a fusion protein of GFP (mutant3) and
firefly luciferase (LUC-IAV) under the control of the constitutive eefla promoter [13]. For

details of PbGFP-Luc__, see RMgm-29 (http://www.pberghei.eu/index. php?rmgm=29).

2.2. Laboratory animals

In our laboratory, we use Swiss mice (OF1 ico, Construct 242; age, 6 weeks (25-26 g);
Charles River). However, other mouse strains such as C57BL/6 and BALB/c can also be

used (see Note 2).

2.3. Reagents

1. Fetal bovine serum, heat inactivated (FBS; Invitrogen, cat. no. 10108-165); store
at-20°C.

2. Sérensen staining buffer: 2.541 g KH,PO, and 8.55 g Na,HPO,.2H,O in 5 L distilled

water, pH adjusted to 7.2 with NaOH). Store at room temperature.

3. Giemsa solution working solution: 10% Giemsa solution (Merck, cat. no. 1666
789) in Sorensen staining buffer.

4. Phosphate-buffered saline (PBS): PBS stock solution (10x), 0.01 M KH,PO,, 0.1
M Na,HPO,, 1.37 M NaCl, 0.027 M KCI, pH 7.4; for a working solution, dilute the
stock solution with nine volumes of distilled water, adjust the pH to 7.2 with 1.0
M HCI and sterilize by autoclaving for 20 min at 120 °C.

5. Heparin: Grade I-A, cell culture tested, 140 mUSP units/mg (Sigma, cat. no.

H3149): dissolve the heparin powder in distilled water to a concentration
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of 25,000 units/mL; filter sterilized (0.2 um) and store at 4 °C. For a working
solution, add 0.2 mL of the stock solution to 25 mL RPMI1640 culture medium
without FBS to create a final solution of 200 units/mL. Store at 4°C.

Neomycin: (Gibco, cat. no. 21810-031): stock solution of 10.000 I.U./mL.

Insulin syringes: MicroFine +, 0.5 mL; 0.30 mm (30G) x 8 mm (Becton Dickinson,
cat. no. 324870).

RPMI1640 culture medium (Invitrogen; cat. no. 13018-015): add the RPMI1640
powder (with L-glutamine and 25 mM HEPES) to 1 L distilled water. In addition,
add 0.85 g NaHCO, and 5 mL neomycin-sulfate stock solution (10.000 I.U./mL).
Filter sterilize (0.2 um) and store in 100 mL aliquots at -20 °C.

Complete RPMI1640 culture medium: RPMI1640 culture medium supplemented
with FBS to a final concentration of about 20% (v/v) (see Note 3).

Gas mixture: 5% CO,, 5% O,, 90% N, (in a gas bottle or cylinder).

Dimethylsulfoxide (DMSO, Merck, cat. no. 1.16743.1000): store in room

temperature in dark.

Inhibitors/antimalarial drugs: dissolve the powder in DMSO, sterile Milli-Q water
or culture medium in high concentration as stock solution (see Note 4); store at
4 °C or -20 °C. For serial dilutions, dilute the working stock solution with DMSO
or culture medium (see Note 5; Subheading 3.1.2, step 7).

Chloroquine diphosphate salt (CQ; Sigma, cat. no. C6628): dissolve the powder
in Milli-Q water to 10 mM as stock solution.

Cell culture lysis reagent (CCLR): Luciferase Assay System Kit® (Promega, cat. no.
E1500). For working solution, dilute the ‘Cell Culture Lysis 5x Reagent’ provided
in the kit with Milli-Q water.

Luciferase assay substrate solution: Luciferase Assay System Kit® (Promega,
cat. no. E1500). For working solution, mix 1 vial of Luciferase Assay Substrate
and 1 vial of 10 mL Luciferase Assay Buffer together. The mixed solution can be
stored at -20 °C and can be subsequently freeze/thawed multiple times without
a significant loss of activity, however, the solution must be kept in the dark at
all times.

2.4. Equipment

1.

Vortex mixer (IKA Labortechnik).




58 | Chapter 3

2. Table-top centrifuge (Beckman Coulter Allegra); most table-top centrifuges with

a swing-out rotor are suitable.

3. Eppendorf microcentrifuge (13,000 rpm or 16,000 x g); most microcentrifuges

are suitable.

4. Eppendorf Centrifuge 5810 (equipped with 96-well plate holders).

hd

Light microscope, Carl Zeiss Standard 25 (Zeiss); all light microscopes with an

oil-immersed x 100 objective are suitable.
Incubator or water bath (37 °C).
Sonicator bath.

Fluovac isofluorane-halothane scavenger (Stoelting Co., see Note 6).

© ® N o

24-well and 96-well cell culture plates, sterile, with lids.
10. Biohazard Class Il safety cabinet (see Note 7).

11. Glass desiccator (e.g., candle jar).

12. Heparinized capillary pipettes.

13. 96-well optical flat-bottomed and black-framed microplates (Nalge Nunc Intl.):
all 96-well microplates with black frames and clear flat bottoms are suitable for
luminescence measurement (see Note 8).

14. Luminescence microplate reader: Wallac Multilabel Counter 1420 (PerkinElmer,

NL). Other microplate readers that can measure bioluminescence are suitable.

2.5. Software

1. Microsoft Excel is used to conduct preliminary data analyses.

2. GraphPad Prism software (Graph-Pad software, Inc., US) is used for statistical
analyses (best-fit) effective concentration (EC, ) calculation.

3. Methods

3.1. The in vitro drug luminescence (ITDL) assay

In the ITDL assay, the in vitro development of ring-stage parasites into mature schizonts
in the presence of drugs/inhibitors is quantified by measuring the luciferase activity in
cultured mature schizonts; the luciferase activity has been shown to directly correlate
with the number of schizonts [8]. The ITDL assay generates standard in vitro inhibition
curves and EC_, of the inhibitors. The reporter parasite PbGFP-Luc___ (see Note 1) is used
in ITDL assay (see Fig. 1 for the workflow).
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Figure 1. Workflow scheme of the ITDL assay
3.1.1. Collection of P. berghei ring forms for in vitro cultivation
1. On Day 0, infect 2 mice with 1 x 10° parasites of line PbGFP-Luc___ as follows:

1) Collect one to four droplets (4-16 pL) of tail blood in 0.4 mL PBS from a

mouse infected with parasite line PbGFP-Luc The parasitemia (i.e. the

amal®

percentage of infected erythrocytes) in this mouse must be in the range of
5-15% (see Note 9).

2) Immediately inject the suspension intraperitoneally into two mice, 0.2 mL

per mouse.

After infection of the two mice, it will take several days before the
parasitemia reaches the required level for the transfer to in vitro culture for

the ITDL assays. Usually blood is collected from the infected mice on day 4
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after infection when the parasitemia reaches 1-3%.

Between 8:00 am and 9:00 am (see Note 10) on day 4, make a thin blood
smear from one droplet of tail blood from the two mice infected on day
0. If the parasitemia ranges between 1 and 3%, proceed to the next step. If
the parasitemia is lower than 1%, it is best to wait one more day when the
parasitemia has increased to 1-3% (see Note 11).

Prepare complete RPMI1640 culture medium by adding 25 mL freshly thawed
FBS to 100 mL RPMI1640 culture medium.

Collect a total of 0.8-1.0 mL blood from the infected mice by cardiac puncture
under anesthesia between 9:00 am and 10:00 am (see Note 10). Immediately
add the blood to a 50-mL tube containing 5 mL complete culture medium

supplemented with 0.3 mL heparin stock solution.

Harvest the (infected) red blood cells (RBC) by centrifugation (table-top
centrifuge) for 8 min at 450 x g and discard the supernatant.

Resuspend the (infected) RBC in complete culture medium into a final
concentration of (infected) RBC of 0.5-1% (v/v) in complete culture medium.
The total volume is dependent on how many serial dilutions are required for
testing the inhibitors. For other details see the section below.

3.1.2. Overnight In vitro cultivation of ring forms in the presence of serial dilutions

of inhibitors/antimalarial drugs

7.

Preparation of dilution serials of inhibitors/antimalarial drugs:

The inhibitors in stock solution (see Subheading 2.3, item 12) can be diluted
with DMSO or culture medium according to their properties (see Note 5). For
additional information about preparation of serial dilutions of the inhibitors,
see Note 12. We routinely use chloroquine (at a concentration of 100 nM) as a
control for complete inhibition of blood-stage development (see step 14).

Add the suspension of infected RBC in complete culture medium to wells of 24-
or 96-well culture plates and subsequently add the serial dilutions of inhibitor
to the wells (in triplicates) resulting in a total volume of 1 mL (24-well plates) or
75 uL (96-well plates) in each well.

Incubate the culture plates for a period of 24 h under standard in vitro culture
conditions [15] (see Note 13), allowing the ring forms/young trophozoites to
develop into mature schizonts.
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1) Put culture plates into a small glass desiccator (e.g., candle jar) placed on a
shaker in an incubator at 37 °C (see Note 14).

2) Flush the desiccator for 2 min at 1.5-2 bar pressure with the following gas
mixture: 5% CO,, 5% O,, 90% N,, and then either switch to lower gas flow
and continuously gas overnight, or seal the dessicator once the air inside
has been replaced with the gas mixture.

3) Switch on the shaker at a speed that is just fast enough to keep the cells in
suspension and incubate the cultures (shaken) at 37 °C until the next day
(day 5) for a period of 24 h.

3.1.3. Quantification of development of ring forms into mature schizonts in the presence

of inhibitors/antimalarial drugs

10.

11.

12.

Between 10:00 am and 11:00 am on day 5, the overnight cultures are collected

and cells pelleted in the following ways:

24-well plate cultures: transfer 500 pL of cell suspension of each well to 1.5-

mL Eppendorf tubes and pellet the cells by centrifugation (microcentrifuge) at
full speed (13,000 x g) for 1 min. Remove the supernatant (culture medium).
Samples can be stored at -80 °C until you are ready to perform the luciferase

assay (see step 12).

96-well plate cultures: centrifuge the plates at 1000 x g for 5 min (Eppendorf
Centrifuge 5810) and remove the supernatant (culture medium). These plates
can be stored -80 °C until you are ready to perform the luciferase assay (see step
12).

Lyse RBC with 1 x cell culture lysis reagent (CCLR) as follows:

24-well plate cultures: add 100 pL of 1x CCLR into each Eppendorf tube, mix by

pipetting until all the cells are lysed, and then transfer solution to wells of new
96-well plates (see Note 15).

96-well plate cultures: add 50 pL of 1x CCLR into each well and shake the plate

for 5 min until the lysis is complete (see Note 15).
Luminescence assay:

24-well plate cultures: add 100 plL of luciferase assay substrate solution and 10

uL of lysed cell samples into wells of a black-framed 96-well plate (see Note 8).

96-well plate cultures: add 50 uL of luciferase assay substrate to the 96-well

plate with lysed cells, mix them well and transfer the solution to a black-framed
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13.

14.

96-well plate (see Note 8).

Wells containing PBS or lysed uninfected RBC are used as negative controls.

Luminescence spectra measurement:

Measure the light reaction of each well of the plates for 10 s using a microplate

luminometer. The luciferase activities are expressed as relative luminescence

units (RLU) for each sample. The RLU for each drug concentration is calculated

from the same experiment performed in triplicate.

Data analysis:

1

2)

3)

The mean RLU value of ‘complete inhibition control’ (i.e. cultures with 100
nM chloroquine) is subtracted from the mean RLU values of all the other

wells/concentrations.

The mean RLU value of wells without drug (‘no inhibition control’) is taken as
the maximal RLU value and given to indicate normal parasite development.
All RLU values of experimental wells (i.e. parasites in the presence of
inhibitors) are divided by the mean value of the ‘no inhibition control’ in

order to calculate the percentage of inhibition.

Growth inhibitory curves are plotted as a percentage of growth against
concentration on a semi-log graph using the GraphPad Prism software.
The non-linear regression function for sigmoidal dose-response (variable
slope) is used to calculate the (best-fit) effective concentration (50% of the
maximal inhibition; EC_, values) (see Fig. 2 for examples).

3.2. The in vivo drug luminescence (IVDL) assay

In the IVDL assay, the in vivo parasite growth in mice is quantified by measuring the

luciferase activity of circulating PbGFP-Luc__ parasites (see Note 1) in samples of tail

blood. The IVDL assay generates growth-curves that are identical to those obtained by

manual counting of parasites in Giemsa-stained smears [8]. The IVDL assay can be applied

to the standard 4-day suppressive drug test [9] or other assays in which the course

of parasitemia is monitored in groups of mice (see Fig. 3 for the correlation between

luciferase activity and number of parasites). This assay has been used to determine the

growth/multiplication of asexual blood stages of (genetically modified mutant) parasites

(see Fig. 4 for examples), and in other assays where infected mice have been drug-treated.
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Figure 2. ITDL assay in 24- and 96-well plate cultures

Inhibition of the in vitro development of blood stages of P. berghei by compound X, chloroquine and artesunate.
Inhibition of development was determined by measuring (the inhibition of) luciferase expression in parasites
during development from ring forms into mature schizonts in over night culture (parasites of line PbGFP-
Luc__). (A) The ITDL assay of compound X in 24-well culture plate, no inhibition was observed (unpublished
data JWL and SMK). The ITDL assay of well-known inhibitors chloroquine (B) and artesunate (C) performed in
both 24-well and in 96-well culture plates with the EC_; values shown (adapted from Ref. [8]).

105.

Figure 3. Correlation between luciferase activity
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102
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3.2.1. The IVDL assay in combination with the standard 4-day suppressive drug test (see
Fig. 5 for the workflow).

1. OnDay0,infect3 mice with 1 x 10° parasites of line PbGFP-Luc

3.1.1, step 1) for every inhibitor/drug concentration that is used.

(see Subheading

con

2. Administer the first drug at 3 h after parasite inoculation and then subsequently
every 24 h for 3 more days (day 1-3 post infection, p.i.), which is comparable to
the standard 4-day suppressive drug test.

3. Every morning (10:00 — 11:00 am, from day 4 to 15 p.i.), using heparinized
capillary pipettes, collect 10 pL of tail blood from each mouse and transfer the
blood into separate 1.5-mL Eppendorf tubes.
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blood films or measuring luminescence activity (RLU).

(A) (B) C57BL/6 mice infected with 10° PbGFP-Luc

con

parasites. (C) (D) BALB/c mice infected with 10°blood stages

of mutant Ant1, made in the PbGFP-Luc_ background (unpublished data JWL, SMK).

4. Briefly spin down the droplet of blood to the bottom of the Eppendorf tubes and
store them at -80°C, until all samples are collected for the luminescence assay.

5. On day 16 p.i., all stored blood samples are collected and ready for the

luminescence assay:

1

Lyse blood samples with 100 pL of 1x cell culture lysis reagent (CCLR) and

transfer the lysed cells to wells of 96-well plates (see Note 15).

2)

samples into wells of a black-framed 96-well plate. Samples containing

Add 100 pL of luciferase assay substrate solution and 10 uL of lysed cells

lysed uninfected red blood cells are used as negative controls.

3)

luminometer. The luciferase activities are expressed as relative luminescence

units (RLU) for each sample.

6. Data analysis: growth inhibitory curves are plotted as RLU against day p.i. using

Measure the light reaction of each well for 10 s using a microplate

Microsoft Excel or GraphPad Prism.
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Fig. 5. Workflow scheme of the IVDL assay

3.2.2. The IVDL assay in combination with standard growth tests

1. On Day 0, infect mice with 10°-10° parasites of line PbGFP-Luc_ as follows:
collect 10 pL of tail blood in 10 mL PBS from a mouse infected with line PbGFP-
Luc_, and with a 5-15% parasitemia (see Note 9); immediately inject the

suspension intraperitoneally into 3—6 mice, 0.2 mL per mouse.

2. Each day (from day 3 p.i. onwards), using heparinized capillary pipettes, collect
10 pL of tail blood from each mouse and transfer the blood into separate 1.5-mL
Eppendorf tubes. Spin the droplet of blood to the bottom of Eppendorf tubes
and store them at -80°C for until all samples are collected (see Note 16) and

proceed to step 3.

3. When all samples are collected, proceed to the luminescence assay and data

analysis as described under Subheading 3.2.1, steps 5-6.
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4. Notes

1. The two reporter parasite lines (PbGFP-Luc__ and PbGFP-Luc_ ) are used that
stably express a fusion protein of GFP and luciferase (GFP-luc) without the
expression of a drug-selectable marker. In both lines the gfp-luciferase gene is
integrated into the ‘phenotypically neutral’ 230p genomic locus by double cross-

over integration.

To quantify schizont development in the ITDL assay using luciferase as a
reporter, a schizont-specific promoter is required. For this purpose we have
used the ama-1 promoter to generate the reporter line as this promoter drives
expression of the reporter protein only in the late schizont stage [16]. In previous
papers the use of GFP-Luc-expressing reporter lines 354cl4 and 875m2cll [8]
has been described for the ITDL assay. However, now we recommend using
the reporter line 1037m1flmicll (PbGFP-Luc
a drug-selectable marker and stable integration of the reporter gene into the

) because of the absence of

amal

230p locus. The PbGFP-Luc__ line is available from the Leiden Malaria Research
Group (http://www.lumc.nl/con/1040/8102 8091348221/810281121192556/).

Line 676m1cll (PbGFP-Luc_ ) has GFP-Luc under the control of eefla promoter
which permits the expression of the reporter in all blood stages [13]. This
constitutive expression of luciferase is essential for a reporter parasite line used
for the quantitative analysis of parasitemia or parasite densities in infected
blood in the IVDL assay. The PbGFP-Luc__ line is available from MR4 (http://
www.mr4.org/).

2. All experiments using mice must be performed according to the applicable
national guide lines and regulations. Diets of laboratory rodents with low content
of total protein, energy and/or p-aminobenzoic acid (PABA) can negatively
influence P. berghei infections [17]. In our laboratory, we therefore provide diets
with high protein content (20-25% of total and gross energy content; 18,000—
20,000 kJ/kg).

3. For optimal in vitro parasites growth a relatively high percentage (~20%) of FBS
is used.

4. It is important to dissolve inhibitors/antimalarial drugs completely; vortexing

and/or sonication and/or 37 °C incubation can help to dissolve compounds.

5. Itis better to make drug serial dilutions fresh, though they can also be stored at
-20°Cor-80 °C.
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11.

12.
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Mice are anesthetized in the ‘induction chamber,’ which is prefilled with the
anesthetic vapor (a mixture of isofluorane and air) via the vaporizer unit. The
injection of parasites/ drugs or collecting blood by heart puncture is performed
in mice that are kept under anesthesia by holding their muzzles to the small
mask that is connected to the vaporizer unit.

Most manipulations with blood infected with genetically modified P. berghei

parasites are performed in a Class Il safety cabinet.

For luminescence measurements, we routinely use black-framed microplates as
they best reduce light scattering between wells, which can artificially increase

the signals detected in neighboring wells and thereby calculated EC, values.

The start of the procedure at day O requires a mouse infected with P. berghei
in ITDL or PbGFP-Luc_ in IVDL) which has a

parasitemia of 5-15%, obtained either by mechanical passage or initiated from

reference line (PbGFP-Luc

amal n

a cryopreserved parasite stock.

It is important to perform steps 2—4 early in the morning (8:00 — 10:00 am). P.
berghei has a 22-24-h asexual blood-stage cycle which is partly ‘synchronized’
in mice with the normal day-night light regime. In these mice, the rupture of
schizonts and invasion of RBC mainly occur between 02:00 and 04:00 am every
day. This results in the presence of mainly young ring forms in blood of infected
mice at 8:00 — 9:00 am. Most inhibitor tests are performed with these partly
synchronous parasites. However, if pure populations of young ring forms are
required for drug-susceptibility testing, these can be obtained by standard
techniques of schizont culture and purification procedure and intravenously
injecting purified schizonts into tail veins of mice to set up highly synchronized
infections [15].

A parasitemia higher than 3% is suboptimal because many erythrocytes will
become multiply infected or parasites will reside in the ‘older’ erythrocytes
(normocytes) and not in reticulocytes. In both cases, the development of
schizonts in culture is greatly impaired.

In case of inhibitors that are difficult to dissolve in water, dilutions need to be
made in DMSO. We prepare stock solutions at a 100 times the final concentration
required in the well so that when the drug is added to the well the concentration
of DMSO in overnight culture is <1%, which is not harmful to the schizont
development. No inhibition controls (i.e. culture without inhibitors) also contain
<1% DMSO.
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13.

14.

15.

16.

In our laboratory we usually prepare 10-12 different concentrations of the
inhibitors (including no inhibition control). Two different 10-fold dilution serials
are prepared, one is diluted into 1, 10, 100.... serial and the other 0.3, 3, 30...
serial. For example, for an inhibitor with observed EC_, ~50 nM in P. falciparum,
we prepared a final dilution serial of 0, 0.3, 1, 3, 10, 30, 100, 300, 1000, 3000,
10,000 nM for the P. berghei ITDL assay.

In the overnight cultures, the ring forms and (young) trophozoites develop
into schizonts that reach maturity in the morning of the next day. The mature
schizonts do not rupture spontaneously and remain viable for several hours.
For optimal development of the schizonts, the correct gas conditions (lowered
oxygen concentration compared to air), the pH of the culture medium (7.2—
7.4) and the temperature are crucial. The temperature is crucial because it
influences the rate of development of the schizonts. Above 38.5 °C, parasites
will degenerate. Lower than 37 °C, the parasites will develop into healthy
parasites but the developmental time of one complete cycle will be longer than
the standard 22-24 hrs. A temperature of between 36 and 37 °C is optimal to

collect viable, mature schizonts between 09:00 and 11:00 am on day 5.

It is very important to transfer the cultures to the CO, gassed glass desiccator as
soon as possible, as parasites easily degenerate in O,-rich environment.

The lysed samples can also be stored at -20 °C or -80 °C until being used in
luminescence assay. Transferring lysed samples from Eppendorf tubes to 96-well

plates is not essential but helpful for using multi-channel pipettes in later steps.

The period of collecting infected tail blood is dependent on the experiment, the
mouse strain used and the growth rate of the parasites. Parasites of reference
lines of P. berghei ANKA induce cerebral complications (Experimental cerebral
malaria; ECM) in ECM-sensitive mouse-strains such as C57BL/6, Swiss-OF1,
CBA/J or Swiss-CD1. These mice usually die at day 6 to 9 after infection with 10*
to 10° parasites at a parasitemia of 10-25%. ECM-resistant mice (e.g., BALB/c or
NIH Swiss mice) usually die in week 3 after infection with a parasitemia of >60%
and die from complications such as severe anaemia and multiple organ failure

[18,19].
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Abstract

Rhomboid-like proteases cleave membrane-anchored proteins within their trans-
membrane domains. In apicomplexan parasites substrates include molecules that
function in parasite motility and host cell invasion. While two Plasmodium rhomboids,
ROM1 and ROM4, have been examined, the roles of the remaining six rhomboids during
the malaria parasite’s life cycle are unknown. We present systematic gene deletion
analyses of all eight Plasmodium rhomboid-like proteins as a means to discover stage-
specific phenotypes and potential functions in the rodent malaria model, P. berghei. Four
rhomboids (ROM4, 6, 7 and 8) are refractory to gene deletion, suggesting an essential
role during asexual blood-stage development. In contrast ROM1, 3, 9 and 10 were
dispensable for blood stage development and exhibited no, subtle or severe defects in
mosquito or liver development. Parasites lacking ROM9 and ROM10 showed no major
phenotypic defects. Parasites lacking ROM1 presented a delay in blood stage patency
following liver infection, but in contrast to a previous study blood stage parasites had
similar growth and virulence characteristics as wild type parasites. Parasites lacking
ROM3 in mosquitoes readily established oocysts but failed to produce sporozoites. ROM3
is the first apicomplexan rhomboid identified to play a vital role in sporogony.
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Introduction

Rhomboid-like proteins are intramembrane serine proteases that hydrolyse a substrate
within its transmembrane (TM) spanning domain [1]. The first rhomboid protease
described was Drosophila melanogaster Rhomboid-1 that initiates cell signaling by
cleaving the membrane-resident Spitz, an epidermal growth factor (EGF)-like ligand
precursor, releasing it as an activated molecule from the membrane and promoting
subsequent EGF-receptor signaling [2]. With the exception of viruses, rhomboid-like
proteins are found in all kingdoms of life and share a conserved core structure of six TM
domains that contains the catalytic serine-histidine diad [3—7]. Interestingly, as a family
of proteins, they share only around 5% sequence identity in the core region [8] and have
highly variable amino termini. Some members have additional TM domains at either N- or
C- termini of the core six, but their precise functions are unknown. Rhomboids function in
cell-cell signaling in metazoans [9,10], quorum sensing between bacteria [11], facilitate
mitochondrial membrane fusion in yeast [12] and regulate apoptosis [13].

Many eukaryotic organisms contain large rhomboid gene families. Multiple rhomboid-like
enzymes are also found in the genomes of apicomplexan parasites such as Toxoplasma
gondii, Plasmodium spp., Eimeria tenella, Cryptosporidium spp., Theileria spp. and Babesia
bovis. Based on a phylogenetic clustering of rhomboid-like proteins, a nomenclature
has been defined according to the initial assignment of T. gondii rhomboids [14], which
expresses six rhomboid-like proteins TgROM1—6. Only four TgROMs (i.e. ROM1, 3, 4 and
6) have direct Plasmodium homologs [14]; there are no direct homologs of TgROM?2 and
TgROMS5 in Plasmodium and ROM7-10 are only present in Plasmodium but not in T.
gondii. Although Plasmodium species do not have a direct TgROMS5 homolog, P. falciparum
ROM1 and ROM4 share substrate specificities with TgROMS5 [15]. Apicomplexan ROM6
is most likely an evolutionarily ancient mitochondrial PARL-like rhomboid, whereas all
the others seem to be unique to apicomplexan parasites [14]. Interestingly, Plasmodium
ROM9 also has a putative mitochondrial-targeting sequence and clusters with PARL-like
rhomboids [16].

Although in vitro certain rhomboids of apicomplexan parasites can cleave adhesins that
are known to mediate recognition of, and attachment to host cells, their in vivo substrate
specificities are largely unknown [16,17]. Understanding the biological functions
of apicomplexan rhomboids is an active area of research because of the critical roles
identified for several of these molecules in host cell invasion and pathogenesis [16—18].
In T. gondii, TgROMA4 has been shown to process surface adhesins including MIC 2, 3
(microneme proteins) and apical membrane antigen 1 (AMA1 [18]); this TgROM4-

mediated AMA1 cleavage critically regulates the parasite’s switch from an invasive to a
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replicative mode [19]. TgROML1 is localized in micronemes [20] and although it is critical
for parasite growth, TgROM1 is not essential for parasite invasion [21]. From the eight
Plasmodium rhomboids, only ROM1 and ROM4 have been analyzed in more detail. In vitro
substrates of the P. falciparum proteins include the merozoite-specific proteins AMA1 and
proteins of the EBL (erythrocyte binding ligands) and RBL (reticulocyte binding ligands)
families as well as several proteins of the invasive ookinete- and sporozoite-stages, such
as TRAP (thrombospondin-related anonymous protein), CTRP (circumsporozoite- and
TRAP-related protein) and MAEBL (merozoite adhesive erythrocytic binding protein) [15].
Structural analysis of the RBL protein EBA175 (Erythrocyte-binding antigen 175) and TRAP
provided evidence for shedding of these proteins by a rhomboid-like protease [22] and
indeed both proteins are cleaved in vitro by ROM4 [22,23]. In P. falciparum only a small
fraction of AMA1 is shed by ROM1 and the intramembrane cleavage can be reduced
to undetectable levels by mutagenesis without discernible phenotypic consequences
[24]. The successful generation of P. berghei and P. yoelii mutants that lack expression
of ROM1 also demonstrated that ROM1 is not essential for blood stage multiplication
[25,26]. Blood stages of these mutants suffer only from a minor reduction in growth,
again indicating that intramembrane cleavage of AMA1 by ROM1 is not essential for
invasion of erythrocytes. ROM1 mutants in P. yoelii also showed a slight growth defect
during liver stage development which has been attributed to reduced cleavage of the
parasitophorous vacuole protein UIS4 (upregulated in sporozoites 4) by ROM1 [26].
Whether additional proteins are processed by Plasmodium ROM4 or ROM1 in vivo is still
unknown. The non-essential nature of ROM1 during the complete lifecycle indicates that
other rhomboids or proteases from other families can cleave substrates of ROM1. ROM4
on the other hand has been reported to be essential for blood stage growth as attempts
to mutate the rom4 gene of P. falciparum failed [22]. However, differences in cellular
localization and in vitro substrate specificities of ROM1 and ROM4 [15,22] raise questions
as to whether these rhomboids cleave the same substrates in vivo. In blood stage P.
falciparum ROM1 is located in micronemes of merozoites and ROM4 is embedded into
the merozoite plasma membrane [22].

Due to the absence of data defining Plasmodium rhomboid expression, cellular
localization, or importance during the parasite’s life cycle, it is largely unknown which,
if any rhomboids are biologically essential, redundant or perhaps share overlapping
functions. We therefore undertook a genetic screen of all 8 rhomboids by targeting each
gene for deletion by homologous recombination using the genetically most tractable
malaria parasite, P. berghei. Multiple attempts to disrupt genes encoding ROM4, ROMS6,
ROM7 and ROMS failed, suggesting that these proteins have essential, non-redundant
functions during blood stage development. We show that in addition to ROM1, three
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other rhomboid-like proteases — ROM3, ROM9 and ROM10 — are redundant for asexual
blood stage development in mice. Parasites lacking ROM9 and ROM10 showed no
major phenotypic defects during the entire life cycle; however parasites lacking ROM1
were slightly compromised with respect to their ability to develop in the liver. Although
already transcribed strongly in the female gametocyte, ROM3 is crucial during oocyst
development inside the mosquito. Parasites lacking ROM3 produce normal numbers of
ookinetes that readily establish oocysts in the mosquito. Although normal in size and
number, oocysts fail to sporulate, suggesting that ROM3 plays a key role in the regulation
of cytokinesis and production of individual sporozoites.

Results
The gene expression profiles of rhomboids across the parasite life cycle

The genome of the rodent malaria parasite P. berghei contains eight genes encoding
rhomboid proteases [14] (Gene IDs are shown in Table 1) Each member shows a high
level of sequence identity (70-85%) with its rhomboid ortholog from the human malaria

parasite P. falciparum and shares a syntenic location in the genome (www.plasmodb.org)

with an identical exon/intron gene structure.

We compared expression data of all rhomboid genes in P. berghei and P. falciparum in
publicly available literature as well as transcriptome and proteome datasets across the

life cycle (Table 1) (www.plasmodb.org and [27]). Immunofluorescence assays (IFA) on

HA-tagged ROM1 and ROM4 show expression of these proteins in dividing schizonts and
merozoites in P. falciparum [22]. A similar pattern of expression of P. berghei and P. yoelii
ROM1 has been shown in schizonts and merozoites by IFA [25-26]. In both P. berghei
and P. falciparum ROML1 is located in the micronemes. P. berghei ROM1 and ROM4 of P,
falciparum and P. berghei have been detected in the sporozoite stage [25, 23] (Table 1).
Our RT-PCR analyses (Fig. S1) demonstrate transcription of P. berghei rom1 and rom4 in
blood stages and sporozoites. These different observations indicate that both ROM1 and
ROM4 of human and rodent parasites have comparable patterns of expression and cellular
location. For other rhomboids the information on stage-specific expression is much more
limited. Proteome analyses indicate that ROM6, ROM9 and ROM10 are expressed in P.
falciparum gametocytes (Table 1); however, proteome evidence for expression of these
proteins in P. berghei gametocytes or other blood stages is absent. ROM7 and ROM8
are absent in all P. falciparum and P. berghei proteomes and ROM3 is only detected in P.
falciparum blood stages. EST, RNAseq (Table 1) and RT-PCR analyses (Fig. S1), however,
indicate that ROM3, ROM7 and ROMS are expressed in blood stages and therefore the
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absence in proteomes may suggest that rhomboids are relatively low abundant proteins,
although we have to take into account the difficulties of proteomic sequencing multi-
pass transmembrane proteins. P. falciparum RNAseq analyses indicate that transcription
of rom3 and rom4 is upregulated in gametocytes compared to asexual stages (Table 1).
RNAseq analyses of different P. berghei blood stages also showed strongly increased
transcripts levels of rom3 and rom4 in gametocytes (W.A.M. Hoeijmakers, A. Religa, C.J.
Janse, A.P. Waters, & H.G. Stunnenberg, unpublished data). We confirmed transcription
of these rhomboids in P. berghei gametocytes by RT-PCR (Fig. S1).

The similarities between the eight rhomboid genes of P. falciparum and P. berghei and
similarities in expression patterns and cellular locations of several rhomboids point
towards a conserved function between rhomboid orthologs across the parasites’ life-
cycle in both species. Since most rhomboids appear to be expressed in multiple life cycle
stages, the expression pattern is however not a good indicator for a putative role at a
distinct life cycle stage.

Table 1. Expression profile of Plasmodium rhomboids

Protein Gene ID mRNA Protein

P. berghei As'? Get'? Ook! Spt? As® Gcet* Sp?
ROM1 PBANKA_093350 +(-) +(-) ++ + (++) - (+%) + - (+%)
ROM3 PBANKA_070270 - (+4) +(-) - -(-) = = o
ROM4 PBANKA_110650  + (++) +(-) ++ +(+4) - (+9) - - (+9)
ROM6  PBANKA 135810  +(-) +(-) - -(+) - - -
ROM7 PBANKA_113460 +(-) - () - -(+) - - -
ROMS8 PBANKA_103130 +(-) -(-) - -(-) - = -
ROM9 PBANKA_111470 +(-) +(-) - +(-) - - -
ROM10 PBANKA_111780 + (+4) +(-) + -(-) - - -

P. falciparum As’ Gct? Sp® As? Gcet? Ooc? Sp?
ROM1 PF3D7_1114100 + + + + - - -
ROM3 PF3D7_0828000 + ++ + + - - -
ROM4 PF3D7_0506900 + ++ + ++ - - +
ROM6 PF3D7_1345200 + + + - + - .
ROM7 PF3D7_1358300 + - - - -
ROMS8 PF3D7_1411200 + + W = ° = -
ROM9 PF3D7_0515100 + + + - + - -
ROM10 PF3D7_0618600 W + + + + - -

AS, asexual stages; Gct, gametocytes; Ook, ookinetes; Ooc, oocysts; Sp, sporozoites
LRT-PCR results in this study (see Figure S1)

2 (PlasmoDB EST data in parentheses: - = no data; + = 1 EST; ++ = 2-7 ESTs)

3 PlasmoDB proteome data (- = no data; +=1-2; +=3-10; ++=>10)

“PbANKA Male vs female gametocyte proteome (Khan et al, 2005)

5 IFA evidence using anti-PbROM1 serum (Srinivasan et al, 2009)

¢ Western and IFA evidence using anti-PbROM4 serum (Ejigiri | et al, 2012)

7 PlasmoDB RNAseq data (- = no data; + = 0-6; + = 6-10) RPKM (log2)

8 PlasmoDB oligo array (- = no data; + = 1-100; + = 100-1000; ++ > 1000) RMA value
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Evidence for an essential role of ROM4, 6, 7 and 8 in asexual blood stage
parasites — ROM1, 3, 9 and 10 are dispensable.

As a first step towards understanding the roles of rhomboid proteases during the
Plasmodium life cycle, we undertook a systematic, individual gene deletion approach
for each of the eight P. berghei rhomboid genes and provide here a detailed analysis
of the growth characteristics of gene deletion mutants for four rhomboids. Using well-
established standard assays, the following phenotypes of the gene deletion mutants were
characterized throughout the complete life cycle including blood, mosquito and liver
stages: in vivo asexual blood stage multiplication rate, in vivo gametocyte production, in
vitro ookinete formation, oocyst and sporozoite development in A. stephensi mosquitoes
and the prepatent period in mice after injection of sporozoites. The prepatent period
is defined as the time taken to achieve a 0.5-2% blood stage parasitemia in mice after

intravenous inoculation of 10* sporozoites.

Standard genetic modification technologies used to replace entire rhomboid genes by
double cross-over integration with a drug resistant marker resulted in gene deletion
mutants for rom1, 3, 9 and 10, while multiple attempts to disrupt rom4, 6, 7 and 8 were
unsuccessful (see Table S1, S2 and S3 for details of these unsuccessful gene-deletion
attempts including primers used to amplify the targeting sequences, generate the gene-
deletion constructs and genotype). We demonstrated by RT-PCR that rom4, 6, 7 and 8 are
transcribed in blood stages (Fig. S1) and the multiple unsuccessful attempts to disrupt
rom4, 6, 7 and 8 may indicate that these genes have a critical function for asexual blood
stage growth and multiplication. While a failure to disrupt a gene is not an unequivocal
proof that the encoded protein is essential for blood stage growth/multiplication for rom4
we show that the failure of disruption is not due to refractoriness of the genetic locus to
genetic modification by creating a transgenic mutant (rom4::mCherry) that expresses a
C-terminally mCherry-tagged ROM4 (Fig. S2). Genotype analysis of the rom4::mCherry
parasites and analysis of ROM4::mCherry expression (Fig. S2) demonstrates that correct
genetic modification of the rom4 locus is possible. Immunofluorescence analysis of
ROM4::mCherry revealed its expression in gametocytes (Fig. S2); however, the very
weak fluorescence signals in asexual blood stages prevented confirmation of merozoite
surface location observed in P. falciparum (Fig. S2). The normal asexual multiplication
rate (Table 2) indicates that the mCherry-tagged ROM4 functions normally during blood
stage development. All information on the failed attempts to disrupt rom4, 6, 7 and 8,
including DNA constructs and primers have been submitted to the RMgmDB database of

genetically modified rodent malaria parasites (www.pberghei.eu).

