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Zusammenfassung

Malaria ist eine Krankheit, die durch den Protozoen Plasmodium verursacht und
von Anopheles Moskitos durch infektiose Stiche iibertragen wird. Diese Ubertragung
kann durch verschiedene Interventionsstrategien blockiert werden. Eine relativ neue
Strategie, die bisher nur im Labor getestet wurde, ist der Einsatz genetisch verdnderter
Moskitos, die den Parasiten nicht auf einen neuen menschlichen Wirt iibertragen
kénnen. Ein Ansatz ist die Entwicklung von Moskitos, die mit Antikorpern ausges-
tattet sind, und zwar mit Antikérpern aus der Maus, die gegen relevante Oberflachen-
proteine des Parasiten, dem Circumsporozoite Protein (CSP) gerichtet sind. Es ist
jedoch nach wie vor unklar, auf welches Entwicklungsstadium man abzielen soll und
welche Antikorper fiir diesen Ansatz effizient sind.

Hier zeige ich, dass in Stechmiicken, die mit einem humanen Anti-CSP-Antikorper
ausgestattet sind, die Sporogonie der Oozysten in Abhéngigkeit von der Parasiten-
dichte blockiert wird und somit die Sporozoitenlast in den Miicken signifikant ver-
ringern. Insbesondere Antikorper, die sich an die 'Repeat Region’ des CSP binden,
konnen die Sporozoitenlast in der Stechmiicke verringern. Des Weitern, zeigen diese
Stechmiicken nur geringfiigige Defekte in der Larvenentwicklung und im Uberleben.
Diese Ergebnisse, bestatigen die zuvor beschriebene Bedeutung von CSP wéahrend
der Sporogonie und unterstreichen die Effizienz von humanen, 'Repeat Region’
bindenden Anti-CSP-Antikorpern bei der Beeintrachtigung der Parasitenentwick-
lung auch in einem anderen Wirt. Dariiber hinaus zeigen Stechmiicken, die mit hu-
manen Anti-CSP-Antikérpern ausgestattet sind, eine geringe (bei Infektionen mit
hoher Parasitendichte) bis gar keine (bei Infektionen mit niedriger Parasitendichte)
Entwicklung von Sporozoiten, was sie zu einem vielversprechenden Instrument fiir
Mafinahmen zur Blockierung der Malariaiibertragung macht.

Ich habe weitere Einblicke in den Mechanismus gewéhrt, durch den Anti-CSP-
Antikorper die Parasitenentwicklung in der Miicke storen, und gezeigt, dass Oozys-
ten ein effizientes Ziel fiir diesen Ansatz sind. Bei natiirlichen Infektionen betréagt die
festgestellte Parasitenlast in der Regel weniger als 30 Oozysten pro Miicke, sodass
die hier verwendeten Miicken in einer natiirlicheren Umgebung potenziell resistent
sind. Dartiber hinaus habe ich ein neues Instrument zur Verfiigung gestellt, das
ein schnelleres Screening von Antikorpern im Miickenkontext durch Injektion von
"single chain Fabs” in die Hamolymphe der Miicke ermdoglicht. Somit kénnte dieser
Ansatz eines Tages zu alternativen Strategien bei der Bekdampfung der Malaria-
Ubertragung fithren.



Abstract

Malaria is a disease caused by the protozoan parasite Plasmodium and transmitted
by Anopheles mosquitoes trough infectious bites, these transmission events can po-
tentially be blocked by different intervention strategies. A relatively new strategy
which has been so far only tested in the laboratory is the use of genetically modified
mosquitoes unable to transmit the parasite to a new human host. One approach
in particular is the design of mosquitoes equipped with antibodies, namely murine
derived antibodies directed against relevant parasite surface proteins. However, it
remains unclear which developmental stage is targeted and which antibodies are
useful for this approach.

Here I show that in mosquitoes equipped with a human derived anti-CSP repeat
binding antibody, oocyst sporogony is blocked in a parasite density dependent man-
ner, and that only repeat binding antibodies can decrease sporozoite loads in the
mosquito, additionally these mosquitoes do not show any significant defects in both
development and survival.

These results confirm the previously described importance of CSP during sporogony
and highlight the efficiency of human derived repeat binding anti-CSP antibod-
ies in interfering with parasite development even in a different host. Additionally,
mosquitoes equipped with human derived anti-CSP antibodies show little (in high
parasite density infections) to no (in low parasite density infections) sporogonic
development, making them a promising tool for malaria transmission blocking in-
terventions.

I provided additional insights into the mechanism by which anti-CSP antibodies
interfere with parasite development in the mosquito showing that oocyst are an effi-
cient target for this approach in field infections the detected parasite load in usually
less than 30 oocysts per mosquito, therefore the mosquitoes used here are potentially
resistant in a more natural setting. Additionally, I provided a new tool allowing a
faster screening of antibodies in a mosquito context by injection of single chain Fabs
into mosquito hemolymph. Taken together, this approach could one day give rise
to alternative strategies in tackling malaria transmissions.
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1 Introduction

1.1 Malaria

Vector born diseases and, in particular, mosquito-borne diseases have been shaping
human populations throughout history [14]. Malaria, a disease caused by a par-
asitic protozoan of the genus Plasmodium, is of particular importance worldwide.
Plasmodium parasites have been infecting humans for approximately 10.000 years,
killing nearly half of the human population ever-existing [30]. The genus Plasmod-
1um includes several species, of which a few infect humans, such as P. falciparum P.
vivax P. ovale and P. malariae [78]. Other well studied species such as P. berghei,
P. chabaudi, and P. yoelii infect rodents and are, therefore, a frequently used tool
in drug and vaccine research [119]

In a natural setting the parasites are transmitted by Anopheles mosquitoes, but not
all anopheline mosquitoes are able to efficiently transmit Plasmodium [60]. Even
though both parasite and vector have been studied intensively, in 2019, there were
still 229 million malaria cases and 409 000 deaths worldwide. The majority of the
deaths are children in sub-Saharan Afrika [195].

Upon parasite transmission, some but not all infections turn clinical. The main
symptoms caused by Plasmodium vary among cases with uncomplicated malaria-
causing flu-like symptoms, and include fever and sometimes anemia. In severe cases,
malaria symptoms include cerebral malaria, respiratory failure, acute renal failure
and severe anemia. Those symptoms can result in death [16]. Depending on the
parasite, the incubation period of Plasmodium varies between 9-40 days [192]. Even
though several Plasmodium species can infect and cause symptoms in humans, P.
falciparum is responsible for the majority of cases and deaths [195]. The distribution
of P. falciparum cases is spread all over the world. They are, however, concentrated
in the Sub-Saharan Africa region. The prevalences of P. falciparum coincides with
the predicted prevalence of the main vector Anopheles gambiae and A. coluzzii (Fig-
ure 1).

12
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Figure 1. Distribution of malaria-causing parasites and their major vectors
around the world. P. falciparum parasite rate from 0.01 and 1 (colors from blue to
red). White are areas without Plasmodium infections between 2009 — 2019. The right
side depicts the mean modelled relative probability of occurrence for A. gambiae species
complex, on a scale 0 to 1.0 (blue to red).

Currently, there are several strategies in place to control malaria. Drugs
targeting the parasites have been shown to be efficient tools in limiting deaths, espe-
cially in combination therapies using at least two drugs. Currently, there are several
antimalarial drugs available, such as artesunate and piperaquine [178]. Achievements
in treatment are, however, undermined by a rise in resistance mainly in Asia and re-
cently also in Africa [180]. In addition, mosquito transmission is impeded by the use
of insecticide-treated bed nets and indoor residual spraying [195]. The increase in re-
sistance to insecticides in mosquitoes also limits the efficiency of insecticide-treated
bed nets [147][146]. The most recent approach approved by WHO is a vaccine pro-
tecting mainly children from infections. Unfortunately, case numbers stagnate for
five years even with the strategies in place. Therefore, there is still a need for new
methods[195].

1.1.1 Plasmodium life cycle

Plasmodium life cycle takes part in two distinct environments, and two transmis-
sion events are essential for its maintenance. Female Anopheles mosquitoes are the
vector for P. falciparum and infections with the parasite occur during a blood meal.
Once a naive female takes a blood meal from an infected human with an established
blood-stage infection, this female can take up P. falciparum gametocytes.

13
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Figure 2. Plasmodium falciparum life cycle in the vector and the human
host. Infected mosquitoes inject salivary gland sporozoites into the skin of a new host
during probing for blood. During the probing, saliva is injected into the skin containing
sporozoites. They enter the bloodstream (a.). In the liver, sporozoites infect hepatocytes
and form liver schizonts. Merozoites are released into blood vessels from the merozoite
and infect red blood cells (b.). The asexual replication cycle starts with merozoite
invasion, followed by the ring stage, the trophozoite and a schizont. With the rupture of
the schizont, a new cycle begins. A small proportion of parasites enter sexual
development and from gametocytes (c.). Mosquitoes ingest gametocytes. In the
mosquito gut, they form gametes, and fertilization occurs. The newly formed zygote
develops into an ookinete which invades the gut and forms an oocyst underneath the
basal lamina. In the oocyst, sporozoites are formed and, upon rupture of the cyst,
released into the mosquito circulatory system (hemolymph). Sporozoites can attach to
the salivary glands and infect them. They accumulate in the duct and can be
transmitted to a new host during a bite (d.) Figure from [184].

Inside the mosquito, parasites are confronted with such environmental
changes as a drop in temperature / pH and an increase in xanthurenic acid [21].
These changes activate release from red blood cells of male and female gametocytes
that fuse and form a zygote. The zygote develops further into a motile ookinete.
Within 24 hours, the parasite changes its form several times from a round immature
to an elongated ookinete [155][67]. The mature ookinete attaches to the midgut
wall and traverses midgut cells. Interaction with the mosquito basal lamina and,
in particular, the laminin is crucial for the transformation of motile ookinetes into
the sessile oocyst [2]. It takes between 9-12 days until the oocyst is fully mature
and sporozoites are formed [158]. The detailed process of oocyst maturation and
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sporozoite formation is explained more in the following subsection.

Upon rupture of the oocyst capsule, sporozoites are released into the hemolymph.
The hemolymph is an open circulatory system, and sporozoites are transported
passively through the system. During this migration, the number of sporozoites
decreases, due to their loss in other tissues [77] [69]. The attachment to salivary
glands, however, is active, and several proteins are essential for attachment as well
as invasion and traversal of salivary gland cells [69] [166] [56] [6]. After attach-
ment, the sporozoites traverse the salivary gland acinar cells and accumulate inside
the duct [139]. Oocyst sporozoites are not infectious to the mammalian host [182]
and lack many proteins needed for a successful infection. Once they have invaded
salivary glands, a change in the transcriptional program occurs, and the parasite
becomes infectious [106] [112]. Sporozoites reside in the salivary ducts until they
are injected into the skin during the next blood meal. Traversal of acinar cells along
with specific destruction by sporozoites leads to a deficiency in blood-feeding due
to inhibitors of blood clotting factors [149] [51] [175]. This defect results in several
probing attempts, thereby increasing the chances of sporozoites being injected into
the skin of a new mammalian host [151].

In the skin, the sporozoites migrate through the epithelium until they reach blood
vessels or lymph [183]. In the vessel, they are passively transported via flow to
lymph nodes or liver parenchyma. Sporozoites do not immediately infect hepato-
cytes. Firstly they migrate through the sinusoidal barrier, traverse cells with low
heparin sulfate content and only then actively infect hepatocytes with higher heparin
sulfate density [42][61]. Several hosts and parasite factors are required for a success-
ful traversal and infection. It is believed that the circumsporozoite protein (CSP) is
required for binding to heparin sulfate [12][205]. Traversal of the cells is facilitated
by the sporozoite microneme protein essential for cell traversal (SPECT), sporozoite
microneme protein essential for cell traversal 2 (SPECT2) and cell traversal protein
of ookinetes and sporozoites (CelTOS). SPECT1 and SPECT?2 are microneme pore-
forming proteins secreted by the parasite and required for disruption of the host
cell membrane allowing traversal and invasion of these cells [87] [102] [94] whereas
CelTOS is considered to allow moving through the cytoplasm and exiting the cell
[96]. Another protein important for hepatocyte traversal and invasion is the throm-
bospondin-related protein anonymous protein (TRAP) [26]. Similar to CSP, TRAP
is located on the sporozoite plasma membrane but anchored via a transmembrane
domain. This connection allows interaction with the actinomyosin through an un-
known protein. TRAP is essential for the gliding motility of the sporozoites [166].
The receptor for TRAP is considered to be integrins [55].

For the invasion of hepatocytes by Plasmodium expression of CD81 on the hepa-
tocyte is required, and antibodies against CD81 inhibit P. falciparum invasion of
hepatocytes [157]. CD81 presence allows for P. yoelli and P. berghei sporozoites to
invade cells [150] and absence of the receptor led to increased cell traversal [115].
The scavenger receptor class B type 1 (SR-B1) is used by P. wivaz, it can, however,
also be used by P. berghei for invasion. CD81 and SR-B1 on the host cell interact
with the parasite protein P36 [115].

After successful infection of the hepatocyte, the parasite resides inside a para-
sitophorous vacuole and develops into a spherical exoerythrocytic form. Through
asexual replication, thousands of merozoites are formed. Inside a vesicular structure
called merosome, the parasites are released into the liver sinusoids and transported
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into the blood vessels. The release of merozoites into the bloodstream establishes
the blood stage of P. falciparum infection. Merozoites invade red blood cells, form
a parasitophorous vacuole, and another round of asexual schizogony occurs. Within
the 48 h asexual cycle, the parasite undergoes a series of transformations. Plasmod-
wum starts remodelling its host cells during the so-called "ring stage”. During the
"trophozoite stage’, the parasite growths and haemozoin, product of haemoglobin di-
gestion, accumulates in the cell [107]. Additionally, knobs are formed on the outside
of infected red blood cells. Parasite proteins located on the knobs enable cytoad-
herence to other host cells [81] and adherence to microvasculature is considered to
be an important contributor to the pathogenesis of P. falciparum [162].

Another round of schizogony occurs during the schizont stage, forming merozoites
which are released into the bloodstream and the cycle repeats [105][118]. The red
blood cells rupture during this process, and the numerous repeated cycles lead to a
significant loss in red blood cells and a release of cell debris, causing the symptoms
of malaria such as anaemia and fever [76].

A small subset of parasites, however, takes a different path, undergoes sexual com-
mitment and develop into gametocytes [27]. Immature gametocytes sequestrate in
the spleen, and bone marrow [95] until they reach the mature infectious stage V
[160]. The mature gametocytes can stay in circulation for a few days until, during
a blood meal, they are taken up by female mosquitoes, and the cycle continues.

1.1.2 Sporogony and sporozoite invasion of salivary glands

Parasite development in the vector is a highly complex process involving several mor-
phological stages. In particular, the formation of the infectious sporozoites and the
subsequent invasion of mosquito salivary glands, are not well studied even though
it is the longest developmental process in the vector. Most information available on
oocyst development and invasion of salivary glands is based on electron microscopy
of P. gallinaceum and P. bergher.

