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Abstract

Malaria is a mosquito-borne infectious disease responsible for half a million deaths every year
and long-term economic stagnation in many countries where it is endemic. All symptoms
and pathology of malaria are caused by Plasmodium falciparum parasite, and are initiated
when parasites invade human red blood cells, then mature and multiply inside them in
approximately 48 hours. The invasion process is completed in less than a minute and is one
of the most crucial, yet least understood, phases of malaria infection. It also represents a
brief window in which the parasites are extracellular and hence exposed to the host immune
system, therefore representing a potential target for vaccines and treatments.

The work described in this thesis firstly includes the optimisation of a real-time live
microscopy platform for recording parasite egress-invasion sequences under controlled
conditions, and to investigate their morphology and kinetics. This set-up was employed
to address the role of calcium in mediating successful invasion by observing the invasion
process simultaneously in bright-field and fluorescence. Elevated calcium signal was found
to be absent during the early steps of the process, implying that calcium does not trigger
invasion, and an alternative invasion mechanism was suggested.

To investigate whether parasite and host cell physical parameters were actively involved
in invasion, adhesion forces between parasites and red cells were measured with optical
tweezers, while the biophysical properties of the red blood cells such as bending modulus,
tension, radius, and viscosity were assessed by analysing their plasma membrane fluctuations.
In particular, cells from the Dantu blood group, a rare blood variant found mainly in East
Africa that provides up to 70% protection against malaria, and from Beta-thalassaemia
individuals, were studied. A general correlation between red blood cell membrane tension,
invasion efficiency and dynamics was established, determining a protective tension threshold
above which cells are less likely to be invaded.

Finally, mature parasites have the ability to bind to the endothelium of peripheral blood
vessels, causing impair flow that can lead to a range of fatal conditions. To study malaria
cytoadherence to endothelial cells, a microfluidic device was designed to produce an in

vitro physiologically relevant model of human circulation. Increasing cytoadhesion was
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experimentally associated with endothelial glycocalyx disruption as initial factor for malaria
pathogenesis.

Live imaging methods and techniques adopted in this study highlight mechanisms crucial
for malaria infection, and represent an innovative and complementary study of this disease
with respect to purely biological approaches. These findings show how changes in red blood
cell biophysics can be linked to human evolutionary response against malaria with tangible
effects on the population.
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Chapter 1

Introduction

Malaria is a parasitic disease caused by protozoan parasites of the genus Plasmodium, single-
celled organisms that cannot survive outside their hosts. Malaria is still a life-threatening
infectious disease, and despite recent progress in control, still kills almost half a million
people every year, primarily children below five years of age in Sub-Saharan Africa [1].
Anopheles mosquitoes transmit the parasites to humans through their bites, and most cases
of fatal malaria are due to Plasmodium falciparum (P. falciparum), one of the five species
infecting humans. The complex life cycle of Plasmodium parasites involves development
within mosquitoes as well as in the liver and blood of the human host [2]. In my research I
concentrate on the asexual blood-stage, when parasites proceed through rounds of intracellular
growth, egress and invasion of human red blood cells (RBCs), greatly amplifying their number
by clonal divisions in about 48 hours. However, once an infected red blood cell (iRBC) bursts
releasing new parasites, their ability to invade other RBCs is limited to only a few minutes,
and this time window can be a potential point of intervention for drugs or vaccines [3]. With
antimalarial drug resistance a persistent and recurring problem, the search for a viable and
efficient vaccine is dependent on developing a better understanding of the molecular and
physiological processes through which the parasite is able to proliferate inside the blood
stream and evade the immune system.

This thesis retraces the main steps of the blood-stage of P. falciparum, from invasion
of RBCs by parasites until obstruction of blood vessels by mature iRBCs, pinpointing the
biophysical processes involved. Invasion is a complex process, involving not only a quick
cascade of interactions between parasite ligands and receptors on the RBC membrane, but
also biochemical processes and various physical aspects such as rigidity of the host cell [4].

During the invasion process, parasites first adhere to the RBC, then reposition themselves
apically to invade it [5]. Intracellular elevated calcium concentration has been proposed as
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critical mediator of successful invasion, by triggering the apical alignment of the parasite [6].
In the first part of my research project, I studied this dynamic phenomenon by monitoring
egress-invasion sequences in live cultures under controlled conditions, using fluorescent dyes
to follow calcium transfer. The invasion process happens in a number of rapid steps that all
together last under a minute, and live fluorescent imaging allowed me to pinpoint the instant
when calcium transfer occurs.

Optical microscopy is a key platform for investigating live single-cell events, and it was
also employed to characterise invasion of RBCs from two genetic polymorphisms that provide
resistance to malaria in humans: Dantu and β -thalassaemia. Genetic resistance to malaria
infection are present in regions where the disease is endemic [7, 8] . While polymorphisms
such as the sickle cell trait and the thalassaemias have been studied extensively, the Dantu
variant is a rare condition present in East Africa that has recently been shown to provide
up to 74% protection against malaria [9, 10]. In my research, I compared the biophysical
properties of normal and Dantu RBCs by analysing cell membrane fluctuations, and identified
the protective mechanism as relating to increased average RBC membrane tension. This
finding points to a potential method for malaria intervention that can exploit Dantu properties:
if membrane tension in normal RBCs can be increased, cells would gain protection from
parasite invasion.

Malaria is associated with significant microcirculation disorders, especially when infec-
tion reaches its severe stage. At the end of the maturation process inside RBCs, parasites
develop the ability to adhere to the vascular endothelium and accumulate in peripheral
capillaries. This can lead to a range of severe conditions, from cerebral malaria to placental
malaria to multiple organ failure, of not fully understood pathogenesis [2]. Malaria cytoad-
herence has been historically studied with static in vitro experiments [11, 12], and more
recently with computational models [13, 14] and flow chambers [15, 16]. Breakdown of
vessel surface layers such as glycocalyx, a carbohydrate-rich material lining the vascular
endothelium, can also play a key role in severe malaria [17]. Following up on these advances,
in my research I reproduced the in vivo situation by flowing iRBCs under physiological
conditions and atmosphere in a chip coated with endothelial cells. The effect of the glycoca-
lyx on cytoadhesion was investigated by chemically damaging the endothelium glycocalyx,
and observing the dynamics of iRBC flow and adhesion in real time. This set-up closely
simulated the conditions of parasites in human circulation, and in this thesis it was used as a
model to study the impact of disrupted glycocalyx on the pathogenesis of malaria.
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1.1 Thesis outline

This thesis is structured in seven chapters, starting from a general overview of the malaria
disease and the methods developed to study it, followed by three chapters of results, and
ending with concluding remarks and future projects. Each chapter ends with a discussion of
results and experimental challenges, connecting my own findings to previous work.

1. A brief introduction to this thesis is given in this Chapter (Chapter 1), outlining the
layout of its chapters and external contributions to this work.

2. The malaria disease and its pathogenesis, as well as the life cycle of P. falciparum

parasite, are described in Chapter 2 with particular emphasis on the parasite invasion of
human RBCs. The biophysical properties of RBCs, and the methods used to measure
them, are reviewed in relation to parasite invasion efficacy, and in the case of RBC
polymorphisms of relevance to malaria resistance, Dantu and β -thalassaemia.

3. Chapter 3 contains the experimental methods. The first part concentrates on the
procedures used to culture P. falciparum parasites and protocols optimised to evaluate
the calcium concentration inside RBCs. The microscopy set-up for live imaging in
bright-field and fluorescence is described, together with the implementation of optical
tweezers to manipulate parasites and RBCs in real time, and the technique of flickering
spectroscopy implemented here to measure RBC mechanical parameters. The last part
of the chapter is dedicated to the development of a microfluidic system to mimic the
malaria cytoadherence in vivo.

4. Chapter 4 focusses on the pre-invasion phase, and in particular on the role of calcium
in assisting parasite invasion. This chapter is the basis of Publication [i].

5. Parasite invasion is investigated in Chapter 5 in relation to Dantu polymorphism. First,
I analyse the morphology and kinetics of RBC invasion by P. falciparum, and the
adhesion force between parasites and RBCs. Then I combine live imaging and flick-
ering spectroscopy to simultaneously measure, and then correlate, RBC biophysical
properties to parasite invasion efficiency. This work forms the basis of Reference [iii].

In light of the results for Dantu RBCs, the same set of experiments are performed
for RBCs from β -thalassaemia heterozygotes, and preliminary data of this ongoing
research are presented.
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6. In Chapter 6, I develop a perfusion system to grow endothelial cells, under flow, in a
microfluidic device to study how glycocalyx affects malaria-infected RBCs adhesion
onto the endothelial layer. This chapter is the basis of Publication [ii].

7. Chapter 7 summarises the conclusions of this work, together with possible future
directions related to uncompleted and new projects.

1.2 Contributions of collaborators

Protocols in Chapter 4 were optimised under the guidance of Dr Teresa Tiffert and Dr Virgilio
Lew from the Department of Physiology, Development and Neuroscience, University of
Cambridge. Data in Figure 4.1a were taken by Dr Teresa Tiffert, and the video analysed in
Figure 4.6 was recorded by Dr Alex Crick, a previous PhD student in Cicuta’s group.

The work in Chapter 5 is the result of an interdisciplinary collaboration of scientists from
different Institutions in the UK and Kilifi, Kenya. Designing and performing experiments
with Dantu blood samples from Kenya was challenging, from the collection of blood from
children in Kilifi, to the final experiments and analysis done in Cambridge. Sample collection
and screening were carried out by Dr Silvia Kariuki, Dr Alejandro Marín-Menéndez and
colleagues from the KEMRI-Wellcome Trust Research Programme in Kilifi. Meticulous
organisation and planning were crucial, and strong synergy between researchers was essential
for the project outcome. Silvia Kariuki in KEMRI and Alejandro Marín-Menéndez at the
Wellcome Sanger Institute in Cambridge performed the flow cytometry experiments in the
laboratories of Prof. Thomas Williams and Prof. Julian Rayner, respectively. The proteomics
data in the Chapter were taken in the laboratory of Prof. Michael Weeks at the Cambridge
Institute for Medical Research (CIMR). Data from invasion events in Figures 5.2b and 5.4
were collected together with Dr Yen-Chun Lin, a previous PhD student in Cicuta’s group.

β -thalassaemia samples were collected by Prof. David Rees and Dr John Brewin from
the King’s College London.

The cooperation of Dr Antonio Carciati from Università di Napoli Federico II was central
in the development of the microfluidic system used in Chapter 6. All experiments were
performed and analysed by both of us in close collaboration during his 6-month visit in
Cambridge. Analysis for data presented in Figure 6.5, and preparation of all figures were
done by myself.

On the technical side, Dr Jurij Kotar assembled the microscopy set-up including optical
tweezers, control software and most of the hardware components for Cicuta’s group. Multiple
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researchers contributed to the development of the code used for flickering spectroscopy within
the group over several years, as detailed in Chapters 3 and 5.





Chapter 2

Overview of the malaria disease

2.1 The global burden of malaria

Malaria is one of the leading causes of infant mortality worldwide and one of the highest
priorities for the global health community. In 2017, an estimated 219 million cases of malaria
occurred in 87 countries, leading to 435 000 deaths globally. Children aged under 5 years are
the most vulnerable group affected by malaria, and they accounted for 61% of all malaria
deaths [1]. Malaria is a parasitic disease caused by protozoan parasites belonging to the
genus Plasmodium of the phylum Apicomplexa, which infect humans as well as multiple
other vertebrate species including reptiles, birds and mammals [18]. P. falciparum is the
species that infects humans with the highest morbidity and mortality. Figure 2.1 shows the
distribution of malaria infections from P. falciparum (a) and P. vivax parasite species (b)
in 2017, which persist in low-income countries. Most cases by P. falciparum are reported
in Africa (200 million or 92%), followed by South-East Asia with 5% of the cases, the
Eastern Mediterranean region with 2%, and South America (1% concentrated in the Amazon
basin). Fifteen countries in sub-Saharan Africa and India carried almost 80% of the global
malaria burden. Although there were an estimated 20 million fewer malaria cases in 2017
than in 2010, data for the period 2015 – 2017 highlighted that no significant progress in
reducing global malaria cases was made in this time frame. In particular, the 10 highest
burden African countries saw an estimated 3.5 million more malaria cases in 2017 compared
with the previous year [1].
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a

b

Figure 2.1 All-age clinical cases of P. falciparum (a) and P. vivax (b) in 2017. (Adopted from Malaria
Atlas Project (MAP; www.map.ox.ac.uk) and published with permission from MAP under a Creative
Commons Attribution 3.0 License (http://creativecommons.org/licenses/by-sa/3.0/)).

2.1.1 Epidemiology of malaria

Malaria is transmitted by female Anopheles mosquitoes infected with Plasmodium parasites,
which carry the disease from one human to another, acting as a vector. There are over 400
known species of Anopheles but only 70 have been shown to have the capacity to transmit
human malaria parasites, among which Anopheles gambiae complex is the dominant vector
in Africa [19]. The intensity of malaria transmission depends on multiple factors related
to the parasite, the vector, the human host, and the environment. Transmission is more
intense in places where the mosquito lifespan is longer, allowing the parasite to more readily
complete its development inside the mosquito. Weather conditions that encourage year-round
transmission, the long lifespan, and the strong human-biting habit of the African vectors are
the main reason why approximately 90% of the world’s malaria cases due to P. falciparum

are in Africa [1]. The first exposure to malaria often occurs very early in childhood, and
with repeated exposures the likelihood of severe illness or death lessens, relating to the
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development of immunity. The overall level of immunity to malaria is highest in areas where
malaria transmission is the most intense, that is in Africa.

In spite of prevention and intervention programmes over the last decade, malaria is
still a global public health issue and a significant hindrance to economic growth. A high
percentage of people suffering from malaria results in a reduction in attendance at school
and productivity at work, which leads to a lower rate of education and economic growth in
the long term [20]. Access to adequate healthcare and effective distribution of diagnostic
tools and antimalarial drugs remain a primary barrier to effective treatment in developing
countries.

2.1.2 History of malaria

Malaria is an ancient disease and, although today it is confined in the sub-tropical and tropical
world, malaria was once endemic also in the temperate zone [21]. The first descriptions of the
illness appeared in China and in the Mediterranean basin, where the physician Hippocrates
recognised malaria, detailing the intermittent fevers and the association between the disease
and people living close to marshes. From the Roman time until the end of the nineteenth
century, the idea that malaria fevers were caused by vapours and bad smells emanating from
stagnant swamp water persisted, and it is evident from the literally meaning of malaria (bad
air), from the Italian word “mal’aria” [22]. In 1880, the military French physician Alphonse
Laveran discovered the malaria parasite, while examining blood samples from Algerian
soldiers with a microscope. The Italian pathologist Camillo Golgi studied the parasite’s cycle
in human blood, linking the onset of intermittent fever with the breakdown of red blood cells
and the spread of parasites into the blood [23]. The link between malaria parasites and their
mosquito vectors was defined first for avian malaria by the British physician Ronald Ross in
1897 and then for human malaria by the Italian scientists Giovanni Battista Grassi, Amico
Bignami, Giuseppe Bastianelli, Angelo Celli, Camillo Golgi and Ettore Marchiafava between
1898 and 1900 [24].

Protection measures against mosquito bites to prevent malaria where pioneered over
a century ago and can be considered an early manifestation of the vector management
adopted by the World Health Organization (WHO) today for the control of vector borne
diseases [23]. In the 1900s, larvicides along with drainage were introduced to limit mosquito-
breading sites in water. This was very successful in reducing malaria transmission in
some parts of the world. In 1939, the Swiss chemist Paul Hermann Müller synthesised
dichlorodiphenyltrichloroethane (DDT), and the pesticide was introduced as part of a malaria
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eradication campaign. Although it was very successful and led to malaria elimination in
many areas, the use of DDT had to be interrupted due to the emergence of DDT-resistant
mosquitoes and the negative environmental side effect of the pesticide. Alphonse Laveran,
Ronald Ross, and Paul Hermann Müller were awarded the Nobel Prize in Physiology and
Medicine for their discoveries in 1902, 1907 and 1948, respectively.

2.2 Plasmodium life cycle

Apicomplexa have complex life cycles, involving several stages in different hosts, typically un-
dergoing both asexual and sexual reproduction. Specifically, Plasmodium parasite replication
in humans involve the human being and the mosquito as depicted in Figure 2.2.

During a blood meal, a malaria-infected female Anopheles mosquito inoculates parasites
in the form of sporozoites into the human dermal tissue. Real-time imaging using the
P. berghei rodent model revealed that sporozoites actively glide through the dermis until
they encounter a blood vessel and move into the circulatory system, which will take them
to the liver [25, 26]. During the liver stage, sporozoites infect liver cells (hepatocytes),
differentiate and divide into thousands of merozoite forms of the parasite. The liver stage
is asymptomatic because only a few hepatocytes are infected, and parasites do not spread
from cell to cell. Merozoites are then released from the liver into the blood stream inside
vesicles called merosomes surrounded by the hepatocyte membrane [27]. Merosomes
are immunologically silent carriers, thus whereas the sporozoite relies on its motile and
membrane-wounding capacities to evade host phagocytes, the immotile merozoite has evolved
a membrane-wrapping strategy. Once in the blood stream, merozoites invade circulating
RBCs (erythrocytes), initiating the so-called blood-stage or intraerythrocytic developmental
cycle [28]. Within the RBC, the parasite undergoes maturation from a ring-stage to a
trophozoite before finally undergoing nuclear divisions into daughter merozoites during the
schizont stage. At this point, the iRBC ruptures and releases daughter merozoites into the
circulation to resume another round of asexual reproduction [29]. This leads to an exponential
growth of parasites inside the hosts that causes all the symptoms of the disease. In each
cycle, 5-10% of parasites develop into the sexual forms called gametocytes [30–32]. Previous
studies demonstrated that all merozoites emerging from a single schizont either continue
the asexual cycling or develop into gametocytes [33]. Furthermore, gametocytes originating
from a single schizont become either all male or all female [34, 35]. This indicates that
trophozoites from the preceding asexual generation are already committed to produce a
progeny of parasites with the same developmental fate, and this developmental switch may
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Figure 2.2 Life cycle of Plasmodium parasites in the human host and in the mosquito, adapted
from [37]. Sporozoites enter the human host via an Anopheline mosquito bite and then travel to the
liver. Following development in the liver, merozoites are released into the blood and invade RBCs.
The parasites then undergo repeated rounds of asexual multiplication. A small portion of parasites,
required for transmission, differentiate into gametocytes and mature in the mosquito.

be predetermined genetically or reflect a response to some specific stimuli [36]. After a
period of 8-10 days, male and female forms of parasites, called respectively micro and
macrogametocytes, are ingested by a female Anopheles during another blood feeding, and
they are responsible for parasite transmission [32].

In the mosquito vector, ingested gametocytes rapidly mature into gametes within the
mosquito gut. The male microgametocyte divides into eight flagellated microgametes in a
process called exflagellation. The microgamete then breaks out of the RBC, becomes motile
and fertilises the female macrogamete, producing a zygote. The multiplication of parasites
in the mosquito is known as the sporogonic cycle [38]. Zygotes develop first into motile
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and elongated forms, ookinetes, which invade the midgut wall of the mosquito where they
develop into oocysts, outside of the mosquito gut. After 8-15 days, the oocysts finally rupture
releasing sporozoites which make their way to the salivary glands. The loop closes when
sporozoites are transmitted to a new human host through a mosquito bite [39].

2.3 Parasite species infecting humans

Plasmodium parasites are unicellular eukaryotic organisms that cannot survive outside of
their hosts. There are over 200 species of malarial parasites known, but only five routinely
infect and can be transmitted to humans: P. falciparum, P. vivax, P. malariae, P. ovale curtisi

and wallikeri, and P. knowlesi [40]. P. falciparum blood-stage will be the focus of this thesis.

Plasmodium falciparum Among the species that infect humans, P. falciparum is the most
lethal, causing the majority of cases of severe malaria. P. falciparum is the prevalent tropical
areas, in Africa, accounting for 99.7% of estimated malaria cases in 2017, as well as in
the regions of South-East Asia (62.8%), the Eastern Mediterranean (69%), and the Western
Pacific (71.9%) [1]. In 2002, the genome sequence of P. falciparum clone 3D7 [41] opened
new avenues for research, allowing the use of genome editing techniques to accomplish
advanced functional studies of this parasite [42]. Human P. falciparum appears to have
originated in Africa [43], and it is closely related to a Plasmodium species isolated from
Western gorillas, Plasmodium praefalciparum [44]. Recently, genomes of all known members
of the Laverania subgenus, the same subgenus as P. falciparum, were sequenced to attempt to
understand why none of them, except for P. falciparum, are capable of establishing repeated
infection and transmission in humans [45, 46]. A gene, rh5, which produces the parasite
ligand Rh5 essential for invasion of host RBCs, likely allowed the ancestral P. falciparum to
infect both gorilla and human RBCs [47].

Plasmodium vivax P. vivax is the second most prevalent cause of malaria worldwide and
has the widest geographic distribution, from temperate zones to the tropics [48]. P. vivax is
predominant in the Americas with 74% of malaria cases, and responsible for 37% of cases in
South-East Asia and 31% in Eastern Mediterranean areas [1]. Although the mortality caused
by P. vivax is much lower than P. falciparum, P. vivax infections affect people of all ages
because they develop only little immunity as a consequence of low malaria transmission
in most regions where P. vivax is present [49]. Moreover, features of P.vivax biology such
as its ability to relapse from long-lasting, dormant liver stages (the hypnozoites) [50], its
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high transmission potential caused by early and continuous production of gametocytes, high
infectivity to mosquitoes, and shorter development cycle in the vector host [51], make this
species more robust than P. falciparum. Because of this resilience, as control measures
become effective in reducing P. falciparum malaria, the residual malaria burden will be
increasingly be caused by P. vivax. The noticeable absence of P.vivax infection in Africa, a
region in which malaria in highly endemic, is associated with the high prevalence of Duffy
negativity in West Africa. P. vivax successful invasion of host RBCs depends on interaction
with the Duffy blood group antigen, which is missing from Duffy negative red cells. Duffy
negativity is common in the population of West Africa [52] thus rendering them resistant
to P. vivax infection. However, some studies have identified P. vivax strains that can infect
Duffy-negative individuals in Kenya [53], Brazil [54], and Madagascar [55], suggesting that
P. vivax may also invade using alternative pathways.

Plasmodium malariae P. malariae is the second most important cause of human malaria
transmission in West Africa after P. falciparum, with a transmission peak during the dry
season in opposition to P. falciparum spread during the rainy season [56]. The number of
merozoites for each schizont rupture is lower and, thus, the fraction of infected red cells in
patients is lower compared with other types of malaria [57]. The classic features to recognise
P. malariae in a peripheral blood smear, is the band form at the trophozoite stage, as well
as schizonts with few merozoites and a central pigment globule. Because of its long-life
cycle and reduced infection, P. malariae may become chronic and last decades. Clinically,
the likelihood of co-infection with P. falciparum or P. knowlesi is higher than a solely P.

malariae infection for symptomatic patient [58].

Plasmodium ovale P. ovale is comprised of two genetically distinct subspecies, P. ovale

curtisi and P. ovale wallikeri, that can be exclusively differentiated based on DNA sequence
differences [59, 60]. These subspecies differ in the duration of latency and genetic sequence
[61]; the lack of recombination between them it seems not due to geographic or temporal
separation, but possibly to an unknown biological barrier [59]. These two sympatric parasites
are so far impossible to distinguish morphologically, leading to the same clinical syndrome
and responding to the same therapy. P. ovale is similar to P. vivax on peripheral blood smear
and infection behaviour, but it does not require the Duffy blood group antigen for invasion of
RBCs [62]. Unlike P. falciparum and P. malariae, where all liver schizonts rupture relatively
soon after sporozoite invasion, P. vivax and P. ovale can both form hypnozoites, which can
release merozoites even years after the initial infection [63].
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Endemic areas of P. ovale and P. malariae are restricted to the tropical regions of Africa
and the South-West Pacific [64]. These parasites are relatively benign and more easily curable
compared with the former two species [64, 62]. Unlike P. falciparum and P. vivax, P. ovale

and P. malariae are still highly sensitive to antimalarial drugs such as chloroquine [65].

Plasmodium knowlesi P. knowlesi was considered a primate malaria parasite living in
rhesus macaques in South-East Asia, with just sporadic human infections in 1965 and 1971.
However, in 2004 a large focus of human cases was confirmed [66, 67]. Human infections
from this species were initially misdiagnosed as P. malariae or P. falciparum, because of
morphological similarities as band-form trophozoite and at ring stage, respectively, when
examined by light microscopy [68, 58]. Malaysia is facing increasing cases of zoonotic
malaria P. knowlesi; between 2016 and 2017 the numbers increased from 1600 to over 3600
[1]. The successful adaptation of P. knowlesi to continuous culture in human RBCs a few
years ago [69, 70] initiated new research for this zoonotic malaria parasite.

Simian malaria Human infections with other simian malarias such as P. cynomolgi and
P. simium are exceedingly rare. However, occasional natural zoonotic infections have been
described recently for both species [71, 72]. They are assumed to be infrequent events with
the caveat that routine microscopic examination could fail to distinguish these from the more
common species [73]. These species can be used as a model for human P. vivax because both
share the same life cycle and some important biological features, like hypnozoites [74].

The hours of asexual development within RBCs are 24 for P. knowlesi, 48 for P. falci-

parum, vivax, ovale, and 72 for P. malariae. The disproportionately extensive knowledge of
P. falciparum above other human Plasmodium species is due to the existence of a robust in

vitro culture system, which remain the golden standard for investigating parasite infection
mechanism and host tropism [75, 76]. In vitro culture also facilitates initial screening of
blood-stage vaccines and the identification of promising candidates. The bottleneck for P. vi-

vax blood-stage culture is presumed to be the limiting factor that it invades only reticulocytes,
which are present in low quantities in whole blood, making obtaining sufficient numbers
for culture challenging [51]. Recently, haematopoietic stem cell (HSC) ex vivo production
methods for creating reticulocytes have been a novel approach for reticulocyte enrichment,
which may allow longer term culture of P. vivax [77]. Short-term cultures of P. vivax [78]
and P. malariae [79] have been reported more than 20 years ago, but efforts to establish a
reliable, long-term in vitro culture procedure should be renewed for these species, as well as
for P. ovale.
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2.4 Pathology of malaria

The pathogenesis of malaria disease and associated clinical manifestations are predominantly
attributed to the rupture of mature infected cells and their adhesion to the blood vessels during
the asexual blood-stage. Plasmodium infection exhibits non-specific symptoms described as
flu-like, and include headache, slight fever, weakness, diarrhoea, nausea, muscular discomfort
and malaise [2]. These symptoms are followed by periodic febrile attacks known as the
malarial paroxysm, occurring every 24, 48 or 72 hours depending on the species of parasite.
The regularity of the fever is due to the synchronous development of the malaria parasite,
where the onset of fever corresponds to the rupture of iRBCs. The fever is believed to be
the cause of released proinflammatory cytokines, such as tumour necrosis factor (TNF) [62],
which are liberated as a response to RBC destruction. The incubation period of the disease
is 9 to 40 days, depending on the specific parasite (9-14 days for P. falciparum) [63, 51].
Malaria is usually uncomplicated, however, in some cases when people are more vulnerable
to malaria because of low immune defences like young children, pregnant women and HIV
patients, the disease might become severe and lead to coma and death [62].

Severe malaria Complications and severe manifestations are numerous and diverse with
a mortality rate of 10-20%, even with intensive care management [62]. The severity of
the disease and its clinical outcome increase with the fraction of infected red cells, known
as parasitaemia, that depends on many factors such as immune condition and age of pa-
tients. P. falciparum infection is normally symptomatic even at low levels of parasitaemia.
Tissue-specific sequestration of late-stage asexual parasites is associated with severe malaria
pathology such as cerebral malaria, pregnancy-associated malaria, severe anaemia, acute
respiratory distress, and acidosis [62]. Mature iRBCs can adhere both to peripheral blood
vessels and to other RBCs forming clusters that produce an impair blood flow and obstruct
the tissue perfusion. These parasites cannot be removed by the spleen because they stay
away from the systemic circulation, for example in the brain (cerebral malaria) and in the
intervillous spaces of the placenta (pregnancy-associated malaria), causing vaso-occlusion of
vital vessels and complications in pregnancy: anaemia, miscarriage, low birth weight [80].

2.5 Methods for prevention and control of malaria

According to WHO recommendations, prevention and control of malaria is based on two
approaches: vector control through preventing mosquito contacts with humans, and chemo-
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prophylaxis. The core interventions to avoid mosquito bites are the insecticide-treated
mosquito nets (ITN) and indoor residual spraying (IRS). In 2017 over 50% of the global
population at risk was estimated to sleep under an ITN, and 3.1% was protected by IRS [1].
Malaria can also be prevented by antimalarial drugs. Seasonal malaria chemoprevention is the
intermittent administration of full treatment courses of antimalarial medicines to children in
areas of highly seasonal transmission [81]. However, the main challenge is that antimalarial
drugs cannot be sustained over a long period as this may result in drug resistance, and impede
the development of natural immunity.

2.5.1 Antimalarial treatments and parasite resistance

Quinine was used to treat malaria from as early as the 1600s and became the first drug
used extensively for treating malaria until World War II. Efforts to find alternatives to qui-
nine led to the development of chloroquine in the 1930s, the most widely used synthetic
antimalarial drug during the 1950s and 1970s [82]. Chloroquine and DDT emerged as the
two principal weapons in WHO’s global eradication malaria campaign, and the heavy use
of these treatments likely produced parasite and mosquito resistance [83]. Chloroquine-
resistant strains of P. falciparum malaria first appeared in Thailand in 1957 and then they
spread worldwide by the 1970s, causing a global increase in mortality [84, 85]. Further
drugs were developed to combat chloroquine resistant strains, among these sulfadoxine-
perymethamine and mefloquine [86]. Artemisinins, developed from an ancient Chinese
herbal remedy, are the latest treatments for P. falciparum malaria, and in 2015 the Chi-
nese scientist Youyou Tu was awarded the Nobel Prize in Physiology or Medicine for this
discovery. Combining artemisinins with partner drugs, such as mefloquine, amodiaquine, sul-
fadoxine/pyrimethamine and piperaquine was found to improve artemisinin efficacy, reducing
duration of treatments and likelihood of resistance development. The primary advantage of
the combination is that artemisinin quickly and drastically reduces the majority of malaria
parasites, and the partner drug, which generally has a longer half-life, clears the small number
of parasites that remain. Artemisinin-based combination therapy (ACT) is now recommended
by WHO as a first-line treatment for early cases of uncomplicated malaria [1].

In 2008, the first evidence of artemisinin-resistant strains of P. falciparum emerged in
Western Cambodia [87, 88], causing failure of ACTs in several countries in South-East
Asia and jeopardising the malaria elimination agenda of the region [1]. Artemisinin resis-
tance is defined as delayed parasite clearance following treatment with monotherapies or
ACTs. Although the total number of circulating parasites is higher in high transmission
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settings, and thus the number of genetic mutations is also higher, antimalarial drug resis-
tance in P. falciparum tends to emerge in low-transmission areas, in particular South-East
Asia, before expanding to Africa. Resistance to chloroquine [89, 90] and later to sulfadox-
ine–pyrimethamine [91], mefloquine [92, 93], and more recently to artemisinins [87, 88]
and piperaquine [94, 95] have followed the same pattern [96]. P. falciparum resistance to
artemisinin is now a problem in five countries: Cambodia, the Lao People’s Democratic
Republic, Myanmar, Thailand and Viet Nam [1]. Multiple reasons may be at the basis of
the insurgence of drug resistance in South-East Asia: a poor administration system and
the occasional use of only monotherapies [97], presence of haemoglobinopathies [98], and
less parasite diversity with more opportunity for resistant alleles to become fixed [99, 100].
Mutations of the P. falciparum gene encoding kelch (K13)-propeller domains is the primary
determinant of artemisinin resistance [101, 102]. Surveillance of the global distribution of
K13 variation may provide critical information for drug policymakers to adapt drug distribu-
tion [103]. In vitro drug sensitivity assays like the ring-stage survival assay has been used to
evaluate the susceptibility of P. falciparum to artemisinins.