The correct integration of the constructs and successful disruption of the other
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rhomboids, rom1, 3, 9 and 10, were confirmed by diagnostic PCR and Southern analysis
of separated chromosomes (Figs. 1 and 2). Northern analyses showed transcription of
all four genes in blood stages of wild type P. berghei ANKA parasites and confirmed the
lack of transcription in the blood stages of the respective gene-deletion mutants (Figs. 1
and 2). The clonal lines of the gene-deletion mutants Arom1, Arom3, Arom9 and Arom10
showed no change in asexual growth rates in vivo (Table 2). Despite the evidence for
transcription and protein expression of ROM1, 9 and 10 in asexual blood stages (Figs. 1,
2 and S1; Table 1), this indicates a non-essential, redundant function for these proteins

during asexual blood stage multiplication.

4598 SM=10595R 4599
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Figure 1. Generation of mutants lacking expression of P. berghei rhomboid 1.

A. Schematic representation of the constructs Mg031 and pL1533 targeting rhomboid-1 for gene deletion by
double cross-over homologous recombination at the target regions (hatched boxes), and the locus before and
after disruption. Each construct contains the tgdhfr/ts selection cassette (black box). Mg031 replaces the 3 and
4t exons (red arrows) of the open reading frame (ORF) but retains 1*t and 2" exons in mutant Arom1-p. pL1533
replaces the complete ORF in Arom1-c. Primer positions for diagnostic PCRs, amplicon sizes and the location of
two PCR probes for the Northern blot analyses are shown (see Table S3 for primer sequences).

B. Diagnostic PCRs (left) and Southern analyses of separated chromosomes (right) confirm the correct
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integration of the constructs in Arom1-p and Arom1-c. Primer pairs and amplicon sizes are shown in A: 5/
3’ in, integration PCR; SM, amplification of the tgdhfr/ts selection cassette; ORF, deleted ORF. For Southern
analyses, pulsed field gel-separated chromosomes were hybridized with a 3’"UTR pbdhfr probe that recognizes
the constructs integrated into rom1 locus on chromosome 9 and the endogenous dhfr/ts locus on chromosome
7; in the Arom1-c line, the probe also hybridizes to the GFP-luciferase reporter cassette in the 230p locus on
chromosome 3.

C. Northern blot analyses of mRNA from mixed blood stage parasites confirm the loss of wild type rom1
transcripts in Arom1-p and Arom1-c. Locations of the PCR probes used for hybridization were shown in A (PCR
probes were generated by PCR-amplification from wild type P. berghei genomic DNA using primers 2084/2085
for Probe 1, and primers 2082/2085 for Probe 2; see Table S3 for primer sequences). In blood stages of Arom1-p,
truncated transcripts were detected with Probe 2, recognizing exons 1 and 2 of rom1. In Arom1-c, no transcripts
were detected. As a loading control, hybridization was performed with probe L644R that recognizes the large
subunit ribosomal RNA. wt, wild-type P. berghei ANKA.

A
Deletion
constructs
A . QRF -F ORF R’
Endogenous locus
\ // before disruption
5 in-f -F 5’ in-R 3i in-f -F 3’ in-R
— Y TR 7777 visipted locus
B

—0.6

C
2
o
Arom9-a & \}o (kb)
rom9 -3.0
Arom9-b .
control - -3.0
wt
Q
D & N
&« R §
(kb) Chr. ¥ ;‘; (kb)

—1.0 -
Arom10 0.6 11 = 2.0
rom10 15
wt : T
7= control - —3.0

Figure 2. Generation of mutants lacking expression of P. berghei rhomboid 3, 9 and 10
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A. Schematic representation of the DNA construct used for targeting rhomboid genes for deletion and the gene
locus before and after disruption. The constructs which contain a drug-selectable marker cassette (SM; black
box) disrupt the genes by double cross-over homologous recombination at the target regions (hatched boxes).
The locations of primers for diagnostic PCRs are shown.

B. Diagnostic PCRs, Southern and Northern analyses confirm correct disruption of rhomboid 3 (rom3) in 2
independent mutants, Arom3-a and Arom3-b. For diagnostic PCRs (left), the following primers were used: 5’
integration (5’ in): 2389/695; 3’ integration: (3’ in) 4239/1886; amplification of the tgdhfr/ts selection cassette
(SM): 4598/4599; deleted ORF (ORF): 1812/1813. For Southern analyses of separated chromosomes (middle),
pulsed field gel-separated chromosome were hybridized using a tgdhfr/ts probe that recognizes the construct
integrated into rom3 locus on chromosome 7. Northern blot analysis (right) of mRNA of different blood stages
shows transcripts only present in wild type gametocytes (gct). No transcripts are detected in trophozoites (troph)
or schizonts (schz). The analysis also confirms the loss of rom3 transcripts in gct of Arom3. Hybridization was
performed using a PCR probe recognizing rom3 ORF (primers 1812/1813). As a loading control, hybridization
was performed with probe L644R that recognizes the large subunit ribosomal RNA.

C. Analysis of two independent mutants, Arom9-a and Arom9-b, lacking expression of ROM9. For diagnostic
PCRs (left), the following primers were used: 5’ in: 7083/4906; 3’ in: 4239/7084; SM (hdfhr::yfcu): 4698/4699;
ORF: 7085/7086. For Southern analyses (middle), chromosomes were hybridized using a 3’UTR pbdhfr probe
that recognizes the construct integrated into rom9 on chromosome 11, the dhfr/ts on chromosome 7 and the
GFP-luciferase reporter cassette in the 230p locus on chromosome 3. Northern blot was hybridized with a PCR
probe recognizing rom9 ORF (primers 7085/7086) (right).

D. Analysis of Arom10 lacking expression of ROM10. For diagnostic PCRs (left), the following primers were used:
5”in:6939/4179; 3’ in: 4239/2088; SM (tgdhfr/ts): 4598/4599; ORF: 6940/2066. Chromosomes were hybridized
using a 3’UTR pbdhfr probe that recognizes the construct integrated into rom10 on chromosome 11 and the
dhfr/ts on chromosome 7 (middle). Northern blot was hybridized with a PCR probe recognizing rom10 ORF
(primers 6940/2066) (right). See Table S3 for all primer sequences and product sizes.

ROM9 and ROM10 are dispensable for the entire life cycle

Two independent gene-deletion mutants were generated for rom9: Arom9-a and Arom9-b
(Fig. 2C). Asexual blood stage multiplication, gametocyte production and ookinete

production of both Arom9 mutants were similar to that of wild type P. berghei parasites.

We analyzed Arom9-a parasites during development in mosquitoes and in hepatocytes.
The Arom9 parasites produced wild type levels of oocysts (Table 2). Although we
showed that rom9 is transcribed in salivary gland sporozoites (Fig. S1), we found no
significant differences between Arom9 parasites and wild type parasites with respect
to the production of sporozoites, their gliding motility (data not shown), traversal and
invasion of hepatocytes and in the prepatent period in mice after injection of sporozoites
(Table 2). Immunofluorescence analyses of liver stage parasites stained with antibodies
against markers for parasite development (HSP70), parasitophorous vacuole membrane
(UIS4 and EXP1) and merozoite formation (MSP1), also revealed no distinct differences
in morphology between Arom9 and wild type liver stage parasites at 24h or 48h after
sporozoite invasion (Fig. 3 A). However, Arom9 parasite loads between 53 and 57 hours
after infection (measured by RT-PCR, FACS and luciferase assay) were consistently lower
both in vitro and in vivo (Fig. 3 B&C) which may indicate that this enzyme plays a (minor)
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role during liver stage development.

We generated one gene deletion mutant for rom10 and analyzed this mutant throughout
the entire life cycle. The phenotype of Arom10 parasites was similar to that of wild type
parasites in all developmental assays (Table 2), specifically in vivo asexual multiplication
rate, in vivo gametocyte production, in vitro ookinete production, oocyst and sporozoite
production and in vivo liver stage development. In addition, Arom10 sporozoites showed
normal rates of gliding (data not shown), in vitro hepatocyte invasion rate and prepatent
period (Table 2). These results indicate that this protein is redundant and/or that its
function can be fulfilled by other (rhomboid) proteases.
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Figure 3. Liver stage development of Arom9 parasites
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A. Immunofluorescence assays of liver stages of Arom9 and the wild type (wt) control PbGFP-Luc_, at 24h

schz

and 48h after sporozoite infection of cultured Huh7 cells show a comparable morphology of Arom9 and wild
type parasites. Anti-HSP70 (red) antibody highlights the parasite’s cytoplasm while anti-UIS4 (green) antibody
decorates the parasitophorous vacuole membrane (PVM). Anti-MSP1 (red) antibody recognizes developing
merozoites and anti-EXP1 (green) antibody the PVM. Nuclei were stained with Hoechst-33342 (Blue). BF, bright
field; scale bars equals 10pum.

B. Parasite loads at 57h in cultured Huh7 cells after infection with 5x10* Arom9 or wild type control PbGFP-

Luc_,, sporozoites as determined by luciferase assay (left), qRT-PCR (middle) and FACS (right). All assays show

a slight reduction of mutant parasite loads, however, only the relative infection value determined by gRT-PCR
shows significant reduction (student T-test: n.s: not significant; *: P<0.5).

C. Parasite loads in C57BL/6 mice at 53h after injection of 1x10* Arom9 sporozoites or wild type control PbGFP-

Luc_,, sporozoites as determined by in vivo imaging (left and middle) and qRT-PCR (right). Representative

rainbow images of luminescence in livers of live mice (left) and the corresponding luminescence levels
(photons/sec) of livers in whole mice (middle) are shown (student T-test: n.s: not significant). The lines indicate
mean values and the error bars indicate standard deviations.

Arom1 parasites have wild type blood-stage growth and virulence
characteristics, but show delayed liver stage development

In the course of this study we generated two independent P. berghei Arom1 mutants;
the first mutant Arom1-p is a partial gene deletion lacking the 3™ and 4" exons of rom1
that contain the catalytic diad (Fig. 1A&B); the second mutant Arom1-c lacks the entire
open reading frame (Fig. 1A&B). Northern analyses of rom1 transcripts in blood stages
using two PCR-amplified probes specific to 3@ and 4™ exons, or to the whole ORF,
showed that Arom1-p lacks transcripts containing the 3™ and 4 exons but still produces
stable, truncated transcripts consisting of the 1%t and 2" exons. As expected, Arom1-c
had no detectable rom1 transcripts (Fig. 1C). Both Arom1-p and Arom1-c showed in vivo
multiplication rates were similar to wild type P. berghei parasites when analyzed in the
cloning-assay (Table 2). To determine possible differences in growth rate and virulence
during prolonged infections in mice, we analyzed the growth rate of Arom1 and wild
type parasites in C57BL/6 and in BALB/c mice (Fig. 4A&B). C57BL/6 mice are sensitive to
experimental cerebral malaria (ECM) and cerebral complications develop 6-8 days post-
infection with P. berghei ANKA parasites, whereas BALB/c mice are ECM-resistant and
develop fulminating (and lethal) parasitemias peaking 2—3 weeks after infection. In both
C57BL/6 and BALB/c mice Arom1 parasites showed infection patterns that were highly
similar to infections initiated with wild parasites (Fig. 4A&B); all Arom1 infected C57BL/6
mice developed ECM symptoms at day 6 or 7 after infection (Fig. 4A).

Arom1 parasites were next examined during mosquito and liver stage development. These
parasites produced numbers of ookinetes, oocysts and salivary gland sporozoites similar
to those of wild type parasites (Table 2). However, liver-stage development was reduced
as shown by a 1-day extension of the prepatent period in mice following the inoculation
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Figure 4. Blood and liver stage development of Arom1 parasites.

A. The course of infection (left panel) and survival curve (right panel) in C57BL/6 mice (n=6) infected with 10°
wild-type (wt, cl15cy1), Arom1-p or Arom1-c. The parasitemia developed in mice infected with wt, Arom1-p and
Arom1-c parasites are highly comparable during the whole course of infection (left). All C57BL/6 mice infected
with wild-type (wt, cl15cyl), Arom1-p and Arom1-c parasites developed ECM complications on day 6-7 as
indicated by a drop in body temperature below 34°C; mice were sacrificed at this point (right).

B. The course of infection in BALB/c mice (n=6) infected with 10* parasites of wild-type (wt, GPF-luc_ ) or

AromI-c parasites. Parasite densities were determined by measuring luciferase activity indicated as relative
light unit (RLU) in the IVDL-assay. Error bars indicate standard deviations in A and B.

C. Immunofluorescence analyses of Arom1-c and the wild type (wt, GFP-Luc_ ) exo-erythrocytic forms (EEF) at
24h and 48h after infection with 1x10* Arom1-c or wild type (GFP-Luc_ ) para5|tes show normal development of
Arom1-c parasites compared to wild type control. Anti-HSP70 (red) and anti-UIS4 (green) antibodies recognize
the parasite’s cytoplasm and the parasitophorous vacuole membrane (PVM). Anti-MSP1 (red) antibodies

recognize developing merozoites and anti-EXP1 (green) antibodies stain the PVM. Nuclei were stained with
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Hoechst-33342 (Blue). BF, bright field; scale bars equals 10pum.

D. EEF numbers per well of cultured Huh7 cells at 24hr (left) and the sizes of EEFs at 48hr (right) after
sporozoite infection. The numbers of EEFs were determined by counting anti-UIS4 staining positive EEFs in the
immunofluorescence assay, and the EEF sizes were determined by measuring the sizes of anti-Hsp70 staining
positive parasites. The lines indicate mean values and the error bars indicate standard deviations.

with 10 purified sporozoites. While gliding motility (data not shown) and the rate of cell
traversal of sporozoites were similar to wild type parasites (Table 2), we observed in two
out of three experiments a reduction in sporozoite in vitro invasion rates (Table 2) that
could explain (in part) the delay in the prepatent period. Immunofluorescence analyses
of liver stage parasites stained with antibodies against markers for parasite development
(HSP70), PVM (UIS4 and EXP1) and merozoite formation (MSP1), revealed no distinct
differences in morphology and size between Arom1 and wild type liver stages at 24h or
48h after sporozoite invasion (Fig. 4C). Although a significant reduction in parasite loads
and expression of UIS4 have been reported for liver stages of P. yoelii mutants lacking
expression of ROM1 [26], we only observed a slight, but not significant, reduction in
numbers of liver stages as determined by anti-UIS4 antibody staining (Fig. 4D) and we did
not observe that these mutants had unusual PVYM morphology. Liver stages of Arom1 and

wild-type parasites were also comparable in size at 48 hrs post infection (Fig. 4D).

Arom3 parasites establish oocysts but fail to produce sporozoites

Two independent gene-deletion mutants, Arom3-aand Arom3-b, were generated (Fig. 2B).
Asexual blood stage multiplication rates of both mutants determined in the cloning assay
were normal and Arom3 parasites produced wild type levels of gametocytes, ookinetes
and oocysts (Table 2). By light microscopy, Arom3 ookinetes have the characteristics of
fully mature wild-type ookinetes such as an elongated ‘banana’ shape, hemozoin clusters
and a centrally located, enlarged nucleus and the Arom3 and wild type ookinetes show
a similar (tetraploid) DNA content (Fig. S3). In addition, by electron microscopy analyses
we were unable to detect differences in the ultrastructural morphology of wild-type and
Arom3 ookinetes; with respect to the nucleus, crystalloid body and the structure of the
apical complex (Fig. S5). All membranes of these organelles exhibit a normal structure
and the apical complex of Arom3 ookinetes had the characteristic features of abundant

micronemes, and the presence of microtubules and the inner membrane complex.

However, no sporozoites were detected in salivary glands of mosquitoes infected with
Arom3-a or Arom3-b in three independent experiments. Inspection of Arom3 oocysts by
light-microscopy revealed normal oocyst production but a complete absence of sporozoite

formation; mature oocysts had clearly vacuolated cytoplasm and there were no signs
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of sporulation (Fig. 5A). Western analysis of circumsporozoite protein (CSP) expression
using anti-CSP antibody in oocysts-containing midguts at day 10 after infection, showed
that CSP is almost absent in the Arom3 oocysts (Fig. 5B). An indirect immunofluorescence
assay (IFA) on wild type and Arom3 oocysts confirmed the strongly reduced CSP levels
in Arom3 oocysts (Fig. 5C). There was also reduced intensity of Hoechst DNA-staining
indicating decreased DNA replication in these oocysts (Fig. 5C). The crucial role of ROM3
in oocyst maturation/sporogony is unexpected given the high transcript levels detected in
gametocytes (Table 1, Fig. S1B). When we analyzed ROM3::GFP expression in rom3::gfp
parasites (with the endogenous rom3 C-terminally tagged with GFP), we observed GFP
signal in all female gametocytes (but not in male gametocytes) that persisted into mature
ookinetes but was undetectable in oocysts (day 6-17) and sporozoites (Fig. 5D).

The normal development throughout the life cycle (Fig. 5D, Table 2) indicates that the
C-terminal GFP-tag does not affect the essential function of ROM3 during sporozoite
formation. We attempted to use the rom3::gfp parasites to gain a better understanding of
the localization of ROM3 in female gametocytes and ookinetes. Specifically, we extracted
soluble and insoluble protein fractions of rom3::gfp gametocytes and ookinetes and
then examined the presence of ROM3 protein using antibodies against the GFP tag.
Unfortunately, we were unable to unambiguously identify ROM::GFP in either fraction,
presumably due to the very low expression of ROM3 in these stages (data not shown).
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Figure 5. Rhomboid 3 is essential for sporozoite formation in oocysts.

GFP-intensity

A. Phase contrast microscopy of wild type and aberrant, vacuolated Arom3 oocysts on day 12 after mosquito
infection. Mutants lack any signs of sporozoite formation (white arrow) whereas wild type (wt) oocysts collected
on the same day show clear sporulation (black arrow). Scale bar 10 um.

B. Western blot analysis of midguts from infected mosquitoes. Midguts from mosquitoes infected with Arom3
(1 or 2 midguts, day 10) and wild-type (wt, day 10) were separated on SDS-PAGE and stained with anti-CSP and
anti-HSP70 antibodies. A longer exposure of the anti-CSP blot is also shown.

C. Developmental defects of Arom3 parasites examined by immunofluorescence assays. Compared to wild-type
(wt), Arom3 oocyst show decreased CSP expression as shown by staining oocysts with anti-CSP (green) antibody
and reduced staining with the DNA-specific dye Hoechst-33342 (blue), indicating less DNA replication. BF, bright
field. Scale bar 10 um.

D. All rom3::gfp female gametocytes (F gct; n=50) and ookinetes (n >100) exhibited a GFP signal that was
significantly above background values (***P<0.0001, student T-test). No GFP signals above background were
detected in either male gametocyte (M gct; n=30) or asexual blood stages. In the mosquito vector no GFP
signals were detected in either rom3::gfp oocysts (6-17 days after mosquito infection) or in salivary gland
sporozoites (sgs, day 21). Nuclei are stained with Hoechst-33342 (blue). BF, bright field. Scale bar 10 um. n.s,
not significant, student T-test.
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Discussion

The discovery of critical roles for certain rhomboid proteins in motility, host-cell invasion
and pathogenesis of apicomplexan parasites has attracted considerable attention.
However, ten years after their initial discovery, only two of the eight rhomboids of malaria
parasites, ROM1 and ROM4, have been analyzed in more detail. Multiple roles have
been suggested for ROM1 and ROM4: invasion of red blood cells (RBC) [22], sporozoite
gliding motility [23] and the formation of the parasitophorous vacuole membrane
(PVM) in infected hepatocytes [26]. In this study, we investigated expression patterns
of all eight P. berghei rhomboids and examined the effects of rhomboid gene deletion
across the entire lifecycle of the parasite in order to pinpoint additional, new role for
this intramembrane protease family. In line with previously published work, our studies
support the observations that ROM1 is dispensable for parasite development throughout
the life cycle [25,26] and that ROM4 is essential for asexual blood stage development
[22]. We identified 3 more rhomboids that are dispensable for asexual blood stage
development: ROM3, ROM9 and ROM10. Mutants lacking expression of ROM9 and
ROM10 can complete the entire life cycle without major developmental defects. These
observations indicate functional redundancy for several rhomboids (ROM1, 9 and 10)
and suggest that processing of essential substrates may be fulfilled by more than one
protease. ROM4 and ROML1 are targeted to different cellular locations in the merozoite
— surface and microneme [22] — making it unlikely that they process identical substrates
that would allow ROM4 to compensate for ROM1 in the Arom1 mutant, and clearly not

vice versa.

The repeated failure to delete ROM4, ROM6, ROM7 and ROMS8 genes indicate that these
rhomboids play key and most likely independent roles during blood stage development
that cannot be met by other proteins. Located on the merozoite surface, P. falciparum
ROM4 is strongly implicated in the shedding of the erythrocyte binding antigen 175
(EBA175) during merozoite invasion [22]. Rodent malaria parasites lack EBA175 but
express a homolog of EBA140 (BAEBL) which also belongs to the same EBL (erythrocyte-
binding-like) TM protein family. Similar to EBA175, P. falciparum EBA140 is also an in vitro
substrate of ROM4 [15], and in P. yoelii EBA140 (PY04764) is essential for RBC invasion
[28]. Interestingly, in P. berghei the related protein, PBANKA 133270, also contains a
putative cleavage site, similar to the one found in EBA140. Our successful C-terminal
tagging of P. berghei ROM4 strengthens the notion that the failure to disrupt rom4 is not
due to inaccessibility of this specific locus to genetic modification, but is due to its key
role in the enzymatic processing of surface molecules like EBA140. Combined these data
suggest that ROM4 shares essential roles in both human and rodent malaria parasites
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through cleavage of one or more merozoite surface proteins involved in RBC invasion,
which cannot be compensated by other rhomboid or non-rhomboid proteases. ROM4
from another apicomplexan parasite, T. gondii, has been established as a sheddase
during gliding motility and invasion [29]. In addition to ROM1 and ROM4, P. falciparum
ROM7 and ROMS are also expressed in merozoites [15]. It is however unlikely that these
proteins process the same TM spanning proteins as ROM1 or ROM4, because they do not
show the same in vitro substrate specificities as ROM1 or ROM4 [15]. Plasmodium ROM7
only has orthologs in the apicomplexan parasites, Babesia bovis and Theileria annulata,
while ROMS8 does not cluster with any other apicomplexan rhomboids [16].

Plasmodium ROMEG is the ortholog of T. gondii ROM®6, which clusters with the PARL-like
mitochondrial rhomboids and localizes to the single mitochondrion [16], however, a
mitochondrial location in Plasmodium has yet to be confirmed. These ROM®6 proteins
share common features in their TM domains and catalytic sites, which are characteristic
for PARL-type rhomboids [4], and contain predicted mitochondrial-targeting sequence
[30]. Known conserved substrates of PARL-type rhomboids are dynamin-related proteins
[12,14]. Plasmodium species express two conserved dynamins: DYN1 (PBANKA_090360)
and DYN2 (PBANKA_052040). Interestingly, phylogenetic analyses show that Plasmodium
DYN2 clusters with dynamins of other species that are mainly implicated in the division
of the mitochondrial outer-membrane [31]. Attempts to disrupt the dyn2 gene were
unsuccessful (unpublished data, G.R.M. and C.J.J.; http://www.pberghei.eu/index.

php?rmgm=765), suggesting its essential role in asexual stage parasites. Further research
is needed to determine whether DYN2 is the substrate of ROM®6 and protein localization
studies with tagged proteins or antibodies may reveal whether both proteins are indeed
located in the mitochondria in blood stages.

Although ROML1 is not essential for blood stage parasites, it has been reported that P
berghei and P. yoelii mutants lacking ROM1 exhibit a slight growth delay and appear less
virulent in mice than wild type parasites [25,26]. In contrast, we were unable to detect
either a growth or virulence-attenuation phenotype in experiments conducted with 2
independent P. berghei Arom1 lines. The cause for these discrepancies in blood stage
phenotypes between our and the P. berghei mutant reported by Srinivasan et al. [25] is
unknown. In the study of Srinivasan et al. [25], the mutant clone examined was derived
from a single transfection experiment that generated a 3’ end truncation of the gene
encoding ROM1, preserving a large part of the ROM1 protein. We were able to detect
a stable, although truncated, transcript transcribed from the 5’ end of the gene in the
Arom1-p mutant; whether these are translated into stable, truncated proteins that are

inserted into the membrane exerting a dominant-negative effect is unknown. Cloned
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lines of wild type P. berghei ANKA parasites are known to differ in growth and virulence
characteristics [32] and environmental factors have been shown to influence the course
of infections in mice [33]; such differences between laboratories may influence the
outcome of phenotypic analyses of genetically identical mutants. Therefore the reported
growth and virulence phenotype may be unrelated to the disruption of rom1.

In contrast to normal blood stage infections of the mutants reported in this study,
we found that Arom1 parasites have a slight defect in liver stage development with
a consistent delay of 1-day in blood stage patency following sporozoite infection. A
prolonged prepatent period was also observed by Srinivasan et al. [25]. This finding was
confirmed by a two-fold reduction in liver stage development of P. yoelii Arom1 parasites
[26]. It has been suggested that this reduction in P. yoelii liver development results from
reduced cleavage of the PVM protein UIS4 (up-regulated in sporozoites 4) [26]. However,
when we analyzed liver stage development of P. berghei Arom1 parasites, we did not
find evidence for the aborted liver stage development or parasites with unusual PVM
morphology. In addition to the prolonged prepatent period, we did observe a decrease in
sporozoite invasion rate in 2 out of 3 experiments. However, since there are discrepancies
in Arom1-c sporozoite-hepatocyte invasion rates, we cannot conclude that a reduction in
invasion is responsible for the delay in the prepatent period. Altogether, the phenotypic
observations of different Arom1 parasites prove that ROM1 is not essential throughout
the complete life cycle in both P. berghei and P. yoelii. In addition to ROM1, our loss-
of-function analyses indicate that there is large degree of functional redundancy of
Plasmodium rhomboids. We identified two other rhomboids, ROM9 and ROM10, which
are dispensable throughout the complete life cycle. Both rhomboids are exclusive
to Plasmodium [16]. Interestingly, ROM9 carries a mitochondrial targeting sequence
(MitoProtll http://ihg.gsf.de/ihg/mitoprot.html) but its predicted topology is atypical of
mitochondrial PARL-like rhomboids [4]. ROM10 lacks key residues predicted to be critical
to rhomboid proteolysis [4,15] and is therefore likely an inactive rhomboid. Although the

expression of ROM10 was detected in multiple stages in P. falciparum, and our RT-PCR
and Northern analyses also confirmed its expression in blood stage, the gene-deletion
mutant showed no phenotypic defect throughout the entire life cycle.

In contrast to the Arom1, Arom9 and Arom10 parasites, mutants lacking ROM3 expression
exhibit a strong and distinct phenotype. The gene encoding ROM3 is highly transcribed in
gametocytes and in the rom3::gfp mutant, the GFP signal was clearly observed in female
gametocytes through to the ookinete stage but was absent from developing oocysts and
sporozoites. P. berghei mutants lacking ROM3 are capable of producing normal numbers

of oocysts; however, these oocysts show a complete absence of sporozoite formation.



Plasmodium rhomboid proteases | 91

This is the first apicomplexan rhomboid identified to play such a vital role in sporogony.
Mutant oocysts show clear signs of stalled DNA replication and a failure to form individual
sporozoites, and remain highly vacuolated. This ‘delayed phenotype’ in mutants which
lack proteins normally expressed in female gametocytes/gametes but only manifest
the consequences of the loss-of-function in maturing oocysts is not unique. Examples
include several members of the LCCL/lectin adhesive-like protein (CCp/LAP) family with
their distinct Lgl1(LCCL)-lectin adhesive domains [34]. Deletion of these also female
gametocyte expressed genes produces a phenotype in maturing oocysts comparable to
the one observed in the Arom3 parasites; vacuolated oocysts and absence of sporozoite
formation [34-36]. CCp/LAP proteins have no TM domains and therefore are unlikely
ROMS3 substrates. They are localized to the crystalloid body in ookinetes which has been
postulated to constitute a reservoir of proteins synthesized by the gametocyte to be used
during oocyst growth and sporozoite development [37-39]. However, ultrastructure
analysis of the Arom3 and wild-type ookinetes revealed no distinct differences with
respect to their crystalloid bodies. In addition, although we observed a punctate location
of ROM3::GFP in ookinetes, we did not observe the crystalloid-type location that was
shown for LAP2 and LAP3 [39]. A failure of oocysts to sporulate also occurs in the absence
of three other membrane-bound proteins: glycosyl phosphatidyl inositol (GPI) anchored
CSP (PBANKA_040320) [40], or TM domain containing plasmepsin VI (PBANKA 040970)
[35] and PBANKA_130960 [41]. CSP is localized on the oocyst plasma membrane and
on the inner surface of the oocyst capsule; when budding begins, large amounts of CSP
cover the surface of sporoblasts and sporozoites [42]. Our analyses of CSP expression
and processing in Arom3 parasites show that although CSP expression is strongly reduced
(Fig. 5B and Fig. S4), processing appears to be normal (Fig. S4). Given that CSP contains a
GPI anchor it is unlikely to be processed by ROM3. As most identified natural substrates
of rhomboid proteases contain only a single transmembrane domain, it is questionable
if PBANKA_130960 is a substrate since it has several putative transmembrane domains

(www.plasmodb.org). In Table S5 we provide a list of putative substrates of ROM3, based

on the published proteome data of oocysts and sporozoite proteins (www.plasmoDB.
org), which are predicted to contain a single transmembrane domain and encode a
signal peptide. Whether plasmepsin VI is the substrate of ROM3 and contributes to the
phenotype observed in ROM3-deficient mutants remains to be investigated. Since we
observe expression of ROM3 in gametocytes and ookinetes and not in developing and
mature oocysts, it is very much possible that the ROM3 substrate(s) is (are) also present
and cleaved in gametocytes/ookinetes.

In this study we have examined all eight rhomboid proteases encoded by P. berghei and
found four of them (ROM4, 6, 7 and 8) to be critical for asexual development, and one
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(ROMB3) essential for mosquito development. While some member of these rhomboids
may govern processes common to a large number of eukaryotic species (for example,
the mitochondrial PARL-like rhomboid ROM6), most of them are unique to Apicomplexa
and some unique to Plasmodium. These specific rhomboids and their substrates offer
themselves as targets for anti-parasite interventions. While the exact nature of the
function of most rhomboids and their substrate range remain to be elucidated, this study
helps provide a clear framework of expression, function in parasite development and the

specific and redundant enzymatic activities of this important class of proteases.

Experimental procedures
Experimental animals and P. berghei ANKA reference lines

Female C57BL/6, BALB/c and Swiss OF1 mice (6—8 weeks) and male C57BL/6 (6—8 weeks)
from Charles River were used. All animal experiments performed at the LUMC were
approved by the Animal Experiments Committee of the Leiden University Medical Center
(DEC 07171; DEC 10099). The Dutch Experiments on Animal Act is established under
European guidelines (EU directive no. 86/609/EEC regarding the Protection of Animals
used for Experimental and Other Scientific Purposes). Animals used at the Instituto de
Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, were housed in the
Specific Pathogen Free facilities of the Institute. All experimental procedures were carried
strictly within the rules of the Portuguese official Veterinary Directorate (Direc¢do Geral
de Veterinaria), which complies with the European Guideline 86/609/EC and follows the
FELASA (Federation of European Laboratory Animal Science Associations) guidelines and
recommendations concerning laboratory animal welfare.

Three reference P. berghei ANKA parasite lines were used for generation of the gene-
deletion mutants and the transgenic parasites: the ‘wild type’ (wt) line cl15cy1 [43] and
two reporter lines, i.e. PbGFP-LUC__ (line 676m1cll; mutant RMgm-29; www.pberghei.
eu) and PbGFP-Luc_, (line 1037cl1; mutant RMgm-32; www.pberghei.eu). Both reporter

lines were generated in the cl15cyl parent line and express the fusion protein GFP-
Luciferase either under the control of the constitutive eefla promoter or the schizont-
specific amal promoter, respectively. The gfp-luc expression cassette is stably integrated
into the pb230p locus without introduction of a drug-selectable marker [44,45].

RT-PCR analyses

To investigate the transcription pattern of the different rhomboid genes, RT-PCR was

performed for each gene using cDNA from i) asexual blood stages of a non-gametocyte
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producer P. berghei ANKA parasite line (HPE) [46], ii) purified gametocytes of wild type P.
berghei ANKA (cl15cy1) parasites and iii) salivary gland sporozoites of wild type P. berghei
ANKA (cl15cy1). Primers were designed specific to the ORF of each gene and across
introns when possible in order to distinguish amplicons from gDNA and cDNA. Details of
the primers and expected sizes are shown in Table S4.

Generation of gene deletion mutants

To disrupt the rhomboid genes, the following replacement constructs were generated.
Plasmid constructs targeting rom1, 3, 4, and 10 were constructed in the generic plasmid
pLO001 (www.mr4.com) which contains the pyrimethamine resistant Toxoplasma gondii
(tg) dihydrofolate reductase-thymidylate synthase (dhfr/ts) as a selectable marker (SM)
under the control of P. berghei dhfr/ts promoter. Targeting regions for homologous
recombination were PCR-amplified from P. berghei ANKA (cl15cy1) genomic DNA using
primers specific for the 5’or 3’ ends of each rhomboid gene (see Table S2 for the primer
sequences) and cloned in upstream and downstream, respectively of the SM; this allows
integration of the construct into the targeting regions by double cross-over homologous
recombination and complete replacement of the ORF. For transfection the gene-deletion

constructs were linearized with the appropriate restriction enzymes (Table S2).

Constructs targeting rom6, 8 and 9 were generated using a modified two step PCR
method [47]. Briefly, in the first PCR reaction two fragments of 5’ and 3’ targeting regions
(TR) were amplified from P. berghei ANKA (cl15cy1) genomic DNA with the primer sets
shown in Table S2. The reverse primers of 5'TR and the forward primers of 3'TR have 5’
extensions homologous to the hdhfr::yfcu selectable marker cassette from pL0048. In the
second PCR reaction, the 5’TR and 3'TR were annealed to either side of the selectable
marker cassette, and the joint fragment was amplified by the external anchor-tag primers
4661/4662, resulting in the PCR-based targeting constructs. Before transfection, the PCR-
based constructs were digested with Nrul (as indicated in primer sequences in Table S2)

to remove the ‘anchor-tag’ and with Dpnl that digests any residual uncut pL0048 plasmid.

Transfection and selection of transformed parasites with pyrimethamine was performed
using standard technology for the genetic modification of P. berghei [43]. All information
on the generation of gene-deletion mutants (as well as unsuccessful disruption attempts),
such as DNA constructs and primers, has been submitted to the RMgmDB database of
genetically modified rodent malaria parasites (www.pberghei.eu).

Clonal parasite lines were obtained from all gene-deletion mutants by the method of
limiting dilution. Correct integration of DNA constructs and disruption of the genes was
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verified by diagnostic PCR analyses (see Table S3 for primers used) and Southern analyses
of chromosomes separated by pulsed-field gel electrophoresis hybridized with probes
specific for the selectable maker (see Table S3 for primers used) [43].

Generation and analyses of parasites expressing ROM3::GFP and
ROM4::mCherry

To tag ROM3 C-terminally with GFP, 1.6 kb upstream of the stop codon of rom3 containing
the entire ORF were PCR-amplified from wild-type P. berghei ANKA genomic DNA, TOPO-
cloned and sequence analyzed (see Table S2 for the primers). The fragment was released
from pCR2.1-TOPO (Invitrogen) through digestion with EcoRV and BamH]I and ligated into
the generic GFP-tagging plasmid pL1200 [48], resulting in construct pL1079 containing the
pyrimethamine resistant tgdhfr/ts as a selectable marker. To tag ROM4 with mCherry,
the complete ORF of rom4 (except the stop codon) was PCR-amplified from wild type P.
berghei ANKA genomic DNA (see Table S2 for the primers used). This ORF was digested
with Spel and Bglll, and ligated into Spel/BamH| digested vector pL1646 (containing
a C-terminal mCherry tag and the tgdhfr/ts selectable marker cassette), resulting in
construct pL1920. Before transfection, pL1709 was linearized with Spel, and pL1920 was
linearized with BamHI. Transfection, selection and cloning of transgenic parasites with
pyrimethamine was carried out as described above, generating the following transgenic
lines, rom3::gfp (line 654cl1) and rom4::mCherry (line 2143cl1) that express endogenous
C-terminally tagged ROM3 and ROM4, respectively. The live GFP or mCherry signals of
parasites of the transgenic mutants were examined by fluorescence microscopy (Leica
DM-IRBE Flu) after staining with Hoechst-33342 (2 umol/L, Sigma, NL) for 15 min at room
temperature. The fluorescence intensity was measured using ImageJ software.