Oocysts are sessile forms of the parasite located between the midgut epithelium and
the basal lamina. The cyst is protected by a capsule and the cytoplasm is surrounded
by the parasite plasma membrane. Early oocyst starts growing in size and accumu-
lates nutrients supplied by the mosquito [44]. The growth process is accompanied by
multiple rounds of asexual divisions of the nucleus while the nuclear envelope pre-
serves its structure and is not disrupted (schizogony) [66]. This is followed by the
segregation of the oocyst cytoplasm into small islands called sporoblasts. This segre-
gation is due to a retraction of the plasma membrane while the capsule surrounding
the oocyst remains intact (Figure 3). Around ten days post-infection, the oocyst
starts to form vacuoles by retracting the inner membrane into the cyst. In parallel,
cleft formation occurs caused by vacuoles arising from the endoplasmatic reticulum
[158]. Finally, sporozoites bud from the sporoblast. The oocyst sporozoites reside
inside the cyst protected by the capsule and accumulate in the periphery [123] [120]
[171]. The exit of sporozoites from the oocyst differs among species, with P. fal-
ciparum showing single sporozoites escaping through small wholes, whereas in P.
berghei the oocyst shows removal of the wall and sporozoites exiting the cyst after
it is fully opened and the wall destroyed [135].
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Figure 3. P. falciparum oocyst development.1. Schizogony starts with DNA
replication in the oocyst. 2.Retraction of the plasma membrane initiates sporoblast
formation. 3. The newly-formed nuclei align in the sporoblast periphery and sporozoite
budding begins. 4. Sporozoite budding and individualization leads to sporozoites
accumulation in the oocyst. 5. Sporozoites are released into the mosquito hemolymph
and travel to the salivary glands. 6. Sporozoites attach to the glands, invade the cells
and accumulate in the duct.

Only a few proteins have been so far identified to be essential for oocyst

development. It is known that the fatty acid synthesis is essential, and blocking of
the protein Fabl, as well as FabB/F, leads to deficiency in sporogony [181]. De-
pletion of an inner membrane complex protein called PbIMCla in P. berghei also
affects sporozoite formation by causing unusually shaped sporozoites with impaired
motility [98]. Lipophorin (Lp), a mosquito lipid transporter, is another critical pro-
tein for oocyst development. Lipophorin depletion reduces oocyst size and decreases
the overall sporozoite loads. Moreover, the formed sporozoites show low mitochon-
drial membrane potential and are not efficient in infecting the next mammalian host
[44]. CSP is essential for successful sporogony, and it has been hypothesized that
CSP drives retraction of the plasma membrane [121] [59]. Sporozoite release from
P. berghei oocysts is an active process requiring CSP and a serine repeat antigens
(SERAS) protease. It was proposed that the serine protease cleaves CSP on the cyst
wall once it is matured and allows sporozoites to exit the cyst [10] [188]. For P.
falciparum there are indications that adhesion proteins are necessary for the exit of
sporozoites from oocysts [143].
Sporozoites freshly released from the oocyst are not infectious and need to ma-
ture before they can actively infect a new mammalian host. Sporozoites are trans-
ported through the hemolymph of the mosquito. There are, however, indications for
chemotactic responses in sporozoites [6] directing the sporozoite to salivary glands.
Mosquitoes have two glands consisting of three lobes each. Once the sporozoites
have reached the glands, they attach to the basal lamina and traverse this barrier.
There is evidence that sporozoites preferably invade the distal lateral lobes. Sporo-
zoites puncture the salivary gland membrane, enter the cells and migrate through
the cytoplasm [139]. Majority of sporozoites accumulate in the acinus cells and a
few resides in the duct until they are transmitted during a blood meal [193].
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1.1.3 Circumsporozoite protein (CSP) the major surface protein of sporo-
zoites

One protein is of particular interest during the late mosquito stages and transmis-
sion to the human host. The circumsporozoite protein (CSP) is the major surface
glycoprotein of Plasmodium [202] [133]. The expression of CSP starts as early as
day six post-infection and the protein is located at the oocyst plasma membrane[141]
[72]. The overall CSP organization is similar among all Plasmodium species. It con-
sists of a signal peptide, an N-terminus, a repeat region followed by a C-terminus
and a glycosylphosphatidylinositol (GPI) anchor, which connects the protein to the
plasma membrane [189).

The so-called 'Region I’ is located at the N-terminus and is believed to contain a
conserved proteolytic cleavage site[41]. Region I has been proposed to function as
a regulatory unit of the protein, mainly by hiding the C-terminus. Additionally,
depletion of the N-terminus increased the midgut sporozoite numbers but decreased
the salivary glands sporozoites [43][100]. Region I was reported to be involved in the
attachment of sporozoites to different cells, in particular, the salivary glands [129].

The repeat region of CSP is present in all Plasmodium species. However,
the amino acid composition and the number of repeats differ between species, but
within each species, the amino acid sequence is the same Figure 4[97].For P. falci-
parum NF54 strain, there are 42 tandem repeats of N-(AV)-(ND)-P (see UniProtKB
- P19597). The repeat region itself appears not to be essential for sporozoite for-
mation, but depletion leads to defects in sporozoite maturation, causing sporozoite
death before oocyst egress. Depletion of both repeat region and N-terminus cause
the same defect as CSP depletion, full inhibition of sporozoite formation due to a
lack of plasma membrane retraction [59]. The repeated sequence is also needed for
a successful traversal of hepatocytes in the human host[124][177].

The C-terminus contains region III, an adhesive thrombospondin repeat
(aTSR) region, and a GPI anchor. It is hypothesized that the o'TSR region is
masked by the N-terminus and is only exposed in the last part of the sporozoite
journey through the mammalian host [43]. The o'TSR region in combination with
the repeat region is essential for sporozoite formation [59] and for attachment to hep-
atocytes [34][61]. Parasites with deletions of the CSP GPI-anchor did not produce
sporozoites, and the phenotype could not be rescued by insertion of a transmem-
brane region [189]. CSP is constantly shed from the sporozoite surface, and gliding
sporozoites leave a CSP trail behind. Therefore, CSP might also be important for
sporozoite gliding[165] However, there is indecisive evidence surrounding the role of
CSP in motility as well as in salivary gland invasion [48][191] [172][129][43].
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Figure 4. Circumsporozoite protein is required for several steps during the
parasite development. Depletion of CSP abolishes sporozoite formation and egress
from oocysts[121] [189]. Invasion of salivary glands can be decreased by blocking CSP
[129] or depletion of the N-terminus[43]. Antibodies against CSP can also inhibit
hepatocyte traversal infection[148][124][177]. Figure from [11]

Several functions of CSP are not yet associated with a particular region
of the protein. Even though CSP is an essential component of the sporozoite de-
velopment in the mosquito, not many interaction partners have been identified, nor
could the conformation of CSP during its journey through both mosquito and mam-
malian host be fully understood. Most of the experiments on CSP were done with
the murine parasite P. berghei since this parasite can easily be genetically modified
[92]. Therefore, many of the previously identified functions of CSP for P. berghei
could not yet be confirmed for P. falciparum.

1.2 Malaria vaccines

First approaches to develop a vaccine protecting against P. falciparum were under-
taken in the early 1960s. They were based on the knowledge that repeated exposure
to irradiated sporozoites can induce a protective immunity towards Plasmodium in
mice [132], and humans [38]. Several methods have been utilized with the goal to
generate a vaccine able to protect and prevent death. Until now, only one vaccine
was efficient enough to get approved and is now in a pilot experiment, used in en-
demic areas[5]. Recently, this vaccine called RTS,S was approved by the WHO in
particular for children living in high-risk areas [196].

RTS,S contains a partial sequence of CSP, in particular, the last 18 NANP repeats
and the C-terminus except for the GPI anchor. However, there is room for im-
provement, since the protection of around 35% fades within four years to 2.5%,
additionally, it does not efficiently inhibit infections of local strains [134].

Whether a naturally acquired immunity can convey sterile protection remains un-
clear for now [80]. CSP has been a major target for vaccine development. It is, as
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mentioned previously, the dominant surface protein of sporozoites. Several clinical
trials are ongoing aiming to make use of the efficient immune response against CSP
[62][46][167].

Nevertheless, targeting CSP is not the only approach used in vaccine de-
velopment. After all, the Plasmodium life cycle consists of multiple stages, and
nearly all of them have been targeted by vaccine development approaches. There
has been early proof that immunity against erythrocytic stages prevents symptoms
and protects against severe malaria. [39]

As a consequence of this finding, other vaccine studies have tried to gen-
erate vaccines against blood and sexual stages. On the one hand, transmission-
blocking vaccines, targeting the sexual stages with the purpose to inhibit transmis-
sion of P. falciparum to a new vector. The leading targets of such vaccines are
Pfs48/45 and Pfs230 [199] [169] [114] [159]. Vaccines can also aim to protect in-
dividuals from severe forms of disease and prevent deaths. Potential targets are,
for example, PIRH5. PfRH5 is a highly conserved merozoite protein essential for
invasion of red blood cells [18]. Antibodies against PfHR5 inhibit merozoite invasion
[54].

1.2.1 Anti-CSP antibodies

As described above, the circumsporozoite protein is essential for several develop-
mental processes in the parasite life cycle and is expressed during mosquito as well
as the early mammalian stages. Most importantly, CSP is exposed on the sporozoite
surface during the vector to human transmission event. Such accessibility of this
highly immunogenic protein facilitates a diverse immune response. In particular,
the repeat region of CSP functions as a dominant B cell epitope and can induce
antibody production [142][202][45].

This knowledge stimulated an increase in studies focusing on CSP based vaccines
and antibodies. It ultimately led to the identification of the first inhibitory anti-CSP
antibody 3D11[142] against P. berghei CSP (PbCSP). Shortly after the identifica-
tion, the current “golden standard” murine-derived anti-PfCSP antibody 2A10 was
generated [204].

Within the last 5 years, hundreds of anti-CSP antibodies were identified
[177] [170] [127] [128] [137] [35] [138] [99]. Interestingly, even though many of these
antibodies have similar affinities to the same epitope, the mechanisms of binding
are different. The structure of the recombinant PfCSP repeats have been shown to
form a spherical complex in combination with anti-repeat Fabs such as 311[136].
Antibodies interfere with epitopes through cell dependent or independent mecha-
nisms. The majority of the identified anti-CSP antibodies are class [gG1 and [gG3
[79]. It was described that specific anti-repeat IgG1l or IgG3 antibodies activate
the complement system [19] [103]. Opsonisation followed by phagocytosis has been
reported to be induced by anti-CSP antibodies; however, this effect was observed us-
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ing antibodies binding to the N-terminal region[58]. There are also cell-independent
functions of anti-CSP antibodies. Upon contact with specific anti-CSP antibodies,
sporozoites shed CSP and, upon movement, left behind a trail of CSP. This pro-
cess is called the circumsporozoite precipitation reaction [165] [164]. In particular,
repeat binding anti-CSP antibodies were shown to induce the death of sporozoites.
In this particular case, the antibody triggers secretion of CSP and cell wounding
proteins such as SPECT and SPECT2. Upon the circumsporozoite precipitation re-
action, the CSP coat is removed from the sporozoite membrane, and the sporozoite
is vulnerable to its own pore-forming proteins (SPECT and SPECT?2), which sub-
sequently lead to the death of the sporozoite [8]. A very common mechanism is the
neutralization of sporozoites by antibodies. Neutralizing antibodies bind to epitopes
of a protein and neutralize the functional activity of the protein by, for example,
blocking interactions with receptors or binding partners but does not involve other
cells [50]. In particular, repeat targeting antibodies were shown to be effective in
binding and also neutralizing sporozoites [99][177] [124][127]

Neutralizing antibodies can also be used for passive immunization. Passive immu-
nization is the transfer of protective antibodies, it differs from active immunization
achieved by vaccination, in which the antibodies are produced by the individual.
One of the recently identified antibodies, CIS43 [99], is now used in a clinical trial
assessing its efficacy, safety and pharmacokinetics as an antimalarial antibody [65].
Anti-CSP antibodies are not only useful for vaccine development or passive immu-
nization. They have been used in different approaches, for example, in the context
of transgenic refractory mosquitoes [85].

1.3 Anopheles mosquito biology
1.3.1 Amnopheles life cycle

The main vector for P. falciparum are mosquitoes of the genus Anopheles. Only
a few species in this genus have been shown to be efficient transmitters of P. fal-
ciparum|[194]. Anopheles mosquitoes belong to the family Culicidae and the order
Diptera. They have a complex life cycle with four stages in two environments.
The aquatic stages consist of eggs, four larvae instar and pupae (Figure 5). The
eggs are deposited by female adults on water surfaces, and larvae emerge from the
eggs approximately 1 to 10 days, depending on the water temperature[83]. Dur-
ing 1-2 weeks, larvae moult several times to go through four instar stages. Dur-
ing this period, larvae acquire nutrients and shape their future fitness as adults
[176][113][130][200]. They undergo metamorphosis during the pupae stage. Pupae
do not ingest any nutrients and are located underneath the water surface. The
metamorphosis is completed after one day and adults emerge. The adult mosquito
has reached its final size at the point of emergence, and no additional growth occurs
afterwards. The size of adult mosquitoes is determined by the nutrition obtained as
larvae[153]. There appears to be a correlation between the size of adult mosquitoes
and the longevity [15]. Mosquito development is highly influenced by such envi-
ronmental factors as nutritional state, temperature, and microbial environment[154]

[198][40].
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Figure 5. Anopheles life cycle Anopheles mosquitoes live in two different
environments. The eggs are laid onto water surfaces and larvae hatch into the water.
Here they undergo several moulting steps until they reach the pupal stage. After
metamorphosis, adult mosquitoes emerge and mate. After mating, a blood meal is
required for egg development.

1.4 Vector control strategies

The main vector control strategies focus on physical barriers to protect humans from
mosquito bites. These methods, in combination with insecticides, are an effective
measure to limit transmission [195]. Specifically, the use of insecticide-treated bed
nets is one of the best strategies to protect humans from Plasmodium infections.
However, insecticides are not as efficient as they were years ago. Within the last
ten years, several countries reported resistance of mosquito populations to the main
insecticide used.[195]. Therefore, there is a need for a better understanding of vector
biology as well as vector-pathogen interactions.

1.4.1 Transgenic Mosquitoes

Transgenic insects have revolutionized research, in particular modification in the
model organism Drosophila melanogster [163]. Modifications in insects are not re-
stricted to Drosophila. Advancements in the field made it possible to modify vectors
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such as Aedes aegypti|90], Anopheles stephensi[33], Culexr quinquefasciatus|9], re-
cently also for Anopheles gambiae [70] and Anopheles funestus [144]. With the first
targeted mutagenesis of A. gambiae the main vector of human malaria was possible
and also opened the door for new vector control strategies [161] [190].

Germline transformations are accomplished by injection of plasmids into mosquito
eggs via microinjection [90]. The main mechanism of germline transformation in the
past was P-transposon-based [68] for D. melanogaster. Transformation of A. gam-
biae was more difficult since most of the previously used transposable elements were
absent from this species. The piggyBac transposable element was identified as an
acceptable tool for A. gambiae germline transformation [70]. Other approaches such
as TALEN mediated [161], or integrase-mediated transgenesis [22] have been since
then applied for transformations. The most recent advancement in genome edit-
ing with the discovery of clustered regularly interspaced short palindromic repeat
(CRISPR) associated endonuclease (Cas9) allowed precise insertions and deletions
of genomic sequences also in mosquitoes [111][17].

Transgenic mosquitoes can be used in functional genomics studies, for example, to
investigate specific gene functions or to tag proteins in order to study location and
expression sites [140][185]. A relatively new idea is the use of genetically manipu-
lated organisms to tackle vector-borne diseases [89] [190], for vector control and for
managing insect pests [47]. In order to generate resistant mosquitoes it is essential
to first understand mosquito physiology and identify promoters regulating protein
expression in mosquitoes.

