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Abstract

Malaria is a life-threatening disease, affecting over 200 million people every year. Resis-

tance to all antimalarial drugs has emerged and an efficient vaccine is yet to be developed,

creating an urgent need for new antimalarial treatments. Host-targeted therapies are a

novel strategy, whereby factors from the host cell are targeted, rather than the malaria par-

asite. Host cell death pathways appear as a particularly attractive target, because many

intracellular pathogens (including malaria parasites) manipulate these pathways for their

own survival.

Eryptosis, the programmed cell death of erythrocytes, displays hallmarks that resemble

those of apoptosis in nucleated cells, including exposure of phosphatidylserine on the cell

surface. Although many compounds have been described to induce or inhibit eryptosis, its

molecular pathways remain to be elucidated.

In this thesis, I investigated the relationship between the malaria parasite, Plasmodium fal-

ciparum, and its host cell eryptosis. First, I established a methodology to study eryptosis

within a P. falciparum in vitro culture. I discovered that only the mature stages of the

parasite induce eryptosis of their host cell, suggesting that the parasite suppresses erypto-

sis during its early erythrocytic stages. Surprisingly, bystander non-infected erythrocytes

present within a P. falciparum culture also showed increased levels of eryptosis. I identi-

fied that this bystander effect was due to parasite secreted factors. Finally, I discovered

that the erythrocyte proteins BCL-xL and Raf kinase, mediators of apoptosis in nucleated

cells, play an important role in parasite survival. Importantly, I identified that clinically

approved drugs targeting these human proteins display antiparasitic activity.

Overall, this work opens exciting perspectives for host-targeted antimalarial intervention.

Such strategies would significantly reduce the risk of drug resistance, while enabling re-

purposing of existing drugs targeting cell death proteins, many of which are clinically avail-

able in the context of cancer chemotherapy.
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infected erythrocytes, and three do not impair Plasmodium growth . 79

4.5.6 Benzethonium, amiodarone and oridonin impair Plasmodium growth

via an eryptosis-independent mechanism . . . . . . . . . . . . . . . . 80

4.5.7 PS exposure during a malaria infection: Turning the tables on Plas-

modium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5.8 Conclusions and future directions . . . . . . . . . . . . . . . . . . . . 81

4.6 Supplementary information . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

XI



CONTENTS

(B) Effect of the Raf kinase inhibitor, BAY 43-9006, on eryptosis

and parasite development . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.7 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.8 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.8.1 Impact of BAY 43-9006 on the parasite viability . . . . . . . . . . . 88

4.8.2 Impact of BAY 43-9006 on eryptosis of different parasite stages . . 90

4.8.3 Impact of BAY 43-9006 on P. falciparum over two cycles . . . . . . 92

4.9 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.9.1 BAY 43-9006 reduces parasite’s RNA levels and impairs trophozoite

development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.9.2 BAY 43-9006 induced eryptosis of mature stages of P. falciparum . . 96

4.9.3 The role of erythrocyte Raf pathway during P. falciparum development 96

4.9.4 Molecular target of BAY 43-9006: erythrocyte Raf, erythrocyte ki-

nases and/or parasite factors? . . . . . . . . . . . . . . . . . . . . . . 97

4.10 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5 Eryptosis of Plasmodium falciparum-infected erythrocytes 99

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.1 Measure of eryptosis of P. falciparum-infected RBCs within a parasite

mixed population . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5.2.2 Measure of eryptosis of P. falciparum-infected erythrocytes over time 102

5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.3.1 P. falciparum appears to suppress PS exposure during early stages . 106

- P. falciparum might actively suppress PS exposure shortly after invasion . 106

- Schizont stages display increased exposure of PS . . . . . . . . . . . . . . 106

- Inhibiting PS exposure of infected erythrocytes: in vivo considerations . . 107

5.3.2 Size of the infected erythrocytes: adding to the controversy . . . . . 108

5.3.3 P. falciparum intracellular calcium levels increase during cycle pro-

gression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.3.4 What’s next: phosphoproteome changes of erythrocytes upon P. fal-

ciparum infection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

6 The Role of Erythrocytic BCL-xL During P. falciparum Infection 112

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.2.1 Impact of BCL-xL inhibitors on P. falciparum growth in vitro . . . . 113

6.2.2 Impact of BCL-xL inhibitors on eryptosis . . . . . . . . . . . . . . . 115

6.2.3 Effect of WEHI-539 on P. falciparum over time . . . . . . . . . . . . 119

6.2.4 Subcellular localisation of BCL-xL in uRBCs and iRBCs . . . . . . . 121

XII



CONTENTS

6.2.5 BCL-xL changes in binding partners upon infection . . . . . . . . . . 122

- BCL-xL was successfully pulled-down . . . . . . . . . . . . . . . . . . . . . 123

- BCL-xL binding partner candidates in uRBCs (disrupted by WEHI-539) . 127

- BCL-xL binding partner candidates in iRBCs (disrupted by WEHI-539) . 128

- BCL-xL binding partner candidates specific of iRBCs (disrupted by WEHI-

539, not found in uRBCs) . . . . . . . . . . . . . . . . . . . . . . . . 130

6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.3.1 BCL-xL inhibitors impair erythrocytic growth of P. falciparum . . . 132

6.3.2 BCL-xL inhibitors do not induce eryptosis . . . . . . . . . . . . . . . 133

6.3.3 WEHI-539 impaired schizogony . . . . . . . . . . . . . . . . . . . . . 133

6.3.4 BCL-xL is recruited to the parasite upon infection . . . . . . . . . . 134

6.3.5 Differential phosphorylation of host BCL-xL upon infection? . . . . . 134

6.3.6 Lack of classical BCL-xL binding partners in erythrocytes . . . . . . 135

- µ-Calpain as a binding partner of BCL-xL in uRBCs . . . . . . . . . . . . 135

- SHOC-2 as a binding partner of BCL-xL specifically in iRBCs . . . . . . . 136

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

7 Mechanisms of Plasmodium falciparum-Induced Bystander Erythrocyte

Death 138

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.2.1 PS exposure of bystander RBCs within a mixed P. falciparum in vitro

culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

7.2.2 PS exposure of bystander RBCs over time . . . . . . . . . . . . . . . 140

7.2.3 Correlation between parasitemia and PS exposure of bystander RBCs 141

7.2.4 Role of iRBC-derived Extracellular Vesicles (EVs) on eryptosis of

bystander RBCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

- Purification of iRBC- and uRBC-derived EVs . . . . . . . . . . . . . . . . 145

- Impact of iRBC-derived EVs on eryptosis of uRBCs . . . . . . . . . . . . 147

7.2.5 Impact of P. falciparum conditioned media on eryptosis of uRBCs . 148

7.2.6 Impact of glucose depletion by P. falciparum on eryptosis of uRBCs 151

7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.3.1 Mature stages of P. falciparum induce PS exposure of bystander RBCs155

7.3.2 Rupturing schizonts might induce PS exposure of bystander RBCs . 156

7.3.3 iRBC-derived EVs are smaller than uRBC-derived EVs . . . . . . . 157

7.3.4 iRBC-derived EVs are not the cause for the increased PS exposure of

bystander RBCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.3.5 P. falciparum-secreted small molecule(s) are the likely cause for the

PS exposure of bystander RBCs . . . . . . . . . . . . . . . . . . . . 158

7.3.6 Glucose depletion is only partly responsible for increased PS exposure

of bystander RBCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

XIII



CONTENTS

8 Concluding remarks: towards broad-spectrum anti-infectives? 162

8.1 Is eryptosis a true programmed cell death? . . . . . . . . . . . . . . . . . . 164

8.2 P. falciparum inhibits PS exposure of its own host cell . . . . . . . . . . . . 165

8.3 Mechanisms of P. falciparum-induced bystander erythrocyte death . . . . . 165

8.4 Repurposing Drugs for Host-Directed Therapies . . . . . . . . . . . . . . . . 166

8.5 Erythrocyte pathways hijacked by P. falciparum . . . . . . . . . . . . . . . 170

8.6 Host-directed therapies: towards broad-spectrum anti-infectives? . . . . . . 172

Bibliography 173

XIV



List of Tables

3.1 List of the solutions used in this project . . . . . . . . . . . . . . . . . . . . 40

3.3 Compounds used in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.4 Specifications for the flow cytometry settings on CytoFLEX S . . . . . . . . 51

3.5 Antibodies used in this thesis. . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1 Eryptosis inducers tested in this study. . . . . . . . . . . . . . . . . . . . . . 75
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Chapter 1

Introduction

1.1 Malaria

1.1.1 Malaria impact

Malaria is a life-threatening disease transmitted to humans by female Anopheles mosquitoes.

It is caused by unicellular eukaryotic parasites of the Plasmodium genus, within the Api-

complexan phylum. In humans, malaria can be caused by at least five Plasmodium species:

P. falciparum, P. vivax, P. ovale, P. malariae and P. knowlesi. Plasmodium falciparum is

the most prevalent (99.7% of the cases in the World Health Organization (WHO) African

Region) and the most virulent species in humans [1]. For these reasons, Plasmodium falci-

parum is the focus of this project. Malaria is prevalent in many countries around the globe,

particularly in tropical regions where Anopheles mosquitoes are present, as shown in Figure

1.1. Malaria predominantly affects the African continent where 93% of the global malaria

cases and 94% of the malaria deaths occur [1]. In 2018, more than 200 million cases and

nearly half a million deaths were reported, affecting primarily children under the age of

five, who accounted for 67% of all malaria deaths [1]. Besides the morbidity and mortality

caused by the disease, malaria strongly impacts the socio-economical development of en-

demic countries [2]. For all these reasons, the World Health Organization has targeted the

global elimination of malaria by 2030. However, this elimination goal is currently facing

major challenges.

1.1.2 Major challenges preventing malaria elimination

Malaria control and, ultimately, global malaria elimination, is an ambitious goal that faces

multiple challenges, including insufficient funding, insecticide resistance, the lack of a vac-

cine, the climate crisis, parasitic mutations hindering their detection and drug resistance.

Indeed, although substantial funding has been invested to fight malaria over the last decade

(e.g. US$ 2.7 billion in 2018), the WHO estimates that double the amount that is currently

spent is needed to meet the 2030 elimination goals [1].
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CHAPTER 1. INTRODUCTION

Figure 1.1: Map of malaria case incidence rate (cases per 1000 population at risk) by country, 2018 Source:

World Health Organization (WHO) estimates [1].

Historically, vector control has been the most efficient approach to combat the disease, in

particular, with the use of Indoor Residual Spraying (IRS) and the massive distribution of

Insecticide Treated bed Nets (ITN). The latter was estimated to have contributed to a two-

thirds drop of cases worldwide between 2000 and 2015 [3]. However, increasing mosquito

resistance to available insecticides has been observed [1], putting at risk the success of such

interventions in the long term.

Besides vector control, the research for an antimalaria-vaccine is ongoing. However, malaria

parasites are extremely complex organisms, due in part to their multiple stages and use

of antigenic variation mechanisms. In particular, the immunity developed by malaria pa-

tients allows to control disease severity, but individuals remain infectious. Therefore, the

development of a malaria vaccine that would confer sterile immunity has been the focus of

intense research for decades. Although the first proof of principle in human immunization

using attenuated sporozoites was published in 1975 [4], the most advanced antimalarial

vaccine, the RTS,S vaccine, only recently entered large-scale Phase III clinical trials [5].

RTS,S targets the liver stages of malaria, and although it will be a much needed tool for

malaria control, its efficacy is somewhat disappointing: reduction of 36% of severe malaria

in children aged 5-17 months [5] and a relatively short-lived protection (up to 4 years) [6].

The ongoing climate and ecological crises bring further obstacles to the fight against malaria.

First, the distribution of mosquitoes is changing due to global heating: some areas will soon

be too hot for mosquitoes (and likely humans) to thrive, while other areas, previously unaf-
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fected by malaria, may see a migration of mosquitoes [7, 8]. The Intergovernmental Panel

on Climate Change (IPCC) predicts that poverty and conflicts will rise due to the climate

crisis, with increasing warming leading to intensifying severities of both poverty and con-

flicts [9]. This might in turn lead to an increase in infectious diseases, as “poverty creates

conditions that favour the spread of infectious diseases and prevents affected populations

from obtaining adequate access to prevention and care” [10]. Further, with increasing global

temperatures, the intensity and frequency of extreme weather events will rise [9], leading

to more frequent flooding, which provides ideal mosquito breading conditions, as demon-

strated by the spike in malaria cases following the Cyclone Idai in Mozambique in 2019

[11]. Lastly, hundreds of millions of people will be forced to migrate due to the climate cri-

sis. A large proportion of these population displacements is stemming from high-parasitic

disease burdened areas [12], therefore threatening to further spread such diseases to areas

previously non-endemic for malaria.

Another increasing worry is the spread of the deletion of the pfhrp2/3 genes (pfhrp: Plas-

modium falciparum histidine rich protein) within large numbers of parasite genotypes. This

is important because, one of the key tools used to diagnose malaria are Rapid Diagnostic

Tests (RDTs) that detect the presence of PfHRP2/3 antigens in a patient blood sample.

Deletions of these genes therefore render the parasite undetectable by such tests. The

prevalence of these deletions can reach 80% in symptomatic patients in certain countries

[1]. Other antigens are currently being investigated to create much needed novel RDTs.

Finally, one of the most complex and serious threat to malaria control and malaria elim-

ination is the systematic emergence of drug resistant parasites, against available anti-

malarial drugs. In particular, drug resistance is emerging against the front-line treatment:

Artemisinin-Combination Therapy (ACT) [13]. Antimalarial drug resistance is particularly

relevant for the work undertaken in this thesis and is therefore detailed below.

1.1.3 History of antimalarial treatments and the emergence of drug re-

sistance

Malaria is among the oldest disease and Plasmodium parasites have infected humans for

millennia: in Egypt, P. falciparum was detected in mummies dated from 3,200 BC [14]; in

Greece, Homer mentions malaria in The Iliad (750 BC); in China, the canon of medicine,

the Nei Ching, identified malaria-like symptoms and links between fevers and enlarged

spleen in 270 BC [15]. Therefore, herbal medicine has been used as antimalarial treatments

for millenia. Quinine is the active compound from the bitter bark, or cinchona bark, a

tree native to South America that has historically been used by native peoples [15]. Upon

isolation of quinine in 1820, it became a drug used globally to treat intermittent fevers, and

is still used to date to treat malaria, despite sporadic resistance occurrence [15]. During the

20th century, considerable research in malaria treatments was conducted, particularly after

World War I and II, due to the great toll malaria had on various troops (quinine production

3
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being dominated by a handful of countries) [15]. From the 1950’s onwards, chloroquine and

its derivatives have been especially key in the fight against malaria [15]. However, resistant

parasites emerged a mere decade after its widespread distribution (Figure 1.2): resistance

emerged independently in the Greater Mekong region, Papua New Guinea and South Amer-

ica [16, 17, 18]. Chloroquine resistance later spread from Asia to Africa in the early 1980’s

[19]. Other antimalarial drugs were introduced, such as sulfadoxine-pyrimethamine and

mefloquine, but resistance also quickly emerged in South East Asia (Figure 1.2, [20]).

Similar to quinine and the South American cinchona bark, artemisinin is a compound orig-

inally used in Chinese traditional medicine. The sweet wormwood (Artemisia annua or

qing-hao) has been used for over 2,000 years in China to treat fevers and malaria [21].

Artemisinin was successfully isolated in 1971, and Prof Youyou Tu received a Nobel Prize

in 2015 for this discovery [22]. Artemisinin is, along with its derivatives, currently the

front-line treatment, in combination with another antimalarial drug (partner drug) with a

longer half-life, such as lumefantrine, amodiaquine or mefloquine [23]. This artemisinin-

based combination therapy (ACT) is meant to reduce the spread of resistance both to

artemisinin and the partner drug. However, partial resistance to artemisinin is now also

observed in South East Asia, where parasites tolerate the drug for extended periods of time

[13]. Worryingly, parasites carrying the mutation responsible for such tolerance to the drug

(namely pfkelch13 R561H mutation) have recently been identified on the African continent

(in Rwanda) for the first time [24].

Although artemisinin is, so far, still effective at killing Plasmodium parasites, we urgently

need new antimalarial treatment options before full resistance emerges.

4



CHAPTER 1. INTRODUCTION

Figure 1.2: Antimalarial drugs and the

emergence of drug resistance. Date of

widespread release of antimalarial drugs and

dates and origin of drug resistance emergence

(Figure from Slivinski - The Scientist (2019)

[20]).

1.1.4 Plasmodium falciparum life cycle in humans

P. falciparum has a complex lifecycle, involving two hosts: humans and mosquitoes (Figure

1.3). The infection of the human host begins with the blood meal of an infected female

Anopheles mosquito. During a blood meal, mosquitoes inject saliva containing antico-

agulants, vasodilators and, in the case of infected mosquitoes, parasites, in the form of

sporozoites [25]. From the skin, the sporozoites navigate to the blood stream, attain the

liver within a few hours and establish an infection inside hepatocytes. Each parasite under-

goes a series of cell division, or schizogony, within a parasitophorous vacuole, giving rise to

tens of thousands of merozoites [26]. Merozoite-containing vesicles, called merosomes, bud

out in the blood stream, where they burst and release free merozoites, now able to invade

mature red blood cells (RBC), or erythrocytes. Up until this stage, the malaria infection

is asymptomatic.
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Merozoites quickly invade RBCs (in less than 2 min) and undergo asexual schizogony, a

cycle of replication that lasts 48h. The invasion relies on multiple receptor-ligand interac-

tions, induces a short calcium (Ca2+) influx into the host cell [27] and leads to a parasitic

actin-myosin motor pulling the parasite into the RBC, creating the parasitophorous vac-

uole in the process [28]. During the first 24h inside the RBC, the parasite is in a ring

stage (so called due to its appearance under the microscope, a thin central area containing

few structures appearing transparent [29]). During the ring stage, the parasite begins to

modify its environment for successful growth by engulfing the host cell haemoglobin into its

food vacuole compartment. During the next 20h, the parasite matures into a trophozoite.

At the trophozoite stage, the parasite is significantly bigger and has extensively modified

its host RBC [30]. P. falciparum establishes Maurer’s clefts in the RBC cytosol, struc-

tures that enable trafficking of hundreds of proteins to the RBC, in particular, to the RBC

plasma membrane. This major remodelling of the RBC membrane and its pathogenicity

consequences are further described below. Trophozoites also generate Novel Permeability

Pathways (NPP), channels at the RBC plasma membrane, that allow for increased import

of nutrients and export of waste [31]. Further, the continuous digestion of haemoglobin

within the food vacuole leads to the production of hemozoin, or “malaria pigment”, the

result of the detoxification of the heme component of hemoglobin [32]. Finally, during the

last 4h of intraerythrocytic development, DNA replication occurs, and the parasite develops

into a multi-nucleated schizont [33]. Each schizont contains ∼30 newly formed merozoites

that are released in the blood circulation and re-invade healthy erythrocytes, hence contin-

uing the infection.

A minority of the newly formed merozoites commit to sexual differentiation to become either

female or male gametocytes (over 8-12 days), the stage that is transmitted to mosquitoes

and allows the continuation of the Plasmodium life cycle [34].
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Figure 1.3: Plasmodium falciparum life cycle in humans. (1) A malaria infection in humans starts with the

blood meal of an infected female Anopheles mosquito, which injects sporozoites in the skin. (2) These sporozoites

travel through the blood stream to the liver, where they invade hepatocytes. (3) After several replication cycles in

hepatocytes, thousands of merozoites are released in the blood stream, and invade mature red blood cells (RBCs),

where the erythrocytic asexual replication, or schizogony, takes place (4): every merozoite becomes an intraerythro-

cytic ring stage, which matures into a trophozoite stage, and further into a multinucleated schizont stage. Mature

schizonts burst and release 8 to 32 new merozoites in the blood circulation. It is the erythrocytic stage that gives

rise to disease symptoms, whereas the pre-erythrocytic stages are asymptomatic. (5) Occasionally, intraerythrocytic

parasites can develop into female or male gametocytes, (6) that are taken up and fertilise within an Anopheles

mosquito.

1.1.5 Pathogenesis of P. falciparum infections

Most malaria cases occur as uncomplicated malaria, either asymptomatic, or with rela-

tively mild and non-specific symptoms, such as fever and fatigue [35]. If left untreated

however, symptoms can reoccur in successive waves: symptoms increase with parasitemia

and repeated lysis of infected RBCs, until parasitemia is controlled to low levels, reducing

symptoms. However, when patients cannot control the infection, in particular in the case

of young children, malaria can evolve into a severe disease, which can be lethal. Some of

the most common complications of severe malaria include organ failure, cerebral malaria,

respiratory distress and severe anaemia [35].

P. falciparum is responsible for a vast majority of severe malaria cases and malaria-related

deaths, because of its ability to exponentially grow, sequester and escape immune clearance.

Indeed, the repeated 48h-cycles of RBC rupture and reinvasion can lead to hyperparasitemia

(defined as more than 4% of RBCs being infected [23]), which is associated with severity

and poor prognosis. The metabolic activity of the parasites can lead to acidosis and tissue

hypoxia, ultimately resulting in respiratory distress [36].
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One of the factors that allows P. falciparum growth is its ability to escape splenic and

immunity clearance. Indeed, mature parasites expose proteins on the surface of the RBC,

such as P. falciparum erythrocyte membrane protein 1 (PfEMP1) on protruding structures

called knobs [37, 38]. These exposed ligands bind to host receptors on the surface of (i)

endothelial cells, resulting in tissue sequestration of the infected red blood cells (iRBCs)

[39], and (ii) surrounding uninfected RBCs (uRBCs), resulting in rosetting [40]. Sequestra-

tion and rosetting are protective strategies developed by the parasite to avoid clearance by

the spleen and to avoid being recognised by the host immune system. Both sequestration

and rosetting are also responsible for obstruction of the blood flow in the microvasculature,

potentially leading to organ failure [41]. In particular, sequestration of iRBCs in the brain

microvasculature can lead to a severe form of malaria disease known as cerebral malaria,

which often results in coma and can be fatal [42].

Another severe form of malaria disease is known as severe anaemia [43]. Anaemia is clas-

sified as mild, moderate or severe, depending on total haemoglobin levels present in the

blood (typically <11g/dL, <10g/dL and <7g/dL respectively for children under the age

of five [44]). During an acute malaria infection, anaemia develops quickly in symptomatic

patients, and only begins to resolve several weeks after treatment. The severity of anaemia

is correlated to the severity and duration of the disease before treatment is initiated [43]. In

particular, mortality due to malaria dramatically increases when haemoglobin levels drop

below 3g/dL [45].

Although the repeated bursting of iRBCs every 48h contributes to the depletion of ery-

throcytes, malarial anaemia cannot be explained solely by the loss of rupturing iRBCs [46].

Another explanation for malarial anaemia is a decreased effectivity of erythropoiesis, due

to the host immune response as well as parasite factors (e.g. hemozoin or metabolites) [47].

The contribution of dyserythropoiesis to malarial anaemia is unclear, but it is believed

to be somewhat minimal [48]. In fact, the key driver of malarial anaemia appears to be

the significant loss of uRBCs [49]. An early mathematical model based on data from P.

falciparum-infected patients estimated that for each iRBC, 8.5 uRBCs were cleared from

circulation [48]. An experimental murine model confirmed that malarial anaemia resulted

primarily from the loss of uRBCs and that this process continued even after the clearance

of parasites in the blood stream [50]. The authors estimated the ratio of destruction of

iRBCs vs. uRBCs to be 1:30 [50]. Finally, in a malaria macaque model, the clearance of

uRBCs was estimated to account for 76% of all RBCs loss [51].

Overall, malarial anaemia is a common and severe complication: although we now under-

stand that it is caused by the loss of uRBCs, the mechanisms responsible for the clearance

of these cells are poorly understood.

8



CHAPTER 1. INTRODUCTION

1.2 Eryptosis in malarial anemia: the role of P. falciparum

extracellular factors

1.2.1 Mechanisms of uRBCs clearance during malaria

The mechanisms underlying the clearance of bystander uninfected RBCs from circulation

during a malaria infection are yet to be elucidated. Here I discuss a few possible explana-

tions for this phenomenon, including reduced deformability of uRBCs, presence of parasites

antigens on the surface of uRBCs, increased amounts of autoantibodies and increased eryp-

tosis of uRBCs.

• Reduced uRBC deformability enhances clearance by the spleen

In normal conditions, erythrocytes are cleared from circulation by macrophages after their

120 days lifespan upon recognition of senescent markers in the spleen. It is thought that the

reduced deformability of senescent erythrocytes marks them to be mechanically filtered by

the spleen. Indeed, erythrocytes traveling through the spleen must squeeze through tight

intercellular spaces, representing a quality control test for erythrocytes, to ensure that they

can carry out their role effectively [52]. In the context of malaria infections, the spleen

has been shown to enlarge and reorganise [53, 54]: these changes reduce splenic clearance

threshold of erythrocytes, leading to accelerated clearance and shortened life span of RBCs

[55, 56, 57].

It is known that iRBCs lose deformability as parasites mature. The mere presence of a

foreign entity (the parasite), within the usually extremely flexible erythrocyte, accounts for

a large proportion of the deformability loss [58]. But, not only do iRBCs become ‘stiffer’,

uRBCs of P. falciparum-infected patients also display decreased deformability, which cor-

relates with anaemia [59]. In the murine model P. yoelii, uRBCs are stiffer, which promotes

their mechanical filtration by the spleen [60]. This change in deformability of bystander

RBCs was also observed in P. falciparum in vitro cultures, where changes cannot be at-

tributed to the immune response or other host reactions [61]. Further, näıve erythrocytes

incubated with conditioned medium from a parasite culture also showed decreased deforma-

bility [61]. In a recent follow up study, the authors suggest that these changes were partly

due to a rise in intracellular cAMP levels within erythrocytes [62]. These increased cAMP

levels might result in protein kinase A (PKA) activation and hence cytoskeletal proteins

phosphorylation and stiffness changes.

• Plasmodium factors prime uRBCs for clearance

P. falciparum may directly be responsible for the exacerbated clearance of uRBCs. In

particular, haemoglobin digestion by-products might negatively affect uRBCs viability: β-

hematin (the equivalent of Plasmodium hemozoin) was shown to induce lysis of uRBCs

and decrease their deformability [63]. Moreover, an in vitro study demonstrated that P.
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falciparum Ring Surface Protein 2 (RSP2) binds to uRBCs, as well as other members of

the erythropoietic lineage [64]. The binding of RSP2 was shown to prime the engulfment of

these cells by macrophages, a process mediated by anti-RSP2 antibodies [64]. Similarly, the

parasitophorous vacuole, released upon schizont egress, was shown to induce complement

deposition and phagocytosis on bystander RBCs [65].

• Autoantibodies increase during a malaria infection and lead to erythrophago-

cytosis

During senescence, oxidative stress of the RBC leads to modification of the membrane band

3 protein, which results in its clustering [66]. Band 3 clusters are recognised by naturally

occurring immunoglobulin G (IgG) antibodies, which allow for phagocytosis of these aging

cells [66].

Patients with severe falciparum anaemia show more antibodies bound to their erythrocytes

compared to asymptomatic and non-anaemic controls [67]. Further, this IgG presence on

erythrocytes surface correlates with erythrophagocytosis. However, this study did not iden-

tify whether these antibodies were detecting injured RBCs or Plasmodium factors sticking

on the uRBCs surface (as discussed above). In P. vivax infections, autoantibodies recog-

nising erythrocyte proteins band 3 and spectrin were increased in anaemic patients [68].

Another autoantibody that has been associated with anaemia and shown to increase during

malaria infections is anti-phosphatidylserine (PS) antibodies [69]. Note that changes in

erythrocytes PS exposure will be explored thoroughly in the following paragraph. It was

shown that levels of anti-PS IgM and IgG were increased in malaria infections compared to

controls, and that they correlated with anaemia [70]. In non-immune volunteers infected

with P. falciparum or P. vivax, it was confirmed that both anti-PS IgM and IgG levels

increased over the period of infection [70].

• PS exposure of uRBCs is responsible for their clearance by macrophages

Erythrocytes are unique cells in the human body as they lack a mitochondrion and a

nucleus, two key organelles for eukaryotic cell’s apoptosis regulation. Regardless, RBCs

display a particular form of programmed cell death, termed eryptosis. Eryptosis is further

described and discussed in Section 1.4.4. and in Chapter 2 [71]. Although the molecular

cascade is yet to be described, major hallmarks of eryptosis resemble those of apoptosis,

including cell shrinkage, increased intracellular calcium levels and cell surface exposure of

phosphatidylserine (PS) [72]. PS is a phospholipid actively maintained in the inner leaflet

of the plasma membrane of healthy cells. Its exposure on the outer cell surface acts as an

“eat-me” signal for macrophages [73].

In the context of malaria, it is well established that a larger proportion of iRBCs expose

PS compared to uRBCs [74, 75, 76]. But it has also been observed that bystander RBCs

10



CHAPTER 1. INTRODUCTION

expose more PS than näıve RBCs (i.e. uRBCs which have never been in the presence of

Plasmodium parasites). In a malaria murine model, it has been shown that uRBCs of P.

yoelii -infected mice exposed more PS compared to the non-infected mice, and these PS

exposure levels correlated with anaemia [77]. Further, serum from P. falciparum patients

induced an increase in PS exposure of näıve RBCs [78]. Collectively, these findings suggest

that the induction of PS exposure of uRBCs by malaria parasites is (at least partly) due to

parasite soluble factors, and not (only) to cell-to-cell contact. Moreover, the induction of

PS exposure could be attributed to the host immune and inflammatory response. However,

the increased PS exposure of bystander RBCs has also been shown in in vitro cultures of

P. falciparum (that do not contain any immune cells), therefore highlighting that the host

immune response could not be the full mechanism behind the phenomenon [79, 80].

1.2.2 P. falciparum extracellular factors induce death of other human

cell types

RBCs are not the only host cell type affected by the presence of the parasite. Viability

of cardiomyocytes, erythroblasts, brain vascular endothelium and neuroglial cells were all

shown to be affected by secreted factors of P. falciparum, either using purified toxins or

conditioned media [81, 82, 83]. Candidates for the induction of cell death by P. falciparum

include glycosyl phosphatidylinositol [81], hemozoin [82] and methemoglobin [84]. Overall,

these findings highlight the importance of parasitic extracellular factors during a malaria

infection, and their possible role in bystander RBCs death and malarial anaemia.

1.3 Extracellular Vesicles and their role in malaria disease

1.3.1 What are Extracellular Vesicles?

Extracellular vesicles (EVs) are “particles naturally released from the cell that are delimited

by a lipid bilayer and cannot replicate” [85]. Different subtypes of EVs exist depending

on the subcellular origin of the vesicle, including exosomes for endosome-derived particles

(typically small, 40-120nm in diameter) and microvesicles for plasma-derived particles (typ-

ically bigger, 20-1,000nm in diameter) [85].