2.5.2 Development of antimalarial vaccines

Vaccines revolutionised global health in the last century and the way to tackle diseases
such as smallpox, polio, rabies, diphtheria, tetanus, yellow fever, measles, and hepatitis B.
While an effective vaccine would be significant in the global effort against malaria, issues of
efficacy, safety, costs, manufacturing problems, logistic difficulties in delivering in endemic
countries, and the administration methods all play into the difficulties of developing such
a vaccine. Several candidates that target different stages of the parasite life cycle are in
clinical trials [104], and an effective malaria vaccine is likely to contain a combination of
them. RTS,S/AS01 is the first approved malaria vaccine shown to provide partial protection
against malaria in young children. The vaccine inhibits P. falciparum sporozoite infection,
and is currently being administrated to children through national immunisation programmes
in parts of three sub-Saharan African countries Kenya, Ghana and Malawi beginning in 2019
[105]. Regarding the parasite blood-stage studied in this thesis, the challenges that vaccine
candidates face targeting merozoite antigens are strain specific responses, rapid kinetics of
merozoite invasion and ligand-receptor redundancy [104]. At the moment, in the merozoite
vaccine field, P. falciparum reticulocyte-binding protein homologue 5 (Pf Rh5), required for
RBC invasion, seems the most promising candidate for vaccine development [106, 104].
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2.5.3 Diagnostic tools

Since the symptoms of malaria are common to many other diseases, accurate diagnosis is
essential to deliver efficient treatments, avoiding an indiscriminate use of antimalarial drugs
that can cause resistance. Microscopic examination of blood films stained with Giemsa
(described in detail in Section 3.1.3.1) is the gold standard for laboratory confirmation of
malaria, and is recommended by WHO to quantify the levels of parasitaemia as well as
the species of parasites in patients [107]. However, this method is time-consuming due to
the preparation of the sample and the counting of a sufficient number of cells, and trained
operators are necessary to identify parasites. In contrast, rapid diagnostic tests (RDTs) are
dipstick devices that can detect within 15 minutes specific antigens produced by malaria
parasites in infected individuals with only 10-15 µl of blood [108]. RTDs provide easy and
rapid methods for malaria diagnosis, which particularly benefit people in remote areas. Some
drawbacks are present also for this instrument and the use of the RDT does not eliminate
the need for malaria microscopy, as RDTs may not be able to detect low parasitaemia. In
addition, currently approved RDTs detect 2 different malaria antigens; one is specific for
P. falciparum and the other is found in all 4 human species of malaria, making species
discrimination impossible for some species. There is insufficient data available to determine
the ability of this test to detect less common species of malaria, such as P. ovale and P.

malariae, and therefore all RDTs outcomes should also be followed by microscopy controls.
Finally, some malaria parasites lack the histidine rich protein 2 and 3 (HRP2, HRP3) protein,
the most common target antigen used in RDTs for detection of P. falciparum. Hence, the
parasites can evade detection by RDTs and subsequent treatment [109, 110]. The search
for low-cost, easy-to-use but also accurate instruments is ongoing and contributes to the
improvement of malaria control if combined with prevention, development of efficient drugs
and antimalarial vaccines.

2.6 Plasmodium falciparum asexual blood stage

This section focusses on the asexual blood stage of P. falciparum, which is the main focus
of my research, divided in the following three steps: parasite invasion, intraerythrocytic
development, and vascular sequestration.



2.6 Plasmodium falciparum asexual blood stage 19

 

Pre-invasion Invasion EchinocytosisEgress

Figure 2.3 Cartoons and snapshots of P. falciparum egress and subsequent RBC invasion sequence:
egress, pre-invasion, invasion, and echinocytosis. Figure adapted from [5].

2.6.1 Egress-invasion sequence

Understanding the mechanisms behind RBC invasion by P. falciparum remains a major hurdle
for developing antimalarial therapeutics that target the asexual cycle and the symptomatic
stage of malaria. The egress-invasion process is outlined in Figure 2.3, and it is enabled
by physical manipulation of the host cell and by a multitude of precisely timed and tightly
regulated receptor-ligand interactions.

The time from merozoite egress to the complete internalisation of the parasite inside the
RBC lasts usually less then 1 minute [5, 111, 112]. Malaria has been studied with advanced
techniques that make it possible to visualise the parasite: electron microscopy, cryo-electron
microscopy fluorescence microscopy, fluorescent antibody probes [113, 114]. Although these
tools can be used to monitor aspects of parasite invasion, or assess the effect of antibody and
drug inhibitors, the cells need to be fixed, and they therefore only provide a static snapshot
of a single cell taken from what is in reality a complicated and dynamic process. Because of
the rapid nature of parasite invasion, only with the development of high-resolution imaging it
has been possible to record in real time this highly dynamic process [115]. The first images
were recorded in 1975 by Dvorak et al. of P. knowlesi merozoites infecting monkey red cells
in a perfused, temperature-controlled chamber [116]. The imaging system needs to limit cell
photodamage and both the temperature and the gas atmosphere should guarantee constant
and suitable conditions for the sample. Optical microscopy remains the ideal technique to
study invasion in detail [117, 5, 118], in phase contrast microscopy [119], epifluorescence
[117, 120] and accompanied by optical tweezers [3].

2.6.1.1 Merozoite egress from infected red blood cells

In the last minutes of the schizont stage after 48 hours, the malaria-infected RBC acquires a
flower-like appearance, with a dark central spot that is the remnant of the food vacuole now
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Figure 2.4 Model of merozoite egress. Osmotic swelling of the schizont was followed by the rupture
of the PVM that induces modifications of the RBC cytoskeleton, including the binding of merozoites
with the formation of MSP1–spectrin adherent patches (green arrows). This leads to the nucleation of
an osmotic pore in the RBC membrane and its outward curling and buckling. In the time scale, the
release of the bulk of merozoites is set at 0. Figure from [121].

reduced to a haemozoin-dense residual body, surrounded by merozoites [117, 122, 118]. Host
cell rupture and merozoite egress occur sequentially and violently in less than half a second.
Glushakova et al. showed that just a few minutes before merozoites were released, the RBC
swelled [117]. The release of merozoites requires first the opening of the parasitophorous
vacuole membrane (PVM) and then of the RBC membrane to disperse merozoites, which is
a protease-dependent process [123, 124]. Minutes before egress, the parasite subtilisin-like
serine protease Pf SUB1 [125, 126] is discharged into the parasitophorous vacuole (PV)
triggered by a calcium-dependent signal. There it cleaves a subset of parasite proteins
that play indispensable roles in egress and invasion [127–129], such as merozoite surface
proteins (MSPs). Interactions between MSP1 and the spectrin network of the cytoskeleton
of the infected RBC facilitate host rupture to enable parasite egress [130]. Most literature
describes rupture-egress events as an explosive phenomenon [117, 122, 118]. However, using
high-speed video microscopy and epifluorescence, Abkarian et al. [120] recently revealed a
detailed dynamic morphology of the host cell membrane rupture (Figure 2.4). At the instant
of rupture, a pore opening in the red cell membrane allows a single merozoite to emerge;
once the pore reached a critical radius, the host cell membrane rapidly curls outwards to form
a circular toroid around the initial opening, and then buckled, undergoing eversion to push
and disperse the rest of the merozoites out. Finally, the everted membrane spontaneously
forms vesicles [131]. The curling-buckling- eversion-vesiculation process is completed in
about 400ms [120, 132]. Lew et al. [133] found an analogy between such behaviour and the
spontaneous vesiculation of membrane of uRBCs, but the latter phenomenon requires a much
longer time [134]. This analogy may be interpreted as a further evidence of the exploiting



2.6 Plasmodium falciparum asexual blood stage 21

of an intrinsic biological property by the parasite, which generates specific remodelling
of the cortical cytoskeleton for a rapid response during normal egress [135]. The parasite
actomyosin-based molecular motor complex often referred to as the glideosome is considered
an important mediator of parasite motility and virulence. While it is crucial for parasite
invasion of the host RBC (Section 2.6.1.4), it is not involved in the egress [136, 137].

2.6.1.2 Merozoite structure

Typically, apicomplexans have an elongated shape with an apical complex specialised in
invading the host, containing structural components and secretory organelles that are required
for invasion of host cells [138]. Although all apicomplexans have a typical morphology,
individual species have unique features and a specific set of ligand-receptor interactions.
Merozoites are pear-shaped spheroids of about 1.0-1.2µm in diameter, with a relatively bright
appearance under the optical microscope and a dark granule visible at the more pointed end
[139, 38]. Its apical end contains secretory organelles called rhoptries, micronemes and dense
granules. These are all membranous vesicles that discharge their contents during invasion,
and change the shape and composition of the membrane of the invaded RBC. Figure 2.5
from [38] shows the internal structure of a P. falciparum merozoite. The merozoite has
also the nucleus, ribosomes, the endoplasmatic reticulum, and a cytoskeletal architecture.
These organelles are visible under an electron microscope, along with other invasion-relevant
features such as the merozoite surface: its whole surface bears a thick bristly coat, each
bristle being a clump of thin 2–3nm adhering to the RBC. The coat is later cleaved from the
merozoite surface as it enters the host cell [139].

2.6.1.3 Initial contact and reorientation

Microscope observations of the invasion process in live P. falciparum cultures show random
initial merozoite-red cell adherence, capable of occurring indiscriminately at any point
on the merozoite surface [6, 5]. These initial contacts due to low-affinity and reversible
interactions between ligands on the merozoite coat (MSPs) and receptors on the red cell
membrane [140]. To date, ten MSP proteins have been defined and MSP1 is the most
abundant antigen important for successful malaria invasion, but its precise function is still
under debate. Some studies suggest that MSP1, which forms a complex with other MSPs,
binds directly to the protein band 3-glycophorin A (GPA) complex on the human RBC
membrane [141]. The merozoite attached to the RBC triggers deformations of RBC surface
from the point of attachment, thus inducing modification of the RBC cytoskeleton that
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Figure 2.5 Merozoite cellular architecture. (a) Three-dimensional representation of a merozoite
taken from [38], highlighting major organelles and the location of proteins relevant during egress and
invasion. Electron microscopy image of a merozoite in the act of penetrating an RBC from [139],
when tight junctions are formed between the merozoite and the RBC membrane. Scale bar = 200nm.

permits the merozoite to reorient itself towards an apical position perpendicular to the host
cell membrane [116, 5, 142].

This combination of pre-invasion events, usually reported as apical alignment or reori-
entation, lasts about 5-30 seconds. Such events likely evolved to increase the probability
of apical attachments and optimise invasive efficiency, exploiting an intrinsic biological
potential of the host cell [5, 112]. While MSPs only attach to the outer leaflet of the plasma
membrane, reorientation requires ligands that can span the red cell membrane and link to
the merozoite cytoskeleton to facilitate reorientation [142]. Proteins filling this role are the
erythrocyte binding antigens (EBAs) and the P. falciparum reticulocyte-binding-like homo-
logue (Pf Rh) families, which are secreted from the micronemes and rhoptries, respectively
[111, 112]. In P. falciparum parasites, there are four members of the EBA family: EBA175,
EBL1, and EBA140 bind to the RBC receptors GPA, GPB, and GPC, respectively [111, 112];
while EBA181 is still unclear, but it might bind to protein band 4.1 [143, 112]. Binding of
EBA family members to their receptor glycophorins is all sialic acid residue-dependent, and
glycophorins are the dominant sialoglycoproteins on the RBC surface [144, 140]. In addition,
there are also five members of the Rh family known to be involved in invasion. Pf Rh4 binds
to complement receptor 1 (CR1) while the receptors for Pf Rh1, Pf Rh2a and Pf Rh2b remain
unknown. EBAs and Pf Rhs are variably expressed among P. falciparum strains, but they
are both present during invasion with overlapping functions [145]. Some parasite strains are
highly dependent on the presence of sialic acid for successful invasion, whereas other strains
can invade in a sialic acid-independent fashion [145, 146]. Even strains such as the Dd2
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clone undergoes an adaptive switch to non-sialic acid dependence when RBCs are treated
with neuraminidase [146]. The redundancy of EBA and Rh proteins confers on the merozoite
adaptability to a broad range of RBCs, through alternative invasion pathways. The use of
alternative invasion pathways may be a way to escape the host immune response [147].

Molecular mechanisms can also trigger physical alteration of the RBC membrane.
EBA175 binding to GPA induces substantial changes in the deformability of RBCs by
phosphorylating cytoskeletal proteins, and perhaps triggering RBC deformations [148, 149].
Increased deformability of the host RBC seems important for merozoite invasion, implying
that the malaria parasite primes the RBC surface through its binding antigens, as demon-
strated for Pf EBA175, altering the biophysical nature of the target cell and thus reducing
a critical energy barrier to invasion. In addition, Crick et al. quantify the strength of the
adhesive force between merozoites and RBCs [3] by employed optical tweezers for the
delivery of P. falciparum merozoites to a target RBC. A functioning actin-myosin motor is
required for deformation of the RBC [111], and the surface electrical charge of the merozoite,
measured with atomic force microscopy (AFM) [150], may also play a role in mediating
merozoite-RBC contact. In fact, while the surface coat of merozoites have net negative
charge, the apical end is positively charged. The electric charge could take part in the
merozoite reorientation process by attracting the merozoite apex towards the surface of the
RBC, since the sialic acids that cover the RBC membrane are negatively charged.

2.6.1.4 Tight junction formation and parasite internalisation

In order to fulfil a successful invasion, the apex needs to be aligned perpendicular to the
red cell membrane supporting parasitic penetration [140, 142]. As soon as the apical end of
the merozoite is juxtaposed with the RBC membrane, the release of components from the
rhoptries and micronemes leads to an irreversible tight junction formation between the apical
end and the host membrane [152, 153]. In particular Pf AMA1 and Pf RON2, are involved in
creating this junction around the apical end of the parasite: AMA1 moves from micronemes
to the merozoite surface and binds a segment of rhoptry protein RON2 that has been secreted
into the RBC membrane [154, 155]. Rhoptry-release is associated with Pf Rh5 [111], which
is much smaller than the other Pf Rh ligands but plays a critical role in invasion by binding
to the RBC receptor basigin [106]. Because Pf Rh5 lacks a trans-membrane region, it is
anchored to the merozoite surface as part of a multiprotein complex CyRPA/Pf Ripr/Pf Rh
[156, 157] (cysteine-rich protective antigen, CyRPA, and Pf Rh5-interacting protein Pf Ripr).
Pf Rh5/Pf Ripr/CyRPA complex functions upstream of AMA1 during invasion [158].
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Figure 2.6 Functional steps of malaria parasite invading RBCs. (a) Cartoons and images taken under
live and electron microscopy of merozoite pre-invasion and invasion mechanism. (b) Parasite ligands
and RBC receptors involved in the distinct stages of the process. Figure adapted from [112]. Electron
microscopy images from [151]. Scale bar = 1µm.

The penetration is driven by the parasitic actin-myosin motor [159–161] and the parasite
becomes fully internalised within about 20 seconds [140, 5]. The current model suggests
that the junction is then dragged to the basal end of the merozoite via the activity of the
actin-myosin motor, thereby pushing the merozoite into the RBC [28]. Merozoite entry also
requires also adenosine triphosphate (ATP) to complete the process[162], and an increase
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of the ATP-intracellular concentration is accompanied by increased malaria invasion in
hereditary ovalocytosis, with a threshold of 0.1mM ATP for invasion events to occur [163].
The merozoite is internalised within a parasitophorous vacuole (PV) that keeps the parasite
separated from the RBC cytoplasm, and creates a hospitable environment for its further
development [38]. Figure 2.6 presents pre-invasion and invasion sequences in distinct, well
organised steps, and it illustrates the parasite ligands and the RBC receptors known to mediate
each specific phase. Despite the emerging nature of more and more parasite proteins that
operate during invasion events, their actual function and the way they interact with each other
are poorly understood. Studying the dynamics of these processes, as well as the biochemistry
involved at a single-cell level, is a promising way of better understanding both the physiology
and the soft matter behaviour of the parasite-red cell complex, which in turn might lead to
new therapeutic approaches.

2.6.1.5 Echinocytosis

Merozoite penetration is frequently, but not always, accompanied by echinocytic shape
changes in the RBC of variable duration, usually about 5 to 15 minutes, after which the
invaded cell regains its pre-invasion shape with a ring-shaped parasite within [116, 5, 112].
Echinocytosis causes the RBC to shrink, and it is considered a standard measure for suc-
cessful invasion [5]; however, recent studies have found that echinocytosis is not a hallmark
phenotype of invaded RBCs, with up to 30% of invasion events not displaying this marker
[111]. Therefore, invasion appears not to be essential for echinocytosis and that echinocy-
tosis does not always mark successful invasion. Yap et al. postulated that, following failed
attempts by Pf AMA1-depleted merozoites to penetrate the RBC, the cell surface cannot
be resealed, resulting in prolonged echinocytosis of erythrocytes that cannot recover [155].
There is an increase in the surface/volume ratio during echinocytosis, but the cell volume
remains essentially unchanged during all the shape changes of the invasion sequence [164].
The actomyosin motor of the merozoite is indeed required to deform the RBC during apical
reorientation as well as to assist the merozoite in host cell internalisation, but it is not required
for parasite egress, reorientation and echinocytosis [111].

2.6.2 Parasite intraerythrocytic development

P. falciparum parasites develop and multiply within the cell, digesting haemoglobin (Hb),
protected from immune attack for about 48 hours, as illustrated in Figure 2.7.
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Ring stage - In the first ∼ 24 hours after invasion, infected cells exhibit little change in
morphological, biochemical, and membrane transport properties. Throughout this period,
the parasite maintains a ring-like appearance under Giemsa stains, and for this reason it is
called the ring stage. Typically, this has a thick rim of cytoplasm that contains the major
organelles: nucleus, mitochondrion, plastid, most of the ribosomes and the endoplasmic
reticulum [139]. The parasite is contained within the PV through which it ingests small
aliquots of haemoglobin from the surrounding RBC [139]. As the parasite grows, the area of
the PVM enlarges by receiving new parasite proteins and lipids. All rings repeatedly change
from amoeboid finger-like projections and membranous blebs to disc-shaped form during the
first 5-10 hours [165], before the ring eventually becomes rounded.

Trophozoite stage - The transition between ring and trophozoite stages is marked by
rapid and dramatic changes in parasite and host cell properties, such as the increase in
haemoglobin digestion [166], biosynthesis of nucleic acids and proteins, and the increase in
host cell membrane permeability through new permeability pathways [167, 29]. While the
estimated volume of ring-stage parasites is ∼5% of the host RBC volumes, in the trophozoite
stage (∼ 24-40 hours) it reaches up to 30% [168]. At this stage, the parasite expresses
molecules that are exported from the parasite to the PVM, and then to the RBC membrane via
a membranous vesicle network, called Maurer’s clefts, which are spread into the cytoplasm
[169, 170]. New antigens are hence exposed on the surface of the RBC, changing the host
surface membrane. Approximately 600 proteins are predicted to be exported into the host
cell by P. falciparum to remodel the RBC [171], for example protein kinases, important
drivers of parasite evolution and malaria pathology [18, 45]. In addition, trophozoites express
nanoscale protrusions called knobs on the RBC surface [172], formed by parasite proteins
interacting with the RBC membrane and cytoskeleton [173]. Knobs are adhesive structures
that participate to the phenomenon of malaria cytoadherence.

Schizont stage - The final stage is the schizont stage (40-48 hours). The parasite
undergoes about 4 rounds of repetitive nuclear division accompanied by the production of ∼
16-30 daughter merozoites within the RBC [140]. The parasite now fills all the space within
the RBC becoming spherical, and a dense rounded mass of haemozoin crystal is visible at
the centre [139]. Up to 80% of the host cell haemoglobin is endocytosed into the parasite
food vacuole at the end of the asexual cycle [29].
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Figure 2.7 The intraerythrocytic asexual cycle of P. falciparum. In the ring stage (sand colour), the
parasite changes shape and position within the cell. The transition stage to trophozoite (orange) is
a time of modifications in parasite and host cell properties. During the trophozoite stage (in green),
the parasite has settled into a fixed position, indicating completion of host cell modification; the
amount of haemozoin increases rapidly, suggesting a high metabolic rate. In the schizont (blue) phase,
haemozoin moves to a more central position and the infected cell reveals a flower-like structures.
Figure adapted from [165].

2.6.3 Malaria cytoadherence

The virulence of malaria infection is closely linked to the increase in rigidity and cytoadhesion
of iRBCs, which obstruct blood flow to vital organs [174]. During parasite maturation, iRBCs
develop protrusions called knobs on their surface which enable them to adhere to vascular
endothelium [175]. Knobs are electron dense structures of approximately 100-150nm,
that contain a collection of adhesive parasite-secreted proteins, and generate the following
phenomena:

• sequestration: mediating binding of iRBCs to endothelial cells of peripheral blood
vessels in the microvasculature [176, 177];

• rosetting: binding of iRBCs to non-parasitised RBCs [178];

• auto-agglutination: adherence of iRBCs to other iRBCs [179].

In severe malaria, such phenomena cause the restriction of the vascular lumen, leading
to anaemia and fatal complications because of the blockage of the microcirculatory flow
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and the lack of iRBC clearance by the spleen [180]. P. falciparum erythrocyte membrane
protein 1 (Pf EMP1) is the main surface-adhesin responsible for cytoadherence of iRBCs. It
is trafficked via membranous vacuoles, Maurer’s clefts, in the iRBC cytosol and inserted into
the knobs [181, 86]. Other human-infecting Plasmodium species do not express Pf EMP1s,
and the symptoms of infection are usually much milder in patients infected by these parasites.
Pf EMP1s bind to protein and carbohydrate ligands on the surfaces of endothelial cells,
including CD36 [182], intercellular adhesion molecule 1 (ICAM1) [183] and thrombospondin
[184]. Without ICAM1, binding under flow conditions is severely impaired [183], and ICAM1
is highly expressed in human umbilical vein endothelial cells (HUVECs), that however show
lower levels of CD36 receptors [185].

In the last few decades, this mechanism has been studied using mostly static conditions
[179]. However, not only specific ligand-receptor interactions are required to mediate iRBC
adhesion but also the shear stress caused by blood flow. In Chapter 6, a microfluidic device
will be presented to study malaria cytoadherence and the role of glycocalyx in preserving the
endothelial barrier integrity of blood vessels.

2.7 Calcium signalling during invasion

A large number of biological processes are controlled by calcium signalling in malaria
parasites, including host cell egress and invasion, protein secretion and motility. Plasmodium

parasites face a range of Ca2+ environments from high extracellular concentrations found
in the blood plasma (around 1.8mM) to very low intracellular Ca2+ in the RBCs (between
30 and 60nM) [186]. Among several putative intracellular Ca2+ storage compartments in
P. falciparum, the endoplasmic reticulum is known to regulate cytosolic Ca2+ [187], and
targeting this essential pathway related to calcium homeostasis is an appealing approach to
antimalarial drug development.

Egress - A rise in intracellular Ca2+ ions is observed during the last five seconds prior to
egress of P. falciparum [188], and it might be connected to the discharge of organelles like
micronemes [189].

Pre-invasion - Studying Ca2+ signalling during merozoite invasion is complicated by
the fact that invasion is a very quick process that is non-synchronous in culture. The role
of calcium in the pre-invasion phase, during parasite attachment to the RBC membrane
and its subsequent reorientation, has never been investigated on its own. Lew and Tiffert
suggested that the merozoite-induced RBC deformations involve calcium mediation [6], and
this hypothesis will be tested in Chapter 4 of this thesis.
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Invasion - Live imaging of invading merozoites showed a transient Ca2+ spike at the
merozoite apex at the same time as rhoptry discharge just prior to internalisation [158], and
that merozoites poised for invasion were in a high Ca2+ signalling condition [149, 148].
Ca2+ flux into the RBC during merozoite invasion could be due to direct discharge from
the invading parasite or, alternatively, due to leakage from the extracellular medium into
the RBC membrane [111]. Furthermore, Pf Rh1 has been identified to induce calcium sig-
nalling and subsequently to trigger the release of EBA175 protein from the microneme
section [190, 191]. Ca2+ is indeed crucial for the release of adhesins from microneme
organelles[189]. Calcineurin, a calcium-regulated phosphatase complex central to signal
transduction in eukaryotes contributes to host cell invasion by the malaria parasite P. falci-

parum, but its function is not strongly associated with early phases of erythrocyte adhesion,
such as reorientation [192]. Therefore, calcium flux is triggered downstream of RBC defor-
mations. The Pf Rh5/Pf Ripr/CyRPA complex binding to host receptor basigin is required
for Ca2+ release, establishing the tight junction and the formation of a pore between the
merozoite and RBC for transfer of parasite components ,such as the RON complex, into
the host cell [111], while Pf AMA1 function is not required for Ca2+ flux [155, 158]. Fi-
nally, myosin activity of the parasite actin-myosin motor is regulated by calcium through
calcium-dependent phosphorylation [161, 193]

Echinocytosis - Echinocytosis is likely caused by entry of Ca2+ into the RBC [116],
possibly by acting on the RBC cytoskeletal mesh [6], or as an indicator of rhoptry discharge
which leads to echinocytosis [111]. Without external Ca2+, merozoites are still able to attach
to and deform their target cells normally, but echinocytosis does not follow [111].

Intracellular Ca2+ levels in human RBCs also control biophysical properties such as
membrane composition, volume and rheological properties, and physiological parameters like
metabolic activity and cell clearance [186]. RBCs do not store calcium, and accumulation of
Ca2+ within RBCs is associated with a number of pathological states including haemolytic
anaemia [194], sickle cell disease (HbS), thalassaemia, and other forms of hereditary anaemia
[195–197]. Up-regulation of Ca2+ uptake into the RBCs of sickle cell disease patients
might contribute to their resistance to malaria infection [186]. Calcium overload facilitates
dehydration and increases RBC density and rigidity, a factor that was shown to reduce
parasite invasion efficiency [198].

Throughout the blood stages of the P. falciparum malaria parasite, cytosolic Ca2+ con-
centration is the highest in the merozoite, and lowest in parasites at the trophozoite stage
[199]. Finally, Ca2+ also mediates aggregation of RBCs [200] and RBC adhesion to the
endothelium [186].
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2.8 Review of human red blood cells

A healthy human RBC is a biconcave disc of ∼ 8µm in diameter, about 3µm thick at the disk
edge and 1µm in the centre. Approximately 70% of the cells in the human body are RBCs and
they compose nearly half of the volume of blood [201]. RBCs transport oxygen and exchange
gases between the blood and the surrounding tissues, through the protein haemoglobin. Each
erythrocyte contains 30-35 % by weight of haemoglobin 60-65 % of the cell is water, and
the small remaining portion of the cell is comprised of lipoprotein, few enzymes, and small
molecules [202]. The lack of nucleus as well as most of the intramembrane organelles
is due to the evolutionary requirement for transporting the maximum possible amount of
haemoglobin, and thus of oxygen.

The ability of RBCs to withstand shear stresses induced by flow and by repeated defor-
mations exerted by physical constraints is due to their unique membrane envelope composed
of cholesterol and phospholipids secured to a 2D elastic network of skeletal proteins via
transmembrane proteins embedded in the lipid bilayer (Figure 2.8) [203, 204].

2.8.1 Membrane structure

The plasma membrane of RBCs is highly elastic but structurally strong, and it exhibits rapid
responds to applied fluid stresses. Although a normal RBC can deform with linear extensions
of up to about 250%, no significant change in the membrane surface area is noticed [205].

Membrane lipids The plasma membrane is composed of cholesterol and phospholipids
in equal proportions by weight; cholesterol is distributed equally between the two leaflets,
whereas the four major phospholipids are asymmetrically located [206]. This asymmetry has
several implications. In particular, the fact that all phosphatidylserine (PS) are confined in
the inner monolayer is crucial for RBCs to survive the frequent encounter with macrophages,
which recognise PS only if exposed on the outer layer, and to inhibit adhesion of RBCs to
vascular endothelial cells [207]. As cells age in the circulation, the percentage of PS in the
outer layer increases [208], thus helping the clearance of RBCs by the macrophages in the
spleen. Furthermore, phospholipids also modulate the binding of the bilayer to the membrane
skeleton, thus affecting the membrane mechanics [209, 210].

Transmembrane proteins More than 100 different transmembrane proteins ranging from
a few hundred to a million copies are in each RBC. About 25 of them define the various
blood group antigens [205, 212]. Some membrane proteins are used for transport, such
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Figure 2.8 Simplified cross-section of the RBC membrane composed of integral membrane proteins
incorporated into a phospholipid bilayer, anchored to the underline network of cytoskeletal proteins
via transmembrane proteins, pumps, and channels. * Proteins known to be affected by pathogenic
mutations so far. Figure from [211].

as the anion transporter band 3 that with ∼ 106 copies per RBC is the most abundant of
the RBC membrane proteins, counting for ∼ 25% of all proteins in the plasma membrane
[213]. When RBCs pass through the lung blood vessels, band 3 protein collects CO2 from
human tissues in exchange for Cl−. Glycophorins are the major sialoglycoproteins of the
RBC membrane: GPA is predominant with 0.5 million copies in each RBC, then GPB has
0.2-1 · 105 copies [214], and finally GPC and D have approximately 5 -10 · 104 and 2 ·
104 copies per RBC, respectively [213]. The GPE gene was discovered in 1990 but it is
still not clear whether it is expressed [215]. Other glycophorins are CD44 and CD47: the
former binds to protein 4.1R, and the latter binds to band 4.2 and to the ankyrin-linked band
3 complex. Proteins embedded in the lipid bilayer, GPC, GPD and band 3, are connected to
the underlying cytoskeleton by linking units, respectively, band 4.1 and ankyrin [216]. In
contrast, GPs A and B are not associated with the cytoskeleton, except in one study where
GPA was reported to be connected to band 4.1 protein [217]. Glycophorins contains sialic
acids which give the RBC its negative charge [213]. Only 40-70% of band 3 molecules are
free to diffuse laterally at the rate of 1-2 · 10−11 cm2 s−1, and this value is quite similar to the
diffusion coefficient of glycophorins (2-5 · 10−11 cm2 s−1). In case of RBC phospholipids
with complete functional mobility, the translational diffusion coefficient is 1-5 · 10−9 cm2

s−1 [218]. The lateral mobility of both glycophorins and band 3 decreases as a function of
cell density in normal and sickle RBCs, due to progressive aggregation [219, 220].
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Membrane skeletal proteins The principal protein constituents of the 2D spectrin-based
membrane skeletal network are α and β -spectrins, actin, protein 4.1R, adducin, tropomyosin,
and tropomodulin (Figure 2.8). The membrane skeleton is a protein meshwork 40- to
90nm thick that laminates the inner membrane surface [221]. The unfolding and refolding
of distinct units of spectrins called repeats, which form three-helix bundles, are thought
to contribute to the elasticity of the RBC membrane [205, 221]. Protein 4.1R promotes
spectrin-actin binding and helps attach the membrane skeleton to the membrane.

2.8.2 Geometrical features

The biconcave shape of RBCs is characterised by a high surface to volume ratio, which facili-
tates the repeated, extensive elastic deformations that RBCs encounter while moving through
the circulatory system [222]. Typical values of RBC area and volume are approximately
140µm2 and 90µm3 [164, 205, 29, 223], and the excess surface area of 40% compared with
a sphere of the same volume allows RBCs to deform in flow.

RBC membrane surface area The membrane surface area of RBCs is maintained by a
strong cohesion between the lipid bilayer and the membrane skeleton preventing membrane
vesiculation, and by a mechanically stable spectrin-based membrane skeleton that prevents
membrane breakup. Links with band 3 appear to be the dominant determinant of membrane
cohesion, and the spectrin-actin-protein 4.1R complex is a key regulator of membrane
mechanical stability. Interestingly, an increased number of linkages between lipid bilayer
and membrane skeleton increases membrane cohesion and decreases membrane elasticity
[224]. Membrane mechanics can reproduce the stomatocyte–discocyte–echinocyte sequence
by variation of the relaxed area difference between the two leaflets of the plasma membrane.
In fact, any effect that expands the outer leaflet relative to the inner one produces convex
structures on the cell surface (echinocytic spicules) to accommodate the extra area; conversely,
an expansion of the inner leaflet relative to the outer one favours concavities (stomatocytic
shapes) [164, 225]. Loss of membrane surface area and resultant increase in cell spherical
morphology are key factors contributing to anaemia in various red cell disorders, like
hereditary spherocytosis [212]. Ankyrin, spectrin, band 3 deficiency accounts for the most
cases of hereditary spherocytosis (HS) [212]. Decreased in membrane mechanical stability
is also a common feature of all forms of hereditary elliptocytosis (HE) [212]. Mutations
in gene encoding for spectrins or protein 4.1R producing weakened lateral linkages in the
skeletal network account for HE phenotype [212].
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RBC Volume The volume of the RBC is determined by the water content and its home-
ostasis is regulated by various membrane-associated ion transporters and channels [205].
Membrane ion transporters are passive transporters, such as band 3 anion exchanger or active
ATP-dependent ion transporters. The calcium-activated potassium channel (the Gardos chan-
nel) and the water channel also play important roles in red cell volume regulation [212]. An
increased net cation content is accompanied by higher cell volume due to the amount of water
inside the RBC, and it reduces cellular deformability by decreasing the excess surface area to
cell volume. On the other hand, a net decrease of cation content is associated to a dehydration
of the RBC: this loss of water and, hence, of cell volume reduces the deformability of the
cell by increasing cell haemoglobin concentration and cytoplasmic viscosity. Cytoplasmic
viscosity is related to the ability of RBCs to rapidly change their shape in response to fluid
shear stresses. The mean cell haemoglobin concentration (MCHC) is 30-35g/dl [226], but
the mean cell volume (MCV) can largely vary from 20 to 200fl [205]. From controlling their
volume, RBCs can maintain their haemoglobin concentration within a narrow range. Above
37g/dl the viscosity of haemoglobin solution starts increasing drastically, and therefore the
cytoplasmic viscosity [226, 198, 227], leading to a partial recovery of RBC original shape
after deformation [226]. Haemolytic anaemias like dehydrated hereditary xerocytosis (DHX)
and overhydrated hereditary stomatocytosis (OHS) are linked to to membrane transport
defects. The molecular basis of these conditions has been just defined in few cases: mutation
in Rh-associated glycoprotein (RhAG) has been identified for OHS [228]; whereas mutations
in PIEZO1, which encodes a mechanosensitive ion channel protein [229, 230] and in Gardos
channel regulate RBC volume homeostasis and cause DHX [231, 211].