Several promoters have been identified in Anopheles mosquitoes allowing
the expression of an exogenous gene. They can be divided into distinct groups. Pro-
moters, such as Polyubiquitin-c allow multi-tissue expression at relatively high levels
[3]. Others are tissue specific and allow consecutive expression in mosquito organs or
cells such as the hemolectin promoter that drives gene expression in hemocytes [140].
Inducible tissue-specific expression in Anopheles is facilitated by several frequently
used promoters, for example the anopheline carborypeptidase (ACP) promoter, the
witellogenein promoter and the lipophorin promoter. The anopheline carborypepti-
dase (ACP) promoter allows expression in the mosquito gut upon a blood meal[126].
The witellogenin promoter is also activated upon blood-feeding and allows expression
24-48 h post blood meal in the mosquito fat body. Vitellogenin is secreted by fat
body cells and transported to the ovaries [179]. A novel promoter used in transgenic
mosquitoes is the lipophorin promoter. It was recently used for over expression of
the immune factor TEP1 in the mosquito fat body [186]. Lipophorin is similar to
vitellogenin in that it is a nutrient transport protein synthesized by fat body cells.
Lipophorin is secreted into the mosquito hemolymph transporting lipids to differ-
ent mosquito tissues[13]. In contrast to vitellogenin, lipophorin is constitutively
expressed and its expression is up-regulated upon blood feeding [117]. Identification
of these promoters facilitated specific modifications of the mosquito physiology.

The vector control approaches based on transgenic mosquitoes can be di-
vided into two groups. The first approach is a population-suppression strategy
aiming at decreasing and eliminating specific species in the field, thereby reducing
the population of possible disease transmitters. The main approach used here is
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sterile-insect-technique (SIT), based on generation of sterile males[20]. The sterile
male technique relies on the usage of either radiation-sterilized males or genetically
modified males carrying a self-limiting gene. The release of insects carrying a dom-
inant lethal gene (RIDL) uses the tetracycline operon system. In the absence of
tetracycline, expression of a toxin causes the death of the mosquito. RIDL can also
be sex- and tissue-specific as in the fsRIDL system. The toxin has been recently
expressed in the flight muscle of female mosquitoes and renders them incapable of
flying (Figure 6 A and B) [63] [104]. For limiting Aedes populations, the sterile
male tetracycline based system has been tested in the field. Reduction in popula-
tion size has been achieved by releasing sterile males in the Cayman islands, Brazil

and recently also in Florida (USA) [74][31][64].
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Figure 6. Population suppression and modification strategies tackling
arboviruses and Plasmodium transmission. Population suppression strategies
using (A) the release of insects carrying a dominant lethal gene (RIDL) in the absence of
tetracycline toxic products are expressed in the mosquito causing death. (B) the fsSRIDL
incldues a sex-specificity and is only expressed in the flight muscles of females and
prevents them from flying. (C) Antibody or antimircobial peptide expressing in fat body
or midgut can limit plasmodium development in Anopheles stephensi. (D) Antibody
expression can inhibit virus replication in Aedes aegypti. Modified from [187]
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The second approach focuses on the replacement of native populations with
parasite-resistant mosquitoes. Several reports have shown how partial resistance
to parasites and viruses can be achieved in mosquitoes such as Ae. agypti [28]
and A. stephensi [52] [85]. In the last decade, there have been many attempts to
generate refractory mosquitoes to break the transmission chain of either malaria,
dengue or Zika virus. This was approached by up-regulation or down-regulation
of mosquito genes essential for parasite infection, as well as the up-regulation of
immune factors targeting Plasmodium parasites (Figure 6C). Modifications of the
mosquitoes immune system alone were not successful, and only partial reductions
in parasite loads were achieved [101] [201] [53]. Additionally, this approach bears
risk of high fitness costs. Upregulation and downregulation of mosquito immune
genes can also affect other relevant physiological processes, for example pathways
relevant for reproduction [201]. On its own, this method is not sufficient to generate
refractory mosquitoes. Therefore, further tools are required to achieve full resistance
to Plasmodium in mosquitoes.
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1.5 Antibody expressing mosquitoes

As mentioned above, antibodies and, in particular, anti-CSP antibodies are efficient
in neutralizing the parasite. Already in the early 2000, injection of full-length anti-
bodies [191] and injection of viruses producing anti-CSP antibodies [48] reduced P.
gallinaceum development in Ae. aegypti. With this knowledge, the first A. stephensi
strains were generated targeting CSP [85]. Instead of full-length antibodies, single-
chain fragment variable antibodies (scFvs) were fused to an antimicrobial peptide
(Cecropin A). The idea behind this approach was to block sporozoite invasion of
the salivary glands and to kill sporozoites by Cecropin A. Expression of the scFv-
fusion protein was under the vitellogenin (Vg) promoter, facilitating relatively high
expression levels in the fat body shortly after blood feeding [131][36]. In parallel,
A. stephensi mosquitoes expressing antibodies against the ookinete protein Pfs25
to block ookinete invasion of the midgut and the Plasmodium chitinase 1 to limit
oocyst formation were designed. The expression was in the mosquito midgut. This
was achieved by using the A gambiae carboxypeptidase A (AgCPA) promoter. The
first strain expressing anti-CSP antibodies decreased sporozoite loads in the salivary
glands upon multiple blood feedings. However, even in combination with the two
other strains decreasing ookinete invasion and oocyst formation [86] the development
was never fully blocked.

The recent identification of the anopheline antiplatelet factor (Aapp) made
an expression of exogenous proteins in the female salivary glands possible [203]. Soon
after the first approach, murine-derived scFv anti-CSP antibody fused to RFP was
expressed in A. stephensi salivary glands to limit transmission of sporozoites. Here
transmission to mice was significantly reduced, and only 25% of mice got infected
[168]. A similar result was observed in A. coluzzi expressing the human-derived scFv
125 in the salivary glands. Here, the effect was much stronger; only 10% of mice
got infected, and the onset of parasitemia had a two days delay [177] indicating
that human-derived anti-CSP antibodies are efficient in limiting parasites in the
mosquito. Challenges remain to finding an optimal strategy to fully block parasite
development. Therefore a better understanding of the anti-CSP antibodies in the
mosquito context is essential.
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2 Aim

The aim of this study was to characterize the role of CSP in the development of
P. falciparum in the mosquito using transgenic mosquitoes expressing human anti-
CSP antibodies in the fat body. Therefore I assessed the phenotype of the transgenic
mosquito upon infection with P. falciparum to identify the developmental target site
of the antibodies as well as the mechanism of antibody inhibition.

Secondly, I examined the early development and survival of the transgenic mosquitoes
to identify potential trade-offs of the transgene expression.

Thirdly, I established a testing pipeline for new antibodies in the mosquito that
allowed for screening for more efficient antibodies before designing new strains.
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3 Material and Methods

3.1 Material
Table 1. Antibodies
Name species Target Company
anti-mouse HPD  goat mouse Fc Thermo Fisher, Ger-
many
anti-mouse- goat mouse Fc Thermo Fisher, Ger-
AF488 many
anti-rabbit- goat rabbit Fc Thermo Fischer, Ger-
AF555 many
anti-rabbit HPD  goat rabbit Fc Thermo Fisher, Ger-
many
anti-FLAG rabbit FLAG tag Thermo Fisher, Ger-
many
anti-human IgG- goat human IgG Thermo Fischer, Ger-
HPO many
anti-PfCap380 rabbit PfCap380 [88]
JH73 (anti- rabbit AgTEP1 [110]
TEP1)
mAb 2A10 mouse P{CSP BEI resources
mAb 2A10 mouse P{CSP BEI resources
AF548
mAb 2A10 mouse PfCSP BEI resources
AFo647
mAb 3D11 mouse PbCSP BEI resources
mAb 9E10 mouse c-Myec tag Thermo Fisher, Ger-
many
mAb 9E10 mouse c-Myec tag Thermo Fischer, Ger-
AF647 many
mAb 9E10 FITC mouse c-Myec tag Thermo Fischer, Ger-
many
scFab1210 - repeat region kindly provided by S.
(CSP) Scally and JP. Julien
scFab1710 - C-terminus kindly provided by S.
(CSP) Scally and JP. Julien
scFab5D5 - N-terminus kindly provided by S.
(CSP) Scally and JP. Julien
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Table 2. Biological Resources

Name

Origin

Anopheles coluzzit
(Ngousso colony)

obtained from Institut de Biologie
Moléculaire et Cellulaire (IBMC), Stras-
bourg, France [75]

Anopheles coluzzii S1

Originated from the Ngousso colony by se-

(TEP1*S1) lection of TEP1*51 homozygotes

Anopheles coluzzii  Eric Marois and Maria Pissarev

Lp::125

Anopheles coluzzii  Eric Marois and Maria Pissarev

Lp::2A10

Anopheles coluzzii  Eric Marois and Maria Pissarev

Aapp::125

P. falciparum NF54 from Prof. Dr. R.W. Sauerwein [49]

(Pf NF54)

P.  berghei ANKA Shahid Khan; Chris J. Janse (Leiden Malaria
PfCS(r)PbCS Research Group, LUMC)

eefla::GFP-Luc

P.  berghei ANKA Blandine Franke-Fayard; Chris J. Janse (Lei-
PfCS(r)PbCS den Malaria Research Group, LUMC)

hsp70::mCh+eefla::Luc
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Table 3. Chemicals

Chemical Company

2-Propanol Carl Roth, Germany
Agarose Sigma-Aldrich, Germany
Anti-Fade Fluo- Abcam, Germany
rescence Mounting

Medium

Bovine Serum Albu-
min, fraction V

Biomol GmbH, Germany

Chloroform Sigma-Aldrich, Germany
ANTP-mix (2mM) Thermo Fisher Scientific, Germany
Dodecylsulfate Severra

sodium (SDS), pelets

Ethanol,
grade

molecular

Carl Roth, Germany

Fetal calf serum (FCS)

Gibco Invitrogen, Germany

full-length  recombi- kindly provided by the Wardemann lab
nant CSP

Giemsa  concentrate VWR, Germany

(10x)

Giemsa staining buffer

(1x)

VWR, Germany

Glycerol

Carl Roth, Germany

Glycine

Sigma-Aldrich, Germany

Liver Powder

NOW Foods, USA

Low melting point

Sigma-Aldrich, Germany

Agarose

Mercury dibro- Sigma-Aldrich, Germany
moflourescein dis-

odium salt

Methanol Merck, Germany
Milkpowder Carl Roth, Germany
Paraformaldehyde Alfa Aesa, Germany
Phosphate-buffered Roche Diagnostics, Germany
saline (PBS), pre-

mixed 10 X

Random Hexamer Fermentas, Germany
Primers (0.2ug/ul)

RNAse away Thermo Fisher Scientific, Germany

RNAse-free PBS

Thermo Fisher Scientific, Germany

Sodium acetate

Carl Roth, Germany

Sugar, table sugar

LIDL, Germany

TRIS base Sigma-Aldrich, Germany
Trition X 100 Sigma-Aldrich, Germany
Tuna Meal

Tween Sigma-Aldrich, Germany
Vanderzant  vitamin Sigma Aldrich, Germany

mixture for insects
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Table 4. Commercial Kits

Kit

Company

Ambion MEGAclear
Kit

Thermo Fisher Scientific, Germany

Ambion MEGAscript
T7 kit

Thermo Fisher Scientific, Germany

cOmplete ™ Mini
Proteaseinhibitor-
Cocktail

Merck, Germany

Pierce ECL® Western
Blotting Substrate

Thermo Fisher Scientific, Germany

QIAquick PCR Purifi-

cation

Qiagen, Germany

RapidOut DNA Re-
moval Kit

Thermo Fisher Scientific, Germany

RNeasy Mini Kit

Qiagen, Germany
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Table 5. Consumables

Consumable

Company

Beads, for TissueLyser LT, stain-
less steel, 5 mm

Qiagen, Germany

BRAND  Malassez  counting Thermo Scientific, Germany
chamber
Coverslips Carl Roth, Germany

Eppendorf tubes, 1.5 ml and 2 ml

Eppendorf, Germany

Falcon tubes, 15 ml and 50 ml

Sarstedt, Germany

KIMBLE Dounce tissue grinder
set 2 ml

Sigma Aldrich, Germany

MicroAmp Optical Adhesive Film

Applied Biosystems, Germany

Parafilm

Bemis, USA

Pasteur pipettes

Carl Roth, Germany

PCR tubes

Greiner Bio-One, Germany

Pipette filter tips, Biosphere,
RNAse free, 10-1000 ul

Sarstedt, Germany

Pipette tips, 10-1000 pul

Sarstedt, Germany

Pipette tips, epTips, for epMo-
tion, 50 pl

Eppendorf, Germany

Pizza Storer (pans for mosquito
larvae rearing)

Sealfresh Square, UK

Rearing pans 3.5 1

Steward Catering, UK

Siliconized pipet tips

(Ref 613-0279, VWR)

Siliconized tubes

(Ref LW2420 Alpha Laboratories

Water, DEPC-treated

Thermo Fisher Scientific, Ger-
many

96-Well ELISA Microplates

Greiner OneBio, Austria

Table 6. Enzymes

Enzyme

Company

Fast SYBR®Green PCR Master
Mix

Applied Biosystems, Germany

FastDigest Kpnl Thermo Fisher Scientific, Ger-
many

FastDigest Notl Thermo Fisher Scientific, Ger-
many

QuantiTect Sybr green

Qiagen, Germany

RevertAid® H Minus Reverse
Transcriptase

Life Technologies, Germany




Table 7. Equipment

Equipment

Company

Aspirator, mechanical

Clarke, USA

Axio Observer

Zeiss, Germany

Binocular light source KL1500

LCD Leica, Germany

Binocular M&0

Leica, Germany

C1, C2, C4 mosquito cages Handmade

Centrifuge, 96-well plates, bench- Thermo Fisher Scientific, Ger-
top many

Centrifuge, benchtop Eppendorf, Germany

Centrifuge, MiniSpin, benchtop Eppendorf, Germany
ChemiDoc™MP Bio Rad, Germany

COPAS™ Union BioMetrica, USA

Plate reader Infinite m200 Pro TECAN, Switzerland

BD LSRFortessa™Cell Analyzer BD Bioscience

epMotion, automated liquid han- Eppendorf, Germany

dling system

Freezer -20°C Liebherr, Germany

Freezer -80°C Liebherr, Germany

Fridge +4°C , by Mercateo Siemens, Germany

Ice machine AF200 Scotsman, Germany

Incubator ~ BK 160  (for Thermo Fisher Scientific, Ger-
mosquitoes) many

Maxi feeder, glas

Coelen glastechniek, Netherlands

Midi feeder, glas

Coelen glastechniek, Netherlands

Mosquito cages

Bugdorm, USA

Nanodrop 2000c

Thermo Scientific, Germany

Nanoject® II, microinjector

Drummond Scientific Company,

USA

PCR Thermocycler MJ Mini

Bio-Rad, Germany

Pipette (2.5 ul , 20 pl |, 200 pl,
and 1000 pl)

Eppendorf, Germany

Pipetting aid Pipetus

Ger-

Hirschmann Laborgeréte,
many

Real Time PCR system StepOne
Plus

Applied Biosystems, USA

Stereoscope

Leica, Germany

Thermo-mixer Mixmate

Eppendorf, Germany

Timer, Hand Clock

Carl Roth, Germany

TissueLyser® LT

Qiagen, Germany

UV Spectrometer

Eppendorf, Germany

Vortex-Genie2

Scientific Industries, USA

Water bath, GFL 1002

GFL, Germany




Table 8. Media and solutions

Media

Composition/Company

Complete ookinete media

RPMI, 0,5% Pen/Strept,
FCS, 1 %
Xanthurenic acid, pH 8

1%

Liver Food Mix

10% Vanderzant vitamin mixture
for insects +

40% Liver Powder + 40% Tuna
Meal

P.falciparum complete medium RPMI 1641, 10% Human A+
serum, 2%

(asexual cultures) hypoxantine liquid, 20 pg/ml
gentamycin

P.falciparum complete medium RPMI 1641, 10% Human A+
serum, 2%

(gametocyte cultures) hypoxantine liquid, sterile filtered
(0.22 pum)

RPMI 1641,
with L-glutamine and 25mM
HEPES

Gibco Invitrogen, Germany

SDS-Buffer

25 mM Tris, 192 mM glycine, 10%
SDS

Squashing buffer

10 mM Tris-HCI pH 8,2,
ImM EDTA, 25mMNa(Cl

and 200 pg /ml Proteinase K in
H,O

Sugar water

10% sugar in H,O

TE-Buffer, low EDTA

Thermo Fisher Scientific, Ger-

many

Transfer Buffer

25 mM Tris, 192 mM glycine, 20%
Methanol

Table 9. Plasmids

Name purpose officical name Target
pVB-06 dsRNAi production pLL17 TEPI1
pVB-07 dsRNAi production pLL100 LacZ




Table 10. Primer

Name Sequence 5’ to 3’ Target

VB2166 GCA TCA CGT TCA CCA ACT Aapp::125 fw
ACG CGT T

VB2167 CCT CCT CCG AGA TCA GCT TCT Lp::125 rev
G

VB2168 GACTTG TCATCG TCG TCC TTG Aapp::125 rev
TAA TC

VB2169 GCC CGG CGA AAC GGT GAA G Lp::2A10 tw

VB2170 GGG TTC GGG ATG GGC TTA CC  Lp::2A10 rev
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3.2 Methods
3.2.1 Mosquitoes

Anopheles coluzzii Ngousso TEP1*S1 colony originated from the Ngousso colony
[75] by selection of TEP1*S1 homozygotes.