All eukaryotic cells secrete EVs, even the organelle-deprived erythrocytes. EVs can serve

a range of cellular functions, including waste removal, antigen presentation and cell-to-cell

communication, on which I will focus here. EVs can contain different types of molecules,

including DNA, RNA, proteins, enzymes and lipids. Their content is usually representative

of the parent cell’s content, although EVs can be enriched in specific molecule types [85].

Further, EVs can be uptaken by recipient cells, which are not necessarily of the same type

as the secreting cell.
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1.3.2 Role of EVs in malaria

EVs numbers present in the human serum increase upon a malaria infection, and high-EV

content is associated with severity of the disease, in particular in cerebral malaria [86].

These EVs are thought to be secreted by RBCs (both infected and uninfected), platelets

and endothelial cells. In particular, a field study found that iRBCs produced more than ten-

fold EVs compared to uRBCs (iRBC-derived EVs were recognised with the parasite protein

RESA) [87]. In vitro, the secretion of EVs increases as the parasite matures [88, 87], and

P. falciparum demonstrates the ability to communicate with other iRBCs via EVs. In par-

ticular, genetically modified parasites are able to exchange resistance genes through EVs,

a horizontal gene transfer never observed before in Plasmodium [89]. iRBC-derived EVs

also promote gametogenesis [89, 88]. In addition to establishing communication between

parasite cells, iRBC-derived EVs also affect host cells: they modulate the inflammatory

response of macrophages and neutrophils [88, 86] and miRNA contained in iRBC-derived

EVs affects endothelial cells [90]. Recently, RBC-derived EVs were proposed as a drug

delivery strategy to enhance antimalarial efficacy and therefore reduce side-effects [91].

Moreover, it was recently shown that iRBC-derived EVs also induce changes in näıve uR-

BCs, proposed to be a “preparation” before invasion [92]. Specifically, iRBC-derived EVs

reduced membrane stiffness of näıve RBCs, presumably to facilitate invasion, through phos-

phorylation and degradation of erythrocyte cytoskeletal proteins. However, the role of EVs

in eryptosis of uRBCs, and in malarial anaemia, is yet to be investigated.

1.4 Eryptosis and how Plasmodium falciparum interacts with

its host cell death

1.4.1 Intracellular pathogens and their host cell death

Intracellular pathogens strictly require to be within a host cell to replicate. Intracellu-

lar pathogens benefit from direct access to host nutrients and intracellular machinery while

avoiding direct contact with the host immunity [93, 94]. However, infected cells often recog-

nise an invading pathogen via Pattern Recognition Receptors (PRRs) that are activated by

Pathogen Associated Molecular Patterns (PAMPs) [95, 96]. Upon this recognition, infected

cells might commit to apoptosis, a form of programmed cell death, in an attempt to clear

the infection and protect surrounding healthy cells [97]. The intracellular pathogens can,

in turn, inactivate or delay the host apoptosis response to maintain the host cell alive, and

therefore achieve its own survival [98, 99, 97]. Ultimately, apoptosis can be re-activated

in order to facilitate the exit of the pathogen from the host cell, a strategy adopted for

instance by Leishmania spp. [100].
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1.4.2 Programmed cell death in nucleated cells: Apoptosis

Apoptosis is an active process of cell death and is often referred to as cell “suicide”. Apop-

tosis can be activated by an intrinsic pathway when the trigger initiates within the cell,

for example when DNA damage occurs or growth factors are withdrawn; or by an ex-

trinsic pathway upon the binding of death ligands (such as Fas Ligand (FasL) or Tumor

Necrosis Factor (TNF)) to membrane receptors [101]. The intrinsic pathway is necessarily

mitochondria-dependent, while the extrinsic pathway can bypass the mitochondrial sig-

nalling (Figure 1.4, [101]). Commitment to cell life or death relies on the fine balance

between pro-survival and pro-apoptotic molecular signals. The proteins within the B-cell

lymphoma 2 (BCL-2) family are key in the regulation of apoptosis and are further described

in the following section [101].

Figure 1.4: Mitochondrial apoptosis. Intrinsic apoptosis can be triggered by cytokine deprivation, intracellular

damage (such as DNA damage) or oncogenes exposure. These signals will activate the “initiators”: pro-apoptotic

members of the BCL-2 family called BH3-only proteins. These initiators can both directly activate pro-apoptotic

effectors (BAX and BAK) and inhibit their inhibitors (i.e. the “guardians”, pro-survival BCL-2 proteins, such as

BCL-xL). BAX and BAK homodimerise and form pores in the outer membrane of the mitochondrion, releasing

pro-apoptotic signals such as cytochrome c. Further signalling cascades result in the activation of effector caspases

which cleave, among others, DNA and membrane proteins. Extrinsic apoptosis is triggered by binding of a death

ligand to a death receptor. The downstream signalling can either require the involvement of the mitochondrion (in

”type 2” cells, such as hepatocytes), or completely bypass the mitochondrion (in ”type 1” cells, such as thymocytes).

(Figure from Czabotar et al. - Nature Reviews Molecular Cell Biology (2014) [101])

During mitochondrial apoptosis, when pro-apoptotic signals tip the balance over pro-

survival signals, the effector proteins BAK and BAX homodimerise and form pores in
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the outer-membrane of the mitochondrion [102]. This releases apoptogenic factors (such as

calcium and cytochrome c) that activate the caspase pathway and commits the cell to apop-

tosis. Effector caspases cleave numerous substrates and induce DNA fragmentation [103],

membrane blebbing [104] and the exposure of the phosphatidylserine on the outer cell mem-

brane [105]. Phosphatidylserine (PS) is a phospholipid of the cell membrane lipid bilayer

and is usually present on the cytosolic side of the membrane. This asymmetry is main-

tained by “flippase” proteins that actively flip PS to the inner leaflet [73]. Scramblases,

on the other hand, are proteins able to diffuse lipids to both directions. High cytosolic

calcium content inactivates flippases while activating scramblases, leading to the rapid ex-

posure of PS to the extracellular side of the plasma membrane [73]. Noteworthy, this is a

reversible process. However, caspase-3 can irreversibly inactivate flippases and irreversibly

activate scramblases by cleaving the intracellular domains of these proteins. PS-exposing

cells are recognised and engulfed by macrophages which has led to PS being referred to as

an “eat-me” signal [73].

1.4.3 Plasmodium interferes with its host cell apoptosis in hepatocytes

Before infecting RBCs, Plasmodium spp. develop in hepatocytes, where they undergo

schizogony, giving rise to tens of thousands of merozoites over a week [35]. This extended

period of extreme replication, although asymptomatic for the human host, substantially dis-

rupts the host cell. In particular, a subset of infected hepatocytes undergo apoptosis, more

so than the uninfected hepatocytes [106]. Nevertheless, the presence of the parasite seems to

protect the host cell from some apoptosis stimuli, including t-butyl-hydroperoxide (tBHP),

tumor necrosis factor alpha (TNFα) [107] and Fas activating antibody [106]. Moreover,

apoptosis and phagocytosis of infected hepatocytes was mainly observed when the parasite

was dead [107], either suggesting that the host cell was successful at ‘killing’ the invader by

undergoing apoptosis, and/or that the parasite was dead, therefore not inhibiting apoptosis

completion. The correct establishment of the parasitophorous vacuole (PV) has been found

to be crucial for the success of the parasite: without it, the host cell undergoes apoptosis

[106].

On the other hand, infected hepatocytes seem to be more sensitive to other apoptotic stimuli

compared to non-infected cells. In particular, parasitised hepatocytes were susceptible

to mitochondria-dependent apoptosis. Indeed, Kaushansky et al. (2013) found that the

chemical inhibition of anti-apoptotic BCL-2-family proteins increased infected hepatocytes

death and reduced the parasites burden [106]. Moreover, they found that the absence

of pro-apoptotic BID promoted Plasmodium development. Overall, they concluded that

infected hepatocytes may be somewhat similar to cancer cells in their “oncogene addiction”,

whereby cells are highly dependent on particular pathways, in this case, mitochondria-

driven apoptosis.
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1.4.4 Interaction between P. falciparum and the host cell eryptosis

Mature erythrocytes uniquely lack all cell organelles (nucleus, mitochondria, endoplasmic

reticulum) and have a lifespan of 120 days, after which they undergo senescence and are

cleared from circulation by the spleen [108, 109]. However, premature erythrocyte death can

be triggered by various factors including oxidative stress [110], energy depletion [111], and

numerous compounds [112, 113]. Eryptosis (erythrocyte apoptosis) defines the programmed

cell death of erythrocytes and is characterised by PS exposure, cell shrinkage, high intra-

cellular calcium levels and membrane blebbing - phenotypic aspects shared with apoptosis

of nucleated cells [112]. However, no molecular pathways for eryptosis have been described

yet. Since erythrocytes cannot synthesise de novo proteins, the eryptosis pathway cannot

include gene regulation; instead, it must rely on post-translational modifications (such as

phosphorylation), changes in molecule localisation, modifications of molecular complexes

and protein degradation.

Chapter 2 of this thesis, Boulet et al. (2018) [71] summarises the current knowledge (and

highlights the many gaps in knowledge) regarding eryptosis, the interaction between P.

falciparum and eryptosis of its host cell, as well as the effects of eryptotic inducers on the

development of Plasmodium both in vitro and in vivo (with murine models).

1.4.5 Host-targeted therapy: the case for targeting programmed cell

death proteins

Resistance to all currently available antimalarial drugs has been detected, including re-

sistance to the front-line treatment artemisinin [13]. Targeting host molecules that are

required for Plasmodium development is an exciting avenue for antimalarial drug devel-

opment for two main reasons [114]. First, the drug would not target a molecule under

the genetic control of the parasite, therefore limiting the most straightforward pathway for

drug resistance (mutation of the target molecule). Second, many drugs targeting human

molecules already exist in the context of other diseases such as cancers [115, 116, 117]: some

may be repurposed for antimalarial treatment therefore saving precious time and resources

linked to drug development.

Within the umbrella of host-targeted therapies, targeting host cell death pathways appears

as a particularly interesting approach. Indeed, as discussed above, it has been demonstrated

that P. falciparum manipulates apoptosis in hepatocytes. A drug that would prevent Plas-

modium from inhibiting programmed cell death should help to clear the infection. Moreover,

many drugs have been developed to interfere with the apoptotic process, and in particular,

to enhance apoptosis, in the context of cancer therapies [116, 117]. Indeed, cancer cells typ-

ically mutate in ways that prevent apoptosis completion. Such drugs, some already used in

the clinic, some still in development, could be repurposed for infectious diseases [114].
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Malaria symptoms appear during the blood stages of infection, therefore developing drugs

that target erythrocytic stages is crucial. However, little is known about the molecular

details of eryptosis, the programmed cell death of RBCs [72]. Even less so is known about

Plasmodium interactions with RBC signalling pathways [71]. In the following section, we

explore a protein candidate that could play a role in eryptosis: BCL-xL.

1.5 BCL-xL: its role in apoptosis, erythropoiesis and mature

erythrocytes

1.5.1 BCL-xL: a key anti-apoptotic regulator

Commitment to cell life or death relies on the fine balance between pro-survival and pro-

apoptotic molecular signals. In the case of mitochondrial-driven apoptosis, the balance

between pro- and anti-apoptotic proteins of the BCL-2 (B-cell lymphoma 2) family is crucial

[101]. The BCL-2 family consists of:

• anti-apoptotic proteins: BCL-2, BCL-xL, MCL-1 and BCL-w

• pro-apoptotic proteins:

– BH3-only initiators (exclusively contain the BCL-2 Homology (BH) domain 3):

BID, BIM, BAD, NOXA and PUMA

– Multi-domain effectors: BAX, BAK, BOK

In healthy cells, apoptosis is naturally repressed as anti-apoptotic proteins (typically BCL-2

and BCL-xL) bind to, and inhibit, the death effectors BAK and BAX, while scaffold protein

14-3-3 sequesters BAD (BCL2-Associated Death promoter) in the cytosol (Figure 1.5) [118].

Apoptotic signals lead to changes in BAD phosphorylation, disrupting its binding affinity

with protein 14-3-3, and instead, promoting binding of BAD to BCL-xL. Consequently,

BAK and BAX are freed: they homodimerise to form pores in the outer membrane of

the mitochondrion, which commits the cell to apoptosis. In summary, BCL-xL has a pro-

survival role that is strictly dependent on its binding partners: binding to effectors BAX

and BAK promotes survival, while binding to BAD promotes apoptosis.
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Figure 1.5: BCL-xL during mitochondrial apoptosis. Under normal conditions, apoptosis effectors BAK and

BAX are sequestered by BCL-xL, and protein 14-3-3 sequesters BAD in the cytosol. Upon intrinsic apoptotic signals,

phosphorylation of BAD disrupts its binding affinity to 14-3-3, and instead BAD binds to BCL-xL. This liberates

BAX and BAK, which dimerise and form pores in the outer membrane of the mitochondrion, committing the cell to

apoptosis.

1.5.2 BCL-xL: its role in the hematopoietic lineage and in mature ery-

throcytes

Mature red blood cells are produced from hematopoietic stem cells (HSC), through a multi-

step expansion and differentiation process, as seen in Figure 1.6. Interestingly, besides its

role in apoptosis, BCL-xL is also required for erythropoiesis, the production of RBCs. First,

BCL-xL is highly expressed in the erythroid lineage, especially during the terminal differ-

entiation stages [119]. Moreover, mice lacking the bcl2-l1 gene (which gives rise to BCL-xL

or BCL-xS in a splicing-dependent manner) die at embryonic day 13, partly because of the

death of hematopoietic cells in the liver [120]. Importantly, the induced loss of BCL-xL

in adult mice results in severe anemia due to deficient erythropoiesis [121]. In particular,

reticulocytes (immature red blood cells that have lost their nucleus but still contain mito-

chondria) undergo apoptosis when BCL-xL is removed [121]. The importance of BCL-xL for

erythropoiesis was recently confirmed in human stem cell lineages [122]. Overall, BCL-xL

appears to be crucial in the late stages of erythropoiesis.

Platelets are another atypical cell type of the erythroid lineage: they lack a nucleus but

contain mitochondria. Here again, BCL-xL was found to be essential: BCL-xL represents a

“molecular clock”, its slow degradation leading to the clearance of platelets after their 10

days lifespan [123].

In mature erythrocytes, BCL-xL was identified by mass spectrometry in the cytoplasmic
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fraction [124]. However, Walsh and colleagues (2002) identified BCL-xL at the membrane

of RBCs [125]. They also found that, in the absence of serum, inhibition of BCL-xL with

BH3-mimetics leads to PS exposure of RBCs, suggesting a pro-survival role of BCL-xL

within the eryptotic pathway, in a mitochondria-independent manner.

Figure 1.6: Hematopoiesis. Hematopoietic stem cells (HSC) are multipotent stem cells, giving rise to either the

myeloid or the lymphoid cell lineages. Here, we focus on the erythroid lineage. Common myeloid progenitor cells can

undergo erythropoiesis, ultimately producing mature red blood cells, or can differentiate to megakaryocytes, whose

fragmentation results in platelets production. (Adapted from Rocamonde et al. - Retrovirology (2019) [126])

1.5.3 BCL-xL inhibitors & drug treatments

Upregulation of pro-survival BCL-2 proteins, including BCL-xL, is common in many cancer

types [127]. Therefore, various drugs have been developed to address apoptosis dysregula-

tion in this context. In particular, many BCL-xL inhibitors have been developed. These

inhibitors mimic BH3-only proteins, such as BAD, and bind to BCL-xL with a high affinity,

therefore freeing apoptotic effectors BAX and BAK. The first BH3-mimetic drug, ABT-

737, was developed in 2005 [128], but its low solubility and bioavailability prevented it from

being used in the clinic. An improved BCL-xL inhibitor was developed in 2008 [129]: ABT-

263 (Navitoclax), which is undergoing clinical trials for various cancer types [130, 131].

However, concerning side effects include thrombocytopenia, due to the loss of platelets af-

ter continuous administration of ABT-263 [132]. In order to circumvent this side effect,

ABT-199 was developed to inhibit more specifically BCL-2 (i.e. decreased affinity towards

BCL-xL) [133]. ABT-199 is now an approved drug (FDA-approved in 2016) under the
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name Venclexta, Venclyxto or Venetoclax, to treat chronic and small lymphocytic leukemia

(CLL and SLL) [134, 135]. In parallel, more specific inhibitors of BCL-xL have also been

developed, including WEHI-539 [136], A-1155463 [137], and A-1331852 [138]. So far, these

molecules remain research tools to investigate the role of BCL-xL rather than potential

drug candidates.

Although ABT-737 was found to reduce parasitic burden of P. yoelii -infected mice during

the liver stages [106], the impact of BCL-xL inhibitors, and the role of BCL-xL, has never

been investigated in the blood stages of Plasmodium spp.

1.6 Hypotheses & Aims

P. falciparum was shown to manipulate its host hepatocyte apoptosis during the liver stages

[107, 106]. We hypothesise that P. falciparum also manipulates eryptosis of its

host red blood cell in order to survive. To test this hypothesis, I aim to:

• Aim 1: Review the literature on eryptosis regulation and the relationship between

P. falciparum and its host eryptosis.

• Aim 2: Chemical manipulation of eryptosis in P. falciparum-iRBCs to characterise

host-parasite interactions.

• Aim 3: Study eryptosis of infected RBCs at different stages of the parasite.

BCL-xL is a key regulator of apoptosis in nucleated cells and appears to also inhibit eryp-

tosis [125]. Inhibition of BCL-xL impairs P. falciparum during the liver stages [106]. We

hypothesise that BCL-xL regulates eryptosis and that P. falciparum hijacks it

for its survival in erythrocytes. To test this hypothesis, I aim to:

• Aim 4: Investigate the role of erythrocytic BCL-xL during infection

– First, I will study the effect of BCL-xL inhibitors on eryptosis hallmarks of both

uninfected RBCs and infected RBCs.

– Then, I will test the impact of BCL-xL inhibitors on P. falciparum growth in

vitro.

– Finally, I will investigate the role of erythrocytic BCL-xL during infection by

defining its subcellular localisation and identifying its binding partners.

The main driver of malarial anaemia is the loss of bystander RBCs [48]. Although the mech-

anisms behind this enhanced destruction of erythrocytes is poorly understood, induction

of eryptosis appears as an important contributor [49]. We hypothesise that extracel-

lular vesicles and/or other extracellular factors secreted by the parasite induce

eryptosis of bystander RBCs. To test this hypothesis, I aim to:
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• Aim 5: Identify extracellular factors of P. falciparum which are responsible for by-

stander RBC death

– First, I will test the impact of iRBC-derived EVs on eryptosis hallmarks of fresh

RBCs.

– Then, I will test the impact of conditioned media (filtered media from parasite

cultures) on eryptosis hallmarks of fresh RBCs.
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Manipulating Eryptosis of Human

Red Blood Cells: A Novel

Antimalarial Strategy?

Mature erythrocytes uniquely lack all organelles (nucleus, mitochondrion, endoplasmic

reticulum) and have a lifespan of 120 days, after which they undergo senescence and are

cleared from the circulation by the spleen [108, 109]. However premature erythrocyte death

can be triggered by various factors including oxidative stress, energy depletion and numer-

ous compounds [139, 111, 113]. Eryptosis (erythrocyte apoptosis) defines the programmed

cell death of erythrocytes and is characterised by PS exposure, cell shrinkage, high intra-

cellular calcium levels and membrane blebbing - phenotypic aspects shared with apoptosis

of nucleated cells [112].

Boulet et al. (2018) [71] summarizes the current knowledge (and highlights the many

gaps in knowledge) regarding regarding eryptosis and its molecular regulators. This review

further discusses the interaction between intracellular P. falciparum and eryptosis of its

host cell, and the effects of eryptotic inducers on the development of Plasmodium both in

vitro and in vivo (with murine models). Finally, this article discusses the possibility of

targeting key human eryptotic molecules to specifically inhibit P. falciparum development

in a host-directed therapy approach.
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Malaria is a major global health burden, affecting over 200 million people worldwide.

Resistance against all currently available antimalarial drugs is a growing threat, and

represents a major and long-standing obstacle to malaria eradication. Like many

intracellular pathogens, Plasmodium parasites manipulate host cell signaling pathways,

in particular programmed cell death pathways. Interference with apoptotic pathways by

malaria parasites is documented in the mosquito and human liver stages of infection,

but little is known about this phenomenon in the erythrocytic stages. Although mature

erythrocytes have lost all organelles, they display a form of programmed cell death termed

eryptosis. Numerous features of eryptosis resemble those of nucleated cell apoptosis,

including surface exposure of phosphatidylserine, cell shrinkage and membrane ruffling.

Upon invasion, Plasmodium parasites induce significant stress to the host erythrocyte,

while delaying the onset of eryptosis. Many eryptotic inducers appear to have a beneficial

effect on the course of malaria infection in murine models, but major gaps remain

in our understanding of the underlying molecular mechanisms. All currently available

antimalarial drugs have parasite-encoded targets, which facilitates the emergence of

resistance through selection of mutations that prevent drug-target binding. Identifying

host cell factors that play a key role in parasite survival will provide new perspectives

for host-directed anti-malarial chemotherapy. This review focuses on the interrelationship

between Plasmodium falciparum and the eryptosis of its host erythrocyte. We summarize

the current knowledge in this area, highlight the different schools of thoughts and existing

gaps in knowledge, and discuss future perspectives for host-directed therapies in the

context of antimalarial drug discovery.

Keywords: malaria, eryptosis, Plasmodium, apoptosis, programmed cell death, host-pathogen interaction, host-

directed therapy

INTRODUCTION

Malaria is a vector-borne parasitic disease that affects millions of people worldwide. It is estimated
that half the world population is at risk of infection and in 2016, malaria was responsible for 200
million new cases and half a million deaths (WHO|World Malaria Report, 2017). An efficient
malaria vaccine has yet to be developed, and resistance against all antimalarial drugs has been
recorded, including to artemisinin (reviewed in Tilley et al., 2016), the front-line drug treatment
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recommended by the World Health Organization (WHO). The
path to controlling and eliminating malaria is a difficult one, and
the systematic emergence of drug resistant parasites against every
anti-malarial drug introduced over the last century represents a
major road block (Menard andDondorp, 2017). The encouraging
decrease in malaria morbidity and mortality observed in recent
decades has now been reported to be slowing down, and be
reversing in parts of the world (WHO|World Malaria Report,
2017). To reach the strategic objective set by the WHO to reduce
global malaria incidence and mortality by at least 90% by 2030
(WHO|Global Technical Strategy for Malaria , 2016–2030), new
antimalarial drugs with a novel mode of action are urgently
needed.

Malaria is caused by the unicellular apicomplexan parasite
Plasmodium. A human infection starts when an infected
Anophelesmosquito injects parasites (in the form of sporozoites)
during a blood meal. Sporozoites circulate in the blood
stream and reach the liver, where they invade hepatocytes and
establish an asymptomatic infection. Plasmodium hepatic stages
replicate by schizogony, ultimately releasing tens of thousands
progeny merozoites in the blood stream. Once in the blood
stream, Plasmodium merozoites invade red blood cells, where
they proliferate by schizogony in an asexual replication cycle,
known as the erythrocytic cycle (Figure 1). The cycle begins
when an extracellular merozoite invades an erythrocyte. Once
intracellular, the parasite develops into a ring stage, grows
into a metabolically active trophozoite, and, following DNA
replication and asynchronous nuclear divisions matures into
a multi-nucleated schizont. After cytokinesis, up to 32 new
merozoites egress from each schizont, lysing the host red blood
cell and allowing for a new cycle to begin. Alternatively, early
ring stage parasites can mature into female or male gametocytes
(immature sexual stage of the parasite), which, once taken up
by an Anophelesmosquito, complete maturation and fertilization
within the mosquito’s gut. The resulting oocyst produces
sporozoites that travel to the salivary gland of the mosquito,
allowing for further transmission of the parasite. The erythrocytic
stages of infection are responsible for malaria pathogenesis,
whose clinical manifestations include severe anemia, organ
failure and cerebral malaria (Autino et al., 2012). Among the
five Plasmodium species that infect humans, P. falciparum is
the most virulent. Here, we focus on host-parasite interaction
mechanisms that allow the development of P. falciparum inside
human erythrocytes (Figure 1).

AVOIDING ANTIMALARIAL DRUG
RESISTANCE BY TARGETING THE HOST
CELL?

Curative antimalarials target the asexual proliferation of parasites
in erythrocytes, and all antimalarial drugs developed to date
directly target parasite factors. These include artemisinin (whose
mechanism of action is yet to be fully understood), chloroquine
(interferes with haemozoin formation, a process that detoxifies
free haem released by hemoglobin digestion), atovaquone
(inhibits mitochondrial respiration), proguanil/pyrimethamine

FIGURE 1 | The asexual proliferation cycle of Plasmodium falciparum in

human erythrocytes. Extracellular merozoites invade red blood cells to

establish the erythrocytic asexual cycle. Each intracellular merozoite develops

into an intra-erythrocytic ring stage, matures into a trophozoite stage, and

subsequently forms a multi-nucleated schizont. Forty-eight hours

post-merozoite infection, 8–32 new merozoites egress from each

schizont-infected erythrocyte and a new erythrocytic cycle begins. Repeated

cycles of erythrocyte invasion by Plasmodium falciparum parasites lead to all

aspects of malaria pathogenesis.

(inhibits folate biosynthesis by targeting dihydrofolate reductase,
PfDHFR), and various antibiotics which inhibit protein synthesis
(Antony and Parija, 2016). Parasite resistance against anti-
malarial drugs is a major long-standing issue, resulting in failure
of many malaria eradication attempts. For instance, in 1955,
the WHO launched a Global Malaria Eradication campaign,
introducing Mass Drug Administration of chloroquine, the
cheapest and most widely used antimalarial drug. However, in
the 1960’s, chloroquine resistance was reported in various South
American and South-East Asian countries, and quickly spread,
reaching African nations in the early 1970’s (D’Alessandro
and Buttiëns, 2001). Remarkably, all anti-malarial drugs
saw resistance emerging within a couple of years of being
commercialized (McClure and Day, 2014). Alarmingly, this
also includes resistance against the current front-line drug,
artemisinin, commonly used in combination therapies (Menard
and Dondorp, 2017). Over relatively short periods of time,
Plasmodium parasites have acquired genetic modifications,
typically point mutations or copy number variations, resulting
in resistance to antimalarial drugs. Such alterations have been
shown to either affect the product directly targeted by the drug,
or a membrane transporter, increasing the efflux of the drug
to the outside environment. Such transporters are located on
the plasma membrane of the parasite (e.g., multidrug resistance-
associated protein, PfMRP) or on the food vacuole of the parasite
(e.g., multidrug resistant protein 1, PfMDR1) (Antony and Parija,
2016).
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Considering that Plasmodium is an obligate intracellular
pathogen, and therefore relies on host cell factors to thrive, an
alternative drug target strategy based on host cell factors can
be envisaged. Host factors are not under the genetic control of
the parasite, therefore host-directed therapy approaches bypass
the most direct path to resistance, i.e., the selection of parasite
genotypes encoding a mutated drug target.

For example, the host programmed cell death pathway could
be targeted. Indeed, most intracellular pathogens avoid being
eliminated by the immune system by “hiding” inside a host
cell, while also gaining direct access to the host cell intracellular
environment. Although this is highly beneficial to the pathogen,
the stress induced by infection leads the host cell to trigger a
cell death response or apoptosis. As a consequence, the pathogen
is required to inhibit the host cell apoptotic response to ensure
host cell survival until completion of its own replication cycle. In
the case of Plasmodium, interference with host cell apoptosis has
been established in the hepatic stage of infection (van de Sand
et al., 2005; Kaushansky et al., 2013). However, the existence of
a similar process in the erythrocytic stage of infection remains
to be explored, likely because of the unique nature of the host
erythrocyte cell.

RED BLOOD CELLS—A UNIQUE CELL
TYPE

Maturation of erythrocyte progenitors in the bone marrow leads
to the formation of enucleated reticulocytes that are released
in the blood stream. Reticulocytes mature into erythrocytes,
a process involving the loss of all intracellular organelles,
including the nucleus, mitochondria, and endoplasmic reticulum
(Lang and Föller, 2012). In the absence of de novo protein
biosynthesis and mitochondria (which house the TCA cycle
enzymes in nucleated cells), the survival and metabolism of
mature erythrocytes rely exclusively on the existing pool of
proteins and on glycolysis for the production of ATP (Lang
and Föller, 2012). Further, a specialized function of oxygen
transporter combined with a lack of organelles, have led RBCs to
develop unique mechanisms of cell survival and cell death, which
we outline below.

Erythrocytes Protect Themselves From
Oxidative Stress
Red blood cells (RBCs) have a high haem iron content, essential
for their role as oxygen and carbon dioxide transporters
(Lang and Föller, 2012). For this reason, RBCs are constantly
producing, and consequently exposed to, reactive oxygen species
(ROS), including superoxide anion (O−

2 ), hydrogen peroxide
(H2O2) and hydroxyl radicals (OH−) (Baynes, 2005; Cimen,
2008; Schieber and Chandel, 2014). Reactive oxygen species
impose oxidative stress on the cell, due to their inherent
capability to damage lipids, proteins and DNA (although the
latter is irrelevant in the context of RBCs). Erythrocytes possess
a number of antioxidant strategies to counteract this stress,
including ROS scavengers, such as glutathione and vitamins C
and E, as well as various redox enzymes such as superoxide

dismutase, catalase and glutathione peroxidase (Baynes, 2005).
Glutathione is a Glu-Cys-Gly tri-peptide of crucial importance
to maintain the intracellular environment in a reduced state (Wu
et al., 2004). The ratio between reduced glutathione (GSH) and
oxidized glutathione (GSSG) is a good indicator of the cellular
redox state. Glutathione is naturally most required in tissues
exposed to high ROS and oxidative stress levels, such as the liver
and erythrocytes (Wu et al., 2004; Lu, 2009).

How Do RBCs Die? Senescence vs.
Eryptosis
Mature RBCs have a life span of ∼115 days (Franco, 2012),
after which they undergo senescence, a gradual deterioration of
the cell functional capacity, and clearance by the spleen. ROS
accumulation has been proposed as a key life-span determinant
(Hattangadi and Lodish, 2007). During this aging process,
erythrocytes losemembranes throughmicrovesiculation, become
denser, intracellular enzymes display decreased activity, oxidative
damages accumulate, and the membrane becomes more rigid
(Lutz and Bogdanova, 2013). The Band 3 membrane protein
(also called anion exchanger 1 or AE1) forms clusters (partly
due to oxidation and hyperphosphorylation), that enhances
deposition of complement C3 and subsequent binding of
autoantibodies present in the serum, followed by clearance
by macrophages (Lutz, 2004; Arese et al., 2005, p. 3;
Lutz and Bogdanova, 2013). Additionally, the progressive
exposure of the “eat-me” signal phosphatidylserine (PS),
along with the reduced exposure of the “do-not eat-me”
signal Cluster of Differentiation 47 (CD47, further discussed
below), on the outside of a senescent erythrocyte further
stimulate clearance by macrophages (Lutz and Bogdanova,
2013).