2.8.3 Biophysical properties

Biophysical properties of RBCs are fundamental to blood rheology and pathophysiology.
These properties vary under external changes such as osmotic pressure and flow shear stress,
but also due to malaria infection, and the biophysics of red cells influences the parasite
invasion. In this thesis, the principal biophysical properties considered are the membrane
bending modulus and tension, schematically represented in Figure 2.9, as well as cell
viscosity. Broad terms used generally to describe the ability of RBCs to change shape
in response to an external force are deformability, rigidity or stiffness. The deformation
index is usually calculated from bulk experiments using the ektacytometry and flow methods
[232, 233, 223]. Depending on the experimental protocol, these terms may depend on a
combination of factors such as RBC shape, size, viscosity, and membrane bending and tension
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components that are difficult to decouple [234]. Changes in deformability in RBCs have
been associated with various pathological conditions - for example, increased rigidity has
been identified in patients with malaria [222], hereditary spherocytosis, glucose-6-phosphate-
dehydrogenase deficiency [235], and South-East Asian ovalocytosis [232].

Membrane bending modulus, κ (J) Bending modulus sometimes called bending rigidity
describes the amount of energy required to bend a lipid bilayer by changing its curvature
(Figure 2.9) [4], and it depends on membrane asymmetry [236], thickness, lipid composi-
tion, lipid packing and order. Loss of lipid asymmetry, leading to exposure of PS on the
outer monolayer, has therefore been suggested to play a role in premature destruction of
thalassaemic and sickle red cells [236, 237]. Various techniques have been used to measure
it, included micropipette aspiration, AFM, optical tweezers [238], and flickering analysis
[227, 223, 239, 149].

Membrane tension, σ (N/m) Membrane tension or membrane extensional rigidity is the
force needed to stretch the plasma membrane (Figure 2.9). It depends on the excess surface
area of the cell membrane and on membrane-cytoskeleton adhesion. Once the membrane is
taut, the lipid composition also contributes to the tension value. Osmotic stress, that is the
pressure due to imbalance of solutes across a semi-permeable membrane, can also modify
the membrane tension [240]. Tension has been measured before with micropipette aspiration
[232], AFM [241], and flickering spectroscopy [242, 227, 223, 149]. The lipid bilayer of
RBCs contributes to the out-of-plane bending resistance and helps maintain the membrane
surface area. The spectrin network is mostly responsible for the shear resistance of the
RBC membrane and has negligible bending rigidity [243, 172]. Parasites manipulate the
RBC biophysical properties during invasion, when establishing the EBA175-GPA binding,
facilitating its penetration by decreasing bending modulus and increasing tension of the host
cell membrane [149]. Such alterations of the host RBCs are probably due to parasite-induced
modifications in the underlying spectrin network, required for lipid leaflet asymmetry, as well
as changes in RBC membrane lipid composition [244, 149, 245]. During merozoite invasion,
phosphorylation of cytoskeletal proteins causes the cytoskeleton to locally detach from the
membrane at the site of merozoite attachment. This promotes membrane wrapping pushing
the merozoite inwards and assisting its penetration [129]. Moreover, increased membrane
rigidity of Malayan ovalocytes confers resistance against parasite invasion [232]. Finally,
RBC membrane properties appear to be crucial for a success invasion by the malaria parasite,
as simulated in a recent theoretical model [246].
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Bend

stretch

TensionBending modulus

Figure 2.9 Illustration of the considered deformations contributing to membrane fluctuations: mem-
brane bending and stretching. Bending modulus and tension manifest respectively the resistance of a
membrane to bending and stretching. Figure adapted from [247].

RBC viscosity, η (Pas) Viscosity is defined as the resistance to deformation at a given
rate. As probes by various methods, such as micropipette aspiration, flow channels, filtration,
AFM, and flickering spectroscopy [223], the viscosity of RBCs combines the membrane and
cytoplasm viscosities. Membrane viscosity is due to the fluidity of the lipids and proteins
in the membrane, and in RBCs is usually orders of magnitude smaller than the cytoplasm
viscosity [227]. High viscosity in dehydrated and therefore dense RBCs correlates to reduced
P. falciparum invasion [198, 227].

The average lifespan of RBCs is 120 days. During senescence, RBCs lose their mechani-
cal integrity [248], they become dehydrated and dense, leading to an increased retention in
the spleen of senescent RBCs that are eventually removed from the circulation [249, 250].
In fact, prolonged mechanical fatigue can cause dissociation of the cell membrane from its
cytoskeleton and an increase of RBC membrane rigidity in uninfected cells comparable in
magnitude to the one of a ring-stage RBC [176, 251]. Alternatively, RBC stretching in the
circulation induces the activation of PIEZO1 channels and small-dehydration events via brief
surges in RBC calcium [230]. Induced cross-links between the bilayer and the underlying
membrane skeleton by adding agents such as glutaraldehyde, diamine, and wheat germ
agglutinin (WGA) increase membrane rigidity and viscosity [252–254, 149]. Perhaps, the
fact that Plasmodium species prefer to invade young RBCs, for example P. vivax and P. ovale

invade and grow only in reticulocytes, is related to the alteration of the mechanical structure
in aged RBCs [255].

The maturation of the parasite not only provokes morphological, structural and functional
changes in the iRBC, but also biophysical modifications of the membrane properties [256,
257, 129]. The host cell surface area does not differ between the different stages and
between infected and uninfected RBCs, but the shape of the parasitised RBC changed from a
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biconcave discoid to a spherical shape as the parasite matures within its host cell [258–260].
The volume of the parasite and the iRBC expands after 28-hour post invasion, reaching 1.6
times its initial value at the end of the cycle [256, 260]. Therefore, the volume of the iRBC
approaches the critical haemolytic volume at the right moment in the parasite life cycle when
the mature merozoites are ready to be released from the infected cell [166].

Previous studies based on optical tweezers and micropipette aspiration have shown that
the rigidity of the iRBCs during the maturation process increases 10-fold with respect to
uninfected cells [176, 261, 256]. Although the increased lipid content due to phospholipids
integrating into the cell membrane should increase its fluidity [262], the stiffening due to
changes in the cytoskeletal network outweighs the increased fluidity caused by the increased
lipid content of the cell membrane. Even if changes of the host cell are less pronounced
at the early ring stage, measurements performed with optical tweezers pinpoint the effect
of RESAs, ring-stage parasite-exported proteins, on the stiffness of P. falciparum iRBCs
[251]. Such effects are confined to the ring-stage and disappears in trophozoites, therefore
suggesting a specific time of activation and an expiring time of action. Cell rigidity is likely
due to phosphorylation of cytoskeletal components [194, 263], and some kinases of the
FIKK family exported on the iRBC surface are predicted to modulate erythrocyte rigidity
[170, 264]. RBC biophysics plays a role also in the transmission stage, when only mature
gametocytes are free to circulate and therefore able to pass to the mosquito because of their
high deformability, while, on the contrary, earlier stages of immature gametocytes are trapped
in the spleen [265, 266]. Moreover, the increase density of knobs from the trophozoite to
the schizont stage is a primary stiffening factor [172]. The increase of RBCs in stiffness
following parasite maturation [267], together with the appearance of sticky knobs on their
surface [268], allow iRBCs to adhere to endothelial cells in the vasculature, and hence to
avoid splenic trapping and phagocytic clearance.

2.9 Theoretical basis of membrane flickering spectroscopy

Biophysical techniques have been applied to quantitatively characterise the mechanical prop-
erties of RBCs. Shear flow experiments [269], micropipette aspiration [270], and optical
tweezers [271] probe the mechanical properties of the composite shell of the plasma mem-
brane and the spectrin/actin cytoskeleton [204]. However, they only describe the effective
change of shape in response to an external force of the composite system, while largely
ignoring how the coupling of plasma membrane and the cytoskeleton is changed. Therefore,
a more informative approach to assess the cell mechanics is the flickering spectroscopy.
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Flickering spectroscopy is an optical-microscopy based technique to measure thermal
fluctuations of membranes from RBCs or vesicles, from which to determine their mechanical
properties. Fluctuations of such membranes have been well described both theoretically
and experimentally. The flickering method probes, in a non-invasive way, only very small
displacements of the cell contour from its original shape. Membrane flickering refers usually
to thermal motion [272, 227], even if some studies reported active processes contributing to
membrane undulations [238, 273]. In the literature, this method has been used to investigate
the properties of RBCs depending on oxygenation level, cell shape, and hydration state
[227]. By extending the flickering method to the study of RBCs with genetic variations in the
membrane structure (Dantu blood group) and abnormal haemoglobin (β -thalassaemia), in
this thesis, I correlate their biophysics with their susceptibility to be invaded by P. falciparum

parasites.
The classical derivation of the membrane fluctuation spectrum as formulated by Helfrich

et al. [274] is valid for small fluctuations in a quasi-planar approximation. The elastic energy
E of a flat membrane with bending modulus and tension is

E =
∫

A
d⃗x

[
1
2

σ(∇h(⃗x))2 +
1
2

κ(∇2h(⃗x))2

]
, (2.1)

where κ is the bending modulus, σ the tension, A the area of the membrane, and h(⃗x) the
height of the membrane with respect to a fix horizontal plane in the position x⃗, with coordi-
nates (x,y). At equilibrium, this expression can be rewritten using Fourier transformation of
the membrane fluctuations

h(⃗x) =
A

(2π)2

∫
dq⃗h(⃗q)ei⃗q·⃗x, (2.2)

where q⃗ is the wavevector and

h(⃗q) =
1
A

∫
d⃗xh(⃗x)e−i⃗q·⃗x. (2.3)

If the membrane is squared with dimension L x L and with periodic boundary conditions,
following [275] and [247], the expression obtained with q = |⃗q| is:

E = L2
∑
q⃗
|h(⃗q)|2

{
1
2

σq2 +
1
2

κq4

}
. (2.4)
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This equation shows that a fluctuation mode costs more bending or stretching energy
depending on the wavevector: for small wavevectors and therefore large length scales, the
energy cost is mainly due to stretching, whereas for bigger wavevectors bending dominates
instead. Using the equipartition theorem, the mean square amplitude of each mode can be
related to the bending modulus and tension by

⟨|h(⃗q)|2⟩= kBT
L2(σq2 +κq4)

, (2.5)

the angulated brackets denote an ensemble average, q2 = q2
x +q2

y , kB the Boltzmann’s constant
and T the absolute temperature. Equation 2.5 is the expression for the static fluctuation
spectrum of the membrane, hence, the mean square amplitude of the modes depends on the
thermal energy and on the membrane properties. This quantity is central for the flickering
spectroscopy analysis, which consists in measuring the mean square amplitude of the modes
of a fluctuating membrane and then fitting the experimental spectrum with equation 2.5
to obtain κ and σ . Studying the closed contour of giant vesicles, Pecreaux et al. [276]
demonstrated that the planar approximation can still be adopted in the case of closed objects,
such as vesicles and RBCs, if only the fluctuations in the equatorial plane are considered.
In this case, only qx are necessary and the membrane fluctuations can be calculated by an
inverse Fourier transform over qy of equation 2.5 and evaluating it for y = 0, producing

⟨|h(qx,y = 0)|2⟩= kBT
L

1
2σ

(
1
qx

− 1√
σ

κ
+q2

x

)
, (2.6)

where L is the circumference of the membrane. The amplitudes of the lowest modes are
affected by the spherical geometry of the surface and therefore neglected. In particular,
the wavevector qx = 2πn/L, where n are the modes. Mode n = 0 corresponds to qx = 0,
representing a change in radius, while n = 1 is related to cell in plane translation [227].
Equation 2.6 has limit behaviours: ⟨|h(qx,y= 0)|2⟩∼ q−1

x for modes dominated by membrane
tension (σ ≫ κq2

x), and ⟨|h(q⃗x,y= 0)|2⟩ ∼ q−3
x for modes dominated by bending (σ ≪ κq2

x).

The membrane of RBCs is more complex than a simple phosholipid bilayer, and the theory
could be modified to take into account the fact that bilayer fluctuations are constrained by a
spectrin network [247]. The free energy would have an additional term γ which approximates
the spectrin confinement with a harmonical potential. Equation 2.4 becomes as in [277, 227]

E =
∫

A
d⃗x
[

1
2

γh(⃗x)2 +
1
2

σ(∇h(⃗x))2 +
1
2

κ(∇2h(⃗x))2
]
, (2.7)
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The additional term leads to the fluctuation power spectrum:

⟨|h(⃗q)|2⟩= kBT
L2(γ +σq2 +κq4)

. (2.8)

Following the method of Pecreaux et al. [276] and starting from equation 2.8 instead of 2.5,
the analytical solution for equatorial fluctuations becomes

⟨|h(qx,y = 0)|2⟩= kBT
L

√
κ

2(σ2 −4κγ)[
1√

2κq2
x +σ −

√
σ2 −4κγ

− 1√
2κq2

x +σ +
√

σ2 −4κγ

]
. (2.9)

However, despite this comprehensive analytical form, I am going to use Equation 2.6 for
my analysis as it was successfully done in previous studies [276, 227, 149] because it is
more easily interpreted from a physical point of view. Time-independent fluctuations of a
non-interacting membrane are therefore determined by the bending modulus and tension of
the membrane.

By extending this approach into the dynamical domain and measuring the relaxation rates,
it is possible to extract the cytosolic viscosity. From the dynamics of membrane fluctuations,
viscosity can be obtained, in addition to the static properties bending modulus and tension
that are independently estimated from the static mode spectrum of Equation 2.6. From Yoon
et al [227], the time correlation function of spatial modes of the membrane is an exponential
decay:

C⃗q(t) =C(0)e
− t

τ⃗q , (2.10)

where the timescale τ⃗q is in general given by

τ⃗q =
2(ηM/R2 +qηint +qηext)

2γ +σq2 +κq4 , (2.11)

where ηint and ηext are the viscosities of the fluid inside and outside the membrane, and κ

and σ are respectively the membrane bending modulus and tension obtained from the static
spectrum of the same cell. R is the radius of the cell membrane, γ the spectrin confinement,
and ηM the two-dimensional membrane viscosity. The phospholipid bilayers have viscosity
ηM < 10−9 Nsm−1 for temperature above room T , much smaller than typical values for
internal viscosity ≃ 10−3 Pas. Therefore, the cytoplasmic viscosity contributes the dominant
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term in the numerator of Equation 2.11 at values of qx ≃ 106, and it is obtained by fitting the
relaxation time with Equation 2.11, assuming that ηext= 1 ·10−3 Pas:

τqx =
2(ηint +ηext)

σq+κq3 . (2.12)

Measurement of thermal fluctuations is used to estimate the membrane mechanics without
applying force and perturbing the system. Experimentally, mechanical probing techniques
exert forces and may impact the fluctuations themselves, therefore they are not suitable for
measuring membrane fluctuations. Instead, optical techniques may be limited by a poor
refractive index contrast and reflectivity of lipid membranes; this can be overcome by adding
fluorescent labelling of the membrane to enhance the contrast, but dyes can also change the
membrane biophysical properties [252, 278–280]. Fluctuations are nanometric and fast, so
they need to be recorded at very high speed and over a long time. Temperature was found to
not influence the fluctuations below 35°C, above this value the amplitudes of fluctuations
increased [281]. The experimental set-up and the algorithm used to detect and analyse the
fluctuations of RBCs from their contours are explained in detail in Section 3.4.

2.10 RBC protective polymorphisms

High frequencies of RBC genetic disorders involving haemoglobin reflect positive selective
pressure provided by malaria over thousands of years (Figure 2.10) [282, 21]. This is the
Malaria hypothesis proposed by Haldane [7]. For the first time, Haldane combined red
blood cell genetic variants and malaria, theorising that because RBCs from thalassaemia
heterozygotes are smaller, the malaria parasites would struggle to enter the cell and thrive
inside them. In 1954, the geneticist Anthony Allison, confirmed Haldane’s hypothesis while
working in Kenya, but for sickle cell anaemia [8].

Haemoglobinopathies are inherited disorders either due to reduced or absent production
of normal α- and β -globin chains, leading to reduced levels of the major haemoglobin in
adult humans, HbA (thalassaemias), or abnormal HbA due to gene mutations, for example
sickle haemoglobin HbS. Sickle cell genetic trait is found in areas in which malaria is present,
and in 1954, the geneticist Anthony Allison, confirmed Haldane’s hypothesis while working
in Kenya for sickle cell anaemia [8]. HbS drastically changes biophysical and physiological
properties of RBCs, leading to the sickle cell disease in homozygotes where haemoglobin
S replaces both β -globin subunits in the haemoglobin. The heterozygous state HbAS with



2.10 RBC protective polymorphisms 41

Figure 2.10 Geographical distribution of malaria before major control programmes and of α- and
β -thalassaemia. The high gene frequency of thalassaemias in these regions is most likely related to
the selective pressure from Plasmodium, as it is indicated by its distribution very similar to that of
malaria endemic countries. Figure from [21].

one normal and one sickle allele, however, does not produce symptoms, and together with
HbCC and HbAE [283], these three variants are all thought to provide protection against P.

falciparum malaria in the carrier state [216, 284]. Haldane’s hypothesis can be generalised
to malaria-protective polymorphisms relate to genes that affect the structure or function
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of RBCs. In a recent genome-wide association study, a complex structural variant at the
glycophorin locus, DUP4, was found associated with resistance to severe malaria and present
only in East-Africa [9]. DUP4 corresponds to the variant encoding the Dantu blood group
phenotype, thus linking the predicted hybrid genes to hybrid proteins expressed on these
RBCs. Other three loci associated with severe malaria related to RBC function HBB, blood
group O and ATP2B4, which encode the plasma membrane calcium pump, were confirmed
[285, 286].

The measurement of membrane fluctuations is a powerful tool to study shape transitions,
such as discocytic, echinocytic, and spherocytic RBCs [225], and the biomechanical charac-
teristics of genetic diseases that affect RBC deformability, such as sickle cells [243, 287].
Recently, flickering spectroscopy was used to quantify how haemoglobins HbAS and HbAC
affect membrane mechanics, and how knob formation strongly suppresses membrane fluctu-
ations in the tension-regime by increasing membrane-cytoskeleton coupling [288]. Hence,
membrane fluctuation analysis could contribute to the assessment of cellular processes and
may in future even have a role in diagnostics. Specifically, I will employ flickering spec-
troscopy to analyse membrane fluctuations of RBCs from individuals with the Dantu blood
group variant and heterozygous β -thalassaemia (Chapter 5).

2.10.1 The Dantu blood group

Dantu is a rare genetic polymorphism found only in East Africa that can provide up to 74%
protections against severe malaria without negative side effects [10]. This is a similar degree
of protection to heterozygous sickle cell trait [289–291] and considerably greater than the
only approved malaria vaccine. This condition could be either related to a specific human
adaptation to a particular P. falciparum subspecies or only emerged recently [9]. Leffler et

al. [9] offers an interesting discussion on the association between glycophorin variants, one
of which is the Dantu phenotype, and malaria susceptibility. There are five glycophorins
(GP), and three of these (A, B, and E) underlie the MNS blood group system encoded by a
locus on chromosome 4 (GPA, GPB, and GPE). En(a-) RBCs deficient in GPA are relatively
less susceptible to invasion by P. falciparum, while the S-s-U- phenotype that lacks GPB
but not GPA shows less conclusive results [292, 293]. The Dantu polymorphism has been
fine mapped to a structural rearrangement in the GP gene cluster. This rearrangement of
the GPA and GPB genes creates two copies of a hybrid gene that encodes the Dantu blood
group antigen, a novel sialoglycoprotein composed of a GPB extracellular domain fused
with a GPA intracellular domain [9, 294]. Figure 2.11 from review [295] highlights the
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Reference RBC Malaria-resistant Dantu RBC

merozoite
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Figure 2.11 Glycophorin structure of Dantu RBC membrane from review [295]. Parasite genomes
encode different functionally interchangeable invasion ligands including EBA140, EBL1, and EBA175,
which bind to glycophorin C, B, and A, respectively. (a) Normal RBC that can invaded by parasites.
The parasite ligand for GPE is not known. (b) Dantu RBC have lost GPB but have extra copies of
GPE and a hybrid GPA-B.

different membrane glycophorins between reference (a) and Dantu RBCs (b). Both GPA
and GPB are known to play an important functional role in the invasion of P. falciparum

merozoites into RBCs [153]: GPA is the receptor for the microneme protein P. falciparum

erythrocyte-binding ligand Pf EBA175 [296], while GPB is the receptor for P. falciparum

erythrocyte binding ligand 1 (Pf EBL-1) [297], as illustrated in Figure 2.11.
Dantu blood group characterisation is limited: Dantu phenotype is characterised by

hybrid GPs and decreased levels of GPA and GPB [298, 299], whereas the hybrid Dantu
antigen was suggested to interact with the band 3 complex [294]. There has been only one
previous study of parasite growth in Dantu cells in vitro, which showed impaired growth but
did not define a mechanism for that phenotype [300], making Dantu one of many glycophorin
variants that have been hypothesised to influence malaria susceptibility [301, 293].

2.10.2 β -thalassaemia

β -thalassaemia is an inherited genetic disorder involving underproduction of haemoglobin.
β -thalassemia occurs when the gene HBB that controls the production of the β -globin protein
is altered [302]. Some mutations in the HBB gene completely prevent the production of
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any β -globin (β 0-thalassaemia), while others cause a reduction of globin β chain synthesis
(β+-thalassaemia). This condition is mostly present in people of Mediterranean origin, and
to a lesser extent in Asians and African Americans, and it can cause severe anaemia with
frequent blood transfusions and other associated health problems [302, 303].

Depending on the severity of symptoms, three clinical and haematological conditions of
increasing severity are recognised: thalassemia major, intermedia, and minor. Thalassaemia
major and thalassemia intermedia (homozygotes) are inherited if both copies of the HBB
gene in each cell have mutations. Heterozygote individuals with only one copy of the mutated
gene carry thalassemia minor, also called β -thalassemia trait or heterozygous β -thalassemia.
Whether β 0 or β+, β -thalassemia trait is clinically asymptomatic and characterised by
smaller MCV and mean corpuscular haemoglobin (MCH) that can cause a mild anaemia
[304]. In my thesis, I focus on heterozygous β -thalassemia because it has been shown to give
a certain level of protection against malaria without detrimental effects on people’s health.

β -thalassaemia trait seems to give a protection against hospital admission with malaria
(50%) [305, 306], however there are no conclusive experiments on the protective effect of this
condition in vitro [307]. The number of merozoites released from an individual schizont for
the parasite strain 3D7 and 2 clinical isolates of P. falciparum produced a significantly lower
number of merozoites per cycle [308]. In vitro impaired parasite growth in heterozygous β -
thalassaemic RBCs with compare to normal cells was described by some authors [309, 310]
while others found no difference [311, 312]. β -thalassaemic RBCs are particularly sensitive
to oxidant stress, and parasite growth is inhibited if RBCs are exposed to higher oxygen
levels (25-30%)[313–315]. It is difficult to study these conditions in the laboratory because
the RBCs from patients are inherently prone to oxygen damage and stress. Rings developing
in β -thalassaemia trait RBCs are phagocytosed more than ring-parasitised normal RBCs,
and increased aggregation of band 3 is reported [312]. Finally, thalassaemic RBCs have
excess surface area in relation to cell volume and increased rigidity, influenced not only by
higher cytoplasmic viscosity but also by the excess unpaired alpha-globin chains in severe
beta-thalassemia interacting with the RBC membrane [233, 316]. Currently there is no clear
mechanism about how β thalassemia protects against malaria.

2.11 Summary

Malaria is a major cause of childhood death throughout most countries in the tropical area,
and despite control programmes and treatments, parasite resistance is holding its elimination
back. P. falciparum parasite is considered the deadliest species in humans, responsible for
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most of the cases of severe malaria. The core of this dissertation will be the study of P.

falciparum throughout the blood stage, from egress to invasion of RBCs, until development
of the parasite inside the host cell, which leads to modification of RBC properties and
pathogenesis of malaria. Malaria has exerted a powerful force for the evolutionary selection
of RBC variants that confer a survival advantage, such as Dantu polymorphisms and β -
thalassemia trait. Identifying the mechanisms involved, and how they affect parasite ability
to infect human RBCs, is a useful way of exploring the host–parasite relationship.

Before describing the results of my research, in the next Chapter I review the experi-
mental methods used to study malaria. Single-cell live imaging was central to investigate
parasite invasion of RBCs, a highly dynamic process that involves multiple steps and different
merozoite-RBC molecular and biophysical interactions. Calcium participation in trigger-
ing RBC deformations during invasion was assessed (Chapter 4) as well as the invasion
efficiency and kinetics of protective conditions against malaria, the Dantu blood group and
heterozygous β -thalassaemia (Chapter 5). In addition, real-time video microscopy was
combined with optical tweezers to measure adhesion forces between merozoites and RBCs,
and with flickering spectroscopy to estimate the biophysical properties of RBC membranes.
Symptoms of the disease are mainly due to iRBC attachment to the human blood vessels,
and in Chapter 6, the adhesion of iRBCs to the vascular endothelium was simulated with an
in vitro perfusion system under physiological conditions.





Chapter 3

Materials and Methods

3.1 Plasmodium falciparum laboratory culture

Culturing of asexual stages of P. falciparum malaria involves preparation of human RBCs and
tight synchronisation of parasites. P. falciparum parasites were supplied by Dr Teresa Tiffert
and Dr Virgilio Lew (strains A4, ITO4) and Prof. Julian Rayner from the Wellcome Sanger
Institute (strain 3D7). P. falciparum is the most studied species of malaria parasite, not only
because it is responsible for the overwhelming majority of human malaria mortality rate for
malaria in humans, but also because it can be cultured in the laboratory following widely
available protocols, unlike other human-infective species such as P. vivax. Ground-breaking
research in 1976 [75, 76] described for the first time the in vitro continuous culture of P.

falciparum asexual form, paving the way for modern malaria research and drug discovery.
My training on malaria culturing was provided by Dr Teresa Tiffert and Dr Yen-Chun Lin.
Optimised protocols for P. falciparum in vitro culture are reported below.

3.1.1 Preparation of human red blood cells

Human blood was drawn from healthy volunteers with different types of blood groups,
mainly B+, by Dr Teresa Tiffert and mixed with ethyleneglycoltetraaceticacid (EGTA) for
anticoagulation. To prevent coagulation it is crucial to keep a low calcium concentration
(Ca2+) in blood, and EGTA was chosen instead of ethylenediaminetetraaceticacid (EDTA)
due to its higher selectivity for Ca2+. For consistency within specific experiments performed
with collaborators in different laboratories, human O+ blood from the Cambridge NHS
Blood and Transplant unit, provided by Julian Rayner’s laboratory, was also used. RBC
sedimentation was performed by centrifugating whole blood at 3000rpm for 8 minutes;
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platelets and white cells formed a buffy coat that separated RBCs in the bottom layer from
plasma and other dissolved substances in the top layer. The supernatant, including the buffy
coat, was aspirated and the RBC pellet resuspended in a serum-free RPMI 1640 medium at
1:1 volume ratio. The serum-free RPMI 1640 medium, also called incomplete medium, was
prepared by adding 18.75ml of 1M HEPES buffer solution, 5ml of 20% glucose solution,
3ml of 1M sodium hydroxide (NaOH) solution, 1.25ml of gentamicin sulphate solution (10
mg/ml), 5ml of 200mM l-glutamine solution, and 0.5ml of 100mM hypoxanthine solution
(in 1M NaOH) to a 500ml bottle of RPMI 1640 medium (all reagents were purchased
from Sigma-Aldrich). Subsequently, RBCs were separated from any remaining white cells
and platelets using Lymphoprep (STEMCELL Technologies), a density gradient medium
(isosmotic medium with density 1.077g/ml) containing 9.1% (w/v) Na-diatrizoate and
5.7% (w/v) polysaccharide, recommended for the isolation of mononuclear cells. This
method relies on high polymer compounds (such as the polysaccharide in Lymphoprep) that
agglutinate RBCs, thereby increasing their sedimentation rate. Blood is layered on top of a
mixture of polysaccharide and high-density compound (Na-metrizoate) and RBCs, which
have a higher density than mononuclear cells, aggregate at the interface and sediment during
centrifugation. The sedimentation rate of white cells, in contrast, is only marginally affected,
and they remain in the supernatant layer. After centrifugation the mononuclear cells form a
distinct band at the sample-medium interface. Using this principle, the blood suspended in
incomplete medium was carefully layered onto Lymphoprep with a ratio of 2:1 (1:1 cells
to Lymphoprep), and centrifuged at 3000rpm for 15 minutes. After supernatant aspiration,
RBCs were washed in incomplete medium by centrifugation for 8 minutes. Finally the
cell pellet was resuspended in incomplete medium at a 1:1 volume ratio to have a 50%
haematocrit (Hct) suspension, and stored at 4°C for up to 7 days.

3.1.2 Reconstitution of malaria stabilates

To start the malaria culture, a vial of P. falciparum parasites stored in liquid nitrogen was
thawed for a few minutes at 37°C, and the stabilate transferred into a 50ml sterile centrifuge
tube. Whilst gently agitating the tube continuously, 10µl aliquots of 12% NaCl solution were
slowly added using a stepper 411 (Socorex) with a sterile tip until reaching approximately
one fifth of the stabilate volume. After leaving the mixture at room temperature for 5 minutes,
10ml of 1.8% NaCl solution was added drop wise, a 100µl aliquot at a time, while swirling
gently. After a further 5 minutes at room temperature, the cells were centrifuged at 1800rpm
for 5 minutes. The supernatant was aspirated and 10ml of 0.9% NaCl plus 0.2% glucose
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solution was added in the same manner as the previous step. The cells were then washed in
20ml of incomplete medium by centrifugation at 1800rpm for 5 minutes. Finally, the pellet
was suspended in 10ml of growth medium with pre-washed uninfected RBCs (uRBCs) at 5%
Hct, and transferred into a T25 culture flask (Scientific Laboratory Supplies). The growth
medium or complete medium was made by adding 0.5% (w/v) AlbuMAX II (Invitrogen),
which contains bovine serum albumin (BSA), to the serum-free medium. The flask was
gassed for 30 seconds with a gas mixture of 1% oxygen O2, 3% carbon dioxide CO2 and
96% nitrogen N2 from a pre-mixed cylinder (BOC) and placed in the incubator at 37°C .

3.1.3 Culture maintenance

According to the pioneering work of Trager and Jensen [75], malaria parasites require
both a temperature of 37°C and low oxygen environment to thrive. Prolonged hyper- and
hypothermic in vitro growth conditions reduce the parasite multiplication rate and delay the
erythrocytic stage development of P. falciparum [317, 318]. For my studies, if not otherwise
specified, growth medium was changed every day and washed RBCs were regularly added to
the flask in order to maintain the optimal conditions of 5% Hct and 3-5% parasitaemia, i.e.
the percentage of iRBCs out of the total number of RBCs in the culture.