Analysis of transcription of rhomboid genes in blood stages of wild type
and gene-deletion parasites

Transcript levels were analyzed by standard Northern blot analyses. Total RNA was isolated
from mixed blood stages or different stages of wild type P. berghei ANKA (cl15cy1), non-
gametocyte producer line (HPE) and the different gene-deletion mutant lines. Northern
blots were hybridised with probes specific for each rhomboid ORF, which had been PCR-
amplified from wild-type P. berghei ANKA genomic DNA (primers shown in Table S3). As
a loading control, Northern blots were hybridized with the oligonucleotide probe L644R
that recognizes the large subunit ribosomal RNA [49].
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In vivo multiplication rate of asexual blood stages

The multiplication rate of asexual blood stages in mice is determined during the cloning
procedure of each gene-deletion mutant [45] and is calculated as follows: the percentage
of infected erythrocytes in Swiss OF1 mice injected with a single parasite is quantified
at day 8 to 11 on Giemsa-stained blood films. The mean asexual multiplication rate per
24 hour is then calculated assuming a total of 1.2 x 10% erythrocytes per mouse (2mL of
blood). The percentage of infected erythrocytes in mice infected with reference lines of
the P. berghei ANKA strain consistently ranges between 0.5-2% at day 8 after infection,
resulting in a mean multiplication rate of 10 per 24h [45,50].

Course of parasitemia, virulence and experimental cerebral malaria in
mice infected with Arom1 parasites

The course of parasitemia was determined in BALB/c mice. Groups of 6 mice were
intraperitoneally (i.p) infected with 10* Arom1-c parasites or equal numbers of the parental
reporter line PbGFP-LUC_ . The course of parasitemia was determined in a luciferase
assay (IVDL-assay) [51]; in vivo parasite growth in mice is quantified by measuring the
luciferase activity of GFP-Luciferase expressing parasites in tail blood. The IVDL-assay
generates growth-curves that are identical to those obtained by manual counting of
parasites in Giemsa-stained smears. In brief, 10 pL tail blood was collected daily from
all mice using heparinized capillaries. Samples were stored at -80 °C in Eppendorf tubes
till further processing for the luciferase assay. Luciferase activity (luminescence) in the

samples was measured as described [51,52].

The capacity of Arom1 to induce features of experimental cerebral malaria (ECM) was
analyzed in C57BL/6 mice. Groups of 6 mice were infected with 10° P. berghei ANKA
(cl15cyl), Arom1-p or Arom1l-c parasites. Onset of ECM in P. berghei infection was
determined by measurement of a drop in body temperature below 34°C [45]. The body
temperature of infected mice was measured twice a day from day 5 to day 8 after infection
using a laboratory thermometer (model BAT-12, Physitemp Instruments Inc., Clifton, NJ)
with a rectal probe (RET-2) for mice. When infected mice showed a drop in temperature
(below 34°C) the mice were sacrificed.

Gametocyte and ookinete production

Gametocyte production is defined as the percentage of ring forms developing into mature
gametocytes during synchronized infections [53]. Ookinete production was determined
in standard in vitro fertilization and ookinete maturation assays and is defined as the
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percentage of female gametes that develop into mature ookinetes under standardized
in vitro culture conditions [54]. Female gamete and mature ookinete numbers were
determined in Giemsa-stained blood smears made 16—18 h post activation.

Electron microscopy

Ookinetes were culturedin vitro as previously described [54]; briefly, gametocytes for these
assays were obtained from infected mice that had been pre-treated with phenylhydrazine
and treated with the antimalarial drug sulfadiazine (dissolved in the drinking water at a
concentration of 30 mg/L) to obtain highly pure gametocyte populations [55]. Ookinetes
from these cultures were purified using a Nycodenz density gradient centrifugation.
The purified ookinetes were diluted in RPMI medium (without serum) and fixed by
resuspending them in an equal amount of 3% glutaraldehyde (Electron Microscopy
Sciences, Hatfield, PA) in 0.2 M sodium cacodylate pH 7.4 (1h at RT), washed twice with
cacodylate buffer (spinning for 2min at 425g), post-fixed with 1% osmium tetroxide
(Electron Microscopy Sciences, Hatfield, PA) in cacodylate buffer (1h at RT), and washed
again with cacodylate buffer. Subsequently, the samples were stained with an aqueous
solution of 1% uranyl acetate for 40 min at RT, washed twice with demineralized water,
re-suspended in 3% agar (Difco Laboratories, Detroit, Michigan; in demineralized water at
60°C), centrifuged (for 2min at 425g) and stored at 4°C until the agar became solid. The
samples were dehydrated in series of washes 70% (overnight), 80% (10 min), 90% (10
min) and 100% ethanol (1h, refreshing 2 times) , infiltrated with a 1:1 mixture of epon
LX 112/propylene oxide (1h) and pure epon (3h), followed by embedding in epon and
polymerization for 48h at 60°C. The samples were cut using a Leica UC6 ultramicrotome
at RT into 100nM sections with a Diatome ultra 45°diamond knife (Diatome, Switzerland)
at a cutting speed of 1 mm/s. The sections were attached to slot copper grids (Stork
Veco BV, Eerbeek, The Netherlands), covered with 1% formvar film and a 7nm carbon
layer; no post-staining was applied prior to data collection. Imaging was performed in a
Tecnai 12 Twin transmission electron microscope (FEI Company). Transmission electron
microscope was operated at an acceleration voltage of 80 kV, and binned images (2kx2k)

were acquired with a FEI Eagle CCD camera (FEI Company).

Oocyst and sporozoite production in Anopheles stephensi mosquitoes

For mosquito transmission experiments female A. stephensi mosquitoes were fed on mice
infected with wild-type parasites or mutants. Oocyst development, oocyst production
and sporozoite production was monitored in infected mosquitoes as described [56].

Oocyst and sporozoites numbers were counted in infected mosquitoes at 11-14 days
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and 19-22 days after infection, respectively. Salivary gland sporozoites were isolated and

counted as described [57].

For Western Blot analysis of CSP expression in oocysts or sporozoites, we isolated oocysts
containing midguts frominfected mosquitoes, or 100,000 midgut sporozoites, and proteins
were separated on 8% polyacrylamide gels and transferred to nitrocellulose membranes
by electroblotting. CSP expression was detected by incubation of membranes with
monoclonal anti-CSP antibody [58] followed by incubation with horseradish-peroxidase-
conjugated anti-mouse antibody (Sigma). Immunostained protein complexes were
visualized by enhanced chemiluminescence (Amersham). For the immunofluorescence
assays (IFA), midguts of infected mosquitoes were isolated in RPMI-Medium and
immobilised with 2% formaldehyde, 0.2% glutaraldehyde, 2mM magnesium chloride,
0.02% Triton-X 100 in phosphate buffered saline (PBS). Subsequently midguts were
permeabilized, using 2% Saponin in PBS and oocysts stained with monoclonal anti-CSP
antibody and monoclonal Alexa-Fluor® 488 goat anti-mouse antibody. DNA was stained
with Hoechst-33342.

Sporozoite infectivity and liver stage development

Sporozoites were collected at day 19-25 after infection by hand-dissection of the salivary
glands as described [57]. Gliding motility of sporozoites was determined in assays that
were performed on anti-P. berghei CSP antibody (3D11, monoclonal mouse antibody
25 pg/ml, 100 pl/well) pre-coated 10 well cell-line diagnostic microscope slides (7mm,
Thermo Scientific) to which 1x10* sporozoites were added [59]. After 30 min of incubation
at 37°C sporozoites were fixed with 4% paraformaldehyde and after washing with PBS, the
sporozoites and the trails (‘gliding circles’) were stained with anti-CSP-antiserum [60] and
anti-rabbit 1gG- secondary antibody (Alexa Fluor® 488 Goat Anti-rabbit 1gG; Molecular
Probes®, Invitrogen). Slides were mounted with Vectorshield (Vector Laboratories Inc)
and ‘gliding circles’ were analyzed using a Leica DMR fluorescence microscope at 1000x

magnification.

Huh-7 cells, a human hepatoma cell line, were used in in vitro analysis of sporozoite
infectivity. Huh-7 cells were cultured in ‘complete’ RPMI 1640 medium supplemented with
10% (v/v) fetal bovine serum (FBS), 1% (v/v) penicillin-streptomycin, 1% (v/v) GultaMAX
(Invitrogen), and maintained at 37°C with 5% CO,. Sporozoite hepatocyte traversal was
determined in assays as described previously [61]. Briefly, Huh-7 cells were suspended
in 1mL of ‘complete’ medium and were seeded in 24 well plates (10° cells/mL). After the
Huh7 monolayers were >80% confluent, 10° sporozoites were added with the addition of
FITC- or Alexa-647-labeled dextran (Invitrogen, NL) for 2 h. No sporozoites were added
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to the negative control wells. In vitro invasion rates of mutants lacking expression of
rhomboids and wild type parasites were determined by the ratio between the number of
sporozoites inside the cells and the total number of sporozoites (both inside and outside
of cells). Huh-7 cells (5x10* cells per well) were seeded into coverslips in 24-well plates
and on the following day, cells were infected with 5x10* sporozoites. Three hours after
infection, cells were fixed with 4% paraformaldehyde in PBS for 20 min. For the double
staining, cells were incubated for 30 min in blocking buffer (10% FBS in PBS) followed
by 1 hour incubation with anti-CSP serum against P. berghei circumsporozoite protein
(CSP) protein [60] diluted 1:500 in the same buffer. Cells were then washed with PBS and
incubated for 45 min with a secondary antibody (anti-rabbit Alexa Fluor® 568) diluted
1:500 in blocking buffer. This procedure only stained the parasites outside the cells. After
washing with PBS, cells were fixed with 4% paraformaldehyde in PBS for 30 min, then
incubated in for 30 min in permeabilization buffer (1% Triton X-100 in PBS) followed by 1 h
incubation with anti-CSP serum diluted 1:500 in the same buffer. Cells were then washed
with PBS and incubated for 45 min with a secondary antibody (anti-rabbit Alexa Fluor®
488) diluted 1:500 in blocking buffer. This second staining allows visualization of all the
parasites, whether inside or outside the cells. Nuclei were stained with Hoechst-33342.
The parasites in both green and red channels were analyzed using a DM-IRBE Flu Leica

fluorescence microscope.

For analysis of in vitro EEF (exo-erythrocytic form) development, 5x10* sporozoites
were added to a monolayer of Huh7 cells on coverslips in 24 well plates in ‘complete’
RPMI 1640 (see above). At different time points after infection, cells were fixed with 4%
paraformaldehyde, permeabilized with 0.5% Triton-X-100 in PBS, blocked with 10% FBS
in PBS, and subsequently stained with primary and secondary antibodies for 2h and 1h,
respectively. Primary antibodies used were anti-PbEXP1 (raised in chicken [62]) and anti-
UIS4 (raised in rabbit [63], detecting the PVM-resident proteins; anti-PbHSP70 (raised
in mouse [59]), detecting the cytoplasmic heat shock protein 70 (PBANKA 081890);
and anti-MSP1 (mouse; MRA-78 from MR4; www.MR4.org) detecting MSP1 of P. yoelii
and P. berghei. Anti-mouse, -chicken and -rabbit secondary antibodies, conjugated to
Alexa Fluor® 488 and 594, were used for visualization (Invitrogen). Nuclei were stained
with Hoechst-33342. Cells were mounted in Vectashield (Vector Laboratories Inc) and

examined using a DM-IRBE Flu Leica fluorescence microscope.

In addition, Intracellular parasite development was determined by measuring the area of
the EEFs inside fixed Huh-7 hepatoma cells. Huh-7 cells (5x10* cells per well) were seeded
into coverslips in 24-well plates and, the following day, cells were infected with 4x10*

sporozoites. Forty-eight hours after infection, cells were fixed with 4% paraformaldehyde
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in PBS for 20 min. Cells were stained by incubation for 30 min in blocking/permeabilization
buffer (0.5% Triton X-100, 1% BSA in PBS) followed by 1 h incubation with monoclonal
antibody 2E6 against P. berghei HSP70 diluted 1:500 in the same buffer. Cells were
then washed with 0.5% Triton X-100 in PBS and incubated for 45 min with a secondary
antibody (anti-mouse Alexa488) diluted 1:400 in blocking/permeabilization buffer. Nuclei
were stained with DAPI. Images were acquired with a Zeiss Axiovert 200M widefield

fluorescence microscope and processed using Image).

Hepatocyte infection was determined by measuring the luminescence intensity in Huh-7
cells infected with either the firefly luciferase-expressing Arom9 and the corresponding
control line PbGFP-Luc
above. At 57 h after infection, 50 puL of D-Luciferin (Firefly Luciferase Assay Kit, Biotium)

e Huh-7 cells infection and culture conditions were as described
were added to 30 ulL of lysed samples in white 96-well plates. Luminescence intensity of
the samples was measured using a microplate reader (Tecan Infinite M200). The viability
of Huh-7 cells was assessed by the AlamarBlue assay (Invitrogen, United Kingdom)

according to the manufacturer’s protocol.

To determine parasite loads by qRT-PCR, sporozoites (5x10%) were added to a monolayer
of Huh7 cells (seeded the day before with 10° cells) in 24 well plates in ‘complete’ DMEM
(see above). At different time-points after adding the sporozoites, culture medium was
removed, cells washed once with PBS, and cells were resuspended in 200 uL of RLT
buffer (Quiagen’s MicroRNeasy kit). RNA from these samples was extracted following
the manufacturer’s instructions. The transcriptor first-strand cDNA synthesis kit (Roche)
was used according to the manufacturer’s recommendations to make single-stranded
cDNA. Real time PCR analysis of P. berghei 18S rRNA and human B-actin was performed
as described [64].

Flow cytometry analysis was used to determine the parasite load of Arom9 in Huh-7

cell (57 h p.i) compared the wild type control (PbGFP-Luc_ ). The infection and culture

schz
condition was as described above. 57 h after infection, samples for were washed with
PBS, incubated with trypsin for 5 min at 37°C and collected in 400 uL of 10% v/v FBS in
PBS. Cells were then centrifuged at 0.1 g for 5 min, resuspended in 300 pL of 2% v/v FBS in
PBS. All samples were analyzed on a LSR Fortessa cytometer with the appropriate settings
for the fluorophores used. Data acquisition and analysis were carried out using the BD

FACSDiva (BD Biosciences) and FlowJo (v6.4.7, FlowJo) software packages respectively.

To determine in vivo infectivity of sporozoites, Swiss OF1 mice were infected with 1x10*
salivary gland sporozoites by intravenous injection, as previously described [56]. Blood
stage infections were monitored by analysis of Giemsa-stained thin smears of tail blood

collected on day 4-8 after inoculation of sporozoites. The prepatent period (measured in
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days post sporozoite infection) is defined as the day when a blood stage infection with
a parasitemia of 0.5-2% is observed. In addition we determined parasite loads in livers
of infected mice by in vivo imaging as described [64]. In addition, a group of 10 male
C57BL/6 mice were inoculated by i.v. injection of 1x10* freshly isolated sporozoites of

Arom9 or its wild type control PbGFP-Luc_, . Luciferase activity in the livers of the animals

h
was visualized 44 hours after infection using an in vivo Imaging System (IVIS Lumina),
following i.p injection of D-luciferin dissolved in PBS (100 mg/kg). Animals were kept
under anesthesia during the measurements, which were performed within 3 to 5 min
after the injection of D-luciferin. Bioluminescence imaging was acquired with a 10 cm
field of view, medium binning factor and an exposure time of 180 seconds. Quantitative
analysis of bioluminescence was performed by measuring the luminescence signal
intensity using the ROI settings of the Living Image® 3.0 software. ROl measurements
are expressed in total flux of photons. qRT-PCR is also used to determine the in vivo
parasite load in liver. After measuring luminescence, livers from 5 mice were collected,
homogenized in 4 mL denaturing solution (4 M guanidine thiocyanate; 25 mM sodium
citrate pH 7, 0.5 % sarcosyl and 0.7 % B-Mercaptoethanol in DEPC-treated water) and total
RNA was extracted using the RNeasy Mini kit (Qiagen). cDNA was obtained by reverse
transcription (First-strand cDNA synthesis kit, Roche) and gRT-PCR using the SybrGreen
method (DyNAmoTM HS SYBR® Green gPCR Kit, Finnzymes) was performed with primers
specific for P. berghei 18S rRNA for quantification of parasite load in the liver of each
mouse. Relative amounts of P. berghei mRNA were calculated against the Hypoxanthine
Guanine Phosphoribosyl Transferase (HPRT) housekeeping gene [64].



Plasmodium rhomboid proteases | 101

Acknowledgements

We thank Inés S. Albuquerque and Hans Kroeze for technical assistance. Jing-wen Lin is

supported by the China Scholarship Council-Leiden University Joint Program and Chris J

Janse, Andy Waters, Kai Matuschewski by a grant of the European Community’s Seventh

Framework Programme (FP7/2007-2013) under grant agreement no. 242095. Gunnar
Mair is supported by FCT (PTDC/BIA-BCM/ 105610/2008, PTDC/SAU-GMG/104392/2008
and PTDC/SAU-MIC/122082/2010), Patricia Meireles by FCT grant SFRH/BD/71098/2010
and Miguel Prudéncio by FCT project grant PTDC/SAUMIC/117060/2010.

References

1.

10.

11.

12.

13.

14.

15.

16.

Freeman M (2004) Proteolysis within the membrane: rhomboids revealed. Nat Rev Mol Cell Biol 5:
188-197.

Urban S, Lee JR, Freeman M (2001) Drosophila rhomboid-1 defines a family of putative intramembrane
serine proteases. Cell 107: 173-182.

Koonin EV, Makarova KS, Rogozin IB, Davidovic L, Letellier MC, Pellegrini L (2003) The rhomboids: a
nearly ubiquitous family of intramembrane serine proteases that probably evolved by multiple ancient
horizontal gene transfers. Genome Biol 4: R19.

Lemberg MK, Freeman M (2007) Functional and evolutionary implications of enhanced genomic
analysis of rhomboid intramembrane proteases. Genome Res 17: 1634-1646.

Wang Y, Zhang Y, Ha Y (2006) Crystal structure of a rhomboid family intramembrane protease. Nature
444:179-180.

Wu Z, Yan N, Feng L, Oberstein A, Yan H, Baker RP, et a/ (2006) Structural analysis of a rhomboid family
intramembrane protease reveals a gating mechanism for substrate entry. Nat Struct Mol Biol 13: 1084-
1091.

Ben-Shem A, Fass D, Bibi E (2007) Structural basis for intramembrane proteolysis by rhomboid serine
proteases. Proc Natl Acad Sci U S A 104: 462-466.

Urban S, Schlieper D, Freeman M (2002) Conservation of intramembrane proteolytic activity and
substrate specificity in prokaryotic and eukaryotic rhomboids. Curr Biol 12: 1507-1512.

Urban S, Lee JR, Freeman M (2002) A family of Rhomboid intramembrane proteases activates all
Drosophila membrane-tethered EGF ligands. EMBO J 21: 4277-4286.

Sundaram MV (2004) Vulval development: the battle between Ras and Notch. Curr Biol 14: R311-R313.

Stevenson LG, Strisovsky K, Clemmer KM, Bhatt S, Freeman M, Rather PN (2007) Rhomboid protease
AarA mediates quorum-sensing in Providencia stuartii by activating TatA of the twin-arginine
translocase. Proc Natl Acad Sci U S A 104: 1003-1008.

McQuibban GA, Saurya S, Freeman M (2003) Mitochondrial membrane remodelling regulated by a
conserved rhomboid protease. Nature 423: 537-541.

Cipolat S, Rudka T, Hartmann D, Costa V, Serneels L,et al (2006) Mitochondrial rhomboid PARL regulates
cytochrome c release during apoptosis via OPA1l-dependent cristae remodeling. Cell 126: 163-175.

Dowse TJ, Soldati D (2005) Rhomboid-like proteins in Apicomplexa: phylogeny and nomenclature.
Trends Parasitol 21: 254-258.

Baker RP, Wijetilaka R, Urban S (2006) Two Plasmodium rhomboid proteases preferentially cleave
different adhesins implicated in all invasive stages of malaria. PLoS Pathog 2: e113.

Santos M, Graindorge A, Soldati-Favre D (2011) New insights into parasite rhomboid proteases. Mol
Biochem Parasitol . S0166-6851(11)00285-4




102

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Chapter 4

Freeman M (2009) Rhomboids: 7 years of a new protease family. Semin Cell Dev Biol 20: 231-239.
$1084-9521(08)00115-8

Buguliskis JS, Brossier F, Shuman J, Sibley LD (2010) Rhomboid 4 (ROM4) affects the processing of
surface adhesins and facilitates host cell invasion by Toxoplasma gondii. PLoS Pathog 6: e1000858.

Santos JM, Ferguson DJ, Blackman MJ, Soldati-Favre D (2011) Intramembrane cleavage of AMA1 triggers
Toxoplasma to switch from an invasive to a replicative mode. Science 331: 473-477. science.1199284

Brossier F, Jewett TJ, Sibley LD, Urban S (2005) A spatially localized rhomboid protease cleaves cell
surface adhesins essential for invasion by Toxoplasma. Proc Natl Acad Sci U S A 102: 4146-4151.

Brossier F, Starnes GL, Beatty WL, Sibley LD (2008) Microneme rhomboid protease TgROM1 is required
for efficient intracellular growth of Toxoplasma gondii. Eukaryot Cell 7: 664-674.

O’Donnell RA, Hackett F, Howell SA, Treeck M, Struck N, Krnajski Z, et al (2006) Intramembrane
proteolysis mediates shedding of a key adhesin during erythrocyte invasion by the malaria parasite. J
Cell Biol 174: 1023-1033.

Ejigiri 1, Ragheb DRT, Pino P, Coppi A, Bennett BL, et al (2012) Shedding of TRAP by a Rhomboid Protease
from the Malaria Sporozoite Surface Is Essential for Gliding Motility and Sporozoite Infectivity. PLoS
Pathog 8: €1002725.

Olivieri A, Collins CR, Hackett F, Withers-Martinez C, Marshall J, et al (2011) Juxtamembrane shedding
of Plasmodium falciparum AMAL is sequence independent and essential, and helps evade invasion-
inhibitory antibodies. PLoS Pathog 7: €1002448.

Srinivasan P, Coppens |, Jacobs-Lorena M (2009) Distinct roles of Plasmodium rhomboid 1 in parasite
development and malaria pathogenesis. PLoS Pathog 5: e1000262.

Vera IM, Beatty WL, Sinnis P, Kim K (2011) Plasmodium protease ROM1 is important for proper
formation of the parasitophorous vacuole. PLoS Pathog 7: €1002197.

Khan SM, Franke-Fayard B, Mair GR, Lasonder E, Janse CJ, et al (2005) Proteome analysis of separated
male and female gametocytes reveals novel sex-specific Plasmodium biology. Cell 121: 675-687.

Otsuki H, Kaneko O, Thongkukiatkul A, Tachibana M, Iriko H, et al (2009) Single amino acid substitution
in Plasmodium yoelii erythrocyte ligand determines its localization and controls parasite virulence.
Proc Natl Acad Sci U S A 106: 7167-7172. 0811313106

Parussini F, Tang Q, Moin SM, Mital J, Urban S, Ward GE (2012) Intramembrane proteolysis of
Toxoplasma apical membrane antigen 1 facilitates host-cell invasion but is dispensable for replication.
Proc Natl Acad Sci U S A 109: 7463-7468.

Verma R, Varshney GC, Raghava GP (2010) Prediction of mitochondrial proteins of malaria parasite
using split amino acid composition and PSSM profile. Amino Acids 39: 101-110.

Charneau S, Bastos IM, Mouray E, Ribeiro BM, Santana JM, et al (2007) Characterization of PfDYN2, a
dynamin-like protein of Plasmodium falciparum expressed in schizonts. Microbes Infect 9: 797-805.

Amani V, Boubou M, Pied S, Marussig M, Walliker D, et al (1998) Cloned lines of Plasmodium berghei
ANKA differ in their abilities to induce experimental cerebral malaria. Infect Immun 66: 4093-4099.

Levander OA, Fontela R, Morris VC, Ager AL, Jr. (1995) Protection against murine cerebral malaria by
dietary-induced oxidative stress. J Parasitol 81: 99-103.

Raine JD, Ecker A, Mendoza J, Tewari R, Stanway RR, Sinden RE (2007) Female inheritance of malarial
lap genes is essential for mosquito transmission. PLoS Pathog 3: e30.

Ecker A, Bushell ES, Tewari R, Sinden RE (2008) Reverse genetics screen identifies six proteins important
for malaria development in the mosquito. Mol Microbiol 70: 209-220.

Lavazec C, Moreira CK, Mair GR, Waters AP, Janse CJ, Templeton TJ (2009) Analysis of mutant
Plasmodium berghei parasites lacking expression of multiple PbCCp genes. Mol Biochem Parasitol 163:
1-7.

Garnham PC, Bird RG, Baker JR (1962) Electron microscope studies of motile stages of malaria parasites.
IIl. The ookinetes of Haemamoeba and Plasmodium. Trans R Soc Trop Med Hyg 56: 116-120.

Garnham PC, Bird RG, Baker JR, Desser SS, el-Nahal HM (1969) Electron microscope studies on motile
stages of malaria parasites. VI. The ookinete of Plasmodium berghei yoelii and its transformation into
the early oocyst. Trans R Soc Trop Med Hyg 63: 187-194.

Saeed S, Carter V, Tremp AZ, Dessens JT (2010) Plasmodium berghei crystalloids contain multiple LCCL
proteins. Mol Biochem Parasitol 170: 49-53.



40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Plasmodium rhomboid proteases | 103

Menard R, Sultan AA, Cortes C, Altszuler R, van Dijk MR, et al (1997) Circumsporozoite protein is
required for development of malaria sporozoites in mosquitoes. Nature 385: 336-340.

Lasonder E, Janse CJ, van Gemert GJ, Mair GR, Vermunt AM, et al (2008) Proteomic profiling of
Plasmodium sporozoite maturation identifies new proteins essential for parasite development and
infectivity. PLoS Pathog 4: e1000195.

ThathyV, Fujioka H, Gantt S, Nussenzweig R, Nussenzweig V, Menard R (2002) Levels of circumsporozoite
protein in the Plasmodium oocyst determine sporozoite morphology. EMBO J 21: 1586-1596.

Janse CJ, Ramesar J, Waters AP (2006) High-efficiency transfection and drug selection of genetically
transformed blood stages of the rodent malaria parasite Plasmodium berghei. Nat Protoc 1: 346-356.

Janse CJ, Franke-Fayard B, Mair GR, Ramesar J, Thiel C, et al(2006) High efficiency transfection of
Plasmodium berghei facilitates novel selection procedures. Mol Biochem Parasitol 145: 60-70.

Spaccapelo R, Janse CJ, Caterbi S, Franke-Fayard B, Bonilla JA, Syphard LM, et al (2010) Plasmepsin
4-deficient Plasmodium berghei are virulence attenuated and induce protective immunity against
experimental malaria. Am J Pathol 176: 205-217. S

Janse CJ, Boorsma EG, Ramesar J, van VP, van der MR, et al (1989) Plasmodium berghei: gametocyte
production, DNA content, and chromosome-size polymorphisms during asexual multiplication in vivo.
Exp Parasitol 68: 274-282.

Lin JW, Annoura T, Sajid M, Chevalley-Maurel S, Ramesar J, et al (2011) A Novel ‘Gene Insertion/
Marker Out’ (GIMO) Method for Transgene Expression and Gene Complementation in Rodent Malaria
Parasites. PLoS One 6: €29289.

Mair GR, Lasonder E, Garver LS, Franke-Fayard BM, Carret CK, et a/(2010) Universal features of post-
transcriptional gene regulation are critical for Plasmodium zygote development. PLoS Pathog 6:
e1000767.

van Spaendonk RM, Ramesar J, van WA, Eling W, Beetsma AL, et al (2001) Functional equivalence of
structurally distinct ribosomes in the malaria parasite, Plasmodium berghei. J Biol Chem 276: 22638-
22647.

Janse CJ, Haghparast A, Speranca MA, Ramesar J, Kroeze H, et al (2003) Malaria parasites lacking eefla
have a normal S/M phase yet grow more slowly due to a longer G1 phase. Mol Microbiol 50: 1539-
1551.

Franke-Fayard B, Djokovic D, Dooren MW, Ramesar J, Waters AP, et al (2008) Simple and sensitive
antimalarial drug screening in vitro and in vivo using transgenic luciferase expressing Plasmodium
berghei parasites. Int J Parasitol 38: 1651-1662.

Lin JW, Sajid M, Ramesar J, Khan SM, Janse CJ, Franke-Fayard B (2013) Screening Inhibitors of P. berghei
Blood Stages Using Bioluminescent Reporter Parasites. Methods Mol Biol 923: 507-522.

Janse CJ, Waters AP (1995) Plasmodium berghei: the application of cultivation and purification
techniques to molecular studies of malaria parasites. Parasitol Today 11: 138-143.

van Dijk MR, Janse CJ, Thompson J, Waters AP, Braks JA, et al (2001) A central role for P48/45 in malaria
parasite male gamete fertility. Cell 104: 153-164.

Beetsma AL, van de Wiel TJ, Sauerwein RW, Eling WM (1998) Plasmodium berghei ANKA: purification
of large numbers of infectious gametocytes. Exp Parasitol 88: 69-72.

Sinden R.E. (1997) Infection of mosquitoes with rodent malaria. In: Crampton J.M., Beard C.B., Louis
C., editors. Molecular biology of insect disease vectors: a method manual. London, United Kingdom:
Chapman and Hall. pp. 67-91.

Annoura T, Ploemen IH, van Schaijk BC, Sajid M, Vos MW, et al (2012) Assessing the adequacy of
attenuation of genetically modified malaria parasite vaccine candidates. Vaccine 30: 2662-2670.

Potocnjak P, Yoshida N, Nussenzweig RS, Nussenzweig V (1980) Monovalent fragments (Fab) of
monoclonal antibodies to a sporozoite surface antigen (Pb44) protect mice against malarial infection.
J Exp Med 151: 1504-1513.

van Dijk MR, Douradinha B, Franke-Fayard B, Heussler V, van Dooren MW, et al (2005) Genetically
attenuated, P36p-deficient malarial sporozoites induce protective immunity and apoptosis of infected
liver cells. Proceedings of the National Academy of Sciences of the United States of America 102:
12194-12199.

Yoshida N, Nussenzweig RS, Potocnjak P, Nussenzweig V, Aikawa M (1980) Hybridoma produces
protective antibodies directed against the sporozoite stage of malaria parasite. Science 207: 71-73.




104

61.

62.

63.

64.

Chapter 4

Mota MM, Pradel G, Vanderberg JP, Hafalla JCR, Frevert U, Nussenzweig RS, Nussenzweig V, Rodriguez
A (2001) Migration of Plasmodium sporozoites through cells before infection. Science 291: 141-144.

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

Mueller AK, Camargo N, Kaiser K, Andorfer C, Frevert U, et al (2005) Plasmodium liver stage
developmental arrest by depletion of a protein at the parasite-host interface. Proc Natl Acad SciU S A
102: 3022-3027. 0408442102

Ploemen IH, Prudencio M, Douradinha BG, Ramesar J, Fonager J, et al (2009) Visualisation and
quantitative analysis of the rodent malaria liver stage by real time imaging. PLoS ONE 4: e7881.



Plasmodium rhomboid proteases | 105

Supplementary Material

A As Get Spz
rom1 | [ -
roms | | |1 | |
roms | 1| | | |
roms | =
rom7 || || |
roms | Wl | | B
roms | | || |
rom10 | [ Bl

B e e

3 3
= 3
rom3 a»" =
rrna P...‘ -
WT HPE

Figure S1. RT-PCR and Northern blot analyses of rhomboid transcription

A. Transcription patterns of different rhomboids as determined by RT-PCR using cDNA from i) asexual blood
stages of a non-gametocyte producer P. berghei ANKA parasite line (HPE), ii) purified gametocytes of wild type
P. berghei ANKA (cl15cy1) parasites and iii) salivary gland sporozoites of wild type P. berghei ANKA (cl15cy1).
Details of the primers and expected sizes of the amplified products are shown in Table S4.

B. Northern analysis of rom3 transcription. Total RNA was isolated from synchronized blood stages and
purified gametocytes (gct) of wild type (WT) P. berghei ANKA (cl15cy1) and from blood stages of the non-
gametocyte producer P. berghei ANKA parasite line (HPE). Transcripts were only detected in WT parasites with
high level of expression in gametocytes. Signals in rings are the result of contamination with gametocytes in
synchronized infections (Janse and Waters, 1995). Hybridization was performed using a PCR probe recognizing
the rom3 gene (primers 1812/1813). As a loading control, hybridization was performed with probe L644R that
recognizes the large subunit ribosomal RNA (see Table S4 for primer sequences). Rings (5 h post invasion, hpi);
troph (trphozoites, 16hpi); schz imm (immature schizonts; 20hpi); schz mature (mature schizonts 24hpi); gct
(gametocytes).
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Figure S2. Generation of transgenic lines expressing C-terminally fluorescent-tagged ROM3 and ROM4.

A. Schematic representation of the tagging constructs pL1709 and pL1920 targeting rom3 and rom4 respectively
by single cross-over homologous recombination, and the locus before and after tagging. The tagging constructs
contain C-terminal fluorescent tag (orange boxes) and the tgdhfr/ts drug selectable marker cassette (SM; black

boxes). The double lines indicate the enzyme site used for construct linearization.

B. Southern analyses of pulsed field gel-separated chromosomes confirm correct integration of the two tagging
constructs. Chromosomes of rom3::gfp line (left) were hybridized using a tgdhfr/ts probe that recognizes the
construct integrated into rom3 locus on chromosome 7. Chromosomes of rom4::mCherry line were hybridized
with a 3’UTR pbdhfr probe recognizing the tagging construct integrated into the rom4 locus on chromosome
11, the endogenous dhfr/ts gene on chromosome 7 and the GFP-luciferase reporter cassette introduced in

chromosome 3 (right).

C. Northern blot analysis showing transcription of rom4::mCherry. Hybridization was performed using a PCR
probe recognizing the rom4 gene (primers 6929/6930). As a loading control, hybridization was performed with
probe L644R that recognizes the large subunit ribosomal RNA (see Table S3 for primer sequences and product

sizes). wt, wild-type.

D. Immunofluorescence analyses of schizonts and gametocytes of rom4::mCherry using anti-mCherry antibody.
Distinct mCherry staining was observed in gametocytes (gct) whereas in schizonts (schz) only weak signals
(barely above background signals) were observed. Staining was performed using anti-mCherry (red) and anti-

MSP1 (green) antibodies and the DNA dye Hoechst-33258 (blue). BF, bright field.
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Figure S3. Morphology and nuclear DNA content of Arom3 and wild type ookinetes analyzed by light and
fluorescence microscopy.

A. Morphology of Giemsa stained in vitro cultured ookinetes. Arom3 ookinetes have the characteristics of fully
mature WT ookinetes such as an elongated ‘banana’ shape, hemozoin clusters (white arrows) and centrally
located nucleus. Scale bar 10 um.

B. Nuclear DNA content of Arom3 and wild type live ookinetes as determined by Hoechst -fluorescence intensity
measurements. The mean fluorescence intensity of haploid ring-form nuclei (white arrows) is 53632 (relative
light intensity; RLI). The Arom3 and wild type ookinetes show similar (tetraploid) DNA content and both have
similarly enlarged nuclei, with RLI values of 193788 and 183668, respectively. BF: bright field. Scale bar 10 um.
Twenty parasites were measured and the means and SEM are shown in the graph, n=20.
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long exposure

Figure S4. Circumsporozoite protein expression in Arom3 and wild-type oocysts

Western blot analysis of proteins isolated from increasing numbers of midguts of Arom3 infected mosquitoes.
Midguts from mosquitoes infected with Arom3 (1, 2 or 3 midguts, day 13) and wild-type (wt, day 13) were
separated on SDS-PAGE and stained with anti-CS antibody. Purified 10°wt midgut sporozoites (MGS) were used
as a control. Right hand panel shows a longer exposure of the blot on the left.

Wild type Arom3

ab

Crystalloid body and Hemozoin crystals

Figure S5. Ultrastructural analyses of wt and Arom3 ookinetes.