Transgenic mosquito lines Lp::125, Lp::2A10 and Aapp::125 were designed
and generated in 2015 by Maria Pissarev (Vector Biology Unit, MPIIB) and Dr. Eric
Marois (IBMC, Strasbourg, France). The transgene was inserted via the Strepto-
myces phage ¢ C31 integrase system into the genome of the line called XK, carrying
the docking sites on the X chromosome. Generated transgenic lines were backcrossed
with wild-type Ngousso mosquitoes. Lp::125 mosquitoes used for Figure 8 Figure 9
and Figure 10 were heterozygotes Lp::125 +/-). For all other experiments homozy-
gote Lp::125 +/+ were used.

3.2.1.1 Mosquito rearing

All colonies were maintained at 28 +/- 2°C and 80 +/- 5% humidity and 12 h
day/night cycle with two 30 min twilight periods. Larvae were reared in plastic
containers filled with 100-400 ml deionized HyO. Mosquito larvae were fed 2.5 ml
liver food mix daily per pan. Normal rearing conditions were approximately 300
larvae per pan. Adults were maintained on 10% sucrose. For maintaining the colony,
adult females were fed on human blood using an artificial membrane feeding system
[108] [109]. The blood was filled into a pre-heated 38°C glass maxi-feeder, which was
kept warm by circulating water connected to a 39°C water bath. Mosquitoes were
allowed to feed for 15-30 min on human blood. Two to three days post-feeding, a wet
filter paper was provided as an oviposition jar. The deposited eggs were removed
after 24 h and transferred into a pan filled with deionized H5O.

3.2.1.2 Development and survival experiments

Freshly hatched larvae from all strains used for experiments were sorted by CO-
PAS ™ and larvae (n=250) were put in a single pan containing 400 ml deionized
H,0O. Every day, 2.5 ml of liver food were added per pan. Pupae were counted
and collected every 24 h. At the peak of pupation, 20 female and 20 male pupae
were put into one cage. Dead adults were counted every 24 h. The wings of dead
mosquitoes were mounted on the glass slide, and their length was measured using a
stereoscope. Adults were supplied with a cotton pad soaked in 10% sugar solution
in HyO. The cotton pad was exchanged every three days. After a blood meal 6 days
after emergence, the number of fed females was counted. Three days after the blood
meal, an oviposition site was inserted, and 24 h later, the number of deposited eggs
was counted.

The survival data were analyzed using the R package survminer 0.4.9. Wing size
was measured using ImageJ Fiji. Larval development data were analyzed using a
recently developed model for larval dynamics (Estupinan et al. in preparation).

Additionally, a nutritional stress setup was used to compare the fitness of
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transgenic lines. Here, different densities of larvae were reared in the same volume of
water supplied with the same amount of food per pan. The following table Table 11
describes the number of larvae and the corresponding food per larva available. The
same protocol for measuring development as explained above was used.

Table 11. Feeding regime per day for different nutritional conditions

Density per pan per larvae Liverpowder Tuna meal Vitamine mix

100 2.5 ml 25 pl 200 pg 200 pg 100 pg
250 2.5 ml 10 1 80 u g 80 ug 40ug
500 2.5 ml 5 pul 40 pg 40 pg 20 ug

3.2.1.3 Mosquito rearing for infections

Freshly hatched larvae (n= 3.000) from both wild-type and transgenic line were
sorted by COPAS ™and mixed together in a pan. Larvae were reared together
in the same environment. Pupae were sorted into wild-type and transgenic via
fluorescence. Each group was either put into a separate small cage (for P. berghei
infections) or in a compartment of a C2 or C4 cage (P. falciparum infections).

3.2.2 Parasites

3.2.2.1 P. berghez

Parasite cryostabilate aliquots were thawed on ice. Afterwards, 200 ul of the aliquot
was injected intraperitoneal (i.p.) into the female CD1 mice. Mice parasitemia was
assessed 3-7 days after inoculation in the blood smear. When parasitemia reached
2-8%, the parasitized blood was injected i.p., into a new mouse. On the day of
infection, the parasitemia was either counted by blood smears or by FACS.

Exflagellation assay
The complete ookinete media (13 pl ) was pipetted on a glass slide, and 2 pul of
infected mouse blood were added. The drop was covered with a square coverslip
and incubated at 20°C for 10 min. The slide was analyzed using a microscope and
40X magnification. When the first exflagellation event was detected, the number
of exflagellation events was counted in 10-15 randomly chosen fields. The mean of
exflagellations per field was calculated.

Mosquito infections
Mosquitoes were starved for 4-5 h. Mice with at least 0.5% gametcytemia were
anesthetized for mosquito feeding. For each experiment, 1-2 mice were used, and
mosquitoes were allowed to feed on every mouse three times for 15 min until mosquitoes
were fully engorged. Unfed females were removed from the cage, and fresh sugar
cotton pads were supplied. Mosquitoes were offered an additional blood meal from
naive mice 7 days post-infection. Samples were collected at 14, 18, and 25 days
post-infection (dpi) by aspiration into 70% Ethanol and subsequent washing with
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PBS (3 x 10 min). Mosquitoes were kept at 20°C and 70% humidity with a 12/12
h day-night cycle after infections with P. berghei.

3.2.2.2 P. falciparum

NF54 asexual cultures (parasitaemia >2%) were harvested by centrifugation for 5
min at 1,500 rpm, washed with fresh red blood cells and diluted to 1% total par-
asitaemia in 6 ml complete gametocyte medium at 4% hematocrit in 25 cm? cell
culture flasks. Gametocyte cultures were incubated at 37°C with 3% O? and 4%
CO?. The medium was changed daily for 15-16 days on heated plates to reduce
temperature drops. On day 14 after establishment, gametocytaemia was checked by
Giemsa stain of blood smears, and parasite exflagellation was measured.

Quantification of gametocytaemia by Giemsa staining

Two weeks after the establishment of NF54 gametocyte cultures, two ul of the cul-
ture was smeared onto a glass slide and left to dry for 30 s at 37°C |, to avoid
inducing exflagellation due to temperature decrease. Smears were fixed in 100%
methanol for 60 s at room temperature and stained with 1x Giemsa solution for
7 min exactly. Quantification of stage V gametocytes was performed by counting
the observed parasite stages in a visual field under a light microscope (40x magni-
fication) and expressed as a proportion of the total number of all parasite stages
detected (i.e. number of asexual and non-stage V gametocytes combined).

Quantification of gametocyte exflagellation
Two weeks after initiation of the NF54 gametocyte cultures, 4 pl of culture were
added to 7 ul of FCS on a glass slide at incubated for 10 min at room temperature
in a humidified chamber. A coverslip was placed on top, and exflagellation events
were counted for 5 min under a light microscope in 10-20 microscope fields (40x).

Mosquito infections

Mosquitoes for infections were kept in C2 or C4 infection cages. Mosquito females
were starved for 4 h before infectious blood-feeding, then transferred into the BSL3
laboratory for infections. Mosquitoes were fed on membrane feeders containing
mixed P. falciparum 4.5x10° gametocytes per 2 ml of blood. All experimental
groups were provided with infectious blood from the same feeder for comparisons.
After the infectious blood meal, unfed females were removed from the cage. For
all experiments, an additional blood meal was offered seven days post-infection to
boost the sporozoite production. Samples were taken at 10, 11, 12, 14 and 18 dpi.
Mosquitoes were collected in 70% Ethanol and washed three times with PBS.

3.2.2.3 Oocyst counting

Mosquitoes were dissected on slides in 1% mercurochrome solution in MiliQ-purified
water. Midguts were incubated for 10 min in the solution, mounted on the slide,
and the midguts were analyzed under a light microscope with a 10x objective.
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3.2.2.4 Sporozoite isolation

Mosquitoes (10-15 females) were aligned on a slide in PBS. The heads were carefully
pulled off the mosquito, with the salivary glands remaining attached to the head.
The heads were then transferred onto a new slide covered with PBS, and the heads
were carefully removed. The salivary glands were then transferred to a glass vial
containing 400 pl RPMI + 1% BSA. The tissue was smashed with a pistol, and the
sporozoites counted using a Malassez counting chamber.

Sporozoite counting
The sporozoite suspension was loaded at 1:10 dilutions in the dissection medium
into a Malassez counting chamber and left for sedimentation for at least 10 min.
Sporozoites were counted in 25 fields two times. The mean number of sporozoites
per mosquito was calculated.

3.2.2.5 Transmission electron microscopy

Midguts of P. falciparum infected mosquitoes were dissected and fixed with 2.5%
Glutaraldehyde for 1 h at room temperature. After washing three times with PBS,
the samples were stained with DAPT (1:4,000) for 1 h at room temperature. Fol-
lowing another round of washing, the samples were inspected for oocysts by a fluo-
rescence microscope. Only infected midguts were then immobilized with a 2% Low
melting point agarose mix and further prepared at the microscopy core facility by
Christian Goosmann under the supervision of Dr Volker Brinkmann.

3.2.2.6 Mosquito injections

Mosquitoes were reared as explained above, and pupae were sorted into groups.
Female mosquitoes were placed on ice 24 -48 h post-hatching and injected with 69
nl dsRNA for gene silencing using a Nanoject® II microinjector. After injection,
mosquitoes were placed in cages and infected with P. berghei 4-5 days post-injection.
For passive immunization of WT mosquitoes, females were injected with 386 ml of
scFab and 3 days later infected with P. falciparum.

3.2.3 Molecular Methods

3.2.3.1 Immunoblotting

Mosquitoes were placed on ice. The proboscis was cut off, and the hemolymph was
collected into 2 pul 1x Laemmli buffer. The hemolymph of 10 — 20 mosquitoes of
each group was pooled for further analysis. The samples were frozen at —20°C for
15 min, boiled at 95°C for 5 min and 15 ul of each sample loaded on the 15% SDS
gel. Gels were run at 120 V for approximately 120 min. The gel was washed for
20 min in transfer buffer. The PVDF membrane was activated in 100% Methanol
for 5 min and then washed with the transfer buffer. Four Whatman filters were
incubated in 1x transfer buffer, and the transfer-sandwich was assembled between
the sponge, 2x Whatman filters, gel, the activated PVDF membrane, 2x Whatman
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filters, and sponge. The transfer apparatus was inserted into an ice bucket with ice
and filled up with buffer. After a 90-min-long run at 300 mA, the membrane was
blocked for 1 h with 5% milk powder in MiliQ-purified water and incubated with the
primary antibody overnight 5% BSA in PBS at 4°C . The next day the membrane
was washed 3 times for 15 min in PBS + 1% Tween. Incubated for 1 h at room
temperature with the secondary antibody (anti-rabbit HRP 1:10,000/ anti-mouse
HRP 1:10,000 in PBS 5% BSA) and washed three times x 15 min with PBS+1%
Tween. The Pierce ECL® Western Blotting Substrate were mixed according to
manufacturer recommendations, and the chemiluminescence was analyzed with a
ChemiDoc-MP.

3.2.3.2 DNA extraction

Mosquitoes were collected in 200 ul squashing buffer and smashed using a pestle.
The sample was shortly centrifuged and incubated at 50°C for 60 min, followed
by proteinase K inactivation for 5 min at 95°C . The supernatant containing the
extracted genomic DNA. was collected and diluted 1:10 for a PCR-based genotyping.

Table 12. Genotyping PCR Mix

Reagent Volume
GoTaq MasterMix 12.5 ul
Primer fw 0.5 pl
Primer rev 0.5 pl

DNA template 2.5 pul
Nuclease-free HoO 9 pul

Table 13. Genotyping PCR Cycler settings

Step Temperature Time Repeat
Initial denaturation 95°C 2 min -
Denaturation 95°C 40 sec repeat
Annealing 61°C 30 sec cycle
Extension 73°C 1 min 40x
Final Extension 73°C 5 min
Refrigeration 4°C - -

3.2.3.3 Genotyping PCR Samples were loaded onto a 1.5% agarose gel sup-
plemented with 1/1,000 ethidium bromide and run for 20-30 min at 100 V. The
results were analyzed using a ChemiDoc™-MP.

3.2.3.4 ELISA

Mosquitoes were collected and collected in 200 ul of a proteinase inhibitor cocktail
(cOmplete ™cocktails) on ice and smashed with a pestle. A 1:10-1:1,000 dilution
series was prepared for the samples and the standard (2A10). Microplates with
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96 wells were coated with 25 ul per well (0.2 pg /ml) full-length recombinant CSP
overnight at 4°C . The following day, the plates were washed three times with MiliQ-
purified water and blocked with 25 ul /well PBS+1% BSA at room temperature for
1 h. The plate was washed three times again with MiliQ-purified water, and 12.5
pl /well of diluted samples were transferred onto the antigen-coated plate. After
incubation for 1,5 h at room temperature, plates were washed three times with
MiliQ-purified water, the secondary antibody (1:1,000 of anti-mouse HPD) were
added at 12.5 ul /well and incubated for 1 h at room temperature. The plate was
washed three times with MiliQ-purified water and briefly let to dry. After adding
1 pl water/1 ml ABTS solution (25 ul /well), the absorbance was measured using
a plate reader (BioRad) at 405 mm until the highest dilution reached an OD of
approximately 4.0.

3.2.3.5 Immunofluorescence analysis

Mosquitoes were collected by aspiration into 70% ethanol, washed with
PBS three times for 5 min. Mosquito midguts and heads with the attached salivary
glands attached were dissected in PBS and immediately fixed with 4% PFA for 1
h, permeabilized by using a 1% Triton in 1% BSA for 1 h at 37°C . The next day
they were washed 3 x with PBS (each time about 10 min) and then stained with
the primary antibody mix overnight at 4°C . The samples were washed 3 times with
1% BSA in PBS for 10 min and incubated for 1 h at room temperature with the
matching secondary antibody and the nuclear-staining dye DAPT (1:4,000). After 3
washes of 10 min in 1% BSA in PBS, the midguts and salivary glands were mounted
in AquaPoly mounting medium. Antibodies used for Immunofluorescence analysis
can be found in Table 1

3.2.3.6 Gene inactivation by RNA interference

dsRNA production

Plasmids pVB- 06 (TEP1) and pVB-07 (LacZ) (see Table 9 [23]) were linearized by
restriction with the enzymes Fast digest Kpnl or Fast digest Not/ as manufacture
recommendation and purified with a QIAGEN PCR purification kit. Afterwards,
the efficiency was analyzed by electrophoresis. Single-stranded RNA (ssRNA) was
synthesized using the MEGAscript T7 kit with the following protocol.