3.1.3.1 Staining of malaria parasites for microscopy

During parasite culture, parasitaemia and the stage of parasites were routinely monitored by
Giemsa staining [107]. This regular check is useful to assess the culture condition and plan the
experiments. To prepare smears, 200µl was transferred from the culture flask to an Eppendorf
tube, centrifuged, and the supernatant removed. An aliquot of 2µl of packed RBCs were then
used to make a thin smear on a microscope slide. The slide was flooded with methanol for
about 30 seconds to fix the cells, and then covered with a filtrated solution of 1 part Giemsa
to 10 parts phosphate buffer for about 10 minutes. The phosphate buffer contained 0.75g
disodium hydrogen phosphate dihydrate (Na2HPO4) and 0.15g potassium acid phosphate
(KH2PO4) dissolved in 250ml distilled water. After 10 minutes of staining, the slide was
washed with water to remove particulates and dried before parasite counting. The number
of resulting purple stained parasites was assessed with a GXM L3200B microscope (GX
Microscopes) using a 100X Plan (NA=1.25) oil immersion objective and a 10X eyepiece. P.

falciparum ring-form parasites usually progress towards the trophozoite stage within a day,
thus the total parasitaemia of the culture remains unchanged. After about 48 hours, parasites
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reach the final schizont phase and release new daughters that infect nearby RBCs and form
new rings, increasing the culture parasitaemia by on average 5-fold.

Toward automatic detection of malaria An ongoing collaboration between our research
group, Richard Bowman’s group at the University of Bath and Catherine Mkindi’s laboratory
at the Ifakara Health Institute in Tanzania, has the aim to develop an automatic system to
detect malaria infection with a portable and cost-effective 3D-printed microscope (Open-
Flexure Microscope) [319]. My contribution to this project was to produce parasite thin and
thick smears on slides similar to the ones collected in the field that can be used to train the
software. Thick smears were made by mixing a drop (6µl) of whole blood from healthy
volunteers to packed infected RBCs from flask culture and spread in a circle of about 10mm
in diameter. Thick smears were not fixed with methanol, and therefore all RBC membranes
lysed. In the diagnosis of malaria, thick smears are the most used for detecting the presence
of parasites because operators can examine a larger sample of blood, enabling detection of
lower parasitaemia, while thin smears are usually screened later to identify malaria species
and for more accurate quantification. The staining was done with 6% Giemsa stain diluted in
distilled water and left to dry at 37°C for 30 minutes.

A preliminary step was to find a way to evaluate the performance of the Open Flexure
microscope in comparison with research microscopes, which have more sophisticated op-
tics and therefore elevated costs. For this reason, together with Master’s student Boyko
Vodenicharski, I made specific parasite stained slides with labelled grids to investigate the
same sample areas across different microscopes and quantitatively compare the work of
many operators in different laboratories, and even, countries. Multiple 200 mesh copper grids
(Agar Scientific) with originally designed for transmission electron microscopy (TEM) were
placed on top of thin and thick smears. TEM grids were covered with a drop of immersion
oil and a cover slip on top, so that the oil filled the gap between the two glasses, immersing
the grids and cells. Finally, the cover slip was sealed either with Epoxy glue (Araldite) or UV
glue (Intertronics), as reported in Figure 3.1. Training operators and assessing their ability
to recognise parasites from patients’ samples is vital in the fight against malaria, and the
simple procedure just described can also be a reliable method to achieve that.

To provide a consistent and standard reference for the count of parasitaemia, to which
compare any value estimated by microscopy operators, a fluorescent dye was used together
with Giemsa staining to unequivocally define parasites in the smears. A drop of DAPI
mountant (ProLong® Gold Antifade Mountant, ThermoFisher) was applied directly on a dry
slide after the usual Giemsa stain procedure, covered with a glass cover slip. The slide was
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Figure 3.1 Smear of P. falciparum culture for parasite detection (ring stage parasites in the zoomed
image). TEM grids added to compare the performance of different microscopes and operators, by
evaluating the parasitaemia for the same zones of the grid.

dark incubated for 1 hour to avoid photobleaching. Imaging on the sample in bright field
with a colour camera and in fluorescence under UV excitation with a DAPI filter showed
clearly parasites with both dyes. Even if SYBR Green I was proved brighter than DAPI
[320], this protocol was successful to label parasites and adopted for its simplicity.

3.1.3.2 Culture synchronisation with sorbitol treatment

Although the blood cycle period of P. falciparum is relatively constant at 48 hours, laboratory
cultures are typically asynchronous, and it is not trivial to select specific developmental stages
of the parasite for experiments. In particular, trophozoites and schizonts are the desirable
stages to study the egress-invasion process. To synchronise the culture, sorbitol treatment
[321] was employed to select rings. Late-stage iRBCs (> 20 hours post-invasion) become
metabolically active [29]. Parasite proteins are inserted into the red cell membrane allowing
the active transport of substances from the extracellular medium into the cell cytoplasm.
At this stage, new permeability pathways appear, increasing the permeability of the red
cell membrane [167], and therefore late forms can be selectively lysed by exposure to 5%
sorbitol solution. After sorbitol treatment, only early stage iRBCs and uRBCs that have
lower permeability survive [322]. For an efficient synchronisation, the starting culture
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should have a minimum of 1% rings. After removing the supernatant by centrifuging the
culture for 5 minutes at 1800rpm, 10 times pellet volume of 5% sorbitol (Sigma-Aldrich)
was added and the mixture placed in the incubator for 5 minutes. Keeping the cells in
sorbitol for longer can be traumatic even for rings and uRBCs. The pellet was collected by
centrifugation at 1800rpm for 5 minutes and washed with incomplete medium. The final
washed pellet containing young ring-forms was suspended in growth medium with fresh
RBCs and transferred into a culture flask for incubation.

3.1.4 Magnetic separation of late-stage parasites

The sorbitol method is not sufficient to obtain parasites synchronised within the very narrow
time window needed for the invasion assay. Therefore it is combined with a purification
method that isolates schizonts immediately before the invasion experiment. A commercially
available magnetic cell fractionation system (MACS, Miltenyi Biotec) was used to purify
schizonts. Up to 70-80% of the host cell haemoglobin is endocytosed into a parasite food
vacuole during the parasite development inside RBCs [29]. The iron-containing haem compo-
nent of the molecule is transformed into paramagnetic haemozoin crystals thus neutralizing
the oxidative and toxic power of free haem, whereas the globin is digested sequentially to
polypeptides in the food vacuole and to amino acids in the parasite cytoplasm [323–325].
The iron in the haemozoin confers iRBCs a paramagnetic property, which is absent in the
uninfected ones. Since haemozoin increases during the red cell cycle, a higher level of
paramagnetism is found in schizonts [326]. Based on their paramagnetic property, late-stage
parasites are isolated by passing a malaria culture through a column containing ferromagnetic
spheres, supported by a MACS Separator [327]. When a column is placed in a MACS
Separator, the column spheres amplify the magnetic field of the separator by 10,000-fold,
thus inducing a strong magnetic force within the column. Paramagnetic cells are therefore re-
tained in the column and the flow-through only contains early-stage parasites and uninfected
cells [327]. A MidiMACS Separator with an LD Column plugged in was attached to a metal
stand (Miltenyi Biotec), and a 50ml falcon tube was placed underneath the column to collect
the flow-through. First, 3ml of incomplete medium was washed through the column, then a
flask of P. falciparum culture was poured in, 3ml at a time, and manually pressed out with
a plunger. After the whole culture passed through the column, 3ml of incomplete medium
was used to wash out the RBCs still attached to the column. The column was then removed
from the magnetic holder and placed on top of a 15ml falcon tube, and additional 3ml of
incomplete medium were passed through the column to elute the iRBCs for collection. The
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mixture of incomplete medium and iRBCs was centrifuged at 1500rpm for 5 minutes, the
supernatant removed, and the pellet of enriched schizonts suspended in adequate growth
medium. Following magnetic separation, parasitaemia reached up to 97 % [327, 328] and
this was checked by taking smears. The flow-through was either discharged or returned to
the incubator allowing the rings to continue growth, while schizonts washed from the column
after disconnection of the magnet were mixed with fresh RBCs for invasion assays.

3.1.5 Long-term storage of parasites

Standard cryopreservation methods involve the addition of a cryoprotective agent to the
blood, in my case glycerol, while allowing gradual equilibration [329]. The glycerolyte
freezing solution was made up of 57g of glycerol, 1.6g of sodium lactate, 30mg of KCl,
and 1.38g of sodium dihydrogen phosphate dissolved in 100ml distilled water (all reagents
from Sigma-Aldrich) [330]. 1M of NaOH was used to adjust the pH to 6.8 and the freezing
solution was sterilised through a Millex-GS 0.22µm syringe filter (MilliporeSigma). Ring-
stage parasites can be frozen and preserved in liquid nitrogen, while trophozoites are more
fragile and tend to rupture during thawing [331]. Cultures with at least 5% rings were
transferred to a 50ml sterile centrifuge tube and centrifuged for 5 minutes at 1800rpm.
The supernatant was aspirated and the pellet gently resuspended. Glycerolyte was then
added in a ratio of 3 volumes cell pellet in 5 volumes of glycerolyte: the first aliquot of
glycerolyte was added dropwise while mixing and the mix was left at room temperature for
5 minutes. The remaining glycerolyte was added and the mixture transferred into 1.8ml
sterile cryovials (STARLAB). By following a two-step freezing method to improve protection
against haemolysis, vials were placed at -80°C for 24 hours to acclimate before moving them
in liquid nitrogen for long-term storage [331, 330].

3.2 Invasion assay

Late-stage iRBCs selected via magnetic separation (see Paragraph 3.1.4) and uRBCs were
combined in Secure-Seal hybridization chambers with 200µl overall capacity (Sigma-
Aldrich). To avoid cell overlapping but at the same time ensure an adequate cell density for
newly egressed merozoites to invade nearby fresh RBCs, the mixture was diluted to 0.2% Hct
in growth medium. The adhesive side of the chamber was attached to a 0.17 mm thin glass
cover slip (Fischer Scientific). A custom-built temperature-control stage was used to maintain
the optimal culture temperature of 37°C during imaging experiments. The stage consists
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of a proportional–integral–derivative temperature controller (PID controller) connected to
a fluorine-doped tin oxide (FTO) coated glass (Sigma Aldrich 735221-1EA) which acts
like a heater. The chamber was placed in contact with an FTO glass and thermocouple was
attached to the glass slide to measure local temperature and stabilize it in PID feedback loop.
During cell live imaging, the chamber was flushed with 1% O2, 3% CO2, and 96% N2, gas
to maintain optimum parasite growth conditions. Two Nikon TI-Eclipse inverted micro-
scopes were used for real-time imaging with a Plan APO λ 40X (NA=0.95) dry objective
(pixel size = 0.146µm) and Plan APO VC 60X (NA=1.40) oil immersion objective (pixel
size = 0.0986µm). The oil immersion objective was kept at 37°C through a heated collar.
Egress-invasion events were recorded in bright field and the light source was a red LED (LED
Engin LZ4-24MDCA-0000) at 617–630nm to limit the detrimental effect of illumination on
cells. Videos were acquired using a CMOS camera (model GS3-U3-23S6M-C, Point Grey
Research/FLIR Integrated Imaging Solutions (Machine Vision), Ri Inc., Canada) up to 500
frames per second (fps) depending on the temporal resolution needed. Focus was maintained
throughout experiments through Nikon perfect-focus hardware. Motorised functions of
the microscope were controlled via custom software written in-house by Dr Jurij Kotar.
MATLAB (The MathWorks) scripts were written to record videos and perform statistical
image analysis.

3.3 Quantification of red blood cell intracellular calcium

Intracellular Ca2+ of RBCs was quantified using the calcium-dependent marker Fluo-4.
Protocols for fluorescent dye Fluo-4 incorporation and distribution in RBCs are reported in
this section. Experiments performed using these protocols are presented in Chapter 4.

3.3.1 Fluo-4 loading of red blood cells

Fluo-4 was incorporated into RBCs using the acetoxymethyl derivative Fluo-4 AM (Invitro-
gen Ltd., Paisley, UK). Since cell membranes are impermeable to free calcium indicators,
one way to cross the lipid membrane and enter the RBC cytoplasm is to combine Fluo-4 to
acetoxymethyl (AM) [332]. The Fluo-4 AM complex is hydrophobic and it partitions inside
the hydrophobic core of the cell plasma membrane. Cells have esterases capable of rapidly
breaking the AM bond releasing the fluorescent molecule Fluo-4 in the cytoplasm, which
is now hydrophilic. Esterases are also present on the external surface of membranes, but as
they are weaker than the internal ones, the little extracellular indicator released is so diluted
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that the medium can be considered Fluo-4 free [332, 333]. The stock solution of Fluo-4
AM in dimethyl sulfoxide (DMSO) was prepared to a concentration of 0.5mM, and the vial
covered with aluminium foil to reduce light exposure. Fresh RBCs were washed twice in
AE, once more in AIP, and resuspended in AIP at 10% Hct. Fluo-4 AM in DMSO was
added to the cell suspension to provide a final concentration of 5µM. The suspension was
incubated at 37°C for 45 minutes, washed twice in incomplete medium supplemented with
5mM Na-pyruvate, and finally suspended in growth medium plus 5mM Na-pyruvate. The
suspension was incubated for a further 15 minutes to enable the complete de-esterification of
the Fluo-4 AM molecules [334]. The entire Fluo-4 loading procedure was performed under
minimal light exposure.

For the experiments, I adopted the same concentrations as in [111]. Fresh RBCs at 2%
Hct were loaded with Fluo-4 to a final concentration of 10µM. Half of them were resuspended
in incomplete medium and the other half in incomplete medium supplemented with Na-
pyruvate, incubated at 37°C for 1 hour and washed 3 times in 10 volumes of incomplete
medium. Finally, the cells were resuspended at 2% Hct in growth medium with and without
pyruvate, respectively labelled as Fluo-4 + pyr and Fluo-4. Enriched 3D7 strain schizonts
isolated by magnetic separation were added to both cultures and to a control sample of
untreated RBCs (C) to obtain an initial parasitaemia of 3%. Parasitaemia was estimated after
28 hours by Giemsa staining.

Composition of the solutions for calcium experiments are the following (all chemicals
were obtained from Sigma-Aldrich). Solution A (in mM): NaCl, 145; KCl, 3; Na-HEPES
(pH 7.5 at 37°C), 10; MgCl2, 0.15. Solution AE: as A plus 0.1mM Na-EGTA. Solution AIP:
as A plus 5mM inosine and 5mM Na-pyruvate. Solution HKIP (in mM): NaCl, 60; KCl, 90;
Na-HEPES, 10; MgCl2, 0.15; CaCl2, 0.20; inosine, 5; Na-pyruvate, 5. Inosine was used as
glycolytic substrate instead of glucose to avoid the temporary adenosine triphosphate (ATP)
depletion that glucose causes when metabolised in human RBCs [259]. Na-pyruvate was
added both to the media to bypass the glycolytic block induced by the release of formaldehyde
when the AM bond is broken down, which would inhibit ATP during loading [335, 259].

3.3.2 Formaldehyde loading of red blood cells

Fresh RBCs were washed and suspended at 10% Hct in solution A with no metabolic
substrates. Formaldehyde was added from a 1M stock solution to half of the RBC suspension
to a final concentration of 0.4mM, and both suspensions were incubated at 37°C for 1
hour. After the incubation time, RBCs from each suspension were washed twice in A,



56 Materials and Methods

resuspended in incomplete medium at 2% Hct and distributed in two flasks. Four different
suspensions were obtained: control (C), control + pyruvate (C + pyr), formaldehyde (FA), and
formaldehyde + pyruvate (FA + pyr). For the experiments, P. falciparum mature trophozoites
and schizonts were added to each flask to obtain an initial parasitaemia of around 3%. The
four cultures were incubated at 37°C under low oxygen for about 28 hours, at which time
parasitaemia was assessed by inspection of Giemsa-stained culture smears.

3.3.3 Testing Fluo-4 distribution in Ca2+-loaded red blood cells

Ionomycin, a non-fluorescent Ca2+ ionophore, and vanadate, an irreversible inhibitor of
ATP-fuelled pumps, were employed to increase RBC [Ca2+]i until Fluo-4 detection in order
to investigate the population distribution of Fluo-4 and confirm that all RBCs contained
enough dye to generate detectable signals.

Ionomycin-treated red blood cells. Fluo-4-loaded RBCs were washed twice and resus-
pended at 10% Hct in HKIP. Ionomycin stock solution in DMSO (2mM) was added to a final
concentration of 0.2µM. The entire procedure was performed at room temperature.

Vanadate-treated red blood cells. For vanadate-treated RBCs in low-K+ medium, vana-
date and CaCl2 were added to Fluo-4-loaded RBCs in AIP to reach final concentrations of
1mM each, from stock solutions of vanadate (100mM) and CaCl2 (200mM).

A similar protocol was applied for vanadate-treated RBCs in high-K+ medium: Fluo-4-
loaded RBCs were washed twice and resuspend in HKIP at 10% Hct. Vanadate was added
to the suspension to a concentration of 1mM. Both procedures were performed at room
temperature.

3.3.4 Fluorescence live imaging of Ca2+ during invasion

P. falciparum strains A4 and 3D7 suspended at 0.2% Hct, with at least 80% parasitaemia,
were prepared for imaging by mixing Fluo-4-loaded uRBCs (see Paragraph 3.3.1) with an
aliquot of highly concentrated (97-100%) schizonts obtained by magnetic separation (see
Paragraph 3.1.4). The microscope set-up is described in Section 3.2. The calcium indicator
Fluo-4 was used due to its excitation and emission properties: excitation wavelength is
494nm and emission is 506nm [334]. Fluo-4 excitation wavelength does not provoke
significant auto-fluorescence of RBCs and both excitation and emission are least influenced
by haemoglobin [336]. In order to record both invasion events in bright-field and Ca2+ signal
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in fluorescence with high-time resolution, the microscope was equipped with a custom-built
LED-based illumination system. Different LEDs were synchronised with the camera frame
acquisition, so each frame was acquired with a specific LED using a predefined camera
sequence. An alternating sequence of green LED (LED Engin LZ4-24MDCA-0000, 523nm
peak wavelength) was used for bright-field illumination, and blue LED (Lumileds LXZ1-
PB01, 470nm peak wavelength) for epifluorescence illumination with fluorescence filter
block (Semrock GFP-3035D, exciter FF01-472/30, dichroic FF495-Di03, emitter FF01-
520/35). Frames were acquired in bright-field and fluorescence in an alternating fashion
with an exposure time of 200ms. I found that recording events at 5-10 fps optimized
the fluorescent signal from invaded cells loaded with Fluo-4 while providing a detailed
resolution of the pre-invasion and invasion processes. Every experiment lasted about 2 hours
to enable recording of a sufficient number of events, and was performed in darkness to
prevent photobleaching and avoid signals from the environment.

3.4 Red blood cell membrane contour detection and fluc-
tuation analysis

Biophysical properties of the RBC membrane were measured using the flickering method,
which relies on image analysis of detailed shape changes of the RBC membrane to infer its
mechanical characteristics. The equatorial profile of each RBC was recorded in bright field
with a 60X (NA=1.40) oil immersion objective on the set-up already described in Section
3.2. The spatial resolution with this objective is less than 100nm [276]. The sample was
diluted to 0.01% Hct to avoid cell overlapping and achieve a better detection of cell contour
over time. Videos were recorded for 20s at 514 fps (field of view 256 x 256 pixels) with
exposure time of 0.8ms. The exposure time was set as short as possible to increase the range
of modes that can be analysed; in fact modes with a lifetime shorter than the exposure time
are integrated and therefore not considered. Membrane fluctuation detection and analysis
algorithm have been developed and implemented within my group [227] in MATLAB and
optimised for RBCs. The key steps are described below:

1. the centre of the cell and an approximate value of the radius are manually selected on
the first frame of the video by processing of the thresholded image;

2. from these initial values of the centre and the radius, an annular region that contains
the rim of the membrane is defined by resampling the image along equally radial lines
diverging from the cell centre (Figure 3.2a);
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Figure 3.2 RBC membrane tracking program and the resulting flickering spectrum. (a) The equatorial
fluctuations of an RBC are recorded in bright field. The initial manual selection of the centre (red)
define the annular region of 2µm width containing the cell boundary (green solid lines). (b) The line
profile obtained at each radial section of panel a, where r is the distance of the ring region from the
inner circle and φ the azimuthal angle. (c) Effect of filtering the array in panel b with an optimized
correlation kernel (black curve on the right), and locus of maxima in the array (red line), which
indicate the contour position. (d) Final RBC contour is outlined in red. (e) Fluctuation amplitude
h(φ) obtained as the difference between the instantaneous and time-average position of the contour
at angle φ . (f) Mean square fluctuation amplitudes of a representative RBC for modes 6 to 36 (blue
dots), fitting the modes 8-20 (black fit). The error bars are calculated as SD/

√
(ndt), where SD is the

standard deviation, n total number of frames, and dt time gap between each frame.

3. each resampled line profile is normalised to make a set of profiles within inner and
outer bounds as illustrated in Figure 3.2b. The rim is mapped in polar coordinates,
I(r,φ), using a linear interpolation;

4. for the detection of the cell boundary a template correlation method is used. First, an
average radial profile that will be the profile template was created aligning each radial
intensity profile with each other by matching the positions of their maximum gradient
points. These are then averaged for all the angles φ to create a correlation kernel;

5. this template is correlated with I(r,φ) using Matlab Imfilter function, and a correlation
value is calculated for each line profile at each radial position, resulting in a correlation
array (Figure 3.2c);
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6. the resulting correlation trend shows a well-defined peak at the cell boundary, and the
coordinates of the maxima of correlation are found using a parabolic fit to extract the
contour position at sub-pixel resolution (red line in Figure 3.2c);

7. from the detection of the contour (Figure 3.2d)), new updated coordinates of the
centre and the mean radius are computed and used for the analysis of the following
frames.

The position of each point is identified within an error δ r of a few nm. The fluctuations
h(φ) for each time are defined as the deviation from the time-average of h at angle φ , as
shown in Figure 3.2e. From the contour, static (membrane bending modulus and tension)
and dynamic (cell viscosity) parameters of the cell are determined. In particular, Figure 3.2f
shows a fluctuation power spectrum of mean square mode amplitudes at the cell equator
⟨|h(qx,y = 0)|2⟩ as a function of mode wavenumber qx. The values of the bending modulus
κ and tension σ were derived by fitting the fluctuation spectrum with the Equation 2.6
derived in Section 2.9. The interval of modes considered in this thesis was 8-20. How well
the resulting fit represents the data was assessed with the R-squared and Goodness-of-fit
functions in Matlab, evaluating the scatter of the data points around the fitted regression line.
Only cells whose R-squared fit value was > 0.9 were considered. Two limiting regimes were
highlighted in Figure 3.2f: the tension term dominates at low modes while bending modulus
dominates at large modes, so both can be resolved independently.

The dynamics of the fluctuations was quantified to obtain the viscosity. The autocorrela-
tion of the modes was fitted with the exponential function described in Section 2.9, to obtain
the relaxation time. Viscosity was obtained by plotting the relaxation time τqx versus the
modes qx, and fitting the data with Equation 2.11. This analysis worked well for modes 7 to
11 because higher modes decayed too fast to be fitted.

3.5 Optical tweezers to measure merozoite-red blood cell
detachment force

The optical tweezer technique was developed in the 1970s by Arthur Ashkin, who won the
Nobel Prize for this discovery in 2018 [337]. Optical tweezers are employed to trap and
manoeuvre particles and biological systems along the axis of the laser beam as resulting from
the gradient in the intensity of the beam [338–340]. Briefly, a light ray passing through an
object with refractive index greater than the surrounding medium is bent due to refraction and
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Figure 3.3 Selected frames showing optical tweezer-induced detachment of a viable merozoite
adhered to two RBCs. The cell-merozoite-cell chain is shown in a relaxed state (a), stretching in one
direction (b), maximum detachment (c), and upon detachment of the merozoite from one of the RBCs
(d). Red arrows show the direction of movement of a RBC with optical tweezers, while the other
RBC is attached to the cover glass. The cell is used as calibration in situ and therefore there is no need
to calibrate the tweezers trapping force on the RBC. L is the cell length, and L = L0 +∆L, where L0
is the cell diameter in the relaxed state, and ∆L is the elongation. The detachment force is F = k∆L,
where k is the cell stiffness used from [342].

leaves the object at an angle. This deflection causes the object to recoil. In a uniform beam,
the net recoil from all of the rays passing through the particle would be zero, but because the
electric field of the laser beam is more intense in the centre than the periphery, the result is
a pull towards the central axis. The competition between the scattering and gradient force
yields stable trapping.

In my experiments I employ this technique to quantify the adhesion force between mero-
zoites and RBCs during invasion, following the same procedure adopted in [3]. The optical
tweezers set-up fits onto the same Nikon inverted microscope used for imaging and consists
of a solid-state pumped Nd:YAG laser (IRCL-2W-1064; CrystaLaser) having 2W optical
output at a wavelength of 1064nm. The set-up is extensively described in [341, 3]. The laser
beam was steered via a pair of acousto-optic deflectors (AA Opto-Electronic) controlled by
custom-built electronics that allow multiple trapping with subnanometer position resolution.
Videos were taken at 60 fps through a Nikon 60X Plan APO VC (NA=1.20) water objective,
with pixel size corresponding to 0.0973µm. The sample was a mixture of purified schizonts
(see Section 3.1.4) and uRBCs at 0.05% Hct; this dilution was a trade-off between a sufficient
RBC density to allow invasions and the ability to trap individual cells. The glass bottom
of the sample chamber was coated with 10µl solution of poly(l-lysine)-graft-poly(ethylene
glycol) (PLL-g-PEG) (SuSoS AG) at 0.5mg/ml and incubated for 30 minutes to prevent
excessive adherence of cell proteins onto the cover slip.
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Adhesive forces at the merozoite-RBC interface during invasion were quantified by eval-
uating the maximum elongation of RBC before detaching from the merozoite. Immediately
after schizont egress, a merozoite was manipulated by optical tweezers and delivered to the
surface of uRBCs until attachment. Trapping duration was kept short (< 10s) to minimise
any detrimental effect of local heating because, at full laser power, an increase of a few
degrees Celsius are expected locally around the laser beam focus. A nearby RBC was then
delivered close to the attached merozoite to form an RBC-merozoite-RBC bridge (Figure
3.3a). The RBC maximal elongation before detachment was measured by pulling away one
RBC that adheres to the merozoite from its point of attachment, while the opposing force,
on the second RBC of this system, is given by either a second optical trap or by fortuitously
adhesion of the RBC to the bottom glass of the sample chamber (Figure 3.3b-d). Directly
pulling on the merozoite results in a weak force, difficult to calibrate. The advantage of this
method relies on the fact that the mechanical response of an RBC to a dynamic stretching
force has been already well characterised in previous works by using the optical tweezers to
exert forces of known magnitude along a single axis of the RBC [271, 342]. Therefore there
is no need to calibrate the stiffness of the optical trap on the RBC, which would be difficult,
and less precise, during this fast invasion experiment.

Cell deformation and stiffness was in fact measured by monitoring the displacement of
attached beads in calibrated traps [342]. Since RBC stiffness was shown to vary with the rate
of applied strain [342], the strain rate used in this study was confined to a narrow range in
the order of 10−1 s−1 [3]. For an individual RBC, the relationship between the magnitude of
the applied force along a single axis and the elastic elongation of the cell along that axis was
shown to be linear in this regime, therefore the RBC stiffness was estimated from [342] to be
around 20pN/ µm. Finally, adhesive forces between merozoite and RBC were calculated by
multiplying the RBC end-to-end elongation before detachment, and the RBC stiffness.

3.6 Microfluidic set-up to study malaria cytoadhesion

3.6.1 Plasmodium falciparum culture for studying cytoadhesion

For malaria cytoadherence studies, P. falciparum ITO4 knob positive strain was cultured
in fresh human RBCs under low oxygen atmosphere as described in Section 3.1, but for
these types of experiments higher volumes and parasitaemias were necessary. Therefore the
protocol of Radfar et al. [343] was employed to obtain high volumes of highly synchronous
late-stage iRBCs: by using low Hct (1–1.5%) and the sorbitol synchronization method
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to shorten the parasite cycle window to 4–6 hours, it was possible to obtain the desired
parasitaemia of 15–20%.

3.6.2 Growth of endothelial cells in microfluidic channels

Primary human umbilical vein endothelial cells (HUVECs, from Sigma-Aldrich) were
cultured at 37°C in a 5% CO2 incubator on uncoated tissue-culture polystyrene flasks (Sigma-
Aldrich), and the endothelial cell growth medium (Sigma-Aldrich) was daily changed. After
reaching a cell confluency of 85%, HUVECs were sub-cultured using 0.25% trypsin-EDTA
solution (Sigma-Aldrich): after a gentle wash with phosphate-buffered saline (PBS), 4-
5ml of trypsin was added and distributed to the whole flask surface to ensure the cells are
completely covered. After 3-4 seconds, 4.5ml of trypsin was removed, and the flask was put
in the incubator for 2-3 minutes. Once cells became rounded, 5ml of medium was added
to the flask to inhibit further trypsin activity. Cells were then centrifuged at 1200rpm for 5
minutes and resuspended in their medium. Finally, cells were counted (C-Chip DHC-N01
Cole-Parmer) and subsequently divided into new flasks. After more than 4 successive cell
passages, HUVECs were discharged to minimise changes in the expression of adhesion
molecules [344].

When the number of cells in the flasks was sufficient to sustain culture and start flow
experiments, a suspension of HUVECs (minimum density of 106 cells/ml) was seeded into
the six µ-Slide VI 0.4 microchannels (Ibidi). Each microchannel was coated with collagen
type IV and had a rectangular geometry with height (h) 0.4mm, width (w) 3.8mm, and length
(l) 17mm. Multiple channels were employed at the same time as control. A volume of 60µl
of HUVEC suspension was quickly released into each channel. After 2–3 hours, cells were
already attached to the channel bottom surface, and fresh endothelial cell growth medium
was added to the reservoir of the flow chamber. Cells grew in the incubator for 1–2 days until
confluency.

3.6.3 Perfusion system and flow characterisation

HUVECs in microfluidic channels were subjected to shear stress via a custom-made flow
set-up. The flow circuit was a closed loop: cell medium was fed by the action of a peristaltic
pump from a reservoir and passed first through the Ibidi chamber perfusing the HUVEC
monolayer, then into the pump, through a Y-junction, and finally returned into the reservoir
(Figure 3.4a). The whole system was equilibrated in the incubator and the reservoir was
turned upside down to avoid bubble formation. The sample chamber, medium reservoir and
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Figure 3.4 (a) Customised perfusion system to align HUVECs under continuous flow. (b) Calibration
curve to determine the system flow rate, and hence its shear stress.

tubing were placed inside the incubator while the peristaltic pump was left outside. Tubes
were made of PVC or Teflon with an ID of 1/8” (Kinesis Scientific experts). The Y-junction
was added before the reservoir in order to allow addition of fluids without the need to stop
the experiment.

The system was calibrated by establishing the relation between the revolutions per minute
of the peristaltic pump and the flow rate. In order to calculate the flow rate, a solution of
1µm polystyrene beads (Polybead, Polysciences) was pumped through the system. The flow
chamber was placed on an inverted microscope and images were acquired for data analysis.
Average bead velocity was obtained by tracking the positions of at least 20 beads in the centre
of the channel, where the fluid streamlines are constant. The velocity was determined as the
slope of the linear plot of bead displacement versus time. The flow rate was then calculated
multiplying the average bead velocity for the channel area. The calibration curve of my
system is reported in Figure 3.4b. Another accurate and straightforward way of measuring
the flow rate of liquids was done by weighing the volume of liquid pumped at fixed time
intervals.

The maximum flow rate for this set-up was 16ml/min. The hydraulic diameter of the
rectangular microchannels was 724µm, calculated as [345]

DH = 2hw/(h+w). (3.1)
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In the centre of my rectangular channel, at the maximum flow rate achievable with my devise,
the Reynolds number Re was 127, defined as [346]

Re = vDHρ/η , (3.2)

where v is the flow velocity, DH is the hydraulic diameter of the channel, ρ the fluid density,
and η the fluid viscosity. Re number < 2300 ensures a viscous laminar flow where fluid
streamlines are steady and predictable. The pressure drop ∆P is the flow rate Q times the
resistance to flow in rectangular geometries R [347], and measured 2.4mbar:

∆P = QR = Q
12η l

wh3(1−0.63 h
w)

. (3.3)

Finally, the entrance length is Le = 0.06ReDH [346], and it was about 5.5mm in this system.
Measurements were carried out beyond the entrance length to ensure a laminar flow during
experiments, and the pressure drop was considered negligible. In steady laminar flow and for
h << w, the wall shear stress is obtained by using the following equation [347]:

τ =
6ηQ
wh2 , (3.4)

where τ is the wall shear stress, η the viscosity of the fluid, Q the volume flow rate, and h

and w the microchannel dimensions.