In addition to this type of “death by exhaustion,” RBCs can
undergo a form of programmed cell death throughout their
lifetime. This phenomenon was first described in 2001 (Bratosin
et al., 2001) and the term eryptosis was proposed in 2005
(Lang K. et al., 2005). Eryptosis shares numerous similarities
with apoptosis (Bratosin et al., 2001; Lang K. et al., 2005).
Both apoptosis and eryptosis share the common purpose of
destruction of damaged cells without inducing an inflammatory
response (i.e., absence of cell lysis). This is particularly relevant
in the case of RBC death, as the release of free hemoglobin in the
blood induces renal impairment and thrombosis (Tolosano et al.,
1999; Buehler et al., 2012; Schaer et al., 2013). Further, eryptotic
and apoptotic cells share physiological characteristics including
increased intracellular calcium concentrations, cell shrinkage,
exposure of phosphatidylserine on the outer cell surface and
membrane ruffling and blebbing (Bratosin et al., 2001; Lang
K. et al., 2005). Like apoptosis, eryptosis can be triggered by a
wide range of xenobiotics some of which have been listed in
Table 1.

Unbalanced levels of eryptosis have been proposed to play
a key role in the pathology of numerous clinical disorders,
including in metabolic syndrome (Zappulla, 2008), haemolytic
uremic syndromes (Lang et al., 2006a), sickle-cell disease
(Lang et al., 2002), thalassemia (Lang et al., 2002), and

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 November 2018 | Volume 8 | Article 419



Boulet et al. Eryptosis and Malaria

TABLE 1 | Examples of relevant eryptosis inducers and inhibitors and their molecular targets.

Compound Cellular target References

Eryptosis inducers Amiodarone Ion channel blocker (used for treatment of cardiac arrhythmias) Nicolay et al., 2007

Amphotericin B Forms cation channels in membranes (used as an anti-fungal and anti-parasite) Mahmud et al., 2009

Anandamide Cannabinoid receptor agonist; induces apoptosis in diverse cell types Bentzen and Lang,

2007

Aurothiomalate Rheumatoid arthritis gold-containing drug Sopjani et al., 2008

Azathioprine Induces apoptosis of lymphocytes (used as an immunosuppressive drug) Geiger et al., 2008

Chlorpromazine Dopamine antagonist, anti-serotonergic and antihistaminic (used as an antipsychotic drug) Akel et al., 2006

Cyclosporine Inhibits gene transcription in nucleated cells (used as an immunosuppressive drug) Niemoeller et al., 2006

Dimethylfumarate Decreases intracellular GSH hence induces oxidative stress (used as an anti-inflammatory drug) Ghashghaeinia et al.,

2016

Lead Decreases erythrocytes ATP concentration, and activates erythrocyte K+ channels Kempe et al., 2005

L-NAME Inhibits synthase of nitric oxide (NO) Koka et al., 2008b;

Nicolay et al., 2008

Paclitaxel Blocks mitosis and cytoskeleton organization (used as anti-cancer drugs) Lang et al., 2006b

Eryptosis inhibitors Amitriptyline Inhibits sphingomyelinase (hence ceramide production) Brand et al., 2008;

Lang et al., 2015b

Flufenamic acid Inhibits Cl− sensitive and PGE2-triggered Ca2+ entry Kasinathan et al., 2007

Compounds described as eryptosis inducers or inhibitors (see references therein), their cellular/molecular target and current use. These compounds have been further utilized in the

context of malaria infections (see Tables 3, 4).

G6PD deficiency (Lang et al., 2002). The clinical relevance
of red blood cell death in health and disease, has stimulated
numerous studies over the last 20 years attempting to define
the cellular and molecular mechanisms of eryptosis. Although
much remains to be described, the section below summarizes
our current knowledge of the regulatory mechanisms of
eryptosis.

ERYPTOSIS—WHAT DO WE KNOW ABOUT
ITS REGULATORY MECHANISMS?

Eryptosis can be triggered by various signals, including osmotic
shock (Huber et al., 2001; Lang et al., 2004), energy depletion
(Klarl et al., 2006), oxidative stress (Lang K. et al., 2005;
Lang et al., 2014), and xenobiotics (Lang and Lang, 2015;
Pretorius et al., 2016). Regardless of the trigger, induction of an
eryptotic state generally involves entry of extracellular calcium
ions into the cell (Lang K. S. et al., 2003), which induces
changes in membrane asymmetry/exposure of PS, cell shrinkage
and membrane blebbing, detailed below and summarized in
Figure 2.

Changes in Cell Membrane Asymmetry
With Phosphatidylserine Exposure
In normal conditions, the RBC lipid bilayer is asymmetric,
with specific lipids predominantly present on the inner
or the outer leaflet. This is the case of the phospholipid
phosphatidylserine, which is mainly present within the cytosolic
monolayer (Leventis and Grinstein, 2010). The asymmetry
is maintained by active membrane proteins termed flippases,
that translocate phosphatidylserine and other phospholipids
from the outer to the inner membrane leaflet (Sharom, 2011;

Segawa and Nagata, 2015). In eryptotic cells, however, high
intracellular calcium concentrations lead to the inactivation of
flippases (Suzuki et al., 2010, 2013), leading to the rupture
of membrane asymmetry and exposure of PS on the outer
leaflet of the RBC membrane (Bratosin et al., 2001; Segawa
and Nagata, 2015). High intracellular calcium levels also lead to
the activation of another family of membrane proteins termed
scramblases that translocate phospholipids non-specifically and
bidirectionally in an ATP-independent manner (Segawa and
Nagata, 2015). In addition, caspase 3 can also cleave and
thus irreversibly activate scramblases and inactivate flippases
(Berg et al., 2001; Schoenwaelder et al., 2009; Suzuki et al.,
2010), committing the cell to PS exposure. The increased
and abnormal exposure of PS on the outer RBC membrane
is recognized by macrophages (McEvoy et al., 1986), which
remove eryptotic cells from the circulation (Boas et al.,
1998). “Flippase” and “scramblase” are generic terms used to
describe lipid-transport enzymatic activities. The exact proteins
responsible for PS exposure during eryptosis remain to be
identified.

Cell Shrinkage and Gardos Channels
Activation
Increased concentration of cytosolic calcium activates calcium-
sensitive potassium channels, or Gardos channels (Bookchin
et al., 1987; Brugnara et al., 1993), which allow the exit of
K+ (Lang P. A. et al., 2003). The loss of intracellular K+

hyperpolarises the cell membrane, forcing the exit of Cl− (Lang P.
A. et al., 2003). Consequently, the loss of water through osmosis
leads to cell shrinkage (Lang P. A. et al., 2003). Cell shrinkage
activates phospholipase A, which produces platelet-activating
factor (PAF) (Lang P. A. et al., 2005). PAF in turn stimulates
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FIGURE 2 | Proposed model of eryptosis mechanisms. Induction of eryptosis (energy depletion, oxidative stress or exposure to xenobiotics) leads to an increase of

intracellular calcium concentration. (i) Intracellular calcium activates scramblases (membrane proteins that transport lipids non-specifically and bidirectionally) and

inactivates flippases (membrane proteins that actively maintain phosphatidylserine (PS) in the membrane inner leaflet). This leads to exposure of PS at the surface of

the cell, a signal that is recognized by macrophages, which then mediate clearance of eryptotic cells. (ii) Intracellular calcium activates calcium-sensitive potassium

channels known as Gardos channels. This is followed by exit of potassium and chlorine, leading to loss of water by osmosis and subsequent cell shrinkage. (iii)

Increased concentration of free intracellular calcium activates calpains (calcium-activated proteases). Calpains degrade cytoskeleton proteins which leads to

membrane ruffling and blebbing.

sphingomyelinase, an enzyme that breaks down sphingomyelin
(Lang P. A. et al., 2005), the most prevalent sphingolipid in the
cell membrane (Barenholz and Thompson, 1980). This leads to
the formation of ceramide, a well-known inducer of eryptosis
(Lang et al., 2004) and apoptosis (Dbaibo et al., 1997; Birbes et al.,
2002). The role of ceramide in eryptosis has been review by Lang
et al. (2015b).

Membrane Blebbing and Calpain Activation
Increased intracellular calcium concentration leads to the
activation of calpains (Berg et al., 2001), a family of cytosolic
calcium-dependent thiol proteases. Calpains I (or µ-calpains)
are activated by micromolar amounts of calcium, whereas
activation of calpains II (or M-calpains) requires millimolar
amounts of calcium (Perrin and Huttenlocher, 2002). Activated
calpains target RBC cytoskeleton proteins, such as spectrin,
actin, and band 3/AE1 (Murachi et al., 1981; Schwarz-Ben
Meir et al., 1991), whose degradation ultimately leads to
ruffling and blebbing of the RBC membrane (Larsen et al.,
2008).

Depending on the eryptotic trigger, different pathways can be
activated. For instance, eryptosis due to oxidative stress seems to
activate caspases (Matarrese et al., 2005), although there is some
controversy about the activity of caspases in RBCs (Berg et al.,
2001). Interestingly, it has been observed that not all erythrocytes
have the same sensitivity to oxidative stress-induced eryptosis,
differences being attributed to age and oxidative stress “history”
of the cell (Ghashghaeinia et al., 2012). Eryptosis triggered
by energy depletion has been shown to involve a number of
kinases—further discussed below—as well as an impairment in
antioxidant glutathione (GSH) replenishment, which requires
energy (Tang et al., 2015).

Although some of the mechanisms leading to eryptosis
have been described, the molecular players and signaling
pathways underpinning eryptosis remain yet to be
fully characterized. So far, a few key regulators of
classical apoptotic pathways, protein kinases and “death”
receptors have been suggested as putative molecular
regulators of eryptosis and are summarized in the next
section.
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MOLECULAR REGULATORS OF
ERYPTOSIS

Death or apoptotic proteins, protein kinases and cell surface
receptors are proposed to have a role in the execution or the
inhibition of eryptotic pathways. The section below (andTable 2)
summarizes available information on such molecular regulators
of eryptosis, and highlights the many gaps in knowledge that
remain to be filled.

Apoptotic Proteins Involved in Erythrocyte
Survival
Many cell death proteins are present in mature RBCs, including
members of the BCL-2 family such as the pro-apoptotic proteins
BAD, BID, BCL10, BAK, BAX, and the anti-apoptotic protein
BCL-XL (Walsh et al., 2002; Roux-Dalvai et al., 2008; Lange
et al., 2014). These proteins play crucial roles in mitochondria-
dependent apoptosis, and are key gatekeepers of viability in
nucleated cells.

In healthy nucleated cells, pro-survival BCL-XL and BCL-2
sequester BAX and BAK, while pro-apoptotic BAD is sequestered
in a phosphorylation-dependent manner by protein 14-3-3 to
repress apoptosis. When apoptotic signals overcome survival
signals, the phosphorylation status of BAD changes, causing its
release from 14-3-3 and binding to pro-survival BCL-XL and
BCL-2, unleashing the apoptotic pore forming BAK and BAX.
Perforation of the mitochondrial outer membrane commits the
cell to apoptosis: cytochrome c is released, an apoptosome is
formed, and effector caspases are activated, ultimately leading to
DNA fragmentation, PS exposure and membrane blebbing.

BCL-XL is known to be crucial during haematopoiesis
and is particularly strongly expressed during the late
stages of erythroblasts maturation (Gregoli and Bondurant,
1997), while expression of BAX and BAK decreases during
development of erythroid lineage cells (Gregoli and Bondurant,
1997). In reticulocytes (immature erythrocytes containing
a mitochondrion), inhibition of BCL-XL leads to caspase-
dependent apoptosis (Delbridge et al., 2017). Similarly,
the interaction between BCL-XL and BAK in the plasma
membrane is required for the survival of mature RBCs (which
lack mitochondria) (Walsh et al., 2002). Indeed, rupture of this
interaction using a BAK-mimetic small molecule (resulting in the
release of BAK) increases intracellular calcium concentrations
and induces PS exposure (Walsh et al., 2002). Interestingly,
eryptosis induction through this pathway is inhibited by the
addition of serum, suggestive of a key role for serum survival
factors in erythrocyte viability. Nevertheless, the role of death
proteins within mature erythrocytes, if any, remains to be
investigated.

Protein Kinases Involved in Eryptosis
Phosphorylation is a key regulatory mechanism of all
intracellular processes, including apoptosis in nucleated
cells. Noteworthy, phosphorylation and other post-translational
modifications are possibly even more important in mature
erythrocytes, as these cells cannot synthesize de novo proteins.
Accordingly, numerous protein kinases have been shown to

regulate eryptosis. Some, including CK1α, p38 MAP kinase,
PKC, and JAK3, stimulate eryptosis; others, such as AMPK,
cGKI, PAK2, Raf kinase, and MSK1/2, inhibit this process. The
section below summarizes the currently knowledge regarding the
mechanisms by which these kinases stimulate or inhibit eryptosis
in mature RBCs (also see Table 2).

Eryptosis Stimulator: Casein Kinase 1
Casein kinase 1 (CK1) is a serine/threonine protein kinase with
seven isoforms in humans, and plays a role in very diverse cellular
processes, including cell cycle, gene expression, cytoskeleton
modifications, cell adhesion, and modulation of receptor-
mediated signaling (Schittek and Sinnberg, 2014). In the context
of apoptosis in nucleated cells, CK1α phosphorylates BCL10,
BID and Fas-associated death domain (FADD, further described
below) (Schittek and Sinnberg, 2014). In RBCs, stimulation of
CK1α enhances eryptosis following energy depletion, oxidative
stress and osmotic shock (Kucherenko et al., 2012; Zelenak et al.,
2012). Conversely, CK1α inhibition blunts eryptosis in these
same conditions.

Eryptosis Stimulator: p38 MAP Kinase
p38 mitogen-activated protein kinase (p38 MAPK) is activated
by diverse stimuli, such as UV light, heat, osmotic shock
and cytokines (Zarubin and Han, 2005). In the context of
apoptosis, p38 MAP kinase can have pro- and anti-apoptotic
roles depending on the cell type and on the stimulus. In RBCs,
p38 MAP kinase is phosphorylated upon osmotic shock, and
participates in calcium uptake, PS exposure and cell shrinkage
(as p38MAP kinase inhibition blunts these effects) (Gatidis et al.,
2011).

Eryptosis Stimulator: Protein Kinase C
Protein Kinase C (PKC) molecules constitute a family of eight
serine/threonine protein kinase isoforms that are activated
upon increase of Ca2+ and diacylglycerol (Mochly-Rosen et al.,
2012). Upon activation, PKC is recruited to the membrane
where it phosphorylates its substrates. PKC can regulate an
important number of processes, including gene expression,
protein secretion, cell division and inflammation (Mochly-Rosen
et al., 2012). In RBCs, activation of PKC leads to increased
calcium intake, cell shrinkage and PS exposure, whereas PKC
inhibition prevents calcium entry and PS exposure (Andrews
et al., 2002; de Jong et al., 2002). Furthermore, glucose depletion
induces PKCα translocation to the membrane, significantly
increasing PKC activity and phosphorylation of membrane
proteins (Klarl et al., 2006). Interestingly, PS exposure following
energy depletion was blunted with PKC-specific inhibitors (Klarl
et al., 2006), consistent with a direct role of PKC on PS exposure.

Eryptosis Stimulator: Janus Kinase 3
Janus kinase 3 (JAK3) is a cytosolic tyrosine kinase, part of the
larger JAK family, which includes JAK1, JAK2, and TYK2. All
Janus kinases play a role in signaling triggered by extracellular
cytokines and growth factors. Typically, upon binding of a
cytokine to its receptors, the receptors multimerize, specific
JAK kinases are recruited to the receptor cytosolic domain,
and trans-phosphorylate (Rawlings et al., 2004). Janus kinases

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 November 2018 | Volume 8 | Article 419



Boulet et al. Eryptosis and Malaria

TABLE 2 | Molecular regulators of eryptosis.

Protein Proposed role in eryptosis References

Apoptotic proteins BCL-XL/BAK Anti-eryptotic effect observed when BCL-XL/BAK complex

detected at the plasma membrane and in the absence of serum

Walsh et al., 2002

Kinases Casein Kinase 1 Pro-eryptotic Kucherenko et al., 2012;

Zelenak et al., 2012

p38 MAP Kinase Pro-eryptotic

Phosphorylated upon osmotic shock

Gatidis et al., 2011

Protein Kinase C Pro-eryptotic

Translocates to the membrane upon absence of glucose

Direct role on PS exposure

Andrews et al., 2002; de

Jong et al., 2002; Klarl

et al., 2006

Janus Kinase 3 Pro-eryptotic

Phosphorylated/Activated in the absence of glucose

Nosaka et al., 1995;

Bhavsar et al., 2011

AMP-activated Kinase Anti-eryptotic

In the absence of glucose

Föller et al., 2009b ; Wang

et al., 2010

cGMP-dependent Kinase I Anti-eryptotic Föller et al., 2008

p21-Activated Kinase 2 Anti-eryptotic

In the absence of glucose

Zelenak et al., 2011

Raf Kinase Anti-eryptotic Lupescu et al., 2012

Mitogen and Stress

activated Kinase 1 and 2

Anti-eryptotic

During hyperosmotic shock and in the absence of glucose

Lang et al., 2015a

Receptor-mediated eryptosis Glycophorin-C receptor Pro-eryptotic

Stimulation leads to PS exposure and hemolysis

Head et al., 2005a

CD47 receptor Pro-eryptotic

Upon conformational change due to oxidative stress or aging

Stimulation leads to PS exposure and hemolysis

Head et al., 2005b; Burger

et al., 2012

CD94/Fas receptor Pro-eryptotic

Upon oxidative stress (or aging), Fas receptors, Fas ligands, FADD

and caspase 8 accumulate within lipid rafts

Mandal et al., 2005

Molecular modulators of eryptosis published to date. For each factor, their suggested role in eryptosis is indicated. Further investigation is required to confirm involvement in eryptosis

and elucidate the exact mechanisms of action.

substrates include STATs (signal transduction and activators
of transcription) which then enter the nucleus and regulate
transcription. Of relevance, JAK/STAT signaling is crucial
for haematopoiesis and JAK3 is predominantly expressed in
haematopoietic cells (Nosaka et al., 1995, p. 3). In RBCs,
following glucose depletion, JAK3 is phosphorylated on the
activating Tyrosine 980 (Nosaka et al., 1995, p. 3). Further,
inhibition of JAK3 (or absence of JAK3 in the case of jak3−/−

mice) blunts the exposure of PS upon glucose depletion, but
has no effect on cell size (Bhavsar et al., 2011). Overall, JAK3 is
thought to be implicated in membrane scrambling upon energy
depletion.

Eryptosis Inhibitor: AMP-Activated Kinase
AMP-activated kinase (AMPK) is a serine/threonine kinase that
is activated by adenosine monophosphate (AMP) and plays a
crucial role in energy homeostasis. Increased concentration of
AMP (and a decrease in ATP concentration) is an indication
of energy depletion. Upon activation, AMPK switches on
catabolic processes that produce ATP, such as glycolysis, and
switches off anabolic pathways that consume ATP, such as
lipogenesis. Interestingly, mice lacking the AMPK subunit
α exhibit erythrocytes with a shorter lifespan compared to

their wild-type counterpart (Wang et al., 2010). Additionally,
inhibition of AMPK exacerbates eryptosis phenotypes induced by
glucose depletion: in an energy depletion context, inhibition of
AMPK further increases PS exposure and intracellular calcium,
suggesting a role of AMPK in protecting against eryptosis (Föller
et al., 2009b).

Eryptosis Inhibitor: cGMP-Dependent Kinase I
cGMP-dependent protein kinase I (cGKI) is a serine/threonine
kinase activated by cyclic guanosine monophosphate (cGMP),
and is implicated in calcium regulation, platelet activation and
many other processes (Butt et al., 1994). Noteworthy, mice
lacking cGKI display increased levels of eryptosis, as detected by
elevated PS exposure, faster RBC clearance and a higher rate of
RBC turnover (Föller et al., 2008).

Eryptosis Inhibitor: p21-Activated Kinase 2
The p21-activated kinase (PAK) family of serine/threonine
kinases comprises 6 members in humans. PAK1, 2 and 3 are
effector kinases of the Rho-GTPase CDC42 and Rac, two key
cytoskeletal regulatory proteins. PAK2 can also be activated by
proteolytic cleavage by caspase 3 during apoptosis (Rane and
Minden, 2014). In erythrocytes, PAK2 inhibition leads to PS
exposure in the absence of glucose, an effect not exacerbated
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by the absence of AMPK (ampk knock-out mice), suggesting
that both these enzymes are acting within the same pathway
(Zelenak et al., 2011). Overall AMPK and PAK2 appear to have
a pro-survival role during energy depletion.

Eryptosis Inhibitor: Raf Kinase
The Rapid accelerated fibrosarcoma (Raf) kinase family of
serine/threonine kinases comprises 3 members that act upstream
ofmitogen-activated protein kinase (MAPK) pathways: A-Raf, B-
Raf, and C-Raf. Typically, growth factor receptors activate the
Ras GTPase, which activates Raf, which in turn phosphorylates
MEK, leading to activation of ERK (Matallanas et al., 2011). Raf
is implicated in apoptosis, and a specific inhibitor, Sorafenib, has
been developed for cancer treatment (Wilhelm et al., 2004). In
erythrocytes, inhibition of Raf with Sorafenib leads to eryptosis,
suggesting a protective role of Raf against eryptosis (Lupescu
et al., 2012).

Eryptosis Inhibitor: Mitogen and Stress Activated

Kinase 1 and 2
MSK1 and MSK2 are serine kinases involved in the MAPK
cascade. Once activated by ERK1 and 2, they phospho-activate
transcription factors, which then promote cellular proliferation
(Wiggin et al., 2002, p. 1). Mice lacking MSK1/2 present a higher
turnover of erythrocytes (Lang et al., 2015a). Although in normal
conditions, the levels of PS exposure were similar compared to
their wild-type counterpart, whenMSK1/2-deficient erythrocytes
were stressed with hyperosmotic shock or energy depletion,
eryptosis (as indicated by PS exposure and cell shrinkage) was
significantly enhanced.

Although numerous protein kinases have been shown to be
involved in eryptosis, the mechanisms leading to their activation,
as well as the specific downstream effectors, are yet to be
identified. This represents an important gap in knowledge in the
field that requires further investigation.

Receptor-Mediated Eryptosis
The third category of molecular regulators of eryptosis
encompasses cellular receptors that have the ability to transform
extracellular signals into an intracellular cell death cascade.
Indeed, similar to apoptosis of nucleated cells, eryptosis can
be triggered upon the binding of specific extracellular ligands
to various red blood cell surface receptors. RBC receptors that
have been shown to trigger eryptosis include glycophorin-C,
CD47, and CD95/Fas. We are yet to fully understand the links
between activation of these surface receptors and the trigger of
eryptosis; and this section summarizes the current knowledge of
receptor-mediated eryptosis activation (also see Table 2).

Glycophorin-C Receptor
Glycophorin-C (GPC) is an important membrane glycoprotein
that interacts with the membrane skeleton and plays a role in
the maintenance of the shape of the erythrocyte (Tanner, 1993).
Interestingly, it has been reported that binding of anti-GPC
antibodies leads to PS exposure and hemolysis (Head et al.,
2005a).

CD47 Receptor
Cluster of Differentiation 47 (CD47) is a transmembrane
protein that has long been described as a “don’t eat-
me” signal directed toward the macrophage receptor SIRPα

(Oldenborg et al., 2000, p. 47). However, recent studies
indicate that CD47 can switch to an “eat-me” signal in
aging and oxidative-stressed erythrocytes (Burger et al., 2012,
p. 47). Indeed, oxidative stress induces a conformational
change of CD47 which, despite retaining binding to the same
macrophage SIRPα receptor, will under these conditions induce
phagocytosis (Burger et al., 2012). Interestingly, induction of
CD47 signaling through binding of its TSP-1 ligand, as well
as anti-CD47 antibodies and a specific CD47-binding peptide,
trigger PS exposure and hemolysis of RBCs (Head et al.,
2005b).

CD94/Fas Receptor
Fas receptor (or CD94 or APO-1) is a well-studied death
receptor in the context of apoptosis and other programmed
cell death pathways (Schulze-Osthoff et al., 2001). Upon
binding of the Fas ligand FasL (either as transmembrane
proteins on cytotoxic T lymphocytes, or as soluble proteins)
to the Fas receptors on the target cell, the latter form death-
inducing signaling complexes (DISC). Aggregation of Fas
receptors allows the recruitment of proteins that carry Fas-
associated death domain (FADD), leading to the recruitment
and activation of caspase 8. Caspase 8 in turn can cleave,
and hence activate, BID (with subsequent mitochondria-
dependent apoptosis activation) and/or directly activate effector
caspase 3. Mandal et al. (2005) showed that Fas receptors,
Fas ligands, FADD and caspase 8 accumulate within lipid
rafts in old erythrocyte membranes, as well as in oxidative-
stressed erythrocytes. Caspase 8 is activated in both old and
oxidative-stressed erythrocytes, followed by activation of caspase
3 and reduced activity of flippases (and hence increased PS
exposure).

STUDYING ERYPTOSIS: THE TOOLS OF
THE TRADE

As emphasized above, the molecular events leading to eryptosis
remain largely unknown. A number of challenges, inherent to
the specific cell type we are considering, explain this gap in
knowledge. A key step toward further dissecting the molecular
mechanisms of eryptosis relies on robust technical approaches.
However, cell death detection techniques relying on nuclear DNA
fragmentation or mitochondrial activity cannot be used in this
context, for obvious reasons. Nevertheless, a key phenotypic
hallmark of eryptosis (and apoptosis) is the cell surface exposure
of phosphatidyl serine, which allows flow cytometry to be a
key technique commonly used to detect and quantify eryptosis.
The binding of fluorescent Annexin V to externalized PS and
the cell volume (measured via forward scatter values) are the
most common parameters used to assess eryptosis. Additionally,
intracellular calcium concentrations can be measured with
cell-permeable fluorescent indicators, such as Fluo-3 AM dye.
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Intracellular ceramide levels can be detected with ceramide-
specific antibodies, and the redox state of the cells can be assessed
throughmeasurement of GSH/GSSG ratio (reviewed in Pretorius
et al., 2016; Jemaà et al., 2017).

Another key hurdle is the study of the RBC proteome
given the overwhelming relative amounts of the two most
abundant proteins: hemoglobin represents 97% of RBCs’ total
proteins, and carbonic anhydrase I 1% (Barasa and Slijper,
2014). This implies that all other proteins are present in a much
lower relative abundance, and therefore difficult to identify and
quantify.

At the genetic level, as RBCs are enucleated, experiments
requiring genetic manipulations aimed at investigating the role
of specific genes in eryptosis cannot be conducted. However,
recent advances in in vitro stem cell culture and haematopoietic
lineage differentiation, as well as advances in genome editing,
offer exciting perspectives to address a number of these issues
in the near future (Hockemeyer and Jaenisch, 2016; Caulier
et al., 2017). For example, with major advances in in vitro stem
cell differentiation methods being made, in vitro production of
large amounts of human mature erythrocytes for transfusion
could become a reality (Lapillonne et al., 2010; Caulier et al.,
2017). Further, genetic manipulation of stem cells, followed by
maturation into erythrocytes, would allow the investigation of
molecular events and signaling pathways essential for mature
erythrocyte survival. This has indeed been recently explored in
the context of indirect areas of RBC research, notably with respect
to infection of RBCs with malaria parasites (Egan, 2017; Kanjee
et al., 2017).

Finally, other challenges to the study of eryptosis (and
erythrocytes in general) include RBC origin, availability,
purification, storage conditions and the lack of well-characterized
cell lines.

PLASMODIUM-INFECTED
ERYTHROCYTES: A FIGHT BETWEEN LIFE
AND DEATH

It is well documented that many pathogens manipulate (i.e.,
inhibit) the apoptotic pathway of their host cell in order to
achieve intracellular survival (viruses: Hay and Kannourakis,
2002; parasites: James and Green, 2004; bacteria: Ashida
et al., 2011). In the case of malaria parasites, this has been
demonstrated during the infection of liver cells (van de Sand
et al., 2005). However, little is known about host-parasite
interactions of the erythrocytic stages of infection. Unraveling
the molecular regulation of eryptosis is key to our understanding
of the interrelationship between Plasmodium parasites and their
host red cell. Plasmodium imposes oxidative stress and induces
phosphatidylserine exposure on the host red blood cells, but the
clinical outcome arising from PS-exposing Plasmodium-infected
RBCs is debated. In the context of the tools currently available
to study eryptosis, this section reviews published evidence and
proposed models that attempt to characterize the interplay
between Plasmodium and host RBC death mechanisms (also see
Figure 3).

Plasmodium Imposes Oxidative Stress on
Its Host Cell
During the 48h of its erythrocytic asexual cycle, Plasmodium
falciparum increases its body mass by up to 32-fold. This
requires a considerable supply of nutrients, which the parasite
obtains from the digestion of hemoglobin (Zarchin et al., 1986).
The ensuing generation of H2O2 and OH radicals imposes
oxidative stress on the host cell (Atamna and Ginsburg, 1993;
Ginsburg and Atamna, 1994), which, as discussed above, can lead
to erythrocyte’s death, which would represent a non-favorable
outcome for the parasite (Figure 3).

Extensive Digestion of Hemoglobin
Prevents Bursting of the Host Cell
In addition to the nutrients provided by hemoglobin degradation,
parasite survival further relies on the import of nutrients and
metabolites from the extracellular milieu, and on a mechanism
of waste disposal to the extracellular environment (Kirk,
2001). For this purpose, Plasmodium exports parasite encoded
transporters to the red cell membrane known as the New
Permeability Pathways (NPP) transporters (Kirk, 2001; Huber
et al., 2005). Consequently, during trophozoite development,
extensive changes take place on the red cell membrane, leading to
a dramatic decrease in K+, and increase in Na+ concentrations
in the host cell cytosol to levels resembling those of the
extracellular space (Kirk, 2001). The increased cytosolic Na+

concentration poses a risk of cell swelling and hemolysis. To
prevent this and ensure osmotic stability, the parasite decreases
the intracellular colloid osmotic pressure by digesting more
hemoglobin than metabolically needed, and exports the excess
of amino acids through the NPP transporters, consequently
reducing cell swelling and decreasing risks of hemolysis (Lew
et al., 2003) (Figure 3).