Both wt and Arom3 parasites produce normal ookinetes with respect to size, organelles and membrane
morphology. No differences were observed in the apical complex which has a similar distribution and localization
of micronemes (Mn), the arrangement of the subpellicular microtubules (MT), morphology of the crystalloid
body (Cr) and hemozoin crystals (Hz). No differences were observed in the nucleus (N), the nuclear membrane,
or in the nucleolus-like (Nu) structure between wt and Arom3 ookinetes. Scale bar 1uM.
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Table S1. Gene deletion experiments to disrupt the P. berghei genes encoding rhomboid

proteases
Gene name, .
Gene deletion Gene ID DNA construct  Experiment N?" Parent line? RMgmDB ID?
name Mutant name
mutant
Unsussessful attempts
rom4 PBANKA_110650 pL1078 653, 684, 695 cl15cyl RMgm-187
2118, 2119 1037m1flcll
romé PBANKA_135810 PCR1916 RMgm-758
2140 676mlcll
2120, 2121 1037m1flcll
rom7 PBANKA_113460 PCR1917 RMgm-759
2141 676mlcll
2122,2123 1037m1flcll
rom8 PBANKA_103130 PCR1918 RMgm-760
2142 676micll
Mutants
Arom1-p Mg031 538cl2 cl15¢cy1 RMgm-177
PBANKA_093350
Arom1-c pL1533 1496c¢l4 676m1lcll RMgm-761
Arom3-a pL1097 430cl1 cl15cyl
PBANKA_070270 RMgm-178
Arom3-b pL1097 687cl1 cl15cy1
Arom9-a PCR1919 2124cl1 1037m1ficll
PBANKA_111470 RMgm-762
Arom9-b PCR1919 2125cl1 1037m1flcll
Arom10 PBANKA_111780 Mg011 468cl2 cl15cyl RMgm-179
Fluorescence-tagged mutants
rom3::gfp PBANKA_070270 pL1079 654cl1 cl15cyl RMgm-763
rom4::mCherry ~ PBANKA_110650 pL1920 2143cll 676mlcll RMgm-764

1 Experiment number for independent transfection experiments: the unsuccessful attempts (x3) and the experiment number/
clone of the gene deletion mutants

2 Parent P. berghei ANKA line in which the genes were targetted for deletion

3 The ID number of the mutants (or of the unsuccessful attempts for gene deletion) in the RMgm database (www.pberghei.eu
of genetically modified rodent malaria parasites
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Table S3. Primers for genotyping

Genes No. Primer sequences Description :,ng;g;:it;l:on r;g;iuct size
Primers for PCR analyses
roml 4586 TTATGCATTGTATAACATCTCTG rom15’ in-F 695 1172
5036 ACCATTATTTTTTGTATGTAGTG rom15’ in-F 695 1138
4587 CTGATGATATTATTAAGAGAACTG rom1 3’ in-R 4239 998
2084 TGGAAATATACTATCATCATCTG rom1 ORF-F o1
2085 ACAGCAAACAAAACAACAGTTGG rom1 ORF-R
rom3 2389 GGTATAATTTTGTTTATC rom35’ in-F 695 867
1886 CAACACTCTTGAAGGATGTC rom3 3’ in-R 4239 1024
1812 TTATTGTATGGATTAGTTTTTTCC rom3 ORF-F
1813 TATCCCAAAAATTTGTTATAATGG rom3 ORF-R 787
rom4 2451 AGTTAATTTATAAACATGC rom4 5’ in-F 695 1015
2452 CACACATATTTATCAGTGC rom4 3’ in-R 4239 787
6929 ATTGCATACATTGCCATCTG rom4 ORF-F
6930 TAACATCCGTTCTCCTAATGTG rom4 ORF-R 73
romé 7059 CATATTTGTAATGCTCAAAATAGTG romé6 5’ in-F 4906 1211
7060 ACGAAAAGGAAAGAAAAGATAATTAG romé6 3’ in-R 4239 1219
7061 CCTTTTACCAAAGTGGTGAG romé6 ORF-F
7062 CACCTAAAAGTTGAGCATATCTG romé6 ORF-R 1033
rom7 7067 GAAGGGGAAATTATTTGATATATGG rom75’ in-F 4906 1425
7068 GTGACGATGAAAAATTTGATG rom7 3’ in-R 4239 971
7069 CGATTCAAAAAATATAATAATGTAGAG rom7 ORF-F
7070 GGCTAACATTTTCTAAAAGTAGAG rom7 ORF-R 787
rom8 7075 CCCCCCATTTTTTATTATTATTAAC rom85’ in-F 4906 1364
7076 GCTATAGAAAACGGGAAACATC rom8 3’ in-R 4239 1061
7077 TAAATGGCAGTAAAGAATATGAC rom8 ORF-F
7078 TTCCGAAATAAAAAGCATCGTC rom8 ORF-R 240
rom9 7083 AATACAAATTTCAGAGGATGAC rom95’ in-F 4906 1242
7084 AAATAGGAATAAAGTGAGTAAGC rom9 3’ in-R 4239 940
7085 GAATGAAATTTGTGGGTAAGG rom9 ORF-F
7086 GTATTGTGACTTATTATGTTAGTTAC rom9 ORF-R 370
rom10 6939 AGCAATATCTTATTTGCTACATAC rom105’ in-F 4179 714
2088 CATTATAGTACAATTATAGGTG rom10 3" in-R 4239 1093
6940 CATAACTGCAACATTAATTCATC rom10 ORF-F
2066 CCGATATTTCCCATAATGTTTC rom10 ORF-R %89
Universal primers
695 AATATTCATAACACACTTTTAAGC S’pbdhfr/ts R
4906 CGACTAGTTAATAAAGGGCAC S’pbeefla R
4179 CTATAGGGCGAATTGGAGCTC LacZR
4239 GATTTTTAAAATGTTTATAATATGATTAGC 3’'pbdhfr/ts F
4598 GGACAGATTGAACATCGTCG tgdhfr/ts F 1059
4599 GTGTAGTCTGTGTGCATGTC tgdhfr/ts R
4698 GTTCGCTAAACTGCATCGTC hdhfr F 787
4699 GTTTGAGGTAGCAAGTAGACG yfeu R




Other Primers for generation of probes

692
693
741
742
2082
L644R

CGCGGATCCATGCATAAACCGGTGTGTC
CGCGGATCCGCTAGACAGCCATCTCCAT
CGCGGATCCATGCATAAACCGGTGTGTC
CGCGGATCCGCTAGACAGCCATCTCCAT
AACAATTGATTCGTTGTGAATATAATCAGG
GGAAACAGTCCATCTATAATTG

Plasmodium rhomboid proteases | 113

3’pbdhfr/ts F
3'pbdhfr/ts R
tgdhfr/ts F
tgdhfr/ts R
rom1 upst F

Isu rrna (A-type)

pb = P. berghei, tg = T. gondii; h = human, y = yeast

5" in=5’ integration PCR; 3’ in=3’ integration PCR

Table S4. Primers for RT-PCR analyses

i Expected Expected Across
Gene No. Sequences Description gDNA (bp) cDNA (bp) intron
rom1 2084 TGGAAATATACTATCATCATCTG rom1 ORF-F
501 368 yes
2085 ACAGCAAACAAAACAACAGTTGG rom1 ORF-R
rom3 1812 TTATTGTATGGATTAGTTTTTTCC rom3 ORF-F
787 562 yes
1813 TATCCCAAAAATTTGTTATAATGG rom3 ORF-R
rom4 42 AAATCTAGAGACAAAGGTCGATTAG rom4 ORF-F 510 <10
no
43 AAACCGCGGAGCATATCCTCGACCATC rom4 ORF-R
romé 470 GGGGAATTCCATTGGCGGG romé6 ORF-F
506 506 no
7062 CACTAAAAGTTGAGCATATCTG romé ORF-R
rom7 7069 CGATTCAAAAAATATAATAATGTAGAG rom7 ORF-F 787 287
no
7070 GGCTAACATTTTCTAAAAGTAGAG rom7 ORF-R
rom8 7408 TAATTATACACCACCTGAAAATG rom8 ORF-F
922 529 yes
7409 CGATGAACTACTACTACTTTCTG rom8 ORF-R
rom9 1107 AAACAATTGTTTACTAAATACAATTTC rom9 ORF-F
730 408 yes
1108 TATTCGAAACTTTTTATTAAC rom9 ORF-R
rom10 6940 CATAACTGCAACATTAATTCATC rom10 ORF-F
989 363 yes
2066 CCGATATTTCCCATAATGTTTC rom10 ORF-R
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Abstract

Survival of Plasmodium falciparum parasites inside erythrocytes is considered to depend
on hemoglobin digestion. This degradation occurs inside a specialized digestive vacuole
(DV) by a number of functionally overlapping and redundant hemoglobinases including
the endoproteases (plasmepsins and falcipains) that perform the initial cleavage of
hemoglobin. To study Plasmodium hemoglobin proteolysis in vivo, we used the rodent
parasite P. berghei that, like the human parasite P. vivax, has only one DV plasmepsin
and is restricted to reticulocytes. Unexpectedly it was possible to create mutants lacking
enzymes known to initiate hemoglobin digestion that can complete development in
reticulocytes without hemozoin formation, a detoxification product of hemoglobin
degradation. Furthermore, these mutants were more resistant to chloroquine but
equally sensitive to artemisinin as compared to wild-type parasites. These observations
have important implications for Plasmodium drug development and drug resistance, in
particular for malaria parasites that preferentially develop inside reticulocytes.
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Introduction

Clinical symptoms of malaria are associated with replication of Plasmodium parasites
inside red blood cells (RBC). Human P. falciparum parasites ingest and catabolize more
than half of the hemoglobin (Hb) present in the erythrocyte [1,2]. The amino acids
derived from Hb proteolysis are used for protein synthesis and energy metabolism and, as
malaria parasites have a limited capacity to synthesize amino acids de novo, digestion of
Hb is believed to be essential for successful parasite replication [1,3,4]. However, human
Hb is a poor source of methionine, cysteine, glutamine and glutamate and contains no
isoleucine [5-7], and P. falciparum blood-stage parasite growth is most effective in culture
medium supplemented with these amino acids, especially isoleucine [4-6]. These data
indicate that P. falciparum parasites not only rely on Hb digestion to acquire amino acids,
but also import exogenous amino acids [4,8]. However, growth of P. falciparum blood-
stages in culture is completely interrupted when Hb proteolysis is blocked by specific
inhibitors targeting Plasmodium proteases involved in this pathway [1,4]. This proteolysis
of Hb is accompanied by the release of free heme, which is highly cytotoxic for the
parasite, it is rapidly detoxified by dimerization and then crystallization into a product
known as hemozoin (Hz). Therefore, both Hb degradation and heme detoxification are

considered to be essential for P. falciparum survival [1,9].

The digestion of Hb is a conserved and semi-ordered process, which principally occurs
within the acidic digestive vacuole (DV). The important initial cleavage of native Hb is
mediated by aspartic and papain-like cysteine endoproteases. In the P. falciparum DV
there are four aspartic proteases termed plasmepsins and two papain-like cysteine
proteases termed falcipains capable of hydrolyzing host Hb [10-14]. After the first
cleavage, Hb unfolds and becomes susceptible for further proteolysis by downstream
proteases. Gene disruption studies of hemoglobinases demonstrate that P. falciparum
has developed redundant and overlapping enzymatic systems for Hb degradation.
Specifically, the multiple P. falciparum plasmepsins and falcipains overlap in function and
there is extensive functional redundancy within and between these 2 families [4,15-17].
Most studies on hemoglobinases have been performed using P. falciparum blood-stages
cultured in vitro and it remains to be proven that observations derived from loss-of-
function assays in culture can also be directly translated to parasites replicating in vivo.
Further, P. falciparum infects mature RBC and it is unknown whether the observations on
Hb digestion made with P. falciparum in mature RBC also apply to P. falciparum and other

Plasmodium species that can invade and develop inside young RBC, reticulocytes.

Here we studied the functional redundancy amongst the enzymes involved in Hb digestion
both in vivo and in vitro, using the rodent malaria parasite P. berghei that, like the human
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malaria parasite P. vivax, preferentially invades reticulocytes. Using a reverse genetics
(loss-of-function) approach we demonstrate that 6 out of 8 genes predicted to encode
P. berghei hemoglobinases are dispensable, demonstrating a high level of functional
redundancy of these enzymes in vivo. Surprisingly, we were able to generate a P. berghei
double gene deletion mutant lacking both plasmepsin-4 (PM4), the syntenic ortholog of
all four P. falciparum plasmepsins I-1V [18], and berghepain 2 (BP2), the syntenic ortholog
of the DV falcipains (falcipain 2 and 3), i.e. the enzymes involved in the initial and critical
cleavage of host Hb. These mutants were able to mature into schizonts inside reticulocytes
without producing Hz. Furthermore, these parasites are less sensitive to the action of
chloroquine, a drug that principally acts by inhibiting Hz formation, but retain sensitivity
to artemisinin. Our observations thus demonstrate that malaria parasites can multiply
in reticulocytes without producing Hz, which show increased resistance to antimalarials
that target heme detoxification. Currently, targeting Plasmodium enzymes that interfere
with heme detoxification mechanisms is a major focus of drug development (www.mmv.
org) and our observations not only have important implications for development of
novel antimalarials but also suggest alternative mechanisms of drug-resistance. This is
especially true for parasites with a preference for reticulocytes, such as the important
human parasite P. vivax, for which evidence exists that chloroquine resistance is different
from that described in P. falciparum [19,20]. In addition, mutant parasites that produce
little or no Hz are excellent tools to analyze both the mode of action of drugs targeting Hz
formation and to examine the possible pathological role of Hz during infections in vivo.

Results

High degree of functional redundancy amongst Plasmodium
hemoglobinases

In order to gain an understanding on the essential nature of individual enzymes involved
in P. berghei Hb digestion, we performed a systematic loss-of-function analysis on 8
predicted hemoglobinases that are orthologs of P. falciparum proteases with a role in Hb
digestion and/or located in the DV. These enzymes (Table 1) are: the aspartic protease PM4
which is the single syntenic ortholog of the four plasmepsins in P. falciparum (plasmepsin
I-1V) [18]; the papain-like cysteine protease BP2, which is the single syntenic ortholog of
the P. falciparum DV falcipains 2 and 3 [21]; the M16 metalloprotease bergheilysin (BLN),
the ortholog of P. falciparum falcilysin [22]; the dipetidyl peptidase DPAP1 or cathepsin
C [23]; and four aminopeptidases, i.e. aminopeptidase P (APP) [24,25], M1-family alanyl
aminopeptidase (AAP, ortholog of P. falciparum M1AAP) [25,26], M17-family leucyl
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aminopeptidase (LAP, ortholog of P. falciparum M17LAP) [25,27] and M18-family aspartyl
aminopeptidase (DAP, ortholog of P. falciparum M18DAP) [25]. In addition, we performed
gene loss-of-function analyses for the heme detoxification protein (HDP), which is
involved in the conversion of heme into Hz [28], as well as for three enzymes that are
related to some proteases of the DV, but that do not have a proven role in Hb digestion
and of which the cellular location is unknown. These enzymes are berghepain 1 (BP1, the
ortholog of P. falciparum falcipain 1, FP1) [29-31] and 2 dipetidyl peptidases, DPAP2 and
DPAP3 [32].

Table 1. Genes targeted in this study

Product name Localization Essential for blood product name Essential for blood
P. falciparum Gene ID (Pf) stages (Pf) P. berghei Gene ID stages (Pb) *
aspartic endoprotease
plasmepsin | (PM 1) R B
PF3D7 1407900 DV [13] no [16,17,33,34]
plasmepsin Il (PM I1) _ _
PF3D7 1408000 DV [13,35] no [16,17,33,34]
plasmepsin IV (PM IV) plasmepsin 4 (PM4)
PF3D7_1407800 bV [13] no[16,17,33,34]  pgaNkA 103440 no, [18]
plasmepsin I1l (PM 111) _ _
PF3D7_1408100 DV [13] no [16,17,33,34]
papain-like cysteine endoprotease
falcipain 2a (FP 2a) berghepain-2 (BP2)
PF3D7_1115700 DV [36-38] no [15,29] PBANKA_093240 no
falcipain 2b (FP 2b)
PF3D7_1115300 DYIEE o 221 - -
falcipain 3 (FP 3)
PF3D7_1115400 DV [36,38] ves [29] - -
metallopeptidase
falcilysin (FLN) bergheilysin (BLN)
PF3D7_1360800 DG, 0, AP (] s 22 PBANKA_113700 s
dipeptidyl aminopeptidase

. . . . dipeptidyl
dipeptidyl aminopeptidase 1 N .
(DPAP1) DV [23] yes [23] (ag‘P':gf)ep“dase 1 no
PF3D7_1116700 PBANKA_093130
aminopeptidases
aminopeptidase P (APP) aminopeptidase P (APP)
PF3D7 1454400 DV,CY[24,25]  vyes[24,25] PBANKA 131810 o
M1- family alanyl M1- family alanyl
aminopeptidase (M1AAP) DV, NU [25,26] yes [25] aminopeptidase (AAP) yes
PF3D7_1311800 PBANKA_141030
M17-family leucyl DV [39] M17-family leucyl
aminopeptidase (M17LAP) oY [25 2’7] yes [25] aminopeptidase (LAP) no
PF3D7_1446200 ’ PBANKA_130990
M18-family aspartyl M18-family aspartyl
aminopeptidase (M18DAP) CY [25] no [25] aminopeptidase (DAP) no

PF3D7_0932300

PBANKA_083310
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heme detoxification protein

heme detoxification protein
(HDP) DV [28] yes [28]
PF3D7_1446800

heme detoxification
protein (HDP)
PBANKA_131060

yes

papain-like cysteine proteases

falcipain 1 (FP1)
PF3D7_1458000

Apical end of

merozoites [31] no [29,30]

berghepain 1 (BP1)
PBANKA_132170

no

dipeptidyl aminopeptidases

. . X . dipeptidyl
ﬂl)%i;;téc)iyl aminopeptidase 2 e o
2 (DPAP2)
PF3D7_1247800 PBANKA_ 146070
. . . . dipeptidyl
dipeptidyl aminopeptidase 3 N -
R aminopeptidase 3
(DPAP3) yes [32] (DPAP3) no

PF3D7_0404700 PBANKA_100240

DV: digestive vacuole; MT: mitochondrion; AP, apicoplast; CY, cytosol; NU, nucleus
*, the phenotype observed in this study.
-, no published data.

We used standard genetic modification technologies to delete the genes encoding above
mentioned enzymes and successfully generated gene deletion mutants for pm4, bpl,
bp2, dpapl, dpap2, dpap3, app, lap and dap (Figure S1-3), whereas multiple attempts
to disrupt bin, aap and hdp were unsuccessful (Table S1). The successful selection of
gene-deletion mutants for 6 out of 8 predicted hemoglobinases indicates a high level of
redundancy amongst the P. berghei proteases involved in Hb digestion. We previously
reported that disruption of pm4 results in the lack of all aspartic protease activity in the
DV [18]. Also in P. falciparum it has been shown that blood stages are able to survive
without DV aspartic protease activity [16]. We were able to select mutants that lack genes
encoding DPAP1, APP and LAP, which is unexpected since the P. falciparum orthologs of
these genes have been reported to be refractory to targeted gene disruption (Table 1;
[23,25]. We were unable to select parasites lacking expression of AAP, HDP and BLN and
in P. falciparum, the orthologous genes of aap, hdp and bin have also been reported to
be resistant to disruption [22,25,28].

Mutants lacking expression of PM4, DPAP1, BP1, LAP or APP exhibit a
significant reduction in growth and of these Apm4 and Aapp also produce
less hemozoin

We determined the in vivo asexual multiplication rate, i.e. growth rate, for all nine
gene-deletion mutants (Table 2). We previously reported that the growth rate of Apm4
parasites was moderately but significantly reduced compared to wt parasites, with
multiplication rates ranging from 5.8 to 7.7-fold per 24 hours compared to a consistent

10-fold in wt parasites [18]. These multiplication rates were calculated during the initial
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phase of infection after mice had been infected with a single parasite. Parasites lacking
the DV dipeptidyl aminopeptidase DPAP1 (Adpapl) and BP1 (Abpl) have a comparable
reduction in growth with multiplication rates of 7.7 and 6.8, respectively, and growth
rates of Alap and Aapp were much more reduced with multiplication rates of only 3.3 and
4.6, respectively (Table 2). The Abp2 and Adap mutants had normal, wt-like growth rates
and growth rates of Adpap2 and Adpap3 mutants were only slightly (but not significantly)
reduced (Table 2).

Table 2. Blood-stage growth and virulence characteristics of gene-deletion mutants

Day to 0.5-2%

Gene deletion mutant parasitemia ! multiplication rate 2 Hz production®
wt 4 8(0.2), n=40 10.0(0.7) 198.8 (69.8)
Apm4-a ® 9-11, n>10 5.8(0.5)-7.0 (1.0) *** 129.5 (41.7) ***
Apm4-b 9(0), n=2 7.7 (0) *** 134.5 (47.6) ***
Abp2-a 8(0), n=5 10.0 (0) 177.5 (45.1)
Abp2-b 8(0), n=6 10.0 (0) 188.4 (71.5)
Adpapl-a 9.5(0.7), n=2 7.0 (1.0) *** 174.6 (34.0)
Adpapl-b 9 (0), n=4 7.7 (0) *** 189.2 (62.7)
Aapp-a 12 (0), n=1 4.6 (0) *** 131.8 (50.5) ***
Aapp-b 12 (0), n=4 4.6 (0) *** 111.4 (49.7) *¥**
Adap 8(0), n=3 10.0 (0) 223.8(65.7)
Map 15.5 (0.7), n=2 3.3(0.2) ¥** 213.6 (78.7)
Abpl-a 9.7 (0.6), n=3 6.8 (0.8) ¥** 186.2 (49.2)
Abpl-b 9(0), n=1 7.7 (0) *** n.d

Adpap2 8.3(0.4), n=4 9.4 (1.0) 187.8 (64.6)
Adpap3-a 8.3 (0.6), n=3 9.2(1.3) 184.5 (86.3)
Adpap3-b 8 (0), n=5 10.0 (0) 193.3 (46.8)
Apm4Abp2-a 12, 16, 20, n=3 3.4 (1.1) *** 27.2 (36.5) ¥**
Apm4nbp2-b 21,24, n=2 2.3(0.1) *** 46.1 (51.2) ***

n.d., not determined

! The day on which the parasitemia reach 0.5-2% in mice infected with a single parasite during cloning assays. The mean of
one cloning experiment and standard deviation were shown. n, the number of mice tested. For the Apm4Abp2 mutants, due
to large variation, the days of which individual clone were shown.

2The multiplication rate of asexual blood stages per 24 hours is determined as following: when one clone in infected mice
takes 8 days to parasitemia reach 0.5-2%, the multiplication rate is determined as 10. Mean values and standard deviations
of each line were shown, student T-test, ***, P<0.0001.

3 Hz production values were determined by relative light intensity of Hz crystals in individual schizont under polarized light
microscopy (Figure 1). Mean values and standard deviations were shown, student T-test, ***, P<0.0001.

“wt, wild type P. berghei ANKA lines, including cl15cy1, 676m1cll, 1037m1flcll, the data were collected more than 10
independent experiments.

> pm4 gene deletion mutants generated in Spaccapelo,R. et al, 2010 (ref [18])

We next determined the amount of Hz generated in schizonts of all mutants as a
measure of Hb digestion. The total amount of Hz was quantified in individual schizonts
by measuring relative light intensity (RLI) in schizonts using reflection contrast polarized

light microscopy [33,34]. Only schizonts containing 8-24 nuclei were selected, thereby
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selecting those parasites that were fully mature and in the process of mitosis (Figure 1A).
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Figure 1. Hemozoin levels in parasite mutants lacking expression of enzymes involved in hemoglobin digestion
A. Hemozoin (Hz) crystals in schizonts as observed by light and reflection contrast polarized microscopy.
Maturing schizonts were selected with scattered Hz that was not yet clustered into the characteristic single
cluster that is observed only in fully segmented schizonts (boxed). Representative schizonts of wild-type (wt)
and 6 mutants (Apm4, Abp2, Adpapl, Aapp, Alap and Adap) are shown. BF, bright-field; Nuclei, nuclei stained
with Hoechst-33342.

B. The amount of Hz in individual schizonts (n>30/group) determined by measuring relative light intensity (RLI)
of polarized light. The Hz level in mutants lacking expression of plasmepsin4 (Apm4) and aminopeptidase P
(Aapp) is significantly different from wt-schizonts (student T-test; *** P<0.0001).

C. Aberrant morphology of Apm4 and Aapp trophozoites exhibiting reduced Hz production and showing an
accumulation of translucent vesicles (indicated by arrows) in their cytoplasm. Scale bars, 5 um.
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Compared to wt schizonts, only Apm4 and Aapp mutants showed a clear and significant
reduction in Hz production, whereas all the other 7 mutants produced similar levels of Hz
compared to the wt parasite (Figure 1A&B, Table 2). The Hz reduction in Aapp mutants is
unexpected since APP was shown to be involved in generating free amino acids from small
peptides liberated from successive steps of hemoglobin digestion after heme is released
from the initial cleavage of Hb. Trophozoites of Aapp and Apm4 mutants have an aberrant
morphology as visible on Giemsa stained blood smears, exhibiting an accumulation of
translucent vesicles inside their cytoplasm (Figure 1C). These observations indicate that
a number of gene-deletion mutants for P. berghei hemoglobinases have reduced parasite

multiplication rates, but only Apm4 and Aapp mutants are impaired in Hz production.

Blood-stage mutant parasites lacking both PM4 and BP2 are viable but
have a reduced rate of growth

We examined whether we could generate P. berghei parasites in which the genes
encoding both PM4 and BP2 (Apm4Abp2) are deleted. The simultaneous absence of
these two enzyme activities in P. berghei is expected to result in the absence of Hb
hydrolysis in the DV, since in P. berghei PM4 is the only vacuolar aspartic protease, and
BP2 is the single syntenic ortholog of the two cysteine endoproteases found in the DV of
P. falciparum (falcipain 2 and 3). Unexpectedly, we were able to generate double gene-
deletion mutants that lack expression of both PM4 and BP2 (Figure S4). Blood-stages
of Apm4Abp2 have a strongly reduced growth rate in cloning assays with multiplication
rates ranging from 2.2 to 4.6, which is significantly lower than wt (P< 0.0001) and Apm4
parasites (P<0.0001) (Table 2). In long-term infections in BALB/c and C57BL/6 mice, there
is an initial slow rise in Apm4Abp2 parasite numbers. However, parasitemia can reach
high levels (up to 50%) when these mice start to produce reticulocytes in response to
the infection (Figure S5). In the infections with high parasitemias, mature schizonts were
present in the peripheral blood circulation, most of which contained 8-12 merozoites
(Figure S2A). Furthermore, in contrast to wt-infected mice (but similar to Apm4-infected
mice) C57BL/6 mice infected with Apm4Abp2 did not develop symptoms of experimental
cerebral malaria (ECM). In contrast to Apm4 infections which can only be resolved by
BALB/c mice [18], both C57BL/6 and BALB/c mice were able to resolve a Apm4Abp2
infection, resulting in undetectable parasitemias by microscopic analysis 3—6 weeks after

infection (Figure S5).
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Schizonts of Apm4Abp2 are smaller in size and produce fewer merozoites
than wt-schizonts

Although wt P. berghei parasites preferentially invade reticulocytes, merozoites can
also invade and develop in mature RBC producing mature schizonts both in vivo and in
vitro [35]. Even though ring forms of Apm4Abp2 were observed in both mature RBC and
reticulocytes, schizonts were exclusively found in reticulocytes as observed on Giemsa-
stained slides (data not shown). This indicates that Apm4Abp2 parasites, while retaining
their ability to invade mature RBC, are unable to develop into fully segmented schizonts
in mature erythrocytes. Light microscopy examination of Giemsa-stained blood-
stages showed that mature Apm4Abp2-schizonts were small and left a large volume
of the infected RBC (iRBC) unoccupied (occupying only 25-65%), whereas wt-schizonts
occupied 60-90% of the host iRBC (Figure 2A). We also examined the sizes of live wt- and
Apm4Abp2-schizonts by imagestream flow cytometry. Both wt- and Apm4Abp2-parasites
express GFP under the control of the schizont/merozoite-specific ama-1 promoter,
therefore iRBCs with mature schizonts were selected based on their GFP and Hoechst
fluorescence (Figure 2B). Analysis of the size of iRBCs and schizonts of Apm4Abp2 and
wt parasites demonstrated that Apm4Abp2-schizonts were significantly smaller than wt
schizonts (P<0.0001; Figure 2B). In addition, Giemsa-stained parasite analysis indicated
that Apm4Abp2-schizonts had fewer merozoites than wt-schizonts (Figure 2A). We
therefore quantified the total DNA content of mature Apm4Abp2-schizonts by measuring
Hoechst fluorescence intensity using both standard and imagestream flow cytometry.
Both methods demonstrated that mature Apm4Abp2-schizonts have significantly less
total DNA compared to wt-schizonts (55-60% of wt, P<0.0001), indicating a significant
reduction in the total number of merozoites per individual schizonts (Figure 2C). The
reduction in the number of daughter merozoites was also reflected in the intensity
of (amal based) GFP expression levels in mature schizonts. In comparison to wt-
schizonts, Apm4Abp2-schizonts have a 40% reduction in GFP-intensity (P<0.0001), which
corresponds to the reduction in total DNA and therefore the number of merozoites per
schizont (Figure 2C). Thus, parasites lacking both PM4 and BP2 develop into smaller

schizonts and produce less daughter cells compared to wt-schizonts.

The Apm4Abp2 mutant can develop into mature schizonts in the absence
of detectable hemozoin

Many trophozoites of Apm4Abp2, as observed by standard light microscopy, have an
‘amoeboid-like” appearance, with many translucent vesicles inside the cytoplasm, similar
to what we had observed for Apm4 and Aapp mutants. Moreover, both Apm4Abp2
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trophozoites and schizonts have strongly reduced or even no visible Hz (Figure 2 and Figure
S5). To analyze these features in more detail we both quantified Hz levels in schizonts and
analyzed the ultrastructure of Apm4Abp2 trophozoites. First, we determined the total
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Figure 2. Schizonts of mutants lacking expression of PM4 and BP2 are smaller in size and have fewer
merozoites

A. Giemsa-stained schizonts of wt and Apm4Abp2—parasites. The Apm4Abp2 schizonts leave a large volume of
the infected RBC unoccupied compared to wt schizonts. Scale Bar, 5 um.

B. Images of mature schizonts and size measurement (n>250) by imagestream flow cytometry (left and right
panels). Both wt- and Apm4Abp2-parasites express GFP under the control of the schizont/merozoite-specific
ama-1 promoter and their nuclei were stained with Hoechst-33342. Mature schizonts were selected on the
basis of their GFP (G, green) and Hoechst (H, red) fluorescence intensity. The size of iRBCs containing schizonts
was measured from the bright-field image (B) and the size of the schizonts was measured from the combined
GFP and Hoechst images (G+H) (student T-test, *** P<0.0001). M; all images merged.

C. Determination of the DNA content (Hoechst fluorescence intensity) and the GFP expression in wt and
Apm4Abp2-schizonts by imaging flow cytometry (left panel) and standard flow cytometry (right panel). Mature
schizonts were selected based on their GFP- and Hoechst-fluorescence intensity. The dot plot (upper, left)
shows the GFP- and Hoechst fluorescence intensity for individual schizonts in image stream flow cytometry.
In standard flow cytometry (upper, right) schizonts were selected for measurement in Gate 1. Schizonts of
Apm4Abp2 contained significantly less DNA and displayed reduced GFP expression (*** P<0.0001, student
T-test).
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amount of Hz in individual schizonts using reflection contrast polarized light microscopy.
Compared to wt-parasites the amount of Hz in schizonts of two independently derived
Apm4Abp2 lines was strongly reduced (13-22% of the wt values, p<0.0001; Figure 3A,
Table 2). By polarized light microscopy we found that a large percentage (35-48%) of
the Apm4Abp2-schizonts were completely Hz-negative, whereas all wt-schizonts were
Hz-positive (Figure 3A). The Hz-negative Apm4Abp2-schizonts had relative light intensity
(RLI) values similar to uninfected RBC. The presence of Hz-negative schizonts indicates
that parasites can grow and multiply without Hb digestion. The strong reduction in Hz
production per schizont was reflected in reduced Hz deposition in organs of Apm4Abp2-
infected mice compared to wt-infected mice. In wt-infected mice almost 95% of the Hz
produced is deposited in the spleen and liver [36]. We compared Hz-levels in spleen, lungs
and liver at different time points in mice infected withwt, Apom4 or Apm4Abp2 parasites
(Figure 3B). Mice infected with Apm4 and Apm4Abp2 had significantly less Hz deposited
in all organs examined compared to wt-infected mice at a comparable parasitemia (56%
less, P<0.001; and 87% less, P<0.0001, respectively). In addition, organs of Apm4Abp2-
infected mice had significantly less Hz than Apm4-infected mice (72% less; P<0.001)
(Figure 3B). The relative differences in Hz deposition in organs of mice infected with the
different parasite lines corresponds well with the differences in Hz levels found in schizonts
of wt, Apm4 and Apm4Abp2 parasites, as determined by polarized light microscopy
(Figure 3A&B, Table 2). We also confirmed the reduction in Hz production in Apm4Abp2
trophozoites by quantifying the number of Hz crystals using electron microscopy (Figure
3C). The ultrastructural analysis showed that Apm4Abp2 trophozoites contained a higher
number of cytostome or endocytic vesicles in comparison to wt trophozoites, which were
filled with material that was structurally identical to erythrocyte cytoplasm (Figure 3C).
Furthermore, in the cytoplasm of 37% of Apm4Abp2-trophozoites we observed dark
stained (electron dense) vesicles, which were completely absent in wt-parasites (Figure
3C and S6). The presence of increased numbers of these vesicles in the cytoplasm may
explain the translucent vesicles observed in trophozoites on Giemsa-stained blood films
(Figure S5).

Gametocytes of Apm4Abp2 are fertile despite their smaller size and
reduced hemozoin production

In mice infected with Apm4Abp2-parasites, uninuclear parasites with the characteristics
of male and female gametocytes were readily detected (Figure S7). However, they were
significantly smaller than wt-gametocytes (23% smaller, Figure S7), and their cytoplasm
also have strongly reduced or no Hz crystals. Most Apm4Abp2 male gametocytes produced

motile gametes (79.3%%4.6) and conversion rates of Apm4Abp2 female gametes into
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Figure 3. Apbm4Abp2 mutant parasites can develop into mature schizonts with little or no detectable hemozoin
A. The amount of Hz in individual schizonts as determined by measuring relative light intensity (RLI) using
reflection contrast polarized light-microscopy. Left panel: Hz crystals in schizonts as observed under polarized
light. In Apm4Abp2 parasites Hz levels are either strongly reduced or absent. Right panel: Hz levels (RLI) in
schizonts with 2—4, 5-8 or more than 8 nuclei (N) (n>20 per category). The Hz level in two Apm4Abp2-mutants
is significantly less than in wt-schizonts across all categories (student T-test, *** P<0.0005). Lower panel: a large
proportion of Apm4Abp2-schizonts have no detectable Hz crystals under polarized light with RLI levels similar
to uninfected RBC. BF, bright field; Nuclei, nuclei stained with Hoechst-33342.

B. Hz levels in different organs of BALB/c mice infected with wt, Apm4 or Apm4Abp2-parasites at different days
(D) after infection (left panel) and total Hz levels in function of peripheral parasitemia in infected mice (right
panel). Not significant (ns), ** p<0.05, *** p<0.0005 (student T-test). C. Quantification of Hz crystals, cytostomes
(C) and dark-staining vesicles (DSV) in Apm4Abp2-and wt-trophozoites. Upper panel: Electron micrographs of
representative trophozoites of wt- and Apm4Abp2-parasites. Red arrowheads denote pigment crystals (Hz) and
white arrow indicate DSVs and light staining nuclei (N). Scale bars, 5 um. Lower panel: quantification of Hz
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crystals (student T-test, *** P<0.0005), cytostomes and DSVs in randomly selected trophozoites (n>50) from
electron micrographs (see also Figure S6).

ookinetes were comparable to those of wt-parasites (60.0%+6.1; Figure S7). Analysis of
Hz crystals in wt and Apm4Abp2 ookinetes revealed that these ookinetes had strongly
reduced levels of Hz (57% reduction; Figure S7). These observations demonstrate that
both asexual and sexual blood-stages can complete development in the absence of PM4
and BP2 to initiate Hb digestion.

The Apm4Abp2 parasites are more resistant to chloroquine but retain
their sensitivity to artemisinin

We tested the sensitivity of the Apm4Abp2-parasites to two antimalarial drugs known
to interfere with Hb digestion and/or Hz formation, i.e. chloroquine (CQ) and artesunate
(AS), an artemisinin derivative via different mechanisms [37,38]. As a control, we used
sulfadiazine (SD), an inhibitor of folic acid synthesis with no known role in inhibiting Hb
digestion [39]. BALB/c mice infected with either wt- or Apbm4Abp2-parasites were treated
with these drugs when peripheral parasitemia was between 2 and 5%, i.e. at day 6 after
infecting mice with 10* wt-parasites or at day 9 after infecting mice with 10° Apm42Abp2-
parasites. Treatment with SD as well as AS resulted in a rapid decrease in parasitemia
with parasites being undetectable in peripheral blood 3—4 days after AS treatment and
4-5 days after SD treatment, and the profile of drug action being identical for both wt-
and Apm4Abp2-parasites (Figure 4C). In contrast, whereas wt-infected mice rapidly
cleared their infection after CQ treatment with no parasites detectable in peripheral
blood 3—4 days after the start of treatment, Apm4Abp2 infected mice maintained an
increasing parasitemia for the first three days of treatment (Figure 4C). After this period,
parasitemia started to decline but Apm4Abp2-parasites with morphology similar to that
of untreated parasites could still be observed by light microscopy (Figure S8A) up to 6
days after initiation of CQ treatment (Figure 4C). The parasitemia in CQ treated mice
dropped to submicroscopic level after 7 days of CQ treatment (i.e. day 16 post infection).
Interestingly, in untreated mice the Apm4Abp2 parasitemia similarly dropped around day
15-18 post-infection (Figure S8B), presumably due to an acquired immune response.