3.6.4 Alignment of endothelial cells

Once HUVECs reached confluency in static condition, i.e. without flow, shear stimulation
was applied. HUVECs in static and under flow were incubated at 37°C and 5% CO2 for up
to 8 days, and images were captured by using a Nikon inverted phase-contrast microscope
equipped with 10X and 20X dry objectives. For image analysis a commercial software
package (Image Pro Plus 6.0) was used. The morphology of every single cell in the monolayer
was detected automatically after applying contrast enhancement and smoothing functions
[348] to highlight cell borders (Figure 3.5a). Subsequently, a threshold was applied to
the image to remove small fragments and artefacts; segmented objects at the edges of the
field of view or too small to be cells (area less than 50 pixel2) were automatically excluded
(Figure 3.5b). Measurement tools in the software were used to count the cells and infer
several morphological parameters such as area, perimeter, length, major and minor axes,
angle (Figure 3.5c).
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Figure 3.5 Analysis of HUVEC alignment and orientation by image segmentation: (a) snapshot after
contrast enhancement, (b) threshold application to detect single cell contour, (c) measurement of
single cell physical characteristics. Scale bar = 25µm.

HUVEC alignment over time under flow was measured by considering the angle between
the cell major axis and the orthogonal direction of the flow. A polar plot was generated by
using the function of Matlab routine, distributing cell orientation angles into 25 equal slices
(7.2° each) in order to cover the whole range (0–180°). Moreover, HUVEC elongation was
quantified by the shape index (SI):

SI =
4πA
P2 (3.5)

where A is the cell area, and P is the cell perimeter. SI values range from 0 for a straight line
to 1 for a perfect circle [349, 350].

3.6.5 Labelling of the endothelial glycocalyx

Endothelial glycocalyx staining Immunofluorescent staining of the HUVEC glyco-
calyx was obtained by using wheat germ agglutinin (WGA-Alexa Fluor® 488, Molecular
Probes), a lectin that binds to sialic acid and N-acetylglucosaminyl residues [351]. HUVECs
were washed twice with PBS and then incubated in WGA solution (0.01mg/ml) for 30-40
minutes at 37°C. Cells were washed before imaging.

The characterisation of glycocalyx expression was carried out with confocal laser scan-
ning microscopy (Leica TCS SP5). All CLSM images (512 x 512 pixels, 8 bit pixel depth)
were acquired using a Leica HCX Plan APO CS 63X (NA = 1.40) oil immersion objective.
Alexa Fluor® 488 conjugate of WGA exhibits the bright, green fluorescence of the Alexa
Fluor® 488 dye (excitation/emission maxima 495/519 nm). WGA was excited at 495nm by
an argon laser (λ =488nm) with a long-pass filter (λ =505nm). Z-stacks images of HUVEC
monolayer, treated and untreated at the same time in parallel channels, were recorded from
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the level of the microscope slide upward with steps of 0.2µm. To compare all samples, the
value of the mean fluorescence intensity for different conditions was normalized with respect
to the confocal microscopy gain value chosen during acquisition.

Neuraminidase treatment The contribution of endothelial glycocalyx on malaria-
induced cytoadherence was assessed via enzyme digestion. HUVEC monolayer was in-
cubated with 2.5U/ml neuraminidase (Sigma-Aldrich) for 30 minutes at 37°C, while the
control group was kept in the medium. After incubation with neuraminidase, HUVECs were
washed twice in PBS before adding fresh medium.

3.6.6 Live imaging of infected red blood cells flowing onto endothelium

RBCs were diluted to 0.1% Hct for imaging by adding culture medium and fresh uRBCs,
keeping the level of parasitaemia at 20%, which is not uncommon in vivo in cases of severe
malaria [352]. This suspension was loaded into the microchannel using a syringe pump
(Harvard Apparatus) with flow rate regulation. The entrance length, pressure drop, and
Reynolds number were respectively 850µm, 0.38mbar, and 20 at the maximum flow rate
achieved with the syringe system (2.5ml/min). This value for the Reynolds number ensures
a laminar flow in the microchannel and reflects the physiological value of arterioles. All data
were obtained beyond ∼ 1mm from the inlet of the channel in order to guarantee a fully
developed flow. Pressure losses in the whole system were negligible.

The sample was imaged under a Nikon inverted TE2000U microscope with a Nikon Plan
APO VC 20X (NA= 0.75) dry objective. Images were acquired using a CMOS camera (model
GS3-U3-23S6M-C, Point Grey Research/FLIR Integrated Imaging Solutions (Machine
Vision), Ri Inc., Canada). The microscope with the microfluidic device, the syringe pump,
the syringe with the P. falciparum culture, and the waste container were enclosed in an
acrylic glass box at 37°C made by Dr Jurij Kotar. As illustrated in Figure 3.6, the sample
was put in a custom-made chamber made by myself with the help of Dr Jurij Kotar especially
designed to provide the cells with a gas mixture of 1% O2, 3% CO2 and 96% N2. Videos
were recorded in bright-field and a halogen lamp with a red filter was the light source. The
microscope stage was not motorised, and the cells of interest were followed through the
channel by moving the microscope stage manually. Data were collected for about 2 hours to
have sufficient events for the analysis, while maintaining the integrity of the HUVECs.

RBC dynamics analysis To measure the velocity of RBCs at different wall shear stress,
videos were recorded at frame rate ranging from 10 to 300 fps depending on the flow rate and
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Figure 3.6 Photograph of my specially-designed chamber for the arrangement of the Ibidi channels
covered with HUVECs and the tubes for RBC flow. The gas inlet allows the sample to be at low
oxygen conditions and the whole system is under an acrylic glass box at 37°C.

the size of the acquisition window. Velocity profiles were obtaining by manually tracking
at least 20 cells for 10 consecutive frames in three different fields of view. The error in the
manual image analysis was taken into account by tracking the same RBC several times, and
it was 0.3µm for both x and y coordinates. Data were acquired for half the channel width
and height starting from the first RBC layer in focus at the bottom of the channel, and then
mirrored with respect to the centreline for plotting.

Parasite adhesion counting The count of attached RBCs to the endothelium was
performed after about 1 hour at 0.33Pa, to allow interactions between RBCs and HUVECs.
Unattached RBCs were flushed out with fresh medium for several minutes at 0.6Pa. Adhesion
was defined in terms of “adjusted” cells per mm2, meaning that the number of attached cells
was normalised by taking into account the parasitaemia of the suspension (80% uRBCs
and 20% iRBCs). To facilitate the count, the remaining iRBCs and few uRBCs attached
onto the HUVEC monolayer in the channel device were labelled with Hoechst 33342 at
5µg/ml (Thermo fisher) and incubated for 20-30 minutes to detect nuclear DNA with an
epifluorescence microscope. Hoechst that was unbound to iRBCs also labelled HUVEC
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nuclei, and this was useful to clearly identify the status of the HUVECs after hours. The
dye was excited in UV at 361nm and it emitted in blue at 487nm. There was not concerned
about the harm of UV light on exhausted cells, so I opted for this dye for its high brightness
and its difference wavelength of emission compared to the one of WGA. In this way, it was
possible to distinguish the HUVEC glycocalyx, stained with the WGA dye, from their nuclei,
stained with Hoechst. Images were taken along the entire microchannel in 10 different fields
of view (a field of view is 1920 x 1200 pixels, equivalent to 554.8 x 350.4µm).



Chapter 4

Evidence that elevated intracellular
calcium does not mediate Plasmodium
falciparum pre-invasion

The structure of the following chapters of results will follow the life cycle of the parasite
in the blood, dwelling on the biochemical and biophysical aspects, and investigating how
physics and mechanics massively contribute to multifarious stages of the malaria infection.
In this first chapter I will focus on the pre-invasion phase, and in particular on the role of
calcium in assisting the reorientation of the parasite by triggering dynamic deformations of
the red cell membrane, in order to accommodate it for invasion.

4.1 Pre-invasion regulates invasion outcome

In studies of P. falciparum growth using cultures sustained with RBCs of different densities,
reflecting different hydration states, it was found that the invasion efficiency decreased
progressively with the increase in RBC density [198]. Merozoites were often observed
laterally attached to dense RBCs but seldom poised for invasion, suggesting that in dense
RBCs, invasion was somehow prevented at a very early stage during the initial merozoite-
RBC contacts. This behaviour was also replicated experimentally in this thesis, as in Chapter
5 it was observed to be a recurrent feature of attempted merozoite invasion into Dantu RBCs.
Because disease severity is associated with high parasitaemia, this effect of RBC density may
limit the development of high parasitaemia in inherited RBC abnormalities that lead to dense
RBC subpopulations, thereby contributing to protection against severe malaria [198]. The
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search for clues on possible mechanisms of this density effect focused attention on the events
taking place early during invasion, between the instant a merozoite makes first contact with
an RBC and the time when it becomes apically aligned ready for invasion: the pre-invasion
stage.

The pre-invasion stage is very brief, variably reported as lasting between 2 and 50s
[116, 6, 5], as already defined in Chapter 2. Electron microscopy [353] and video-microscopy
[116, 117, 5, 118] records of pre-invasion and invasion stages have collectively documented
the following sequence of dynamic events during most of the pre-invasion periods observed
so far: (i) random initial merozoite-RBC contacts away from the merozoite apex elicit
reversible interactions between merozoite coat agonists and RBC membrane receptors [140]
with coat filaments of 20 to 150nm length joining the two surfaces [353], (ii) dynamic RBC
deformations of variable intensity [111] emanating from merozoite contact points, (iii) a
positional progression of the merozoite towards an irreversible apical contact driven by a
gradient of increasing adhesin concentrations on the merozoite coat [111, 354, 112], (iv)
cessation of RBC deformations with restoration of normal biconcave shape [116, 117], and
(v) apex alignment of the irreversibly attached merozoite perpendicular to the RBC surface
with the formation of a tight junction structure [116, 117, 140, 355, 106].

The pre-invasion period is such an important component of invasion efficiency that
elucidation of the mechanisms involved has stimulated intense research in recent years.
Much progress has been made on the molecular and genetic identity of the variety of agonist
families on the merozoite coat and of the receptors on the RBC surface that mediate the
reversible and irreversible interactions operating during pre-invasion and invasion stages
[140, 356, 153, 112, 149]. This contrasts with the meagre progress made in the understanding
of the mechanistic dynamics at play during these same steps.

The most dramatic and intriguing events during the pre-invasion stage sequence concern
the dynamic RBC deformations elicited by merozoite contacts, a roster of variable intensity
motile responses of the RBC membrane not seen in any other context [116, 117, 3]. Naked
RBC membranes, detached from their cortical spectrin-actin cytoskeletal mesh, behave like
a passively deformable two-dimensional liquid, devoid of spontaneous motility [134]. It
follows that all RBC motion must be driven by dynamic responses of the cortical cytoskeleton
constrained by the bending modulus of the passively compliant lipid bilayer, linked to
the spectrin-actin web by nodal attachments to integral membrane proteins [357, 358, 4].
Therefore, a search for the mechanism driving the deformation responses to merozoite
contacts has to address global membrane properties including the spectrin-actin mesh and its
transmembrane links.
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4.2 The calcium hypothesis

The only working hypothesis advanced so far on the mechanism of the merozoite-induced
RBC deformations involves calcium mediation, and it was proposed by Lew and Tiffert
in [6]. This idea was based on two critical assumptions: i) that the merozoite-elicited
RBC deformations were an active response of the RBC membrane aimed at speeding up
apical contacts [116] thus increasing invasion efficiency, a response progressively inhibited
in dense RBCs; and ii) that the deformations were caused by transient increase of local
intracellular calcium concentration ([Ca2+]i) at the inner membrane surface, based in large
part on evidence that invasion is strongly dependent of the presence of calcium in the medium
[359–361, 111].

Ca2+ is linked to many molecular steps at several points throughout the invasion process
[158, 187], as detailed in Section 2.7. Few studies have addressed this hypothesis before [111,
158], and a conclusive research would need systematic high space-time resolution recordings
of multiple merozoite egress-invasion sequences, a formidable technical challenge that
requires tools of soft matter physics together with molecular knowledge [4] for interpretation.
In this study, Fluo-4 was used as a fluorescent calcium indicator with optimized protocols
to investigate the distribution of the dye in RBC populations used as falciparum invasion
targets in egress-invasion assays. The role of calcium in pre-invasion dynamics was assessed
by recording egress-invasion events simultaneously under bright-field and fluorescence
microscopy.

4.3 Effects of formaldehyde and pyruvate on Plasmodium
falciparum invasion and growth

The aim of these first experiments was to establish whether P. falciparum invasion could
be affected by the formaldehyde released during the incorporation of AM-compounds into
RBCs, and, if so, whether pyruvate could prevent these effects [335].

Fluo-4 is loaded into cells with the use of its acetoxymethyl derivative, Fluo-4 AM, but
AM derivatives do not permeate membranes. The hydrophobicity of the X-AM complexes
allows them to rapidly partition into the hydrophobic core of cell lipid bilayers when added
into cell suspensions, dissolved in DMSO. From there, esterases operating at the inner
membrane surface break down the AM residues releasing free X into the cell cytoplasm. In
their original work, Tsien et al. [332, 362–365] assumed that the formaldehyde released as
a byproduct of AM hydrolysis diffused away from the cells with no toxic side-effects. But
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Tiffert et al. [366], showed that all the formaldehyde released remains retained within the
cells, and that for cells that depend on glycolytic metabolism for ATP synthesis, such as
RBCs, formaldehyde exerts a powerful metabolic block on glycolytic ATP production. In
substrate-free media, formaldehyde has no effect on the ATP content of the cells [366]. In the
presence of glucose, X-AM or formaldehyde treatments cause a sharp fall in cell ATP [366].
This happens because ATP is rapidly consumed by hexokinase-mediated phosphorylation
during the initial steps of glycolytic metabolism while downstream ATP synthesis is blocked.

Fluo-4 AM was added to RBC suspensions to generate a final concentration of 1-2mmol/L
cells of Fluo-4, assuming full release of the free dye into the cell [366, 335, 5]. The
concentration of formaldehyde released and trapped by the cells after Fluo-4 loading reached
4 to 8mmol/L cells on full ester hydrolysis [366], and 4mmol/L cells was the concentration
tested in the experiments of Figure 4.1a following the protocol in Paragraph 3.3.2.

During the growth assay in glucose-containing RPMI medium, ATP was expected to
fall rapidly in formaldehyde-treated cells, but only in the absence of pyruvate. Merozoites
released during the first hours of incubation would thus encounter different ATP contents
in RBCs under formaldehyde and formaldehyde + pyruvate conditions. Figure 4.1a shows
that parasite growth was comparable in controls and in formaldehyde-treated cells in the
presence of pyruvate (Figure 4.1a: C, C + pyr, and FA + pyr). Growth was almost fully
inhibited in the culture with formaldehyde-treated cells in the absence of pyruvate (Figure
4.1a: FA). The near total absence of iRBCs or of Giemsa-stained residual parasite material
in this condition suggested that invasion was almost absent in these cells. The fact that
pyruvate fully prevented this effect indicated that ATP must have been depleted to levels
incompatible with invasion in the formaldehyde-treated cells by the time most merozoites
had egressed. These results support the early conclusions of Dluzewski et al. [367], based
on experiments with resealed ghosts, that ATP depletion prevents invasion. To evaluate the
extent to which the formaldehyde effects reflected those caused by Fluo-4 incorporation, the
effects of pyruvate on growth were studied as explained in detail in Methods 3.3.1. Growth in
RBCs loaded with Fluo-4 in the presence or absence of pyruvate is compared in Figure 4.1b.
In the absence of pyruvate (Figure 4.1b: Fluo-4), growth was reduced by about 30% relative
to Fluo-4-free control and Fluo-4 + pyruvate (Figure 4.1b: C, Fluo-4 + pyr), confirming
that the invasion efficiency was reduced in ATP-depleted RBCs. Once invasion occurs, no
difference was noticed in the development of the parasites at ring stage between Fluo-4 and
Fluo-4 + pyruvate conditions.

When comparing the results in Figures 4.1a and b, it is important to note that with the
protocol in Figure 4.1a formaldehyde was delivered instantly and uniformly to all the cells
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Figure 4.1 Effects of formaldehyde and Fluo-4-AM on P. falciparum invasion in the presence or
absence of pyruvate. (a) RBCs were exposed to formaldehyde in the absence (FA) or presence of
pyruvate (FA + pyr) as reported in 3.3.2. The results were compared with formaldehyde-free controls
in the absence (C) or presence of pyruvate (C + pyr). P. falciparum A4 clone parasitaemias were
measured after 28 hours, and triplicates agreed within 5%. (b) Effects of Fluo-4 loading as reported
in 3.3.1. P. falciparum 3D7 parasitaemias of 4 experiments were measured after 28 hours in controls
not exposed to Fluo-4-AM (C), and in Fluo-4-AM treated RBCs in the absence (Fluo-4) and presence
of pyruvate (Fluo-4 + pyr). Significant differences (** p < 0.01) are shown in the graph.

at the maximal intended concentration, whereas in Figure 4.1b, formaldehyde would have
been released more slowly, at the rate of AM-ester breakdown in each cell during Fluo-4
incorporation. Moreover, as documented below in Figures 4.3 and 4.5, Fluo-4 loads varied
substantially among the cells and hence also the extent of formaldehyde trapped by each cell,
causing variable rates and extents of ATP depletion in the RBC population. Thus, the limited
growth inhibition observed in Figure 4.1b, that reflects the protocol used also by Weiss
et al. [111], relative to that of Figure 4.1a could be explained by the slower and reduced
formaldehyde release from cell subpopulations with varied esterase activity incorporating
submaximal levels of Fluo-4 (Figure 4.3).

4.4 Distribution of Fluo-4 in treated red blood cells

To ascertain the reliability of Fluo-4-loaded RBCs to report Ca2+ signals in invasion assays,
and hence the risk of false negatives, it was necessary to investigate the population distribution
of the fluorescent Ca2+ dye and confirm that all cells contained enough dye to generate
detectable signals. In physiological conditions RBCs maintain [Ca2+]i of about 10-50nM
by a balance between inward Ca2+leak (PCa) and active Ca2+ extrusion via the ATP-fuelled
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Figure 4.2 Illustration of ionomycin and vanadate influence on the calcium homeostasis of human
RBCs. In physiological conditions, Ca2+ ions enter RBCs through low-permeability pathways (PCa)
and are extruded by the ATP-fuelled plasma membrane Ca2+ pump (PMCA). Free Fluo-4 binds to
Ca2+ ions with a Kd around 345nM generating a fluorescent signal [368]. Physiological [Ca2+]i levels
(≤ 50nM) remain below the detectable threshold. Increasing the Ca2+ permeability with ionomycin
or inhibiting the PMCA with vanadate elevates [Ca2+]i, enhancing the fluorescence signal. Elevated
[Ca2+]i activates Ca2+-sensitive K+-channels in the RBC plasma membrane leading to KCl and water
loss with cell dehydration and shrinkage.

plasma membrane calcium pump (PMCA) (Figure 4.2) [369]. The physiological pump-leak
turnover rate varies within the range of 10 to 50µmol/(L cellsh), depending on cell age and
medium conditions [364, 370, 371]. The dissociation constant Kd of Fluo-4 for Ca2+ is about
345nM, so that fluorescent signals are expected to become detectable in RBCs containing
sufficient dye when [Ca2+]i increases above 80-100nM [368].

In this study ionomycin, a non-fluorescent Ca2+ ionophore, and vanadate, a cell permeant,
irreversible inhibitor of ATP-fuelled pumps, was used to elevate [Ca2+]i and thus elicit Fluo-4
fluorescent signals [372–374]. Protocols are given in Methods 3.3.3.

The interplay of these agents with the transport systems relevant to RBC Ca2+ home-
ostasis is illustrated in Figure 4.2. With ionomycin, it is possible to increase the Ca2+

permeability of the plasma membrane to levels exceeding the maximal Ca2+ extrusion ca-
pacity of the PMCA, generating a uniform high-Ca2+ load in all the cells of a given sample,
thus saturating the Fluo-4 light-emission intensity from every cell in the population. In these
conditions, variations in the fluorescence signal report the true distribution of incorporated
Fluo-4 in the RBC population. With vanadate, the intensity distribution of the generated
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fluorescent signals is a composite of the distributions of Fluo-4 and of the physiological Ca2+

permeability (PCa) in the RBC population [375, 366]. Fluorescence intensity distributions
may be explored with the RBCs suspended in low-K+(plasma-like) or high-K+ media. In
low-K+ media, activation of the Ca2+-sensitive K+ channels of RBCs [376, 377] hyperpolar-
izes the cells and causes the net loss of KCl and water (Figure 4.2) [378]. This leads to cell
dehydration and shrinkage, easily detectable under bright-field observation, offering a Fluo-4
independent visual estimate of the distribution of [Ca2+]i when high enough to activate the
Gardos channels ([Ca2+]i > 70-80nM) [379, 371]). A comparative analysis of the fluores-
cence distributions and of the dehydration response elicited by ionomycin and vanadate
was expected to allow a rough estimate of the stochastic probability of invasion events in
Fluo-4-loaded RBCs failing to produce detectable fluorescent signals (false negatives).

Representative bright-field and fluorescence images of Fluo-4-loaded RBCs exposed to
ionomycin or vanadate are shown in Figures 4.3 and 4.4, respectively. Under bright-field, the
control is largely dominated by normal-looking biconcave cells; using fluorescence, no signal
is detected from any of the RBCs in the corresponding field (Figure 4.3). The isolated strong
signals visible at higher magnifications in the corresponding inset in bright-field (Figure 4.3)
can be attributed to the tiny proportion (<0.1%) of contaminant lymphocytes retained in
isolated RBC preparations.

Ionomycin-treated RBCs, suspended in low-K+medium for observation, appear uniformly
shrunken in bright-field (Figure 4.3) as expected with RBCs in dehydrated conditions with
uniform Ca2+-saturation of their Gardos channels. The distribution of fluorescence intensities
in the ionomycin-treated cells (Figure 4.3) show a wide variation, reflecting the actual Fluo-4
distribution in the RBC population. A careful comparison with the corresponding bright-field
image shows Ca2+signals emanating from all the cells. Thus, despite the large variation in
Fluo-4 contents, all the cells in the population generate detectable Ca2+signals at Fluo-4-
saturating [Ca2+]i levels.

Bright-field images of vanadate-treated cells (Figure 4.4) show typical fields of dehy-
drated, shrunken cells in low-K+ medium, and of non-dehydrated cells with largely preserved
discocyte shapes in high-K+ medium. In fluorescence (Figure 4.4), Ca2+ signals are de-
tected in the majority, but not in all, of the cells of the corresponding bright-fields. This
is particularly noteworthy for the cells suspended in high-K+ medium. Compared with
ionomycin-treated cells (Figure 4.3), vanadate-treated cells show overall reduced fluores-
cence levels and sharper cell-to-cell differences, reflecting wider variations in Ca2+ gain. The
distribution of fluorescent intensities assessed 3 hours later showed no significant difference,
suggesting that the intracellular calcium concentration had already reached saturation levels
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Figure 4.3 Ionomycin-induced calcium loads in Fluo-4-treated RBCs. Results representative of four
similar experiments. Note the dominant normal biconcave discocyte appearance of the control RBCs
(top left panel), and the lack of fluorescent signal (bottom left panel). The isolated intense fluorescent
spots do relate to ruptured/permeabilised intact RBCs, as illustrated for one such spot in the inset. The
dominant appearance of the ionomycin-treated RBCs is that of profoundly shrunken and crenated
RBCs (top right panel). Individual fluorescent signals (bottom right panel) can be traced to each
corresponding cell in the bright field image (top right panel). Thus, at saturating Ca2+ loads the
presence of Fluo-4 is revealed in all cells, but the cell-load distribution appears substantially uneven.

for the Fluo-4 signal in most cells. The shown intensity distribution approximates best the
true fluorophore distribution in the RBC population. [Ca2+]i levels appear higher in cells
suspended in low-K+ than in high-K+ media (Figure 4.4) for two reasons. Firstly, cell
shrinkage in low-K+ conditions increases [Ca2+]i at comparable total calcium concentrations.
Secondly, a substantial component of the Ca2+ leak (PCa, Figure 4.2) is electrodiffusional.
The hyperpolarisation generated by Gardos channel activation in low-K+ media increases
the driving gradient for Ca2+ influx tending to elevate [Ca2+]i.

The fluorescence distributions obtained in these different conditions are quantified in the
histograms of Figure 4.5. The images in Figures 4.3 and 4.4 were segmented into regions
that identified every single cell in bright-field, and partial cells at the edges were excluded
using a mask. This segmentation was then superimposed on the fluorescence image of the
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Figure 4.4 Effects of vanadate-induced PMCA inhibition on the bright-field appearance and fluores-
cence signal from Fluo-4-loaded RBCs in low-K+ and high-K+ media. Results representative of six
similar experiments. The resulting fluorescence distributions are a composite of true variations in
Fluo-4 contents and differences among cells in calcium leak (PCa). In low-K+ media the dominant
appearance is that of dehydrated RBCs (top left panel), contrasting with the dominant normal dis-
cocyte appearance of the cells in high-K+ media (top right panel), where dehydration is prevented.
Fluorescence intensities (bottom panels) vary sharply among the cells, with no signal at all from a
substantial fraction of cells in both conditions.

same field of view, and after background subtraction the average intensity of the pixels
within each cell was measured, to construct an intensity distribution across cells (Figure
4.5). The fluorescence intensity distributions for ionomycin- and vanadate-treated RBCs
are significantly above background for the vast majority of the cells. The distribution of
Fluo-4 in ionomycin-treated cells is very broad, with SD of 31% of the mean, considerably
higher than the 20% previously recorded for fura-2 incorporation [380]. The distributions of
fluorescence intensities in vanadate-treated cells are much narrower, with substantially lower
means, reflecting permeability-restricted Ca2+ influx, more severe in the high-K+ condition
in which around 3% of the cells are below the background.

Ca2+ signals were detected from most of the vanadate-treated shrunken cells suspended
in low-K+ medium (Figure 4.4). The mean physiological [Ca2+]i level within human RBCs



78 Role of calcium during malaria pre-invasion

Figure 4.5 Distributions of fluorescence signal intensities from Fluo-4 loaded RBCs treated with
ionomycin or vanadate. Mean background signal intensity was estimated from the controls, and
it was set as reference 0 on the x-axis. The total fluorescence was calculated by subtracting the
background mean from each individual cell’s intensity. Fluorescence intensity from low-K+ vanadate
and ionomycin distributions is distinctively higher than the control (RBCs with Fluo-4 only). In
the high-K+ condition, the fluorescence intensity is lower than in the low-K+ condition, reflecting
a permeability-restricted Ca2+ influx. In the box plots, the red line indicates the median, the box
indicates the 25th and 75th percentiles of the samples, and whiskers denote total data range. Means
and SD for the different histograms were estimated from Gaussian fits. Vanadate (high-K+): 56.0 ±
73.9; vanadate (low-K+): 276 ± 167; ionomycin: 931 ±308. Data from Figures 4.3 and 4.4.

suspended in plasma is about 50nM [364]. In the absence of precise in situ calibrations of
the Fluo-4 signal, the Fluo-4 detection level for [Ca2+]i remains unknown. It is therefore
important to note that [Ca2+]i elevations between physiological levels and Fluo-4 threshold
would remain undetected. However, there is strong evidence that the Ca2+-sensitive Gardos
channels of the RBC membrane (Kcnn4) [376, 381, 382] remain viable but inactive during
invasion [383, 384]. This offers an independent estimate of the top limit to which [Ca2+]i may
increase when undetected by Fluo-4. Based on early calibrations of the Ca2+ sensitivity of
the Gardos channel in human RBCs [379, 385] this top limit is about 80-100nM. Therefore,
these results cannot rule out [Ca2+]i increases below this limit during invasion.

4.5 Real-time microscopy of egress-invasion sequences

Invasions of 20 Fluo-4-loaded RBCs were recorded, from merozoite egress to post-invasion
echinocytosis, in bright-field and fluorescence at 5-10fps (see Paragraph 3.3.4). Ca2+ signals
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Figure 4.6 Selected frames of a video recorded egress-invasion sequence are shown in the top
panel: (a-b) merozoite upon contact with the uRBC triggers deformations of RBC at 1.4s after
egress; (c) switch from bright-field to fluorescence channel; (d) the first frame in fluorescence is
recorded at 2.5s but no fluorescence signal is visible until (e) a strong signal at 3.7s is almost
entirely confined to the merozoite area, 2.3s after merozoite contact and local deformation in frame
b; (f-h) rapid diffusion of the fluorescent signal from the invading merozoite to the RBC in about
0.4s; (i-k) merozoite fluorescence merges with the uniform RBC fluorescence, signalling parasite
internalisation; (l) echinocytosis of invaded RBC in bright-field. Plot of Ca2+ signals from the RBC
and merozoite during a typical punctate response; a fluorescence signal becomes visible during
parasite internalisation, while it is absent during the entire pre-invasion phase.

were not detected in 11 out of 20 experiments. However, the probability that this is due to
undetectable signals from cells with poor Fluo-4 loads, given the Fluo-4 distributions shown in
Figures 4.3, 4.4, and 4.5, is vanishing small. In all 9 cells with a positive fluorescent response,
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the fluorescent Ca2+ signals were fully confined to the post-alignment stages. When present,
all Ca2+signals appeared towards the end of deformations and displayed a characteristic
sequence starting with an intense punctate signal localized to the merozoite, followed by
a variable diffusion pattern within invaded RBCs undergoing echinocytic transients. More
than 2s after the first deformation response to merozoite contact, shown on bright-field
at 1.4s post-egress, a peak of intense fluorescence, entirely localized to the body of the
merozoite, appears within the 0.1s transition from baseline fluorescence to the next video
frame. The following frames show a gradual increase in fluorescence within the boundaries
of the invaded RBC towards a homogeneous fluorescence distribution reached after about 5s
post-egress. The changes in fluorescence intensity gradients clearly point to the merozoite as
the main source of elevated RBC Ca2+. In all 20 experiments of this series, no Ca2+ signal
was seen to originate from locations other than the merozoite. The total number of merozoites
considered were 24, because in some experiments there where multiple invasions of the
same RBCs, as represented in Figure 4.7. Although it is possible that an intrinsic variation
could be present among merozoites from different samples, even if malaria parasites were
of the same strain and came from the same strain and culture flask, the calcium expression
in merozoites was either only detected as a punctate response after a tight junction was
formed with the RBC, or not detected at all in the merozoite (see Supplementary Fig. S4 in
Reference [i]). In the 11 punctate-negative experiments, absence of Ca2+ signals included
all echinocytic periods, suggesting no increase in the calcium permeability of the RBC
membrane throughout invasion, and that elevated [Ca2+]i was not required for echinocytosis.

An example of invasion processes in which RBCs show weaker Ca2+ signals from
low Fluo-4 loads is reported in Figure 4.7. No signal was detected during pre-invasion
periods both in the case of high and low [Ca2+]i (Figures 4.6 and 4.7) thus ruling out false
negative results in this series. Taken together, these results made a strong case against the
hypothesised role of calcium in pre-invasion deformations. Ca2+ was only detected as an
episodic occurrence during post-alignment events.

4.5.1 Deformation response of red blood cells to initial merozoite con-
tacts

In the original formulation of the calcium hypothesis [6], deformations were assumed to be
calcium-driven active RBC membrane responses required for apical alignment. In the absence
of detectable calcium signals during the pre-invasion period, are deformations still active
and relevant to merozoite alignment? Could deformation intensity still be correlated with
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Figure 4.7 Ca2+ flux from two merozoites invading the same RBC. The plot starts with the first frame
in fluorescence at 4.2s post egress, a first merozoite lights up at 5s and after a narrow pick of intensity,
the signal of the merozoite remains stable. A second merozoite invades the same RBC at 6.6s post
egress, showing a sharp fluorescent signal that lasts around 2s. The RBC signal increases linearly
until reaching a plateau in about 5s, that lasts for other 20s before beginning to decrease, possibly due
to fluorescence bleaching. The fluorescence of the merozoites overlap the one from the RBC when
the parasites are completely inside the RBC.

late positive Ca2+ signals, potentially associated with subliminal [Ca2+]i elevations during
pre-invasion stages? Deformation levels during pre-invasion were categorised by employing
the visual approach originally used by Weiss et al. [111] to classify RBC deformations. The
results in Figure 4.8 showed no preferential correlation with presence (green) or absence
(red) of Ca2+ signals at any of the deformation intensities scored.