Plasmodium Might Sequester Intracellular
Calcium to Delay Host Cell Death
In normal conditions, erythrocytes maintain low intracellular
Ca2+ levels, corresponding to a concentration that is ∼

40,000-fold lower than that of free-Ca2+ in the blood plasma
(Bogdanova et al., 2013). However, upon P. falciparum infection,
the erythrocyte’s calcium content increases by 10- to 20-
fold (Kirk, 2001). Intracellular calcium is crucial for parasite
invasion and development (Wasserman et al., 1982) and is
thought to be key for many parasite signaling pathways
(Enomoto et al., 2012). Interestingly, an increase of free
Ca2+ in the RBC cytosol is not observed during infection;
it is thought that Plasmodium accumulates Ca2+ in its own
cytosol to maintain a low level of free Ca2+ in the host
cell (Adovelande et al., 1993; Tiffert et al., 2000) (Figure 3).
Ca2+ sequestration inside the parasite is thought to delay
eryptosis, however direct measurements of in vivo calcium
concentrations in the parasite are required to formally determine
whether this is the case. Interestingly, during the liver stage
of infection Plasmodium sequesters intracellular calcium from
hepatocytes, therefore preventing/delaying PS exposure (Sturm
et al., 2006). Noteworthy, calcium sequestration mechanisms
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FIGURE 3 | Proposed model of the interactions between Plasmodium and its host red blood cell. Upon erythrocyte invasion, Plasmodium digests host cell hemoglobin

in its digestive vacuole (1). In this process, heme is detoxified by polymerisation into hemozoin and amino acids are utilized for parasite development. The surplus of

amino acids is exported to the RBC cytosol (2), and further secreted to the extracellular milieu to decrease colloid concentration (3), which is proposed to enhance

survival of the host cell. Digestion of hemoglobin also produces reactive oxygen species (ROS) (2), which enhances eryptosis. New Permeability Pathways (NPPs)

and/or other transporters allow Ca2+ entry into the red cell cytosol, a key player in triggering eryptosis (4). However, it has been suggested that Plasmodium uptakes

most of the intracellular calcium in its own cytosol, thus achieving delay of host cell death (4). Nevertheless, active parasite sphingomyelinase has been proposed to

break down sphingomyelin, producing ceramide (5), which enhances exposure of phosphatidylserine (PS), and hence recognition and clearance by macrophages.

of erythrocytic stages, if demonstrated, would likely be
considered one of the basic foundations for parasite-manipulated
eryptosis.

Increased Phosphatidylserine Exposure
During Infection
Despite the fact that Plasmodium is proposed to control the
levels of free Ca2+ in the RBC cytosol, an increase in PS
exposure is observed in Plasmodium-infected RBCs (iRBCs)
when compared to uninfected erythrocytes (uRBCs) (Schwartz
et al., 1987). This has been observed not only in vitro with P.
falciparum infection of human RBCs (Schwartz et al., 1987),
but also in vivo in animal models of malaria infection, such as
P. yoelii infection of mice (Totino et al., 2010) and P. knowlesi
infection of monkeys (Joshi et al., 1987). Overall, PS-exposure
tends to increase in the mature stages of parasite development
(Joshi et al., 1987; Schwartz et al., 1987). A possible explanation
for this phenomenon involves the formation of ceramides, a
component of sphingomyelin, one of the major structural lipids
of cell membranes. Hydrolysis of sphingomyelin, catalyzed by
sphingomyelinase, generates ceramide, which, in erythrocytes,
leads to PS exposure (see above) even at low cytosolic Ca2+

concentrations (Lang et al., 2004) (see Figure 3). Interestingly,
erythrocytic forms of P. falciparum express a sphingomyelinase
that is active during blood stages (Hanada et al., 2000). In line
with this observation, a marked decrease of the sphingomyelin
content is observed in RBC membranes upon infection by P.
falciparum (Maguire and Sherman, 1990). Besides the role of

ceramide in PS-exposure during infection, it is also interesting
that GPC (an erythrocyte receptor able to mediate eryptosis)
is used by P. falciparum to invade RBCs (Maier et al., 2003),
and it has been suggested that this could be the trigger for PS
exposure during early stages of parasite development (Head et al.,
2005a).

Overall, Plasmodium induces eryptosis in the infected
cell, by imposing oxidative stress, possibly by producing
ceramide, activating GPC-pathways and modulating the
erythrocyte intracellular ionic composition. At the same
time, Plasmodium might also prevent / delay eryptosis and
hemolysis by sequestering calcium, and exporting amino
acids to the extracellular milieu, as summarized in Figure 3.
A balance between induction and prevention (or delay) of
eryptosis of the host cell by Plasmodium is likely to translate
into a successful vs. unsuccessful infection. Although this
appears key to our understanding of the clinical outcomes
of malaria infections, much is yet to be uncovered in
this area.

PLASMODIUM INDUCES ERYPTOSIS OF
BYSTANDER ERYTHROCYTES

Further to the eryptosis that Plasmodium induces on its own
infected cell, it has been observed that malaria infection induces
eryptosis of bystander uninfected erythrocytes. In a study using
a rodent malaria model, increased numbers of eryptotic uRBCs
have been observed in mice 6–7 days post-infection with P.
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yoelii (Totino et al., 2013). Similarly, incubation of human
RBCs with serum from patients infected with P. falciparum
leads to increased PS exposure and decreased cell size of
uRBCs (Totino et al., 2014), suggesting that P. falciparum
is able to induce cell death of non-infected erythrocytes.
Interestingly, this has not been observed in the case of P. vivax
infections, so one cannot exclude that the proinflammatory
response common in P. falciparum infections, but not in P.
vivax infections, could be at least partially responsible for this
observation (Totino et al., 2014). Further, another in vitro
study where the role of proinflammatory responses cannot
be taken into account, suggests the increase of PS exposure
on bystander uRBCs is partially attributed to the presence of
methaemoglobin in the extracellular medium. Methaemoglobin
is a form of hemoglobin, in which the iron in the heme
group is in the Fe3+ (ferric) state, not the Fe2+ (ferrous) of
normal hemoglobin. Upon RBC lysis, hemoglobin is released
and oxidized by oxygen to methaemoglobin, which in turn
leads to PS exposure of bystander RBCs through oxidative
stress (Balaji and Trivedi, 2013). Overall, increased eryptosis
of uRBC is thought to be a major contributor of anemia
observed during severe malaria infections (Jakeman et al., 1999;
Totino et al., 2016), alongside the loss of iRBCs and decreased
erythropoiesis (Pathak and Ghosh, 2016). Consequently, a full
understanding of the molecular events leading to eryptosis
of bystander uRBCs during a malaria infection is crucial to
comprehensively address the clinical symptoms of severe anemia
in malaria patients.

A CONTROVERSIAL ROLE OF ERYPTOSIS
DURING MALARIA INFECTION—IS IT
GOOD OR BAD?

While it has been established that Plasmodium infection
contributes to eryptosis of the host cell, the clinical benefit of
the phenomenon is debated. On one hand it is argued that PS-
mediated clearance of infected cells is favorable to the host. On
the other hand it is argued that PS exposure contributes
to parasite immune evasion and malaria pathogenesis.
This section summarizes the studies that have led to such
observations.

Phosphatidylserine Exposure of
Plasmodium-Infected Erythrocytes
Implicated in Severe Disease
It has been argued that PS exposure of iRBCs may play a
role in the cytoadherence of P. falciparum and enhance tissue
sequestration of P. vivax (Eda and Sherman, 2002; Totino and
Lopes, 2017). Adherence of PS-exposing RBCs to endothelial
cells has been demonstrated to occur in various medical
conditions and in in vitro experiments (Wali et al., 1988; Closse
et al., 1999; Bonomini et al., 2002; Setty et al., 2002; Wautier
et al., 2011). Therefore, it is plausible that exposure of PS
in Plasmodium-infected RBCs contributes to adherence and
sequestration, as well as to cell aggregation and rosetting (Ho
et al., 1991). Consequently, increased PS exposure of iRBCs has

two major detrimental effects for malaria patients: sequestered
and adherent Plasmodium-iRBCs avoid immune clearance; and
adherence to the endothelium and other cells induces thrombo-
occlusion, which leads to severe disease. Both these events
are well characterized in the case of P. falciparum infections,
and have been to date mainly attributed to the cell surface
exposure of PfEMP1, a parasite-derived molecule. Interestingly,
in the case of P. vivax (which do not express PfEMP1), PS
exposure might lead to a more severe course of infection, and
there is some evidence that P. vivax-iRBCs are able to adhere
to endothelial walls and to rosette, due at least in part to
phosphatidylserine exposure (Costa et al., 2011; Totino and
Lopes, 2017).

Does Phosphatidylserine Exposure of
Plasmodium-Infected Erythrocytes Benefit
Disease Outcome?
Despite the data discussed above suggesting that PS exposure
in iRBCs is beneficial to parasite survival, two studies propose
that eryptosis of Plasmodium-infected RBCs is beneficial for
the outcome of malaria infection. One study has shown that
P. falciparum preferentially invades non-eryptotic RBCs (Totino
et al., 2010), therefore eryptosis of uninfected RBCs has been
interpreted as “a host mechanism to fight malaria” (Totino
et al., 2010). The decreased susceptibility of infection of eryptotic
cells may in part be attributed to cytoskeleton changes in
the host cell (Totino et al., 2010), since actin, spectrin and
band 3 proteins, which are crucial for invasion by the parasite
(Koch and Baum, 2016), are degraded during eryptosis (Murachi
et al., 1981; Schwarz-Ben Meir et al., 1991). In this case,
enhanced eryptosis is suggested to correlate with lower parasite
burden. Another study proposed that PS-based clearance of
ring stage-iRBCs prevents the formation of late-stage parasites,
and hence sequestration and associated clinical complications
(Föller et al., 2009a). The authors suggest that this may be part
of the mechanisms leading to the relative protection against
severe malaria in sickle-cell trait, homozygous hemoglobin-
C and G6PD-deficiency (Cappadoro et al., 1998; Ayi et al.,
2004).

INDUCING ERYPTOSIS TO TREAT
MALARIA?

Following from the idea that increased PS exposure of
Plasmodium-infected RBCs benefits clearance and therefore
disease outcome, numerous studies have assessed the effect of
eryptosis modulators in the context of malaria. In the section
below (and in Tables 2, 3), we summarize the studies that have
attempted to date to induce or inhibit eryptosis with the aim
of modulating malaria infection, and we further discuss the
limitations of such approaches.

The Effect of Eryptosis Modulators on the
Course of a Malaria Infection
Given the interrelationship between malaria and eryptosis,
numerous studies have assessed the effect of eryptosis modulators
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TABLE 3 | Effect of eryptosis inducers and inhibitors on P. falciparum in vitro development.

Compound Eryptosis Parasitemia

decrease

References

uRBC iRBC

Eryptosis inducers Amiodarone

10µM

ns 60% Bobbala et al., 2010b

Amphotericin B

5µM

ns 90% Siraskar et al., 2010

Aurothiomalate

50µM

ns 29% Alesutan et al., 2010

Azathioprine

1µM

ns 11% Bobbala et al., 2009

Anandamide

50µM

ns ns 70% Bobbala et al., 2010a

Chlorpromazine

10µM

75% Koka et al., 2008a

Cyclosporine

0.01µM 0.001µM

33%

0.01µM

Bobbala et al., 2008

Paclitaxel

0.1µM 0.001µM

10%

0.01µM

Koka et al., 2009

Lead

5µM 1µM

ns

up to 100µM

Koka et al., 2007

L-NAME

10µM

ns

up to 100µM

Koka et al., 2008b

Eryptosis inhibitors Amitriptyline

50µM

ns 90% Brand et al., 2008

Flufenamic acid

25µM

ns

Early stages

19% Kasinathan et al., 2007

Eryptosis features of infected red blood cells (iRBC) and bystander uninfected red blood cells (uRBC), as well as parasitemia were measured after 24 or 48 h of treatment with each

compound. For clarity purposes, the eryptosis phenotype observed is based only on reported PS exposure measurements. Although not represented in the table, PS exposure of iRBCs

was significantly superior to that of uRBCs in all studies. “Parasitemia decrease” indicates the decreased percentage in parasitemia of treated cultures when compared to the untreated

control at a given compound concentration (value calculated based on data provided in the original publication). Compounds previously described as inducers or inhibitors or eryptosis

(see Table 1) but which do not induce a significant increase or decrease in eryptosis of uRBC in the indicated studies are represented by . Flufenamic acid induced a decrease of PS

exposure of RBC infected with early stage parasites only. ns, not significant; , significant increase of PS exposure compared to untreated control; , significant decrease of PS

exposure compared to untreated control.

in the context of malaria (Tables 2, 3 and references therein).
Interestingly, various compounds described to induce or inhibit
eryptosis in naïve RBCs (Table 1) fail to modulate eryptosis in
bystander uRBCs of a Plasmodium culture (Table 3, compounds
indicated by ∗). This discrepancy can be attributed to differences
between naïve RBCs and Plasmodium in vitro culture conditions.
Indeed, eryptosis of naïve RBCs is assessed in Ringer solution at
0.4% haematocrit (see references of Table 1), whereas eryptosis
of Plasmodium cultures is assessed in complete RPMI medium
at 4% haematocrit (see references of Table 3). Noteworthy, all
but one of the eryptosis inducers tested on malaria parasites
(regardless of their ability to induce eryptosis on bystander
uRBCs), induce eryptosis of Plasmodium-infected RBCs, often
at a lower concentration than the one required to induce
eryptosis of uRBCs. Further, most of the compounds presented
in Table 3 somehow affect parasite viability albeit at variable
(and in some cases high) concentrations. Together, these

observations provide the main argument in favor of the use
of eryptosis inducers as anti-malarial treatments, particularly
for those compounds where uRBCs remain unaffected at
the concentrations required to affect infected cells. Similar
observations were made when using in vivo mouse malaria
models of infection (Table 4). Five eryptosis inducers have
been reported to not modulate eryptosis in bystander uRBCs,
while inducing eryptosis of iRBCs. Overall, these in vivo
studies indicate that inducing eryptosis has a beneficial effect
for the host. Indeed, a decrease of parasitemia and increase
in mice survival are observed (Table 4). Importantly, few
studies measured anemia levels of treated mice, although this
is a crucial side effect to consider when testing the use
of eryptosis manipulators in vivo (Table 4). With respect to
the above studies, the possibility has not been excluded that some
of the compounds may have off-targets in the parasite. Finally,
it is interesting to note that some antimalarial drugs such as
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TABLE 4 | Effect of eryptosis inducers on P. berghei in vivo development.

Compound Eryptosis Parasitemia decrease Mice survival Anemia effect References

uRBC iRBC

Amiodarone ns 64% 70% N/A Bobbala et al., 2010b

Anandamide ns 67% 70% N/A Bobbala et al., 2010a

Aurothiomalate ns 44% 55% Alesutan et al., 2010

Dimethylfumarate ns 83% 60% ns Ghashghaeinia et al., 2010

Amphotericin B ns ns 50% N/A Siraskar et al., 2010

Eryptosis compounds were administered to P. berghei-infected mice 8 days post-parasite infection. Eryptosis features of infected red blood cells (iRBC) and bystander uninfected red

blood cells (uRBC), as well as parasitemia levels, mice survival outcome, and anemia levels effects were measured every day. For clarity purposes, the eryptosis phenotype observed

is based only on reported PS exposure measurements. “Parasitemia decrease” indicates the decreased percentage in parasitemia of treated mice when compared to the untreated

control (value calculated based on data provided in the original publication) when the difference reached significance. “Mice survival” indicates the percentage of viable treated mice

when untreated controls reached 100% lethality rate. Compounds previously described as eryptotic inducers (see Table 1) that did not induce a significant increase in eryptosis of

uRBC in these studies are indicated by . ns, not significant; , significant increase of PS exposure compared to untreated control; N/A, parameter not discussed in the publication.

artesunate, mefloquine and quinine, have been shown to induce
eryptosis (Alzoubi et al., 2014; Bissinger et al., 2015; Mischitelli
et al., 2016), raising the question of a possible interference with
the eryptotic process to their antimalarial effect.

Inducing Eryptosis to Treat Malaria—Is It
Realistic?
Themajority of studies discussed in this review (and summarized
in Tables 3, 4) support the notion that enhancing eryptosis of
parasitised RBCs represents an attractive anti-malaria strategy.
This is based on the hypothesis that exposing RBCs to
eryptotic inducers could lead to early clearance of ring stages,
preventing trophozoite development and sequestration, and
therefore leading to a less severe course of infection. However,
it is worth emphasizing that eryptosis inducers that do not
specifically target iRBCs, will also increase PS exposure of
non-infected RBCs and are therefore likely to lead to anemia.
Perhaps the only exception to this, consists in the argument
that iRBCs are stressed by the presence of the parasite, therefore
the threshold to induce eryptosis may be lower for iRBCs than
for uRBCs. Hence the idea of inducing eryptosis selectively
(or predominantly) in Plasmodium-iRBC may be considered
achievable by some authors. It is our view, however, that further
work is required to assess the overall potential clinical benefits of
eryptosis inducers in the context of a malaria infection. On the
other hand, assuming that Plasmodium actively inhibits eryptosis
of its host cell, an anti-malarial strategy aiming to prevent
this inhibition appears more attractive and is discussed in the
following section.

PREVENTING PLASMODIUM FROM
INHIBITING ERYPTOSIS—A NOVEL
APPROACH TO TREAT MALARIA?

Plasmodium interferes with apoptosis of its host cells in
the liver of the vertebrate host (Heussler et al., 2006;
Kakani et al., 2016) and in the mosquito midgut (Ramphul
et al., 2015; Kakani et al., 2016). The parasite thus has a

proven track record of manipulating host cell death pathways,
and, as alluded to above, also appears to do so during
infection of RBCs. Upon RBC invasion, buffering of host
cell intracellular calcium and secretion of unused amino
acids (Figure 3) have been proposed as the first signs of
eryptosis manipulation by the parasite (Adovelande et al.,
1993; Tiffert et al., 2000; Kirk, 2001). Consistent with this
idea, inhibition of a P. falciparum cation-transporting ATPase
was shown to induce eryptosis of the iRBC and its rapid
clearance in vivo (Jiménez-Díaz et al., 2014), as if this inhibition
reversed eryptosis silencing. Further, P. falciparum activates
and relies on human kinases such as mitogen-activated protein
kinase kinase (MEK) and p21 activated kinase (PAK), for its
development inside RBCs (Sicard et al., 2011). Interestingly,
PAK kinases have the ability to inhibit eryptosis in energy
depletion conditions, as discussed above (Zelenak et al.,
2011) and are often subverted by pathogens for different
cellular functions, including manipulation of apoptosis (John
von Freyend et al., 2017). Overall, even though there is
currently no direct evidence that PAK activation in iRBCs is
linked to eryptosis manipulation, it is an exciting hypothesis
that opens great perspectives for anti-malaria intervention
strategies. Indeed, inhibition of host kinases required by the
parasite for survival would ensure disease treatment with
smaller risks of emergence of parasite resistance. In addition,
host-directed approaches offer the possibility of repurposing
human kinase inhibitors already available in the drug-market
(Doerig, 2004).

CONCLUSIONS AND FUTURE
DIRECTIONS

Although the complexity of eryptosis regulation in healthy
individuals remains to be fully understood, numerous molecular
mechanisms have been described to date. Understanding
eryptosis regulation is particularly relevant to further our
knowledge of Plasmodium-erythrocyte interactions. Indeed,
manipulation of host cell pathways is a widely used strategy
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by a multitude of pathogens and offers novel and attractive
host-direct therapy opportunities. Manipulation of eryptosis by
Plasmodium parasites is an emergent area of research that has
attracted attention in recent years, and where much is yet to
be done. Importantly, host-directed antimalarial therapy offers
the considerable advantage of limiting the major pathways
toward drug resistance, namely the selection of mutated parasite-
encoded targets. However, before this is realized, major gaps in
knowledge prevail and need to be addressed. Below, we outline
some of the key questions that need to be addressed.

Potential Manipulation of Eryptosis by
Plasmodium
Although infection of erythrocytes by Plasmodium induces
cell death hallmarks, it has been proposed that the parasite
inhibits host cell death by buffering intracellular calcium
levels (Adovelande et al., 1993), exporting amino acids (Lew
et al., 2003), and manipulating host cell kinases (reviewed in
Carvalho et al., 2016). Specific molecular mechanisms of calcium
sequestration and host ceramide production for example are
yet to be elucidated. However, host molecular mechanisms
that are shown to be manipulated by the parasite represent
exciting opportunities for host-directed therapy. In this context,
modulators of eryptosis appear to have a protective effect toward
the host in murine models, although possible off-target effects on
parasite-encoded factors cannot be excluded, and the influence
of these treatments on anemia levels are yet to be determined in
most cases.

Role of PS Exposure During Plasmodium

Infection
The clinical outcome arising from PS-exposing Plasmodium-
infected RBCs is controversial. On the one hand, PS-exposure

of erythrocytes infected by young parasites is thought to lead to
early parasite clearance, hence being favorable to the host (Föller
et al., 2009a). On the other hand it is argued that PS exposure
enhances the cytoadherence of infected red blood cells, and
therefore contributes to parasite immune evasion and malaria
pathogenesis (Totino and Lopes, 2017). Although it is clear
that Plasmodium infection enhances PS exposure of the host
erythrocyte, the physiological role of this phenomenon remains
to be elucidated and further in vivo studies are required to address
this question.

Eryptosis of Bystander Erythrocytes
Another notable finding in malaria-related eryptosis is the
increased eryptosis of uninfected bystander erythrocytes during
a malaria infection (Totino et al., 2010, 2013). This is believed
to be a key mechanism leading to malaria-induced anemia and
the severe outcome of disease (Jakeman et al., 1999). However,
the molecular mechanisms underpinning this phenomenon,
including a possible role of the immune response, are not
understood. There is little doubt that unraveling the mechanism
underlying eryptosis of bystander erythrocytes can lead to critical
clinical applications in malaria patients suffering from severe
anemia.
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Chapter 3

Materials & Methods

Table 3.1: List of solutions used in this project. This table lists the names and composition of all solutions

referred to in the method sections, and indicates the final and stock concentrations, solvents/diluents, providers and

other specifications, such as the pH, sterilization method and storage conditions.

Solution name Component Final

concentration

Other

specifications

Provider

P. falciparum cell culture

10% GIEMSA Giemsa’s azur

Eosin

Methylene-blue

10% (v/v) in water Merck

Made fresh at least every 2 days

iRPMI

(incomplete

RPMI)

RPMI 1640

Medium HEPES

16.2g/L - Life Technologies

Hypoxanthine 50mg/L Dissolved in 1M

NaOH (0.1g/mL)

Sigma

Gentamicin 10mg/L 50mg/ml stock

solution

Life Technologies

in MilliQ water, pH 6.74, filter-sterilised. Stored at 4°C until use.

cRPMI

(complete

RPMI)

Sodium

bicarbonate

2.25g/L 7.5% (w/v) stock

solution in MilliQ

water,

filter-sterilised

Merck

AlbuMAX II

Lipid-rich BSA

5g/L 20% (w/v) stock

solution in iRPMI,

filter-sterilised and

frozen until use

Gibco

Add sodium bicarbonate and Albumax to iRPMI before use.

5% sorbitol Sorbitol 5% (w/v) in MilliQ water,

filter-sterilised,

stored at 4°C

Unilab
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List of the solutions used in this project

Solution name Component Final

concentration

Other

specifications

Provider

SYBR Gold

reaction solution

Tris buffer 20mM 1M stock, pH 7.5,

in MilliQ water

Invitrogen

EDTA

(EthyleneDiamine

Tetra Acetic Acid

Disodium Salt)

5mM 0.5M stock, pH 8.0,

in MilliQ water

Ajax Finechem

Saponin 0.008% (w/v) 1% (w/v) saponin

stock, in MilliQ

water

Sigma

Triton X100 0.08% (v/v) 1% (v/v) stock in

MilliQ water

Sigma

SYBR Gold nucleic

acid stain

1X 10’000X stock ThermoFisher

Protect from light.

Flow cytometry

Ringer solution Sodium chloride 125mM 5M stock ChemSupply

Potassium chloride 5mM 1M stock Univar

Magnesium sulfate 1mM 1M stock Unilab

HEPES 32mM 1M pH 7.4 stock Sigma

Glucose 5mM 1M stock Univar

Calcium chloride 1mM 100mM stock ChemSupply

In MilliQ water, pH 7.4, filter sterilised and aliquoted. Stored at room temperature.

Flow cytometry

staining solution

Sodium chloride 125mM 5M stock, stored at

room temperature

ChemSupply

Potassium chloride 5mM 1M stock Univar

Magnesium sulfate 1mM 1M stock Unilab

HEPES 32mM 1M pH 7.4 stock Sigma

Glucose 5mM 1M stock Univar

Calcium chloride 5mM 100mM stock ChemSupply

In MilliQ water, pH 7.4, filter sterilised and aliquoted. Stored at room temperature.

Extracellular Vesicles

70% ethanol Ethanol 70% (v/v) in MilliQ water,

filter sterilised

ChemSupply

20% ethanol Ethanol 20% (v/v) in MilliQ water,

filter sterilised

ChemSupply

VivaCell soaking

solution

Ethanol 60% (v/v) - ChemSupply

1M Hydrochloric

acid (HCl)

40% (v/v) in MilliQ water ChemSupply

Filter-sterilised.
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List of the solutions used in this project

Solution name Component Final

concentration

Other

specifications

Provider

DPBS DPBS 100% (v/v) - Life Technologies

Protein work

MPER PPI

(MPER with

Protease and

Phosphatase

Inhibitors)

MPER 100% - ThermoFisher

Protease Inhibitors

Cocktail (PIC),

EDTA-free, Roche

1X 10X or 25X stock

in PBS, stored at

-20°C

Sigma

Sodium fluoride 20mM 200 or 500mM

stock, stored at

-20°C

Sigma

Sodium

orthovanadate

100µM 100mM stock,

stored at -20°C
Sigma

PMSF (phenyl-

methanesulfonyl

fluoride)

1mM 200mM stock Rowe Scientific

β-glycerophosphate 10mM 500mM stock,

stored at -20°C
Sigma

Make fresh and keep on ice.

PBS PPI (PBS

with Protease

and Phosphatase

Inhibitors)

PBS (Phosphate

buffered saline)

1X in MilliQ water ThermoFisher

Protease Inhibitors

Cocktail (PIC),

EDTA-free, Roche

1X 10X or 25X stock

in PBS, stored at

-20°C

Sigma

Sodium fluoride 20mM 200 or 500mM

stock, stored at

-20°C

Sigma

Sodium

orthovanadate

100µM 100mM stock,

stored at -20°C
Sigma

PMSF (phenyl-

methanesulfonyl

fluoride)

1mM 200mM stock Rowe Scientific

β-glycerophosphate 10mM 500mM stock,

stored at -20°C
Sigma

Make fresh and keep on ice.

Saponin PPI

(0.1% saponin

with Protease

and Phosphatase

Inhibitors)

Saponin 0.1-0.15% (w/v) 5% (w/v) in PBS Sigma

Protease Inhibitors

Cocktail (PIC),

EDTA-free, Roche

1X 10X or 25X stock

in PBS, stored at

-20°C

Sigma

Sodium fluoride 20mM 200 or 500mM

stock, stored at

-20°C

Sigma

Sodium

orthovanadate

100µM 100mM stock,

stored at -20°C
Sigma
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List of the solutions used in this project

Solution name Component Final

concentration

Other

specifications

Provider

PMSF (phenyl-

methanesulfonyl

fluoride)

1mM 200mM stock Rowe Scientific

β-glycerophosphate 10mM 500mM stock,

stored at -20°C
Sigma

Make fresh and keep on ice.

Laemmli buffer 2X Laemmli sample

buffer

1X in protein sample Sigma

Laemmli buffer 4X Laemmli sample

buffer

1X in protein sample BioRad

2-β-

mercoptoethanol

10% (v/v) in 4X Laemmli

buffer

Sigma

1X running

buffer

5X

Tris/Glycin/SDS

running buffer

1X in MilliQ water BioRad

1X transfer

buffer

5X Tans-Blot

Turbo transfer

buffer

1X in MilliQ water BioRad

Methanol 20% (v/v) in MilliQ water Merck

TBST

(Tris-buffered

saline Tween-20)

Tris 20mM - Invitrogen

NaCl 150mM - ChemSupply

Tween-20 0.1% (v/v) - BioRad

In MilliQ water; store at 4°C.

5% BSA-TBST Bovine Serum

Albumin (BSA)

5% (w/v) in TBST Moregate Biotech

Stored at 4°C.

ECL solution Clarity™ Western

ECL substrate

Peroxide Reagent

50% (v/v) - BioRad

Clarity™ Western

ECL substrate

Luminol /Enhancer

Reagent

50% (v/v) - BioRad

Prepare ECL solution and immediately soak membrane abundantly with it.

TBST PPI

(TBST with

Protease and

Phosphatase

Inhibitors)

TBST - - -

Protease Inhibitors

Cocktail (PIC),

EDTA-free, Roche

1X 10X or 25X stock

in PBS, stored at

-20°C

Sigma

Sodium fluoride 20mM 200 or 500mM

stock, stored at

-20°C

Sigma

Sodium

orthovanadate

100µM 100mM stock,

stored at -20°C
Sigma
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List of the solutions used in this project

Solution name Component Final

concentration

Other

specifications

Provider

PMSF (phenyl-

methanesulfonyl

fluoride)

1mM 200mM stock Rowe Scientific

β-glycerophosphate 10mM 500mM stock,

stored at -20°C
Sigma

Make fresh and keep on ice.

Mass spectrometry analysis

DDA

(data-dependent

acquisition)

peptide library

solutions (day 1)

Sodium-

deoxycholate

(SDC)

4% (v/v) in 100mM HEPES

pH 8.1. Chilled.