Plasmodium berghei hemoglobinases | 129

)
o
=1
=]
y
)
@
=3
=]
y

X - wt 9 - wt
8 - ApmdAbp2  © —— Apm4Abp2-1
£
S 4004 5 200, = Apm4Abp2-2
£ 2
g o
2 3
£ 2004 £ 100~
2 o
2 Non-treated 2 cQ
5 g
© 0 T T T T J S 04
o 2 4 6 8 10 o 2 4 6 8 10
~ 150~ — 200~
® - wt B - wt
8 - K] -
g Apm4Abp2 £ 150 Apm4Abp2
.g 100+ g
8 @ s
u S 100+
g g
£ 501 £
) AS g 501 SD
< c
© ©
L =
S 0 S 04
0 2 4 6 8 10 0o 2 4 6 8 10
day after start of treatment day after start of treatment

Figure 4. Apm4Abp2-schizonts are less sensitive to chloroquine than wt-parasites

Change in parasitemia of mice (n=5) infected with wt- or Aom4Abp2-parasites after treatment with chloroquine
(CQ; 2 experiments), artesunate (AS) or sulfadiazine (SD). Apm4Abp2 parasites are less sensitive to CQ but
retain the same sensitivity to AS and SD as wt parasites.

Discussion

P. falciparum growth in RBCis considered to be dependent on Hb digestion [40]. In addition
to providing amino acids for growth it has been proposed that parasites digest Hb to
maintain the intracellular osmolarity of the infected RBC, thereby preventing premature
erythrocyte lysis [41], or to make space within the RBC as the parasite expands [42,43].
Our studies, however, provide evidence that Plasmodium blood stage parasites, both
asexual and sexual forms, can fully mature with little or no Hz production when parasites
invade and develop inside reticulocytes indicating that blood stages can growth without
or with strongly reduced Hb digestion.

As has been previously reported in P. falciparum, we found that a large number of P.
berghei enzymes predicted to have a role in Hb proteolysis are functionally redundant.
The viability of mutant parasites lacking hemoglobinases, indicates either that other
enzymes can replace their function(s) or that P. berghei can obtain all amino acids
from other sources, for example from the catabolism of proteins other than Hb or by
scavenging free amino acids from the reticulocyte cytoplasm or serum. On the other
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hand, the strong reduction in growth of Apm4Abp2-parasites lacking both PM4 and BP2
enzymes, whose P. falciparum orthologs are responsible for the initial cleavage of Hb,
suggests that Hb is an important amino acid source. The reduced growth rate might,
however, also be attributed to the other features associated with reduced Hb digestion,
such as limited space inside the RBC for growth resulting in smaller schizonts with fewer

merozoites or the loss of parasites that invade mature RBC but are unable to fully mature.

We did not observe replicating Apm4Abp2-parasites in mature RBC and in Apm4Abp2
infections, parasite numbers increased rapidly only when mice start to produce large
numbers of reticulocytes, at which stage they can achieve parasitemias as high as 50%.
Further, when Apm4Abp2 ring forms were transferred to culture less than 5% produced
mature schizonts, in comparison more than 90% of wt ring forms can develop into
fully mature schizonts (data not shown). This is most probably due to the accelerated
maturation of reticulocytes in culture [44], which restricts the development of Apm4Abp2
schizonts. The ability of Apm4Abp2-parasites to form merozoites only in reticulocytes is
likely related to the greater abundance of amino acids and proteins other than Hb in the
reticulocyte compared to mature RBC. Reticulocytes are known to accumulate amino
acids for incorporation into Hb [45] and these may be available for direct utilization
when the parasite ingests reticulocyte cytoplasm. The Apm4Abp2-trophozoites show an
increased number of cytostome-vesicles containing RBC cytoplasm, indicating that the
absence of PM4 and BP2 does not affect Hb uptake. In addition to cytostomes, we found
electron-dense dark-staining vesicles in a large proportion of Apm4Abp2 trophozoites.
Interestingly, very similar vesicles have been observed in P. falciparum trophozoites when
Hb digestion or Hb trafficking (cytostome formation) have been blocked by inhibitors
[46,47]. It has been proposed that these vesicles are derived from the cytostomes and
contain concentrated undigested or denatured Hb [47]. In addition to the increased
numbers of vesicles in trophozoites, we found that mature Apm4Abp2-schizonts and
gametocytes have strongly reduced amounts or even no Hz in their cytoplasm, indicating
that Hb digestion is strongly impaired. The presence of low Hz amounts in a proportion
of Apm4Abp2-parasites indicates that some heme is released from Hb in the absence
of PM4 and BP2. However, whether this is mediated by a specific, but inefficient,
compensatory enzymatic process or is the result of unspecific hemoglobin denaturation
is unknown. In P. berghei PM4 is the only vacuolar aspartic protease and BP2 is the
single syntenic ortholog of the two P. falciparum DV cysteine endopeptidases, falcipain-2
and 3. The other Plasmodium papain-like cysteine endoprotease (FP1 in P. falciparum;
BP1 in P. berghei) is not located in the DV of P. falciparum but is located in merozoites
and is involved RBC invasion [48]. While the cellular location of both BP1 in P. berghei

blood stages is unknown, the BP1 ortholog of the closely related rodent parasite P. yoelii
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(YP1) is also expressed in merozoites and is believed to have a role in RBC invasion [31],
suggesting a similar function as FP1. It therefore seems unlikely that BP1 is involved in
the initial phase of Hb digestion and release of heme in trophozoite-stage parasites.
However, we cannot formally exclude a role for BP1, or indeed another endoprotease,
in the initial step of Hb digestion, which would compensate, albeit poorly, for the loss
of PM4 and/or BP2. Further research is needed to investigate whether the remaining
low-level Hz formation in Apm4Abp2-parasites is due to specific cleavage of Hb molecules
by other enzymes or results from a non-specific disassembly of the Hb tetramer that may
occur either the cytostomes or in the dark-staining vesicles which may be acidified and

condensed cytostomes [47].

In P. falciparum the plasmepsins and falcipains overlap in function and there is extensive
functional redundancy within and between these two protease classes, with the loss of
an enzyme being not only being compensated by members of the same protease family
but also between the two classes [4,15-17,49,50]. Recently a 200-kDa protein complex
has been defined in P. falciparum that is required for Hb degradation and Hz formation
in the food vacuole [51]. As expected, this protein complex contains the falcipains FP2/2’
as well the plasmepsins II-1V in addition to HDP. Interestingly, evidence was provided
that FP2 forms a complex with HDP and is involved in Hz formation. Our observations
on Hz production in the single gene-deletion mutants Apm4 and Abp2 and the double
gene-deletion mutant Apm4Abp2 indicate that also in P. berghei the aspartyl and cysteine
endopeptidases overlap in their ability to cleave Hb. Interestingly, the Abp2 mutant,
which lacks the FP2 orthologs, has a normal growth rate and produces wt-levels of Hz,
whereas Apm4 parasites have a reduced growth and Hz production. These observations
demonstrate that while PM4 is able to fully compensate for the function of BP2, BP2
can only partly compensate for the loss of PM4. Moreover, it suggests that BP2 is not

necessary for the activation of PM4 as has been suggested previously [49].

The ability of Plasmodium parasites to produce mature schizonts without Hz formation
may have important implications in the development of drugs that target Hb digestion
and for understanding development of resistance against such drugs [40]. We found that
Apm4QAbp2-parasites are less sensitive to chloroquine (CQ) in vivo. CQ directly interacts
with free heme creating a heme-chloroquine complex that is highly toxic to the parasite
[52] and therefore the increased in CQ resistance of Apm4Abp2 is consistent with our
observations of reduced/absent Hb digestion. Interestingly, it has been previously
reported that P. berghei lines that have been selected for CQ-resistance have a stronger
preference for reticulocytes and produce less Hz [53-55]. It has been proposed that CQ-
resistance in parasites with reduced Hz is due to detoxification of hemin by elevated
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levels of glutathione in parasites that grow inside reticulocytes, thus precluding heme-
polymerization and preventing the CQ activity [53,56]. However, our observations may
provide a more direct explanation for CQ-resistance and reduced Hz production in these
parasites, namely that these parasites digest less Hb in reticulocytes like Apm4Abp2-
parasites. Despite the reduced sensitivity to CQ, we found that Apm4Abp2-parasites
disappeared from the blood of mice during continuous CQ treatment (from day 16 after
infection with 10° parasites). This may be due a combination of factors that characterize
Apm4Abp2 infections in mice. CQ may eliminate the proportion of parasites that still
produce (low levels) of Hz thereby slowing the multiplication rate of Aom4Abp2 parasites
and in addition immune responses will limit parasite multiplication in mice. Interestingly,
untreated mice also resolve infections between day 15-18, through the removal of iRBC
by host immunity. Therefore the eventual drop in a Apm4Abp2 parasitemia in the CQ-
treated mice may not result from CQ action, but from an effectively deployed acquired

immune response.

We have been unable to more precisely determine the increase in CQ-resistance of
Apm4Abp2-parasites in vitro since the ring forms of this mutant do not mature into
schizonts in culture (see above). While Apm4Abp2 parasites have an increased resistance
to CQ they retain the same sensitivity to artesunate (AS). Although the precise and critical
mode of action of artemisinin and related-derivatives remains contentious, most studies
concur that their activity results from activation by reduced heme iron in the DV [57,58].
Our results show that compared to wt parasites, Apm4Abp2-parasites have a reduced
sensitivity to CQ but are equally sensitive to AS. This would suggest that additional,
non-heme based, modes of AS action are equally or more effective at targeting P. berghei
parasites in vivo. Therefore, as Apm4Abp2-parasites produce little or no Hz they may be
useful tools to analyze mode/s of drug action, for example, how inhibitory compounds
target and interact with molecules either critical to or result from Hb digestion. The
observations on the acquisition of CQ-resistance when parasites develop in reticulocytes
with little or no Hz formation may have relevance for P. vivax, which is restricted for
growth in reticulocytes. Interestingly mechanisms of CQ-resistance in P. vivax appear
to be different from those in P. falciparum [20,59] and no clear association has been
found between CQ-resistance in P. vivax and mutations associated with CQ-resistance in
P. falciparum, such as pfcrt or pfmdr1 [20]. Studies into P. vivax suggest that development
of CQ-resistance also confers cross-resistance to amodiaquine, an anti-malarial that also
exercises its effects by complexing with heme [60-62]. Based on our observations, we
hypothesize that P. vivax may acquire resistance to CQ (and other drugs targeting Hb
digestion) by selecting for parasites that have ‘switched’ to a development mode where
they are less dependent on Hb digestion for growth. This ‘switching’ could be dependent
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on genetic (and/or epigenetic) changes that, for example, reduce Hb digestion or
increase uptake of amino acids (from the reticulocyte and serum) and thus are unrelated
to the genetic changes that influence CQ transport in P. falciparum resistant lines [63].
Such ‘switching’ may only be possible for those Plasmodium species that can infect and
develop in reticulocytes. It would therefore be of great interest to analyze whether in

‘hotspots’ of P. vivax CQ-resistance parasites have reduced Hz formation.

The ability of Plasmodium parasites to develop inside reticulocytes with severely impaired
Hb digestion and Hz formation was unexpected given the multiple proposed important
roles of Hb digestion for survival in the blood. Our findings support the notion that
Plasmodium parasites retain multiple modes of development and survival during blood
stage development, which has important implications for the development of drugs
targeting the Plasmodium Hb digestion or Hz formation as well as indicating alternative

modes of drug resistance that require further investigation.

Materials and methods
Experimental animals and reference P. berghei ANKA lines

Female C57BL/6, BALB/c and Swiss OF1 mice (6—8 weeks old; Charles River/Janvier) were
used. All animal experiments performed at the LUMC were approved by the Animal
Experiments Committee of the Leiden University Medical Center (DEC 10099; 12042;
12120). All animal experiments performed at the University of Perugia were approved by
Ministry of Health under the guidelines D.L. 116/92). The Dutch and Italian Experiments
on Animal Act were established under European guidelines (EU directive no. 86/609/EEC
regarding the Protection of Animals used for Experimental and Other Scientific Purposes).

Two reference P. berghei ANKA parasite lines were used: line cl15cyl (wt) and reporter
line 1037cl1 (wt-GFP-Luc
contains the fusion gene gfp-luc gene under control of the schizont-specific amal
promoter integrated into the silent 230p gene locus (PBANKA_030600) and does not
contain a drug-selectable marker [18].

mutant RMgm-32; www.pberghei.eu). This reporter line

chiz’

Generation of single gene deletion mutants and genotype analyses

Most DNA constructs used to disrupt genes were based on the standard plasmids: plasmid
pL0001 (MRA-770, www.mr4.org) and pLTgDFHR both containing the pyrimethamine
resistant Toxoplasma gondii (Tg) dihydrofolate reductase-thymidylate synthase (dhfr/
ts) as a selectable marker (SM) under the control of the P. berghei dhfr/ts promoter;
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and plasmid pL0035 (MRA-850, www.mr4.org) containing the hdhfr::yfcu SM under the
control of the eefla promoter [64]. Targeting sequences for homologous recombination
were PCR amplified from P. berghei ANKA (cl15cy1) genomic DNA using primers specific for
the 5’ or 3’ end of each gene (see Table S1 for the primer sequences). The PCR-amplified
target sequences were cloned either upstream or downstream of the SM to allow for
integration of the construct into the targeting regions by homologous recombination.
The DNA construct targeting bp1 was kindly provided by Dr. Photini Sinnis (Johns Hopkins
University). The DNA deletion constructs were linearized with the appropriate restriction
enzymes (Table S1) before transfection.

Several gene deletion constructs were generated by a modified two step PCR method
[65]. Briefly, in the first PCR reaction two fragments (5’- and 3’-targeting sequences) of
the targeted gene were amplified from P. berghei ANKA genomic DNA with the primer
sets P1/P2 and P3/P4 (Table S1). Primers P2 and P3 have 5’ extensions homologues to
the SM cassette. The SM cassette (eefla-hdfhr::yfcu-3’dhfr/ts) was excised by digestion
from plasmid pL0048 with Xhol and Notl [65] or the SM cassette (eefla-hdfhr-3’dhfr/ts)
from plasmid pL0040 with Xhol and Notl. Primers P1 and P4 have 5’ terminal extensions
with an anchor-tag suitable for the second PCR reaction. In the second PCR reaction, the
amplified 5’ and 3’ targeting sequences were annealed to either side of the SM cassette,
and the joint fragment was amplified by the external anchor-tag primers L4661/L4662,
resulting in the PCR-based gene deletion constructs. Before transfection, constructs were
digested with appropriate restriction enzymes (in primers P1 and P4, respectively) to
remove the ‘anchor-tag’, and with Dpnl to digest any residual plasmids.

Transfection and selection of transformed parasites was performed using standard genetic
modification technologies for P. berghei [66]. In Table S1 details of all gene-deletion
experiments are given such as experiment number, deletion construct and parasite
background for transfection. Cloned parasites were obtained from all gene-deletion
mutants by the method of limiting dilution. Correct integration of DNA constructs and
disruption of genes was verified by diagnostic PCR analyses (see Table S2 for primers) and
Southern analyses of chromosomes separated by pulsed-field gel electrophoresis [66].
All information on successfully generated gene deletion mutants and the failed attempts
to disrupt genes, including DNA constructs and primers, have been submitted to the
RMgmDB database of genetically modified rodent malaria parasites (www.pberghei.eu).

The loss of transcripts in gene-deletion mutants was analyzed by standard Northern blot
analyses or RT-PCR. Total RNA was isolated from mixed blood-stages of wt P. berghei
ANKA (cl15cyl) and the different gene-deletion mutant lines. Northern blots were
hybridised with probes specific for the open reading frame (ORF) of each gene after PCR
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amplification from wt P. berghei ANKA genomic DNA (primers shown in Table S2.b). As
a loading control, Northern blots were hybridized with the oligonucleotide probe L644R
that recognizes the large subunit ribosomal RNA (rRNA) [67]. For RT-PCR primers were
designed to amplify a small fragment in the ORF of each gene (primers and product size
are shown in Table S3). Amplification of Pbtub from cDNA was used as a control (primers

and product size are shown in Table S3).

Generation of double gene-deletion mutants and genotype analysis

The Abp2-b mutant was generated using construct pL1602, which contains the hdhfr::yfcu
SM flanked by two identical 3’UTR dhfr sequences [64]. A recombination event between
the two 3’UTR dhfr sequences results in the removal of the hdhfr::yfcu SM. Negative
selection with 5-fluorocytosine (5-FC) was used to select for parasites that have removed
the SM cassette. Mice infected with Abp2-b parasites were treated with a daily single
dose of 0.5 mL of 20 mg/mL drug/day for a period of 4 days starting at a peripheral
parasitemia of 0.1-0.5%. Resistant parasites were collected between day 5 and 7 after
initiation of the 5-FC treatment, and cloned parasites were obtained by the method of
limiting dilution. The genotype of mutant Abp2-b*"was analyzed by diagnostic Southern
analysis to confirm removal of the hdhfr::yfcu SM (Figure S4). The gene encoding PM4 was
subsequently targeted in this line by standard transfection and drug selection procedures

as mentioned above (Figure S4).

In vivo asexual multiplication (growth) rate and virulence of blood-stage
parasites

The multiplication (growth) rate of asexual blood-stages in mice was determined during
cloning of the gene-deletion mutants as described before [18] and was calculated as
follows: the percentage of infected erythrocytes (parasitemia) in Swiss OF1 mice injected
with a single parasite was determined by counting Giemsa-stained blood films when
parasitemias reach 0.5-2%. The mean asexual multiplication rate per 24 hours was then
calculated assuming a total of 1.2x10%° erythrocytes per mouse (2mL of blood). The
percentage of infected erythrocytes in mice infected with reference lines of the P. berghei
ANKA strain consistently ranged between 0.5-2% at day 8 after infection, resulting in a
mean multiplication rate of 10 per 24 hours [68].

The development of experimental cerebral malaria (ECM) was analyzed in C57BL/6 mice
and the course of parasitemia was determined in both BALB/c and C57BL/6 mice. Groups
of 5-6 mice were injected intraperitoneally (i.p.) with 10°-10° wt-iRBCs or with 10°-10°

mutant-iRBCs (see Results section). The onset of ECM was determined by observation of
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clinical signs such as ruffled fur, hunching, wobbly gait, limb paralysis, convulsion, and
coma and by measuring the drop in body temperature [18] at day 5 to 8 after infection at
6 hour intervals. The body temperature of infected mice was measured using a laboratory
thermometer (model BAT-12, Physitemp Instruments Inc., Clifton, NJ) with a rectal probe
(RET-2) for mice. The experiments were terminated when infected mice showed a drop in

body temperature below 34°C or showed signs of cerebral complications.

Sizes measurements of parasites inside iRBCs

To measure the sizes of schizonts and gametocytes, tail or cardiac blood containing
schizonts was collected from infected BALB/c mice with a high parasitemia (10-30%).
Blood was collected in complete RPMI-1640 culture medium. The size of schizonts was
determined in fixed iRBC on Giemsa-stained smears and by imagestream flow cytometry
of live iRBCs. For the Giemsa-stained smears, pictures were taken using a Leica microscope
(1000x magnification; oil immersion) from randomly chosen fields of 300-400 RBCs, and
all schizonts and gametocytes were measured in these fields. The sizes of iRBCs and the
parasites were measured by Imagel) by gating on the areas of parasites and iRBC. For

imagestream flow cytometry analysis, iRBCs containing schizonts of wt-GFP-Luc_, and

hiz
Apm4DAbp2-parasites were first enriched by Nycodenz density centrifugation [66]. Purified
parasites were then collected in complete RPMI-1640 culture medium and stained with
Hoechst-33258 (2 umol/L, Sigma, NL) for 1 hour at room temperature. Cultured, mature
schizonts of wt P. berghei ANKA (cl15cyl) were used as non-staining control; Hoechst
stained cl15cyl (Hoechst only) and non-stained wt-GFP-Luc_, (GFP only) were used
as single-color controls. The analyses were performed using an Amnis ImageStream X
imaging cytometer (Amnis Corp.) and images were analyzed using the IDEAS® image

analysis software.

Electron microscopy analysis

For electron microscopy analyses, infected blood was collected from wt or Apm4Abp2
parasite infected BALB/c mice by heart puncture. Infected RBCs were enriched by
Nycodenz centrifugation [66]. IRBC (10’—10%) were collected and fixed overnight in 2mL
of 1.5% glutaraldehyde in 0.1 M sodium cacodylate. After centrifugation, the pellet was
rinsed twice with 0.1M sodium cacodylate, and postfixed with 1% osmium tetroxide in
0.1 M sodium cacodylate. After rinsing, samples were dehydrated in a graded ethanol
series up to 100% and embedded in Epon. 110-nm sections were cut with a microtome
and transferred onto standard grids and post-stained with uranyl acetate and lead citrate.

Transmission electron microscopy (TEM) data were collected on a FEI Tecnai microscope
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at 120 kV with a FEI Eagle CCD camera. Virtual slides [69] consisting of 759 and 729
unbinned 4kx4k images were collected for the WT and Apm4Abp2 sample respectively.
The magnification at the detector plane was, in both cases, 12930: the pixel size 1.2
nm square. The resulting slides cover an area of 10°x10° um? and 10°x10° um? for the
respective samples. The virtual slides were analyzed by Aperio ImageScope software

(www.aperion.com). All statistical tests were performed using GraphPad Prism.

Quantification of hemozoin in schizonts-iRBC

Hz was quantified in schizonts using different methods. Hz was quantified by measuring
the relative light intensity (RLI) of Hz crystals in schizonts by reflection contrast polarized
light microscopy [33,70,71]. Schizonts were either collected from overnight in vitro blood-
stage cultures or directly from tail blood when schizonts were present in the peripheral
circulation. For the cultures, infected tail blood (10 uL) with a parasitemia between 0.5
and 1% was cultured overnight in 1mL complete RPMI-1640 culture medium at 37°C
under standard conditions for the culture of P. berghei blood-stages [35]. Thin blood
smears were made from cultured parasites or from tail blood and stained with Hoechst-
33342 (2 umol/L, Sigma, NL) for 20 min. Schizonts (8-24 nuclei) were selected on blood
smears based on the Hoechst-stained nuclei and pictures were taken with a LeicaDM/RB
microscope (1000x magnification, oil RC immersion objective; Leica, Wetzlar, Germany)
which was adapted for RCM as described by Cornetese-ten Velde et al. [72]. The RLI of Hz
crystals in the schizonts was measured using Image J software.

Quantification of hemozoin in organs

To quantify Hz deposition in organs of infected mice, groups of 8 BALB/c mice were i.p.
infected with 10°wt, Apm4 or Abom4Abp2 parasites. At different peripheral parasitemias,
mice were sacrificed and systemically perfused with 20 mL PBS to remove circulating
iRBC from the organs. Livers, spleens and lungs were removed, weighed and stored at
-80°C until further analysis. The Hz extraction from these organs and quantification was

performed using an optimized method for Hz quantification in tissues as described [36].

Gametocyte and ookinete production

Gametocyte production is defined as the percentage of ring forms developing into mature
gametocytes during synchronized infections [35]. Ookinete production was determined
in standard in vitro fertilization and ookinete maturation assays and is defined as the
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percentage of female gametes that develop into mature ookinetes under standardized
in vitro culture conditions [73]. Female gamete and mature ookinete numbers were
determined on Giemsa-stained blood smears made 16—18 hours post-activation.

Measurement of drug-sensitivity of blood-stage parasites

Groups of 5 BALB/c mice were i.p. infected with either 10* wt- or 10° Apm4Abp2-parasites.
At a peripheral parasitemia of 2-5%, mice were treated with artesunate [AS; Pharbaco,
Vietnam, 60 mg powder (a kind gift from Dafra Pharma)], chloroquine (CQ; Sigma) or
sulfadiazine (SD; Sigma) and peripheral parasitemia was monitored daily by counting
Giemsa-stained blood films of tail blood. AS treatment was performed by i.p. injection
of 6.25mg/mL in 5% NaHCO, as a single dose for 4 consecutive days. CQ and SD were
provided in the drinking water for a period of 7 days. CQ was provided at a concentration
of 288mg/L with 15g/L glucose [74] and SD at a concentration of 35mg/L [75].
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Figure S1. Generation of the P. berghei mutants Apm4, Abp1 and Abp2.

A. Schematic representation of gene-deletion constructs targeting the open reading frame (ORF) of genes
expressing plasmepsin 4 (pm4), berghepain 2 (bp2) or berghepain 1 (bp1) by double cross-over homologous
recombination, and wild-type (wt) gene loci before and after disruption. The constructs contain a drug-
selectable marker cassette (SM; black box) and gene target regions (hatched boxes). See Table S2 for primer
sequences used to amplify the target regions. Primer positions (arrows) for diagnostic PCRs are shown (see
Table S3 for primer sequences and expected product sizes).

B. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirm
correct disruption of pm4 in mutant Apm4-b. Northern analysis of blood-stage mRNA (right) confirms the
absence of pm4 transcripts in the Apm4-b mutant. The following primers were used for diagnostic PCRs: 5’
integration (5’ in): L5516/L4096; 3’ integration: (3’ in) L1662/L5517; SM (hdfhr::yfcu): L4698/L4699; pm4
ORF: L5518/L5519. Separated chromosomes were hybridized using an hdhfr probe that recognizes the DNA-
construct integrated into the pm4 locus on chromosome 10. Northern blot was hybridized using a PCR probe
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recognizing the pm4 ORF (primers L5518/L5519) and with an oligonucleotide probe L644R recognizing the large
subunit rRNA (as loading control).

C. Diagnostic PCR (left) confirms the correct deletion of the bp2 gene in mutant Abp2-a. RT-PCR analysis of
blood stage mRNA (right) shows the absence of bp2 transcription in Abp2-a blood-stages. The following primer
pairs were used for diagnostic PCR analyses: 5’ in, RS835/RS32; 3’ in, RS110/RS836; SM (tgdhfr/ts), RS404/
RS405; bp2 ORF, RS514/RS515. For RT-PCR the following primers were used: tub (tubulin), RS782/RS783 and
bp2, RS515/RS516.

D. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirm
the correct disruption of the bp2 gene in mutant Abp2-b. Northern blot analysis of blood stage mRNA (right)
confirms the absence of bp2 transcripts in Abp2-b. The following primers were used for diagnostic PCRs: 5’
in, L5024/L3211; 3’ in, L5025/L1662; SM (hdhfr::yfcu), L4698/L4699; bp2 ORF, L5026/L5027. Separated
chromosomes were hybridized using an hdhfr probe that recognizes the DNA-construct integrated into the bp2
locus on chromosome 9. Northern blot was hybridized using a PCR probe recognizing the bp2 ORF (primers
L5026/L5027) and with an oligonucleotide probe L644R recognizing the large subunit rRNA (as loading control).
E. Southern analysis of pulsed field gel-separated chromosomes (left) confirms the correct disruption of bp1
in mutant AbpI-a and Abpl-b. Northern analysis of blood-stage mRNA (right) confirms the absence of bp1
transcripts in mutant Abpl-a. Separated chromosomes were hybridized using an 3’UTR pbdhfr probe that
recognizes the DNA-construct integrated into the bp1 locus on chromosome 13, the endogenous dhfr/ts on
chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on chromosome 3. Northern blot was
hybridized using a PCR probe recognizing the bp1 ORF (primers L7422/L7423) and with an oligonucleotide probe
L644R recognizing the large subunit rRNA (as loading control). See Table S3 for primers used for generation of
probes.
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Figure S2. Generation of the P. berghei mutants Adpap1, Adpap2 and Adpap3.

A. Schematic representation of the gene-deletion constructs targeting the ORF of genes expressing dipeptidyl
peptidases 1-3 (dpap1-3) by double cross-over homologous recombination and the wt gene loci before and
after disruption. The constructs contain a drug-selectable marker cassette (SM; black box) and gene target
regions (hatched boxes). See Table S2 for primer sequences used to amplify the target regions. Primer positions
(arrows) for diagnostic PCRs are shown (see Table S3 for primer sequences and expected product sizes).

B. Diagnostic PCR (left, center) and RT-PCR (right) analysis confirm correct disruption of dpap1 in Adpapl-a. For
diagnostic PCRs, the following primers were used: 5" in, RS672/RS32; 3’ in, RS110/RS673; SM (tgdhfr/ts), RS404/
RS405; dpapl ORF, RS582/RS583. For RT-PCR the following primers were used: tub (tubulin), RS782/RS783 and
dpap1, RS582/RS583.

C. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated (center) confirm correct disruption
of dpap1 in Adpapl-b. Northern analysis of blood-stage mRNA (right) confirms the absence of dpap1 transcripts
in the Adpapl-b mutant. The following primers were used for diagnostic PCRs: 5’ integration (5’ in), L6204/
L4770; 3’ integration (3’ in), L4771/L6205; SM (hdfhr::yfcu), L4698/L4699; dpapl ORF, L6206/L6207. For
Southern analysis, separated chromosomes were hybridized using an hdhfr probe that recognizes the construct
integrated into the dpap1 locus on chromosome 9. Northern blot was hybridized using a PCR probe recognizing
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the dpapl ORF (primers L6206/L6207). As a loading control, hybridization was performed with oligonucleotide
probe L644R that recognizes the large subunit rRNA.

D. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirms
correct disruption of dpap2 in mutant Adpap2. Northern analysis of blood-stage mRNA (right) confirms the
absence of dpap2 transcripts in the Adpap2 mutant. The following primers were used for diagnostic PCRs:
5" in, L6935/L4770; 3’ in, L4771/L6936; SM (hdfhr::yfcu), L4698/L4699; dpap2 ORF, L6937/L6938. Separated
chromosomes were hybridized using a 3'UTR pbdhfr probe that recognizes the construct integrated into dpap2
on chromosome 14, the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in
the 230p locus on chromosome 3. Northern blot was hybridized using a PCR probe recognizing the dpap2 ORF
(primers L6937/L6938) and with an oligonucleotide probe L644R recognizing the large subunit rRNA (as loading
control).

E. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirm
correct disruption of dpap3 in Adpap3-a and Adpap3-b. Northern analysis of blood-stage mRNA (right) confirms
the absence of dpap3 transcripts. The following primers were used for diagnostic PCRs: 5’ in, L6941/L4770;
3’ in, L4771/L6942; SM (hdfhr::yfcu), L4698/L4699; dpap3 ORF, L6943/L6944. Separated chromosomes were
hybridized using a 3’UTR pbdhfr probe that recognizes the construct integrated into dpap3 on chromosome
10, the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on
chromosome 3. Northern blot was hybridized using a PCR probe recognizing the dpap3 ORF (primers L6943/
L6944) and with an oligonucleotide probe L644R recognizing the large subunit rRNA (as loading control). See
Table S3 for primers used for generation of probes.
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Figure S3. Generation of P. berghei mutants Aapp, Alap and Adap.

A. Schematic representation of the gene-deletion constructs targeting the ORF of genes expressing
aminopeptidase P (app), leucyl aminopeptidase (/ap) and aspartyl aminopeptidase (dap) by double cross-over
homologous recombination and the wt gene loci before and after disruption. The constructs contain a drug-
selectable marker cassette (SM; black box) and gene target regions (hatched boxes). See Table S2 for primer
sequences used to amplify the target regions. Primer positions (arrows) for diagnostic PCRs are shown (see
Table S3 for primer sequences and expected product sizes).

B. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirm
correct disruption of app in Aapp-a and Aapp-b. Northern analysis of blood-stage mRNA (right) confirms the
absence of the app transcripts in the Aapp mutants. The following primers were used for diagnostic PCRs: 5’
integration (5’ in): L7107/L4770; 3’ integration (3 in): L4771/L7108; SM (hdfhr::yfcul): L4698/L4699; app ORF:
L7109/L7110. Separated chromosomes of Aapp-a and Aapp-b were hybridized using a 3’'UTR pbdhfr probe
that recognizes the construct integrated into the app locus on chromosome 13, the endogenous dhfr/ts on
chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on chromosome 3. Northern blot
was hybridized using a PCR probe recognizing the app ORF (primers L7109/L7110) and with an oligonucleotide
probe L644R recognizing the large subunit rRNA (as loading control).

C. Diagnostic PCR (left) and Southern analysis of separated chromosomes (center) confirm correct disruption
of lap in mutant Alap. Northern analysis of blood-stage mRNA (right) confirms the absence of lap transcripts in
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the Alap mutant. The following primers were used for diagnostic PCRs: 5" in, L6967/L4770; 3" in, L4771/L6968;
SM (hdfhr::yfcu), L4698/L4699; lap ORF, L6969/L6970. Separated chromosomes were hybridized using a 3’UTR
pbdhfr probe that recognizes the construct integrated into /lap on chromosome 13, the endogenous dhfr/ts on
chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on chromosome 3. Northern blot was
hybridized using a PCR probe recognizing lap ORF (primers L6969/L6970) and with an oligonucleotide probe
L644R recognizing the large subunit rRNA (as loading control).

D. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirm
correct disruption of dap in Adap. Northern analysis of blood-stage mRNA (right) confirms the absence of
the dap transcripts in the Adap mutant. The following primers were used for diagnostic PCRs: 5 in, L6975/
L4770; 3’ in, L4771/L6976; SM (hdfhr::yfcu), L4698/L4699; dap ORF, L6977/L6978. Separated chromosomes
were hybridized using a 3’UTR pbdhfr probe that recognizes the construct integrated into dap on chromosome
8, the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on
chromosome 3. For Northern blot was hybridized using a PCR probe recognizing dap ORF (primers L6977/
L6978) and with an oligonucleotide probe L644R recognizing the large subunit rRNA (as loading control). See
Table S3 for primers used for generation of probes.
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Figure S4. Generation of two independent P. berghei Apm4Abp2 mutants

A. Schematic representation of the wt berghepain 2 (bp2) gene locus, the disrupted bp2 locus in mutant
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deletion Abp2-b and the locus of Abp2-b*™. In the Abp2-b=™ the drug selectable marker (SM, black) has been
removed by negative selection using 5-FC. Construct pL1602, used to generate mutant Abp2-b, targets bp2 by
double cross-over homologous recombination at the target regions (hatched boxes) and contains a positive-
negative SM (hdhfr::yfcu) flanked on both sides by 3’pbdhfr sequences (grey boxes). The application of negative
selection (5-FC) on Abp2-b parasites permits the selection of Abp2-b*™ parasites without the SM that has been
excised from the genome as a result of a recombination event between the two 3'pbdhfr sequences. Restriction
sites and size of the expected fragments in Southern analysis (see B) are shown.

B. Southern analysis of EcoRlI digested DNA of wt, Abp2-b and Abp2-b=™ parasites, confirming correct integration
of construct pL1602 in Abp2-b and the subsequent removal of the SM cassette in Abp2-b*™ after negative
selection (see A for the expected sizes of the EcoRI fragments). Hybridization was performed using a probe
recognizing 3'UTR of bp2 (primers L5460/L5461).

C. Schematic representation of the gene-deletion construct targeting the ORF of plasmepsin 4 (pm4) by double
cross-over homologous recombination and the wt gene locus before and after disruption. The constructs
contain a drug-selectable marker cassette (SM; black box) and gene target regions (hatched boxes). See Table
S2 for primer sequences used to amplify the target regions. Primer positions (arrows) for diagnostic PCRs are
shown. See Table S3for primer sequences and expected product sizes.

D. Diagnostic PCR (left) and Southern analysis of separated chromosomes (center) confirm correct disruption
of pm4 and bp2 in Apm4Abp2-a and Apm4Abp2-b. Northern analysis of blood-stage mRNA (right) confirms the
absence of transcripts of pm4 and bp2 in the mutants. The following primers were used for diagnostic PCRs:
5’ integration (5’ in): L5516/L4096; 3’ integration (3’ in): L1662/L5517; SM (hdfhr::yfcu): L4698/L4699; pm4
ORF: L5518/L5519; bp2 ORF: L5026/L5027. Separated chromosomes were hybridized using an hdhfr probe
that recognizes the construct integrated into pm4 on chromosome 10. Northern blots were hybridized using a
PCR probe recognizing the bp2 ORF (primers L5026/L5027) or the pm4 ORF (primers L5518/L5519) and with an
oligonucleotide probe L644R recognizing the large subunit rRNA (as loading control). See Table S3 for primers
used for generation of the probes.
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Figure S5. Apm4Abp2 parasites cause self-resolving blood infections in both C57BL/6 and BALB/c mice

A. Course of parasitemia in BALB/c mice. Mice (n=6) were intraperitoneally (i.p) infected with 10° wt, 10°
Apm4Abp2-a or 10° Apm4Abp2-b parasites. Wt-infected mice developed hyperparasitemia and severe anemia
in the second week post infection (p.i) and were sacrificed on day 10-11 p.i. Mice infected with Apm4Abp2-
parasites resolved infections resulting in undetectable parasitemia by microscopic analysis between day 17 and
25 after infection.