4.6 Discussion

We investigated the hypothesised role of elevated [Ca2+]i on the deformation responses that
merozoite contacts elicit in RBCs during the pre-invasion period [6]. Ca2+ signals were
recorded from Fluo-4-loaded RBCs in conditions that ensured preservation of their normal
ATP contents (Figure 4.1). The distribution of Fluo-4 in the RBC population was measured
under a variety of conditions and found to vary widely, but all RBCs were shown to contain
sufficient Fluo-4 to elicit detectable fluorescence at saturating Ca2+ loads (Figures 4.3,4.4,
and 4.5). Egress-invasion sequences were video-recorded under bright-field and fluorescence
in Fluo-4-loaded RBCs at 5-10fps (Figure 4.6). In the 20 egress-invasion assays reported
here, Ca2+ was detected only in 9 (Figures 4.6 and 4.7), all of them showing a punctate
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Figure 4.8 No evident correlation between RBC deformation level (from 0 → 3 representing weak
→ strong) and the presence (green) or absence (red) of Ca2+.

modality. Ca2+ signals were never detected during pre-invasion stages regardless of the
presence, absence or intensity of the late fluorescent signal (Figures 4.6 and 4.7) or of the
intensity of the deformation response (Figure 4.8). Our results argue against the hypothesised
role of [Ca2+]i elevations on merozoite-elicited deformations [6], unless confined to sub-
membrane microdomains within levels below Gardos channel activation, undetectable by
Fluo-4.

Experiments concerning calcium agree with those of Weiss et al. [111] and McCallum-
Deighton and Holder [361], who conclude that the role for calcium in merozoite invasion
is extracellular. In particular, Weiss et al. also carried out a similar thorough investigation
on calcium during malaria invasion using Fluo-4-loaded RBCs. In 248 invasion events
recorded on alternating lapse-time sequences under bright-field and fluorescence, Ca2+

signals were detected only in 45% of instances and were of the punctate modality [111].
Both data presented here and in [111] suggest that [Ca2+]i elevations play no role in the
dynamic deformations assumed necessary for apical alignment, against the tenets of the
calcium hypothesis. However, a number of technical and methodological uncertainties were
present in [111] concerning the ATP depletion status of the RBCs targeted for invasion, the
possibility of false negatives from low-Fluo-4 containing RBCs, and the possibility of brief
events being missed during the relatively large gaps in early lapse-time video recordings. This
research sought to overcome concerns about the ATP status of RBCs, a necessary cofactor
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for invasion [367], by adding pyruvate in incubation or culture media [335, 386] to prevent
the formaldehyde-induced glycolytic block. Moreover, the distribution of Fluo4 in RBCs
was ascertained to avoid false negative Ca2+ signals from cells with low Fluo-4 loads, while
the time-resolution of recorded egress-invasion sequence was improved of 10 to 15 folds.

Results of Gao et al. [190], demonstrate that calcium is required by merozoites for Ca2+

signalling of EBA-175 discharge leading to apical junction formation, and indicate that
all merozoites poised for invasion are in a high Ca2+ signalling condition [149, 148]. The
interaction between Pf Rh5 and basigin was shown to be essential for establishing the tight
junction between merozoite and host during invasion, an event associated with Fluo-4 signals
of elevated Ca2+ in merozoite and host cells [387, 158]. In the paper by Volz et al. [158],
Ca2+ signals were detected in only 41 out of 178 merozoite contacts associated with host cell
deformations, and 36 of the 41 progressed to invasion [158]. The Ca2+ signal for 3D7 in their
Figure 5a shows the typical punctate response associated with events following irreversible
apical alignment, hard to attribute to pre-invasion events. The paper by Aniweh et al. [387],
provides elegant evidence for the essential role of the Pf Rh5-basigin interaction in merozoite
invasion. But the implicit assumption that the elevated Ca2+ detected for the post-alignment
period occurred in all invasion instances is not supported by their evidence, which was
based on population signals from a fluorescence plate reader, or by isolated observations on
single invasion events. The episodic occurrence of post-alignment Ca2+ signals may result
from: (i) stochastic permeability pathways affecting diffusional patterns for Ca2+ and Fluo-4
between merozoite and host; (ii) variations in Ca2+ requirements for successful invasion of
age-discriminant RBC subgroups. Instead, false negatives among some of the Ca2+-negative
results may be due to invasion of RBCs not loaded with Fluo-4 coming from the culture flask
after magnetic separation (efficiency up to 97% [327]).

4.6.1 Possible function of calcium punctate response

With this in mind, the lack of Ca2+ flux in 55% of invasions recorded in Fluo-4-loaded RBCs
could only have resulted from the lack of free Fluo-4 access to Ca2+-activated merozoites.
Other than presence or absence of Ca2+ signals there were no alternative features that
could help distinguish the dynamics of pre-invasion and invasion patterns between the two
groups. Free Fluo-4 was present initially only within the RBC cytoplasm (Figures 4.3
and4.4). Therefore, access to merozoites in the 45% of responses with detectable Ca2+

signals must have been through the activation of a diffusional path connecting RBC and
merozoite compartments. To be able to elicit a saturated Ca2+ signal to emerge within a
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single frame transition of 0.1s (Figure 4.6), a high permeability pathway would have had to
be generated soon after junction formation. Such a diffusional pathway would also allow
other solutes to equilibrate across, Ca2+ ions among others. The spatial and temporal patterns
of the [Ca2+]i increase documented in the punctate responses (Figure 4.6) are consistent
with and support the view that a down-gradient flow of Ca2+ either from merozoite or from
the surrounding extracellular medium to RBC can account for all the characteristics of the
Ca2+ signals recorded from RBCs (Figure 4.6).

Activation of the connecting pathway must have taken place in 45% of egress-invasion
events regardless of whether or not Fluo-4 was there to visualise it. It may simply represent a
premature or early formation of a membranous patch at the apical junction, precursor of the
high permeability parasitophorous membrane [388–390]. Alternatively, the connection may
have evolved as a way of increasing invasion efficiency in selected RBC subpopulations. For
instance, merozoites invading ageing RBCs may activate early path formation to improve
invasion efficiency, a point which future research may help resolve by investigating whether
punctate-response frequencies vary in a systematic way in age-segregated RBCs during
invasion assays.

Together with the evidence that host calcium originated from the merozoite in the 45% of
instances with punctate Ca2+ signals, the total absence of fluorescence from Fluo-4-loaded
RBCs in the 55% of Ca2+-negative assays argues against increases in the Ca2+ permeability
of host RBCs during invasion and echinocytosis. Hence, the suggestion that rhoptries release
factors that permeabilised host cells to Ca2+ secondarily triggering echinocytosis [111] is
not supported by the available evidence. In addition, absence of late Ca2+ signals during
the echinocytic stage, when the internalised parasite is surrounded by the parasitophorous
vacuolar membrane, suggests that Fluo-4 diffusing from host cytoplasm towards the ring-
stage parasite cannot access parasite domains of high-Ca2+ concentration any more.

4.6.2 Alternative mechanisms of merozoite apical alignment

The demise of the calcium hypothesis rekindles the search for alternative mechanisms that
could account for the dynamics of apical alignment. A few critical clues based on recent and
earlier observations may be used to build a new coherent hypothesis for future theoretical
and experimental tests:

(i) local RBC deformations correlate with invasion efficiency [111, 112];
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(ii) merozoite-host agonist-receptor interactions form reversible coat filaments of between
about 20 to 150nm in length capable of generating passive local membrane deforma-
tions on attachment and detachment [353, 391, 3];

(iii) certain agonist-receptor binding interactions (i.e. EBA-175 and glycophorin A) activate
signalling cascades that alter the physical properties of the host cell membrane priming
it towards an increased invasion efficiency [148, 149];

(iv) the apex of the merozoite is positively charged relative to its base and to the negatively
charged RBC surface [392];

(v) apex-directed concentration gradients of agonists develop on the coat of activated
merozoites [140, 112].

With these elements the dynamics of the pre-invasion stage leading to apical alignment
may be envisaged as proceeding along the following sequence. After egress, when the
distance between merozoites and RBCs approaches less than ∼ 200nm, agonist-receptor
binding interactions (ARBIs) trigger the transient formation and contraction of “Bannister
coat filaments, BCFs” [353] of long (∼ 150nm) and short (∼ 20nm) varieties, generating
local bending deformations on target RBCs by passive compliance of the RBC membrane.
The intensity of the effects caused by these transient adhesions will depend on the nature
and surface density of ARBIs, and on the mechanical properties of the RBC membrane
[4, 149]. The strength of each ARBI and associated BCF cluster is assumed to peak on
formation and decay rapidly along an exponential time-course, thus allowing merozoites to
detach and re-associate further with the same or other target RBCs. Crick et al. [3], observed
that spent merozoites, with lost invasive capacity, attached irreversibly to RBCs as if the
dissociation reaction had become blocked or inactivated, reminiscent of the condition of
dehydrated RBCs surrounded by attached merozoites unable to invade [198]. The irreversible
attachment of spent merozoites offered the opportunity to measure the force of attachment.
Using optical tweezers, Crick et al. [3] calculated that a force of 40 ± 8pN was needed to
detach spent merozoites, probably near the peak force in a normal biphasic agonist-receptor
binding reaction. Progress towards alignment will take place when successive merozoite
attachments advance along the apex-directed agonist concentration gradient and electric field.
Important modulating factors, with influence on apical alignment and invasion efficiency
will be those affecting cytoskeletal tension, and the viscoelastic and bending properties of
the membrane [393, 394, 4, 149, 148]. These factors may be good candidates to account
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for the gradual decrease in invasion efficiency with increasing RBC density, because of the
density-associated decrease in RBC deformability [395].

Essential components of the sequence just outlined as a mechanism of apical alignment
were envisaged long ago by Bannister et al. [353], summarized in this quote from their paper:

“Individual filaments are anchored to the membrane strongly enough to maintain attachment

to red cells and to mediate considerable bending forces, although they allow re-orientation

of the merozoite on the red cell, or even detachment, if effective apical contact is not made”.
The passive compliance proposition of apical alignment outlined above can account

for local deformations, but it offers no explanation for the large, strong (score 2-3) and
distal dynamic deformations with which target RBCs often respond to merozoite contacts or
proximities [116, 117]. Given that this chapter establishes that deformations are not linked
to calcium concentration, the mechanism of these large deformation responses remains a
challenging open question for future research.



Chapter 5

Biophysical properties of red blood cells
modulate invasion: study of malaria
resistant human populations

Invasion offers a wide range of mechanical transformations related to biophysical alterations
of RBC properties induced by the parasite, and in the context of my thesis, this is a crucial
step for research. In this chapter, all the phases of the invasion process were dissected by
employing live imaging, proteomics, and biophysics. To explore the mechanisms that lead to a
successful invasion by a parasite, invasion was followed in two human genetic polymorphisms
resistant to malaria, the Dantu blood group variant and the β -thalassaemia disorder, and
compared to controls. Experiments with Dantu variant cells revealed a previously unknown
relationship between the mechanics of RBCs, invasion efficiency, and the ability of RBCs to
protect individuals against severe malaria.

5.1 Dantu blood group phenotype

As outlined in Section 2.10.1, malaria has had a major effect on the human genome, with
many protective traits such as sickle cells having been selected to high frequencies in
malaria endemic regions [396, 397]. Recently, a rare blood group variant, Dantu, was
said to provide up to 74% protection against all forms of severe malaria in homozygous
individuals [285, 10, 398]. Dantu is associated to structural variations of the glycophorins
on the RBC membrane, and to the presence of novel hybrid antigens [9]. The aim of
this research is to elucidate how the Dantu polymorphism affects invasion and confers



88 Biophysics of malaria resistant human populations

resistance against malaria. Multiple strains from various geographical origins exploit different
ligand-receptor interactions were tested for invasion in non-Dantu, Dantu heterozygote and
Dantu homozygote RBCs. Moreover, membrane proteins and biophysical parameters were
extensively characterised across Dantu genotype groups. This was a broad collaborative
project, for which my contribution focussed on the biophysics of invasion. I recorded invasion
events in real time and analysed the data, measured adhesion forces between merozoites
and RBCs, and the biophysical properties of the RBCs such as membrane bending modulus
and tension, radius, and viscosity. As reported in Section 1.2, flow cytometry assays were
performed by collaborators from the Sanger and the KEMRI Institutes, respectively, in
Cambridge and Kilifi, Kenya. Mass spectrometry analysis was done by collaborators at the
CIMR, Cambridge. Experiments in which I did not take active part will be only mentioned
briefly to deliver a comprehensive and complete picture of the study.

5.1.1 Efficiency and kinetics of invasion across Dantu genotypes

To investigate the impact of Dantu on P. falciparum invasion, samples from 42 healthy
children were collected from the Kilifi County on the Indian Ocean coastal region of Kenya,
where this polymorphism is found at a minor allele frequency of approximately 10% - one
the highest frequency yet described [285, 399]. To eliminate any possible confounding from
other large-effect malaria protective polymorphisms, only samples from subjects who were
negative for both sickle cell trait and homozygous α-thalassaemia were considered. Both
fresh and frozen/thawed RBCs from non-Dantu, Dantu heterozygote, and Dantu homozygote
children were used in flow cytometry assays, respectively in Kilifi and in Cambridge, with
no difference in parasite invasion efficiency being observed between invasion into fresh and
frozen cells. Frozen cells where shipped to Cambridge and thawed before experiments. A
couple of these samples were completely lysed and, hence unusable. To ascertain that the
freezing procedure did not alter RBCs, and in particular their biophysical characteristics,
bending modulus, tension, radius, and viscosity were compared between fresh and frozen
RBCs. These parameters were evaluated by using flickering spectroscopy for 50 RBCs
from a vial of non-Dantu fresh blood, and the vial was later cryo-conserved for one week
following the procedure in Section 3.1.5. Once thawed, biophysical parameters of 50 cells
from the same vial were measured again and no difference was noticed between the two
batches (Figure 5.1). Dantu blood supply was precious and limited, and therefore not used
for this preliminary control.
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Figure 5.1 Comparison of bending modulus, tension, radius, and viscosity of 50 fresh (•) and frozen
(◦) RBCs from the same vial. The freezing procedure did not affect the considered RBC biophysical
features. Comparisons between fresh and frozen cells was performed using the Mann-Whitney U test.

High-throughput population analysis of invasion This analysis was carried out by
Dr Silvia Kariuki and Dr Alejandro Marín-Menéndez at KEMRI and Sanger Institutes, and
reported in Reference [iii]. Five geographically distinct isolates originally from Africa (3D7,
GB4) and, specifically Kenya (SAO75), South America (7G8) and Southeast Asia (Dd2)
were co-cultured with differentially labelled non-Dantu, Dantu heterozygote and homozygote
RBCs. The number of invasion events into each population were estimated over one life cycle
using a fluorescent DNA dye via flow-cytometry [400]. Three parasite strains, 3D7, Dd2 and
SAO75, showed a significantly reduced ability to invade Dantu RBCs. A similar trend was
observed for GB4 and 7G8 but did not reach statistical significance, potentially because of
technical variation in their starting parasitaemias and growth rates. These five strains were
chosen for their use of a variety of invasion pathways and their differing reliance on GPA
[144]; Dantu appears to limit invasion in all cases. It was also observed a trend towards
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increased resistance to invasion by Dantu homozygote RBCs compared to heterozygote
RBCs, suggesting a dose-dependent effect.

Single-cell analysis of invasion Time-lapse video microscopy was employed to in-
vestigate the specific step at which invasion was impaired. Videos of 3D7 egress-invasion
events were recorded at 4 fps by employing 3 microscopes at the same time, in order to
guarantee the same conditions for the three genotypes throughout the experiments. Data were
collected by myself and Dr Yen-Chun Lin at the Cavendish Laboratory. All the experiments
were performed blind to the RBC genotype group. Videos lasted from a few minutes before
schizont rupture until the end of echinocytosis, around 20 minutes after egress. In this period
of time, the number of RBCs considered for the analysis were: 144 for non-Dantu RBCs, of
which 53 invaded; 191 (43 invaded) for Dantu heterozygotes; and 233 (41 invaded) for Dantu
homozygotes. Invasion efficiency of Dantu RBCs was also significantly decreased in this
real-time assay, independently validating the results of the flow cytometry-based assays, as
shown in Figure 5.2. Invasion efficiency was quantified as the percentage of merozoites that
contacted and successfully invaded RBCs out of the number of merozoites that contacted
RBCs post-egress. This definition took into account the fact that in a chamber multiple
merozoites invade the same RBC.

Invasion was broken down into three phases: pre-invasion, invasion and echinocytosis
(see Section 2.6.1). Pre-invasion was defined as the time from the first RBC-merozoite contact
to the resting phase after cell deformations; invasion lasted from merozoite penetration into
the RBC until echinocytosis; and finally echinocytosis from the first curling of the RBC edge
to the recovery of its normal biconcave shape [111, 5]. In this chapter, the Mann-Whitney U
test was used to calculate the p-values, if not specified otherwise.

Even when successful, the kinetics of invasion into Dantu RBCs was affected, with
the early pre-invasion step and the subsequent entry step significantly longer, suggesting
a mechanical resistance to invasion by Dantu RBCs. The distinctive longer duration of
pre-invasion with merozoites that attach but do not invade Dantu cells is similar to the
invasion of dense RBC phenotypes [198] and of RBCs where membrane rigidity has been
increased using chemicals [241]. By contrast, no significant difference in the detachment
force between merozoites and Dantu RBCs was reported, as measured using optical tweezers
as explained in Methods 3.5 (Figure 5.3), nor was there a significant difference in the degree
of membrane deformation (Figure 5.4) or echinocytosis of differing Dantu genotype (Figure
5.2). Echinocytosis is usually considered a sign of completed invasion, but as recently shown
in [111], I observed the echinocytic phase in RBCs that were strongly deformed but not
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Figure 5.2 Reduced invasion of Dantu RBCs by P. falciparum 3D7 strain. Single-cell analysis. For
each genotype group, invasion efficiency under video microscopy was defined as the proportion of
merozoites that contacted and successfully invaded RBCs, relative to all merozoites that contacted
RBCs. Six RBC samples per genotype group were tested; the number of contacted and successfully
invaded RBCs were counted as follows: non-Dantu: 144/53, Dantu heterozygote: 191/43, Dantu
homozygote: 233/41. The bar plots show the mean and SD of the live video microscopy invasion data.
** p < 0.01; * p < 0.05.

invaded. This could suggest that echinocytosis is a consequence of physical or biochemical
interaction with the merozoite during pre-invasion.

The number of RBCs pulled from merozoites with optical tweezers were: 19 for non-
Dantu RBCs, 21 for Dantu heterozygotes, and 24 for Dantu homozygotes. Mean and SD of
force values for each genotype group are: non-Dantu (42.5 ± 15.7pN), Dantu heterozygotes
(49.5 ± 22.9pN), and Dantu homozygote (39.8 ± 15.6pN). The trapping of viable parasites
occurred in less than few minutes before parasites losing their ability to invade, and starting
to sediment on the bottom of the chamber. This challenging technique requires tightly
synchronised schizonts in order to observed enough invasions. Clear and successful results
are difficult to collect and thus the number of events included in the final data are lower
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Figure 5.3 Merozoites attached to RBCs were pulled using optical traps, and the adhesive forces at
the merozoite-RBC interface were quantified by measuring the elastic morphological response of the
RBC as it resisted merozoite detachment. Six RBC samples per genotype group were tested obtaining
21 events for non-Dantu, 19 for Dantu heterozygote, and 24 for Dantu homozygote RBCs.
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Figure 5.4 Deformations triggered by merozoite contact for non-Dantu and Dantu RBCs. The
degree to which merozoites deformed RBCs during pre-invasion was given by a simplified four-point
deformation scale (0, 1, 2, and 3), based on the most extreme degree of deformation achieved [111].
The degree of deformation was compared across genotype groups with no significant difference
noticed, and between successful and failed invasions. The percentage of cells with strong deformation
levels (2 or 3) is significantly higher in case of successful invasions and vice versa. Data for successful
invasions: 53 (out of 155) non-Dantu, 43 (out of 191) Dantu heterozygotes, and 41 (out of 233) for
Dantu homozygote RBCs.



5.1 Dantu blood group phenotype 93

compared to other experiments. RBC deformation levels during invasion were scored
following Weiss et al. categorisation system [111]. All the box plots in this chapter indicate
the median (middle line) and interquartile ranges (top and bottom of boxes) of the data,
while whiskers denote the total data range, with red crosses outside the whiskers indicating
the outliers in the data. If the median is not centred in the box, it shows sample skewness.
Overall, these results indicate that the Dantu mutation has a pleiotropic effect on invasion
across both contact and entry phases.

5.1.2 Surface protein characterisation

Comparing haematological indices revealed significantly lower MCVs and MCHCs from
Dantu homozygotes. This suggests that Dantu directly impacts RBC properties, perhaps
by altering the composition of the RBC surface. Through the analysis of RBCs from three
donors of each type, 294 proteins that were either anchored in the RBC membrane or had
a transmembrane region were quantify by plasma membrane profiling [401, 402], from
collaborators using mass spectrometry. The data revealed widespread cell surface changes,
with 40 proteins up-regulated and 34 down-regulated by >50% in Dantu heterozygotes, and
66 proteins up-regulated and 34 down-regulated by >50% in Dantu homozygotes (Figure
5.5). A higher proportion of Dantu cells expressed CD71, a marker of younger RBC age
that is lost as RBCs mature. The expression levels of CD71, a transferrin receptor protein
that mediates the uptake of transferrin-ion complexes into cells by endocytosis, provide a
proxy measure of cell age, with younger cells expressing higher levels [403]. Therefore,
the higher proportion of CD71 expressing RBCs in Dantu homozygotes indicates that the
collected Dantu cells could be younger. Mass spectrometry was also able to distinguish
between peptides unique to GPA, which were all in the extracellular region of the protein,
from those shared with Dantu, which were all intracellular, confirming the presence of
the Dantu antigen on the RBC surface. GPA was significantly reduced in Dantu RBCs,
which confirms observations in previous small-scale studies [298, 294]. Antibody assays in
Reference [iii] also showed unchanged surface expression of GPB, even if a previous study
measured decreased levels of GPB expression [298], while Band 3 significantly increased
in Dantu RBCs. No differences in the surface expression levels of other RBC membrane
proteins involved in parasite invasion, including Basigin, CD55 and CD44 were reported.

To test whether these changes might account for the impact of Dantu on RBC invasion,
the invasion rate was studied in the case of a genetically modified P. falciparum strain that
had Pf EBA175, the ligand for GPA, disrupted [404]. The Pf EBA175-GPA interaction is
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Figure 5.5 RBC membrane protein characteristics vary across Dantu genotype groups but do not
directly correlate with invasion efficiency. Scatter plot of all proteins quantified by mass spectrometry.
Fold change was calculated by average signal:noise (Dantu homozygotes) / average signal:noise
(non-Dantu) (three samples per genotype group). Benjamini-Hochberg-corrected significance was
used to estimate p-values.

not absolutely required for invasion, and if Pf EBA175 is deleted, other invasion ligands
can be transcriptionally up-regulated and appear to phenotypically compensate for the
deletion [144, 404]. Flow cytometry experiments detailed in Reference [iii] showed that
also ∆Pf EBA175 parasites had a significantly reduced ability to invade Dantu RBCs. Given
that this parasite cannot, by definition, use GPA for invasion, changes in the receptor-ligand
interaction between GPA and Pf EBA175 cannot be the only explanation for the inhibitory
impact of Dantu. This observation, along with earlier observations that Dantu decreases
invasion both by strains known to rely heavily on EBA175 (Dd2) and by strains that are less
dependent on this pathway (3D7), is further evidence that the impact of Dantu is not linked
to specific receptor-ligand interactions.

5.1.3 Red blood cell membrane tension controls merozoite invasion
and wrapping

The Dantu polymorphism was found to affect invasion across multiple and diverse P. falci-

parum strains, regardless of their reliance on GPA as an invasion receptor, and to impact the
invasion process, including the earliest steps before GPA is thought to be involved [28]. All
these observations support the conclusion that the protective effect of Dantu is not related
directly to receptor-ligand interactions but might instead relate to its broader RBC biome-
chanical effects. Measuring membrane contour fluctuations using flickering spectrometry as
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detailed in Methods 3.4, allowed me to generate direct measurements of RBC membrane
mechanics, such as bending modulus, tension, radius, and viscosity. Five samples were
tested per genotype group, analysing in total 249 non-Dantu cells, 252 Dantu heterozygotes,
and 247 Dantu homozygotes. In Table 5.1, mean and SD of each measured biophysical
parameter are reported. Biophysical properties of about 50 RBCs were measured for each
of the five samples per genotype condition; these cells were randomly chosen among the
ones with regular shape because the contour detection algorithm fails to track the membrane
contour of non-uniform, irregular and crenated RBCs. Each individual sample comes from a
different donor: not only the biomechanical characteristics of the RBCs within each sample
show a noteworthy spread, but there is also a variation among donors of the same genotype
group, as indicated by the means and standard deviations of each sample for non-Dantu,
Dantu heterozygote and Dantu homozygote RBCs in Figure 5.6.

Dantu RBCs had significantly higher tensions and smaller radii than non-Dantu RBCs, as
expected due to their lower MCV, whereas no significant differences were seen in bending
modulus and viscosity (Figure 5.7). Figure 5.8 highlights the linear trend between tension
and radius, with higher tension leading directly to smaller RBCs [242]. The change in the
equatorial radius of 0.3µm between non-Dantu and Dantu in Figure 5.7 is very small and
it is likely due to a shape change caused by the increased tension. The threshold range for
tension marked in Figures 5.7 and 5.10 a, b was obtained by comparing distributions of
tension across Dantu genotypes with their invasion efficiency.

To test whether there was any link between tension and invasion efficiency, both param-
eters were measured simultaneously using video microscopy in separate experiments for
non-Dantu or Dantu variant RBCs. Tension was first measured for all cells adjacent to a
rupturing schizont from a 3D7 culture using high frame rate capture, then the fate of invasion
of all parasite-RBC contact events into the same cells was monitored following schizont
rupture under standard microscopy conditions (Figure 5.9).

As shown in Figure 5.10a, there is an intrinsic distribution of membrane tensions in
RBC from each donor, which led to the discovery of a clear association between tension and
invasion: merozoites preferentially invaded neighbouring RBCs with low tension, but did not
invade nearby RBCs with high tension. Comparing the distributions of tension for Dantu
and non-Dantu RBCs with the percentage of successful invasions into these cells suggested
a tension threshold for successful parasite invasion of 3.8 (± 2.0) ·10−7 N/m. Successful
invasion, both in Dantu and non-Dantu RBCs, was very rare above this threshold (Figure
5.10a). Critically, the median tension of Dantu RBCs was 8.2·10−7 N/m, which means that
the majority of Dantu RBCs are above the tension threshold of 3.8 (± 2.0) ·10−7 N/m, giving
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Figure 5.6 Biophysics of RBCs vary within each individual and between different donors. Mean and
SD is reported for each donor/sample and across genotype groups.

a clear mechanism explaining their reduced invasion efficiency (Figure 5.7). In addition,
Figure 5.10b highlights the association between tension and deformation during the invasion
process, with RBCs above the tension threshold only weakly deformed (scores 0 and 1),
whereas RBCs with tensions below the threshold were more strongly deformed (scores 2 and
3), as well as being more frequently invaded by parasites. This reflects the levels of RBC
deformation obtained in Figure 5.4 when studying the invasion dynamics in a population
of non-Dantu, Dantu heterozygote, and Dantu homozygote cells. Three samples for Dantu
and non-Dantu RBCs were used, and Table 5.2 summarises the values for RBC tension and
deformation level.

Finally, to further probe why RBCs with higher membrane tension were invaded less,
I examined whether higher RBC membrane tension impedes the ability of the merozoite
to wrap and deform the RBC. Image thresholding filters (ImageJ) were used to distinguish
parasite and RBC contours from videos taken in bright field at 100 fps. The contact region
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Figure 5.7 RBC biomechanical properties differ across Dantu genotypes. Membrane flickering
spectrometry enabled measurement and comparison of RBC bending modulus, tension, radius, and
viscosity across 6 samples per genotype group; 249 non-Dantu, 252 Dantu heterozygote, and 247
Dantu homozygote RBCs. ** p < 0.01.

between the merozoite and the RBC was measured during pre-invasion, when the parasite
deforms the host cell at its maximum. Only when merozoites were poised laterally to the
RBC the thresholding process accurately identified them, and therefore only lateral invasions,
as illustrated in Figure 5.11a, were taken into account for this analysis. RBCs wrapped
around the parasite considerably more when having a low value of membrane tension (Figure
5.11b). Cells from 3 biological samples with tension values at the extreme ends of the normal
tension range for RBCs were counted (23 low-tension RBCs, 15 high-tension RBCs). This
observation is also consistent with data in Figure 5.10b, in which the merozoite contact
elicits more dramatic membrane deformations in RBCs with lower tension.

As additional control, to check if bending modulus and tension were independent values
obtained from the RBC membrane fluctuations, and to ensure that the flickering method was
able to distinguish between these two quantity, the fluctuation spectra of the same 20 cells
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Table 5.1 Red blood cell biomechanical parameters across Dantu genotypes

Non-Dantu
Mean ± SD

Dantu heterozygotes
Mean ± SD

Dantu homozygotes
Mean ± SD

Number of replicates 5 5 5
Number of cells 249 252 247
Bending modulus (10−20J) 14.0 ± 1.5 14.0 ± 1.8 13.0 ± 2.7
Tension (10−7N/m) 6.0 ± 1.9 7.9 ± 2.8 8.8 ± 0.7
Radius (µm) 4.2 ± 0.1 4.0 ± 0.1 3.9 ± 0.1
Viscosity (10−3 Pas) 20.5 ± 5.6 20.8 ± 5.3 23.5 ± 4.6

Five biological replicates were prepared for each genotype group. For each of these samples,
the average RBC values for four mechanical parameters (bending modulus, tension, radius,
and viscosity) were calculated from approximately 250 cells. The average values of the
parameters from the 6 replicates were used to calculate the mean and SD for each genotype.
Data are shown in Figure 5.7.
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Figure 5.8 Scatter plot between tension and radius in non-Dantu and Dantu homozygous RBCs. The
shaded points in the background are all the data considered for non-Dantu (249) and Dantu (247)
RBCs from five different biological replicates. The big marks in the foreground represent the mean
and SD in tension and radius of the five samples for non-Dantu and Dantu RBCs. There is a linear
inverse relation between radius and tension, and RBCs with higher tension have lower radii.

with high and low tensions were averaged and reported in Figure 5.12. The box plots show
that bending modulus does not differ significantly for the two sets of cells, while tension
values are apart, as they should be (Figure 5.12a). This is also evident from the overlapping
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Figure 5.9 Biophysical properties and susceptibility to invasion evaluated for the same RBC. Tension
and invasion efficiency evaluated by simultaneously measuring the tension from flickering analysis and
imaging the invasion process from rupturing schizonts - egress, deformation, invasion if successful,
and echinocytosis.

Table 5.2 Impact of red blood cell tension on parasite invasion and wrapping

Invasion Genotypes Number of cells
Tension (10−7 N/m)

Mean ± SD
Deformation

score

Successful Non-Dantu 44 1.7 ± 1.2 2/3
Successful Dantu 31 2.6 ± 2.2 2/3

Failed Non-Dantu 40 8.8 ± 5.7 0/1
Failed Dantu 48 9.4 ± 4.9 0/1

Summary of averaged membrane tensions for Dantu and non Dantu RBCs, in case of
successful or failed invasion. Data are shown in Figures 5.10.

of the two spectra in Figure 5.12b for the high modes where a bending-dominated regime
prevails (q−3), whereas the divergence of the fluctuation amplitudes becomes noticeable
when tension predominates at low modes (q−1).
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Figure 5.10 RBC membrane tension correlates with parasite invasion and wrapping. (a) Invaded
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Figure 5.12 Decoupling bending modulus and tension through flickering analysis. (a) Tension and
bending modulus for 20 cells with extreme high and low tensions (** p < 0.01). (b) The mean square
fluctuation spectrum for RBCs with both low (blue) and high (yellow) tension, is the average of 20
fluctuation spectra for each case.
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5.1.4 Reflection on possible mechanisms inducing tension-driven pro-
tection in Dantu red blood cells

The molecular mechanism leading to increased membrane tension in Dantu cells is not
known, but the fact that only RBC membrane tension, and not also bending modulus, was
affected might suggest a change in the osmotic balance or ion transport rather than a direct
alteration of the cell cytoskeleton. Mass spectroscopy data showed a significant increase in
expression level of a sodium-hydrogen exchanger SLC9B2 (Figure 5.5) [405–407], which
could perhaps lead to a change in osmotic balance. Increased SLC9B2 expression can lead
to increased intracellular sodium levels and overhydration [408], which could eventually
increase membrane tension [227, 198]. In order to test this idea, Dantu RBCs were treated
with phloretin, a broad spectrum inhibitor of ion transporters [406]. Phloretin treatment
resulted in decreased tension of both Dantu and non-Dantu RBCs for concentrations of 150
and 200µM, as shown in Figures 5.13a and b, respectively. However, unfortunately, it also
inhibited egress of parasites from late-stage infected RBCs, making it impossible to test
whether phloretin could rescue the invasion inhibitory effect of Dantu.