Table 14. MEGAscript T7 kit

Volume Reagent

x pul DEPC treated HoO

16 pl mixed NTPs

4 pl buffer (keep at 37°C before using)
x ul linearized plasmid (2 ug )

4 ul enzyme mix

total 40 pl
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Samples were gently mixed, shortly centrifuged and incubated at 37°C
overnight. The remaining template DNA was destroyed by adding 2 ul DNAse I for
15 min at 37°C . The RNA samples were cleaned up by the Ambion MEGAclear Kit
(Ambion AM1908) per manufacturer recommendations, including the precipitation
step. The RNA pellet was re-suspended after ethanol washing in 21 ul of DEPC-
treated H,O. The concentration of ssRNA was measured using a UV spectrometer.
Sense and anti-sense RNA were diluted to the final concentration of 3 ug /ul in
DEPC-treated HoOand mixed in equal volumes. For annealing, a 5 | beaker was
filled with deionized HyOand heated to boiling temperature. The ssRNAs were de-
natured for 5 min and left to anneal overnight. The next day the samples were
analyzed by electrophoresis, aliquoted and stored at -20°C .

Mosquito injection
One day old mosquitoes were immobilized on ice for 5 min and injected with 69 nl of
the corresponding dsRNA. The knockdown efficiency was analyzed by immunoblot-
ting.

3.2.3.7 Flow Cytometry

The sporozoite samples were kept on ice in PBS. Sporozoites (n=10,0000) were
diluted to 60 pul in 1% FCS in PBS in siliconised tubes. The primary antibodies
anti-CSP (2A10) AF-568 and anti-c-Myc (9E10) AF-647 were diluted (1:500) in
1% FCS in PBS. Sporozoites were incubated with the primary antibody for 30
min at 4°C . Afterwards, the samples were topped up to 2 ml with 1% FCS in
PBS, centrifuged at 9,300x g for 4 min at 4°C . The supernatant was removed, and
the pellet was re-suspend in 100 ul 1% FCS in PBS containing 1:4,000 dilution of
DNA stain (SYBERgreen). Samples were incubated for 10 min at 4°C in the dark,
topped up to 2 ml with 1% FCS in PBS and centrifuged at 9,300 x g for 4 min
at 4°C . Afterwards, the supernatant was removed and the pellet re-suspended in
2001 1% FCS in PBS. The solution was transferred into a standard FACS tube and
stored on ice in the dark till FACS acquisition. Samples were analyzed using a BD
LSRFortessa™ Cell Analyzer at the DRFZ core facility. For SYBRGreen excitation
at 488 nm and filter 525/50 was used. For 2A10 AF-568 561 nm excitation and
610/20 filters. For 9E10 AF-647 excitation, 633nm and 670/30 filters were used.

3.2.4 Statistical Analysis

Statistical analysis and plots were performed using R and Rstudio (Version 1.2.1335)
[145]. For the analysis and visualization of the average sporozoites per mosquito
plots, a constant value of 0.1 was added to all values to enable the analysis and
plotting on Log scale of zero values. All statistical tests used, exact p-values and
posthoc tests can be found in the Supplements (Table 17). The ggplot.2 package
was used to visualize all plots.

The dose dependent responses for Figure 15 were calculated using the drc
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and nlme package. Several models were compared and the best fit chosen.

(x) = 0.814203 + (1 — 0.814203)exp(—exp(1.486996(log(x) — log(33.227485))))
b:f(x) = 0+ (0.360227 — 0)exp(—exp(—2.445245(log(x) — log(37.935526))))

(x) = —0.013169 + (0.910249 + 0.013169)(exp(—z/189.602758))

d:f(x) =0+ (0.097140 — 0)exp(—exp(—2.893782(log(x) — log(43.270846))))

The model used in Chapter 2 was designed by Juan Estupindn and Dr
Paola Carrillo-Bustamante. The estimations were done by Juan Estupinéan.

Table 15. R packages used

Name Version
base 4.04
dplyr 2.1.1
drc 3.0-1

ggplot2 3.3.5
ggpubr 0.4.0
graphics  4.0.4
grDevices 4.0.4
methods  4.0.4
modelr 0.1.8

nlme 3.1- 153
plyr 1.8.6
readxl 1.3.1
stats 4.0.4

survminer 0.4.9
tidyverse  1.3.1
utils 4.04
viridis 0.6.1

The code used can be found here:
GitlabAnnaWeyrich

3.2.5 Image Analysis

Image J Fiji Version: 2.1.0/1.53c

42


https://gitlab.gwdg.de/anna.weyrich/phd-project

4 Chapter 1: Parasite density-dependent inhibi-
tion of sporogony in oocysts by anti-CSP anti-
bodies

4.1 Aim

Antibody-expressing mosquitoes have been used in the past to generate resistant
mosquitoes [168] [85] [52]. However, it remains unclear how the antibodies expressed
in different mosquito tissues affect parasite development. It has been hypothesized
that invasion of salivary glands is the primary mechanism of inhibition [91]. Since all
previously published antibody expressing mosquito lines never entirely blocked the
parasite development, I will investigate the means by which anti-CSP antibodies can
interfere with the parasite development and compare the two parasites P. falciparum
and P. bergehi.

4.2 Results
4.2.1 Transgene expression and secretion into the hemolymph

The two transgenic lines used in this project (Table 16) were previously generated
in the laboratory. Two monoclonal antibodies (mAbs) were selected for these ex-
periments. The mAb125 was isolated from naturally exposed human volunteers in
Gabon. The expression of mAb 2A10 was previously described [177]. In this study,
we used it as a control. It was initially prepared against the recombinant circum-
sporozoite protein (CSP) of P. falciparum and purified from supernatants obtained
from mouse 2A10 hybridoma. It recognizes the minimal epitope (NANP)3 of the P.
falciparum CSP repeats and reacts with the variant repeat sequence (NANPNVDP-
NANP) contained in the junction region of CSP of all P. falciparum isolates (BEI
resources). Both mAbs were expressed as single-chain antibodies (scFvs). Their
expression was regulated by the promoter of the gene encoding the mosquito lipid
transporter Lipophorin (Lp). Lp is expressed throughout the larval stages and in
adults where its expression is further upregulated after a blood meal ([117]). To
facilitate analyses of the transgene expression, each scFv expressed a C-terminal
tag: c-Myc for scFv-125; and V5 for scFv-2A10 (Table 16). The plasmids har-
bouring the Lp::125 and Lp::2A10 expression cassettes were injected into eggs of
the docking line XK (Figure 29). Following the injection, the derived fluorescent
larvae were isolated, and the obtained adults were backcrossed with the A. coluzzii
Ngousso parental line. The transgenic mosquitoes express fluorescence proteins un-
der the promoter of the Drosophila Paz3 gene repeated three times (3 x Pax3), in
the mosquito central nervous system, including the eyes (Figure 29). Unexpectedly,
the resulting transgenic lines were homozygous lethal. As the insertion site was
located on the X chromosome, the transgenic progeny contained only heterozygous
females. Therefore, the lines were maintained by backcrosses with wild-type males.
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Table 16. Transgenic mosquito lines

Name Transgene Promoter expression site tag Marker
Lp::125 mAb125 Lipophorin  fat body c-Myc GFP
Lp::2A10 mAb2A10  Lipophorin fat body V5 YFP

To confirm the expression of scFabs and their secretion, I performed an
immunoblotting analysis using hemolymph extracts of the transgenic and wild-type
mosquitoes. For both transgenic lines, I observed a specific signal at 24 and 48 h
post blood-feeding (Figure 7). As expected, no signal was detected in wild-type
mosquitoes. These results showed detectable levels of scF'vs expression after a blood
meal and successful antibody secretion into the hemolymph.
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Figure 7. Transgene expression profile Immunoblotting analyses showing the
expression of c-Myc-tagged scFv-125 in the wild-type (WT) and Lp::125 mosquito lines
(A) and of V5-tagged scFv-2A10 (B)in the wild-type (WT) and Lp::2A10 mosquito
lines at 0, 24 and 48 h post blood meal. Antibodies against the mosquito
prophenoloxidase 2 (PPO2) were used as loading control

4.2.2 Expression of scFv-125 and scFv-2A10 interferes with salivary
gland infection of P. falciparum sporozoites

I next examined how the expression of scFvs affected development of P. falciparum.
In these experiments, wild-type and transgenic mosquitoes were fed with gameto-
cyte cultures of P. falciparum NF54 and parasite loads were investigated in the
dissected midguts (10 days post-infection (dpi)) and the salivary glands (14 and
18 dpi). In all lines, the majority of midguts (80%) were infected with oocysts
(Figure 8A and C). These results suggested that expression of scFvs did not affect
midgut colonization by oocysts. This observation is in line with the timeline of CSP
expression, which starts after the ookinete to oocyst transformation. In contrast,
scFv expression significantly decreased sporozoite invasion of the salivary glands at
14 dpi. While 50-60% of the salivary glands were infected with sporozoites in wild-
type mosquitoes, only 20 and 10% of the salivary glands harboured sporozoites in
the scFv-125 and scFv-2A10-expressing mosquitoes, respectively (Figure 8B and C).
The proportion of infected salivary glands increased with time in all lines, bringing
sporozoite prevalence to 70-80% in wild-type. However, the differences between the
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wild-type and transgenic mosquitoes persisted (Figure 2B and C). Of note, the ob-
served differences in salivary gland invasion were statistically significant for Lp::125
but not for Lp::2A10 line. These results may suggest a more potent inhibitory ac-
tivity of scFv-125 than scFv-2A10 or result from the lower number of independent
experiments performed for Lp::2A10.
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Figure 8. P. falciparum prevalence in midgut and salivary gland of wild-type
and transgenic mosquitoes expressing scFvs.

Prevalence of P. falciparum infected midguts 10 days post infection (dpi) in the
wild-type (WT) (A and C) heterozygous Lp::125(A) and Lp::2A10 (C) mosquitoes.
Percentage of salivary glands infected with P. falciparum at 14 and 18 dpi in the
wild-type (N=5, n=10)(B) and (N = 3,n = 10)(D), Lp::125 (N =5,n = 10)(B), and
Lp::2A10 (N = 3,n = 10)(D). Dots show medians per experiment, and horizontal lines
indicate medians of all repeats. Statistical significance was examined by ¢-test, and p
values < 0.0005 are indicated by three asterisks.

4.2.3 Lp::125 but not Lp::2A10 mosquitoes are fully resistant to P.
berghei

Expression of scFv-125 and scFv-2A10 decreased salivary gland sporozoites in infec-
tions with P. falciparum. A different strain available in the lab was used to analyze
further if the sporozoites produced by these mosquitoes are also equally infectious.
The murine malaria parasite P. berghei is a convenient model for transmission ex-
periments. This species is easy to modify genetically and features a repository of

45



transgenic lines with gene knockouts [92] [93]. Of particular interest to my project
is a replacement strain Pb-PfCSP in which P. bergehi CSP is replaced by P. falci-
parum CSP. Importantly, Pb-PfCSP parasites develop normally in mosquitoes and
mice [177]. As within-mosquito development of P. berghei takes place at 20°C |
the duration of the sporogonic cycle is longer compared to P. falciparum which de-
velops at 26°C . Therefore, Pb-PfCSP prevalence was examined in the midguts of
wild-type and transgenic mosquitoes 14 dpi, and in the salivary glands at 18 and 25
dpi. Similar to infections with P. falciparum, 50-60% of wild-type and transgenic
mosquitoes featured oocysts in their midguts (Figure 9A and C). The proportion
of mosquitoes with infected salivary glands was around 70% for the wild-type at
day 18 dpi and 0% for Lp::125. At 25 dpi, 70% of wild-type mosquitoes had in-
fected salivary glands, and for Lp::125 still no infected salivary glands were found
(FFigure 9B). After infecting wild-type and Lp::2A10 mosquitoes with Pb-PfCSP
60% of the mosquitoes in both strains were successfully infected, and oocysts were
found in the midgut at 14 dpi (Figure 9C). 40% of the wild-type salivary glands
were invaded by sporozoites on day 18 dpi, for Lp::2A10 only 25% of mosquitoes
had infected glands. There was a slight increase in infected salivary glands in the
wild-type mosquitoes at day 25, reaching 50%. A similar trend was detected in
Lp::2A10 mosquitoes, reaching approximately 30%. The differences between the
wild-type and Lp::2A10 were, however, not significant (Figure 9D).
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Figure 9. Pb-PfCSP prevalence in midgut and salivary gland of wild-type
and Lp::125. (A) Prevalence of P. berghei line expressing PICSP (Pb-PfCSP) oocysts
14 dpi. For the wild-type (black) and heterozygous Lp::125 (+/—) (green). (B)
Percentage of salivary glands infected with Pb-PfCSP at 18 and 25 dpi for wild-type and
Lp::125. (N=4, n = 15). Dots represent the median per experiment, and lines the
median of all experiments. Significance was tested by using the i-test. p values are
indicated as * =< 0.05, xx =< 0.005, * * x =< 0.0005. (C) Prevalence of Pb-PfCSP
oocysts 10 dpi. For the wild-type (WT) and homozygous Lp::2410 (N=4, n = 10). (D)
Percentage of salivary glands infected with Pb-PfCSP at 18 and 25 dpi for wild-type
(WT) and Lp::2410 (N=4, n = 15). Dots represent the median per experiment, and
horizontal lines indicate the median of all experiments. The ¢-test did not detect
statistically significant differences between the groups (n.s.)

Although a lower prevalence of infected salivary glands was observed for
both transgenic mosquito strains, the effect was more substantial in scFv-125-
expressing mosquitoes than scFv-2A10. As these experiments had an equal number
of repeats, these differences may reflect the higher inhibitory potency of scFv-125.
Therefore, I had chosen Lp::125 line for all further analyses.

4.2.4 Lp::125 scFv binds to CSP in the oocysts

The low prevalence of salivary gland infections could result from scFv binding to the
sporozoites in the oocysts or in the hemolymph after oocyst rupture. To identify
the sporozoite stage inhibited by the scFv, I compared the numbers of oocysts and
sporozoites in the midgut and salivary glands, respectively. I did not observe any
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significant difference between the median oocyst numbers in wild-type and Lp::125
mosquitoes (Figure 10A). In contrast, the mean number of salivary gland sporozoites
was higher in wild-type mosquitoes, especially at 14 dpi. Only in one experiment
out of 4, T detected sporozoites in the salivary glands (Figure 10B). These results
are consistent with the previous experiments, as out of 3 experiments, only in one
experiment I observed infected salivary glands (Figure 8B). Moreover, the overall
numbers of sporozoites developed in Lp::125 mosquitoes at the later time point was
still 5-fold lower compared to wild-type (Figure 10B).
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Figure 10. P. falciparum loads in wild-type and Lp::125 mosquitoes

(A) Median oocyst numbers in wild-type (WT) and heterozygous Lp::125 mosquitoes
infected with P. falciparum at 10 dpi (N=4, n=10) A t-test did not reveal a significant
difference (B) Mean salivary gland sporozoite numbers (log-scale) at 14 and 18 dpi
(N=4, n=20). Dots represent the mean per experiment, and horizontal lines indicate the
median values of all experiments per condition. A Wilcoxon test did not reveal
significant differences (n.s.) between the groups.