B. Course of parasitemia inC57BL/6 mice. Mice (n=6) were i.p infected with 10° wt, 10° Apm4Abp2-a or 10°
Apm4Abp2-b parasites. All wt-infected mice developed cerebral complications at day 6 after infection, whereas
none of the mice infected with Apm4Abp2-a or Apm4Abp2-b parasites developed ECM. Mice infected with
Apm4Abp2 parasites resolved infections resulting in undetectable parasitemia by microscopic analysis between
day 22 and 24 after infection.

C. Trophozoites of Apm4Abp2-parasites on Giemsa-stained blood smears showing translucent vesicles in the
cytoplasm and the absence of hemozoin pigment.
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Figure S6. Ultrastructural analysis of wt- and Apm4Abp2-trophozoites

A. Electron micrographs of red blood cells infected with wt- or Apm4Abp2-trophozoites showing differences
in the number, morphology and electron-dense staining of intracellular vesicles within their cytoplasm. Scale
bars, 5 um.

B. Hz crystals (red arrow heads) and cytostomes (C) in both wt- and Apm4Abp2-trophozoites. The presence
and accumulation of dark-staining vesicles (DSV, white arrow heads) is only visible in Apm4Abp2-trophozoites.
Scale bars, 5 um.
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Figure S7. Gametocytes of Apm4Abp2 are fertile despite their smaller size and reduced hemozoin production

A. Apm4Abp2-parasites produce gametocytes with a smaller size compared to wt-gametocytes. Mature wt
male (M) and female (F) gametocytes (gct) usually occupy the entire volume of the iRBC and are characterized
by abundant Hz crystals scattered throughout the cytoplasm, a single excentric located nucleus that is enlarged
in male gametocytes, dark blue stained cytoplasm in females and pink stained cytoplasm in males. Uninuclear
parasites with characteristics of mature male and female gametocytes (excentric nucleus, blue or pink stained
cytoplasm) were readily detected on Giemsa-stained smears of tail blood obtained from mice infected with
Apm4Abp2-parasites (left panel). Size measurements of gametocytes in Giemsa-stained smears showed a
significant reduction in size of the Apm4Abp2 gametocytes (right panel). Scale bars, 5 um.

B. Female Apm4Abp2 gametes are fertilized and develop into ookinetes with the same characteristics as wt-
ookinetes, including a banana shaped morphology and a centrally located, enlarged nucleus. However, the
Apm4Abp2-ookinetes show strongly reduced or absent Hz clusters. BF, bright-field.

C. Normal DNA content and reduced Hz levels in Apm4Abp2-ookinetes.

Nuclear DNA content of Apm4Abp2- and wt-ookinetes as determined by Hoechst-fluorescence intensity
measurements. The mean fluorescence intensity of haploid ring-form nuclei (white arrows) of Apm4Abp2 and
wt are 13.0 and 12.1 RLI (relative light intensity), respectively. The Apm4Abp2 and wt ookinetes show similar
(tetraploid) DNA content and both have similarly enlarged nuclei, with RLI values of 49.6 and 45.3, respectively
(n.s, student T-test, not significant, n>25). The amount of Hz in individual ookinetes (n>25) is determined by
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measuring relative light intensity (RLI) of polarized light. The Hz level in Apm4Abp2 parasites ookinetes is
significantly lower (57% less) than wt ookinets (*** P<0.0001, student T-test).
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D 1
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—

& @'
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Figure S8. Cloroquine treatment of Apm4Abp2-infected BALB/c mice

A. Trophozoites of Apm4Abp2-parasites before chloroquine (CQ) treatment and at different days after start of
CQ treatment. Untreated Apm4Abp2-parasites 1 day before CQ treatment (D-1) show an identical morphology
to Apm4Abp2-parasites at day 1, 3 and 8 (D1, D3, D6) during CQ treatment with respect to size, absence of Hz
pigment granules, accumulation of intracellular vacuoles and amoeboid morphology (see Figure S5).

B. Clearance of Apm4Abp2-parasites in infected mice that were treated (CQ-1,2) or non-treated (NT) with CQ.
In 2 experiments, Apm4Abp2-parasites were cleared in all mice (n=10) to undetectable levels (as examined by
microscopy) on day 16 post-infection in CQ-treated mice (7 days after CQ treatment). In non-treated mice (n=8),
parasites were cleared between 16-18 days post-infection.
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Table S3. Primers for genotyping

Genes No. Primer sequences Description g‘é;g;:it:on :I;Zd(l;c;)

Primers for PCR analyses

pm4 L5516 TTATGGGGATCCATATTTCAC pm4 5’ in-F L4906 1364
L5517 CATGCGAATAAATGCTCAG pm4 3’ in-R L1662 1122
L5518 TCCGAATATTTAACAATTCGTG pm4 ORF-F 869
L5519 ATGAAAGGTACTGGAATACTC pm4 ORF-R

bp2 RS835 TCTACAAGAATAAAAAGTTTCC bp2-a 5’ in-F RS32 879
RS836 TATTACATCTATATAAGAATCATGC bp2-a 3’ in-R RS110 1075
RS514 CACCATGAATTACCATTCTAGCCATCATATTAGAC bp2-a ORF-F 1407
RS515 TTATTCAATTATAGGAGCATAACCTTGTAC bp2-a ORF-R
RS516 TTAAGTGAACAACAATTAGTTGATTGTGC bp2-a ORF-F 516
L5024 ATTGTTTATCGAGGAATTCG bp2-b 5" in-F L3211 1299
L5025 TGGATATTCTCACGATTACC bp2-b 3" in-R L1662 1009
L5026 GTATGTTTGGTTTTACCGTC bp2-b ORF-F 1108
L5027 CACATAAACCATCCATGTC bp2-b ORF-R

bin L5105 TGTTACATATTTATGGCATTCC bin 5’ in-F L4770 999
L5106 GCCAACTAGTACAAATATACAC bln 3" in-R L4771 990
L5107 GACCCATTAGATGCTGAG bln ORF-F 694
L5108 GTTCCACAGCATCATCTC bin ORF-R

dadp1 RS672 CAAACATACAAAAATAAACACC dapal-a 5'in-F RS32 875
RS673 TGTTATAATTCCCTTATATGT dapal-a 3'in-R RS110 903
RS582 CACCGATAATGAACACAGAGAAAATTGGAAC dapal-a ORF-F 856
RS583 TTACATTTGAGATGCAATATAACATGAACC dapal-a ORF-R
L6204 GCTTGTTTTATTTCCCTTTATTTTAC dapal-b 5" in-F L4770 875
L6205 GAGTAATGTTATAATTCCCTTATATGTG dapal-b 3’ in-R L4771 903
L6206 GTTGTTTTTATGCTGAAAAATACG dapal-b ORF-F
L6207 AGTACATTTTTTGGCATGTG dapal-b ORF-R 86

dadp2 L6935 ATTCTCAACAAATGGGCAACTG dapa2 5’ in-F L4770 853
L6936 TCTTTAAACTCGACATTTTTTCC dapa2 3’ in-R L4771 951
L6937 CTCCCTATTCATGCTCTTATGG dapa2 ORF-F 922
L6938 CTACAATACTTGGACATTCCTC dapa20RF-R

dadp3 L6941 CAATGCAAGTAGCAGAGAATG dpap3 5’ in-F L4770 893
L6942 CTTCATTACGAGATTAAAAATTCAC dpap3 3’ in-R L4771 819
L6943 ATCCCTGTTCATTGCTTGAG dpap3 ORF-F 1181
L6944 AGTATCTGCATTAACATCTAGAG dpap3 ORF-R

app L7107 AAGTATTATAAAATTAGCGCAAACAG app 5’ in-F L4770 1003
L7108 TCATTTTGCTTTATTTTCTCTTTTG app 3" in-R L4771 1009
L7109 ATGCGTATAAATTCGCTTATATATG app ORF-F
L7110 CAAAGAATCTACATCAGGGTTCTC app ORF-R 9%

aap L6949 TGTGAATTTGCGGAGATGTTG aap 5’ in-F L4770 928
L6950 AATTATTAGTAAAAATGCGAAAGG app 3" in-R L4771 1068
L6951 AGAACAGATTACAAACCAAGTG aap ORF-F 912
L6952 ACCAGTATAGTTATGGAAATATTCG aap ORF-R

lap L6967 AAGTAATGCTTTTACCCTTTCTG lap 5" in-F L4770 1051
L6968 ATATATACTCCCTTATACCACGTC lap 3" in-R L4771 1088
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L6969 AAAACAATTACAATAGTGATTGTC lap ORF-F 988
L6970 GGATACATACTACCTTTTCCTACTG lap ORF-R

dap L6975 TATGGGTGTCCTAATTTTAACTG dap 5’ in-F L4770 880
L6976 AGTTAATCGAAAGCACTGATAC dap 3’ in-R L4771 893
L6977 GATAAAAAGGCACGAGAATATG dap ORF-F 1037
L6978 AAACTTCCATATATTTCATCTACTG dap ORF-R

Universal primers
L695 AATATTCATAACACACTTTTAAGC S’pbdhfr/ts R
L3211 GCACACAACATACACATTTTTACAG 3’pbdhfr/ts R
L4906 CGACTAGTTAATAAAGGGCAC S’pbeefla R
L1662 GATTCATAAATAGTTGGACTTG 3'pbdhfr/ts F
L4770 CATCTACAAGCATCGTCGACCTC anchor-tag R
L4771 CCTTCAATTTCGGATCCACTAG anchor-tag F
L4598 GGACAGATTGAACATCGTCG tgdhfr/ts F 1059
L4599 GTGTAGTCTGTGTGCATGTC tgdhfr/ts R
RS1900 CGGGATCCATGCATAAACCGGTGTGTC tgdhfr/ts F
RS1901 CGGGATCCAAGCTTCTGTATTTCCGC tgdhfr/ts R 1850
L4698 GTTCGCTAAACTGCATCGTC hdhfr F 287
L4699 GTTTGAGGTAGCAAGTAGACG yfcu R

Primers for PCR probes and RT-PCR
L692 CGCGGATCCATGCATAAACCGGTGTGTC 3’pbdhfr/ts F
L693 CGCGGATCCGCTAGACAGCCATCTCCAT 3'pbdhfr/ts R 04
L886 GGAAGATCTATGGTTGGTTCGCTAAACTGCATCG hdhfr F -
L887 GGAAGATCTTTAATCATTCTTCTCATATACTTC hdhfr R
L644 GGAAACAGTCCATCTATAATTG Isu rrna (A-type)
RS32 CAAACATACAAAAATAAACACC 5’pbdhfr/ts R
RS110 CTTTATGTCCACAACATCATC 3'pbdhfr/ts F
RS782 TGGAGCAGGAAATAACTGGG pbTubF 202
RS783 ACCTGACATAGCGGCTGAAA pbTubR
7422 AACATTACCACAAGCAGTATCG bpl ORF-F 1001
7423 CCATCACATCCAAAATTGTCAC bp1ORF-R

pb = P. berghei, tg = T. gondii; h = human, y = yeast
5’ in =5’ integration PCR; 3’ in = 3’ integration PCR
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Abstract

Immunization with killed or attenuated Plasmodium blood-stage parasites, or with live
parasites under curative chemotherapy, can induce protective immunity against a malaria
infection. Such infection-based immunization is being pursued not only to characterize
potential live-attenuated blood-stage vaccines, but also to identify the critical host and
pathogen components involved in development of protective immunity and pathology.
We targeted 41 Plasmodium berghei genes for disruption in order to generate genetically
modified blood stage parasites (GAP ) that are growth- and virulence- attenuated and
that may serve as immunogens and as tools to study protective immunity. Using mutants
generated in this and in previous studies, we examined their infection and virulence
characteristics by assessing experimental cerebral malaria (ECM) in C57BL/6 mice and the
development of hyper-parasitemia in BALB/c mice. Blood stage infections of 9 mutants
showed significant reduction in in vivo growth rates. Seven of these 9 growth-attenuated
mutants did not induce ECM in C57BL/6 mice. Two single-gene deletion mutants,
lacking expression of either aminopeptidase P or leucyl aminopeptidase and a double
gene-deletion mutant that lacks expression of both plasmepsin-4 and berghepain-2, did
not induce hyper-parasitemia in the majority of BALB/c mice. These mice resolved the
infection and the convalescent mice were protected against infections with wild type
parasites.
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Introduction

Licensed human vaccines available today principally belong to three categories — live
attenuated microbes (e.g. measles, mumps), killed/inactivated microbes (e.g. Polio, rabies)
or protein subunit/conjugate (e.g. Hepatitis B, HPV) (http://www.cdc.gov/vaccines/). A

large number of subunit-vaccine candidates against malaria parasites, Plasmodium, have
been tested in animal models and humans, mainly as a protein (antigen) formulation, or
expressed by a (DNA or viral) vector system in order to generate protective immunity [1].
Most malaria antigens that have been selected as subunit-vaccine candidates have been
characterized as targets of natural immunity, most often associated with strong antibody
responses [2]. However, the most advanced leading subunit pre-erythrocytic vaccine
candidate RTS,S showed only limited efficacy as in Phase 3 testing with clinical malaria
episodes in children being reduced by only 30-50% [3,4]. Clinical trials of erythrocytic
(blood stage) subunit-vaccines have also shown modest protection; the testing of
more than 10 candidate subunit vaccines targeting Plasmodium blood stages have not
progressed to or further than Phase 2 trials, with only three candidates having reached
Phase 2b trials [5]. The limited success with subunit-vaccine development has renewed
interest in developing vaccines consisting of whole, killed or attenuated parasites [6].
While sustained and sterile immunity has been achieved using live Plasmodium liver
stage parasites attenuated by radiation or genetic modification or administered under
curative doses of chemoprophylaxis [7-9], full protective immunity to malaria with either
killed sporozoites or killed blood stage parasites have so far been unsuccessful [7,10].

Whole Plasmodium blood-stage formulations used inimmunization studies usually consist
of infected red blood cells (iRBC). These formulations have included killed parasites in
adjuvant, radiation-attenuated iRBC, or infection with wild-type iRBC administered under
curative doses of chemotherapy and these have been used to immunize both rodents and
primate models of malaria [6,10—-12]. The results of these immunizations, while varied in
their protective efficacies for the different combinations, have demonstrated protective
immunity including complete protection against a challenge with wild type parasites (for
a review see [10]). Furthermore, in a small immunization study of humans, evidence was
found for the generation of complete protective immunity against P. falciparum that was
achieved through repeated inoculations of very low numbers of iRBC (~30) resulting in
sub-patent infections that were controlled using curative dose of chemotherapy [13].
These studies were remarkable in that they showed that not only immunization with
whole blood stages can induce complete protective immunity in humans, but also that
protective immunity could be achieved using only limited amounts of parasite material

and in the absence of a major antibody response [6].
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Currently practical limitations exist for immunization strategies that require humans be
infected with parasites inside red blood cells, either killed or attenuated, for example it is
unclear if regulatory authorities would approve, as part of a mass vaccination program,
the intravenous administration of infected red blood cells to humans [2,6]. Nonetheless,
such immunization studies can provide important insights into how protective immune
responses can be induced and maintained against Plasmodium blood stages [14,15].
Similar to immunization studies using genetically attenuated parasites that arrest in
the liver (GAP ) [8], studies into blood-stage immunization would clearly benefit from
creating genetically attenuated blood stage parasites (GAP,) in animal models that
induce limited, self-resolving infections that are virulence-attenuated and that can
provoke strong and long-lasting immunity without the induction of malarial symptoms
or additional pathologies. Such parasites can be instrumental tools to uncover important
correlates of protection, to both better understand how iRBC are detected and eliminated

by the host immune response, and also to identify correlates of disease.

A number of gene-deletion mutants generated in both rodent and human parasites have
been reported to exhibit moderate to severe reduction in their blood-stage multiplication
rates. However, the first growth- and virulence-attenuated GAP_. was only recently
reported for the rodent model malaria parasite P. yoelii YM (a lethal strain) [16]. This
GAP,,
attenuated and produces a self-resolving infection in mice. Importantly, after a single

which lacks the gene encoding purine nucleoside phosphorylase (PNP), is virulence-

infection with this parasite, all convalescent mice were protected against subsequent
wild-type parasite challenge for prolonged periods (>5 months) [16]. Since then, other
rodent malaria GAP_. have been also reported, which show growth- and virulence-
attenuation and induce self-resolving infections after which mice are protected against
wild type challenge. This includes the GAP that lacks genes encoding for nucleotide
transporter 1 (NT1) [17] which was based on a study performed in P. falciparum, where
an equivalent gene-deletion created parasites that grow only when purines are provided
at supra-physiological concentrations to the culture medium and has been proposed as
a potential P. falciparum GAP  candidate [18]. Others GAP, characterized in the rodent
system include GAP lacking expression of rhomboid 1 [19], plasmepsin-4 (PM4) [20],
and a GAP that lacks both PM4 and MSP7, a merozoite-specific protein [21]. The GAP
that have been created in P. berghei ANKA do not cause experimental cerebral malaria
(ECM) in ECM-susceptible mice as wild type parasite do. These studies show that not
only is it possible to generate growth- and virulence-attenuated blood stages parasites
by targeting specific genes in the parasite genome, but also that strong and long-lasting
protective immune responses can be induced in mice that have resolved their infections.
However, despite growth- and virulence-attenuation, most of the reported GAP  still
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produce infections with relatively high parasitemias (parasite loads). An ideal GAP_
should result in infections with low level parasitemias that spontaneously resolve shortly
after the parasites are introduced into the blood. An infection with low (sub-patent)
parasitemias was only achieved by the Ant1 mutant generated in non-lethal P. yoelii XNL
when infected with low dose of parasites [17]. These sub-patent, self-resolving, infections
generated strong cellular and humoral immune responses that provided complete
protection in BALB/c, C57BL/6 and Swiss mice [17]. However, this GAP,_ was created in a
virulent rodent parasite line (i.e. P. yoelii YM or P. berghei ANKA), where the kinetics and
virulence phenomena of a gene-deletion mutant might be substantially different. We
have targeted 41 genes for targeted disruption in the virulent rodent parasite P. berghei
ANKA in order to generate GAP that are both growth- and virulence-attenuated and can
serve as protective immunogens. Specifically we aimed to create virulence-attenuated
GAP

by the host and induce protective immunity. The genes selected for targeted disruption

s Which induce short-term blood infections with low parasitemias that are resolved
were based on published roles of their encoding proteins in blood stages, or based on
a reported delay in growth phenotype in P. falciparum mutants [22]. From the 41 genes
selected 19 were refractory to targeted disruption. We generated 7 single gene-deletion
mutants and 2 double gene-deletion mutants that showed significant reduction in blood
stage asexual multiplication rates. From these mutants we identified seven GAP_ that
were both growth- and virulence-attenuated and 3 of these mutants did not generate
hyper-parasitemia in BALB/c mice. These mice were able to resolve their infection and

were protected against an infection with wild type parasites.

Results
Selection of genes for analysis by targeted gene deletion

For the generation of mutant blood stage parasites that are growth- and/or virulence-
attenuated we selected a total of 41 genes for analysis by targeted deletion (Table
1). The first group consists of 8 genes encoding all Plasmodium rhomboid proteases
(‘rhomboid genes’). We chose the genes coding for these proteins, because of the critical
roles identified for several rhomboid proteases in host cell invasion and pathogenesis of
apicomplexan parasites [23,24]. In addition, it has been shown that P. berghei and P. yoelii
mutants lacking rhomboid 1 show a reduction in their blood stage growth rates [19,25].
Gene targeting experiments for the 8 rhomboids, generation and characterization of
mutants lacking expression of rhomboid proteases has been described in Chapter 4. In
Table 1 we show an overview of all the gene deletion experiments performed and in

Table 2 we show growth- and virulence-characteristics of the mutants that we were able
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to generate.

The second group (consisting of 12 genes) constitutes genes encoding 8 putative
hemoglobinases and 4 other enzymes possibly involved in the Plasmodium hemoglobin
(Hb) digestion (‘hemoglobin digestion genes’). We chose genes coding for these proteins,
because of the important role Hb digestion has in parasite growth [26]. In addition, gene
disruption studies of hemoglobinases in P. falciparum demonstrate that this system
is redundant and the enzymes have overlapping activities in Hb degradation [27-32].
Mutants lacking expression of certain hemoglobinases, while viable, show reduced
growth rates and the equivalent mutants in P. berghei are both growth- and virulence-
attenuated [20,30]. Gene targeting experiments for 12 genes and the generation and
characterization of mutants lacking expression of hemoglobinases has been described in
Chapter 5. Here, we analyse the growth rates of all mutants (Table 2) and provide data on
the virulence-characteristics of these mutants (see below and Table 2).

The third group (of 8 genes) was selected based on P. falciparum mutants that exhibited
a growth-delay phenotype (‘P. falciparum growth-related genes’). These mutants were
generated in a forward genetic screen based on random piggyBac mutagenesis ([22] and
J.H. Adams unpublished observations).

The last group (consisting of 13 genes) is a heterogeneous group, which encode a
variety of proteins expressed in asexual blood stages (‘other genes’). These have
been selected based on a proven, or putative effect on growth of Plasmodium blood
stages. It includes 3 members of Rab GTPase family. Rab GTPases are key regulators of
vesicular traffic in eukaryotic cells and in Plasmodium 11 rab genes have been identified
of which 10 are transcribed in the iRBC and they possibly have overlapping functions
[33]. Two genes were selected that encode enzymes involved in carbon metabolism:
phosphoenolpyruvate carboxylase (PEPC) and carbonic anhydrase (CA). Carbon dioxide
(CO,) is thought to be essential for the growth of intraerythrocytic malaria parasites in
order to synthesize pyrimidine through CO, fixation and to regulate the intracellular pH
of the parasite [34]. PEPC is thought to catalyse CO, fixation with phosphoeno/pyruvate
in the absence of pyruvate carboxylase in Plasmodium and thereby supplying the cytosol
with oxaloacetate (OAA) [34]. P. falciparum mutants lacking expression of PEPC showed
a strong reduction in growth of trophozoites and mutants could only be selected by
supplying additional malate to cultures of the blood stages [34]. Carbonic anhydrase (CA)
facilitates CO, transport across the plasma membrane and inhibitors of Plasmodium CA
affect the growth of P. falciparum blood stages [35,36]. Two genes were selected that
encode putative transporters, putative amino acid transporter (AAT) and nucleoside

transporter 1 (NT1). NT1 is a plasmamembrane permease which is involved in uptake of
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purines [37,38] and asexual blood stages of P. yoelli and P. berghei NT1-deficient mutants
show a very reduced growth in mice [17,39]. Three genes were selected that play a
role in the Kennedy phospholipid biosynthesis pathway, choline kinase (ct), choline/
ethanolaminephosphotransferase (cept) and a putative ethanolamine kinase (ek). It was
unclear at the initiation of these studies if the generation of Plasmodium phospholipids
were only derived by de novo synthesis, or could be also derived from an alternative
scavenging pathway. If the parasite would make use of both systems, deletion of one of
these genes may not have a deleterious effect, but may affect growth rate of the parasites
[40]. We also targeted the gene encoding a putative hemolysin, as it is implicated to
play a role in parasite egress from the RBC [41,41]. As multiple genes are important for
parasitophorous vacuole (PV) formation and since P. berghei liver stages can survive
and replicate inside a hepatocyte with a compromised/absent PV [42], we attempted to
delete the PV resident protein hepatocyte erythrocyte protein 17 kDa (hep17; also known
as exported protein 1) [43]. Finally, we attempted to disrupt a gene encoding a putative
DNA (cytosine-5)-methyltransferase (dnmt2). DNA methylation plays an important role
in gene silencing/activation, deletion of the equivalent gene (pmt1) in yeast resulted in
decreased rates of vegetative growth [44].

Genes which were refractory to targeting deletion

A total of 19 out of the 41 genes were refractory to targeting deletion in multiple
transfection experiments (Table 1). The multiple unsuccessful attempts to disrupt
these genes indicate that these have a critical function for asexual blood stage growth,
although a failure to disrupt a gene is not an unequivocal proof that the encoded protein

is essential for blood stage multiplication.

These genes include 4 ‘rhomboid genes’ (rom4, 6, 7 and 8; see Chapter 4) and 3
‘hemoglobin digestion genes’ (bin, aap, hdp,; see Chapter 5). Four out of 8 ‘P. falciparum
growth-related genes’ were refractory to gene deletion in P. berghei (i.e. cafl, pp2c,
ApiAP2 and PBANKA_020890). The unsuccessful attempts to disrupt one of these genes,
cafl encoding CCR4-associated factor 1 (PBANKA_142620), has been published [45]. Of
the ‘other genes’, the 3 rab genes were refractory to deletion and attempts to delete ck,
cept and ek, were also unsuccessful, and this was supported by a recent study that also
showed that genes of the Kennedy phospholipid biosynthesis pathway were refractory to
genetic disruption in P. berghei [40]. The genes encoding hemolysin, and HEP17 were also
refractory to disruption. See Table 1 and Table S1 for details of these unsuccessful gene-
deletion attempts and primers used to amplify the targeting sequences, generate the

gene-deletion constructs and for genotyping. Information on failed attempts to disrupt
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genes including DNA constructs and primers have been submitted to the RMgmDB
database of genetically modified rodent malaria parasites (www.pberghei.eu).

Table 1. Selected genes for analysis by targeted gene deletion

Successful DNA
targeting  construct
deletion? name

Gene P. berghei  P. falciparum Product name in
name Gene ID Gene ID PlasmoDB

Experiment No. RMgmDB
Mutant name!  ID?

Genes that encode rhomboid proteases (8 genes)

PBANKA PF3D7_ rhomboid protease yes Mg031 538cl2 RMgm-177

rom1
-093350 1114100 ROM1 pL1533 1496cl4 RMgm-761

PBANKA PF3D7_ rhomboid protease,

rom4 _110650 0506900 putative (ROM4)

no pL1078 653, 684, 695 RMgm-187

PBANKA PF3D7_ rhomboid protease
_113460 1358300 ROM?7, putative

2120, 2121,

no PCR1917 1

rom7 RMgm-759

N
=
S

PBANKA PF3D7_ rhomboid protease,
_111470 0515100 putative

2124cl1,

rom9 2125cl1

yes PCR1919 RMgm-762

Genes that encode

inh lobin digestion pathway (12 genes)

34 g

PBANKA PF3D7_

pm4 1103440 1407800

plasmepsin 4 yes PCR1597 1688cl1 RMgm-808

PCR1541 1502

PBANKA PF3D7_ _— RMgm-804
113700 1360800 bergheilysin no pL1557 1543

pLTgLysin lysinko 1-2-3

bin

PBANKA PF3D7_ . . 2129cl2,
app 131810 1454400 aminopeptidase P yes PCR1924 224801 RMgm-813

PBANKA PF3D7_ M17-family leucyl

130990 1446200  aminopeptidase ves PCR1878  2112cl3 RMgm-814

lap

PCR1690 g‘l‘g 1778,
hd PBANKA PF3D7_ heme detoxification RMgm-807
P 131060 1446800 protein no PCR1762 2208, 2213

pPhHDP hdpko 1-2-3
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PBANKA PF3D7_ dipeptidyl

dpap2 146070 1247800 aminopeptidase 2

yes PCR1875 2056¢l1 RMgm-811

Genes selected based on P. falciparum piggyBac insertion mutants with a growth phenotype (8 genes)

PBANKA PF3D7_ ) PCR1518 1463, 1489
142620 0811300 CCR4-associated factor 1 no RMgm-639

cafl
PCR1585 1591, 1615

conserved Plasmodium PCR1699 1782
pp2c P??yo% P32257900 protein, unknown no RMgm-827
- - function PCR1827 1957

conserved Plasmodium PCR1691 1799
Pg?glgg% Sigg;ao protein, unknown no RMgm-828
- function PCR1774 1893

conserved Plasmodium
P o0 oposego  protein, unknown yes PCR1883  2331clL RMgm-861
- function

Other genes (13 genes)
1526, 1587,
PBANKA PF3D7_ . 1608, 1647,
rab5a 030800 0211200 Rab5a, GTPase, putative no PCR1548 1648, 1680, RMgm-821
1681

PBANKA PF3D7_

rabllb 135410 1340700

Rab GTPase 11b no PCR1710 1787, 1788 RMgm-823

PBANKA PF3D7_ choline/ethanolamine-
_112700 0628300 phophotransferase

1528, 1610,

no PCR1550 1650, 1683

cept RMgm-819

PBANKA PF3D7_ . PCR1693 1781cl1
ntl 136010 1347200 nucleoside transporter 1 yes PCR1776 1912 RMgm-831

PBANKA PF3D7_ phophoenolpyruvate ~
pepc 101790 1462700 carboxylase yes PCR1777 1895cl1 RMgm-833
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PBANKA PF3D7_

hemolysin 131910 1455400 hemolysin, putative no PCR1591 1594, 1618 RMgm-824
PBANKA PF3D7_ circumsporozoite- .
hep17 092670 1121600 el Ermidize no PCR1555 1542, 1611 RMgm-825
DNA (cytosine-5)-
PBANKA PF3D7_ 1935cl1,
dnmt2 021140 0727300 methyltransferase, yes pL1789 1965011 RMgm-835

putative (DNMT2)

1 Experiment number for independent transfection experiments: the unsuccessful attempts (X3) and the experiment number/
clone of the gene deletion mutants

2The ID number of the mutants (or of the unsuccessful attempts for gene deletion) in the RMgmDB database (www.pberghei.
eu) of genetically modified rodent malaria parasites

Successfully generated gene deletion mutants and analysis of growth- and
virulence- attenuation

Successful gene deletion mutants were generated for 22 out of the 41 genes (Table
1). Successful deletion of these genes demonstrates that they are not essential for
asexual blood stage growth under the conditions used for selection of the gene-deletion
mutants. These genes include 4 ‘rhomboid genes’ (rom1, 3, 9, 10; see Chapter 4) and 9
‘hemoglobin digestion genes’ (om4, bp2, dpapl, app, dap, lap; bp1, dpap2, dpap3; see
Chapter 5). Four out of 8 ‘P. falciparum growth-related genes’, were successfully deleted
(cdc25, PBANKA_030100, PBANKA_112890 and Rpus) (Figure S1). In addition, for five
out of 13 ‘other genes’ (nt1, aat, pepc, ca, dnmt2), it was possible to generate deletion
mutants (Figure S2). In addition to these single gene-deletion mutants, we also generated
two ‘double’ gene-deletion mutants. In one mutant (Apm4Abp2) both plasmepsin-4
(pm4) and berghepain-2 (bp2) were sequentially deleted. The proteins encoded by
these genes are responsible for initial cleavage of native hemoglobin (Chapter 5). In the
second double gene-deletion mutant (Apm4Asmac), both plasmepsin-4 (pm4) and the
gene smac were deleted (Figure S2). The smac gene encodes SMAC (schizont membrane-
associated cytoadherence protein, PBANKA_010060), which is involved in P. berghei
ANKA schizont sequestration [46]. See Table 1 and Table S1 for details of the successful
gene-deletion mutant generation and primers used to amplify the targeting sequences,
generate the gene-deletion constructs and for genotyping. All information on the gene
deletion mutants, including DNA constructs and primers, has been submitted to the
RMgmDB database of genetically modified rodent malaria parasites (www.pberghei.eu).

For all gene-deletion mutants, we confirmed the correct integration of the constructs
and the successful disruption of the gene by diagnostic PCR and/or Southern analyses
of separated chromosomes (Figures S1-2). For all mutants we determined the in vivo
asexual multiplication rates (i.e. growth rate), which is calculated during the initial phase
of infection after mice are infected with a single parasite and is defined as the daily-

fold increase in parasite numbers [20] (Table 2). When mutants were observed to have
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a significantly reduced growth rate we also confirmed the lack of transcription of the
disrupted genes by Northern analyses of blood stage mRNA from the mutant parasites
(Figures S2). In addition, for mutants with a significant growth defect (see below; 9 out of
22 mutants), we determined their virulence characteristics in C57BL/6 and BALB/c mice. In
C57BL/6 mice we determined whether the mutant parasites induce experimental cerebral
malaria (ECM). P. berghei ANKA is a frequently used model to study ECM in C57BL/6 mice.
When these mice are infected with 10* to 10° wild type (wt) P. berghei ANKA parasites,
more than 90% of mice develop features of ECM between day 6 and 9 after infection
[47]. In BALB/c mice we determined the development of hyper-parasitemia. BALB/c mice
infected with wt P. berghei ANKA do not develop ECM, but succumb to hyper-parasitemia
(>50%), anemia and general organ failure in the second or third week after infection [48].

Gene-deletion mutants that exhibit normal growth rates

Wild-type P. berghei ANKA parasites have a consistent 10-fold increase in parasitemia
per 24 hour [20], and we observed that 15 out of 22 single gene-deletion mutants we
generated had no significant reduction in their asexual multiplication rates (Table 2). The ‘P,
falciparum growth-related gene mutants’ Acdc25, APBANKA_030100, APBANKA 112890
and ARpus have wt multiplication rates (Table 2), which are different from the reduced
growth rates of their corresponding P. falciparum piggyBac insertion mutants. The
cell cycle of mutant PfAcdc25 is prolonged by 10% (J. H. Adams, unpublished data);
mutants APF3D7_0630100 (ortholog of PBANKA_030100), APF3D7_0203000 (ortholog
of PBANKA_112890) and PfARpus exhibit 45—65% reduction in RBC invasion compared
to wt P. falciparum NF54 [22]. Other mutants with wt growth rates were 4 ‘rhomboid
gene mutants’ (Arom1, Arom3, Arom9, Arom10; Chapter 4, Table 2), 4 ‘hemoglobin
digestion gene mutants’ (Abp2, Adap, Adpap2, Adpap3; Chapter 5, Table 2) and 3 ‘other
gene mutants’ (Aaat, Aca and Adnmt2). The wt-like growth of Arom1 and Aca mutants
is unexpected. In other studies it has been found that P. berghei and P. yoelii mutants
lacking rhomboid 1 show a reduction in their blood stage growth rates [19,25]. The
normal growth rate of Aca is also unexpected, given CA has been considered a potential
drug target and the antimalarial activity of CA inhibitors against both P. falciparum and P.
berghei has been reported [35,36].

Gene-deletion mutants that exhibit significant reduced growth rates

In infections of mice, 7 out of 22 single gene-deletion mutants show a reduction in their
growth rates and have a significantly lower than the 10-fold increase in parasitemia per
24 hour observed in wt P. berghei ANKA infections. Specifically, 5 ‘hemoglobin digestion
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gene mutants’ (Apm4, Adpapl, Aapp, Alap and Abp1; Chapter 5, Table 2) and 2 ‘other
gene mutants’ (Ant1 and Apepc) (Table 2). Recent analyses of the growth of P. yoelli and
P. berghei mutants lacking expression of NT1 show a reduction in asexual blood stages
growth rate [17,39], which is similar to that we report in this study (Table 2). The reduced
growth rate of the P. berghei Apepc corresponds to the reduced growth of P. falciparum
blood stages lacking expression of PEPC [34]. In addition to the 7 single gene-deletion
mutants, the two double gene-deletion mutants, Apm4Asmac and Apm4Abp2, showed a

strong reduction in their multiplication/growth rates (Table 2).

Table 2. Growth and virulence characteristics of blood stages of gene deletion mutants.

Mutant Day to 0.5_-2°o Multiplication  ECM in §elf-resolving !-Iyper-parasitemia ?elf—resolving
parasitemia’ rate? C57BL/6? in C57BL/6°  in BALB/c® in BALB/c*
wt’ 8(0.2), n=40 10.0 (0.7) 6/6 0/6 6/6 0/6
Mutants without significant reduction in asexual multiplication rates (15 mutants)
Arom1-p 8(0), n=2 10.0 (0.0) 6/6 0/6 6/6 0/6
Arom1-c 8(0), n=3 10.0(0.0) 6/6 0/6 6/6 0/6
Arom3 8(0), n=3 10.0 (0.0) n.d n.d n.d n.d
Arom9 8(0), n=4 10.0 (0.0) n.d n.d n.d n.d
Arom10 8(0), n=4 10.0 (0.0) n.d n.d n.d n.d
Abp2-a 8(0),n=5 10.0 (0.0) 6/6 0/6 6/6 0/6
Abp2-b 8(0), n=6 10.0 (0.0) 6/6 0/6 n.d nd
Adap 8(0), n=3 10.0 (0.0) 6/6 0/6 n.d n.d
Adpap2 8.3(0.4),n=4 9.4 (1.0) n.d n.d n.d nd
Adpap3-a 8.3(0.6), n=3 9.2(1.3) n.d n.d n.d n.d
Adpap3-b 8(0), n=5 10.0 (0.0) n.d n.d n.d n.d
Acdc25 8(0), n=4 10.0 (0.0) n.d n.d n.d nd
APBANKA_ 030100 8.2 (0.4), n=5 9.5(1.0) nd n.d nd n.d
APBANKA_112890 8 (0), n=4 10.0 (0.0) n.d n.d n.d n.d
ARpus 8(0), n=7 10.0 (0.0) n.d n.d n.d n.d
Aaat 8(0), n=5 10.0 (0.0) n.d nd n.d n.d
Aca 8(0), n=4 10.0 (0.0) n.d n.d n.d n.d
Adnmt2-a 8.4 (0.5), n=5 9.1(1.2) 5/5 0/5 n.d n.d
Adnmt2-b 8(0), n=3 10.0 (0.0) n.d n.d n.d n.d
Mutants with significant reduction in asexual multiplication rates (7 mutants)
Apm4 9(0), n=2 7.7 (0.0) *** 0/6 0/6 6/6 0/6
Adpapl-a 9.5(0.7), n=2 7.0 (1.0) *** yes® none’ 6/6 n.d
Adpapl-b 9(0), n=4 7.7 (0.0) *¥** 6/6 0/6 n.d n.d
Aapp-a 12 (0), n=1 4.6 (0.0) *** 0/6 3/6 0/6 6/6
Dapp-b 12 (0), n=4 4.6 (0.0) *** 0/6 6/6 n.d n.d
Alap 15.5 (0.7), n=2 3.3(0.2) *** 0/6 6/6 0/6 6/6

Abp1 9.7 (0.6), n=3 6.8 (0.8) *** 0/6 0/6 n.d nd
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Antl 9.8 (0.5), n=4 6.7 (0.7) *** 0/5 0/5 6/6 n.d
Apepc 13.7 (0.6), n=3 3.9 (0.2) *** 6/6 0/6 6/6 n.d
Double gene-deletion mutants (2 mutants)

Apm4Asmac 13.5(0.7), n=2 3.9(0.3) *** 0/6 5/6 5/5 n.d
Apm4Abp2-a 12, 16, 20, n=3 3.4 (1.1) *¥** 0/6 6/6 2/12 10/10
Apm4Dbp2-b 21,24, n=2 2.3(0.1) *¥** 0/6 6/6 3/6 3/3

n.d, not determined

! The day on which the parasitemia reach 0.5-2% in mice infected with a single parasite during cloning assays. The mean of
one cloning experiment and standard deviation are shown. n, the number of mice tested. For the Apm4Abp2 mutants, due to
large variation, the days of the individual clone are shown.