Instead, with opposite intention, membrane tension of non-Dantu RBCs was directly
perturbed by treating them with low concentrations of glutaraldehyde, a compound that
has been shown to increase RBC membrane tension without effecting bending modulus at
concentrations below 0.01%[149]. The aim was to mimic as much as possible the Dantu RBC
biomechanical properties by using chemicals, in order to study their impact on the invasion
efficiency. Glutaraldehyde preferentially cross-links proteins, and is therefore expected to
affect mainly the cytoskeletal properties. It is very likely that the Dantu molecular mechanism
acts differently from glutaraldehyde, and I am aware that this compound is used for cell
fixation and may cause ATP depletion, but at very low concentrations (0.001%) it increased
membrane tension in non-Dantu RBCs to levels that were similar to Dantu homozygous
RBCs. The tension of cells loaded with 0.001% glutaraldehyde was 8.8 ·10−7 N/m, and this
was associated with a 22% reduction of parasitaemia. Cells with glutaraldehyde at 0.01%
had tension of 12.2 ·10−7 N/m and a 43% reduction in invasion efficiency by 3D7 parasites.
In Figure 5.14, parasitaemia was measured with flow cytometry by synchronising schizonts
before rupture and counting the rings after one day, therefore here parasitaemia is equivalent
to invasion efficiency. These data independently confirm the direct impact of RBC membrane
tension on parasite invasion efficiency, and suggest a putative molecular mechanism through
which the Dantu polymorphism confers protection, by impacting functional and physical
changes on the surface of the RBC.
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Figure 5.13 Biophysical properties in (a) non-Dantu and (b) Dantu RBCs after phloretin treatment.
Phloretin treatment caused a decrease in tension without affecting bending modulus at 150 (pink) and
200µM (brown) for both non-Dantu and Dantu samples. Bending modulus and tension of non-Dantu
RBCs loaded with 100µM did not differ from the control. Above 200µM of phloretin, RBCs became
crenated and it was not possible to perform the flickering analysis on them. Phloretin had an immediate
effect on RBC when added to the medium, causing cell tension change only when present in the
medium, i.e. RBCs recovered their normal tension when washed. (a) Data from about 30 cells from 3
non-Dantu samples. (b) Data from 60 cells from 4 Dantu samples. ** p < 0.01.
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Figure 5.14 Parasitaemia reduced by increasing only RBC tension with glutaraldehyde treatment.
Relation between parasite invasion efficiency and RBC tension for 6 increasing concentration of
glutaraldehyde, from 0.00001 to 0.01%. Invasion was significantly prevented for RBC tension around
8.8 ·10−7 N/m and 12.2 ·10−7 N/m, causing a decrease in parasitaemia of 22% and 43%, respectively.
Circles represent the median values from two replicates of two different donors. Vertical error bars
are the SD of parasitaemia values from two samples, while horizontal error bars indicate the SD of
tension values from 50 cells per each sample.
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5.1.5 Discussion

Leffler et al. [9] showed that specific alleles in the glycophorin locus are associated with
resistance to severe malaria. Although the association was clear, the mechanism by which
the Dantu allele provides protection against malaria remained speculative. In the current
study, a significant impact of Dantu on the ability of P. falciparum merozoites to invade
RBCs was confirmed in population studies and at single-cell level, where I carried out all
the single-cell work. Invasions of Dantu RBCs were drastically reduced regardless of the
parasite strain, even with parasites lacking the ligand that recognises GPA (Reference [iii]).
This result might not support the suggestion in the work of Leffler et al. that the Dantu blood
group may represent a human adaptation to a particular P. falciparum strain to explain why
the Dantu variant is limited to East Africa; however further African strains, in particular of
East Kenya, would need to be tested. The Dantu variant was also associated with extensive
changes to the RBC surface protein repertoire (Figure 5.5), but unexpectedly the malaria
protective effect did not correlate with specific RBC-parasite receptor-ligand interactions.

By following invasion using biophysical techniques, a strong link between RBC tension
and parasite invasion was found and, even in non-Dantu RBCs, a tension threshold above
which RBC invasion did not occur was identified. Dantu RBCs had higher average tension,
meaning that a higher proportion of Dantu RBCs could not be invaded (Figures 5.7 and 5.10).
This concept of a tension threshold appears to be linked to the ability of merozoites to wrap
and deform RBCs during the pre-invasion phase (Figure 5.10b and 5.11), and can provide an
explanation for the fact that invaded RBCs usually undergo stronger membrane modifications
than non-invaded ones [111]. This model could also explain other well-established features
of P. falciparum invasion, such as their preference for younger RBCs [409], which have
lower tension and higher radii, and will more often fall beneath the tension threshold for
invasion.

The impact of Dantu on the biomechanical properties of the RBC is in keeping with the
invasion-inhibitory effect of Dantu being consistent across multiple P. falciparum strains,
regardless of their reliance on GPs or other invasion receptors. These findings not only
provide an explanation for the protective effect of Dantu against severe malaria, but also
provide fresh insights into the essential process of P. falciparum parasite invasion, and how
invasion efficiency varies across the heterogeneous populations of RBCs that are present both
within and between individuals. The method itself, by combining live imaging and flickering
spectroscopy, was a novel and useful tool for measuring the state of tension of the same cells
that were then challenged by the parasite, in order to determine the threshold of protective
tension from single-cell event resolution video analysis. It was crucial to work in that way to
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obtain a clear tension threshold, because of the wide distribution of tension in circulating
RBCs having a 120 day-range of ages.

5.1.5.1 Importance of biophysics on malaria infection

A protective mechanism due to elevated tension in Dantu RBCs has been elucidated, and a
membrane tension threshold for successful parasite invasion is proposed and experimentally
confirmed. Biophysical properties of RBCs become more and more relevant for understand-
ing malaria infection [149, 148], and cell rigidity appears to be a recurrent feature in nature
for protection against malaria. Membrane rigidity was also found to protect people with
Malayan ovalocytes, a Southeast Asian hereditary RBC membrane defect, from malaria
infection [253, 232]. Further studies will be required to investigate whether the same mecha-
nism might be generalised across multiple malaria-protective human genetic traits, and to
research the molecular mechanism that gives Dantu its increased membrane tension, and
whether that differs from the ones responsible for other protective genetic mutations. Two
hypothesis are proposed in the following:

• Alteration in SLC9B2 expression - SLC9B2 was found up-regulated in Dantu RBCs.
Initial studies to manipulate tension of Dantu RBCs with phloretin to make them
behave like non-Dantu cells (Figure 5.13), and then measure their invasion rate were
inconclusive. Phloretin, however, was not the ideal chemical because, apart from
inhibiting also active transport of glucose and aquaporins [410], it completely blocked
egress of infected RBCs [411] and therefore invasion could not happen. A future
challenge will be to find a compound or develop a protocol able to reduce membrane
tension of Dantu RBCs without modifying other biophysical parameters, and without
altering the invasion process. For all experiments, the important constraint will be the
limited availability of Dantu RBCs both fresh and frozen.

• Alteration in band 3 structure - Another possible mechanism could involve a mod-
ification of the cytoskeleton. In particular, both GPA and band 3 expression levels
changed considerably in Dantu cells. Mutations in the anion transport protein band 3
appear to affect the biophysical properties of RBCs leading to increased membrane
rigidity [253, 412, 413], and these changes may provide protection to malaria, as
already proved in the case of Malayan ovalocytes [414, 415].
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5.2 β -thalassaemia trait

Thalassaemia minor is a blood disorder due to mutations in only one of the two inherited
HBB genes, causing underproduction (β+) or absent production (β 0) of β globin. Two main
reasons for resistance have been considered in the literature – impaired growth of the parasite
in the mutant RBCs and enhanced removal by the host immune cells. The first case can
be studied in vitro and embodies several sub-categories of possible mechanisms: blocking
of invasion, deficiency in intracellular parasite development, RBC rupture, and merozoite
release. To tackle this complex haemoglobinopathy, the exploratory research reported below
focussed particularly on the invasion process. Previous studies were not successful in
identifying inhibition of invasion in vitro [311, 309]. Therefore, initial tests were done to
evaluate the invasion rates by multiple parasites, and to characterise abundant membrane
proteins of β -thalassaemia RBCs. Motivated by the positive outcomes that suggested a
decrease in invasion rate by certain parasite strains, the merozoite-RBC interaction and the
physical properties of the cell membrane were also investigated for normal and heterozygous
β -thalassaemia RBCs. Preliminary results are reported in the following. This logistically
challenging project is still ongoing and evolving, and some limitations related to the number
and the quality of samples will be addressed and improved. In this section, I will always
refer to heterozygous β -thalassaemia (see Section 2.10.2), sometimes using the brief and
general form of β -thalassaemia.

5.2.1 Sample collection and storage limitations

Since β -thalassaemic red cells are very susceptible to oxidative stress and prone to haemolysis
[416], fresh cells were preferred in order to avoid any experimental artefact from freezing
and thawing. Anonymised samples were collected and diagnosed by haemoglobin high
performance liquid chromatography (HPLC) by Prof. David Rees and Dr John Brewin
(King’s College London), showing a high HbA2 level, which is characteristic of heterozygous
β -thalassaemia [302]. No genetic analyses were done, but the presence of HbS, HbC or HbE
was ruled out as part of the screening. However, there was still the possibility of co-inherited
α-thalassaemia or G6PD deficiency. Ten samples from normal and 13 samples from β -
thalassaemia heterozygote volunteers were then shipped to the Wellcome Sanger Institute
and to the Cavendish Laboratory, where all the experiments were part of a blind study. I
planned and carried out all the biophysical experiments, while Alejandro Marín-Menéndez
performed flow cytometry assays of population invasion and antibodies.
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Figure 5.15 Morphology of β -thalassaemic cells compared to normal from live imaging videos.
Echinocytosis (red arrows) was an issue for both normal and β -thalassaemic samples probably due to
long storage before shipping and slow delivery. Blue arrows point out anisopoikilocytes, emblematic
of β -thalassaemia.

As indicated in Figure 5.15, anisopoikilocytosis were recognisable in β -thalassaemia
heterozygotes, with red cells with abnormally variability in shape and size: oval, teardrop-
shaped, and spike cells. In addition, an unusual percentage of crenated cells similar to
echinocytes was recorded and became a problem for both normal and β -thalassaemic samples.
Crenated cells might be artefacts due to the storage of the blood, but seeing more irregular
shapes was expected because reflects the β -thalassaemia condition; the amount of specific
abnormalities have the tendency to increase with storage, so they are probably due to the
higher fragility of β -thalassaemia cells. Between 5 and 10% of RBCs in a sample are usually
crenated because of storage conditions and degradation of the cell. However, in these samples,
a significant number of both normal and β -thalassaemic RBCs were crenated, reaching up
to 80%. Samples with a high number of crenated cells were only acceptable for flickering
experiments due to the single-cell nature of this experiment, where only the remaining regular
biconcave RBCs were analysed. Table 5.3 gives details on the amount of crenated cells and
anisopoikilocytosis in the collected samples.
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Table 5.3 Percentage of echinocytosis and anisopoikilocytosis in normal and β -thalassaemic
samples

Normal Echinocytosis
β -thalassaemia
heterozygotes Echinocytosis Anisopoikilocytosis

Sample 1 68 Sample 1 52 10
Sample 2 78 Sample 2 47 20
Sample 3 30 Sample 3 70 18
Sample 4 24 Sample 4 57 15
Sample 5 72 Sample 5 35 12
Sample 6 46 Sample 6 58 12
Sample 7 25 Sample 7 80 13
Sample 8 35 Sample 8 70 6
Sample 9 49 Sample 9 70 5
Sample 10 48 Sample 10 32 6

Sample 11 21 14
Sample 12 75 7
Sample 13 80 9

Fraction of crenated RBCs (or echinocytosis) and anisopoikilocytosis in all the collected
samples. Anisopoikilocytosis in β -thalassaemic samples is an indication of the thalas-
saemic trait, while the unusual remarkable number of crenated cells is most probably
due to storage and shipping conditions.
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Figure 5.16 Invasion was quantified for four different parasite strains in normal (8 samples) and
β -thalassaemia (9 samples) RBCs. No difference between the two was noticed for 3D7, however
parasitaemia decreased for Dd2, GB4, and less markedly for 7G8. Statistical comparisons were
performed using the one-way ANOVA test. * p < 0.05.

5.2.2 Inhibition of invasion by sialic-dependent parasite strains

The flow cytometry invasion assay was used by Dr Marín-Menéndez to investigate the
invasion rate of four different parasite strains, 3D7, Dd2, GB4, and 7G8 in normal (8
samples) and heterozygous β -thalassemia RBCs (9 samples). Figure 5.16 delineates a
significant reduction of parasitaemia for the Dd2 and GB4 strains but not for 3D7. Invasion
efficiency appeared lower also for 7G8 but not significantly. This difference in invasion rate
among strains seems to suggest that invasion is prevented in β -thalassaemic cells when sialic
acid-depended pathways are used for invasion. In fact, while Dd2 and GB4 preferentially
depend on sialic acid for invasion and their invasion efficacy is drastically reduced after
neuraminidase-treatment, 3D7 and 7G8 use sialic acid-independent invasion pathways and
neuraminidase treatment only slightly inhibits their invasion ability [417, 418].

5.2.3 Membrane proteins of β -thalassaemic red blood cells

The membrane protein content on the surface of both normal and β -thalassaemia RBCs
was measured by Dr Marín-Menéndez with a flow cytometry antibody assay and shown
in Figure 5.17. Cells from 10 and 13 biological replicates respectively from normal and
β -heterozygous individuals were characterised. Expressions of CD71 and Basigin were
higher in β -thalassaemia cells, while levels of CR1, CD44, band 3, GPA, and GPC lower.
No changes were instead observed in Integrin, CD55, Duffy antigen, and GPB levels.

RBC half-life of β -thalassaemic heterozygotes is significantly shorter than normal, so
the elevated marker CD71 in Figure 5.17 is likely to recreate the high fraction of circulating
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Figure 5.17 The relative expression levels of 11 essential RBC membrane proteins were measured
using fluorescent monoclonal antibodies in flow cytometry assays, and compared between normal and
β -thalassaemia RBCs. Comparisons between normal and β -thalassaemia samples were done using
the one-way ANOVA test. ** p < 0.01; * p < 0.05. Number of samples of normal cells (10), number
of β -thalassaemic replicates (13).

younger cells. Basigin is known to be a cross-strain essential receptor for red cell invasion
by P. falciparum, blocking the rhoptry discharge and the formation of a tight junction
between the merozoite and the RBC [106]. Its expression level was significantly higher in
β -thalassaemic heterozygous samples. Live imaging will be useful to show whether invasion
is prevented at an early stage, when basigin is not yet involved in the process. The difference
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in CR1 expression, an important receptor for rosetting, seems to be consistent with other
thalassaemic conditions [419] and it is possibly due to small RBC volume [420]. However,
microcytosis of RBCs cannot be the solely cause for a decrease of CR1 expression because
also Dantu cells are smaller than normal but their CR1 expression does not seem to show
any difference. Knockout of CD44 resulted in consistent reduction of invasion efficiency,
in a strain-transcendent fashion, confirming the importance of CD44 as a host factor for
P. falciparum invasion [402]. An important decrease of CD44 signal in β heterozygotes
may be related to a reduction of invasion rate. However, this is not consistent with the fact
that invasion was only prevented in a subgroup of strains, and that CD44 interacting with
Basigin, probably affects the pre-invasion phase only at the very end. A striking difference
seems to be the lower band 3 signal in the β -thalassaemia individuals, an opposite trend with
respect to the Dantu RBCs. One might expect the aggregation of band 3 in the membrane for
β -thalassaemia heterozygotes as already demonstrated in β -thalassaemia intermedia [421].
If this is the case, the expression signal based on antibody binding could be lower due to less
exposed, and therefore less accessible epitope to which the antibody binds [422]. Finally,
the significant decrease of GYA and GYC in β -thalassaemia heterozygotes may explain
why invasion was inhibited only for Dd2 and GB4 parasites, based on the fact that ligands
for GYA and GYC, respectively Pf EBA175 and Pf EBA140, find less binding sites on the
membrane of the β -thalassaemic RBCs.

5.2.4 Biophysical modifications of heterozygous β -thalassaemia cells

Since specific ligand-receptor interactions appear to have an impact on the ability of a
merozoite to complete a successful invasion, I employed the optical tweezer manipulation
technique to measure the adhesion force between a 3D7 merozoite and an RBC during
invasion. The method has been described in Section 3.5, and 6 samples of normal and
9 samples of β -thalassaemic heterozygote cells were analysed. Figure 5.18 highlights
a considerably lower detachment force for β -thalassaemia RBCs with respect to normal
ones. Normal RBCs (mean ± SD): 40.5 ± 17.6pN; β -thalassaemia heterozygotes (mean
± SD): 31.0 ± 15.0pN. Since the invasion rate of β -thalassaemia cells by 3D7 parasites
was analogous to the control, this change in the strength of adhesion seems unexpected. In
addition, even if lower expression of glycophorins could in principle reduce the merozoite
interaction with receptors on the RBC membrane, this should not influence the adhesion of
3D7 strain. On the other hand, the weaker expression of band 3, a host receptor for MSP1
in a sialic acid-independent way [141, 423], could lead to a smaller adhesion strength of
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Figure 5.18 Detachment force compared between 21 normal cells from 6 biological replicates and 45
RBCs from 9 β -thalassaemia samples. The adhesion strength is significantly smaller in β -thalassaemia
cells. * p = 0.027.

the 3D7 merozoite to the red cell. Moreover, another parasite major surface glycoprotein,
glutamic acid-rich protein (Pf GARP), may play a functional role by engaging band 3 as a
host receptor [424].

Membrane fluctuation analysis was performed in order to evaluate if the mechanics of
β -thalassaemia cells differs from the one of normal RBCs, and how potential modifications
can be linked to protection against malaria. Biophysical properties of 149 cells from 10
samples of normal RBCs and 199 cells from 13 β -thalassaemia samples were measured and
analysed blind. In Figure 5.19, bending modulus and equatorial radius were significantly
smaller for β -thalassaemia cells in comparison with normal RBCs, while tension increased,
and viscosity tended to be higher but not significantly.

Microcytosis has extensively been documented in patients affected with β -thalassaemia
[284], and probably the small radius could be linked to the elevated membrane tension of
these cells, as already described in the Dantu blood variant in Chapter 5. Elevated membrane
rigidity and a broad-density distribution of β -thalassaemic RBCs are in agreement with
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Figure 5.19 Biophysical properties of β -thalassaemic RBCs estimated by flickering spectroscopy.
Bending modulus and radius were considerably reduced, while tension increased in β -thalassaemic
cells compared to normal RBCs. Viscosity of β -thalassaemic RBCs slightly increased without
reaching significance. ** p<0.01.

the work of Schrier et al. [233] on severe β -thalassaemia, which supposes an association
between excess α globin chains with membrane.

Values of tension and radius of β -thalassaemic cells in Table 5.4 are comparable with
the same values for Dantu homozygotes. Therefore invasion could be reduced also in the
case of heterozygous β -thalassaemia due to increased tension, although as noted above,
bending modulus was also affected in these cells, unlike Dantu. Increased cell rigidity has
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Table 5.4 Biophysical properties of β -thalassaemic red blood cells

Normal
Mean ± SD

β -thalassaemia heterozygotes
Mean ± SD

Number of replicates 10 13
Number of cells 149 199
Bending modulus (10−20J) 14.6 ± 1.9 11.8 ± 2.1
Tension (10−7N/m) 5.5 ± 1.6 8.6 ± 1.3
Radius (µm) 4.2 ± 0.2 3.9 ± 0.1
Viscosity (10−3 Pas) 19.0 ± 4.1 22.1 ± 4.1
RBC-merozoite
detachment force (pN) 40.5 ± 17.6 30.9 ± 15.0

The average values of the four mechanical parameters (bending modulus, tension, radius,
and viscosity) were calculated for each sample. The average values of these parameters
were used to calculate the mean and SD for normal and β -thalassaemic RBCs. Data from
Figure 5.19.

been described in other haemoglobin diseases possibly due to the high level of intracellular
calcium leading to the formation of tight bonds between band 3 and ankyrin [186]. No studies
are available about the calcium content of heterozygous β -thalassaemia RBCs, but the total
calcium was found to be significantly higher in cells from β -thalassaemia intermedia people
[425]. This could also be the case of heterozygous β -thalassaemia RBCs showing elevated
membrane tension. However, most of the increased calcium was concentrated in the lighter,
presumably younger cell fraction, and no difference in [Ca2+]i was noticed [426], suggesting
a compartmentalisation of the calcium similar to what happens in sickle cells [427].

The novelty of these data is related to the decrease of bending modulus. Koch et al.

[149] has shown that a lower bending modulus, induced by pretreatment of RBCs with 7-KC,
increased invasion efficiency for both sialic acid-dependent (W2mef∆Rh4) and -independent
(W2mef∆EBA175) strains. The finding that bending modulus diminishes in β -thalassaemia
goes in the opposite direction of a possible resistance mechanism, promoting invasion instead
of blocking it.

5.2.5 Discussion and outlook

Invasion appeared to be reduced in β -thalassaemia heterozygotes for Dd2, GB4, and less
significantly for 7G8 parasites, but not for the 3D7 strain. These results tend to contradict
previous in vitro studies, claiming that β -thalassaemic red cells were invaded at the same
rate as normal red cells, although it should be noted that there are several conflicting points
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between these studies [428, 429]. To the best of my knowledge, such studies have always
considered a single parasite strain at a time, never compared multiple strains at the same
time, and also never performed experiments with such parasite lines. It is worth noticing
that the percentage of parasitised RBCs around 1% was relatively low compared to previous
experiments with the same assay [400], and usually used as a cut-off below which the signal
to noise ratio tend to become too small to be properly detected. This parasitaemia caveat
and the poor condition of the tested samples do not allow to make conclusive statements
yet. Not only crenated cells were not suitable for the experiments on membrane mechanics,
optical tweezer pulling and flickering spectroscopy, but also they could not be invaded by
malaria parasites, likely affecting the invasion results. Many factors could have provoked the
deterioration of the samples: the time between the blood withdrawal from the participants and
the experiments, the inadequate shipping and storage conditions. To overcome these problems,
new experiments have been arranged for the next set of experiments with an improved delivery
system, and only the freshest possible samples will be sent from the hospital in London to
the laboratories in Cambridge within 3 hours. Initial data have already shown significant
improvement in the quality of the samples. Further investigations are necessary to completely
clarify if invasion is partially inhibited in β -thalassaemia heterozygous samples. To find out
at which step of the invasion process the parasite strains behave differently, real-time video
microscopy will be employed to complement the flow cytometry assay in order to study the
kinetics of invasion at single-cell resolution.

The other two surprising discoveries are the decrease of bending modulus of thalassaemic
RBCs with respect to normal cells, and the smaller merozoite-RBC adhesion force. Although
the reason why bending modulus is lower in thalassaemic cells still needs to be elucidated,
discussions about possible interpretations of preliminary data taken with optical tweezers
have been suggested in the previous section. A caveat that should be taken into consideration
in future analysis is the fact that a surplus of α-globin chains can change the haemoglobin
properties of the β -thalassaemic RBCs, and then the stiffness of the cells. To calculate
the detachment force measured with optical tweezers, the Hooke’s law: F = k∆L has been
used with k = 20pN/µm, defined as the stiffness of a normal RBC in the linear regime
by Yoon et al. [342]. However, abnormal haemoglobin might modify the stiffness of β -
thalassaemia RBCs, and therefore a new calculation of the stiffness is necessary before
drawing any conclusions. For the same maximum elongation, a stiffer cell will produce a
higher value of the detachment force, cancelling any difference in the merozoite-adhesion
force between normal and β -thalassaemic cells. Further experiments need to be done to build
up a considerable statistics, and it would also be worth evaluating the attachment force of a
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sialic-acid dependent merozoite (e. g. Dd2) to elucidate the role of specific RBC membrane
proteins in the protective mechanism of β -thalassaemic heterozygotes.

Reflecting on speculative ideas that would bring together the informative data gathered
so far, band 3 aggregation plays a prominent role. As already mentioned, the low amount
of band 3 proteins revealed by the antibody assay might be relate to aggregation of band 3
in β -thalassaemia heterozygotes, and it may produce the rigidification of cell membrane.
Increased band 3 clustering may also enhance recognition sites for autoantibodies, which
could contribute to the protective effect of β -thalassaemia against malaria [422]. An al-
ternative but possibly insightful approach would involve the use of simplified models that
mimic β -thalassaemia biological and physical features. A model of β -thalassaemic cells by
entrapping purified α-haemoglobin chains within normal RBCs by reversible osmotic lysis
[430] was used to demonstrate the influence of the excess α chains on membrane oxidation
[416]. For future research, it would be useful to simulate β -thalassaemia RBCs using this
model and correlate their biophysical changes with haemoglobin alterations. Another way of
mimicking some properties of β -thalassaemic cells is by phenylhydrazine treatment [431].
Oxidative damage in normal RBCs induced by phenylhydrazine was used to reproduce
several features of severe β -thalassaemia, including generation of rigid but mechanically
unstable cells in which free α chains are associated with the red-cell membrane cytoskeleton
[233, 316]. By chemical manipulation of normal RBCs, future studies could recreate specific
aspects of β -thalassaemia trait and investigate their impact on invasion and adhesion force.

Finally, β -thalassaemia trait could have an impact on multiple aspects of the parasite
life cycle, and further studies should be extended to other phases of the malaria asexual
reproduction stage. For example, investigations on the growth of parasites in β -thalassaemia
RBCs are similarly important and required in order to confirm Haldane’s famous hypothesis
[7]: “The corpuscles of anaemic heterozygotes are smaller than normal, and more resistant

to hypertonic solutions. It is at least conceivable that they are also more resistant to attacks

by the sporozoa which cause malaria, a disease prevalent in Italy, Sicily and Greece, where

the gene is frequent”.





Chapter 6

Endothelial glycocalyx regulates
Plasmodium falciparum cytoadherence

After observing that the biophysical characteristics of the RBCs were crucial for invasion,
my interest was naturally directed to researching how the morphology and the mechanics of
the host cell changed after parasite internalisation. In this last chapter of results, at the end of
the journey of mature parasites, the role of endothelial glycocalyx in the adhesion between
malaria-infected cells and the endothelial cells that line the internal surface of capillaries and
peripheral vessels, was studied by combining a soft matter approach, considering principally
the rheological aspects of adhesion, with a biological one.

6.1 Adhesion of infected red blood cells onto vascular cap-
illaries

Malaria disease and pathology are intimately linked to microcirculation disorders, specifically
due to mechanical obstructions of small blood vessels by iRBCs. As reported in detailed
in Section 2.6.3, this phenomenon, called malaria cytoadherence, is caused by progressive
modifications of iRBC morphology, biochemistry, membrane transport, and structure during
the intraerythrocytic cycle [261, 222], resulting in RBCs with properties that are significantly
different to those of uninfected comparators [432, 433].

Cytoadherence of iRBCs is therefore responsible for multiple aspects of the pathogen-
esis of malaria and has been investigated both by experimental research and mathematical
simulations. Several possible mechanisms have been proposed, such as increase of RBC
rigidity [176, 434, 435], induction to release of pro-inflammatory receptors [436], binding of
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iRBCs to specific adhesion receptors on endothelial cells [437], and activation of endothelial
receptors [438, 439]. Due to the complex structure of microvasculature, most experimental
studies have taken a simplifying approach, addressing iRBC adhesion and sequestration in
flow chambers coated with adhesion molecules likely to be involved in the adhesion pathway,
such as CD36 and ICAM1 [16, 440, 15, 441].

The interplay between cell rheology and flow generates complex dynamics related to cell
mechanics, like internal viscosity and cytoskeleton elasticity, and to the flow rate applied
[442]. The following regimes are described for RBCs, and they can co-exist for moderate
shear stress:

• Flipping: resembles a rigid body-like behaviour. Tumble is a particular unsteady
flipping motion when the cell axis of symmetry rotates in the shear plane.

• Tank-treading: a fluid-like movement in which the membrane rotates around the center
of mass of the cell and has a quasi-stable inclination [269]. Swinging superimposes
to tank-treading but the inclination angle of the cell changes periodically relative to
the direction of flow [443]. Intermittency is when the cell alternately tumbles and
tank-treads [444].

• Rolling: in this motion, the cell axis of symmetry is fixed, perpendicular to the shear
plane like a wheel on a road.

Computational models investigated the adhesion of iRBCs in cylindrical capillaries taking
into consideration the hydrodynamic behaviours of infected cells: solid adhesion, slow
slipping along the wall, and intermittent flipping [393, 13, 445]. These computational studies
shed critical information on the complex physical interactions coupling fluid dynamics to cell
membrane deformability, but they lack biochemical detail at the microscopic level. Despite
these significant insights, the mechanisms at the base of iRBC binding to endothelial cells
are still under debate.

6.1.1 Role of endothelial glycocalyx

Recently, it has been suggested that a breakdown of the glycocalyx, the carbohydrate-rich
layer lining the vascular endothelium, might play a key role in severe malaria [17]. The
endothelial glycocalyx consists of orientated molecular structures, lacks a well-defined
outer boundary, and likely becomes denser close to the cell surface [446, 447]. Its physical
properties such as thickness and stiffness are very difficult to measure directly due to its
soft nature, and the resulting value depends on the technique employed [446, 448, 449].
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The glycocalyx may act as a protective barrier to prevent unwanted cell adhesion and,
endothelial remodelling in malaria resulting from local inflammation, may activate enzymes
that induce glycocalyx shedding. The only study so far that focussed on glycocalyx showed
a reduced in vitro cytoadhesion of P. falciparum strain selected for CD36-binding to CD36
on Chinese hamster ovary cells transfected with human receptors CD36 [182]. Hence,
endothelial glycocalyx appears as a promising topic for further research and target for
intervention. In fact, removal of outer glyocosaminoglycans may allow interaction of iRBCs
with glycoproteins, mainly CAM1 and CD36, which are located at a deeper level in the
glycocalyx and are involved in the cytoadhesion pathway. In addition, iRBCs themselves
may also directly bind to the endothelium through glycosaminoglycans, such as heparan
sulphate and chondroitin sulphate [450, 451], and contribute to endothelium remodelling by
generating components with sheddase-like functions [17, 452].

In vitro models are especially relevant to assess the putative effect of glycocalyx in malaria
pathogenesis, since they allow the use of human materials and controlled perturbations.
Nevertheless, the application of such models has been hindered by the experimental difficulty
to obtain a fully developed glycocalyx in vitro [351, 453].

My work on the adhesion of iRBCs onto the endothelium by mimicking the lumen of
human blood microvessels under flow conditions is explained in this chapter. P. falciparum-
infected and uninfected RBCs (uRBCs) flowed in channels covered with human endothelial
cells, and the significance of endothelial glycocalyx for malaria infection was studied by
selectively removing its sialic acids via enzymatic treatment with neuraminidase. Sialic
acid residues are implicated in the initial interactions with contacting cells, because of their
terminal location and net negative charge. The coupling of microfluidics and live microscopy
provided a reliable in vitro model for the investigation of malaria cytoadherence under
physiological conditions.