Sigma Aldrich

tris(2-carboxy

ethyl)phosphine

(TCEP)

10mM in protein samples

with 4% SDC

Sigma Aldrich

Iodoacetamide 40mM in protein samples

with 4% SDC

Sigma Aldrich

Trypsin 20µg per mg of

sample

in provider’s

resuspension buffer

Promega

Ethylacetate 100% (v/v) - Sigma Aldrich

Ethylacetate 50% (v/v) in 0.5% (v/v)

formic acid (Fisher

Scientific) in MilliQ

water

Sigma Aldrich

Formic acid 0.1% (v/v) in MilliQ water Fisher Scientific

Ammonium acetate 1M in MilliQ water Sigma Aldrich

Elution buffer 1 Ammonium acetate 75mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 2 Ammonium acetate 100mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 3 Ammonium acetate 125mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 4 Ammonium acetate 150mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 5 Ammonium acetate 175mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 6 Ammonium acetate 225mM in MilliQ water Sigma Aldrich
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List of the solutions used in this project

Solution name Component Final

concentration

Other

specifications

Provider

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 7 Ammonium acetate 250mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 8 Ammonium acetate 275mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 9 Ammonium acetate 300mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 10 Ammonium acetate 325mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 11 Ammonium acetate 350mM in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 20% (v/v) Merck

Formic acid (FA) 0.5% (v/v) Fisher Scientific

Elution buffer 12 Acetonitrile (ACN) 80% (v/v) in MilliQ water Merck

Ammonium

hydroxide

5% (v/v) Sigma Aldrich

DDA peptide

library solutions

(day 2)

Formic acid 5% (v/v) in MilliQ water Fisher Scientific

Ethylacetate 50% (v/v) in MilliQ water Sigma Aldrich

Formic acid 0.5% (v/v) Fisher Scientific

Easy phospho

(EP) loading

buffer

Trifluoroacetic acid

(TFA)

6% (v/v) in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 80% (v/v) Merck

EP enrichment

buffer

Trifluoroacetic acid

(TFA)

48% (v/v) in MilliQ water Sigma Aldrich

Potassium

phosphate,

monobasic

8mM Sigma Aldrich

EP wash buffer Trifluoroacetic acid

(TFA)

5% (v/v) in MilliQ water Sigma Aldrich

Isopropanol 60% (v/v) Merck

EP transfer

buffer

Trifluoroacetic acid

(TFA)

0.1% (v/v) in MilliQ water Sigma Aldrich

Isopropanol 60% (v/v) Merck

EP elution buffer Ammonia 17.8% (v/v) Prepare fresh. In

MilliQ water

Sigma Aldrich

Acetonitrile (ACN) 32% (v/v) Merck
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List of the solutions used in this project

Solution name Component Final

concentration

Other

specifications

Provider

SDB-RPS loading

buffer / wash

buffer 1

Trifluoroacetic acid

(TFA)

1% (v/v) in isopropanol

(Merck)

Sigma Aldrich

SDB-RPS wash

buffer 2

Trifluoroacetic acid

(TFA)

0.2% (v/v) in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 5% (v/v) Merck

SDB-RPS elution

buffer

Ammonia 0.44% (v/v) in MilliQ water Sigma Aldrich

Acetonitrile (ACN) 60% (v/v) Merck

C18 elution buffer
Acetonitrile (ACN) 70% (v/v) in MilliQ water Merck

Formic acid (FA) 0.1% (v/v) Fisher Scientific

MS loading buffer
Acetonitrile (ACN) 2% (v/v) in MilliQ water Merck

Formic acid (FA) 0.1% (v/v) Fisher Scientific

iRT (indexed

retention time)

peptides

1:300 dilution Biognosys
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3.1 P. falciparum culture methods

3.1.1 P. falciparum culture

Plasmodium falciparum 3D7 parasites were cultured in vitro in human erythrocytes pro-

vided by the Australian Red Cross (La Trobe University Research Ethics HEC17-013 and

Australian Red Cross Blood Service Agreement 19-05VIC-01). Cultures were performed as

previously described by Trager and Jensen (1976) [140], using complete RPMI (see details

in Table 3.2), at 4% hematocrit and incubated at 37°C in 1% O2, 5% CO2 and 94% N2.

Parasitemia was assessed by thin blood smear, fixed in 100% methanol and stained in 10%

(v/v) GIEMSA (Azur Eosin Methylene-blue), observed under light microscopy at a 1000x

oil immersion magnification, on an Olympus CX41 microscope (and Olympus DP22 digital

camera).

3.1.2 P. falciparum culture synchronisation by sorbitol treatment

Overview. Sorbitol is a sugar that induces lysis of mature parasites-infected erythrocytes,

but not of ring-iRBCs or uRBCs [141].

Sorbitol treatment. High ring cultures were centrifuged (5min at 700xg), the cell pellet

was resuspended in 4-12ml warm 5% (w/v) sorbitol, and incubated 10min at 37°C. Cells

were then washed in incomplete RPMI (iRPMI) and the culture was transferred into a new

dish.

3.1.3 Parasite growth inhibition assay

Overview. IC50 is the concentration at which 50% of parasite growth is inhibited.

Culture preparation. IC50 assays were conducted in a 96-well plate using an asyn-

chronous parasite culture at 0.25% parasitemia in 2% hematocrit, exposed to compounds

(see Table 3.3) at concentrations from 0.2nM to 20 or 50µM. 20 or 50µM artemisinin and

chloroquine were used as the growth inhibition positive control, while the negative control

consisted of the vehicle (typically DMSO), at a volume equivalent to the highest drug con-

centration. 50µl triplicates of each conditions were prepared and incubated in a humidified

chamber at 37°C in a gas mixture of 1% O2, 5% CO2, 94% N2 for 72 hours.

DNA staining. After 72 hours, plates were sealed and placed at -80°C overnight. Once

thawed, 140µl of SYBR Gold reaction solution (Table 3.2) was added to each sample to stain

double- or single-stranded DNA or RNA and incubated for 1 hour at room temperature

protected from light.

Fluorescence reading and analysis. Fluorescence was measured using a CLARIOstar®
microplate reader (BMG Labtech) with the following settings: Excitation: 495nm; Emis-

sion: 537nm; Gain: 1000; Number of flashes: 20. Data was exported from MARS Data

Analysis Software (BMG Labtech) and transformed in Excel. Percentage inhibition was
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calculated according to the following formula:

1− average(sample)− average(Art&CQ)

average(DMSO)− average(Art&CQ)
∗ 100

Percent inhibition was graphed against logarithm of concentration using GraphPad Prism®
7.03 software to produce a non-linear regression (curve fit) indicating the log concentration

(µM) at which 50% of parasite growth was inhibited (IC50) (log (inhibitor) vs. response –

variable slope – 4 parameters).

Table 3.3: Compounds used in this thesis.

Compound Provider Product number

A-1155463 Sapphire Bioscience S7800

A-1331852 Sapphire Bioscience S7801

ABT-199 Sapphire Bioscience A12500

ABT-263 Sapphire Bioscience A10022

ABT-737 Sapphire Bioscience A10255

Amiodarone HCl Selleck Chem S1979

Apigenin Selleck Chem S2262

Artemisinin Sapphire Bioscience 11816

BAY 43-9006 AdipoGen Life Sciences AG-CR1-0025

Benzethonium chloride Selleck Chem S4162

Chloroquine Sigma C6628

Cordycepin Cayman Chemicals 14426

Ionomycin ThermoFisher I24222

Oridonin Selleck Chem S2335

WEHI-539 Sapphire Bioscience S7100

3.1.4 Trophozoite-infected cells enrichment

Overview. As parasites digest haemoglobin, free heme, a toxic component once detached

from the protein, is released. To detoxify heme, Plasmodium converts it into a pigment

called hemozoin. Importantly, hemozoin possesses paramagnetic properties that allow mag-

netic purification of hemozoin-containing cells (i.e. RBCs infected with a mature parasite)

[142].

iRBC purification. A high trophozoite culture was loaded on column containing a fer-

romagnetic matrix (MS Column, Miltenyi Biotec) previously equilibrated with iRPMI,

inserted on a VarioMACS™ Separator (Miltenyi Biotec). Flow rate was adjusted to 1 drop

per second. Once the culture has completely passed through (but never allowing the matrix

to dry), the column was washed with iRPMI until the flow-through appeared clear. After

detaching the column from the magnet, infected-RBCs were eluted with 20mL cRPMI, and

efficiency of enrichment was assessed by thin blood smear.
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3.1.5 Cell counting with a haemocytometer

10µl of homogenously diluted cells were loaded on a counting chamber of a haemocytome-

ter (Neubauer) covered with a glass coverslip. Number of erythrocytes were counted in

nine non-adjacent central ‘mini-squares’ (0.2mm side) using a 400x magnification on an

Olympous CX41 microscope (and Olympus DP22 digital camera). The following formula

was then applied to estimate the density of cells in the original culture:

average number of RBC per minisquare ∗ 25 ∗ dilution factor ∗ 104 = results in cells/ml

3.1.6 Immunofluorescence assay (IFA)

500µl of high parasitemia (>5%) mix stages culture was washed in PBS and resuspended

in 1ml PBS. All the centrifugation steps were carried out for 1min at 1,600rpm, and all

the incubations were performed on a rocker. The cells were fixed for 30min in 1ml 4%

(v/v) paraformaldehyde (PFA) and 0.0075% (v/v) glutaraldehyde at room temperature.

Samples were then washed in PBS and permeabilised for 10min in 1ml of 0.1% (v/v) Triton

X-100 at room temperature. Following another PBS wash, cells were blocked in 3% (v/v)

BSA-PBS (cf. Table 3.2) overnight at 4°C. The cells were incubated with the primary

antibody (cf. Table 3.5) in 3% (v/v) BSA-PBS overnight at 4°C. Following three PBS

washes of 10min each, cells were resuspended in the secondary antibody (cf. Table 3.5) in

3% (v/v/) BSA-PBS for 1h at room temperature in the dark. After three 10min washes in

PBS, 2µl of packed cells were added onto a coverslip and mixed with 1µl of 2µg/ml DAPI in

VectaShield. A thin coverslip was applied and cells gently spread. The coverslip was finally

sealed with nail polish. Cells were imaged on a Zeiss Axioscope microscope in combination

with an Orca Digitalcamera (1,000 magnification).

3.2 Eryptosis measurement: Assay designs, Flow Cytometry

and Hemolysis

3.2.1 Eryptosis assays and Flow Cytometry Analysis

Overview. Infected and uninfected red blood cells (uRBCs and iRBCs) were analysed by

flow cytometry. The presence and developmental stage of the parasite were quantified using

a DNA stain (Hoechst) and an RNA stain (Thiazole Orange), as previously described by

Grimberg (2011) [143]. Eryptosis hallmarks were also measured: phosphatidylserine (PS)

exposure (using Annexin V PE binding), intracellular calcium content (using x-Rhod1 AM

or Fluo-4 AM fluorescent dies), cell size (based on forward scatter measurements).

Assay cultures. Assays were conducted in triplicates, with 50µl culture volumes, incu-

bated as described in P. falciparum in vitro cultures. Where specified, cells were incubated

in incomplete RPMI (iRPMI) instead of complete RPMI (cRPMI). Where specified, cells

were incubated in the presence of a a given inhibitor (DMSO was used as a vehicle). As

a negative control, cells were incubated in DMSO alone. The volume of DMSO added to
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the negative control corresponds to that used in the highest drug concentration condition

within the same assay.

Staining procedure. Subsequent centrifugation steps of the 96-well plate were carried out

for 5min at 200xg. Cells were washed once in 100µl PBS, then resuspended in the same vol-

ume of Thiazole Orange (BD Retic-Count™, BD Bioscience) containing 4µM Hoechst 33342

(Invitrogen), and incubated for 40min at room temperature in the dark. Cells were washed

once in staining buffer (Table 3.2), and resuspended in staining buffer containing 0.3µM

x-Rhod1 AM (Invitrogren) or 5µM Fluo-4 AM (Abcam), and incubated 30min in the dark.

Following another wash, cells were incubated with Annexin V PE (BD Bioscience) (1:20 in

staining buffer) for 20min in the dark. Cells were finally centrifuged and resuspended in

200µl staining buffer, and analysed within the hour.

Flow cytometry. Cells were analysed on a CytoFLEX S flow cytometer (Beckman Coul-

ter), where 100,000 total events were recorded for each condition at a flow rate of 10µl/min.

Details for channels used, excitation and emission wavelength are shown in table 3.4.

Data analysis. Data was analysed using FlowJo V10. Erythrocytes were gated based on

forward scatter height (FSC-H) and side scatter height (SSC-H); uRBCs, ring-, trophozoite-

and schizont-iRBCs were gated based on their DNA and RNA content (Hoechst and Thi-

azole Orange fluorescence); PS exposing cells were gated based on the näıve uRBCs with

no drug condition. Mean forward scatter height (FSC-H), percentage of Annexin V posi-

tive cells, mean x-Rhod-1 AM fluorescence area (PE-A) or mean Fluo-4 AM fluorescence

area (FITC-A) were acquired. For each of these measures, the average over the techni-

cal triplicates were kept. The number of independent experiments is specified under each

graphic. Graphic representation and statistical analysis were performed using GraphPad

Prism 8. Unless stated otherwise, values of individual experiments are shown along with

the mean +/- standard deviation (SD). Unless stated ptherwise, When comparing multiple

conditions, a one-way ANOVA with multiple Tukey’s comparison tests was performed to

calculate the p value. When comparing two conditions, a t-test was used.

ns : p>0.05; * : p≤ 0.05; ∗∗ : p ≤ 0.01; ∗ ∗ ∗ : p ≤ 0.001; ∗ ∗ ∗∗ : p ≤ 0.0001.
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Table 3.4: Specifications for the flow cytometry settings on CytoFLEX S (Beckman Coulter).

Stain Provider Molecular

target

Final

concen-

tration &

incuba-

tion

time

Excitation

max

(nm)

Emission

max

(nm)

CytoFLEX

channel

name

Laser;

Filters

Hoechst

33342

Thermo-

Fisher

DNA 4µM;

40min

350 461 PB450 405nm;

450/45 BP

Thiazole

Orange

(Retic-

Count)

BD

Bioscience

RNA 100%;

40min

475 530 FITC 488nm;

525/40 BP

PE

Annexin

V

BD

Bioscience

PS

exposure

on the cell

surface

1:20;

20min

496 578 PE 488nm;

585/42 BP

x-Rhod-1

AM

Thermo-

Fisher

Intracellular

calcium

content

300nM;

30min

580 602 PE 488nm;

585/42 BP

Fluo-4

AM

Abcam Intracellular

calcium

content

5µM;

30min

475 530 FITC 488nm;

525/40 BP

3.2.2 Hemolysis

Following an incubation in conditioned specified under each graphic, cultures were span

down 5min at 200xg and 50µl cell free media was aliquoted for each replicate. Absorbance

was read at 405nm using the plate reader CLARIOstar®. The mean of absorbance of the

media alone (in triplicate) was subtracted to the mean of the triplicate for each condition.

The number of independent experiments is specified under each graphic. Graphic repre-

sentation and statistical analysis was performed using GraphPad Prism 8. Unless stated

otherwise, values of individual experiments are shown along with the mean +/- standard

deviation (SD). One-way ANOVA with multiple Tukey’s comparison tests or t-test were

performed to calculate the p value.

ns : p>0.05; * : p≤ 0.05; ∗∗ : p ≤ 0.01; ∗ ∗ ∗ : p ≤ 0.001; ∗ ∗ ∗∗ : p ≤ 0.0001.

3.2.3 Time-course analysis of eryptosis

A P. falciparum culture was synchronized with two sorbitol treatments 6h apart. Early

morning at the start of the time-course, the culture was sorbitol-treated again, diluted to 1%

parasitemia and split into 5ml cultures, in the presence of 10µM BAY 43-9006, 1µM WEHI-

539 or the equivalent volume of DMSO, in triplicate for each condition. Every 12h for the

following 84h, a thin blood smear of each condition was made, and flow cytometry analysis

(described above, with x-Rhod-1 AM as the calcium dye) of each replicate of each condition

was conducted. In addition to the measures mentioned in the flow cytometry analysis

section, mean Hoechst fluorescence area (PB450-A), mean Thiazole Orange fluorescence
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area (FITC-A) and percentage of Hoechst positive cells (parasitemia – percentage of iRBCs)

were collected.

3.2.4 Conditioned media 1 (asynchronous, filter 0.45µm or 0.22µm; 48h)

Objective. To test the impact of parasite secreted factors on eryptosis, we incubated fresh

RBCs with conditioned media from parasite cultures or from uRBC cultures.

Conditioned media 1. An asynchronous P. falciparum culture and a culture of näıve

uRBCs were incubated in cRPMI for 48h. This conditioned media was collected following

two centrifugation steps (5min at 700xg) and was filtered using a 0.22µm or a 0.45µm filter,

to exclude bigger EVs or simply exclude merozoites and cell debris respectively. Fresh

uRBCs were added (for a final hematocrit of 4%), and distributed in triplicates, along with

a cRPMI control condition. These cultures were incubated 48h, after which flow cytometry

analysis was performed.

3.2.5 Conditioned media 2 (synchronous, glucose supplementation)

Objective. To test the impact of parasite secreted factors on eryptosis of uRBCs, excluding

those secreted upon schizont egress, and to test the contribution of glucose depletion, we

incubated fresh RBCs with conditioned media from synchronised parasite cultures or from

uRBC cultures, supplemented or not with glucose.

Conditioned media 2. A synchronized culture of high parasitemia rings (>6%) and

a culture of uRBCs were incubated 24h in cRPMI. This conditioned medium was then

collected following two centrifugation steps (5min at 700xg); pH was measured; conditioned

medium was filtered through a 0.22µm filter. 11mM glucose was added or not in each

conditioned medium. Fresh uRBCs (washed once in iRPMI) were then added to create a

5ml culture at 4% hematocrit. A control culture was also prepared with cRPMI. Cultures

were incubated in usual Plasmodium conditions for 2, 4 and 7 days. At each time point, a

thin blood smear was prepared, and each condition was aliquoted in triplicate in a 96-well

plate to conduct flow cytometry analysis. Hemolysis assays were also conducted, using the

original conditioned media (cRPMI, uRBC or iRBC conditioned media) as a blank.

3.3 Extracellular Vesicles (EVs)

3.3.1 EVs enrichment

Cultures. Nine 30ml cultures of synchronized, high parasitemia (>6% rings) were sorbitol-

treated at the beginning of the EVs enrichment process. Nine 30ml cultures of uRBCs

were prepared. Media was harvested after 30h incubation in this media (i.e. collect EVs

produced by both ring and trophozoite stages).

Media harvest. Medium was collected following a number of centrifugation steps to

eliminate cells and debris: twice 5min at 700xg; 10min at 3,000rpm at 4°C; 1h at 10,500rpm
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at 4°C (using a Sorvall RC 5 Plus high speed centrifuge, rotor SLA-1500). At all time, the

medium was maintained on ice / at 4°C. Supernatant was then filtered through a 0.45µm

filter unit.

EVs concentration. Vivacell® 100 100,000 MWCO PES (Sartorius) were used to con-

centrate EVs and eliminate smaller molecules. The centrifugation steps were carried out

at 4°C at 700xg, for 5min, unless stated otherwise, in a swing out rotor. Vivacell® units

were washed with 70% (v/v) ethanol, and twice with sterile MilliQ water. The filtered

medium was then added, concentrated (i.e. centrifuged) and the concentrated fraction

gently transferred to an ultracentrifuge tube. This was repeated for the remain of the

medium. Typically, 30min centrifugation for 50ml medium was required. Vivacell® units

were reused: washed twice with MilliQ water, soaked 30min at 37°C with a slow shake

(60RPM) in 60% ethanol 40% 1M HCl, washed twice with MilliQ water, and kept at 4°C
in 20% ethanol.

Ultracentrifugation. DPBS (Gibco) was used to balance the tubes. Filtered, concen-

trated media was ultracentrifuged overnight (no more than 16h) at 37,000 RPM at 4°C, in

a Hitachi Ultracentrifuge CP100NX (fixed angle rotor P70AT-1285). The pellet was then

gently washed with 1ml cold DPBS, and carefully resuspended in 100-200µl iRPMI and

kept at 4°C until use (the time required to analyse them with ZetaView® and prepare the

Transmission Electron Microscopy samples).

3.3.2 Nanoparticle Tracking Analysis of EVs

Overview. Nanoparticle tracking analysis (NTA), such as the ZetaView® analyser, uses

the Brownian movements of particles (captured on videos) to calculate some of their physical

parameters (size, concentration, surface charge) (as described in the manufacturer’s website

https://www.particle-metrix.de/en/products/zetaview-nanoparticle-tracking).

Nanoparticle Tracking Analysis. NTA was performed using ZetaView® Basic PMX-

120. Briefly, the standard NTA cell cassette was cleaned with water and PBS. Autofocus

and alignment were performed using 102nm polystyrene beads (ThermoFisher) diluted

1:250,000 in DPBS. Samples were diluted at different concentrations in DPBS to reach

an acceptable number of particles per frame (50-200 particles/frame); 1ml of sample was

injected and the cell was cleaned between each sample/dilution. For each measurement, 60

frames captured per second for 11 positions. The CMOS camera sensitivity was 80. The

cell temperature was 25°C. Laser settings were 68mW at 405nm. After capture, analysis

was performed by ZetaView Software 8.05.12 SP1.

3.3.3 Transmission Electron Microscopy (TEM) imaging of EVs

TEM imaging was performed with the kind help of Dr Julian Ratcliffe from the La Trobe

BioImaging Platform. Glow discharge of carbon-coated grids 300 mesh (ProSciTech) was

performed for 1min at 20mA sputtering, at a pressure of 2x10-1mbar (Emitech K950X with

K350 power supply). 5µl of EVs (diluted 1:50-1:20 in iRPMI) were added to the grid and
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allowed to settle for 1min. Excess liquid was blotted off, 5µl of 2% (w/v) uranyl acetate

(Bio-Rad) was added for 10sec, excess liquid blotted off again, and staining repeated once

more. TEM images were taken using a Jeol JEM-2100 instrument, at 200kV. A minimum

of 20 images of each EV samples were taken. Images were analysed with a GMS 3 software.

The size of 92 uRBC-derived EVs and 62-iRBC-derived EVs were measured manually on

the GMS 3 software, and plotted using GraphPad Prism 8, as a violin plot which shows

the median, the 25th and 75th quartiles. A Kolmogorov-Smirnov test was used to test the

difference in size between uRBC- and iRBC-derived EVs.

3.3.4 EVs incubation with fresh uRBCs

Using the particle concentration measured on the ZetaView, a controlled number of EVs

(from 105 to 108 EVs per µl of culture) were added to uRBC cultures which contained fresh

uRBCs (washed in iRPMI) at 4% hematocrit, in iRPMI. Triplicates of 50µl were prepared

and incubated 48h before flow cytrometry analysis. A culture of the same uRBCs in iRPMI

(no EVs added) was prepared as negative control.

3.4 Protein work

3.4.1 Protein extraction: MPER - Whole cell

Overview. M-PER™ (Thermo Scientific) is a commercially available Mammalian Protein

Extraction Reagent, which lyses mammalian membranes.

Protein preparation. uRBCs and magnet-purified trophozoite-iRBCs cell numbers were

determined using a hemocytometer. For Western Blots, 108 cells were dispensed in micro-

centrifuge tubes, resuspended in 80µl of MPER PPI (see Table 3.2 for details) and incubated

10min on ice. For immunoprecipitation (IP), 109 cells were lysed with 800µl MPER PPI

for 15min.

Post-treatment. Haemoglobin was removed for Western Blots but not for immunopre-

cipitations (see ‘Haemoglobin removal’ or ‘Immunoprecipitation’ sections).

3.4.2 Protein extraction: Saponin supernatant - RBC’s cytosol

Overview. Saponin is a molecule extracted from Quillaja bark, and typically used to

isolate the parasites from its host erythrocyte. Saponin solubilises the erythrocytic and

parasitophorous vacuole membranes, but leaves the parasite’s membrane intact [144]. Here,

we use saponin to separate the erythrocyte cytosolic proteins (soluble fraction) from the

parasite’s and the membranes’ proteins (insoluble fraction).

Protein preparation. uRBCs were counted, trophozoite-iRBCs were magnet-purified and

counted: for Western blot application, 108 cells were typically dispensed in microcentrifuge

tubes, and dry cells resuspended in 160µl of 0.1% saponin PPI (see Table 3.2 for details)

and incubated 10min on ice. For mass spectrometry analysis, 109 cells were resuspended
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in 600µl 0.1% saponin PPI. After lysis, samples were centrifuged 5min at 16,200xg at 4°C.

The supernatant was carefully collected.

Post-treatment. For both Western Blots and proteomics analysis, haemoglobin was sub-

sequently removed (see ‘Haemoglobin removal’ section for more information).

3.4.3 Protein extraction: Saponin pellet - RBC’s membrane (and para-

site)

After saponin lysis, centrifugation, and removal of the supernatant, the pellet was lysed

a second time with 300µl 0.15% saponin PPI (see Table 3.2). The sample was incubated

10min on ice, centrifuged 5min at max speed at 4°C. The pellet was washed three times with

500µl PBS PPI to ensure removal of haemoglobin and other RBCs cytosolic proteins (cen-

trifugation steps carried out for 5min at 16,200xg at 4°C). Finally, samples were denatured

with Laemmli Buffer, boiled at 98°C for 5min and stored at -20°C.

3.4.4 Haemoglobin removal

Overview. Haemoglobin represents 97% of all RBCs’ proteins[124]. This sur-representation

of haemoglobin makes it difficult to identify and detect other proteins. For certain appli-

cations (here, Western Blots and generation of a mass spectrometry peptide library), it

was therefore necessary to deplete protein samples from haemoglobin. This was done us-

ing TALON® Metal Affinity Resin (Takara). These beads are coupled to cobalt ions

and were developed for purification of His-tagged proteins. The interaction between pos-

itively charged cobalt and negatively charged haemoglobin allows depleting samples from

haemoglobin [145].

Haemoglobin removal. TALON resin was thoroughly resuspended and washed in an

equal volume of PBS PPI (see table 3.2), with centrifugation steps carried out for 2min at

600xg. Protein samples (MPER or saponin supernatant) were added on the resin. 100µl of

resin slurry was typically used for MPER samples (108 cells with 80µl MPER PPI), 300µl

resin for the saponin supernatant samples (108 cells with 160µl 0.1% saponin PPI), and

600µl of resin for the proteomic analysis (109 cells in 600µl 0.1% saponin PPI). Protein

samples were then incubated with this resin 10min at 4°C on a rotating wheel, to allow a

thorough mixing. After that, samples were centrifuged (2min at 2,400rpm). If the super-

natant was still red (i.e. if it still contained haemoglobin), it was added on freshly washed

beads, and incubated again at 4°C. Otherwise, the supernatant was transferred into a clean

microcentrifuge tube, centrifuged 2min at 2,400xg, and transferred into a final clean tube

(this step was repeated until all beads were removed).

Post-treatment. For Western blot applications, samples were denatured with Laemmli

Buffer, boiled at 98°C for 5min and stored at -20°C.
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3.4.5 Western Blots

Gel run. The equivalent of 107 cells were added per lane in a Mini-PROTEAN® TGX™
pre-cast 4-15% gel, along with 5-8µl of Precision Plus Protein™ Standards (10 to 250kDa),

and 3-8µl of MDA-MB 231 (breast cancer cell line) protein sample, kindly provided by

Dr Delphine Merino (Olivia Newton-John Institute). The gel was assembled on a Mini-

PROTEAN® Tetra Vertical Electrophoresis cell and run with 1X running buffer (see table

3.2) at 160V for 40min. Stain free gels were activated, and a total protein image taken

using a ChemiDoc MP (auto-activation and rapid auto-exposure) to ensure correct run of

proteins.

Membrane transfer. Proteins were transferred onto mini PVDF membranes (0.2µm)

using a Trans-Blot® Turbo™. Briefly, the membrane was soaked in 100% methanol until

translucent, then soaked in 1X transfer buffer (see table 3.2), along with two transfer

stacks. The appropriate Turbo transfer program was used. Finally, efficiency of transfer

was assessed by imaging stain-free total protein on the ChemiDoc MP.

Membrane probing. The membrane was washed twice with TBST and blocked overnight

at 4°C with a slow shake in 5% BSA-TBST. After a couple of washes with TBST, the

membrane was probed with primary antibody in 5% BSA-TBST (with 0.02% sodium azide

to prevent growth of microbes). Typically, a 1:1,000 or 1:5,000 dilution was used (see details

in table 3.5); the membrane was probed overnight at 4°C, with a slow rotation. After 3

washes of 10min each in TBST, the membrane was probed with the secondary antibody

(1:5,000 dilution of anti-rabbit- or anti-mouse-HRP (Cell Signaling) in 5% BSA-TBST) for

1h at room temperature with a slow shake. The membrane was then washed 3x 10min

in TBST and incubated with ECL solution for 5min. The membrane was imaged using

the ChemiDoc MP: with auto-exposure, manual signal accumulation mode (e.g. 10 images

from 10sec to 15min) and colorimetric imaging. Image analysis was carried out using Image

Lab™ 6.0.1 (BioRad).

Membrane stripping and storage. The membrane was rinsed in TBST, stripped with

Restore™ Western Blot Stripping Buffer (Thermo Scientific) for 15min at room temperature

with a slow shake, washed 3x 10min in TBST, and blocked again. After last use, the

membrane was air dried and stored in a plastic zip-log bag.
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Table 3.5: Antibodies used in this thesis. WB: Western blot. IP: Immunoprecipitation. IFA: Immunofluorescent

Assay

Antibody

against:

Provider Product

number

Origin Purpose Dilution

BAD Cell Signaling 9239 Rabbit IFA 1:150

BCL-xL Cell Signaling 2764 Rabbit WB 1:1,000

IP 1:100

Santa Cruz sc-8392 Mouse IFA 1:150

µ-Calpain

(Calpain 1)

Cell Signaling 2556 Rabbit WB 1:1,000

Carbonic

Anhydrase I

Abcam ab108367 1:4,000 WB (Fig6.6) 1:4,000

ThermoFisher PA5-49698 Rabbit WB (Fig6.9) 1:4,000

PfHSP70.1 Kindly provided

by Prof Gilson

and Prof Crabb

(Burnet

institute)

N/A Rabbit WB 1:5,000

PfHSP101 Kindly provided

by Prof Gilson

and Prof Crabb

(Burnet

institute)

N/A Rabbit WB 1:5,000

Protein 4.1 Kindly

provided by Dr

Proellocks and

Prof Cooke

(Monash

university)

N/A Rabbit WB 1:500

Spectrin Sigma Aldrich S1515 Rabbit WB 1:10,000

Rabbit-HRP Cell Signaling 7074 N/A WB (secondary

antibody)

1:5,000

Rabbit-Alexa

Fluor 594

Cell Signaling 8889 N/A IFA (secondary

antibody)

1:1,000

Mouse-HRP Cell Signaling 7076 N/A WB (secondary

antibody)

1:5,000

Mouse-Alexa

Fluor 488

Cell Signaling 4408 N/A IFA (secondary

antibody)

1:1,000
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3.4.6 Proteomics and Phosphoproteomics: peptide library

Samples. A total of 1010 uRBCs and 1010 iRBCs were prepared by saponin lysis, keeping

only the supernatant (i.e. cytosolic fraction of the RBCs) and depleting haemoglobin

as described above (Sections 3.1.4, 3.1.5, 3.4.2 and 3.4.4). The cells were collected 109

uRBCs and 109 iRBCs at a time, using different batches of donors. Following removal of

haemoglobin, proteins were precipitated from the sample using 1:20 (v/v) trichloroacetic

acid (TCA), incubated for 10min on ice, pelleted (5min at 16,200xg, 4°C), then washed with

1ml of acetone (5min at 16,200xg, 4°C). Acetone was removed and pellets were dried out

for 30sec at 95°C, and finally stored at -80°C until further preparation. All the subsequent

steps were performed with (peptide preparation) or by (data acquisition and analysis) Dr

Ghizal Siddiqui (Creek Laboratory, Monash Institute of Pharmaceutical Sciences).