To directly examine binding the single-chain antibody to sporozoites, I iso-
lated oocyst sporozoites from infected midguts at 12 dpi and stained them with anti-
CSP (2A10) and antic-Myc (9E10) antibodies. Live sporozoites were analyzed by
FACS. The sporozoite population isolated from wild-type mosquitoes was 98% pos-
itive for anti-CSP antibody staining and negative for anti-c-Myc antibody. Among
the sporozoites isolated from the oocysts in Lp::125 mosquitoes, approximately 21%
of sporozoites were negative for the anti-CSP antibody and 15% were double-positive
for anti-CSP and anti-c-Myc antibodies (Figure 11A). These results indicated that
scFv-125 binds to the sporozoites inside the oocysts. It is currently unclear whether
scFv-125 binds to sporozoites after the oocysts rupture or penetrate the oocysts wall.
To answer this question, I performed immunofluorescence analyses of the mosquito
midguts dissected on day 11 post-infection using the anti-c-Myc antibody and the
anti-Cap380 antibodies that label the oocyst wall.
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Figure 11. scFv-125 binds to CSP on P. falciparum oocyst sporozoites.

(A) Flow cytometry analyses of the live midgut sporozoites freshly isolated 12 dpi.
Sporozoites developed in wild-type mosquitoes (WT) are labeled with anti-CSP
antibodies but are not detected by the anti-c-Myc antibody. The majority (63%) of
sporozoites isolated from the homozygous Lp::125 mosquitoes were positive for anti-CSP
antibody, while 15% were also recognized by the anti-c-Myc antibody. In addition, 21%
of sporozoites were not recognized by either antibody. The graph shows the results of
one representative experiment out of three repeats. (B) Immunofluorescence analyses of
dissected mosquito midguts 11 dpi. Oocysts were stained with anti-PfCap380 (Cap380,
in red) and anti-c-Myc (c-Myc, in green) antibodies. Nucleic acids were stained with
DAPI (in blue). The image shows the results of one out of three experiments.

At 11 dpi, I observed a normal oocyst development in the midguts of wild-
type mosquitoes, including sporoblast formation and budding of new sporozoites
evidenced by aligned nuclei. In contrast, the oocysts in transgenic mosquitoes lacked
sporoblast formation nor alignment of sporozoite nuclei (Figure 11B). Moreover, a
clear c-Myc signal was detected along the Cap380 in the transgenic mosquitoes,
suggesting scFv-125 binding to the CSP on oocyst sporozoites.
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4.2.5 Expression of scFv-125 in Lp::125 transgenic mosquitoes inhibits
sporogonic development

Transmission electron microscopy was used to analyze further the effects of scFv-
125 on oocysts development in Lp::125 mosquitoes. Three main types of oocysts
were observed. (I) Sporulating oocysts featured a formed sporoblast (SB) and re-
tracted plasma membrane. At a later time points, such oocysts contained new
sporozoites budding from the sporoblast. (II) Non-sporulating oocysts with the
plasma membrane still attached to the oocyst capsule lacking sporoblast forma-
tion. (IIT) Defective oocysts with a retraced plasma membrane, highly vacuolated
cytoplasm and no budding sporozoites. At 10 dpi, three-fourths of the oocysts in
wild-type mosquitoes were sporulating and featuring a retracted plasma membrane
and the first signs of budding sporozoites (spz) from the sporoblast (SB). Instead,
three fourths of oocysts isolated from Lp::125 did not sporulate (Figure 12A). At 12
dpi, the oocysts in wild-type mosquitoes completed sporogony and contained mature
sporozoites (Figure 12B). However, the majority of oocysts isolated from Lp::125,
however, had a defective phenotype displaying retraction of the plasma membrane
without sporoblast formation and extensive cytoplasm vacuolization. Only a small
percentage of midguts had sporulating oocysts (Figure 12B).
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Figure 12. Transmission electron microscopy analyses of P. falciparum
oocyst development in wild-type and Lp::125 mosquitoes.

(A)At 10 dpi, sporulating oocysts feature sporoblast (SB) formation and budding of
sporozoite (spz). The majority of oocysts isolated from Lp::125 mosquitoes show a
sporulation defect and lack sporoblast formation in the cytoplasm (cp).(B) At 12 dpi,
wild-type (WT) mosquitoes display mature oocysts and freshly budded sporozoites
(spz). Note that not all oocysts complete sporulation, and a small proportion of oocysts
shows a defective phenotype. The majority of Lp::125 derived oocysts shows a highly
vacuolated (vc) cytoplasm (cp), partial membrane retraction and lack of budding
sporozoites. The proportions of sporulating oocysts are shown in green, non-sporulating
oocysts - in blue and defective oocysts — in red. N=2, n — total number of examined
midguts per condition.

Taken together, the results of microscopic analyses suggest that scFv-125
binds to and inhibits CSP function at the early stages of oocyst sporogony. While
this inhibition does not decrease the number of oocysts per midgut, it significantly
affects the duration of sporogonic development and compromises the numbers of
developed sporozoites.

4.2.6 Threshold for P.falciparum sporulation in Lp::125

The observed differences in sporulation between homozygous Lp::125 and wild-
type mosquitoes suggested that scFv-125 inhibits the sporogony of some but not
all oocysts. I hypothesized that the strength of inhibition might be linked to the
infection intensity. To explore this hypothesis, I compared sporulation efficiency
and infection intensity of P. falciparum in single midguts of wild-type and homozy-
gous Lp::125 mosquitoes at 11 dpi. Sporulation was examined by nuclear staining.
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Only oocysts with developed sporoblasts or fully-formed sporozoites were consid-
ered sporulating (Figure 13A). A comparison of sporulating oocysts for both strains
revealed a significant difference between wild-type and Lp::125 (Figure 13B). In
accordance with the previous observations (Figure 12). Plotting the proportion of
sporulating oocyst against the total number of oocyst in the corresponding midgut
shows the contrasting behavior of Lp::125. At low parasite densities in wild-type
mosquitoes, the oocysts develop normally and the majority of oocysts sporulate.
With increasing oocyst densities, the proportion of sporulating oocysts decreases to
approximately 75%. In contrasts, oocysts isolated from Lp::125 mosquitoes do not
sporulate at low densities, but rather start sporulation at high densities. The cut-
off point for sporulation is around 25 oocysts per midgut. However, the proportion
of sporulating oocysts in Lp::125 mosquitoes never reaches the levels observed in
wild-type mosquitoes (Figure 13C).

Separation of infections into low- (< 25 oocysts/midgut) and high-density (> 25
oocysts/midgut) revealed that only in infections with a low infection density, the
sporozoites were absent. Infection with a high oocyst density leads to approximately
100-1,000 sporozoites. However, this observed correlation has to be tested further.
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Figure 13. Proportion of sporulating oocysts correlates with infection
density.

(A Representative images depicting sporulating and non-sporulating oocysts. (B)
Proportion of sporulating oocysts in the wild-type and Lp::125 mosquitoes on day 11
post infection (N=5, n=10). (C) The proportion of sporulating oocysts plotted against
the parasite densities (oocysts per midgut) for wild-type (black) and Lp::125 (green)
mosquitoes. The dashed red line indicates the break point (25 oocysts/midgut) between
the oocyst sporulation status and infection density. (D) Mean numbers of the salivary
gland sporozoites in wild-type (WT) and Lp::125 mosquitoes in low (< 25
oocysts/midgut) and high (> 25 oocysts/midgut) infection densities (N=4-5, n=20).
Dots represent the mean per experiment, and the horizontal lines indicate the median for
all experiments. Wilcoxon rank sum test was used to evaluate statistically significant
differences (B and D:x — p < 0.05, % * xp < 0.0005).

4.2.7 ScFv-125 inhibition of Plasmodium sporogony is density-dependent

I have previously observed that infections of A. coluzzii Ngousso strain with P.
berghei parasites showed lower oocyst densities compared to infections with P. fal-
ciparum (Figure 14). This effect is due to a specific Anopheles immune factor called
TEP1, which controls infections with P. berghei ([24][23]). Therefore, to increase
oocyst densities in my experiments, I silenced TEPI expression by RNA interfer-
ence. This approach allowed me to compare low- and high-density infections in the
same experiment as in infections with P. falciparum (Figure 14B).
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Figure 14. Different infection densities between parasite strains and
experimental design for comparing high and low infections

(A) Comparison of Pb-PfCSP and P.falciparum oocyst densities in wild-type mosquitoes
(N=10, n=10). (B) Schematic description of TEP1 silencing experiments. Control
double-stranded RNA (dsLacZ) and dsTEP1 were injected into female mosquitoes that
4 days later were infected with P. berghei expressing P. falciparum CSP (Pb-PfCSP).
Mosquitoes were dissected 14 and 18 dpi for oocyst and sporozoite enumeration. (C)
Pb-PfCSP oocyst densities in wild-type and homozygous Lp::125 mosquitoes injected
with dsLacZ or dsTEP1 (N=4, n=10). (D) Pb-PfCSP salivary gland sporozoite
densities in wild-type and homozygous Lp::125 mosquitoes injected with dsLacZ or
dsTEP1 (N=>5, n=20). Statistical significant differences were evaluated by Wilcoxon test
(*p < 0.05, % * xp < 0.0005).

TEP1 silencing increased by 6-fold oocyst densities in both wild-type
and Lp::125 mosquitoes compared to the control dsLacZ-injected mosquitoes (Fig-
ure 14C, Figure 33). While 103 - 10* sporozoites were detected in wild-type mosquitoes,
ten-fold lower numbers of sporozoites were observed in Lp::125 mosquitoes silenced
for TEPI, whereas no sporozoites developed in Lp::125 mosquitoes injected with
control dsLacZ. These results confirm our previous conclusions on density-dependence
of scFv-125 inhibitory potency against Plasmodium. Importantly, even in infections
with high oocyst densities, scFv-125 expression decreased by ten-fold sporozoite
loads in the salivary glands.
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4.2.8 Differences in the dynamics of P. falciparum and P. berghei sporo-
gony

I next analyzed collected data using a regression model to compare dynamics of
P. falciparum and P. berghei sporogony in wild-type and Lp::125 mosquitoes. The
sporulation of P. falciparum in wild-type mosquitoes followed a Weibull dose-response
function with a positive slope where higher oocyst densities correlated with the de-
crease in the proportion of sporulating oocysts (Figure 15C). In contrast, P. fal-
ciparum sporulation in Lp::125 mosquitoes was characterized by a negative slope
Weibull dose-response function. While the proportion of sporulating oocysts pos-
itively correlated with the oocyst density, it reached saturation of 30%, around
80 oocysts per midgut. These results suggested a density-dependence of oocyst
sporulation, probably regulated by some nutritional constraints. Interestingly, the
sporulation dynamics of P. berghei in wild-type mosquitoes was clearly different
from P. falciparum and followed a three-parameter exponential decay mode (Fig-
ure 15D), While a similar negative relationship, was observed for sporulation in
high oocyst densities, the slope was much more abrupt, leading to a decrease in
the proportion of sporulating oocysts from 100 to 25%. The dynamics of P. berghei
in Lp::125 mosquitoes was similar to that of P. falciparum and followed a nega-
tive slope Weibull dose-response, albeit the proportion of sporulating oocysts never
reached 25% (Figure 15D). These results indicate some important differences in
regulation of sporulation between two Plasmodium species that warrant further in-
vestigation. Importantly, we interpret similar dynamics of oocyst sporulation in
the transgenic strain as the evidence of inhibition imposed by scFv-125 on parasite
sporulation. Our results on density-dependence on the efficiency of sporulation in-
hibition also suggest antibody titration by the CSP molecules that lead to infection
breakthrough at high oocyst densities.
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Figure 15. Density dependence in sporulation in P.falciparum and P. berghei
(A)Morphology of P. falciparum oocysts stained with the nucleic acid dye DAPT at 11
dpi, separated into two distinct groups (sporulating vs. non-sporulating). B P. berghei
oocyst stained with DAPI at 14 dpi show two distinct phenotypes, sporulating and
non-sporulating oocysts. C P. falciparum sporulation dynamics according to the Weibull
model with four parameters used to describe the density dependence in sporulation for
the wild-type (WT) and Lp::125 mosquitoes (N=>5, n=10). D The proportion of
sporulating oocyst was plotted against the number of oocysts per midgut. For the
wild-type, an exponential decay model with three parameters was used to describe the
density-dependent sporulation. For Lp::125 a Weilbull model with four parameters was
used (N =4,n = 10)

4.2.9 Low proportion of mosquitoes show infected salivary glands at
high infection densities

I next extended my analyses to the salivary gland infection by using the Pb-PfCSP
infections of TEP1 silenced mosquitoes as described above. In these experiments,
mosquitoes were dissected 25 dpi, and the number of infected lobes of each salivary
gland was enumerated. Mosquitoes have two salivary glands, each consisting of three
lobes. Similar to the results with oocyst loads, TEPI silencing significantly increased
the number of infected salivary gland lobes in wild-type mosquitoes (Figure 16A and
B). In contrast, no sporozoites were detected in the salivary glands of control Lp::125
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mosquitoes, whereas TFEP1 silencing increased the proportion of infected salivary
glands to 15% (Figure 16B).
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Figure 16. A small proportion of Lp::125 mosquitoes have infected salivary
glands in high-density infections. (A) Representative fluorescence microscopy
images of dissected mosquito midguts and heads with attached salivary glands in
wild-type (WT) and Lp::125 mosquitoes injected with control (dsLacZ) or dsTEP1
double-stranded RNA. Pb-PfCSP oocysts and sporozoites express the red fluorescence
protein mCherry. Scale represents 750 pum. (B) Numbers of infected salivary gland lobes
in the salivary glands of wild-type (WT) and Lp::125 mosquitoes injected with control
(dsLacZ) and dsTEP1 double-stranded RNA. The proportion of infected salivary glands
is shown as pie plots (blue—uninfected, red—infected; N=4, n — total number of dissected
mosquitoes per group as indicated in the brackets).
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4.3 Discussion

Transgenic mosquitoes expressing anti-CSP antibodies have been described in the
past, however only using murine derived antibodies. In all published mosquito lines,
the salivary gland numbers were reduced in P. falciparum infections and the point of
attack could so far not be identified. Therefore, a better understanding of anti-CSP
antibody effects in transgenic mosquitoes is needed.

Here, I show that human-derived anti-CSP antibodies reduce sporozoite
numbers in the salivary glands. The level of inhibition is comparable to previously
published strains [86]. In both cases, the anti-CSP antibody was able to prevent in-
vasion of P. falciparum sporozoites. Interestingly, the oocyst numbers reported were
at least five times lower, the sporozoite numbers in the salivary glands. However, in
some experiments comparable. The current hypothesis on the primary target stage
was the invasion of salivary glands. There are some indications that CSP can bind
to salivary gland cells [190] [156] [100] the role of CSP for infection of glands is not
yet fully understood. The domains responsible for this binding were region I and
the N-terminus, but not the repeat-region.

We showed that scFv-125 binds to CSP on oocyst and interferes with the essential
process of sporogony. The relevance of CSP during sporulation has been shown
before by knocking out CSP. A lack of sporulation was detected during early sporu-
lation in P. berghei [121]. In P. falciparum deletion of CSP lead to the absence
of sporozoites in the salivary glands [116] and defective oocysts. In particular, the
repeat region plays an essential role, at least in P. berghei [59]. 1, therefore, conclude
that CSP on oocysts is a target of scFv-125. The mechanism by which scFv-125,
however, enters the cyst remains unclear. There are no known transporters fa-
cilitating protein transport into the oocyst, and I hypothesize due to the size of
single-chain antibodies, they enter via osmosis.