6.2 Vascular model of human microcirculation

The microfluidic set-up used to reproduce the human vascular microenvironment is detailed in
Section 3.6. A preliminary rheological characterization of the flow chamber was performed
by flowing uRBCs suspension at 0.5% Hct on bare and endothelialised microchannels.
Velocity profiles as a function of the normalised channel height (along z axis of Figure
6.1a) are reported in Figure 6.1b for different wall shear stresses (grayscale labels). The
parabolic profiles are in agreement with the fluid dynamic theory being channel height ≪
channel width. The profiles for bare and endothelialised channels superimpose one on the
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Figure 6.1 Velocity profiles for uRBCs in bare and endothelialised microchannels. (a) Sketch of
velocity profiles along the channel cross section. Experimental velocity profile along channel height
(b) and width (c) at increasing wall shear stress in the presence of (triangle) and without (circle)
HUVECs. Each point on the panels b and c represents the mean and SD calculated from 20 cells.
(d) Average velocity of uRBCs in the middle of the channel as a function of wall shear stress. RBC
velocity is higher in uncoated channels with a statistical difference from 5.9% to 8.9% (** p < 0.001).
(e) Dynamics of uRBCs in flow is the same in the presence and absence of sialic acids in HUVEC
glycocalyx for all the considered wall shear stresses. Most cells tumble-flip (T, F) and tank-tread (TT)
below 0.06Pa and then roll (R) and tank-treads between 0.06 and 0.26Pa.

other for such low range of wall shear stresses, indicating that the presence of HUVECs
does not affect uRBC velocity along z axis for these values of shear stresses. Regarding
velocity profiles along x axis, they are reported in Figure 6.1c as function of the normalised
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channel width. For both cases (bare and with HUVEC layer) a flat (plug-like) fluid velocity
profile is observed, where the increasing wall shear stress induces a shift upward of the
velocity values. The average velocity of uRBCs evaluated in the middle of the channel
increases linearly with the considered wall shear stress (Figure 6.1d), and it is constantly
higher in uncoated channels with a percentage difference from 5.9% to 8.9%. The decreasing
number of uRBC velocity in coated microchannels could be related to the reduction of
channel lumen due to the HUVEC layer, which leads to a difference of the resistance to flow
between bare and endothelialised channels. The apparent contrast among Figures 6.1b, c,
d is due to the different range of shear stresses considered when measuring the velocity of
uRBCs. In Figure 6.1e the percentage of uRBCs flowing on HUVECs in tumbling/flipping,
tank-treading and rolling motions is reported as function of the wall shear stress. RBCs
tumble/flip and tank-tread before 0.06Pa, and move from tumbling to rolling afterwards. An
intermittent regime is also present. No significant difference was observed in the dynamics
and in the transition point from one motion to the other for uRBCs flowing on HUVECs with
and without sialic acids.

Error bars of every plot represent the SD of the measurements.

6.3 Functional glycocalyx of endothelium aligned in flow

A blood vessel-on-a-chip of HUVECs is grown in a flow chamber, guaranteeing cell alignment
and physiological glycocalyx. Cytoadherence experiments are performed in situ while
perfusing cell suspension of iRBCs at controlled flow rate using a syringe pump. The
microfluidic chip has multiple channels (17 x 3.8 x 0.4mm) used for on-chip controls. The
whole set-up is placed in an incubator for the growth of the endothelium, and on the stage of
an inverted microscope equipped with temperature control and gas supply for imaging.

Two scenarios were taken into consideration and schematically depicted in Figure 6.2:

a) the physiological case in which glycocalyx is produced on the top layer of HUVECs
(Figure 6.2a);

b) the case in which glycocalyx is partly damaged by the loss of sialic acids (Figure
6.2b). The latter condition comes as a result of this study and was found to produce
enhanced cytoadherence of iRBCs, as implicated in malaria infection. It is possible that
in vivo the partial damage or complete loss of glycocalyx could account for increased
iRBC adhesion, and may cause blood flow problems such as hypoxia and inflammatory
processes typical of severe malaria.



124 Endothelial glycocalyx regulates Plasmodium falciparum cytoadherence

37 oC, low oxygen
 
 
 

Syringe pump
 
 
 

Outlet
 
 
 

y
 
 
 

x
 
 
 

iRBCs
 
 
 

uRBCs
 
 
 

HUVECs
 
 
 

17 mm

3.
8 

m
m

z
 
 
 y

 
 
 

0.4
m

m

Side view

In
ta

ct
 g

ly
co

ca
ly

x
   

Sialic acid
 
 
 

uRBCs
 
 
 

iRBCs
 
 
 

HUVECs
 

G
ly

co
ca

ly
x

    w
/o

 s
ia

li
c 

ac
id

   

Set up

a b

8 μm 

Figure 6.2 Malaria iRBCs become more adhesive with respect to uRBCs, and the vascular endothelial
glycocalyx regulates adhesion. In (a) the integral glycocalyx covers all the endothelial surface,
preventing the adhesion of all the uninfected and most of the infected RBCs, and favouring the flow
of RBCs across the endothelium; while in (b) the glycocalyx is largely removed by an enzymatic
treatment, strongly affecting iRBC cytoadherence. The loss of sialic acid layer on the outer portion of
glycocalyx b leads to adhesion of iRBCs to glycoproteins on the endothelial surface. The glycocalyx
structure is schematically represented in blue, and its sialic acid is highlighted in yellow. Infected
RBCs can be distinguished from uRBCs because of the black spot representing the intracellular
haemozoin, typical of late stage iRBCs.

A perfusion system, ensuring physiological flow conditions, was developed to allow the
growth of a viable monolayer of human umbilical vein endothelial cells (HUVECs) on the
bottom plane of the flow chamber, with cell alignment and formation of endothelial glycoca-
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lyx. HUVECs under microfluidic perfusion formed a confluent monolayer of progressively
oriented cells, as shown in Figure 6.3a. Cell alignment along the flow direction was mea-
sured considering the angle between the major axis of the cell and the orthogonal direction to
the flow. The microscopy images of HUVECs illustrate progressive cell alignment under 2Pa
flow over 8 days, as quantified in the polar plots from bottom to top. The steady shear stress
of 2Pa is a typical value of human circulatory system [454]. In static conditions, HUVECs
are randomly orientated, while after just one day the cells start orienting along the flow
direction (90°). In particular, after one day under flow about 80% of cells are in the 60°-120°
range, and after 8 days all cells show orientation angles within the 60°-120° range.

HUVEC elongation was quantified by measuring the shape index (SI) of the cells, defined
in Methods 3.6.4 [349, 350]. In Figure 6.3b the SI of HUVECs is plotted as a function of
time, and it is closer to 1 when cells are mainly spherical, while moving towards 0 when they
become tapered. SI remains almost constant until day 5, then it starts decreasing on day 6,
and by day 8 the difference from the static value is statistically significant.

The glycocalyx expression and thickness were quantified by recording z-stacks of images
starting from the bottom surface of the microchannel, both in static and under flow, before and
after enzyme treatment. Glycocalyx expression was quantified through fluorescent plasma
membrane staining with WGA (see protocol in Methods 3.6.5), a lectin that binds to sialic
acids, the most commonly observed components of endothelial glycocalyx, responsible for
the negative charge and generally used as representative of the glycocalyx presence [455–
457]. In Figure 6.3c, fluorescence doubles in aligned HUVECs, whereas it is comparable
to the non-aligned cells during incubation with neuraminidase treatment, and after wash.
This shows that perfusion of HUVECs under physiological flow conditions is essential to
obtain higher cell alignment [458] and glycocalyx expression as compared to static culture
conditions. Endothelial cells grown in static culture do not express a robust glycocalyx, but
cells grown under flow begin to approximate the glycocalyx observed in vivo [459].

Another parameter indicative of a well functioning HUVEC monolayer is its thickness,
which was also evaluated by recording image z-stacks of HUVECs, from the surface of the
microscope slide upwards in steps of 0.2µm. The glycocalyx layer was reconstructed by
taking, for each point of the field of view, the maximum fluorescence intensity along the
z-stack. The plots in Figure 6.3d show the distributions of the WGA maximum fluorescence
intensity as a function of thickness under static (brown) and flow (green) conditions, during
incubation with neuraminidase (pink), and after enzyme wash (blue). The width of these
distributions shows that HUVECs under flow have thickness of about 6µm, with no significant
difference before and after the neuraminidase treatment, whereas the thickness of HUVECs
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Figure 6.3 Growth of HUVECs in perfusion leads to a physiological endothelium as well as enabling
in situ imaging of iRBC adhesion. The microscopy images of HUVECs in (a) illustrate progressive
cell alignment under 2Pa flow over 8 days, quantified in the polar plots (scale bar = 25µm). HUVECs
orient along the flow direction (90°), the red labels indicate the percentage of HUVECs in a slice.
(b) HUVECs become tapered after 8 days in flow (** p < 0.001). (c) Glycocalyx expression of
HUVECs inferred by the WGA mean fluorescence intensity, normalised by the confocal microscopy
gain, in static, flow, during incubation with neuraminidase, and after neuraminidase treatment. (d)
Reduction of thickness of HUVEC layer under flow. Distribution of the WGA intensity used to
highlight the HUVEC surface as a function of their thickness, in static (brown curve), flow (green),
during incubation with neuraminidase (pink), and after enzyme wash (blue). The thickness was
calculated from the reconstruction of the surface of the endothelial layer, in which each point is the
maximum fluorescence intensity value of WGA dye used to mark the surface of HUVECs.

in static is about 9µm, indicating that the applied flow, and the consequent cell alignment,
lead to cell thinning. Regarding the thickness of the glycocalyx layer, this depends on the
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techniques used to measure it and usually varies from hundreds of nm to 1µm [446, 457], thus
it is much smaller than HUVEC thickness. Moreover, it has been shown that the glycocalyx
layer under an applied shear stress up to 2Pa does not differ to that under static conditions
[460]. Hence, in this case the difference in HUVEC thickness between static and flow is not
due to glycocalyx thickness. To sum up, neuraminidase treatment leads to decrease of WGA
signal due to removal of sialic acids, but does not substantially change HUVEC thickness
due to the limited thickness of sialic acids. Instead, HUVEC thickness is markedly decreased
under flow due to cell alignment and flattening.

6.4 Glycocalyx loss affects flow dynamics of red blood cells

Having assessed that a physiologically relevant layer of glycocalyx-expressing HUVECs
and well-controlled uRBC velocity profiles were obtained by the set-up developed in this
work, my focus turned to the effect of neuraminidase on the flow behaviour of uninfected
and infected RBCs. Neuraminidase cleaves the O-glycosidic bonds between the terminal
sialic acids and the subterminal sugars [461] with a 95% specificity [462, 463]. In Figure
6.4a representative images of iRBCs flowing on top of the HUVEC monolayer are shown.
From live-cell imaging, trophozoites and schizonts can be recognised by the black spot
of haemozoin, a product formed from the digestion of haemoglobin by the parasites. In

vitro late-stage parasites tend to develop from the side of the RBCs, and the haemozoin
is always found at one side of the cell at the trophozoite stage [165]. During this process
the volume of cytosol can be reduced threefold in the later stages of intracellular parasite
development in comparison with that of uninfected RBCs [261]. From my observations and
from a valuable comprehensive paper regarding the growth of intracellular parasites [165],
the parasite, after an initial motile ring stage, in which its morphology changes continuously
oscillating between ring and amoeboid shapes, stabilises on one side of the RBC and
undergoes maturation through the trophozoite and schizont stage. Trophozoites show a
peculiar flipping motion probably due to the inertia of the solid parasite mass localised on
one side of the RBC [165, 13], while schizonts roll before adhering firmly to the endothelium
(Figure 6.4a). While uRBCs move along the HUVEC surface in different motions such as
tumbling, tank-treading and rolling, depending on the flow rate (refer to Figure 6.1e), at all
wall shear stressed applied, iRBCs only flipped when at the trophozoite stage of development,
and only rolled when at the schizont stage. Both behaviours have been reported in the
literature for iRBCs flowing on channels coated with adhesion molecules [12]. In particular,
the rolling of schizont-stage infected cells under physiological flow conditions is similar
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Figure 6.4 Dynamics of RBCs flowing on HUVEC monolayer. (a) Sequence of snapshots of a
trophozoite and a schizont in their characteristic flipping and rolling motion, respectively. Their
motion is maintained for wall shear stress range 0.01-0.26Pa. (b) RBC centre line velocity at
physiological wall shear stresses for both control and neuraminidase-treated samples, showing that
glycocalyx does not influence RBC bulk velocity at a fixed channel height. (c) Velocity of uRBCs and
iRBCs on HUVEC focal plane at two wall shear stress values for both control and neuraminidase-
treated HUVECs. Velocity of iRBCs is always higher than that of uRBCs (* p < 0.05). A statistically
significant difference is present separately between control and neuraminidase-treated samples for
uRBCs and iRBCs only at 0.01Pa (* p < 0.05). Mean and SD obtained by following 20 uRBCs and
iRBCs flowing on HUVECs for at least 10 frames in three different fields of view.

to the behaviour of leukocytes in the first step of extravasation during acute inflammation
[464–466]. Recent simulations suggest that the more regular, rolling behaviour of late-stage
iRBCs is due to a stiffer plasma membrane with respect to a cell cell with a softer membrane,
which is more prone to elastic deformation in flow [287].

Experiments were then conducted to study the dynamics and adhesion of iRBCs onto
endothelial cells with a defective glycocalyx. The flipping and rolling dynamics remained
unchanged when the sialic acid layer on HUVEC glycocalyx was removed, but iRBC motion
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slowed down by 10 – 14% at 0.01Pa. The effect of neuraminidase on cell bulk flow was
evaluated by comparing RBC centre line velocity for untreated and enzyme-treated HUVECs,
as shown in Figure 6.4b. No significant difference between control and neuraminidase-
treated samples was observed for all the wall shear stresses applied, implying that the loss
of sialic acids does not influence RBC bulk flow behaviour. This result is not unexpected
due to the small thickness of the glycocalyx layer (in the range 0.17 – 3.02µm) [446, 447]
with respect to the channel height (400µm) in my microfluidic device, although a significant
reduction in glycocalyx thickness can be observed upon treatment with neuraminidase [463].

As no bulk flow effects were found, the attention was next focussed on the near-wall flow
behaviour of RBCs in proximity of the endothelial surface. The same analysis was carried
out for iRBCs before and after the removal of glycocalyx sialic acid by neuraminidase, and
compared with results obtained for uRBCs. I checked that an intact glycocalyx covered all
the endothelial surface, preventing the adhesion of all the uninfected and most of the infected
RBCs, thus favouring the flow of RBCs across the endothelium. As shown in Figure 6.4c,
the near wall velocity of iRBCs was always higher than that of uRBCs both for control
and neuraminidase-treated samples. This result could be explained by the different flowing
behaviours of uRBCs and iRBCs: while the first show a tank-treading behaviour, the latter
exhibit more flipping/rolling behaviour due to parasite-induced cell stiffening. Furthermore,
this is consistent with a slowing-down of uRBCs moving near a polymer brush mimicking
the glycocalyx, which has been described in the literature [467]. A statistically significant
difference is also present separately between control and neuraminidase-treated samples for
uRBCs and iRBCs, but only at 0.01Pa. This difference of 10 – 14% could be attributed
to a velocity reduction induced by increased adhesion with enzyme-treated HUVECs. No
difference in cell velocity is reported starting from 0.03Pa due to the increasing distance
between flowing RBCs and the endothelium which leads to lower cytoadhesion at higher
wall shear stress.

6.5 Glycocalyx damage enhances cytoadhesion of infected
red blood cells

The effect of iRBCs binding to glycocalyx of vascular endothelium was studied by analysing
uRBC and iRBC firm adhesion (henceforth just referred to as adhesion) on HUVECs, before
and after the selective removal of sialic acids by neuraminidase. In particular, uRBC and
iRBC adhesion was evaluated by counting the number of red cells attached to endothelium
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after about 1 hour at average flow of 0.33Pa. During this time RBCs should have had time
to properly interact with the HUVECs. Unattached RBCs were flushed out by applying a
stronger flux at 0.6Pa of fresh culture medium for about 2-3 minutes, or until most of RBCs
detached. Adhesion was measured in terms of an “adjusted” cell count per mm2, where
the term adjusted refers to the number of attached cells normalised taking into account the
parasitaemia of the suspension. In these experiments, uRBCs and iRBCs constitute 80% and
20% of RBC population, respectively. The number of adhered uninfected and infected RBCs
per mm2 has been normalised to the respective fractions within the RBC population.

An example of uninfected and infected RBCs firmly adherent to endothelium is presented
in Figure 6.5a. Infected ones are completely rigid and anchored to the endothelium, while
uRBCs, although remaining adhered after washing the channel with medium at high flow
rate, show an elongated, droplet-like shape in the direction of the flow. In Figure 6.5b,
iRBC adhesion efficiency is double in neuraminidase-treated endothelium with respect to the
control. Moreover, iRBCs always adhere significantly more than uRBCs both for control and
neuraminidase-treated samples, while the removal of glycocalyx sialic acids seems to have
no impact on uRBC adherence. These results strengthen the hypothesis proposed by Hempel
et al. [17], which proposed that a damaged glycocalyx allows the interaction of the parasites
with the glycoproteins present in the deeper layers of the glycocalyx, thereby resulting in
enhanced adhesion.

Adhesion of uRBCs and iRBCs is reported in Figure 6.5c as a function of wall shear
stress, where RBCs have been considered as attached to the endothelium if no cell movement
was observed for 500 frames for each wall shear stress value. This choice leads to a lower
number of adherent cells as compared to Figure 6.5b, where a longer time was allowed
before taking the measurements, but has the advantage of enabling a consistent and less
time-consuming evaluation of the effect of the applied shear stress. Adhesion efficiency of
iRBCs decreases at increasing wall shear stresses for both control and neuraminidase-treated
samples, while uRBC adhesion efficiency remains very low and almost constant for both
these conditions. On the control HUVEC monolayer, iRBC adhesion efficiency decreases
to zero, while for neuraminidase-treated HUVECs the number of adhesive iRBCs at the
highest applied shear stress (0.66Pa) is about 50, indicating that iRBCs are so strongly
bound that even this high flow is not able to detach them from endothelium. This behaviour
is consistent with results obtained by using micropipette manipulation and flow chamber
techniques [468] and has also been found with other RBC diseases: sickle red blood cells
[469] and polycythaemia vera [470]. A sharp decrease is evident until 0.2-0.3Pa, then the
slope is shallower [471].
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Figure 6.5 RBC adhesion to normal and damaged glycocalyx. (a) Representative shape of uRBCs and
iRBCs adhering to HUVEC layer after washing out unattached cells. (b) Adhesion efficiency of iRBCs
doubled in neuraminidase-treated endothelium with respect to the control (** p < 0.001). Infected cells
always adhere significantly more than uRBCs both for control and neuraminidase-treated samples (**
p < 0.001), while the sialic acid removal of HUVEC glycocalyx has no impact of uRBC adherence.
Adjusted adhesion indicates the number of RBCs per mm2 attached to HUVECs, normalised by the
ratio of uRBCs and iRBCs. (c) Adhesion efficiency of iRBCs decreases for increasing wall shear
stresses for both control and neuraminidase-treated samples, while uRBC adhesion efficiency remains
very low and almost constant for both these conditions. (d) Linear increase of iRBC adhesion as
function of parasitaemia for both control and neuraminidase-treated samples. Mean and SD obtained
from 10 different fields of view.

In Figure 6.5d, iRBC adhesion is reported as a function of parasitaemia ranging from
5% to 20%. A linear increase of iRBC adhesion is found for both control and neuraminidase-
treated samples, the slope being larger for treated endothelial cells, provides further support
to the higher adhesion of iRBCs on damaged glycocalyx. Finally, the increase of iRBC
adhesion as a function of parasitaemia is in agreement with previous studies [472–474],
supporting the hypothesis that the partial damage or complete loss of glycocalyx could
account for increased iRBC adhesion in vivo and may cause blood flow problems such as
hypoxia and inflammatory processes typical of severe malaria.
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6.6 Discussion

The effects of a damaged glycocalyx on the flow behaviour and cytoadherence of RBCs
were investigated in an organ-on-chip model of human blood vessel. The main motivation
derived from the hypothesis recently proposed in the literature [17] that microcirculation
disorders, which are especially relevant in the severe stages of the disease, are essentially
due to glycocalyx disruption as a consequence of the disease progress. At a molecular level,
glycocalyx can be damaged by the shedding activity of several enzymes, such as thrombin
and plasmin, which are associated with coagulation and fibrinolysis, matrix metalloproteases,
and other components with sheddase-like functions produced by the parasites [475, 17, 452].
In this scenario, adhesion molecules located in the deeper layers of the glycocalyx, such as
CD36, VCAM1, ICAM1 [16, 476] may be exposed to interactions with iRBCs. While uRBCs
seemed to adhere slightly less than the control ones, although the difference is not statistically
significant; after neuraminidase-treatment, iRBCs showed an enhanced cytoadherence. This
is the hallmark of the sequestration process, whereby infected cells adhere to the endothelium
and escape from spleen clearance, with the consequence of microvessel obstruction and pro-
inflammatory and coagulation activity [477, 478]. In turn, these effects can generate serious
complications such as cerebral malaria and multi-organ failure. The selective cleavage of
sialic acids by neuraminidase was used to simulate a model system of damaged glycocalyx
in human endothelial cells, previously cultured under physiological flow conditions in a
microfluidic device. Infected cells close to the enzyme-treated glycocalyx showed more than
two-fold enhanced adhesion as compared to untreated endothelial cells. These data provide
the first experimental evidence of the suggested role of glycocalyx disruption as the main
driver of iRBC sequestration on the vascular endothelium in microcirculation [17]. Removal
of sialic acids has been shown to induce increased endothelial permeability in rat mesenteric
microvessels in vivo [463], in agreement with the proposed effect of glycocalyx loss on tissue
swelling due to increased vascular permeability in malaria [17, 479]. Recently, increased
endothelial glycocalyx breakdown was associated with severe disease and a fatal outcome in
Indonesian adults with falciparum malaria [480, 481].

Peculiar interactions between iRBCs and enzyme-treated glycocalyx probably enhanced
cell rolling, and decreased cell velocity, at low shear stresses. Rolling of iRBC (and, to less
extent, of uRBC) has been observed near the wall even in the absence of endothelial cells or
of any coatings with adhesion molecules [352]. Such host independent flipping/rolling can be
attributed to parasite-induced iRBC stiffening which increases the tumbling behaviour already
present in uRBCs under certain shear rate [352]. When surface adhesion sites are present,
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rolling is further enhanced likely due to the presence of knobs, which density increases
with maturation starting around 20 hours post-invasion [482]. Such structures contain
several proteins including Pf EMP1, considered key in iRBC adhesion [184, 450, 483, 484].
Mathematical models capturing knob-induced rolling have been shown to be in qualitative
agreement with experimental results of iRBC adhesion on endothelial cells [466, 14], but the
glycocalyx was not taken into account before in the modelling nor was documented in the
endothelial cells investigated.

Biophysical interactions of iRBCs in the case of intact or damaged endothelial glycocalyx
were assessed with an in vitro model of human peripheral circulation enhancing the role of
glycocalyx in this complex system, adding another factor to an already complicated jigsaw
puzzle that involves molecular, biochemical and physical mechanisms.





Chapter 7

Conclusions and future directions

7.1 Concluding remarks

Severe malaria is primarily caused by P. falciparum parasites during their asexual reproduc-
tion cycle within human RBCs. This thesis follows the key steps of parasite blood stage
from a biophysical point of view, investigating the activities of the parasite from the first
contact between the merozoite and the host cell, until sequestration of iRBCs in the peripheral
circulation. In vitro experiments at single-cell level were performed by employing various
biophysical methods: live imaging in bright-field and fluorescence, flickering spectroscopy,
optical tweezers, and microfluidics.

During the brief pre-invasion period, the merozoite-red cell contact leads to apical align-
ment of the merozoite in readiness for penetration, a stage of major relevance in the control of
invasion efficiency. Deformations of RBC surface associated with this process were hypothe-
sised to be active plasma membrane responses mediated by transients of elevated intracellular
calcium [6]. In Chapter 4, optimised protocols using Fluo-4 as fluorescent calcium indicator
were developed to investigate the distribution of this dye in RBC populations used as parasite
invasion targets. Pre-invasion dynamics was observed simultaneously under bright-field
and fluorescence microscopy by recording egress-invasion events. Intraerythrocytic calcium
signals were absent throughout invasion in over half the records, and totally absent during
the pre-invasion period regardless of deformation strength. When present, calcium signals
were of a punctate modality, initiated within merozoites already poised for invasion. These
results argue against a role of elevated intracellular calcium during the pre-invasion stage.
An alternative mechanism of merozoite-induced pre-invasion deformations was suggested
based on passive red cell responses to transient agonist-receptor interactions associated with
the formation of adhesive coat filaments.
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Invasion sequences by different parasite lines were then studied on Chapter 5 for two
human genetic conditions associated with protection against severe malaria: the Dantu blood
group variant and the β -thalassaemia trait. Experiments with both high-throughput and
single-cell techniques showed a reduced invasion efficiency of Dantu heterozygotes and
homozygotes. Real-time microscopy gave a deeper insight into the kinetics of the invasion
process: the pre-invasion and internalisation phases lasted longer in the case of Dantu RBCs,
showing parasites attached to the their cell membranes but not able to penetrate them. After
demonstrating a marked inhibitory impact of the Dantu polymorphism on P. falciparum

invasion, and establishing that Dantu variant has an effect on the RBC surface expression
level of multiple proteins, it was found that elevated membrane tension is responsible for
the reduction in parasite invasion efficiency. A specific tension threshold for invasion was
determined by measuring the biophysical properties of cells near a mature schizont ready
for egress, and then following the outcome of the invasion process. RBCs with higher
tension were protected from invasion, while cells with lower tension were preferentially
parasitised. The level of deformation exhibited by an RBC during parasite reorientation
was also correlated with the value of membrane tension: parasites failed to contort the RBC
membranes when their tension was high, leading to more unsuccessful invasions.

In summary, the protective mechanism for a glycophorin-structural polymorphism such
as Dantu was identified in biophysical changes of RBC membranes. Perturbation of tension
was shown to impact parasite invasion rate, therefore validating this finding. However, the
molecular system leading to increased membrane tension in Dantu is still unknown. Identify-
ing the molecular mechanism is a major challenge and requires further investigations. Two
ideas were proposed, one linked to changes in surface expression of membrane transporters,
which affect hydration levels of RBCs, and the other to modifications of RBC cytoskeleton.
Preliminary experiments using a broad-spectrum inhibitor of transporters to test the first point
were unsuccessful, and different approaches are necessary to prove causality between changes
in membrane transport and the molecular mechanism behind the Dantu tension phenotype.
One possibility could be through making SLC9B2 mutants on a Dantu background in HSCs,
but even the technology to recapitulate the complex Dantu rearrangement in HSCs does not
currently exist, meaning such experiments would be complex, and their chance of success
unpredictable.

Regarding the effect of β -thalassaemia trait on invasion, the research conducted so far
provided interesting preliminary data. It appears that strains which rely upon sialic acid
dependent pathways display a more consistent invasion defect than strains which do not. This
is in accord with proteomics data and with previous reports showing that β -thalassaemic
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RBCs have lower levels of sialic acid on their glycophorins [485]. This opens up very
interesting questions as to how much of an advantage it might be to just reduce the invasion
of certain strains, and why or how this should evolve. From the biophysical prospective,
two findings are particularly remarkable: the downturn of bending modulus in thalassaemic
RBCs and the lower merozoite-RBC adhesion force. All these elements need to be addressed
in a unified model to understand how the β -thalassaemia trait influences RBCs. Because of
storage issues of several samples used for this analysis, further experiments are required.

Chapter 6 focussed on the biophysical behaviour of iRBCs on both intact and damaged
endothelial glycocalyx. Glycocalyx loss enhanced iRBC cytoadherence to endothelial cells
in an organ-on-chip model of microcirculation. The increased adhesion of iRBCs was also
associated with altered near-wall flow behaviour, such as enhanced rolling of iRBCs and
reduced velocity as compared to untreated endothelium. These results provide compelling
evidence of the increased cytoadherence of iRBCs to vascular endothelium deprived of
glycocalyx, thus supporting the role of glycocalyx disruption in the pathogenesis of malaria.
Cytoadherence of iRBCs on endothelial cells leads to glycocalyx disruption, thereby resulting
in enhanced sequestration and microcirculation disorders. Hence, glycocalyx could be
considered as a potential therapeutic target for malaria treatment, in addition to other anti
adhesion adjunctive therapies [12]. Finally, the physiologically relevant model of human
microcirculation developed in the present study could be generally used for a vast range of
applications: rosette formation, molecular adhesion mechanisms, effect of antimalarials on
cytoadherence, and even to test novel drugs.

7.2 Future work

It is becoming increasingly apparent that biophysical properties of RBCs play a critical role
during parasite invasion, and thus represent the most promising direction for future research.
The tension-driven mechanism proposed in this thesis potentially answers a long-standing
mystery in the malaria field, why Plasmodium parasites prefer younger red blood cells,
which are known to have lower membrane tension values. It also represents a potential
novel therapeutic angle, if inhibitors could be found to subtly manipulate red cell tension
properties. Hence, the natural continuation of this thesis is to elucidate how elevated tension
actually protects from malaria. My future research would combine physical and biological
approaches to dissect the association between red cell tension and Plasmodium invasion, and
how it is impacted by variation in both host and parasite. There are several projects that
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would be interesting extensions of the work presented in this thesis. Some future experiments
discussed with my supervisor, research group, and collaborators are described below.

Measurement of biophysical changes of RBCs upon parasite contact. The protocol
based on the integration of live video recordings with flickering spectroscopy could be
used to determine the biophysical properties of the same RBC prior to, and after, parasitic
invasion. In fact, the merozoite seems to manipulate the host RBCs to facilitate its penetration
[149, 129], and such method would help to determine ligand-receptor interactions that cause
changes in the biophysical properties of RBCs post-invasion, by systematically knocking-out
or tagging specific ligands on the merozoite apex.

Mimic the merozoite-RBC adhesion behaviour using DNA-coated colloid-vesicle. A
future project, inspired by the interdisciplinary environment of the Biological and Soft
Systems group at the Cavendish Laboratory, would be to mimic parasite-red cell interaction
using DNA coated beads and DNA coated vesicles. Vesicle tension can be dynamically
changed and scanned in the same experiment with a micropipette aspiration technique,
while wrapping of the coated bead around the vesicle is observed in real time. Adhesion
properties could be controlled by having mobile or fixed ligands on the bead. Modelling
tools are available to calculate the adhesion free energy and ligand distribution in the system
at equilibrium [486, 487]. Combining existing models of ligand-receptor interactions and
novel models for membrane deformation [4, 246] could lead to a better understanding of the
complex mechanism of parasite invasion.

A similar experiment could be performed during RBC invasion, by changing the tension
of RBCs using the micropipette, and evaluating the RBC membrane-wrapping on the parasite
as a function of RBC tension. Spent merozoites could be used initially, since their physical
behaviour has been already simulated [246], before performing the experiments during
invasion. In both cases, holding the vesicle or the RBC with a micropipette would be a
challenge, but would also provide a method to quickly control membrane tension in an
experiment.

Establish whether the effect of RBC tension on invasion is consistent across cell ages
and genetic backgrounds. Dantu blood group individuals were found to have RBCs with
a higher proportion of CD71, indicating that the circulating cells were, on average, younger
cells. Despite this, their membrane tension was higher, which can be considered atypical of
young RBCs that usually are less dense [198]. This suggests that the altered tension in Dantu
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cells may not be related to age. However, the membrane tension of young RBCs has never
been measured separately and a deeper study of the relation between RBC tension and age
would be beneficial. Younger red blood cells can be separated by immunomagnetic sorting
of Percoll-enriched cells labelled with anti-CD71 antibodies [488].

I could also explore this association using RBCs from individuals with further genetic
polymorphisms that protect them against severe malaria, as already done with Dantu RBCs
and β -thalassaemia, to establish whether red cell tension plays a role in the human genetics
of malaria.

Explore whether individual Plasmodium species or strains are differently affected by
RBC tension. Invasion is a variable phenotype, with Plasmodium species and strains using
different receptor-ligand interactions to facilitate invasion. A challenging but insightful
future work could be a large-scale testing of a catalogue of natural and genetically modified
Plasmodium lines available to our collaborators, to test whether specific strains or species
are immune to the tension effect. This screening would be critical to understand whether
tension is a potential cross-species intervention target, and could also shed light on partially
understood aspects of Plasmodium biology, such as why P. vivax parasites, which cause the
majority of malaria outside Africa, preferentially infect young red blood cells. This aim has
the potential to include CRISPR/Cas9 genome engineering to modify specific P. falciparum

invasion pathways and insert a fluorescent tag to proteins that are crucial for measuring
parasite rotation time, tight junction formation and internalisation.

Perform a pilot screening to establish whether inhibitors that modify red cell mem-
brane properties can inhibit P. falciparum invasion. To date no adverse consequences
of increased RBC tension have been identified in Dantu carriers. This provides a mechanis-
tic explanation for their protection from malaria but also points to a potential therapeutic
treatments, if RBC tension can be safely manipulated pharmacologically. A preliminary step
forward would be the screening of compounds that increase tension and inhibit P. falciparum

invasion. If feasible, such host-targeted approach could open up a new antimalarial paradigm,
that Plasmodium parasites would find more difficult to develop resistance to.
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