Peptide preparation. Cold 4% sodium deoxycholate (SDC) in 100mM HEPES was

added to each pellet (1ml per 100µl pellet size), heated at 90°C for 5min, and sonicated 3

times for 30sec (Model Q55, Qsonica). Once the samples had reached room temperature,

TCEP and iodoacetamide were added (final concentrations of 10mM and 40mM respectively

(Table 3.2), and samples were heated again for 5min at 95°C. Samples were centrifuged for

5min at 21,000xg at 4°C to remove any insoluble material. A Bicinchonic Acid (BCA)

assay (ThermoFisher Scientific) was conducted to measure the protein concentration as

per manufacturer’s protocol. Quickly, BSA standards were prepared (concentrations from

125µg/ml to 2,000µg/ml), samples and BSA solutions were dispensed in triplicate, the BCA

reagent was added and incubated for 30min at 37°C, and colorimetry measured using a

plate-reader (Perkin Elmer Ensight Plate Reader). Once the samples’ concentrations have

been measured, 20µg of trypsin (Promega) was added per mg of sample and incubated

overnight at 37°C while shaking (2000rpm) (Multi-Therm, Benchmark). The following day,

samples were pooled together and acidified using 5% (v/v) formic acid. SDC was removed

by adding an equal volume of 100% (v/v) ethyl acetate, samples were vortexed and then

centrifuged at 2,000xg for 5min to remove to upper layer (hydrophobic peptides and the

detergent SDC). MilliQ water was then added to the pooled sample to dilute concentration

of 100mM HEPES to 20mM prior to fractionation.

Fractionation. Fractionation of peptides was conducted using a strong cation exchange

(SCX) column (Agilent), as previously described [146]. The SCX cartridge was fitted into a

vacuum manifold apparatus (Waters), and set for a flow of 1 drop per second. The column

was activated with 1ml of 100% (v/v) methanol, washed with 1ml of 0.1% (v/v) formic acid.

Samples were loaded onto the SCX column, which was then washed three times with 1ml

of 50% (v/v) ethyl acetate and 0.5% (v/v) formic acid, then washed three times with 1ml

of 0.1% (v/v) formic acid. The peptides were eluted in fractions using 500µl of SCX elution

solutions 1-12 (Table 3.2). Fractions were dried using a Speedvac (Labconco). Fractions

were then resuspended in 100mM Tris-HCl (up to 300µl).

Phosphopeptide enrichment. The enrichment of phosphopeptides was done using the

EasyPhos (EP) method [147]. 400µl of 100% (v/v) isopropanol was added to the samples,
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and mixed using a thermal shaker (Multi-Therm, Benchmark) at 1,500rpm for 30sec. 100µl

of EP enrichment solution (Table 3.2) was then added and the samples mixed again. To

eliminate any precipitates, the samples were centrifuged at 2,000xg for 15min. For 300µg

of peptides, 5mg of TiO2 beads (Kinesis) were weighted and resuspended in EP loading

buffer (Table 3.2) at a concentration of 1mg/µl. Beads were thoroughly resuspended and

added to the samples: phosphopeptides were allowed to bind to the TiO2 beads for 5min at

40°C at 1,500rpm. Beads were pelleted at 2,000xg for 1min: the supernatant (containing

non-phosphorylated peptides) was collected in clean tubes and desalted (see “Desalting

proteomics samples”). The beads were washed four times in 1ml of EP wash buffer (Table

3.2) (vortexed, shaken at 1,500rpm for 30sec, centrifuged at 1,000xg for 1min). The beads

were resuspended in a total of 150µl of EP transfer buffer (Table 3.2), in two steps, and

loaded onto C8 stage tips. C8 stage tips consisted of a 200µl pipette tip containing one

layer of C8 material (Thermofisher Scientific), mounted onto a microcentrifuge tube. These

were centrifuged until complete dryness at 1,500xg (for at least 7min). The stage tips were

mounted onto new microcentrifuge tubes and phosphopeptides were eluted twice using 30µl

of EP elution buffer (Table 3.2) and centrifugation at 1,500xg until dryness. Samples were

then partially dried using Speedvac, until their volume was less than 15µl, and desalted

(see “Desalting phosphoproteomics samples”).

Desalting proteomics samples. The unbound peptides were dried down to 50µl. 100µl

of 0.1% (v/v) formic acid was added, and the pH was adjusted to 2-3 using 2M NaOH. C18

stage tips were made to desalt these proteomics samples: two layers of C18 material (Ther-

mofisher Scientific) were added into a 200µl pipette tip, as previously described [148] and

mounted on microcentrifuge tubes. The C18 stage tips were activated with 40µl methanol.

All centrifuge steps were performed at 1,200xg at room temperature until all liquid had

passed through the tips. Stage tips were then washed twice with 40µl of 0.1% (v/v) formic

acid. The samples were loaded, span down, the stage tips were washed three times using

50µl of 0.1% formic acid. The samples were eluted into clean tubes with 100µl of C18

elution buffer (Table 3.2) in two steps, with a centrifugation at 800xg for 5min. Samples

were then dried using Speedvac until complete dryness. Finally, proteomics samples were

resuspended in 12µl of MS loading solution (Table 3.2), sonicated in a waterbath (Soni-

clean) for 15min and then agitated on a centrifuge/vortex multispin instrument (MSC-600,

BioSan) for 10 cycles (vortexed at maximum speed for 15sec and centrifuged at 6,000xg

for 10sec). Samples were stored at -80°C until required for LC-MS/MS analysis (see “Data

Independent Acquisition”).

Desalting phosphoproteomics samples. SDB-RPS stage tips were made to desalt phos-

phoproteomic samples: two layers of styrenedivinylbenzene-reverse phase sulfonate (SDB-

RPS) material (Thermofisher Scientific) were added into 200µl pipette tips, mounted on

microcentrifuge tubes. 100µl of SDB-RPS loading buffer (Table 3.2) was added to samples,

loaded in the stage tips, and centrifuges at 1,500xg for 8min (or until dryness). The stage

tips were washed once with 100µl of SDB-RPS wash buffer 1, then with 100µl of SDB-RPS

wash buffer 2 (Table 3.2), and finally eluted with 60µl of SDB-RPS elution buffer (Table 3.2)
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into clean tubes. Samples were then dried using Speedvac until complete dryness. Finally,

phosphoproteomics samples were resuspended in 7µl of MS loading solution (Table 3.2),

sonicated in a waterbath (Soniclean) for 15min and then agitated on a centrifuge/vortex

multispin instrument (MSC-600, BioSan) for 10 cycles. Samples were stored at -80°C until

required for LC-MS/MS analysis (see “Data Independent Acquisition”).

Data Dependent Acquisition. LC-MS/MS analysis was performed as described pre-

viously [149, 146]. Briefly, a nanoLC (Thermofisher Scientific) paired with a Q-Exactive

Orbitrap Mass Spectrometer (Thermofisher Scientific) was used for LC-MS/MS analysis.

Samples (2µl for proteomics; 6µl for phosphoproteomics) were loaded onto a reversed-phase

trap column (Acclaim PepMap media, 100µm x 2cm; Dionex) at a flow rate of 15µl/min at

40°C. Peptides were then separated over a reversed-phase capillary column (LC Packing,

75µm x 50cm; Dionex) at a flow rate of 0.250µL/min over a 158min gradient. Mobile phase

(A) was 0.1% (v/v) formic acid and mobile phase (B) was 100% (v/v) acetonitrile. The gra-

dient reached 30% mobile phase (B) at 123min, increased to 34% (B) at 126min, increased

to 79.2% (B) at 131min, decreased to 2% (B) at 138min and held at 2% (B) until 158min.

The MS operated in DDA mode at a mass resolution of 70,000 from m/z 375-1575 Da in

positive ionisation mode. The 20 most abundant precursor peptides with charge states 2-6

were selected for fragmentation with a normalised collision energy of 27.0, an activation

time of 15 milliseconds and dynamic exclusion enabled.

DDA analysis. The Maxquant (version 1.6.0.1) analysis software was used to analysed

DDA data, as previously described [150]. The DDA files were searched against P. falciparum

(UP000001450, release version 2016 04) and Homo sapiens (UP000005640, release version

2017 05) UniProt fasta database and the Biognosys iRT peptides database. Carbamido-

methylation of cysteines was set as a fixed modification. Oxidation of methionine, and

protein N-terminal acetylation were set as variable modifications. Parent mass error toler-

ance and fragment mass tolerance were set at 20ppm, and the false discovery rate at 1%.

For phosphoproteomics, the same default setting as above was used with the exception that

Phospho(STY) was also included as variable modification. MaxQuant search results were

imported as spectral libraries into Spectronaut with default settings.

The peptide libraries (both proteomics and phosphoproteomics) are available with this

thesis.

3.4.7 BCL-xL ImmunoPrecipitation (IP)

Objective. To investigate the role of erythrocyte BCL-xL during infection, I investigated

the changes in BCL-xL binding partners. To do so, I immunoprecipitated BCL-xL from

uRBCs and from iRBCs, exposed or not to the BCL-xL inhibitor WEHI-539.

Beads preparation. In microcentrifuge tubes, 50µl of Protein A magnetic beads (Gen-

Script) slurry was washed 3x with 500µl TBST and resuspended in 200µl TBST (control

without antibody) or in 200µl TBST with 1:100 anti-BCL-xL antibody (Cell Signaling
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#2764). Beads were incubated overnight at 4°C on a rotating wheel. The following day,

unbound antibodies were removed: beads supernatant was discarded and the beads were

washed gently 3x in 500µl TBST-PPI (Table 3.2).

uRBCs and iRBCS preparation. Parasites from 10x 30ml cultures of synchronised

trophozoites (>8% parasitemia) were magnet-purified and placed back in culture: half of

the sample was incubated in 30ml cRPMI containing 10µM WEHI-539, the other half in

30ml cRPMI with an equivalent volume of DMSO and then incubated at 37°C in low oxygen

conditions for 4h. Similarly, 10µM WEHI-539 or DMSO was added to a 10ml fresh RBCs

culture and incubated 4h in identical conditions.

Protein preparation and incubation. 109 cells (uRBCs or magnet-purified iRBCs,

exposed or not to WEHI-539) were lysed with MPER-PPI as described in section 3.4.1,

and added to the washed beads. For the controls where beads alone (i.e. no antibody)

were used, the samples consisted of 5x108 WEHI-539-treated cells and 5x108 DMSO-treated

cells. The samples were incubated overnight at 4°C on a rotating wheel.

BCL-XL pull-down. The following day, unbound proteins were removed: supernatant

was discarded, the beads were gently washed 3-5x in 1ml TBST-PPI (Table 3.2). Finally,

beads were resuspended in 100µl 4X Laemmli buffer, boiled 5min on a 95°C heat-bloc and

kept at -20°C before mass spectrometry analysis. A 1/10th of the samples was analysed by

Western Blot to confirm presence of BCL-xL in the immunoprecipitate.

3.4.8 Mass spectrometry analysis of BCL-xL IP

The mass spectrometry sample preparation and acquisition were performed by Dr Ghizal

Siddiqui (Creek Laboratory, Monash Institute of Pharmaceutical Sciences). I analysed the

results with her guidance and input.

Mass spectrometry samples preparation. The samples were pelleted by centrifugation

for 3min at 21,100xg at 4 °C, and the supernatants (100µl) of each sample were resolved

on a pre-cast 1D PAGE gel (Mini-PROTEAN® TGXTM, Bio-Rad Laboratories) using 1x

mix of a 10x pre-mixed electrophoresis buffer (25mM Tris, 192mM glycine, 0.1% SDS, pH

8.3, BioRad) at 200V / 0.04A / 8W for 5min. The gel was incubated in Instant Blue stain

(Expedion Ltd) for 30min on a shaker to fix and visualize the protein bands. MilliQ water

was then used to de-stain the gel for 1h (fresh MilliQ water every 20min) prior to further

processing. Briefly, the entire region where the proteins had resolved were excised and

subjected to an in-gel trypsin digestion procedure, as described previously [151]. Peptides

were extracted, dried in a Speed-Vac, and stored at -20°C until analysis. On the day of

analysis, samples were reconsituted in 20µl of 2% acetonitrile (ACN), 0.1% formic acid and

LC-MS/MS analysis was carried out as previously described with minor modifications [149].

Reconstituted samples were loaded as per above data independent acquisition. For label-free

proteomics analysis, the HPLC gradient was set to 98min using a gradient that reached 30%

ACN after 63min, 34% after 66min, 79.2% after 71min for 6min, following which there was

an equilibration phase of 20min at 2% ACN. Peptide sequences (and protein identity) were
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determined using the MaxQuant software (version 1.6.0.1) by matching protein database

P. falciparum (UP000001450, release version 2016 04) and Homo sapiens (UP000005640,

release version 2017 05) uniport fasta database and label free quantification of identified

proteins was then carried out as previously described [151].

Data analysis. Potential contaminants, reversely identified peptides and proteins only

identified by site were removed. The Q-value threshold was set at 10-2. The number of

LFQ intensities were used in the analysis as an indication of the protein being identified;

subsequently the average of LFQ intensities over replicates were sometimes also used. BCL-

xL was successfully identified in all IPs (3 to 6 peptides in each replicate; n=4 for uRBC

DMSO, uRBC WEHI-539 and iRBC WEHI-539; n=5 for iRBC DMSO). A single pep-

tide was identified in a beads-alone control of iRBC, otherwise BCL-xL was not identified

in beads-alone controls (n=3 for iRBC; n=2 for uRBC). Identified BCL-xL peptides were

aligned with the full length BCL-xL sequence using the https://blast.ncbi.nlm.nih.gov/ web-

site. BH domains, transmembrane domain, phosphorylation sites and caspase 1 cleavage

site on BCL-xL were extracted from UniProt. Proteins identified (even once) in the beads

alone controls were deleted. For proteins identified in uRBC DMSO but not uRBC WEHI-

539, we selected all proteins with LFQ intensity counts of 2 or more from uRBC DMSO, and

we accepted proteins with LFQ intensity counts of 0 or 1 from uRBC WEHI-539. Proteins

are then shown with decreasing average LFQ intensities for uRBC DMSO. Highlighted are

the ones with the most interesting characteristics (largest difference of counts and/or inten-

sities between DMSO and WEHI-539 conditions). Similar analysis was done for proteins

identified in iRBC DMSO but not iRBC WEHI-539; and for proteins identified in iRBC

DMSO, but neither iRBC WEHI-539 nor uRBC DMSO.
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Chapter 4

Effect of eryptosis inducers on

Plasmodium falciparum infection

& Recent additions to the study of

the Raf inhibitor BAY 43-9006

This chapter consists of two parts:

• an article under revision at Frontiers in Cellular and Infection Microbiology (2020) en-

titled ”Previously described eryptosis inducers impair Plasmodium falciparum growth

via an eryptosis-independent mechanism”, authored by C. Boulet, TL. Gaynor and

TG. Carvalho. In this article, we investigated the best methodology to measure eryp-

tosis hallmarks within a P. falciparum in vitro culture. We tested a subset of eryptosis

inducers and discovered that, while some impaired parasite development, they were

doing so without inducing eryptosis.

• a report on additional work on one of these eryptosis inducers displaying an antimalar-

ial activity discussed in the paper above: the Raf kinase inhibitor, BAY 43-9006.
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(A) Previously described eryptosis induc-

ers impair Plasmodium falciparum growth

via an eryptosis-independent mechanism

C. Boulet, TL. Gaynor and TC. Carvalho, under revision at Front Cell Inf Microbiol

(2020)

4.1 Abstract

Erythrocytes possess an unusual programmed cell death mechanism termed eryptosis. Sev-

eral compounds have been shown to induce eryptosis in vitro. Malaria parasites (genus

Plasmodium) reside in erythrocytes during the pathogenic part of their life cycle, and the

potential of several eryptosis inducers to act as antimalarials has been tested in recent years.

However, the eryptosis-inducing capacity of these compounds varies significantly between

erythrocyte biology findings and malaria investigations. In this study, we investigated the

reasons for these discrepancies. We show that eryptosis induction in vitro is dependent

on culture conditions and that some compounds do not induce eryptosis when culture pa-

rameters that closely mimic physiological conditions are used. We demonstrate that six

“eryptosis-inducing” compounds (selected on the basis of their current or prospected clin-

ical use, known molecular target and/or antimalarial activities) do not affect the viability

of näıve or P. falciparum-infected erythrocytes in vitro. Further, three of these compounds

do impair parasite development in vitro, but this occurs through a mechanism that is not

related to eryptosis. Careful consideration of the experimental set up is key for the accurate

assessment of eryptosis-inducing potential of compounds and their evaluation as potential

antimalarials. The identification of three “eryptosis inducers” with antiparasitic effects

independent of eryptosis opens exciting new research avenues for malarial drug discovery.
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4.2 Introduction

Malaria is a devastating infectious disease that considerably affects the lives of millions

worldwide. Despite a recent global decrease in malaria incidence, malaria cases continue

to increase in high burden countries [1]. Challenges, such as the lack of a long-lasting effi-

cient vaccine and the spread of antimalarial drug resistance, represent a serious threat to

malaria elimination [152, 153]. Therefore, novel alternative treatment options are urgently

needed. Infection of erythrocytes by Plasmodium spp. parasites leads to the development

of all symptoms associated with malaria, hence most antimalarials developed to date target

the parasite in its blood stages. However, parasites quickly develop resistance against these

antimalarials. For this reason, host-directed therapies have emerged in recent years as an at-

tractive and novel strategy to tackle malaria [114], combining a reduced likelihood for drug

resistance to emerge and drug repurposing opportunities. Many intracellular pathogens,

including the Plasmodium liver stages [107], have been shown to inhibit or delay host cell

death pathways to promote their own survival. As such, host cell death factors appear as

ideal targets for antipathogen therapeutics [154]. Further, compounds that inhibit human

cell death factors are available, many of which were developed for cancer therapies, and

could be utilised in the development of new host-directed therapeutics for malaria.

Erythrocytes display a form of programmed cell death distinct from senescence termed

eryptosis [112]. Eryptosis hallmarks closely resemble those of apoptosis and include (i)

an increase in intracellular calcium levels, (ii) phosphatidylserine (PS) exposure to the cell

surface (leading to erythrocyte clearance by macrophages), (iii) cell shrinkage and (iv) mem-

brane blebbing [112, 155]. The potential of eryptosis-inducer compounds in antimalarial

drug discovery has drawn attention in recent years [156, 157]. Most of the eryptosis-inducers

tested affect parasite viability in vitro and in murine models [71]. However, although all

eryptosis-inducers did induce PS exposure of infected erythrocytes, less than half of those

tested in vitro induced PS exposure of uninfected erythrocytes [71]. This unexpected obser-

vation might stem from significant differences in the experimental approaches used. Indeed,

eryptosis-focused studies maintain erythrocytes in Ringer solution (a basic saline buffer),

at 0.4% hematocrit – conditions that would not support Plasmodium growth [158]. On

the other hand, Plasmodium in vitro cultures are conducted in RPMI 1640 media comple-

mented with Albumax (a serum replacement) at 4% hematocrit [140].

To address major discrepancies in the literature and to interrogate the potential of eryp-

tosis inducers as antimalarial candidates, we compared cell culture methodologies used for

uninfected erythrocytes and for erythrocytes infected with P. falciparum, the most virulent

human malaria parasite. Our study demonstrates that little PS exposure and hemolysis

of uninfected cells are observed when used in Plasmodium culture conditions, compared

to erythrocytes-only culture conditions. We identify this discrepancy as being predomi-

nantly attributed to Albumax supplementation. Further, none of the eryptosis-inducers

tested induced eryptosis of näıve or P. falciparum-infected erythrocytes in our culture
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conditions, although three compounds impaired P. falciparum growth in vitro. Overall,

the present study unveils reasons behind discrepancies observed between eryptosis-focused

studies and those conducted in the context of malaria infections. Moreover, we have shown

that “eryptosis-inducers” exert their antiparasitic effects independently of eryptosis. We

explore and discuss the potential of the compounds tested in this study as antimalarials,

considering their current and potential use in the clinic.

4.3 Methods

4.3.1 In vitro cell culture

Use of human erythrocytes was approved by the La Trobe University Research Ethics Com-

mittee (ethics number HEC17-013) and an Australian Red Cross Blood Service Agreement

(Deed 19-05VIC-01). Näıve (non-infected) erythrocytes and Plasmodium falciparum 3D7-

infected erythrocytes were cultured at 37°C, in low oxygen conditions (1% O2, 5% CO2, 94%

N2), at 4% or 0.4% hematocrit, in incomplete RPMI media (RPMI 1640 HEPES, 50mg/L

hypoxanthine, 10mg/L gentamicin, pH 6.74), complete RPMI media (incomplete RPMI

supplemented with 2.25g/L sodium bicarbonate and 5g/L AlbuMAX II) or Ringer solu-

tion (1mM CaCl2, 5mM glucose, 32mM HEPES pH 7.4, 5mM KCl, 1mM MgSO4, 125mM

NaCl). P. falciparum standard in vitro culture conditions were conducted as previously

described [140].

4.3.2 Eryptosis assay and flow cytometry analysis

Previously described eryptosis inducers were selected based on their use (or potential use) in

the clinic, their known targets and/or their previously described antimalarial activity (Table

4.1): amiodarone HCl (Selleck Chem, #S1979), apigenin (Selleck Chem, #S2262), BAY

43-9006 (AdipoGen Life Sciences, #AG-CR1-0025), benzethonium chloride (Selleck Chem,

#S4162), cordycepin (Cayman Chemicals, #14426), ionomycin (ThermoFisher, #I24222)

and oridonin (Selleck Chem, #S2335). Drug assays measuring eryptosis were carried out in

100µl or 500µl culture when using 4% or 0.4% hematocrit conditions, respectively. DMSO,

the vehicle, was used for the no-drug conditions. Cells were incubated at 37°C, in low oxygen

conditions for 1h - 48h depending on the assay. Each experiment was performed in triplicate

unless otherwise indicated and cells were analysed by flow cytometry. Cells were washed in

PBS, resuspended in Thiazole Orange (BD Retic-Count™, BD Bioscience) containing 4µM

Hoechst 33342 (Invitrogen) for parasite RNA and DNA detection, respectively [143], and

incubated in the dark for 40min at 37°C. Cells were washed in staining buffer (5mM CaCl2,

5mM glucose, 32mM HEPES pH7.4, 5mM KCl, 1mM MgSO4, 125mM NaCl), resuspended

in 0.3µM of intracellular calcium dye x-Rhod-1 AM (Invitrogen) and incubated in the dark

at 37°C for 30min. Subsequently, cells were washed in staining buffer and incubated with

Annexin V-PE (1:20 dilution; BD Bioscience) at 37°C for 20min in the dark for the staining

of surface-exposed phosphatidylserine. Cells were resuspended in 200µl staining buffer and

analyzed within the hour using a CytoFLEX S flow cytometer (Beckman Coulter). 100,000
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total events were recorded for each condition at a flow rate of 10µl/min. Data were analysed

using FlowJo V10. For PS exposure measure, gating was set using data obtained with näıve

erythrocytes DMSO control. Infected cells were gated using Hoechst fluorescence. The

percentage of Annexin V-PE positive cells, the mean forward scatter height (FSC-H) and

mean x-Rhod-1 fluorescence area (PE-A) were acquired for näıve and infected-erythrocytes.

4.3.3 Hemolysis assay

Following drug incubation, cells were spun down at 200g for 5min, the supernatant was

collected, and absorbance was read at 405nm on a CLARIOstar® microplate reader. Ab-

sorbance of culture media alone was considered as baseline.

4.3.4 Parasite growth inhibition assay

Asynchronous parasite cultures (0.25% parasitemia, 2% hematocrit) were incubated with

increasing drug concentrations (up to 50µM) over 72h in standard culture conditions, sub-

ject to a freeze/thaw cycle and incubated with the DNA intercalant SYBR Gold following

manufacturer instructions (SYBR™ Gold Nucleic Acid Stain, Invitrogen). Fluorescence was

measured at 495nm using a CLARIOstar® microplate reader and analysed as a proxy of

parasite replication. Percentage of growth inhibition was plotted against the logarithm of

drug concentration using GraphPad Prism v8. The resulting non-linear regression curve

determines the compound concentration (µM) that inhibits growth of 50% of the parasite

population (IC50). 50µM of artemisinin and chloroquine were used as a positive growth

inhibition control, and DMSO as a negative control. For each compound five independent

biological replicates were performed in triplicate.

4.3.5 Statistical analysis

Data is expressed as the mean +/- standard deviation (SD). One-way ANOVA with Tukey’s

multiple comparisons test was performed to calculate the p value (ns : p>0.05; * : p≤0.05;

** : p≤0.01; *** : p≤0.001; **** : p≤0.0001.) using GraphPad Prism v8.
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4.4 Results

4.4.1 Establishing a baseline of eryptosis for Plasmodium in vitro con-

ditions

We first explored the impact of cell culture media (Ringer solution vs. RPMI), hematocrit

(0.4% vs. 4%) and supplementation (or not) of Albumax to the baseline eryptosis of non-

infected erythrocytes, in the absence of drugs. We then tested the strong eryptosis inducer,

ionomycin, in these different culture conditions, in order to validate it as a positive control.

Culture in Ringer solution and at low hematocrit increases baseline levels of PS exposure

and hemolysis in erythrocytes

Previous eryptosis studies have focused exclusively on näıve (non-infected) erythrocytes,

consistently incubating cells in Ringer solution at 0.4% hematocrit [158], while human

malaria parasites are cultured in complete RPMI (cRPMI) media at 4% hematocrit [140].

To test the influence of specific culture conditions on eryptosis, näıve erythrocytes were in-

cubated in either Ringer solution (at 0.4 or 4% hematocrit) or in cRPMI at 4% hematocrit

(Figure 4.1A and B). These parameters have been named “erythrocyte” and “Plasmodium”

culture conditions, respectively. Following 48h incubation, PS exposure and hemolysis were

measured. A significantly higher level of PS exposure was observed under the erythrocyte

culture conditions at 0.4% hematocrit when compared to the Plasmodium culture conditions

(p=0.0127). When increasing hematocrit to 4%, although PS exposure was 10-fold higher

in Ringer solution than in cRPMI, the difference was not significant. Similarly, hemolysis

(normalised to hematocrit) was significantly higher under erythrocyte culture conditions

at 0.4% hematocrit compared to Plasmodium culture conditions (p=0.0219). After adjust-

ing for hematocrit, no difference in hemolysis was observed compared to the Plasmodium

culture conditions. To compare the impact of the media type alone, erythrocytes were

incubated in Ringer solution or incomplete RPMI (iRPMI; the contribution of Albumax

supplementation is assessed below) at 4% hematocrit. PS exposure and hemolysis were

measured after 48h (Figure 4.1C and D). In Ringer solution, ∼4-fold more cells exposed

PS (p=0.0103) and there was ∼2-fold more hemolysis (p=0.0134) than in iRPMI. This

reveals that Ringer solution primes erythrocytes for eryptosis and/or that iRPMI protects

erythrocytes from eryptosis.
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Figure 4.1: PS exposure and hemolysis levels of näıve erythrocytes strongly depend on cell culture

parameters. Percentage of PS-exposing cells (A) and hemolysis (normalised by hematocrit) (B) of erythrocytes

cultured for 48h in either erythrocyte culture condition (i.e. Ringer solution) at 0.4% or 4% hematocrit, or in

Plasmodium culture conditions (i.e. complete RPMI, 4% hematocrit). N=6 independent experiments performed in

triplicate. Percentage of PS-exposing cells (C) and hemolysis levels (D) of erythrocytes cultured for 48h in either

Ringer solution or incomplete RPMI (iRPMI) supplemented or not with Albumax (all conditions at 4% hematocrit).

N=4 independent experiments performed in triplicate. Individual data points represent the means of the 3 technical

replicates for each experiment. The bars represent the mean and SD of the 4-6 independent experiments (biological

replicates). Unless indicated otherwise, compare to the first condition. ns : p>0.05; * : p≤0.05; ** : p≤0.01; *** :

p≤0.001; **** : p≤0.0001.

Albumax strongly protects erythrocytes from increased PS exposure and hemolysis

Albumax (a serum replacement) is a component used for successful Plasmodium in vitro

culture but is not used in erythrocyte culture conditions. To determine whether Albumax

was a contributing factor for the difference in PS exposure and hemolysis observed between

culture conditions, we incubated erythrocytes in Ringer solution +/- Albumax or in in-

complete RPMI (iRPMI) +/- Albumax for 48h at 4% hematocrit (Figure 4.1C and D).

Compared to Ringer solution alone, addition of Albumax to Ringer solution significantly

reduced both PS exposure (p= 0.0143) and hemolysis levels (p= 0.0016) by ∼3-fold. Sim-

ilarly, compared to iRPMI alone, addition of Albumax to iRPMI decreased PS exposure

and hemolysis levels, though not significantly. We conclude that the addition of Albumax

protects erythrocytes from increased PS exposure and hemolysis.
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Ionomycin induces PS exposure in all conditions tested

We then tested the well-known calcium ionophore and previously described eryptosis in-

ducer ionomycin as a potential positive control for subsequent experiments [112, 159]. Ery-

throcytes were cultured in either Ringer solution (+/- Albumax) or iRPMI (+/- Albumax),

in the presence of 1µM ionomycin, at 4% hematocrit for 48h (Figure 4.2A and B). Iono-

mycin significantly increased PS exposure in all conditions (when compared to the DMSO

control): Ringer (2.4% to 24%, p=0.0004), Ringer+Albumax (0.72% to 22%, p=0.0005),

iRPMI (0.63% to 23%, p=0.0003) and iRPMI+Albumax (0.43% to 15%, p=0.0329). Sim-

ilarly, hemolysis increased significantly in the presence of ionomycin, both in Ringer and

iRPMI (p<0.0001). However, addition of Albumax to either media was sufficient to abolish

ionomycin-induced hemolysis. Ionomycin-induced hemolysis in iRPMI was less pronounced

than in Ringer (OD405=5.5 vs. 20.5, respectively, p<0.0001). Taken together, these results

suggest that Ringer solution sensitises erythrocytes to hemolysis, and that Albumax pro-

tects erythrocytes from ionomycin-induced lysis. Moreover, given that ionomycin induces

PS exposure in all conditions, it appears as an effective positive control to test eryptosis

levels in vitro.

Induction of PS exposure in erythrocytes is a fast process

To investigate the dynamics of PS exposure stimulated by ionomycin, erythrocytes were

incubated with 1µM ionomycin and PS exposure was measured between 1 and 48 hours

(Figure 4.2C and D). In the absence of drug, PS exposure of erythrocytes slowly increased

over time, both in Ringer solution (24-fold increase after 48h, p=0.0011) and in iRPMI

(6.4-fold increase after 48h, p=0.0068). The dynamic of PS exposure was much faster in

response to ionomycin. Indeed, 1h after the addition of ionomycin, a strong increase in PS

exposure was observed both in Ringer solution (62-fold increase compared to the no-drug

condition, p<0.0001) and in iRPMI (45-fold increase, p=0.0032).
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Figure 4.2: Ionomycin induces PS exposure in all conditions but Albumax delays eryptosis. Erythrocytes

were cultured in Ringer (+/- Albumax) or incomplete RPMI (+/- Albumax) in the presence of the calcium ionophore

ionomycin (1µM) or carrier control (DMSO). PS exposure (A) and hemolysis (B) levels were measured after 48h.