2The multiplication rate of asexual blood stages per 24 hours as determined in the cloning assays. Mean values and standard
deviations of each line were shown, student T-test, *, P<0.01; ***, P<0.0001.

3 Development of symptoms of experimental cerebral malaria (ECM)

4 Mice with parasitemias <50% that resolving infections in C57BL/6 or BALB/c.

5 Hyper-parasitemia infections in BALB/c mice is defined as a parasitemia > 50%.
6 Spaccapelo R, et al, 2011 (ref[21])

7 Spaccapelo R, unpublished data

Gene-deletion mutants that exhibit normal growth and virulence
characteristics

We tested 3 out of 15 mutants with normal (wt) growth rates for their ablity of inducing
ECM in C57BL/6 mice (i.e. Arom1, Abp2 and Adap). It has been reported that P. berghei
and P. yoelii mutants lacking rhomboid 1 exhibit a slightly reduced growth rate and are
less virulent in mice than wt parasites [19,25]. In particular, the P. berghei Arom1 mutant
as reported by Srinivasan et al. did not cause ECM in Swiss mice [19]. We therefore
determined the virulence of two independent Arom1 mutants (Chapter 4) in C57BL/6
mice. We found that both mutants induced ECM at day 5-6 as wt P. berghei ANKA
parasites (Chapter 4, Table 2).

Gene-deletion mutants that exhibit reduced growth rates but still cause
ECM

Infections with 2 of the 9 growth-attenuated mutants, Adpapl and Apepc, still induced
ECM in C57BL/6 mice. The Adpapl-b mutant caused ECM on day 7-9 post infection in
mice infected with 10° parasites; in comparison, a wt infection initiated with the same
number of parasites produced a higher parasitemia and mice succumbed to ECM 1 or 2
days earlier (i.e. day 6-7; Figure 1A). Most mice infected with Adpap1-a developed ECM
(R. Spaccapelo, unpublished data). Interestingly, while we observed Apepc infections
have a strong reduction in growth when infections are initiated with a single parasite, the
growth rates in mice infected with 10° parasites (intraperitoneally) was, unexpectedly,
not strongly reduced compared to a wt infection in 2 independent experiments and all
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mice developed ECM (Figure 1B). Unfortunately, we have been unable to select a second
independent Apepc mutant yet, despite 6 seperate transfection experiments targetting
pepc. Confirmation of the effects on parasite growth rates in mice when infected with
different parasite numbers awaits either the generation/characterization of a second
independent mutant or restoration of the wt phenotype when pepc gene is re-introduced

into the Apepc genome (i.e. genetic complementation).

Gene-deletion mutants that that exhibit reduced growth rates and
reduced virulence

Infections with 7 out of 9 growth-attenuated mutants also showed virulence-attenuation,
with respect to ECM. Specifically, Apm4, Aapp, Alap, Abpl, Antl, Apm4Abp2 and
Apm4Asmac did not induce ECM in C57BL/6 (Table 2). Furthermore, C57BL/6 mice
infected with four of these mutants were able to spontaneously resolve infections to
different degrees (Table 2): 3 out of 6 mice survived a Aapp-a infections, while all (6/6)
mice resolved infections with either with Aapp-b or Alap (Table 2). Whereas Apm4-
infected C57BL/6 were not able to resolve infections [20], 12 out of 12 mice resolved
infections with the double gene-deletion mutants Apm4Abp2-a or Apm4Abp2-b and 4
of these resolved infections without developing hyper-parasitemia (Figure 1C). For the
double gene-deletion mutant Apm4Asmac, 5/6 mice resolved the infection and these
mice cleared parasites in 3 weeks before parasitemia reaching 20%. One of the six mice

did not control the infection and developed hyper-parasitemia (>50%) (Figure 1C).

In addition to virulence characeristics in C57BL/6 mice we analysed the growth
(parasitemia and self-resolving infections) of 6 growth-attenuated mutants in BALB/c
mice (Apm4, Adpap1-a, Aapp, Alap, Apm4Asmac and Apm4Abp2; Table 2). BALB/c mice
infected with wt P. berghei ANKA do not succumb to ECM, but still are unable to resolve
the infection and mice die of sustained hyper-parasitemia (>50%) and anemia. Mutants
Apm4 and Adpapl-a induced parasitemias in excess of 50% in BALB/c mice, as did the
double gene-deletion mutant Apm4Asmac that had shown reduced parasitemias in
C57BL/6 mice which could resolve the infections. As mice were sacrificed at parasitemias
between 50 and 70%, we did not determine whether these mice were able to resolve
the infections as had previously shown with Apm4 infections [20]. All BALB/c mice (n=6)
infected with 10° Aapp or 10° Alap parasites, and 13 out of 18 BALB/c mice infected with
the 10° or even 10° Apm4Abp2 mutants did not develop hyper-parasitemias and resolved

their infections (Figure 2).

All mice that had resolved their infections (both C57BL/6 and BALB/c) were challenged
with 10°wt parasites by intraperitoneal (i.p) injection, at least 1 month after clearance of
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the parasites. All mice are protected against wild type P. berghei ANKA challenge (data
not shown).
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Figure 1. The course of infection of wild type and mutant P. berghei parasites in C57BL/6 mice.

A. The course of infection (left panel) and survival curve (right panel) in C57BL/6 mice (n=6) i.p infected with
10° wild-type (wt, cl15cy1) or Adpapl-b parasites. Adpapl-b infection produced a lower parasitemia and mice
succumbed to ECM 1 or 2 days later compare to wt parasites.

B. The course of infection (left panel) and survival curve (right panel) in C57BL/6 mice (n=6) i.p infected with 10°
wt (cl15cy1) or Apepc parasites in 2 independent experiments. Apepc infection produced a lower parasitemia
compared wt infection, but still caused ECM on day 6-9 after infection.

C. Course of parasitemia in C57BL/6 mice. Mice (n=6) were i.p infected with 10° wt (cl15cy1), 10° Apm4Abp2-a,
10° Apm4Abp2-b (left panel) or 10° Apm4Asmac parasites (right panel). All wt-infected mice developed cerebral
complications at day 6 after infection, whereas none of the mice infected with Apm4Abp2 or Apm4Asmac
parasites developed ECM. All mice infected with Apm4Abp2 parasites resolved infections resulting in
undetectable parasitemia by microscopic analysis between day 22 and 24 post infection. Five out of 6 mice
infected Apm4Asmac parasites resolved infections in 3 weeks with peak parasitemia less than 25%. One mouse
developed hyper-parasitemia (>50%).
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Figure 2. The course of infection of wild type and mutant P. berghei parasites in BALB/c mice.

Mice (n=6) were i.p infected with 10° wt (cl15cy1), 10° Alap, 10° Aapp (left panel); 10° Apm4Abp2-a (n=12)
or 10° Apm4Abp2-b (n=6) (right panel). All wt-infected mice developed hyper-parasitemia on day 10-11 after
infection, whereas none of the mice infected with Alap or Aapp parasites developed hyperparasitemia and
resolved infections resulting in undetectable parasitemia by microscopic analysis between day 20 and 22 post
infection (p.i). Ten out of 12 mice infected with 10° Apm4Abp2-a parasites and 3 out of 6 mice infected with 10°
Apm4Abp2-b resolved infections without developing hyperparasitemia.

Discussion

In this study we examined P. berghei gene-deletion mutants in order to identify genetically
attenuated blood stage parasites (GAP ), specifically, mutants that are both growth- and
virulence-attenuated and that may serve as immunizing agents and as tools to study
correlates of disease and protection. Using mutants generated in this and previous studies,
we first examined their growth characteristics and established the multiplication rates
for blood stages of each mutant in cloning assays. For those mutants with a significant
reduction in growth, we examined their virulence by assessing experimental cerebral
malaria (ECM) in C57BL/6 mice and for a number of these mutants we also examined
if the infection in BALB/c mice resulted in hyper-parasitemia (i.e. >50%). We analysed
the course of parasitemia in both C57BL/6 and BALB/c mice as we aimed to identify
GAP_ that induce only low-parasitemia, self-resolving infections that are cleared soon
after parasites are introduced into the blood. Until now, most of the reported virulence-
attenuated GAP,  that do not induce ECM in C57BL/6 mice, still produce infections in
BALB/c with relatively high parasitemias [20,21]. We identified 9 mutants that had a
strongly reduced asexual multiplication rate (>20% reduction compared to wt). Seven
of these mutants did not induce ECM, suggesting that the growth rate of blood stages
is an important factor for inducing ECM. The absence of ECM in mice infected with the
double gene-deletion mutants Apm4Abp2 and Apm4Asmac was expected, since mice
infected with Apm4 parasites also do not develop ECM [20]. Interestingly, while it has

been reported that C57BL/6 mice infected with Apm4 cannot resolve their infections
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and die from hyper-parasitemia [20], we found that all C57BL/6 mice infected with
Apm4Abp2, and most mice (5/6) infected with Apm4Asmac can resolve their infections.
These results demonstrate that it is possible to generate further virulence-attenuated
parasites through the deletion of multiple genes, as was also reported by Spaccapelo
et al. [21] with mutants that lack expression of both PM4 and MSP7. The Apm4Abp2
mutant lacks PM4 and BP2, the two key enzymes involved in hemoglobin digestion, as
described in Chapter 5. This mutant has a further reduced multiplication rate compared
to Apm4, which may contribute to the capacity of C57BL/6 mice to resolve infections
with this mutant. The Apm4Asmac mutant lacks in addition to plasmepsin-4, expression
of SMAC, a parasite protein involved in the adherance of P. berghei schizonts (in a CD36-
dependent manner) to host endothelium [46]. It has been shown that the reduced
growth of parasites lacking SMAC is in large part due to the clearance of unsequestered
SMAC-deficient schizonts by the spleen. We found that the growth rate of Apm4Asmac
is strongly reduced compared to either Aobm4 or Asmac, which may explain why C57BL/6
mice are able to resolve infections.

While 7 of the 9 ‘slow-growing’ mutants were virulence-attenuated, two of these mutants
(Adpap1 and Apepc) still induced ECM in mice, suggesting that factors other than a delay
in growth contribute to induction of ECM. We found that all mutants (i.e. Apm4, Aapp,
Apm4Abp2 and Apm4Asmac) that had reduced hemozoin (Hz) production (data shown in
Chapter 5) do not induce ECM. Hz is released into the circulation at schizont rupture and
it is rapidly removed by phagocytosis mainly in the liver and spleen. Upon phagocytosis
Hz cannot be further degraded and persists for prolonged periods in host tissue and
has long been considered as a virulence factor. It has been shown that the number of
Hz-containing leukocytes in the peripheral blood correlates with disease severity in P.
falciparum-infected patients [49,50]. Several inflammatory and immune-modulatory
effects of Hz have been reported (reviewed in [51,52]). Therefore, the amount of Hz
that is released by the parasite may play a critical role in both inducing inflammatory
responses and severe pathology in the host. Since induction of ECM correlates with pro-
inflammatory status of the host [53], Hz may be a critical factor involved in inducing
ECM. However, the amount of Hz, like growth, may not be the only factor responsible
for inducing ECM, since blood stages of several growth-attenuated mutants (Antl,
Alap and Abp1) have normal Hz production and do not induce ECM (Chapter 5, Table
2; unpublished results). However, the absence of ECM in these mutants could still be
related to reduced amounts of Hz released in the circulation early in an infection. Mice
infected with slow-growing parasites can be expected to release less Hz compared to
wt parasites and therefore the Hz levels may be below the threshold that is required
to induce inflammatory responses during the acute phase of the infection necessary to
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produce ECM. Clearly, further research is required to unravel the relative contributions
of the critical parasite (and host) factors that result in severe disease and protection. So
far we have been unable to select mutants that do not induce ECM, but that have both a
normal growth rate and Hz production. The selection of such mutants would indicate that
other factors in addition to growth rate and Hz levels contribute to ECM. Despite reduced
growth rates and lack of ECM in C57BL/6 mice, the Apm4, Ant1 and Apm4Asmac mutants
produced hyper-parasitemia infections in BALB/c mice. However, we found that BALB/c
infected with three mutants, Alap, Aapp and Apm4Abp2, are able to resolve without

developing hyper-parasitemias.

Combined, our results show that it is possible to generate mutants with strongly reduced
growth rates that do not induce ECM and that through the deletion of one or multiple
genesitis possible to create mutants that produce self-resolving infections in mice without
producing hyper-parasitemia. However, mice infected with these mutants still develop
parasitemias ranging between 10-50%. Up to now we have not yet been able to generate
mutants that produce ‘low-level’ infections that resolve shortly after parasite inoculation
into the blood and without developing high parasitemias. Even with parasites that have
strongly reduced growth rates, both C57BL/6 and BALB/c mice are unable to rapidly
mount an effective immune response that can control an acute infection. It is, however,
important to note that in all our experiments, the mice were infected with relatively high
numbers of parasites (10°-10°). It is possible that starting infection with lower numbers of
parasites would allow the mice to control infections before developing high parasitemias,
or would lead to infections with very low or even sub-patent parasitemias [17]. For P.
falciparum, it has been postulated that infection with low numbers of infected RBC
(under curative chemotherapy) generates protective immune responses that are defined
by the absence, or low levels of antibodies and strong cell-mediated responses, including
upregulation of nitric oxide synthase, CD4+/CD8+ proliferative T-cell and INF-y responses
[13,54,55]. Protective immunity with P. berghei infections in mice have been mainly
reported from immunization requiring repeated, prolonged infections cleared by drug
treatment, or after a self-resolving and sustained infection with an avirulent parasite line
[10,16,20,56-59]. The protective immune responses in these mice are largely antibody-
dependent, where the iRBC of wt challenge are opsonized and then removed in the
spleen by phagocytosis [20,60,61]. These studies and those of experimental P. falciparum
infections in humans, where protective cellular immune responses are induced with low
numbers of iRBC, would suggest that the induction of protective immunity might require
different parasite loads depending on the nature of the immune (cellular or humoral)
responses required. Clearly, further research is required to determine both the parasite

and host factors that can induce protective immune responses against blood stages.
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The use of attenuated blood stage parasites can be extremely useful tools to better
understand induced rather than acquired immunity against Plasmodium and may help to

create an effective and the boardest anti-parasite vaccine.

Material and Methods

Animals and parasites

Female C57BL/6, BALB/c and Swiss OF1 mice (6—8 weeks old; Charles River/Janvier) were
used. All animal experiments of this study were approved by the Animal Experiments
Committee of the Leiden University Medical Center (DEC 10099; 12042; 12120). The
Dutch Experiments on Animal Act is established under European guidelines (EU directive
no. 86/609/EEC regarding the Protection of Animals used for Experimental and Other

Scientific Purposes).

Three reference P. berghei ANKA parasite lines were used for generation of the gene-
deletion mutants and the transgenic parasites: the ‘wild type’ (wt) line cl15cy1 [62] and
two reporter lines, i.e. PbGFP-LUCcon (line 676m1cll; mutant RMgm-29; www.pberghei.
eu) and PbGFP-Luc
lines were generated in the cl15cyl parent line and express the fusion protein GFP-

(line 1037cl1; mutant RMgm-32; www.pberghei.eu). Both reporter

schiz

Luciferase either under the control of the constitutive eefla promoter or the schizont-
specific amal promoter, respectively. The gfp-luc expression cassette is stably integrated
into the pb230p locus without introduction of a drug-selectable marker [20,63].

Generation of gene-deletion mutants

To generate targeted gene deletion mutants, the replacement constructs (Table S1) were
generated using conventional cloning method or a modified two step PCR method [64].
Plasmid construct pL1789 targeting dnmt2 was constructed in plasmid pLO035 (www.
mr4.com), which contains the hdhfr::yfcu selectable marker (SM) under the control of
the eefla promoter [65]. The hdhfr::yfcu marker is a fusion gene of the positive selection
marker human dihydrofolate reductase and the negative selection marker, which is a
fusion gene of yeast cytosine deaminase and uridyl phosphoribosy! transferase [65]. The
5’- and 3’- targeting regions (TR) of dnmt2 were amplified from wild type P. berghei ANKA
(cl15cy1) genomic DNA (primers used were shown in Table S1) and cloned into restriction
sites of Hindlll/ Sacll and Xhol/EcoRV of plasmid pLO035. Prior to transfection the DNA-
construct was linearized with Hindlll and EcoRV. Constructs targeting rab5a, rab5b and
rab11b were kindly provided by Dr. Gordon Langsley (Faculte de Medecine, Universite
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Paris Descartes) as a collaborative project. Other replacement constructs were generated
by the modified two step PCR method (Figure S1A). Briefly, in the first PCR reaction two
fragments of 5’- and 3’-TR were amplified from wild type genomic DNA with the primer
sets P1/P2 and P3/P4 respectively (primers sequences shown in Table S1). The reverse
primers of 5'TR (P2) and the forward primers of 3'TR (P3) have 5’ extensions homologous
to the hdhfr SM from pL0040 or to hdhfr::yfcu SM from pL0048. In the second PCR reaction,
the 5’- and 3’-TR were annealed to either side of the selectable marker cassette, and the
joint fragment was amplified by the external anchor-tag primers 4661/4662, resulting in
the PCR-based targeting constructs. Before transfection, the PCR-based constructs were
digested with appropriate restriction sites (as indicated in primer sequences in Table S1)
to remove the ‘anchor-tag’ and with Dpnl that digests any residual uncut plasmids (Figure
S1A).

Transfection and selection of transformed parasites with pyrimethamine was performed
using standard technology for the genetic modification of P. berghei [62]. All information
on the generation of gene-deletion mutants (as well as unsuccessful disruption attempts),
such as DNA constructs and primers, has been submitted to the RMgmDB database of

genetically modified rodent malaria parasites (www.pberghei.eu).

Clonal parasite lines were obtained from all gene-deletion mutants by the method of
limiting dilution. Correct integration of DNA constructs and disruption of the genes was
verified by diagnostic PCR analyses (see Table S2 for primers used) and/or Southern
analyses of chromosomes separated by pulsed-field gel electrophoresis hybridized with
probes specific for the selectable maker [62]. See Table S2 for primers used.

Northern analysis of blood stage mRNA were performed to confirm absence of transcripts.
Total RNA was isolated from mixed blood-stages of wild type P. berghei ANKA (cl15cy1)
and the different gene-deletion mutant lines. Northern blots were hybridized with probes
specific for the open reading frame (ORF) of each gene after PCR amplification from wt P,
berghei ANKA genomic DNA (primers shown in Table S2). As a loading control, Northern
blots were hybridized with the oligonucleotide probe L644R that recognizes the large
subunit ribosomal RNA (rRNA) [66].

The double gene-deletion mutant Apm4Asmac which lacks expression of both PM4 and
SMAC (schizont membrane-associated cytoadherence protein, PBANKA_010060) was
generated by targeting pm4 using construct PCR1597 in mutant Asmac3~", which lacks
expression of SMAC and is free of SM (the generation of Asmac3=" is described in [46]).

The generation of the double gene-deletion mutant Apm4Abp2 (lacking genes coding PM4
and BP2) is described in Chapter 5 using the same method as described for Apm4Asmac.
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Analysis of growth-attenuation

To determine growth-attenuation of the mutants, we determined their growth rate
(multiplication rate) of asexual blood stages in mice. The multiplication rate of asexual
blood stages in mice is determined during the cloning procedure [20] and is calculated
as follows: the percentage of infected erythrocytes in Swiss OF1 mice injected with a
single parasite is quantified at day 8 to 11 on Giemsa-stained blood films. The mean
asexual multiplication rate per 24 hour is then calculated assuming a total of 1.2 x 10%°
erythrocytes per mouse (2mL of blood). The percentage of infected erythrocytes in mice
infected with reference lines of the P. berghei ANKA strain consistently ranges between
0.5-2% at day 8 after infection, resulting in a mean multiplication rate of 10 per 24 hour
[20,67].

Analysis of Virulence-attenuation

The capacity of mutants to induce ECM was analysed in C57BL/6 mice. Groups of 6 mice
were intraperitoneally (i.p) infected with 10°—10° wild type P. berghei ANKA, or different
mutant parasites. Onset of ECM in P. berghei infection was determined by measurement
of a drop in body temperature below 34°C [20]. The body temperature of infected
mice was measured twice a day from day 5 to day 8 after infection using a laboratory
thermometer (model BAT-12, Physitemp Instruments Inc., Clifton, NJ) with a rectal probe
(RET-2) for mice. When infected mice showed a drop in temperature (below 34°C), the
mice were sacrificed. In addition to ECM in C57BL/6 mice we determined the course of
parasitemia in BALB/c mice. Groups of 5-6 BALB/c mice were i.p infected with 10*-10°
mutants or wild type parasites. The course of parasitemia was determined by Giemsa-
staining of blood smears once in every two days or every day during acute and peak
infection. When mice developed high parasitemias (50-70%), the mice were sacrificed.
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Figure S1. Generation of the P. berghei mutants Acdc25, ARpus, APBANKA_112890 and APBANKA_030100.
A. Schematic representation of the double cross-over gene-deletion constructs generated using a modified
two-step PCR method and the wild type (wt) loci of the gene of interest (GOI) before and after disruption. In the
first PCR reaction, 5’- and 3’- targeting region (TR, grey boxes) of the gene of interest (GOI) were amplified from
P. berghei ANKA genomic DNA with the primer sets P1/P2 and P3/P4. Primers P2 and P3 have 5'- extensions
homologues to the selectable marker cassette (SM) (hatched boxes). This SM cassette was excised from
plasmid pLO040 (hdhfr) or pL0048 (hdhfr::yfcu) digested with Xhol and Notl. Primers P1 and P4 have 5’-terminal
extensions (black boxes) for the second PCR reaction. In the second PCR reaction, the 5’- and 3’- targeting
sequences annealed to either side of the SM, and the joint fragment was amplified by the external anchor-tag
primers 4661/4662. Before transfection, the PCR construct was digested with 1 (or 2) restriction enzymes that
were introduced in primers P1 and P4 to remove the anchor-tag and with Dpnl to digest any residual plasmid.
See Table S1 for primer sequences used to amplify the target regions. Primer positions (arrows) for diagnostic
PCRs are shown (see Table S2 for primer sequences and expected product sizes).

B. Diagnostic PCRs (left) and Southern analysis of pulsed field gel-separated chromosomes (right) confirm correct
disruption of cdc25 in mutant Acdc25. The following primers were used for diagnostic PCRs: 5’ integration (5’
in): 5033/4770; 3’ integration (3’ in): 4771/5100; SM (hdfhr): 307C/3187; cdc25 ORF: 5034/5035. Separated
chromosomes were hybridized using a 3’"UTR pbdhfr probe that recognizes the DNA-construct integrated into
the cdc25 locus on chromosome 14, the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase cassette
in the 230p locus on chromosome 3.

C. Diagnostic PCRs (left) and Southern analysis of pulsed field gel-separated chromosomes (right) confirm
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correct disruption of Rpus in mutant ARpus. The following primers were used for diagnostic PCRs: 5" in:
5880/4770; 3’ in: 4771/5881; SM (hdfhr::yfcu): 4698/4699; Rpus ORF: 5882/5883. Separated chromosomes
were hybridized using a 3’UTR pbdhfr probe that recognizes the DNA-construct integrated into the Rpus locus
on chromosome 11, the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in the
230p locus on chromosome 3.

D. Southern analyses of pulsed field gel-separated chromosomes confirm correct disruption of PBANKA_112890
and PBANKA_030100 in APBANKA_112890 and APBANKA_030100, respectively. Separated chromosomes of
APBANKA_112890 were hybridized using a 3’UTR pbdhfr probe that recognizes the DNA-construct integrated
into the PBANKA_112890 locus on chromosome 11, the endogenous dhfr/ts on chromosome 7 and the GFP-
luciferase reporter cassette in the 230p locus on chromosome 3. Separated chromosomes of APBANKA_030100
were hybridized using an hdhfr probe that recognizes the DNA-constructs integrated into the PBANKA_030100
locus on chromosome 3.
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Figure S2. Genotype analysis of the P. berghei mutants Ant1, Aaat, Apepc, Aca, Adnmt2 and Apm4Asmac

A. Diagnostic PCRs (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirm
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correct disruption of nt1 in mutant Ant1. Northern analysis of blood-stage mRNA (right) confirms the absence
of nt1 transcripts in Ant1. The following primers were used for diagnostic PCRs: 5 integration (5’ in): 5855/4770;
3" integration: (3’ in) 4771/5856; SM (hdfhr): 307C/3187; nt1 ORF: 5857/5858. Separated chromosomes were
hybridized using an hdhfr probe that recognizes the DNA-construct integrated into the nt1 locus on chromosome
13. Northern blot was hybridized using a PCR probe recognizing the nt1 ORF (primers 5857/5858) and with an
oligonucleotide probe L644R that recognizes the large subunit ribosomal RNA (as loading control).

B. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirms
correct disruption of aat in mutant Aaat. Northern analysis of blood-stage mRNA (right) confirms the absence
of aat transcripts in the Aaat. The following primers were used for diagnostic PCRs: 5’ in: 7115/4770; 3’ in:
4771/7116; SM (hdfhr::yfcu): 4698/4699; aat ORF: 7117/7118. Separated chromosomes were hybridized
using a 3'UTR pbdhfr probe that recognizes the construct integrated into the aat locus on chromosome 11,
the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on
chromosome 3. Northern blot was hybridized using a PCR probe recognizing the aat ORF (primers 7117/7118)
and with an oligonucleotide probe L644R recognizing the large subunit rRNA (as loading control).

C. Diagnostic PCR (left) and Southern analysis of pulsed field gel-separated chromosomes (center) confirms
correct disruption of pepc in mutant Apepc. Northern analysis of blood-stage mRNA (right) confirms the absence
of pepc transcripts in the Apepc. The following primers were used for diagnostic PCRs: 5’ in: 5977/4770; 3’
in: 4771/5978; SM (hdfhr::yfcu): 4698/4699; pepc ORF: 5979/5980. Separated chromosomes were hybridized
using a 3’UTR pbdhfr probe that recognizes the construct integrated into the pepc locus on chromosome
10, the endogenous dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on
chromosome 3. Northern blot was hybridized using a PCR probe recognizing the pepc ORF (primers 5979/5980)
and with an oligonucleotide probe L644R recognizing the large subunit rRNA (as loading control).

D. Diagnostic PCRs (left) and Southern analysis of pulsed field gel-separated chromosomes (right) confirm
correct disruption of ca in mutant Aca. The following primers were used for diagnostic PCRs: 3’ in: 4771/6984;
SM (hdfhr::yfcu): 4698/4699; ca ORF: 6985/6986. Separated chromosomes were hybridized using a 3'UTR
pbdhfr probe that recognizes the DNA-construct integrated into the ca locus on chromosome 9, the endogenous
dhfr/ts on chromosome 7 and the GFP-luciferase reporter cassette in the 230p locus on chromosome 3.

E. Diagnostic PCRs (left) and Southern analysis of pulsed field gel-separated chromosomes (right) confirm
correct disruption of dnmt2 in mutant Adnmt2. The following primers were used for diagnostic PCRs: 3’ in:
4239/5990; SM (hdfhr::yfcu): 4698/4699; dnmt2 ORF: 5373/5374. Separated chromosomes were hybridized
using an hdhfr probe that recognizes the DNA-construct integrated into the dnmt2 locus on chromosome 2.

F. Diagnostic PCRs (left) and Southern analysis of pulsed field gel-separated chromosomes (middle) confirm
correct disruption of pm4 in the Asmac3*™ mutant background. Northern analysis of blood-stage mRNA (right)
confirms the absence of pm4 and smac transcripts in the mutant Apm4Asmac. The following primers were
used for diagnostic PCRs: 3’ in: 1662/5517; SM (hdfhr::yfcu): 4698/4699; pm4 ORF: 5518/5519; smac ORF:
4204/4205. Separated chromosomes were hybridized using a 3’"UTR pbdhfr probe that recognizes the DNA-
construct integrated into the pm4 locus on chromosome 10, the endogenous dhfr/ts on chromosome 7, the
GFP-luciferase reporter cassette in the 230p locus on chromosome 3 and the 3’pbdhfr sequence in in the
disrupted smac locus on chromosome 1. Northern blot was hybridized using a PCR probe recognizing the pm4
ORF (primers 5518/5519) or the smarc ORF (4204/4205) and with an oligonucleotide probe L644R recognizing
the large subunit rRNA (as loading control). See Table S2 for primers used for generation of the probes.
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Table S2. Primers for genotyping

G . P Integration Expected
enes No. Primer sequences Description PCR Pair p.roduct
size (bp)

Primers for PCR analyses

cafl 5029 CATGTATGGATACAATTTAATCG cafl 5" in-F for pL1518 4770 801
2849 aaacaattgAAAATCGTAGATGTATGG cafl 5’ in-F for pL1585 4770 788
5030 GTTTACATCACTTCCATAGTC caf1 3" in-R 4771 837
5031 GTTGTTAGTATTGGCACAC cafl ORF-F 578
5032 TTCATAGCACAATTGTTACTC cafl ORF-R

pp2c 5846 AGATTGGTGTATATAAAAGACTG pp2c 5'in-F 4770 932
4978 CCGATTAATGATATGCGTG pp2c 3'in-R 4771 853
5847 CGGCATTTTAGAATGTATGAC pp2c ORF-F 1022
4980 GGAACTCCGGTATTTGAG pp2c ORF-R

ApiAP2 6003 GCGAATGGTTATTTATACATGC ApiAP2 5'in-F 4770 859
6004 TGTAACTATTTGTTCGTTTCC ApiAP2 3'in-R 4771 877
6005 GTGATAAATTTCCATGAATTGC ApiAP2 ORF-F 850
6006 AGAGGTTAGATGATTGATGTG ApiAP2 ORF-R

PBANKA_020890 5872 TCGAAAATTAGCATATGAAGG PBANKA_020890 5’in-F 4770 870
5873 CCAATTACACCAAAATTTCAC PBANKA_020890 3’in-R 4771 610
5874 ATATTAGAAGAAGCACTTATGG PBANKA_020890 ORF-F 618
5875 TTCATAAGGAGCATCATGAC PBANKA_020890 ORF-R

cdc25 5033 TCTACTATTTCTCATTTCTTCAC cdc25 5’ in-F 4770 893
5100 TAATGTGAAGCCACATCC cdc25 3" in-R 4771 835
5034 GGAAAATAACAGCGTCAG cdc25 ORF-F 67
5035 CCTACATAGACGTTGTCAC cdc25 ORF-R

Rpus 5880 ACGTGTAATGTGATTATATACC Rpus 5" in-F 4770 856
5881 TTAATTGAAATCGAACATTTGG Rpus 3’ in-R 4771 831
5882 CCCCAAAGATTCTCACAC Rpus ORF-F 597
5883 CCAGCATTTTCGTTAACTC Rpus ORF-R

Rab5a 5348 CCAGCAAATATCATATGGAG rab5a 5'in-R 3189 1193
5349 CATGAATCCAAAGTATTTATGTG rab5a 3’in-F 4239 1015
5350 AATAATAATAACGGTGATAATCG rab5a0RF-R 06
5351 TTTGTTTTTTGTTGTTTTTCAC rab5a0ORF-F

Rab5b 6909 TTAAAATTGTTAGTTGCTTTGTG rab5b 5’in-F 3189 1221
6910 TATGCCAAATTTAATAGAAAATTCAG rab5b 3’in-R 4239 1015
6911 GCAGCTTTTTTGCACCATAC rab5bORF-F sss
6912 TTACCTCTGAATTTATTTTTTGTG rab5bORF-R

Rab11b 6297 CTTTACCAATTTTGCTAAATAAGG rab11b 5'in-F 3189 853
6298 TCTATTTCAAAGGTGCAAGAG rab11b 3'in-R 4239 896
6299 CCAGGTAAAACACATTTATTGTC rab11bORF-F 992
6300 GCACTTTCATATGTTTCATGAC rab11bORF-R

ck 5840 GCATTTGTTTATATATCACAGAG ck 5" in-F 4770 640
5197 GTAGCATGGAAAATGTTCTC ck 3" in-R 4771 786
5198 TGAAGTATATGAAACGATGAG ck ORF-F
5199 GTAGCTATGAAATTATATCCAG ck ORF-R 47

cept 5972  TTATCATAATATAAGGCATCTACC cept 5’ in-F 4770 942

5210 TGATGATCTCGAATATACAG cept 3" in-R 4771 726
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5211 TTATGCGAACCGTATTGG cept ORF-F a6
5212 AAACGTACTGAAGTAATTGC cept ORF-R

ek 5836 TTGTTTATTTTAAGCACTTTCC ek 5" in-F 4770 917
5837 GATGCACAAAATGATGCAG ek 3" in-R 4771 759
5838 ATACAGAAATTCCAGAAAAACG ek ORF-F 1042
5839 CGGGTTGGTATTAAATTCC ek ORF-R

nt1 5855 CGTCAACTTAAAAATTGTATGC nt15 in-F 4770 791
5856 TGTTTTACGGATTAAAGATCAC nt13'in-R 4771 883
5857 CTGTTTTAGCCCTTTTCG nt1 ORF-F 995
5858 GTATAAGCATGTGGTTAGC nt1 ORF-R

aat 7115 AAAATGAAATTAATCCAAAACAATAC aat 5" in-F 4770 1034
7116  ATTATACCCATAGCAAGAATTGTG aat 3’ in-R 4771 885
7117 TGATGTGGTTCAAAATATAGTG aat ORF-F
7118 TAATGGGAGCACTAATAAGC aat ORF-R 883

pepc 5977 GGGCTTTATACTATTTTTTTGTC pepc 5’ in-F 4770 954
5978 TATCGTGGTAGAGTAAAACTG pepc 3’ in-R 4771 997
5979 CATGATTTATCCGAAAAATATAGTG pepc ORF-F 1003
5980 GTGCTTTATATACATATACAACAC pepc ORF-R

ca 6983 ACCCCAACTTATTTAAAGATAG ca 5" in-F 4770 798
6984 CAAAGATTCGATTATTCAAAGAG ca 3’ in-R 4771 836
6985 AGAGCGAATATTATTTGAATTGC ca ORF-F
6986 CATAATCATAGATCTCATTAGTACTG ca ORF-R 1013

hemolysin 5390 ACTGTATATGGATGCATGG hemolysin 5’ in-F 4770 810
5391 AATTTCTTTTGGGTTTGACG hemolysin 3’ in-R 4771 734
5392 ATGAAAAAACGCTGCTGAG hemolysin ORF-F 61
5393 TGAGGAAATAAGACATACCAG hemolysin ORF-R

hep17 4355  ttgcatactcgagCAAACCCGAGAATAAAATTAAATTATTC  hepl7 5’ in-F 4770 1121
4356 aataatactcgagCAAATGGTGATCCAAATATAAAGGCC  hep17 3’ in-R 4771 899
3942 CGATTCAAAAAATATAATAATGTAGAG hep17 ORF-F 176
3911 GGCTAACATTTTCTAAAAGTAGAG hep17 ORF-R

dnmt2 5990 ATTACTATTTACAACGGATGC dem 3’ in-R 4239 953
5373 TGATTCGGAGGAAAATTCAC dcm ORF-F 936
5374 TGCTTGAAATTATTTACCACC dcm ORF-R

pmé4 5517 CATGCGAATAAATGCTCAG pm4 3’ in-R 1662 1122
5518 TCCGAATATTTAACAATTCGTG pm4 ORF-F 269
5519 ATGAAAGGTACTGGAATACTC pm4 ORF-R

smac 4204 CACCATGGATAAATACGATAACAATGGAAAATCATTGG smac ORF-F
4205 AATGATCTTAGAATTATGTCTTAGCCTTTCC smac ORF-R 328

Universal primers
4770 CATCTACAAGCATCGTCGACCTC S5’pbeefla R, 5'in-R
4771 CCTTCAATTTCGGATCCACTAG 3'pbdhfr/ts F, 3'in-F
3189 CTGGTGCTTTGAGGGGTG 5’ eefla R, 5'in-R
4239  GATTTTTAAAATGTTTATAATATGATTAGC 3’'pbdhfr/ts F, 3'in-F
1662 GATTCATAAATAGTTGGACTTG 3’'pbdhfr/ts F
307C GCTTAATTCTTTTCGAGCTC hdhfr F, SM-F
3187 GTGTAGTCTGTGTGCATGTC 3'pbdhfr/ts R, SM-R 1009
4698 GTTCGCTAAACTGCATCGTC hdhfr F, SM-F 1108
4699 GTTTGAGGTAGCAAGTAGACG yfcu R, SM-R
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Other Primers for generation of probes
692 CTTATATATTTATACCAATTG
693 GTTTTTTTTTAATTTTTCAAC
886 GGAAGATCTATGGTTGGTTCGCTAAACTGCATCG
887 GGAAGATCTTTAATCATTCTTCTCATATACTTC
L644R GGAAACAGTCCATCTATAATTG

3'pbdhfr/ts F

404
3'pbdhfr/ts R
hdhfr F
f 582
hdhfr R

Isu rrna (A-type)

pb = P. berghei, h = human, y = yeast
5’ in=5’ integration PCR; 3’ in=3’ integration PCR







CHAPTER 7

Conclusions and Discussion
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The principal aim of the studies described in this thesis was to generate growth- and
virulence-attenuated attenuated blood stage parasites in the rodent malaria model P.
berghei, which may serve as immunizing agents and as tools to study correlates of disease
and protection. Specifically, we aimed to create genetically attenuated blood stage
parasites that induce low parasitemia, self-resolving short-term blood infections, which
induce protective immunity. In order to screen a large number of potential genetically
attenuated (blood stage) parasites (GAP,), we developed methods to improve both
transfection technology to generate GAP and for analysing GAP growth-characteristics
during a blood stage development.