Interestingly, this phenotype was neither reported nor did other transgenic lines
show similar results. For lines using the murine anti-CSP antibody 2A10 even at a
median of 3 oocysts, salivary gland sporozoites could still be detected [86]. In trans-
genic mosquitoes with multiple effectors targeting ookinetes as well as sporozoites,
the sporozoite numbers were decreased, and only around 40% of the mosquitoes
showed infected salivary glands [86]. I observed a much lower proportion of infected
salivary glands, even at high oocyst densities. Important to note here is that in
previous lines, the scFv was fused to an antimicrobial peptide, hence increasing the
size of the protein and potentially affecting the binding of the antibody or oocyst
penetration [85] [86] [52]. This difference might explain why there was no phenotype
on oocyst observed.

I cannot exclude, however, additional effects of antibodies binding to sporozoites in
the hemolymph. Since there have been reports of Fc y-independent cytotoxicity of
anti-CSP antibodies [8] towards P. yoelii P. berghei and P. falciparum, scFv-125
could potentially lead to a removal of the protective CSP coat and make sporozoites
vulnerable to pore-forming proteins. The cytotoxicity was shown to be independent
of Fc receptor ~; however, there are major differences between full length and single-
chain antibodies, so it is not clear if scFvs can cause a similar phenomenon.
Additionally, I confirmed the effect of oocyst crowding in P. berghei causing an ar-
rest in development. In P. berghei infected mosquitoes, high parasite densities cause
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oocyst to enter a dormant state [71]. I showed that in wild-type mosquitoes, the
amount of sporulating oocyst decreases with rising infection densities. Additionally,
I provided evidence that the same mechanism is true for P. falciparum.
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Figure 17. Conclusion
(A) In low parasite density infections oocyst sporogony is fully blocked 1. ScFv-125
associates with oocysts and 2. sporogony is abolished in all oocysts. No sporozoites
are formed and hence 3. no infection of salivary glands. (B) In high parasite density
infections 1. scFv-125 associates with oocysts and leads to 2. a partial inhibition
of sporogony in oocysts. 3. Some oocysts develop sporozoites and they are able to
infect salivary glands, however salivary gland sporozoite numbers are decreased.

Overall I showed several similarities between P. berghei and P. falciparum
however, regarding the ability of scFv-125 to block development, I saw a differ-
ence between both parasites. ScFv-125 blocks only approximately 25 P. falci-
parum oocysts, but 50 P. berghei oocysts. This observation indicates a similar
dose-response pattern. The threshold is, however, different between both parasite
strains. P. berghei CSP also follows a dose dependency, low CSP doses in P. berghei
oocysts lead to long and deformed sporozoites [174]. A potential explanation for
the differences between P. falciparum and P. berghei could be that CSP is dose-
dependent in P. berghei and decreasing CSP availability still inhibits whereas in P.
falciparum all CSP molecules need to be blocked to arrest sporulation. I observed
differences between high and low parasite density infections and showed that the
ability of scFv-125 to inhibit sporulation was parasite density-dependent. This re-
sult falls in line with previous reports on anti-CSP repeat binders [128][137]. Other
anti-repeat binders could protect via passive immunization of mice. The protec-
tion was dose-dependent, and with decreasing antibody concentrations, the level of
protection weakened in P. berghei. We observed a similar dose-dependency. With
higher parasite loads, the inhibition was less successful for both P. falciparum and P.
berghei. Hence, I conclude that repeat-binders function in a dose-dependent manner
in the mosquito for P. berghei and P. falciparum. If the same is true for P. falci-
parum in humans remains to be tested.

In conclusion I propose the following model for infections in Lp::125 (Fig-
ure 17).
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ScFv-125 binds to CSP on an unexpected target, the oocysts. Here, scFv-125 ar-
rests sporogony. In infections with high oocyst numbers (> 25 oocysts per midgut
in P. falciparum and > 50 in P. berghet), scFv-125 does not block all oocysts, and
a small proportion starts sporulating. The few sporozoites formed can invade the
salivary glands. At this point, it is not clear if these sporozoites can be transmit-
ted and successfully infect a new host. The recently described correlation between
salivary gland sporozoite numbers and infection probability shows that infection
probability highly depends on the sporozoite density in the salivary glands [7]. The
salivary gland sporozoite numbers needed for a successful infection are around 10,000
sporozoites or more. Looking back at the highest numbers obtained from Lp::125
mosquitoes were around 1,000 sporozoites maximum and only in infections with
very high oocyst densities. Therefore, I propose, that Lp::125 mosquitoes will not
efficiently transmit the parasite. Additionally, in natural infections, the reported
infection intensity was rarely above 30 oocysts per gut [25] [122] this indicates that
also in a natural setting Lp::125 could entirely block sporozoite development.
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5 Chapter 2: Effect of the transgene on devel-
opment and survival of mosquitoes expressing
single-chain antibodies

5.1 Aim

In the previous chapter, I assessed the capability of a human-derived antibody to
interfere with the parasite development. Here I examined the development, survival
and fitness of three different transgenic lines expressing antibodies and compared
them to the wild-type. Mosquito fitness is vital for the potential application of
transgenic mosquitoes expressing single-chain antibodies that should be competi-
tive with wild-type populations.

5.2 Results
5.2.1 Larval development in transgenic and wild-type mosquitoes

The life cycle of mosquitoes takes place in two environments. All stages before
metamorphosis are aquatic, whereas adults are airborne. How expression of scFvs
affects mosquito fitness is not well studied, and only a few reports analyzed larval
development. I used the collection of transgenic lines established in the laboratory to
examine the cost of transgene expression on larval development and adult survival.
Two of the three transgenic lines expressing antibodies in the fat body Lp::125 and
Lp::2A10 were used in the previous chapter. The third line Aapp::125 expresses
scFv-125 in the salivary glands. The transmission of sporozoites is impaired in this
line. [177].

I measured the development from larvae to pupae by sorting and counting
freshly hatched larvae from all groups by a COPAS, an instrument based on flow
cytometry of organisms. Each growing pan for each group contained 250 larvae, and
2,5 ml of food were added daily. Pupae were manually counted and removed every
day until all larvae pupated or died (Figure 18).
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Figure 18. Experimental design for analyzing transgenic larvae development
Freshly hatched larvae (first stage L1) from each group were sorted into separate growing
pans at the density of 250 larvae per pan. All groups were reared in triplicates and fed
daily with 2.5 ml of food during the period of 15 days. From the first day of pupation,
all developed pupae were counted daily until the last larvae pupated or died.

A full time series of the pupation dynamics (Figure 31) was obtained. Here
only on the onset of pupation and the total percentage of developed pupae are shown
(Figure 19). Expression of the transgenes did not affect the onset of pupariation at
seven days post eclosion (Figure 19), only for Aapp::125 there is a trend for earlier
pupariation. High inter-experimental variability was observed for the proportion
of developed pupae (Figure 19B). While a tendency to lower efficiency of pupal
development was observed for Aapp::125 and Lp::2A10 lines, these differences were
not statistically significant.
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Figure 19. Onset of pupation and the percentage of developed larvae for
Aapp::125, Lp::125, Lp::2A10 and wild-type mosquitoes

(A) Onset of pupation for Aapp::125(blue), Lp::125 (green), Lp::2A10 (red) and
wild-type mosquitoes. (B) The proportion of developed pupae per experiment for
Aapp::125, Lp::125, Lp::2A10 and wild-type mosquitoes. Boxplots represent the upper
and lower quantile and the median, whiskers the 95 CI. The Wilcoxon rank-sum test did
not reveal any statistically-significant differences (n.s.; N=5, n=3 ).

As the high variability in the development data complicated the analysis,
I used a model recently developed in the laboratory (Estupinén et al., in prepa-
ration). A model was fitted to the time-series data for each mosquito line. The
developmental parameters such as the death rate, growth rate and the pupation
day were estimated with this approach. The death rate was the limiting factor for
pupariation efficiency for Lp::2410 (Figure 20A). In contrast, Aapp::125 showed
a higher death rate but faster pupation onset compared to wild-type mosquitoes
(Figure 20 A and B). Growth rate, death rate, and the onset of pupation in the
Lp::125 line was similar to the wild-type.
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Figure 20. Parameter estimates for the developmental variables

(A) Mean death rate for all three transgenic strains in comparison to the wild-type
(WT) (in black). (B) Mean pupation day for all three transgenic strains in comparison
to the wild-type (WT). (C) Mean growth rate for all three transgenic strains in
comparison to the wild-type (WT). A recently established mathematical model for
population parameter estimation (Estupifidn et al. in preparation) was used to estimate
the different parameters. The dots represent the median estimated value and the lines
the standard deviation.

5.2.2 Survival rates of adult transgenic and wild-type mosquitoes

I next examined how transgene expression affected survival, size and fertility of
transgenic and wild-type adults. Since adult fitness is affected by larval environment
conditions, the larvae were reared in the same standard conditions as described above
(Figure 18). Pupae were collected only on one day, allowing age matching for all
groups. Six days after emergence, the adults were blood fed, and three days later,
the females were allowed to depose eggs into an egg dish. Dead mosquitoes were
daily counted and removed. The wing length was measured on dead mosquitoes.
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Figure 21. Experimental design for survival and fitness of transgenic
mosquitoes

Larvae were sorted into 250 larvae per pan as described in Figure 18. 20 female and 20
male pupae were merged into a small cage, and survival was monitored trough out the
whole experiment every 24 h. Six days after emergence, a blood meal was offered. Three
days after the blood meal, a wet filter paper was inserted into the cage giving blood-fed
females an oviposition site. The wings of dead adults were removed and measured.

The survival rates were very similar between transgenic and wild-type male
and female mosquitoes (Figure 22) with an average life span of 29-30 days. There
was a non-statistically significant trend in early mosquito mortality for Lp::2A10 line
at 3-4 days after emergence, and for Aapp::125 line at 10-12 days after emergence,
but the biological significance of these observations is unclear.
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Figure 22. Survival of transgenic lines

(A) Kaplan-Meier curves for Lp::125 (in green), Lp::2A10 (in red) and Aapp::125 (in
blue) female adults in comparison with wild-type(in black) adult females. The dotted
line represents the median survival time. (B) Kaplan-Meier curves for Lp::125 (in
green), Lp::2A10 (in red) and Aapp::125(in blue) female adults in comparison with
wild-type(in black) adult males. A Log-rank test comparing the median survival time
was used to comparing the transgenic lines and the wild-type. The overall difference was
not significant.(C) Hazard ratio for female mosquitoes computed by a Cox-proportional
hazards model.(D) Hazard ratio for male mosquitoes. The median is represented by the
square and the line represents the 95% CI (N=5, n=20).

To reveal the differences in the survival rates, I used a well-established
model for survival analysis - the Cox-proportional hazards model. This model eval-
uates the influence (Hazard) of a specific parameter (in this case, the transgenic
mosquito) on the survival rate. The hazard ratios of female Lp::125 and Lp::2A10
mosquitoes were similar to the wild-type around 0.9 to 1.2, whereas it was slightly
increased to 1.6 for Aapp::125 females (Figure 22C). No differences in hazard ra-
tios were detected for male mosquitoes (Figure 22D). These results suggested that
genetic modifications did not significantly affect the life span of adults, except for
Aapp::125 where the transgene had a modest but significant impact on female sur-
vival.

I next examined the effects of genetic manipulation on mosquito size by
measuring the wing length of dead mosquitoes. The wing length of individual
mosquitoes varied between 2.5 and 3.5 mm, with the mean length of 3 mm for
all groups (Figure 23A). Therefore I concluded that genetic modification did not
impact mosquito size. Finally, the fecundity was analyzed on a population level by

66



measuring the average number of eggs laid by blood-fed females. While wild-type
females laid around 30 eggs per female, 15-20 eggs per female were observed for all
three transgenic lines. However, these differences were not statistically significant
(Figure 23B).
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Figure 23. Wing length and fecundity of transgenic lines

(A) Wing length of all groups. Individual wings from different time points were plotted.
(B) Eggs per blood-fed female mosquito (N=5, n=20). Boxplots represent the upper and
lower quantile and the median, whiskers the 95 CI. Data follows a non-parametric
distribution, and a Wilcoxon rank-sum test was used to test for significance.

5.2.3 Nutritional stress in wild-type and transgenic mosquito lines

Previous experiments were performed under standard rearing conditions supplying
the mosquitoes with the optimum of nutrients. However, this is often not the case
in natural environments.

67



100 larvae —>

WI.~ 250 larvae—s +2,5ml Daily until death or
& 500 | food daily pupae puapation of
avae ~\ collection every larvae

100 larvae —> &) &

Aaqpp::125 / /

250 larvae —=, 7 \ © A —|

/ 500 Iarvae\ Mg
100 larvae —>

Lp::2A10
Lo 250 larvae —=,

500 larvae ~

all groups in parallel in triplicates

Figure 24. Experimental set up testing larval development under nutritional
stress

Aapp::125 Lp::2A10 and wild-type (WT) mosquitoes were reared in three different
larval densities per rearing pan (100, 200 and 500 larvae per pan). Food supply was the
same for each setting and the food per larvae different. From day 7 on pupae were
collected and counted daily until the last larva either pupated or died. Experiments were
performed in triplicates.

To examine if nutritional stress aggravated the observed trends in trans-
genic mosquitoes, I reared larvae at three densities (100, 250 and 500 larvae per
pan) but kept the food regiment. Therefore, higher and lower amounts of food were
available at 100 larvae and 500 larvae densities compared to the control 250 lar-
vae per pan. The entire time series is shown in (Figure 32). I focused, similar to
the previous approach, only on the start of pupation and the total percentage of
developed pupae. Density-induced nutritional stress did not significantly affect the
timing of the pupariation onset or the proportion of pupae regardless of the mosquito
genetic background (Figure 25 A). Instead, I observed a modest increase in pupae
development in the Aapp::125 line compared to wild-type at low and medium larval
densities (Figure 25 B), however, this trend was not statistically significant. Inter-
estingly, the most conserved but low efficiency of pupal development across tested
conditions was observed for Lp::2A10 line, which also performed poorly under opti-
mal conditions Figure 19. At low food conditions (500 larvae) both lines Aapp::125
and Lp::2A10 tend to perform worse than the wild-type. The high variability in
the results combined with the low number of biological replicates, however, makes
it challenging to draw a reliable conclusion.
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Figure 25. Start of pupation and the total percentage of developed pupae for
two transgenic strains under nutritional stress AStart of pupation for different
nutritional conditions for larvae reared at low (100 larvae) and high (500 larvae)
densities compared to the control density (250 larvae) for the two transgenic strains
Aapp::125(blue), Lp::2A10 (red) and the wild-type (black).B Percentage of developed
pupae for Aapp::125(blue) and Lp::2A10 (red) compared to the wild-type (black) reared
at three larval densites (100, 250, 500). Boxplots represent the upper and lower quantile
and the median, whiskers the 95 CI. Data follows a non-parametric distribution, and a

Wilcoxon rank-sum test was used to test for significance.

5.3 Discussion

Mosquito early-stage development is highly controlled by environmental factors, for
example, temperature and nutritional availability [154][113]. Also knock out of genes
or insertion of foreign genes can cause developmental defects and affect mosquito
fitness [53] [84] [32] [125] [201] [1]. Therefore, it is crucial to assess the fitness of
genetically manipulated lines, especially for potential application.