Further, PS levels were determined after 1, 4, 8, 24 and 48h of incubation in Ringer (C) or iRPMI (D). N=4

independent experiments performed in triplicate. Individual data points represent the means of the 3 technical

replicates for each experiment. The bars represent the mean and SD of the 4 independent experiments (biological

replicates). ns : p>0.05; * : p≤0.05; ** : p≤0.01; *** : p≤0.001; **** : p≤0.0001. For (C) and (D): unless indicated

otherwise, compare each timepoint to T1h within each condition; only significant differences are indicated.

Albumax supplementation delays ionomycin-induced PS exposure for up to 24h

Compared to erythrocytes cultured in Ringer solution alone (T1h=0.1% and T48h=2.4%;

p=0.0011), the increase in baseline PS exposure was significantly dampened by the addi-

tion of Albumax (T1h=0.1% and T48h=0.7%; p=0.0212) (Figure 4.2C). When ionomycin

was added to erythrocytes, the increase in PS exposure was more pronounced in the no-

Albumax condition. The increase was significant after only 1h incubation in Ringer alone

(T1h=0.1% in Ringer DMSO vs. 6.6% in Ringer ionomycin; p<0.0001), but after 24h in

Ringer+Albumax (T24h=0.3% DMSO vs. 13.2% ionomycin; p=0.0476).

When cells were incubated in iRPMI, similar observations were made (Figure 4.2D). Base-

line PS exposure increased modestly but significantly over time in both iRPMI alone

(T1h=0.1% and T48h=0.6%; p=0.0068) and iRPMI+Albumax (T1h=0.1% and T48h=0.4%;
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p=0.0084). The addition of ionomycin to iRPMI alone induced a rapid and significant

increase of PS exposure after only 1h incubation (T1h=0.1% in DMSO vs. 4.4% in ion-

omycin; p=0.0032). In iRPMI+Albumax however, ionomycin only induced a significant

increase in PS exposure after 48h (T48h=0.4% DMSO vs. 14.6% ionomycin; p=0.0120).

Overall, Albumax appears to delay ionomycin-induced eryptosis by up to 24h.

BAY 43-9006 induces eryptosis exclusively in erythrocyte culture conditions

Following the measure of baseline and ionomycin-stimulated PS exposure and hemolysis,

we sought to investigate the impact of culture conditions on eryptosis induction using

a previously published eryptosis inducer BAY 43-9006 [160], a Raf kinase inhibitor and

approved anti-cancer drug. Erythrocytes were exposed to 0, 1 and 10µM of BAY 43-9006

for 48h under either erythrocyte (0.4 and 4% hematocrit) or Plasmodium culture conditions

(Figure 4.3). As anticipated, BAY 43-9006 significantly increased the percentage of PS-

exposing cells at 10µM (from 10% to 41%; p=0.0003) in erythrocyte culture conditions

when compared to the no-drug control. The increase in PS-exposing cells was still observed,

albeit to a lesser extent, when adjusting the hematocrit to 4% (from 5% to 10% of PS-

exposing cells, p=0.0083). However, no significant increase in PS exposure was observed

under Plasmodium culture conditions in the presence of 10µM of BAY 43-9006. Similarly,

10µM of BAY 43-9006 significantly induced hemolysis exclusively under erythrocyte culture

conditions at 0.4% hematocrit (p=0.0012), but not at 4% hematocrit or in Plasmodium

culture conditions. These results demonstrate that BAY 43-9006 increases PS exposure and

hemolysis levels under erythrocyte culture conditions but not under Plasmodium culture

conditions.
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Figure 4.3: The previously described eryptosis inducer BAY 43-9006 does not induce an increase of

PS exposure or hemolysis of näıve erythrocytes in malaria culture conditions. Percentage of PS-exposing

cells (A) and hemolysis (normalised by hematocrit) (B) of näıve erythrocytes cultured for 48h in the presence of

0, 1 or 10µM BAY 43-9006 in erythrocyte culture conditions (i.e. Ringer solution) at 0.4% or 4% hematocrit, or

in malaria culture conditions (i.e. complete RPMI, 4% hematocrit). N=6 independent experiments performed in

triplicate. Individual data points represent the means of the 3 technical replicates for each experiment. The bars

represent the mean and SD of the 6 independent experiments (biological replicates). Unless indicated otherwise,

compare to the first condition. ns : p>0.05; * : p≤ 0.05; ∗∗ : p ≤ 0.01; ∗ ∗ ∗ : p ≤ 0.001; ∗ ∗ ∗∗ : p ≤ 0.0001.
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4.4.2 Testing the effect of “eryptosis inducers” on P. falciparum cultures

After establishing the baseline conditions of eryptosis for malaria parasite cultures and us-

ing ionomycin as a positive control, we tested the effect of selected eryptosis inducers on

the viability of näıve and P. falciparum-infected erythrocytes within in vitro cultures.

Six selected “eryptosis inducers” do not induce eryptosis of näıve and P. falciparum-infected

erythrocytes

We tested the effect of six eryptosis inducers on näıve and P. falciparum-infected erythro-

cytes. Based on our previous data, we measured eryptosis following a 4h drug incubation in

iRPMI (without Albumax) at 4% hematocrit: these conditions allowed both the detection

of any changes in eryptosis while supporting the growth of P. falciparum. PS exposure, cell

size, intracellular calcium levels and hemolysis were measured for each compound as proxies

for eryptosis. Figure 4.4 presents the eryptosis data on näıve and P. falciparum-infected

erythrocytes for one of the six tested compounds, oridonin (one of the most clinically

promising candidate), along with the positive control ionomycin. While ionomycin expect-

edly induced a significant increase of PS exposure and a decrease in cell size, both in näıve

(p<0.0001) and in P. falciparum-infected erythrocytes (p<0.0008), oridonin did not induce

statistically significant changes in eryptosis markers in näıve or P. falciparum-infected ery-

throcytes. Table 2 4.2 summarises the eryptosis observations for all “eryptosis-inducers”

tested (benzethonium, oridonin, amiodarone, BAY 43-9006, cordycepin and apigenin): none

induced eryptosis hallmarks of näıve or infected-erythrocytes (Supplementary Figures 4.6-

4.10).

Three “eryptosis inducers” impact parasite viability

We assessed the Plasmodium growth inhibitory effect of “eryptosis inducers” (Figure 4.5

and Table 4.2). Cordycepin and apigenin did not impact parasite growth (IC50 of 12 and

66µM, respectively), while four other compounds revealed an IC50 below 10µM. In particu-

lar, benzethonium presents a sub-micromolar IC50 value of 490nM, and the IC50 of oridonin

and amiodarone were ∼2µM. These results suggest that some “eryptosis inducers” have an-

tiparasitic effects that are independent of eryptosis induction.
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Table 4.1: Eryptosis inducers tested in this study.

Compound Molecular target Clinical use or potential

use

Published eryptosis

induction concentration

Effect of P. falciparum / P.

berghei

Clinically approved

Amiodarone Calcium, potassium and

sodium channels inhibitor

Anti-arrhythmic agent

[161, 162]

5µM [163] Reduced parasitemia (Pf, Pb)

and increased mice survival

(Pb) [156]

BAY 43-9006 (Sorafenib,

Nexavar)

Raf kinase inhibitor Anti-cancer (hepatocellular

carcinoma) [164]

1µM [160] -

Clinical trials

Cordycepin AMPK activator Isolated from the fungus

Cordyceps militaris, Clinical

trials I/II: Anti-cancer

capacities [165]

31µM [166] -

Herbal medicine compoumds

Apigenin Kinases inhibitor Extracted from chamomile,

Anti-inflammatory, anti-cancer

capacities [167]

15µM [168] Decreased parasitemia (Pb)

[169]

Oridonin Not well understood Extracted from Isodon

rubescens, Anti-inflammatory,

anti-cancer capacities [170, 171]

25µM [172] -

Other

Benzethonium Disrupts lipid bilayer (cationic

detergent)

FDA-approved as a skin

disinfectant and preservative in

vaccines [173, 174]. Anti-cancer

capacities [175]

5µM [158] -
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Figure 4.4: Effect of ionomycin and oridonin on eryptosis hallmarks of näıve and P. falciparum-infected erythrocytes. Significant increase of PS exposure and significant

decrease of cell size were observed in näıve and infected erythrocytes exposed to 1µM of ionomycin (4h in incomplete RPMI). However, no significant increase in these eryptosis hallmarks

was observed in näıve and P. falciparum-infected erythrocytes exposed up to 10µM of oridonin. N=5 independent experiments performed in triplicate. Individual data points represent the

means of the 3 technical replicates for each experiment. The bars represent the mean and SD of the 5 independent experiments (biological replicates).
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Figure 4.5: Growth-inhibition curves of P. falciparum exposed to seven eryptosis inducers. In vitro asynchronous cultures of P. falciparum were cultured with a range of

concentrations of compounds (up to 50µM) for 72h. DNA content was measured as a proxy for parasite growth. IC50 concentrations are indicated for each compound in µM. N=5 independent

experiments performed in triplicate. Data are represented as the mean and SD of the 5 independent experiments.
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Table 4.2: Eryptosis hallmarks of näıve and P. falciparum-infected erythrocytes exposed to seven

eryptosis inducers and growth inhibition (IC50) on P. falciparum. Eryptosis hallmarks include PS exposure,

cell size, intracellular calcium levels and hemolysis data (see Figure 4.4 4 and Supplementary Figures 4.6 - 4.10 for

detailed data on each compound). Ionomycin is used as a positive control. Significant changes (↑ = increase or ↓
= decrease) are indicated with the concentration at which the effect is observed. *: infected erythrocytes incubated

with 5µM benzethonium have an increase in hemolysis which is not observed at 10µM.

Eryptosis hallmarks

Compound Näıve erythrocytes P. falciparum-infected

erythrocytes

P. falciparum

IC50 (µM)

↑ PS exposure ↑ PS exposure
Ionomycin

↓ Cell Size (1µM) ↓ Cell Size (1µM)
3.32

Benzethonium Ns Ns * 0.49

Oridonin Ns Ns 2.00

Amiodarone ↑ Calcium (5µM) Ns 2.10

BAY 43-9006 Ns Ns 7.48

Cordycepin Ns Ns 12.07

Apigenin Ns Ns 65.78

4.5 Discussion

4.5.1 Ringer solution sensitises erythrocytes to eryptosis

Culture media differs substantially between erythrocyte and Plasmodium culture condi-

tions. We hypothesised that this underpins the discrepancies observed in the literature,

where compounds described as eryptosis inducers, have not been observed to induce PS

exposure of non-infected erythrocytes when tested in malaria culture conditions [71]. By

measuring PS exposure levels and hemolysis of näıve erythrocytes as a proxy for eryptosis,

we were able to confirm that these compounds induce eryptosis when using erythrocyte cul-

ture conditions. However, eryptosis levels were significantly reduced in Plasmodium culture

conditions. Specifically, we showed that Ringer solution primes erythrocytes to eryptosis

when compared to incomplete RPMI (iRPMI) media. Plasmodium culture media is op-

timised to mimic physiological blood conditions, while Ringer solution is a nutrient-poor

solution. For example, glucose levels are higher in Plasmodium culture media (11mM) than

in Ringer solution (5mM). These differences in culture media composition could modulate

eryptosis induction and the nutrient-poor Ringer solution might weaken erythrocytes and

pre-dispose them to eryptosis.

4.5.2 A lower hematocrit exacerbates eryptosis phenotypes

In addition to the difference in media, we investigated the impact of cell density on eryp-

tosis induction. We demonstrated that a lower hematocrit exacerbated PS exposure and

hemolysis in the absence of eryptosis inducers and in response to the eryptosis compound

BAY 43-9006. This increased susceptibility to BAY 43-9006-induced eryptosis occurring at

a lower hematocrit may be, at least partly, attributed to the higher proportion of drug per
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cell. Additionally, erythrocytes, similar to other cell types, appear to show better viability

outcomes with a higher cell density, better reflecting physiological conditions [176, 177].

4.5.3 Albumax protects erythrocytes from eryptosis

Albumax supplementation (a serum replacement) is required for the growth of P. falci-

parum in vitro. In contrast, eryptosis inducers have been tested in vitro in the absence

of human serum or a synthetic replacement. Here, we show that addition of Albumax (to

Ringer solution or iRPMI media) is sufficient to protect erythrocytes from PS exposure and

hemolysis. This is particularly striking when eryptosis is induced following addition of the

calcium-ionophore ionomycin where PS exposure remains unchanged for 8h and hemolysis

is not observed.

Walsh and colleagues suggested that human plasma contains pro-survival factors as it has

the capacity to inhibit erythrocytic PS exposure induced by the apoptosis inducer BH3-

mimetics [125]. Although our study did not use human serum, our results suggest that

Albumax might also contain pro-survival factors that prevent eryptosis induction. Further,

it is reasonable to hypothesise that direct sequestration of the drug by components of

Albumax might prevent eryptosis induction [178]. Noteworthy, ionomycin had an impact

on P. falciparum growth and was, therefore, unaffected by Albumax components. Another

possible explanation for the protective role of Albumax might relate to its high lipid content.

Indeed, some lipids can protect against cell death and stress, as demonstrated with lipid

droplets in nucleated cells [179, 180]. Similar to nucleated cells, the presence of lipids in

the culture media could improve erythrocyte viability and reduce their susceptibility to cell

death induction [181]. It will be interesting in the future to fractionate Albumax in order

to identify the factor(s) responsible for this protective effect against eryptosis [182].

4.5.4 The dynamics of PS exposure over time

Although induction of PS exposure in nucleated cells occurs in a matter of minutes [183],

eryptosis has predominantly been studied 48h post-stimulation. Here we demonstrated

that induction of PS exposure in erythrocytes has a rapid onset (of less than 1h), consis-

tent with observations in other cell types. Moreover, we demonstrated that PS exposure

levels increased over time regardless of culture conditions, which corroborates findings sug-

gesting aging erythrocytes are recognised and cleared from circulation through increased

PS exposure during senescence [158, 160, 168].

4.5.5 Eryptosis inducers do not induce eryptosis of näıve or Plasmodium-

infected erythrocytes, and three do not impair Plasmodium growth

We tested the effects of six eryptosis inducers based on their use (or prospective use) in

the clinic, their known molecular targets and/or their previously demonstrated antimalarial

effects. We found that none of these compounds induced eryptosis hallmarks in our culture
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conditions. In the case of oridonin, cordycepin and apigenin, this could be due to drug

concentration, as previously published eryptosis inducing concentrations (25µM, 31µM and

15µM, respectively [172, 166, 168]) were higher than our maximum concentration of 10µM.

In the case of BAY 43-9006, benzethonium and amiodarone [158, 160, 163], the differences

between previously published studies and our findings are due to experimental conditions,

as discussed above. A recent study reported a decrease in Plasmodium berghei parasitemia

in mice administered with apigenin [169]. This finding contrasts with the absence of P.

falciparum growth inhibition we observed in response to apigenin in vitro. This discrepancy

might be due to the different Plasmodium species, different hosts/cultures or differences in

read-outs.

4.5.6 Benzethonium, amiodarone and oridonin impair Plasmodium growth

via an eryptosis-independent mechanism

We identified three “eryptosis inducers” displaying a low P. falciparum IC50 (benzethonium,

oridonin and amiodarone). Benzethonium displayed the lowest IC50 (0.49µM) and could

therefore be considered a promising antimalarial. However, its toxicity effects [174, 184]

will need to be abrogated before being investigated further as a potential antimalarial.

Benzethonium is used as an antimicrobial, acting by disrupting lipid bilayers, and has been

identified as an anti-cancer compound by inducing apoptosis [175]. However, no consistent

significant increase in hemolysis was observed both in näıve and P. falciparum-infected ery-

throcytes, suggesting that membrane disruption is not the mode of action. It is therefore

possible that benzethonium targets a parasite-specific pathway.

Amiodarone, a clinically used antiarrhythmic drug, inhibited P. falciparum growth with an

IC50 of 2.10µM. This antiparasitic effect is in agreement with a study describing reduced

parasitemia of P. falciparum in vitro and P. berghei in vivo [156]. Interestingly, a typical

400mg dose of amiodarone in adults leads to a peak plasma concentration in the same

order of magnitude as the IC50 value we measured here [185]. However, amiodarone can

cause serious side effects, and is only recommended in case of life-threatening arrythmia

[185]; more work is therefore required before it can be proposed as a novel antimalarial

candidate. As an antiarrhythmic agent, amiodarone acts by inhibiting calcium, potassium

and sodium channels. Inhibition of ion channels on either the erythrocyte surface or the

parasite interface could be part of the mechanism of action.

Oridonin displayed a low IC50 (2µM). One oridonin derivative (HAO472) is currently in

phase I clinical trials in China for the treatment of leukemia [170]. As such, this compound

might be the most promising antimalarial candidate tested in this study. In cancer cells

lines, oridonin and oridonin-like compounds were shown to regulate many pathways, in-

cluding NF-κB, ROS, p53/p21, to inhibit proliferation and induce apoptosis [170]. At this

stage, it is therefore difficult to infer the mechanism of action behind oridonin antimalarial

activity.
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4.5.7 PS exposure during a malaria infection: Turning the tables on

Plasmodium

PS exposure at the surface of infected and non-infected erythrocytes during a malaria in-

fection could be detrimental to the host. PS exposure by infected cells has been linked with

an increase in their cytoadhesion and sequestration, both in P. falciparum [186] and in P.

vivax malaria [187]. Further, PS exposure of uninfected erythrocytes and increased levels of

anti-PS auto-antibodies have been proposed as key mechanisms leading to the loss of non-

infected erythrocytes, therefore contributing to malarial anaemia [70, 48, 188]. However,

compared to their non-infected counterparts, a larger proportion of infected erythrocytes

expose PS [74]. This propensity of infected erythrocytes to expose PS could be used to

target antimalarials specifically to infected cells using peptides that accumulate predomi-

nantly in PS-exposing cells [189] or with liposomes conjugated to PS binding peptides [190].

These techniques offer promising alternatives for antimalarial development that could be

explored in the future.

4.5.8 Conclusions and future directions

We have shown that experimental culture conditions typically used to study eryptosis

weaken erythrocytes and predispose them to eryptosis. Media supplementation with Albu-

max strongly protects against eryptosis, even in the presence of strong eryptosis inducers.

Compounds initially identified as eryptosis inducers failed to induce eryptosis of näıve and

P. falciparum-infected erythrocytes. However, some compounds showed promising antipar-

asitic activity, including amiodarone and oridonin, the most promising antimalarial leads in

this study. Given the potential detrimental effect of increased PS exposure by erythrocytes

in malaria-infected individuals, the identification of compounds with parasitic activity inde-

pendent of eryptosis offers promising avenues in designing novel host-directed antimalarial

strategies.
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4.6 Supplementary information

Figure 4.6: Effect of benzethonium on eryptosis levels of näıve and P. falciparum-infected erythrocytes. Näıve erythrocytes or P. falciparum cultures were incubated in

incomplete RPMI for 4h in presence of 0, 1, 5 or 10µM benzethonium. PS exposure, cell size, calcium levels were measured by flow cytometry, and hemolysis was measured by absorbance

assay. N=5, except for hemolysis where n=4. Mean and SD.
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Figure 4.7: Effect of amiodarone on eryptosis levels of näıve and P. falciparum-infected erythrocytes. Näıve erythrocytes or P. falciparum cultures were incubated in incomplete

RPMI for 4h in presence of 0, 1, 5 or 10µM amiodarone. PS exposure, cell size, calcium levels were measured by flow cytometry, and hemolysis was measured by absorbance assay. N=6

näıve, except for hemolysis where n=5. Mean and SD.
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Figure 4.8: Effect of BAY 43-9006 on eryptosis levels of näıve and P. falciparum-infected erythrocytes. Näıve erythrocytes or P. falciparum cultures were incubated in

incomplete RPMI for 4h in presence of 0, 1 or 10µM BAY 43-9006. PS exposure, cell size and calcium levels were measured by flow cytometry. N=5. Mean and SD.
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Figure 4.9: Effect of cordycepin on eryptosis levels of näıve and P. falciparum-infected erythrocytes. Näıve erythrocytes or P. falciparum cultures were incubated in incomplete

RPMI for 4h in presence of 0, 1, 5 or 10µM cordycepin. PS exposure, cell size, calcium levels were measured by flow cytometry, and hemolysis was measured by absorbance assay. N=5.

Mean and SD.
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Figure 4.10: Effect of apigenin on eryptosis levels of näıve and P. falciparum-infected erythrocytes. Näıve erythrocytes or P. falciparum cultures were incubated in incomplete

RPMI for 4h in presence of 0, 1, 5 or 10µM apigenin. PS exposure, cell size, calcium levels were measured by flow cytometry, and hemolysis was measured by absorbance assay. N=6 for

näıve and N=5 for infected erythrocytes. Mean and SD.
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(B) Effect of the Raf kinase inhibitor, BAY

43-9006, on eryptosis and parasite develop-

ment

4.7 Introduction

We have demonstrated that BAY 43-9006 (Sorafenib), a human Raf kinase inhibitor used

in the clinic to treat hepatocellular carcinoma, impairs P. falciparum growth in vitro

(IC50=7.48µM) (Chapter 4A). This result was recently confirmed by Adderley et al. (2020)

[191], who demonstrated that two different Raf inhibitors, BAY 43-9006 and SB-590885,

impaired P. falciparum development.

The human Raf (Rapidly Accelerated Fibrosarcoma) family is comprised of three paralogs:

A-Raf, B-Raf and C-Raf (also known as Raf-1). The Raf kinases are part of a Mitogen-

Activated Protein Kinase (MAPK) cascade: the Ras-Raf-MEK-ERK pathway [192]. Raf

acts as a MEK kinase (MEKK) downstream of Ras (itself activated by receptor tyrosine ki-

nases), and upstream of MEK-ERK (see Figure 4.11). Raf phosphorylates MEK1/2, which

phosphorylate ERK1/2, which can then activate over 150 nuclear and cytosolic substrates

[192]. Raf is regulated by many phosphorylation sites, resulting in changes in binding part-

ners as well as changes in its cellular localisation. Although MEK1 and MEK2 are the only

widely accepted substrates of Raf kinase, Raf can also inhibit apoptosis independently of

its own kinase activity [192].

Importantly in the context of malaria, no Raf orthologs have been identified in Plasmodium

spp. yet [193]. Moreover, Adderley et al (2020) [191] demonstrated that both B-Raf and

C-Raf (Raf-1) kinases are differentially phosphorylated in infected red blood cells (iRBCs)

compared to uninfected red blood cells (uRBCs), suggesting that infection by P. falciparum

modifies their activity. Therefore, the antiparasitic activity of BAY 43-9006 might be due to

the inhibition of the host RBC Raf kinase. This is particularly relevant in nucleus-deprived

erythrocytes, which must heavily rely on post-translational signalling, of which phosphory-

lation is a major mechanism. Although BAY 43-9006 had previously been described as an

eryptotic inducer [160], we’ve shown that it did not induce eryptosis hallmarks in näıve or

infected erythrocytes in our conditions (Chapter 4A). However, we have investigated the

impact of BAY 43-9006 on all iRBCs, but the specific impact of BAY 43-9006 on different

stages of the parasite is yet to be determined.

In this chapter, we investigate the impact of BAY 43-9006 on P. falciparum erythrocytic

stages. We first measured impacts of BAY 43-9006 in a static manner (i.e. measuring

eryptosis of an asynchronous culture at a single timepoint), then in a dynamic fashion
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(measuring eryptosis of a synchronised culture over two Plasmodium erythrocytic cycles).

Figure 4.11: The Ras-Raf-MEK-ERK pathway. The Ras/Raf/KEK/ERK pathway is one of four mitogen-

activated protein kinase (MAPK) cascade. Upon stimulation of a receptor tyrosine kinase (RTK), the inactive

GDP-bound Ras becomes activated (GTP-bound Ras). GTP-bound Ras activates Raf kinase, which phosphorylates

/ activates MEK, which in turn phosphorylates / activates ERK, which finally phosphorylates many downstream

effectors, including a negative feedback loop to deactivate Raf.

4.8 Results

4.8.1 Impact of BAY 43-9006 on the parasite viability

To study the impact of BAY 43-9006 on the viability and physiology of different stages of P.

falciparum, asynchronous cultures were incubated with 10µM of BAY 43-9006 in incomplete

RPMI (iRPMI) for 4h, as described earlier (Chapter 4A). Parasite stages were identified by

flow cytometry based on their RNA and DNA content (with Thiazole Orange and Hoechst

fluorescence respectively, as described previously [143]): the gating strategy is shown in

Figure 4.12. Ring stages contain low amount of DNA and RNA, trophozoite stages contain

more RNA and schizont stages contain more DNA and even more RNA. Interestingly, in

the presence of BAY 43-9006, all the iRBC populations appeared to shift towards the left

(i.e. less RNA detection), making the differentiation between ring and trophozoite stages

difficult. Another gating strategy was therefore adopted, whereby young parasites (i.e.

rings and trophozoites) were gated together. Figure 4.12 also shows representative images

of each stage, with and without BAY 43-9006. We observed that after only 4h incubation

with 10µM BAY 43-9006, ring stages, and even more so, trophozoite and schizont stages,
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present a condensed, darker and rounded appearance detected by light microscopy, the

characteristic phenotype of dead parasites.

Figure 4.12: Gating of an asynchronous P. falciparum culture with or without 10µM BAY 43-9006.

Two different gating strategies of a mix P. falciparum culture in absence (top panels) or presence (bottom panels) of

10µM BAY 43-9006 (4h in iRPMI). Rings (orange), trophozoites (purple), schizonts (red) and uninfected RBCs (grey)

were gated separately (left panels), or rings and trophozoites were gated together (pink, right panels). Representative

microscopy images of rings, trophozoites and schizonts with or without BAY 43-9006 are also shown.

Using the latter gating strategy (rings and trophozoites together; schizonts separately),

Figure 4.13 shows the mean RNA and DNA contents of iRBCs. Although the DNA content

per iRBC was not affected by BAY 43-9006, the RNA content was significantly decreased

in both young (p=0.0303) and mature parasites (p=0.004) by the presence of BAY 43-9006

when compared to the no drug control.

Figure 4.13: RNA and DNA content of young vs. mature parasites with or without 10µM BAY

43-9006. (A) Average RNA content and (B) DNA content of young parasites (rings and trophozoites, in pink) and

mature parasites (schizonts, in red), with or without 10µM BAY 43-9006. Asynchronous P. falciparum cultures were

incubated in iRPMI for 4h with BAY 43-9006 or the carrier control (DMSO) and analysed by flow cytometry. N=5

independent experiments in triplicate. t-test.
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4.8.2 Impact of BAY 43-9006 on eryptosis of different parasite stages

As BAY 43-9006 is an inhibitor of the human Raf kinase, we wondered if BAY 43-9006 had

an impact on the viability of the RBC itself (by measuring various eryptosis hallmarks)

at different parasite stages. Figure 4.14 shows the PS exposure, cell size and intracellular

calcium content of bystander uRBCs, young stages (rings and trophozoites) and mature

stages (schizonts). The only effect of BAY 43-9006 (indicated in red) was to increase PS

exposure of schizonts (compared to the no drug control) (p=0.0193).
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Figure 4.14: Impact of BAY 43-9006 on eryptosis hallmarks of different P. falciparum stages. Asynchronous P. falciparum cultures were incubated with 0 or 10µM BAY 43-9006

for 4h in iRPMI, then analysed by flow cytometry. Populations were gated as shown in 4.12: uRBCs (grey), rings/trophozoites (pink) and schizonts (red). (A) PS exposure , (B) cell size

and (C) intracellular calcium content were measured. Individual values and mean (SD) for n=5 independent experiments in triplicate are shown. Unless indicated otherwise, compare to the

uRBC within the same condition using a one-way ANOVA with multiple Tukey tests.

91



CHAPTER 4. (A) EFFECT OF ERYPTOSIS INDUCERS ON P. FALCIPARUM
(B) FOCUS ON THE RAF KINASE INHIBITOR BAY 43-9006

4.8.3 Impact of BAY 43-9006 on P. falciparum over two cycles

To precisely investigate the antiparasitic activity of BAY 43-9006, we analysed a highly

synchronised culture of P. falciparum over time, starting with 1% rings and following the

parasite culture over two erythrocytic cycles. A time-course analysis of eryptosis has been

conducted, and the results of this experiment are described in this current chapter (Chapter

4B) and Chapter 5. In this chapter, we will focus on the impact of BAY 43-9006. In Chap-

ter 5, we will focus on evolution of eryptosis in the absence of drug. Figure 4.15 shows the

distribution of iRBCs (and uRBCs) according to their RNA and DNA content over time,

with or without 10µM of BAY 43-9006. In addition, representative microscopy images of

iRBCs are shown for each time point. Using these microscopy images, it is striking to note

that in the presence of BAY 43-9006, parasites are not able to progress through the ery-

throcytic cycle, being affected mainly at the trophozoite and schizont stages. From the age

of 36h, the parasites appear dead as indicated by a very condensed and round phenotype,

or extracellular forms (24h of cycle 2). Figure 4.16 shows the parasitemia, DNA content,

RNA content, PS exposure, cell size and intracellular calcium content of iRBCs over time.

The light grey lines show the evolution without BAY 43-9006, while the bright coloured

lines indicate the evolution in the presence of BAY 43-9006.

In the presence of BAY 43-9006, the parasitemia either stalled over time (during cycle

1) or decreased, as at 24h, 36h and 48h of cycle 2 when compared to the first timepoint

(p=0.0275, 0.0048 and 0.0013). Parasitemia diverged from the no-drug control at the start

of the second cycle, when reinvasion occurred in the absence of drug (7.8% vs 1.2% para-

sitemia, p<0.0001).

Although parasite DNA increased over time in the presence of BAY 43-9006 (p=0.0489 at

48h of cycle 1 and p<0.0001 at 12h of cycle 2), it appears to be both delayed (maximum at

t=12h of cycle 2 instead of the expected 48h of cycle 1) and well below the expected values.

Indeed, DNA content only increased by 2.5-fold at its peak in the presence of BAY 43-9006,

when compared to the first timepoint, while in the absence of drug, DNA content increased

by 11-fold at its peak. The difference in DNA content between presence and absence of

drug became significant at 36h of cycle 1 (p=0.0001).

In the presence of BAY 43-9006, the RNA content significantly increased, reaching a peak

at t=48h of cycle 1 (p<0.0001), albeit to much lower levels than expected: a 2.7-fold in-

crease between the first timepoint and t=48h in the presence of BAY 43-9006 vs. a 24-fold

increase without drug. Importantly, BAY 43-9006 reduced RNA content of iRBCs almost

throughout the whole time-course (p=0.0499 at 12h, p=0.0013 at 36h, p<0.0001 at 48h/0h

compared to both the schizonts of cycle 1 and rings of cycle 2, p=0.0080 at 12h of cycle 2,

p<0.0001 at 36h and 48h of cycle 2).