1. Progress in genetic modification technology for
Plasmodium rodent malaria parasites

Genetic modification of the rodent malaria parasites, P. berghei and P. yoelii, is limited by
the paucity of drug-selection markers that permit the selection of transformed mutants,
and thisinturn also hampers multiple genetic modifications in the same mutant. The novel
GIMO-transfection method described in Chapter 2 permits the generation of mutants
that stably express heterologous proteins and are free of drug-selectable markers in their
genome, thereby facilitating further genetic modification of the transgenic parasites. In
addition, it provides a fast and simple way to ‘gene complement’ gene deletion/mutation
mutants (i.e. restoring the wt phenotype upon restoration of the disrupted gene).
The GIMO method not only simplifies and speeds up both the generation of marker-
free transgenic parasites and gene complementation experiments, the application
of this method also greatly reduces the numbers of animals required to generate and
complement mutants.

GIMO transfection uses negative selection to remove the positive-negative selectable
marker cassette, hdhfr::yfcu and thereby generate transgenic mutants ready for
subsequent modifications. Since GIMO-transfection is a simple, fast and efficient approach
to generate mutants permissive to further genetic modification, we recommend that,
where possible, transfection of P. berghei and P. yoelii parasites be performed with DNA-
constructs that contain the hdhfr::yfcu selectable marker cassette. A recent study has
reported a ‘recombineering’ system for high-throughput, genome wide and efficient
generation of gene targeting constructs for P. berghei [1]. This development can be
partnered with GIMO transfection by ensuring all the targeting constructs have a positive-
negative (hdhfr::yfcu) selectable marker cassette. Consequently all resulting mutants
would be receptive to GIMO-transfection thereby permitting further modification (e.g.
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reporter protein expression) and complementation. In addition to the use of the GIMO-
transfections described in this thesis, we have generated a wide variety of new transgenic
P. berghei reporter parasites that express fluorescent- and luminescent-markers under
the control of different Plasmodium promoters, all of which do not contain a drug-
selectable marker (data not shown). In addition, we have generated P. berghei parasites
expressing the (immunological) reference protein ovalbumin (OVA) under the control of
different promoters (data not shown), as such parasites are excellent tools to further
unravel (protective) immune responses induced by growth- and virulence-attenuated
GAP__ as described in Chapter 6.

2. Generation of growth- and virulence-attenuated
attenuated blood stage parasites (GAP_,) by
targeted gene deletion

In this study, we targeted 41 genes for targeted disruption in the virulent rodent parasite,
P. berghei ANKA, in order to generate GAP_ that are both growth- and virulence-
attenuated and can serve as protective immunogens. Specifically, we aimed to create
virulence-attenuated GAP thatinduce short-term blood infections with low parasitemias
and are resolved by the host and induce protective immunity. The genes we targeted for
deletion were selected either based on the published roles of their encoding proteins as
being important for blood stage development, or based on P. falciparum studies where
effecting their encoded protein expression produces a growth delay phenotype.

2.1 Genes encoding rhomboid proteases

We included all 8 genes encoding Plasmodium rhomboids for targeted deletion because
of important roles that several of rhomboid proteases have in host cell invasion and
pathogenesis in Plasmodium and Toxoplasma infections [2,3]. In addition, it has been
shown that P. berghei and P. yoelii mutants lacking rhomboid 1 (ROM1) show a reduction
in their blood stage growth rates [4,5]. In Chapter 4, we show successful generation of
gene-deletion mutants for rom1, 3, 9 and 10, while multiple attempts to disrupt rom4, 6,
7 and 8 were unsuccessful. However, blood stages of all 4 gene-deletion mutants showed
normal growth and virulence characteristics, indicating that these proteins are redundant
and/or that their functions can be fulfilled by other (possibly rhomboid) proteases. It had
been reported that P. berghei and P. yoelii mutants lacking ROM1 exhibit a slight growth
defect and are less virulent in mice than wild type parasites [4,5]. In contrast, we were
unable to detect either a growth or virulence phenotype of two independent P. berghei
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Arom1 lines. The cause for these discrepancies in blood stage phenotypes between our
and the P. berghei mutant reported by Srinivasan et al. [4] is unknown. Cloned lines of
wild type P. berghei ANKA parasites can differ in their growth and virulence characteristics
[6] and environmental factors have been shown to influence the course of infections in
mice [7]. It is therefore possible that the growth and virulence phenotype of the single
Arom1 mutant reported by Srinivasan et al. [4] may be unrelated to the disruption of
rom1. The interclonal and environmental induced differences in growth and virulence
characteristics of P. berghei blood stages emphasize the importance to analyse the
phenotype of at least two independently-derived mutants in gene-deletion studies, and/

or to perform gene complementation.

Interestingly, mutants lacking rhomboid 3 (ROM3) expression exhibit a strong and clear
phenotype during mosquito-stage development. While P. berghei mutants lacking ROM3
are capable of producing normal numbers of oocysts, these oocysts show a complete
absence of sporozoite formation. This is the first apicomplexan rhomboid identified
to play such a vital role in sporogony. Mutant oocysts show clear signs of stalled DNA
replication and fail to form individual sporozoites, and remain highly vacuolated. Further
research is needed to identify the substrates of ROM3 in oocysts. We identified a number
of possible substrates of ROM3, based on the published proteome data of oocysts

and sporozoite proteins (www.plasmodb.org), which are predicted to contain a single
transmembrane domain and encode a signal peptide. However, since we observed the
expression of ROM3 in gametocytes and ookinetes, but not in developing and mature
oocysts, it is very much possible that the ROM3 substrate(s) is (are) also present and

cleaved in gametocytes/ookinetes.

2.2 Genes encoding hemoglobinases

We chose to target 12 P. berghei genes that encode proteins with predicted or possible
roles in hemoglobin (Hb) digestion because of the importance that Hb digestion has in
parasite blood stage development [8]. Further, it has been shown that P. berghei and P.
falciparum mutants lacking expression of certain hemoglobinases, while viable, exhibit
reduced growth rates, and some mutants in P. berghei are both growth and virulence
attenuated [9,10]. As shown in Chapter 5, we were able to successfully generate gene
deletion mutants for 9 of the 12 ‘hemoglobin digestion genes’, which indicates a high level
of redundancy in the Hb degradation pathway. The viability of mutant parasites lacking
hemoglobinases, indicates either that other enzymes can compensate their function(s)
or that P. berghei can obtain necessary amino acids from other sources, for example,

from the catabolism of proteins other than Hb or by scavenging free amino acids from
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the reticulocyte cytoplasm or serum (see also below). Four of the nine mutants showed
normal growth characteristics in mice, whereas 5 mutants showed a significantly reduced
growth rate compared to wild type parasites. Four of these 5 mutants are reduced in their
virulence, specifically, do not induce experimental cerebral malaria (ECM) in susceptible
mice. In addition to these single gene-deletion mutants, we also generated a double
gene-deletion mutant, Apm4Abp2, lacking two hemoglobinases plasmepsin-4 (PM4) and
berghepain-2 (BP2). The 2 endoproteases are responsible for initial and critical cleavage
of the native Hb and it was therefore highly unexpected to be able to generate this
double gene-deletion mutant, since it indicates that Apm4Abp2 parasites may survive
inside reticulocytes without Hb digestion. The initial cleavage of native Hb is mediated
by aspartic and papain-like cysteine endoproteases in digestive vacuole (DV). In the P.
falciparum DV, there are four aspartic proteases termed plasmepsins and two papain-
like cysteine proteases termed falcipains capable of hydrolyzing native Hb [11-15]. In P.
berghei PM4 is the syntenic ortholog of all four P. falciparum plasmepsins I-IV [10] and
berghepain 2 (BP2) is the syntenic ortholog of the DV falcipains (falcipain 2 and 3) (www.
plasmodb.org). The simultaneous absence of these two enzyme activities in P. berghei
was therefore expected to result in the absence of Hb proteolysis in the DV. We show
that Apm4Abp2 parasites can complete asexual development in reticulocytes without
hemozoin (Hz) formation, a detoxification product of Hb degradation. These observations
have important implications for Plasmodium drug development and drug resistance, in
particular for human malaria parasites (e.g. P. vivax) that can develop inside reticulocytes
in which Hb digestion may not be essential (see below). The presence of low Hz amounts
in a proportion of Apm4Abp2 parasites indicates that Hb can still be degraded to some
degree in the absence of PM4 and BP2. At present we cannot formally exclude a role of
other P. berghei proteases in the initial step of Hb digestion, which would compensate
(albeit poorly) for the loss of PM4 and/or BP2. Further research is needed to investigate
whether the remaining low-level of Hz formation in Apm4Abp2 parasites is due to
specific cleavage of some Hb molecules by other enzymes or results from a non-specific

disassembly of the Hb tetramer.

Interestingly, while it has been reported that C57BL/6 mice infected with Apm4 cannot
resolve their infections and die from hyper-parasitemia [10], we found that all C57BL/6
mice infected with Apm4Abp2 resolve their infections. In addition, we found that
BALB/c infected with Apm4Abp2 can resolve this infection without developing hyper-
parasitemias (i.e. >50%) when i.p infected with 10° parasites. These results demonstrate
that it is possible to generate further virulence-attenuated parasites through the deletion
of multiple genes, as was also reported by Spaccapelo et al. [17] with mutants that lack
expression of both PM4 and MSP7. Below we discuss in more detail the future research
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on these growth- and virulence-attenuated parasites in identifying the critical host and
pathogen components inducing (protective) immunity and virulence, and to better
understand the differences in induced rather than acquired immune responses against a
Plasmodium infection and this may help to create an effective and the broadest possible
anti-parasite vaccine.

3. Future research on growth- and virulence-
attenuated P. berghei mutants

3.1 Analysis of immune responses induced by infection with growth- and
virulence-attenuated parasites

Our studies show that it is possible to generate mutants with strongly reduced growth
rates that do not induce ECM, and that through the deletion of multiple genes it is
possible to create mutants that produce self-resolving infections in mice without
producing hyper-parasitemia (Chapter 6). However, mice infected with these mutants
can still develop high parasitemias ranging between 10-50%. Till now, we have not yet
been able to generate mutants that produce low-level infections that resolve shortly after
parasite inoculation into the blood and without developing high parasitemias (<10%).
Even with parasites that have strongly reduced growth rates, both C57BL/6 and BALB/c
mice are unable to rapidly mount an effective immune response that can control an acute
infection. It is, however, important to note that in all our experiments the mice were
infected with relatively high numbers of parasites (10° — 10°). It is possible that starting
infection with lower numbers of parasites would allow the mice to control infections
before developing high parasitemias or would lead to infections with very low or even
sub-patent parasitemias [18]. For P. falciparum it has been postulated that infection with
low numbers of infected red blood cells (iRBC) under curative chemotherapy generates
protective immune responses that are marked by absent or low levels of antibodies and
strong cell-mediated responses, including upregulation of nitric oxide synthase, CD4+/
CD8+ proliferative T-cell and INF-y responses [19-21]. Protective immunity with P. berghei
infections in mice have been mainly reported from immunization requiring repeated,
prolonged infections cleared by drug treatment or after a self-resolving and sustained
infection with an avirulent parasite line [10,22-27]. The protective immune responses in
these mice are largely antibody-dependent, where the iRBC of wt challenge are opsonized
and then removed in the spleen by phagocytosis [10,28,29]. These studies, and studies
of experimental P. falciparum infections in humans where protective cellular immune
responses are induced with low numbers of iRBC, would suggest that the induction of
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protective immunity might require different parasite loads depending on the nature of

the (cellular or humoral) immune responses required.

When studying host-cell interaction, pathology and immunity induced by Plasmodium
infections in rodents, the differences between the rodent and human host have to
be taken into consideration. Differences in both host physiologies and host immune
responses to infections, will strongly influence both how a host copes with an infection
and how a malarial disease will manifest. Clearly, further research is required to determine
both parasite and host factors that can induce protective immune responses against
blood stage infection and to understand the critical differences in protective immunity
induced by P. falciparum infections in humans and rodent Plasmodium infection in mice.
Notwithstanding these considerations, | believe that the use of attenuated blood stage
parasites generated in this, and in future studies, can be very useful tools to better
understand induced protective immunity against Plasmodium blood stages and may help

to create an effective anti-parasite vaccine.

3.2 Defining the parasite factors that induce ECM

We found that all mutants that have reduced Hz production do not induce ECM (Chapter
6). Hz is released into the circulation at schizont rupture and it is rapidly removed by
phagocytosis mainly in the spleen and liver. Upon phagocytosis, Hz cannot be further
degraded and persists for prolonged periods in host tissues and has long been considered
as a virulence factor. It has been shown that the number of Hz-containing leukocytes in
the peripheral blood correlates with disease severity in P. falciparum-infected patients
[30,31]; and several inflammatory and immune-modulatory effects of Hz have been
reported (reviewed in [32,33]). Therefore, the amount of Hz that is released by the
parasite in the host may play a critical role in both inducing inflammatory responses and
severe pathology in the host. Since induction of ECM is correlated with pro-inflammatory
status of the host [34], Hz may be a critical factor involved in inducing ECM. However, the
amount of Hz, like growth rates of the parasites, may not be the only factor responsible
for inducing ECM, since blood stages of several growth-attenuated mutants (Ant1, Alap
and Abp1) have normal Hz production but do not induce ECM (Chapter 6; unpublished
results). However, the absence of ECM-inducing capacity of these mutants could still be
related to reduction in amounts of released Hz in the circulation in the early phase of an
infection. Mice infected with slow-growing parasites can be expected to release less Hz
compared to wt parasites and therefore the Hz levels may be below the threshold that
is required to induce inflammatory responses causing ECM. So far we have been unable

to select mutants that have both a normal growth rate and Hz production, but do not
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induce ECM. The successful selection of such mutants would indicate that other factors

contribute to ECM in addition to growth rate and Hz levels.

Further research is required to unravel the relative contributions and relationship
between the critical parasite and host factors that cause severe disease and elicit
protective immunity. | believe that the mutants produced in this study, with their
different phenotypes and properties, may help shed light on parasite factors involved
in ECM induction. Such knowledge may be critical in evaluating the value of the P.
berghei ANKA infections in C57BL/6 mouse as an experiment model of cerebral malaria
for understanding human cerebral malaria, since the similarities of induced immuno-
pathology between humans and rodent infections is under considerable debate [35,36].

3.3 Drug development and drug resistance of drugs that target
hemoglobin digestion

The ability of Plasmodium parasites to invade RBC and produce infectious merozoites
without Hz formation may have important implications for development of drugs that
target Hb digestion and/ or Hz formation and in understanding the development of
resistance against such drugs. We found that Apm4Abp2 parasites that lack expression of
PM4 and BP2 can grow with little or no Hz production, and importantly, are less sensitive to
chloroquine (CQ) treatment in vivo. CQ directly interacts with free heme creating a heme-
chloroquine complex that is highly toxic for the parasite [37], and therefore the increased
CQ resistance of Apm4Abp2 is consistent with our observations of severely reduced/
absent Hz formation. Interestingly, it has been previously reported that P. berghei lines
that have been selected for CQ-resistance have a stronger preference for reticulocytes
and produce less Hz [38,39]. It has been proposed that CQ-resistance in parasites with
reduced Hz is due to detoxification of hemin by elevated levels of glutathione in parasites
that grow inside reticulocytes, thus precluding heme-polymerization and preventing the
CQ activity [39,40]. However, our observations may provide a more direct explanation for
CQ-resistance and reduced Hz production in these parasites, namely that these parasites
hydrolyse less Hb in reticulocytes like the Apbm4Abp2-parasites. While Apm4Abp2 parasites
have an increased resistance to CQ, they retain the same sensitivity to artesunate (AS).
Although the precise and critical mode of action of artemisinin and related-derivatives
remains contentious, most studies concur that their activity results from activation by
reduced heme iron in the DV [41,42]. Our results showing that Apm4Abp2-parasites
are more resistant to CQ but not AS, would suggest that additional, non-heme based,
modes of AS action are equally, or even more effective at targeting P. berghei parasites

in vivo. Therefore, the Apm4Abp2-parasites that grow with little or no Hz formation may
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be useful tools to further analyse the mode of drug action, for example, how they target

and interact with molecules critical to or result from Hb digestion.

Our results on the acquisition of CQ-resistance when parasites develop in reticulocytes
with limited or no Hz production may have relevance for P. vivax, which is restricted for
growth in reticulocytes. Interestingly, mechanisms of CQ-resistance in P. vivax appears to
be different from those in P. falciparum [43]. Based on our observations, we hypothesize
that some P. vivax parasites may acquire resistance to CQ (and other drugs targeting
Hb digestion) by preferentially ‘switching’ to a development mode where they are less
dependent on Hb digestion for growth. Such ‘switching’ may only be possible for those
Plasmodium species that can infect and develop in reticulocytes. It would therefore be of
great interest to analyse whether in ‘hotspots’ of P. vivax CQ-resistance parasites develop
inside the RBC with reduced Hz formation. | believe that mutants with reduced Hz
production are not only useful tools to analyse the influence of Hz in inducing pathology
(as explained above), but also useful tools to analyse drug activities where Hb digestion/
Hz formation is believed to be critical for their mode of actions.
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Despite intense efforts over the past 50 years to develop a vaccine, there is currently
no licensed malaria vaccine available. Optimism that a first-generation malaria (subunit)
vaccine based on the Plasmodium circumsporozoite protein, RTS,S, would soon be
licensed has been dampened by the interim results of the ongoing Phase 3 trials in
Africa, which indicate that this vaccine confers only around 30% protection against
severe malaria in young children and infants, and that the protection generated is only
short-lived (<6 months). The limited success achieved in inducing long-lasting effective
protective immunity against malaria using subunit vaccines has led to renewed interest
in whole-parasite vaccination strategies, which while hard to formulate and administer,
have been shown to confer long-lasting sterile immunity in humans. The aim of the
work described in this thesis was to genetically engineer and characterize growth- and
virulence-attenuated blood stage parasites (GAP,) in the rodent malaria model, P.
berghei. Specifically, GAP, that produce only short-lived low-parasitemia self-resolving
blood infections and provoke strong protective immune responses. In order to screen
a large number of potential GAP,, we first improved both transfection methods to

generate these GAP . and methods to analyse their blood stage growth-characteristics.

In Chapter 2, | describe the development of a novel genetic modification method in two
rodent malaria parasites, P. yoelii and P. berghei, which helps overcome the problem
of limited number of selectable markers that can be effectively used to select for
Plasmodium mutants. This ‘gene insertion/marker out’ (GIMO) method uses negative
selection to rapidly generate transgenic mutants that are free of drug selectable markers
and therefore ready for subsequent modifications. This method can also be used to
rapidly and more easily generate ‘reporter parasites’, which are useful for phenotype
characterization of mutants and facilitate the generation of parasites expressing multiple
transgenes and/ or lacking multiple genes. In addition, it provides a fast and simple way
to ‘gene complement’ gene deletion/mutation mutants (i.e. restoring the wt phenotype
upon restoration of the disrupted gene). The GIMO method not only simplifies and speeds
up both the generation of marker-free transgenic parasites and gene complementation
experiments, but the application of this method also greatly reduces the numbers of
animals required to generate and complement mutants.

We also improved the existing methods to analyse both in vitro and in vivo the growth
kinetics of GAP, that have been created in luciferase-expressing background parasite
lines and also described how luciferase-expressing reporter parasites can be used in drug
screening assays both in vitro and in vivo. These improved protocols are described in
Chapter 3.
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In order to generate a GAP_, | targeted 41 genes in the virulent P. berghei ANKA line, to

BS’
specifically identify mutants that are both growth- and virulence-attenuated and that can
serve as protective immunogens. The selection of these genes was mainly based on their
predicted roles in parasite blood stage development or based on P. falciparum piggyBac
random mutagenesis studies, where a growth defect was observed in mutants with a
piggyBac gene-insertion. Specifically, we targeted the 8 genes encoding Plasmodium
rhomboid proteases, because critical roles were published for several rhomboid
proteases in host cell invasion and pathogenesis. However, we found a high degree of
redundancy in this family; 4 of them (ROM1, 3, 9 and 10) were dispensable for parasite
blood stage development, with no alteration in growth or virulence. We also examined
the phenotype of these gene-deletion mutants throughout the complete lifecycle
including development in the mosquito and in the liver (Chapter 4). We found that P.
berghei mutants lacking ROM3, although producing normal numbers of oocysts in the
mosquito, show a complete absence of sporozoite formation within the oocysts. This is
the first apicomplexan rhomboid identified to play a vital role in sporogony.

In addition to the rhomboid proteases, we selected 12 genes with predicted or possible
roles in the hemoglobin degradation pathway for targeted disruption (Chapter 5), as
hemoglobin catabolism is believed to be essential for parasite blood-stage development,
and a mutant lacking expression of one of the hemoglobinases, plasmepsin-4, was shown
to be growth- and virulence-attenuated. We were able to successfully generate gene-
deletion mutants for 9 out of the 12 selected genes, indicating a high level of redundancy
also amongst P. berghei hemoglobinases. Four of the 9 mutants showed normal growth
characteristics in mice, whereas 5 mutants showed a significantly reduced growth rate
compared to wild type parasites. Unexpectedly, we were able to generate a double gene-
deletion mutant lacking expression of both plasmepsin-4 and berghepain-2, the only 2
enzymes reported to initiate hemoglobin digestion. This double gene-deletion mutant
was restricted to growth in young red blood cells, reticulocytes, where parasites were
able to develop without any detectable hemozoin formation. Hemozoin is the detoxified
byproduct of hemoglobin degradation and its absence indicates that this mutant is able
to develop inside red blood cells with little or no hemoglobin digestion, and is supported
by the observation that these parasites are more resistant to chloroquine compared
to wild-type parasites. Chloroquine directly interacts with heme that is liberated upon
hemoglobin degradation, creating a complex highly toxic to the parasite; and therefore
the increase in chloroquine resistance of the double gene-deletion parasites is consistent
with our observations of reduced/absent hemozoin production. These observations
have important implications for Plasmodium drug development and drug resistance, in

particular for malaria parasites (e.g. P. vivax) that can develop inside reticulocytes where
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hemoglobin digestion may not be essential.

From the 41 genes targeted, we generated 22 single gene-deletion mutants and 2 double
gene-deletion mutants, one already described above lacks expression of both plasmepsin-4
and berghepain-2 (Apm4Abp2), and another lacks expression of both plasmepsin-4 and
SMAC (schizont membrane-associated cytoadherence protein, Abm4Asmac). The growth
and virulence characterization of these 24 mutants is presented in Chapter 6. Nine of
these mutants showed significant reduction in in vivo multiplication rates, and 7 of the
9 growth-arrested mutants did not induce experimental cerebral malaria (ECM) in ECM-
sensitive (C57BL/6) mice. All 4 mutants that produce significantly reduced amounts
of hemozoin fail to induce ECM. The mutants Alap, Aapp and Apm4Abp2 were able to
produce self-resolving infections in C57BL/6 and ECM-resistant BALB/c mice.

Our studies show that it is possible to generate mutants with strongly reduced growth
rates that do not induce ECM and that through the deletion of multiple genes it is possible
to create mutants that produce self-resolving infections in mice without producing hyper-
parasitemia. However, even with parasites that have strongly reduced growth rates, both
C57BL/6 and BALB/c mice are unable to rapidly mount an effective immune response that
can control an acute infection at low parasitemias. It is, however, important to note that
in all our experiments the mice were infected with relatively high numbers of parasites
(10° — 10°). It is possible that starting infection with lower numbers of parasites would
allow the mice to control infections before developing high parasitemias, or would lead
to infections with very low or even sub-patent parasitemias. These studies and those
of experimental P. falciparum infections in humans, where protective cellular immune
responses are induced with low numbers of infected red blood cells, would suggest that
the induction of protective immunity might require different parasite loads depending
on the nature of the immune (cellular or humoral) responses required. Clearly, further
research is required to determine both the parasite and host factors that can induce
protective immune responses against blood stages. The use of attenuated blood stage
parasites can be an extremely useful tool to better understand induced rather than
acquired immunity against Plasmodium and may help to create the most effective and
broadest anti-malaria vaccine.
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Ondanks vele inspanningen de afgelopen 50 jaar voor het ontwikkelen van een vaccin is
er tot op heden geen geregistreerd malariavaccin beschikbaar. Optimistische geluiden
omtrent een mogelijke registratie van een eerste-generatie malaria subunit vaccin,
gebaseerd op het Plasmodium circumsporozoite eiwit — RTS,S — zijn gedempt door
de voorlopige resultaten van de nog lopende fase 3 trials in Afrika welke laten zien
dat dit vaccin bij kinderen en zuigelingen slechts 30% bescherming genereert tegen
gecompliceerde malaria en dat de geinduceerde bescherming een kortstondig effect
heeft van minder dan 6 maanden. De tegenvallende successen met betrekking tot het
induceren van een langdurige, effectieve immuunreactie tegen malaria met subunit
vaccins heeft er toe geleidt dat het gebruik van verzwakte parasieten, een beproefde
strategie voor het induceren van langdurige steriele immuniteit in de mens, opnieuw in
de belangstelling staat. Het doel van het onderzoek beschreven in dit proefschrift was
het genereren en karakteriseren van genetisch gemodificeerde, groei- en virulentie-
verzwakte, bloedstadium malariaparasieten in het Plasmodium berghei knaagdier-
malariamodel. Dit geldt in het bijzonder voor ‘genetisch geattenueerde bloedstadium
parasieten’ (GAP,) die alleen een infectie opwekken met een kortstondige, lage
infectiegraad (parasitemie) en die zichzelf niet kunnen handhaven in het bloed maar
wel een krachtige, beschermende immuunreacties opwekken. Om het screenen van een
groot aantal potentiéle GAP,. mogelijk te maken werden zowel de transfectiemethodes
voor het genereren van de GAP,_ en de methodes die het mogelijk maken de groei- en
virulentie-karakteristieken in het bloedstadium te analyseren verbeterd.

In Hoofdstuk 2 beschrijf ik de ontwikkeling van een nieuwe methode voor genetische
modificatie die toegepast kan worden op de knaagdier-malariaparasieten P. berghei en P.
yoelii waarvan de toepassing niet wordt gelimiteerd door het beperkte aantal effectieve
selectiemarkers dat beschikbaar is voor het selecteren van malariaparasiet mutanten.
Deze ‘gene insertion/marker out’ (GIMO) methode maakt gebruik van negatieve selectie
om snel en effectief transgene mutanten te genereren zonder selectiemarker die geschikt
zijn voor verdere genetische modificatie. Deze methode kan ook worden toegepast voor
het genereren van zogenaamde transgene reporterparasieten die reporter eiwitten tot
expressie brengen (bijvoorbeeld fluorescerende eiwitten). Reporterparasieten faciliteren
het fenotypisch karakteriseren van mutanten en het genereren van transgene parasieten
die meerdere heterologe genen tot expressie brengen dan wel meerdere gen deleties
kennen. Daarnaast is het mogelijk om mutanten met gen deleties of mutanten die
gemuteerde genen tot expressie brengen genetische te complementeren, ofwel het
herstellen van het oorspronkelijke fenotype door de genetische modificatie ongedaan te
maken. De GIMO methode maakt het nietalleen mogelijk snelleren eenvoudigertransgene

parasieten zonder selectiemarker te genereren en mutaties te complementeren, ook
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het aantal proefdieren nodig voor het genereren/complementeren van mutanten wordt

sterk gereduceerd.

We hebben ook de bestaande methodes voor invitro enin vivo analyse van de groeikinetiek
van malaria parasieten vereenvoudigd door gebruik te maken van reporterparasieten die
luciferase tot expressie brengen. Deze methoden zijn gebruikt voor het analyseren van de
groei- en virulentie eigenschapen van GAP__ en beschrijven hoe deze reporterparasieten
toegepast kunnen worden in in vitro en in vivo drug screening assays. Deze verbeterde
methodieken worden beschreven in Hoofdstuk 3.

Voor het genereren van een GAP__ heb ik 41 genen in de virulente P. berghei ANKA lijn
geselecteerd voor mijn zoektocht naar groei- en virulentie-verzwakte mutanten (GAP_ )
die kunnen dienen als beschermend immunogen. De selectie van deze genen was
voornamelijk gebaseerd op hun vermeende rol bij de ontwikkeling van de parasiet in
het bloedstadium of gebaseerd op P. falciparum piggyBac random mutagenese studies
waarbij mutanten met een groeidefect zijn gegenereerd door middel van van een
piggyBac gen insertie. Acht genen coderend voor Plasmodium rhomboid proteasen
werden specifiek geselecteerd vanwege publicaties waaruit is gebleken dat verschillende
rhomboid proteasen een essentiéle rol vervullen bij invasie van de gastheercel en bij
de pathogenese. Toch hebben we binnen deze familie van proteasen geconstateerd
dat 4 van hen (ROM1, 3, 9 en 10) niet noodzakelijk zijn voor de ontwikkeling van de
parasiet in het bloedstadium en geen effect hebben op de groei en virulentie van de
parasiet. Het fenotype van de knock-out mutanten is gedurende de hele levenscyclus
geanalyseerd inclusief de ontwikkeling in de muskiet en lever (Hoofdstuk 4). Hieruit is
gebleken dat oocysten van P. berghei mutanten deficiént voor ROM3, ondanks het feit
dat ze in normale hoeveelheden in de muskiet worden geproduceerd, geen sporozoieten
vormen. Dit is het eerste geidentificeerde rhomboid eiwit die een essentiéle rol speelt in

sporogenese binnen de groep van organismen die behoren tot de Apicomplexa.

Behalve de rhomboid proteasen hebben we 12 additionele genen geselecteerd met een
vermeende rolbij de afbraak van hemoglobine voor deletie/knock-out (Hoofdstuk 5).
Men vermoedt dat omzetting van hemoglobine essentieel is voor de ontwikkeling van
de bloedstadia van malaria parasieten. Het is aangetoond dat een mutant waarin een
gen coderend voor één van de eiwitten betrokken bij hemoglobinedigestie (plasmepsin
-4) is uitgeschakeld een verzwakte groei en virulentie laat zien. Voor 9 van de 12 genen
hebben we met succes knock-out mutanten gegenereerd waarmee tevens is aangetoond
dat de afzonderlijke P. berghei hemoglobinases in het algemeen niet essentieel zijn voor
de parasiet om te overleven. Vergeleken met wildtype parasieten vertoonden 4 van de 9

mutanten normale groei-eigenschappen. Van de overige 5 mutanten was de groeisnelheid
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significant gereduceerd. Opmerkelijk genoeg zijn we in staat geweest een mutant te
maken die deficiént is voor zowel plasmepsin-4 als berghepain-2, de enige twee enzymen
waarvan bekend is dat ze betrokken zijn bij de initiatie van hemoglobinedigestie. Groei
van deze mutant was beperkt tot de jonge rode bloedcellen, de reticulocyten, alwaar de
parasiet in staat was zich te ontwikkelen zonder waarneembare vorming van hemozoine.
Hemozoine is het gedetoxificeerde bijproduct van hemoglobine degradatie en
afwezigheid van hemozoine toont aan dat deze mutant in staat is zich in de rode bloedcel
te ontwikkelen met weinig of geen hemoglobine digestie. Deze bevinding wordt gestaafd
door de observatie dat deze parasiet minder gevoelig is voor chloroquine vergeleken met
wildtype parasieten. Chloroquine gaat een directe interactie aan met heem dat vrijkomt
bij degradatie van hemoglobine waardoor een voor de parasiet toxisch complex ontstaat.
De verhoogde resistentie van deze mutant tegen chloroquine is dan ook consistent
met de door ons geobserveerde reductie/afwezigheid van hemoglobine digestie. Deze
bevindingen hebben belangrijke implicaties voor de ontwikkeling van en resistentie
tegen malariamedicijnen, vooral voor malariaparasieten die zich in reticulocyten kunnen

ontwikkelen waarbij hemoglobine digestie niet langer essentieel is.

Van de 41 geselecteerde genen hebben we 22 single knock-out mutanten gemaakt en
2 dubbel knock-out mutanten. De hierboven beschreven mutant is deficiént voor zowel
plasmepsin-4 als berghepain-2 (Apm4Abp2) en de tweede dubbel knock-out mutant is
deficiént voor plasmepsin-4 en SMAC (schizont membrane-associated cytoadherence
protein, Apm4Asmac). De groei- en virulente eigenschappen van de 24 mutanten
is beschreven in Hoofdstuk 6. Negen mutanten lieten een sterk gereduceerde in vivo
groei zien en 7 van deze 9 mutanten hebben een verminderde virulentie en induceren
geen experimentele cerebrale malaria (ECM) in ECM gevoelige (C57BL/6) muizen. Alle
4 mutanten die significant minder hemozoine produceren induceren geen ECM. De
Alap, Aapp en Apm4Abp2 mutanten brengen infecties teweeg die zichzelf niet kunnen
handhaven in C57BL/6 muizen en ECM-resistente BALB/c muizen.

Een belangrijke uitkomst van mijn onderzoek is dat deze studies laten zien dat het mogelijk
is mutanten te genereren met een sterk gereduceerde groei van de bloedstadia en met
eenverminderde virulentie en dat het door het uitschakelen van meerdere genen mogelijk
is mutanten te maken die niet-handhaafbare infecties teweegbrengen in muizen, zonder
vorming van hyperparasitemie. Deze mutanten laten dus een geatenueerd phenotype
zien, zowel wat betreft groei als virulentie eigenschappen.

Desondanks, zelfs bij infecties met parasieten met sterk gereduceerde groei
eigenschappen, zijn zowel C57BL/6 and BALB/c muizen niet in staat om snel een

effectieve immuunreactie op te wekken, krachtig genoeg om een acute infectie met lage
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parasitemie te controleren. Hierbij moet opgemerkt worden dat in al ons experimenten
de muizen werden gevaccineerd met relatief hoge aantallen parasieten (10° — 10°). Het is
mogelijk dat vaccinatie met minder parasieten de muizen in staat zou stellen de infecties
te controleren nog voor de totstandkoming van een hoge parasitemie waardoor infecties
zouden kunnen ontstaan met zeer lage parasitemie of ‘subpatent’ infecties. Deze studies
en de studies naar P. falciparum infecties bij de mens waarbij beschermende cellulaire
immuunreacties worden geinduceerd met kleine hoeveelheden geinfecteerde rode
bloedcellen (iRBC) zouden kunnen suggereren dat voor de totstandkoming van een
beschermende immuniteit, afhankelijk van de gewenste immuunreactie (humoraal of
cellulair), verschillende parasieten hoeveelheden nodig zijn. Het is duidelijk dat verder
onderzoek nodig is om de factoren van zowel de parasiet als de gastheer die een rol
zouden kunnen spelen bij de totstandkoming van een beschermende afweerreactie tegen
bloedstadia in kaart te brengen. De toepassing van verzwakte bloedstadium-parasieten
kan een bijzonder goed hulpmiddel zijn om meer inzicht te krijgen in geinduceerde
afweerreacties tegen Plasmodium en zou kunnen bijdragen aan de ontwikkeling van het

malariavaccin met de hoogste effectiviteit en de breedste werking.
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