I showed that development, survival and mosquito size approximated by
the wing length is not significantly affected in Lp::125 mosquitoes. This result falls
in line with reports from previously published strains. Antibody expressing mosquito
lines did not survive differently than the corresponding docking line. In comparison
with their wild-type, the transgenic lines did however show a significantly shorter
survival probability [86] [52]. T observed a trend in all transgenic lines laying slightly
fewer eggs than the wild-type, even though it was not significant. This trend was
already previously observed, but only when comparing a docking line with wild-type
mosquitoes, and was not caused by a specific transgene [86].

Lp::2A10 larvae developed poorly in all tested settings, and a maximum of 25% of
larvae developed into pupae. The parameter estimations revealed this effect was
mainly due to the increased death rate of larvae. Lp::2A10 adults, however, sur-
vived comparable to the wild-type. So far, there have been no reports of antibody
expression in Anopheles mosquitoes increasing larval death rates, since there is a
lack of in-depth analysis of transgenic mosquito development. Other lines expressing
a 2A10 fusion protein in the fat body developed similar to their wild-type [85][52].
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Only for Ae. aegypti expressing anti-dengue antibodies, a longer larvae to pupae
development time was reported [28]. Since the insertion locus of the transgene could
not be confirmed in the Lp::2A410 line, the observed phenotype could be explained
by a disruption of regions in the genome or off-target effects of the scFv. In conclu-
sion, the Lp::2A10 genetic background negatively affected larval development but
had no impact on survival.

Interestingly, in Aapp::125 both larval development and survival were slightly af-
fected. The model revealed earlier onset of pupation and higher a death rate com-
pared to the wild-type. In contrast to other transgenic lines, I also found an effect
on the survival of adult females. Aapp::125 females had a higher risk of dying.
Whether the fast larval development or the high death rate cause the higher risk
of dying as adults remains to be tested. The trends I observed here are different
to previous mosquito lines expressing the murine derived anti-CSP antibody 2A10
under the same promote. For these transgenic lines the survival of adults was tested
in one experiment where no difference to the wild-type was observed [168]. Higher
fitness cost in particular regarding the survival probability of transgenic mosquitoes
was reported in mosquitoes expressing the bee venom phospholipase A2, which is
a hydrolytic enzyme and effects on mosquito physiology are to be expected [126]
[125]. The insertion locus of the transgene in Aapp::125 was the same as in Lp::125
(Figure 29) hence, the genomic locus of the transgene did not impair development or
survival. Another hypothesis explaining the defect observed here is that off-target ef-
fects, are only manifested when the transgene is expressed under the Aapp promoter.

In summary, I showed that the expression of transgenes in Aapp::125 and
Lp::2A10 affected development and survival differently (Figure 26). In Lp::2A410
larvae, the death rate is increased during larval development but does not affect
adult survival. Whereas for Aapp::125 the onset of pupation is decreased and larval
death rate higher, additionally the risk of dying during adult stages increases. At
this point, I can only hypothesize that the defects seen in Aapp::125 are caused by
off-target effects of the single-chain antibody. In Lp::2410 it could also be due to
disruptions in the mosquito genome at the insertion site.

One limitation of this study is that it was performed in artificial laboratory
settings. Therefore, how these transgenic mosquitoes will perform in semi-field or
field settings remains to be tested. However, the recent development of gene drive
technologies may compensate for the observed effects in the transgenic lines [4] [29].
Gene drives allow a rapid super-mendelian spread of transgene through a population
and may compensate for minor defects in competitiveness [73].
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Figure 26. Life cycle of transgenic mosquitoes showing the factors affected in
Lp::2A10 and Aapp::125 Oviposition occurs at a normal range in all lines. During
the larval development from early stages to pupae, there is an increase in death for
Lp::2A10 mosquitoes. For Aapp::125 the onset of pupation is delayed. During the later
stages as adult mosquitoes, Aapp::125 females show an increased hazard in their
survival, causing them to die faster.

6 Chapter 3: Screening for sporogony inhibitory
antibodies by passive immunization of mosquitoes

6.1 Aim

In chapters 1 and 2, I examined the effect of transgenically-expressed human single-
chain antibodies on Plasmodium development in a mosquito. Importantly, I ob-
served that some antibodies (e.g. scFv-125) were more potent in inhibiting parasite
sporogony than others (e.g. scFv-2A10). With the increasing numbers of reports
describing new potent anti-CSP antibodies, there is a need for a faster evaluation
method to compare the antibody efficiency to inhibit Plasmodium sporogony. In
this chapter, I present a new method of passive mosquito immunization that I have
developed to compare the potency of antibodies to inhibit parasite sporogony in
the mosquito. In these experiments, I used monoclonal antibodies targeting three
different domains of CSP. Monoclonal antibody 1710 was described as having a high
affinity towards the CSP C-terminus (C-CSP) [152]. 5D5 is a murine monoclonal an-
tibody that recognizes an N-terminal CSP (N-CSP) epitope [57], whereas mAb1210
binds to the CSP repeat region [82].
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6.2 Results

6.2.1 Kinetics of antibodies injected into mosquito hemolymph

I first examined the persistence of the injected full-length mAb2A10 antibody in the
mosquito hemolymph. In these experiments, freshly emerged A. coluzzii females
were injected with 100 nl of a 1 mg/ml antibody solution. The concentration of
mADb2A10 in the mosquito was measured by ELISA on days 1, 5, 10 and 15 after
injection (Figure 27A). I observed a progressive decrease in the mAb2A10 concen-
tration that was undetectable 15 days post-injection (Figure 27B). Notably, the
results described in Chapter 1 on my thesis suggested that anti-CSP antibodies in-
terfere with Plasmodium sporogony one week after infection, the time point that
will be equivalent to 10 days after mAb injection. Although a substantial reduction
in the antibody concentration was observed at this time point, the mAb was still
detectable, suggesting that it could still inhibit parasite development.

A B

mADb injection
15 mAb2A10
T T T ?
=
S 5
} t } 1 >
0 5 10 15 Days 04 : : .
Injection mosqi 008 5_t 5 0 5 10 15 20
mosquitoes i . .
SAib®  pooledfor ‘Booiedfor  pooisd for Days post injection
ELISA ELISA ELISA

Figure 27. Injection of full-length anti-CSP antibodies into mosquito
hemolymph

(A) Mosquitoes were injected with 1 ug of full-length mAb2A10 and the antibody
concentration in the mosquitoes was measured by ELISA.(B) Kinetics of the full-length
mAb2A10 concentration in the mosquito hemolymph injected into mosquito hemolymph
during 15 days after injection (N=2, n=15). Dots show mean concentrations and vertical
lines indicate standard deviation of three independent experiments

6.2.2 Passive immunization of mosquitoes with antibodies targeting N-
terminal, repeat and C-terminal CSP domains.

I next injected scFv-1710, scFv-1210 and scFv-5D5 into freshly-emerged females,
as well as PBS as an injection control. Three days later, females were fed with P.
falciparum gametocyte cultures, and were either dissected 10 days later for evalua-
tion of oocyst development or 14 days later for sporozoite counting in the salivary
glands (Figure 28A). In line with my previous observations, I did not observe any
differences in oocyst numbers between the tested groups (Figure 28B). As large
variability between the mosquitoes was observed in the mean number of the salivary
gland sporozoites in all groups (Figure 28C), I expressed the results relative to the
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injection control (PBS). A statistically-significant two-fold decrease was detected
in the sporozoite numbers in the mosquitoes injected with scFv-1210 (CSP repeat
binder) but not in mosquitoes injected with scFv-1710 (C-CSP binder) or scFv-5D5
(N-CSP binder) (Figure 28D).
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Figure 28. Passive immunisation of mosquitoes with anti-CSP scFabs
targeting distinct domains.

(A) Experimental scheme of passive immunization experiments. Mosquitoes were
injected with 386 nl of either scFabs or PBS and infected with P. falciparum 3 days
post-injection.(B) 10 days post-injection, the median oocyst per midgut were counted in
a pool of 10 mosquitoes per group. (C) The mean sporozoite loads per mosquito were
measured at 14 days post-infection. The data shown were obtained from 6 independent
experiments, and the median for each group was plotted. Boxplots represent the upper
and lower quantile and the median, whiskers the 95 CI. Data follows a non-parametric
distribution, and a Wilcoxon rank-sum test was used to test for significance.D
Normalized salivary gland sporozoite numbers in mosquitoes injected with scFabs. The
data were normalized to the injection control (PBS). The data shown were obtained
from 6 independent experiments. The median for each group was plotted. Box plots
represent the upper and lower quantile and the median, whiskers the 95 CI. Statistically
significant differences were tested by the Wilcoxon rank-sum test (N=6, n= indicated in
brackets, p values: * < 0.05
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6.3 Discussion

I could show that antibodies injected into the mosquito hemolymph are stable and
remain reactive to CSP until ten days post-injection. I made a comparison of the
different antibodies and their ability to block parasite development in parallel. In
previous work, the injection of anti-CSP antibodies decreased salivary gland sporo-
zoite loads. However, the antibody used was a full-length antibody and injection
was done after sporulation of oocysts. Additionally, an artificial system was used by
infecting Ae. aegypti with P. gallinaceum [191]. Here, we optimized the approach in
a natural model using A. coluzzii and P. falciparum and by using the smaller scFabs
instead of a full-length antibody. The infection experiments showed that only one
antibody (1210) could decrease salivary gland sporozoite loads. This falls in line
with observations in vivo and in vitro as discussed in chapter 1.

Antibodies targeting different regions such as 5D5 (N-terminus) and 1710 (C-terminus)
did not decrease sporozoite loads compared to the negative control. Although, all
used antibodies were shown to bind to recombinant CSP and sporozoites [152] [57]
[82]. 5D5 did not show any decrease in salivary gland sporozoites; this lack of inhi-
bition falls in line with recent results showing that hepatocyte traversal cannot be
inhibited by 5D5 [173]. It was, however, proposed that the N-terminus plays a role
during salivary gland invasion [100] [43]. The inability of 1710 to inhibit Plasmodium
development was expected, since the antibody showed no inhibition capabilities in
hepatocyte traversal assays [152]. Based on the previous results in chapter 1 showing
that scFvs interfere with sporogony, I propose that injected antibodies can have a
similar effect. Interestingly, it has been proposed that exposure of the C-terminus
is important during oocyst development [43].

Therefore, I conclude that using anti-repeat region antibodies is the most promising
approach to interfere with parasite development. The effect observed was not very
strong and did not entirely abolish parasite development. This can be explained by
the fading concentration of the injected antibodies. It was not possible to inject the
concentration used for the antibody kinetics; therefore, concentrations during the
passive immunization experiments were much lower.

This new tool can be used to rapidly test new antibodies in the mosquito
context and potentially lead to new and better transgenic mosquitoes.
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7 Conclusions

New vector control strategies are needed, and the use of transgenic mosquitoes has
been proposed [90] [37] [197] [187]. Therefore, the release of resistant mosquitoes
is a potential application in the future. Several approaches have been tested in the
lab so far to establish resistant mosquito lines using antiparasitic enzymes or anti-
Plasmodium antibodies, both with limited success. Here I show that sporogony is
limited in A. coluzzit equipped with a human-derived anti-CSP antibody. This lim-
itation is dose-dependent, and in low-density infections, results in complete arrest
of sporogony. At this point, I hypothesize that these transgenic mosquitoes would
not contribute to infections in a natural setting. Mosquitoes collected from the field
usually have less than 30 oocysts per midgut [25] and the antibody blocks up to 30
oocysts in our laboratory setting.

The lack of information on genetically modified mosquito development and
survival shows a need for appropriate analysis strategies considering the development
and survival dynamics. The analysis pipeline I described allowed the identification
of potential fitness defects for two mosquito lines. Interestingly, scFv125 expression
in the fat body did not impair mosquito survival, only parasite development. This
observation makes the line even more interesting for future applications.

Up to this point, only a few mosquito lines expressing single-chain anti-
bodies were described, and the lack of knowledge on the functionality of antibodies
in this context limits the approach. There is a need for alternative testing strate-
gies, particularly for the high amount of human-derived antibodies available. Here,
I established a testing pipeline for faster screening of potentially interesting anti-
bodies in the mosquito context. Of the three antibodies tested, only repeat binding
antibodies decreased the parasite load in the mosquito glands. This finding aligns
with the results from the first chapter and highlights the importance of the repeat
region during mosquito stages.
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High Hochberg
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Figure 16B | 2.2e-16 Wilcoxon 0.043 Benjamin

LacZ Hochberg

92




Figure 16B | 2.2e-16 Wilcoxon 1.6e-10 Benjamin
TEP1 Hochberg
Figure 22 A | - Log-Rank 0.3 -
test
Figure 22 B | - Log-Rank 0.099 -
test
Figure 28 A | 2.2¢-16 Wilcoxon 0.9969 Benjamin
Hochberg
Figure 28 B | 0.001391 Wilcoxon 0.017 Benjamin
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Table 17. Exact p-values for all test performed

Transgenesis plasmid

Gv-transgene TransgeniD

Marker
XK docking-line

attB

phiC31 integrase

X-Chromosome

| attP |
Transgenic Transgenesis
mosquito line:
— attL Iransgenic scFv-transgene > attR —
Marker

Figure 29. Design of Transgenic lines A The transgenic mosquito lines Aapp::125,
Lp::125 and Lp::2A10 were designed and developed by Dr. Eric Marois and Maria
Pissarev. The transgenesis plasmid containing the scFv-transgene, an attB site and the
transgenic marker was inserted using a phage ¢ C31 mediated integrase system into the
docking line XK containing the attP insertion sequence on the X-chromosome.
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A
confirmed transgene locus in Lp::125

Lipophorin
X: 9095094 Marker oo V,-125 c-Mye_X: 24393108

confrimed transgene locus in Aapp::125

A A
X: 9095094 . romoter _;,_fp-.vH-ms FLAG X: 24393108

predicted insertion locus in Lp::2A710

Lipophorin
X: 22463468 Marker o V,-2A10 V5 X: 22463468

Figure 30. Insertion locus and Transgenesis Marker

The transgene locus was confirmed after loss of homozygous lethality for Lp::125 and
Aapp::125. Inverse PCR followed by sequencing showed the upstream and downstream
genomic sequence of the inserted gene. The transgene is located on the X chromosome.
The insertion locus of Lp::2A410 could not be confirmed after loss of homozygous
lethality. The original insertion locus was also located on the X chromosome. BPupae
from three transgenic lines. Lp::125 expresses GFP in the nervous system and eyes.
Aapp::125 expresses RFP in eyes and nervous system. Lp::2410 expresses YFP in eyes
and nervous system.
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Figure 31. Cumulative pupae time series

Full time series of larval development for transgenic lines and wild-type. The cumulative
proportion of developed pupae is shown over the time course of 20 days. The lines
represent the pupation dynamics of every single experimental pan. The line end when all
larvae either pupated or died.

100 larvae 250 larvae 500 larvae
100+
75+
~ 504 §|
& 25-
o O
£ 100 >
®© 757 S
|
4 Y
g X
2 1001 =
a 75 3
504 i)\)'>
254 g é ZZ =
0- I I l Q
10 15 20 0 15 20 0 10 15 20
Day

Figure 32. Cumulative pupae time series for nutritional stress settings

Full time series of larval development for transgenic lines and wild-type using different
larval densities . The cumulative proportion of developed pupae is shown over the time
course of 20 days. The lines represent the pupation dynamics of every single
experimental pan. The line ends when all larvae either pupated or died.
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Figure 33. Western Blot depicting the knock down efficiency for TEP1
Pooled hemolymph samples from wild-type (WT) and Lp::125 after control
injections(dsLacZ) or injection of dsTEP1. The lower panel shows PPO2 expression as
loading control.
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