It was striking that following a 48h incubation (12h of cycle 2), all measured eryptosis hall-
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marks (PS exposure, cell shrinkage and intracellular calcium) were significantly induced

by BAY 43-9006, both when comparing to the first timepoint of the BAY 43-9006 con-

dition and when comparing to the no drug condition. In the presence of BAY 43-9006,

PS exposure increased significantly over time especially after 12h of cycle 2, increasing by

nearly 7-fold by the end of the experiment (p=0.0003 at 12h, then p<0.0001). When com-

pared to the control, addition of BAY 43-9906 significantly increased PS exposure during

the second cycle, at 12h (p=0.0059), 24h (p=0.0002), 36h (p<0.0001), and 48h (p=0.0002).

In the presence of BAY 43-9006, iRBCs also decreased in size over the course of the ex-

periment, reaching a significant difference at 12h of cycle 2 (p<0.0001, p=0.0004 at 48h of

cycle 2). When compared to the no-drug control, the schizont stages appeared bigger in

the presence of BAY 43-9006 both at cycle 1 (p=0.0012) and cycle 2 (p=0.0035). The ring

and trophozoite stages of cycle 2, however, were smaller with BAY 43-9006 compared to

the control (p=0.0011 at 12h, p=0.0033 at 24h, p=0.0004 at 36h).

Finally, the intracellular calcium levels were also affected by BAY 43-9006. In the pres-

ence of drug, the calcium content of iRBCs did not follow the same pattern as the control:

calcium increased significantly at 12h of cycle 2 (p=0.0018) and then decreased back to

baseline levels. When comparing to the no-drug control, differences were observed through-

out the second cycle, albeit with different effects. During the beginning of the second cycle,

calcium levels were higher in the presence of BAY 43-9006 (p=0.0026 at 0h, p=0.0123 at

12h, p<0.0001 at 24h). During the end of the second cycle however, calcium levels in the

presence of BAY 43-9006 were lower (p=0.0395 at 36h and p=0.0001 at 48h).

Overall, it appears that BAY 43-9006 prevents the parasite from developing beyond the

trophozoite stage (apparent from microscopy images and low levels of DNA and RNA).

BAY 43-9006 also induces eryptosis hallmarks in iRBCs from 12h of the second cycle.
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Figure 4.15: Evolution of the flow cytometry layout of iRBCs and uRBCs over time in the presence of 10µM BAY 43-9006. Distribution of uRBCs and iRBCs according

to their levels of RNA and DNA content, every 12h over two P. falciparum cycles, with or without 10µM BAY 43-9006. The percentage of iRBCs (cycle 1 in light blue; cycle 2 in dark blue;

cycle 3 in green) is indicated. Representative microscopy images of iRBCs for each time point are also shown.
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Figure 4.16: Eryptosis of iRBCs over time with or without 10µM BAY 43-9006. A synchronised culture of P. falciparum was analysed by flow cytometry every 12h with (coloured

lines) or without (grey lines) 10µM of BAY 43-9006. (A) Parasitemia, (B) DNA content and (C) RNA content show the impact of BAY 43-9006 on the parasite development. (D) PS

exposure, (E) cell size and (F) intracellular calcium levels show the impact of BAY 43-9006 on eryptosis hallmarks. Whisker boxes (median, 25th, 75th, max and min) for n=5 independent

experiments in triplicates are shown. * indicates significant differences with the first point in presence of BAY 43-9006 (One way ANOVA with Dunnett’s multiple comparisons test). #

indicates significant differences between condition with and without BAY 43-9006 for each timepoint (t-tests). At 36h, (1) indicates that the difference is observed with the schizonts of cycle

1, (2) indicates that the difference is observed with the rings of cycle 2.
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4.9 Discussion

4.9.1 BAY 43-9006 reduces parasite’s RNA levels and impairs tropho-

zoite development

After only 4h, BAY 43-9006 appeared to reduce the RNA content of iRBCs (Figure 4.13).

To my knowledge, this is the first time BAY 43-9006 was found to hinder steady-state

RNA levels (either decreasing transcription and/or increased degradation). Noteworthy,

we measured RNA content with Thiazole Orange staining and fluorescence read-out by

flow cytometry. A more accurate method to quantify RNA will be required to confirm

this finding (for instance using phosphorous inductively coupled plasma–optical emission

spectroscopy [194]). Further, BAY 43-9006 inhibited progression through schizogony. After

only 4h of incubation, parasites appeared dead on microscopy images (Figure 4.12). Upon

a longer incubation, BAY 43-9006 hindered both RNA and DNA levels, and resulted in a

decreasing parasitemia (no newly formed rings) (Figure 4.16).

4.9.2 BAY 43-9006 induced eryptosis of mature stages of P. falciparum

BAY 43-9006 did not induce eryptosis of uRBCs, both after 4h incubation (as shown in

Chapter 4A) and also during the time-course (data not shown), therefore Raf does not ap-

pear to play a role in constitutively repressing eryptosis. Raf may still play a more indirect

role in eryptosis pathways, for instance its protective role may only become apparent upon

chemical eryptosis induction.

Similarly, regarding iRBCs, we reported in Chapter 4A that 4h exposure to BAY 43-9006 did

not significantly induce eryptosis of iRBCs in unsynchronised parasites. While investigating

specific stages, however, we found that eryptosis levels of schizonts were actually impacted

by BAY 43-9006 (Figure 4.14). On a longer timescale too, we found that BAY 43-9006

increased eryptosis of infected cells, especially after 48h of incubation with the drug. Since

BAY 43-9006 did not induce eryptosis of uRBCs, both after 4h incubation and also during

the time-course (data not shown), it is possible that BAY 43-9006 killed the parasite, which

resulted in the parasite not being able to inhibit eryptosis of its host cell anymore, similar

to what is believed to occur in hepatocytes [106] (also discussed in Chapter 5). It is also

possible that schizont-iRBCs are more sensitive to cell death as they have been highly

stressed by the presence of the parasite for ∼48h (further discussed in Chapter 5). Finally,

BAY 43-9006 could also hypothetically inhibit a pathway only active in iRBCs, and more

precisely, only active in mature stages, although such a pathway remains to be identified.

4.9.3 The role of erythrocyte Raf pathway during P. falciparum devel-

opment

This work builds on previous studies showing that P. falciparum activates, and relies on,

erythrocyte MAPK pathways. Indeed, erythrocyte MEK is phosphorylated in iRBCs (more
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so than in uRBCs), a modification attributed to the erythrocyte PAK kinase [195]. More-

over, inhibition of either MEK or PAK resulted in an impairment in P. falciparum growth.

Similar to MEK and Raf, no orthologs of PAK have been identified in Plasmodium spp.

[195], supporting the idea that P. falciparum relies on these host kinases. In a recent paper,

Adderley et al. (2020) used antibody microarrays to more comprehensively map differences

in signalling pathway activation status in uRBCs vs iRBCs [191]. Interestingly, this study

confirmed that the host erythrocyte MAPK pathway appears to be particularly activated

by P. falciparum. Specifically, B-Raf and C-Raf were phosphorylated on several residues in

iRBCs. C-Raf S296 was phosphorylated in all three stages (ring, trophozoite and schizont),

supposedly by ERK, due to the negative feedback loop which is part of the MAPK pathway

activation. Moreover, the authors observed an intriguing behaviour for B-Raf: phosphory-

lation on S446 and S447 was increased during the ring stages, and B-Raf appeared to be

partially degraded during the trophozoite and schizont stages. Consistent with this, they

showed that treatment with the B-Raf-selective inhibitor SB-590885 during the ring stage

resulted in a decrease in parasitemia, whereas inhibition of B-Raf during later stages did

not impact P. falciparum growth. This last observation contrasts with our own experi-

ment, where a 4h incubation of an asynchronous culture with BAY 43-9006 resulted in the

apparent death of trophozoites and schizonts (Figure 4.12). However, the inhibitors used

were different (SB-590885 is highly selective towards B-Raf, while BAY 43-9006 primarily

inhibits C-Raf), as well as the drug concentration and the type of assay, which probably

accounts for the apparent discrepancy.

4.9.4 Molecular target of BAY 43-9006: erythrocyte Raf, erythrocyte

kinases and/or parasite factors?

Although BAY 43-9006 is a Raf kinase inhibitor (mainly C-Raf and B-Raf), it can also

inhibit other kinases within the receptor tyrosine kinases family (provider’s specifications,

https://www.caymanchem.com/product/10009644). Above 10µM, BAY 43-9006 was shown

to inhibit ERK1 and MEK1 (provider’s specifications, https://www.caymanchem.com).

Overall, further work is required to identify the exact antiparasitic mode of action of BAY

43-9006, in particular whether it is through inhibition of erythrocyte Raf, of other erythro-

cyte kinases or of P. falciparum molecules (this is a possibility, even though no orthologs of

Raf kinases have been identified in Plasmodium spp.). Follow-up experiments could include

the phosphoproteomic analysis of uRBCs and iRBCs with or without BAY 43-9006 to map

the phosphorylation changes. Ideally, development of P. falciparum in raf knock-out ery-

throcytes would be ideal, although this is a challenging experiment in human erythrocytes

because it requires stem cell genetic manipulation, followed by differentiation into mature

erythrocytes, which remains experimentally difficult and with a poor yield [196]. Another

useful and more feasible approach would be to study the development of murine malaria

parasites in raf knock-out mice. Such mice exist for the three different raf genes: while a-raf

knock-out mice are born, they develop severe neurological and intestinal defects; b-raf and

c-raf knock-out mice however, die in-embryo due to excessive apoptosis in various tissues
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[197]. Conditional knock-out of raf genes in the hematopoietic lineage would be preferred

to answer our question. Finally, another experiment that could provide us with precious

information would be to attempt to develop resistant parasites: following continuous ex-

posure to BAY 43-9006, resistant P. falciparum parasites may emerge. The whole-genome

sequencing of their DNA could provide us with precious information regarding the mode

of action of BAY 43-9006, in particular, whether it appears to target parasite proteins.

If no resistant lines can be recovered, it would be an encouraging sign that BAY 43-9006

does indeed kill P. falciparum through inhibition of host molecules, hindering the parasite’s

ability to develop resistance.

4.10 Conclusion

Overall, it is unlikely that Raf is a direct and constitutive inhibitor of eryptosis pathways,

since its inhibition does not lead to eryptosis in uRBCs. In iRBCs, only schizonts show an

increase in PS exposure upon incubation with BAY 43-9006. Importantly however, BAY

43-9006 impairs P. falciparum growth (IC50=7.48µM). In particular, BAY 43-9006 impaired

trophozoite and schizont development, especially reducing the parasitic RNA content.

Although more work is required to confirm the mode of action of BAY 43-9006, erythrocyte

Raf kinases are likely candidates. This opens exciting perspectives in both host-targeted

therapies (targeting host molecules to eliminate a pathogen) and drug-repurposing (utilising

an already approved drug for another indication than the one for which the drug was

originally developed).
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Chapter 5

Eryptosis of Plasmodium

falciparum-infected erythrocytes

5.1 Introduction

Many intracellular apicomplexan parasites inhibit or delay their host cell apoptosis in or-

der to survive and complete their own development [198]. Similarly, Plasmodium parasites

have been described to inhibit apoptosis within their host hepatocytes [107]. Therefore, we

hypothesise that P. falciparum also interferes with its host cell eryptosis in order to survive

and avoid splenic clearance.

During the erythrocytic stages of development, P. falciparum induces major stress on the

host red blood cell (RBC) [71]. This leads to Plasmodium-infected RBCs (iRBCs) globally

exposing more phosphatidylserine (PS) on the RBC surface than uninfected RBCs (uR-

BCs) [75, 76]. PS is a key hallmark of programmed cell deaths, including eryptosis: while

PS is maintained in the inner lipid bilayer of healthy cells, PS becomes exposed to the

surface of eryptotic RBCs, leading to their recognition and phagocytosis by macrophages

[73]. To date, eryptosis of Plasmodium erythrocytic stages has not been investigated in a

stage-specific manner, and the eryptotic state of each intraerythrocytic parasite stage (ring,

trophozoite and schizont) is yet to be described. This is relevant because intraerythrocytic

stages are remarkably different to one another, therefore their interaction to the host cell

eryptosis could also be variable.

We started by measuring eryptosis levels of iRBCs within an asynchronous P. falciparum in

vitro culture. Then, we determined the dynamics over time of the eryptotic state of each P.

falciparum erythrocytic stage within a tightly synchronised in vitro culture. This allowed us

to demonstrate that ring and trophozoite stages display similar eryptosis levels as uRBCs,

while schizont stages showed increased eryptosis. Moreover, we found that invasion by P.

falciparum induces a peak in PS exposure on the host cell, which is then quickly reversed

back to base levels. This indicates for the first time that P. falciparum may be actively

repressing PS exposure during the ring and trophozoite stages.
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5.2 Results

5.2.1 Measure of eryptosis of P. falciparum-infected RBCs within a par-

asite mixed population

Eryptosis hallmarks of asynchronous P. falciparum in vitro cultures were assessed using

flow cytometry. Intraerythrocytic stages were identified based on their DNA and RNA

content [143]: ring stages contain low levels of both DNA and RNA; trophozoite stages are

transcriptionally active resulting in increased levels of RNA; and schizont stages undergo

cell division resulting in increased levels of DNA. A representative example of such a mixed

stages culture contained 3.4% of ring stages, 1.7% of trophozoite stages and 0.3% of schizont

stages, with the rest of the cells being bystander uRBCs (Figure 5.1A).

For each cell subpopulation (i.e. uRBCs, rings, trophozoites and schizonts), the percent-

age of PS-exposing cells, the average cell size and the average intracellular calcium content

were determined (Figure 5.1B-D). We found that schizonts, but not rings and trophozoites,

present an increased percentage of PS-exposing cells, when compared to uRBCs (p<0.0001)

(Figure 5.1B). Similarly, schizonts were also significantly smaller in size when compared to

the other subpopulations (p=0.0048 compared to uRBCs, p<0.0001 compared to rings and

trophozoites), while rings appeared significantly bigger (p=0.0224 compared to uRBCs,

p<0.0001 compared to schizonts) (Figure 5.1C). Finally, the level of intracellular calcium

content increased with the maturation of the parasite, with schizont reporting higher lev-

els of calcium content than all the other stages (Figure 5.1D): trophozoites vs. uRBCs

(p=0.0008), schizonts vs. uRBCs (p=0.0001). We concluded that overall, schizont stages,

but not ring and trophozoite stages, display all tested hallmarks of eryptosis.
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Figure 5.1: Eryptosis hallmarks measured in a mixed population of a P. falciparum in vitro culture. (A) Identification of uRBCs (grey), ring stages (orange), trophozoite

stages (purple) and schizont stages (red) by flow cytometry. Cellular DNA and RNA contents were measured using Hoechst and Thiazole Orange stains respectively. (B) PS exposure, (C)

cell size and (D) intracellular calcium content of uRBCs, ring-, trophozoite- and schizont-iRBCs within an asynchronous culture of P. falciparum. Individual values, mean and SD are shown

for n=17 independent experiments each performed in triplicate. Statistical test: Brown-Forsythe and Welch ANOVA. Compare to bystander uRBCs, unless indicated otherwise.
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5.2.2 Measure of eryptosis of P. falciparum-infected erythrocytes over

time

To investigate the dynamics of eryptosis over the intraerythrocytic development of P. fal-

ciparum in finer details, we followed a tightly synchronised culture of P. falciparum over

time. A synchronised P. falciparum 1% ring culture was prepared, and cells were analysed

every 12h over a total of two complete erythrocytic cycles, i.e. 84h, as previously described

in Chapter 4B (see Chapter 3 Section 3.2.3).

Parasite synchronicity and maturation progress were measured by flow cytometry and light

microscopy (Figure 5.2). Ring stages were detected between 0h post-invasion and 24h,

followed by trophozoites (24-36h) and then by schizonts (48h), both during cycle 1 and 2.

Although parasite cultures were tightly synchronised, a mixture of late schizonts (44-48h)

and young rings (0-2h) was observed towards the end of each cycle (Figure 5.2). However,

overall specific parasite stages were exclusively detected at each time point.

To monitor parasite growth over time, we measured parasitemia, DNA and RNA cellular

contents by flow cytometry (Figure 5.3). Parasitemia (1.3%) remained constant throughout

the first cycle up until 48 hours (Figure 5.3A), after which it increased by a factor 5.6 (reach-

ing 7.23%), corresponding to the re-invasion of RBCs. DNA content remained constant for

the first 36h of parasite development, then increased dramatically at 48h (11-fold increase

during the first cycle), as a result of parasite cell division (Figure 5.3B). Expectedly, the

increase in RNA content was more progressive, as trophozoites, in addition to schizonts,

are transcriptionally active: during the first cycle, we measured a 6-fold increase at 36h

and a 24-fold increase by 48h (Figure 5.3C).

Next, we analysed several eryptosis hallmarks at each parasite stage, including PS expo-

sure, cell size and intracellular calcium content of the infected erythrocytes. During the

first cycle, PS exposure of iRBCs increased slightly during parasite’s maturation, although

not significantly (Figure 5.3D): this contrasts with the significant increase in PS exposure of

schizont stages observed earlier (Figure 5.1). In the transition from the first to the second

cycle, PS exposure of newly infected RBCs was significantly higher than that of schizonts:

12% of the new rings of cycle 2 exposed PS vs. 7% of the schizonts of cycle 1 (p=0.0408).

This again, contrasts with the earlier observation whereby ring stages displayed similar PS

exposure levels as uRBCs (Figure 5.1). Following this marked increase, PS exposure levels

significantly dropped between 12h and 36h in cycle 2 (p<0.05 when compared to 0h of

cycle 2), before increasing again at 48h. Increased PS exposure of newly formed rings was

observed again in cycle 3, with 9% of schizonts from cycle 2 exposing PS, compared to 13%

of newly formed rings of cycle 3 (p=0.0404). This is discussed in detail in the Discussion

section.

The evolution of cell size over time (Figure 5.3E) was consistent with the observations made
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earlier: rings were bigger and schizonts significantly smaller (12h ring vs. 48h schizont of

cycle 1, p<0.0001). This reduction in cell size (as measured by the forward scatter) seemed

to happen gradually over the parasite maturation. This size difference was also observed

in newly formed rings when compared to the schizonts of the previous cycle (cycle 1-2:

p=0.0073; cycle 2-3: p<0.0001).

Lastly, we measured the intracellular calcium content and observed an increase as the

parasites matured (Figure 5.3F): in cycle 2, the intracellular calcium content increased

by 8-fold at 36h (p<0.0001) and by 10-fold at 48h (p<0.0001) when compared to 0h, in

accordance with our previous observations (Figure 5.1). Interestingly, the calcium content

of the second cycle’s schizonts was higher than that of the first cycle’s schizonts (p<0.0001).

Again, this difference in calcium content was observed between cycles (schizonts of previous

cycle vs. new rings of a new cycle), both in between cycle 1 to 2 (p=0.0027) and cycle 2 to

3 (p<0.0001).
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Figure 5.2: Progression of a tightly synchronised P. falciparum culture over two complete erythrocytic cycles. A synchronised P. falciparum culture was analysed by flow

cytometry analysis every 12h for a total period of 84h (i.e. two complete parasite cycles). uRBCs and iRBCs were gated based on their DNA and RNA levels. The percentage of iRBCs at

each time point is indicated. Representative microscopy images of iRBCs at each time point and the parasite age (in hours post-invasion) are also shown.
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Figure 5.3: Detection of eryptosis hallmarks of iRBCs over time. (A) Parasitemia (percentage of DNA positive cells), (B) DNA content, (C) RNA content, (D) PS exposure, (E)

cell size and (F) intracellular calcium content of a synchronised P. falciparum culture were measured every 12h over 84h. N=5 independent experiments performed in triplicates are shown

with whisker boxes (median, 25th and 75th percentiles, max and min). * : indicates differences with the first point of the same cycle (One way ANOVA with Dunnett’s multiple comparisons

test). # indicates differences between cycle 1 and 2 and between cycle 2 and 3 (at 48h/0h) (t-test).
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5.3 Discussion

5.3.1 P. falciparum appears to suppress PS exposure during early stages

- P. falciparum might actively suppress PS exposure shortly after invasion

We have demonstrated that in a P. falciparum in vitro mixed culture, ring and trophozoite

stages expose similar levels of PS on their surface when compared to uRBCs (Figure 5.1).

However, when analysing the dynamics of eryptosis hallmarks of iRBCs over time (Figure

5.3D), I discovered a more complex story: I have shown that, upon invasion, early ring

stages display high percentage of PS exposure, which is followed by a dramatic decrease to

base levels. Surprisingly, the peak in PS exposure observed in early rings is 1.5- to 1.7-fold

higher than the levels of PS exposure observed in schizonts.

This observation suggests that the process of invasion leads to a disruption of membrane

asymmetry. While this might not be surprising, as the invasion process by an external

parasite represents a major trauma to the invaded cell, we discuss here a few explanations

as to what could be driving the PS exposure peak.

A first explanation for this induction of PS exposure could be linked to the activation of

the erythrocyte glycophorin C (GPC) protein during merozoite invasion [199]. Since the

stimulation of GPC was shown to induce eryptosis [200], it is possible that the initial peak

in PS exposure is due to the activation of this specific receptor. Moreover, previous studies

have demonstrated that during the process of invasion, Plasmodium initiates an influx of

calcium into the host cell [27]. Although in our assay we did not detect a peak in in-

tracellular calcium upon invasion, which supposedly happens in a matter of seconds, it is

also possible that this wave of calcium activates scramblases, leading to an increase in PS

exposure [73].

Overall, it is very exciting to observe that following this initial PS exposure peak, the PS

exposure levels significantly drop. This represents the first indication that P. falciparum

could control eryptosis during its intracellular development.

- Schizont stages display increased exposure of PS

In a mixed P. falciparum in vitro culture, in contrast to ring and trophozoite stages, sch-

izont stages display all eryptosis hallmarks tested, in particular, increased PS exposure

(Figure 5.1). Our data builds on previous observations, whereby it was noted that iRBCs,

on average, exposed more PS than uRBCs [75, 76]. Therefore, besides the supposedly short

PS exposure peak upon invasion, only the very late stages of the parasite, the schizont

stages, induce an increase in PS exposure on their host cell.

A possible explanation for this observation may be that the accumulation of stress over

106



CHAPTER 5. ERYPTOSIS OF P. FALCIPARUM -INFECTED ERYTHROCYTES

∼40h-48h induced by P. falciparum has reached the host RBC maximum capacity. During

schizogony, which only happens during the last ∼8h of the intraerythrocytic development,

the parasite takes up a large volume of its host cell, ultimately growing nearly as big as

an uninfected erythrocyte [201]. In addition, Plasmodium induces extreme changes in cell

permeability; when similar changes were simulated in uRBCs, these cells were predicted

to lyse after 48h [202]. It is therefore possible that the stress induced by P. falciparum

ultimately results in eryptosis hallmarks on the host cell during the last few hours within

the RBC.

A second hypothesis is that active induction of eryptosis by the parasite during the last

few hours within its host RBC facilitates merozoite release. Indeed, induction of the host

programmed cell death is a strategy used by some intracellular pathogens to exit their host

cell. Flieger et al. (2018) described three strategies for a pathogen to exit a host cell [100]:

exit without host cell destruction (e.g. Plasmodium spp. exit from hepatocytes), the active

host cell destruction (e.g. Plasmodium spp. exit from erythrocytes) and initiation of the

host programmed cell death (e.g. Leishmania spp. exit from macrophages). Importantly,

exit strategies may be a combination of those. Schizont egress has been extensively studied

and the molecular cascade is relatively well understood [203]. It involves various plasmodial

kinases and proteases, combined with calcium signalling, first resulting in the lysis of the

membrane of the parasitophorous vacuole and then the lysis of the RBC. Interestingly, P.

falciparum has also been shown to hijack the host protein µ-calpain (or calpain-1) to exit

the RBC [204]. Calpains are proteases also suggested to be involved in eryptotic membrane

blebbing [205]. In line with this, we demonstrate in Chapter 6 that µ-calpain is recruited

to the membrane fraction upon infection. In addition, it is known that Plasmodium egress

is dependent on calcium signalling [206]. We found here that schizont stages display an

increase in intracellular calcium, although our assay could not detect the localisation of

this calcium (within the parasite or the host cell). Overall, it is possible that P. falciparum

induces eryptosis, or stops inhibiting eryptosis, of its host cell to facilitate its exit.

- Inhibiting PS exposure of infected erythrocytes: in vivo considerations

Erythrocytes constantly circulate through the spleen, where damaged and senescent cells

are detected and cleared. One of the ‘defective cell’ detection mechanisms by the immune

system is the recognition of exposed PS [207]. To circumvent splenic clearance, P. falci-

parum sequesters to the blood vessels endothelium. However, sequestration only occurs at

the trophozoite stage. Rings stages are found in the circulation and therefore pass through

the spleen, risking clearance. Inhibition of PS exposure during the ring stages appears there-

fore beneficial to the parasite, by avoiding being recognised and eliminated by macrophages.

This does not explain why PS exposure seems to also be inhibited during the trophozoite

stages. It is even more surprising considering the major stress induced by trophozoites:

heavy modifications of the RBC, in particular the RBC membrane [30], digestion of consid-
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erable amount of haemoglobin [208] and induction of oxidative stress [209]. There might be

other advantages in inhibiting eryptosis in addition to avoiding macrophage surveillance,

including inhibiting internal processes of eryptosis that would be detrimental to the parasite

development. Better knowledge in the underlying molecular events is therefore crucial.

5.3.2 Size of the infected erythrocytes: adding to the controversy

We have shown that iRBCs appear to decrease in size as the parasite matures. Specifi-

cally, when compared to uRBCs, rings were bigger, trophozoites were of similar size and

schizonts were smaller (Figure 5.1 and 5.3). This is counter-intuitive, as over the 48h of

development, the parasite considerably increases its body mass, finishing with up to 32

newly formed merozoites.

However, volume variations of iRBCs during Plasmodium parasite growth is a subject of

controversy. A mathematical model of homeostasis of parasitised cells predicts that the

overall volume of iRBCs remains constant during the first 20h of parasite development,

slightly drops at 26h, then increases over the last 20h to reach ∼1.5x the size of the original

cell [201]. On the other hand, experimental observations do not support this model. Indeed,

Esposito et al. (2010) used confocal microscopy to measure P. falciparum-infected RBCs

size and concluded that only trophozoites (but not rings and schizonts) are significantly

bigger than uRBCs [210].

These inconsistencies within the literature and our own data could stem from the use of

different approaches (i.e. mathematical model, microscopy, flow cytometry). In our study,

forward scatter was used to estimate the cell size. However, this readout is affected by the

shape of the cell being measured. In the case of RBCs, we know that uRBCs have a discoid

form whereas schizont-iRBCs tend to be rounder [210]. Considering the vast difference

between uRBCs and iRBCs, comparing their forward scatter measurements to estimate

their size difference might not be the best approach. Instead, confocal microscopy appears

to be a more reliable method to estimate cell size across different parasite stages. The use

of forward scatter to investigate cell size changes could still be considered when comparing

the effect of treatment on similar stages (treated vs untreated ring-iRBCs for instance).

5.3.3 P. falciparum intracellular calcium levels increase during cycle pro-

gression

We have shown that the total amount of free calcium in iRBCs increases as the parasite

matures. This is supported by other studies, including Kirk (2001) who estimated that the

total calcium content within iRBCs increase by 10- to 20-fold during the course of para-

site growth [31]. In addition to demonstrating an increase in intracellular calcium content

within iRBCs, Adovelande, Bastide and Schrevel (1993) also found that this increase was

focused primarily within the parasite and less so in the RBC cytosol [211]. This was later

suggested to be a strategy utilised by the parasite to maintain a low content of free calcium
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in the host cell, in order to prevent eryptosis induction.

Overall, we have demonstrated that P. falciparum appears to actively inhibit the host cell

eryptosis hallmarks during the ring and trophozoite stages, primarily by maintaining low

PS exposure levels. In the perspective of developing novel antimalarial drugs that would

interfere with this eryptosis inhibition, we need to understand the underlying molecular

events at play. However, little is known about the molecular pathways of eryptosis. Such

is the focus of the following section.

5.3.4 What’s next: phosphoproteome changes of erythrocytes upon P.

falciparum infection

As the molecular events underlying eryptosis are yet to be identified, we cannot hypoth-

esise what pathways and molecules P. falciparum could be interfering with to inhibit PS

exposure during its intraerythrocytic development. However, as nucleus-deprived erythro-

cytes must rely on post-translational modifications of existing proteins for many processes,

phosphoproteomics analysis of RBC components provides an unbiased and comprehensive

approach to investigate parasite-host cell interactions.

Due to the sur-abundance of haemoglobin, proteomics analysis of erythrocytes has been

challenging. The most comprehensive proteome of human (non-infected) erythrocytes to

date identified 1,578 cytosolic proteins [124]. Importantly, the phosphoproteome of ery-

throcyte cytosol has never been established. Erythrocytic membrane proteins, on the other

hand, have been more extensively studied: of particular interest, the phosphoproteome

changes induced by P. falciparum at the erythrocyte membranes has been described [212].

We therefore aimed to establish the first proteome and phosphoproteome of RBC cytosolic

proteins in uRBCs and in iRBCs.

To do so, the first step was to establish a peptide library for uRBCs and trophozoite-iRBCs,

using Data-Dependent Acquisition (DDA) mass spectrometry. This was successfully con-

ducted in collaboration with the Creek Laboratory (Monash Institute of Pharmaceutical

Sciences). Briefly, a controlled number of uRBCs and magnet-purified trophozoite-iRBCs

(in total 1010 uRBCs and 1010 iRBCs) were saponin-lysed, and only the soluble fraction

(i.e. erythrocyte cytosolic content) was analysed by mass spectrometry. Proteins were

trypsin digested, phospho-enrichment was performed using titanium dioxide (TiO2) beads;

finally, both phospho-enriched peptides and “unbound TiO2” peptides were analysed by

LC-MS/MS (Liquid chromatography–mass spectrometry) (see Chapter 3 section 3.4.6).

In our global proteomics library (the “unbound TiO2” peptides), we identified a total of

1,205 proteins, of which 791 were human proteins and 414 were P. falciparum proteins.

In the global phosphoproteomics, we identified a total 384 phosphorylated proteins: 223

human proteins and 161 P. falciparum proteins. From the 384 proteins, there were 989
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phospho-sites (779 serine, 202 threonine and 17 tyrosine) and of which 568 phospho-sites

were greater than 70% in localisation confidence.

These peptide libraries (both proteomics and phosphoproteomics) are available alongside

this thesis.

These findings compare to 1,578 cytosolic erythrocytic proteins identified by Roux-Dalvai et

al. (2006) [124]. The lower number in human proteins in our study might be attributed to

a number of experimental differences. First, we depleted haemoglobin using nickel beads,

which can lead to the loss of proteins. Second, we performed a phospho-enrichment to

establish a phosphoproteomics peptide library: this again, can affect the total number of

proteins identified. Finally, we analysed both iRBCs and uRBCs together: some abundant

plasmodial proteins could have “masked” low abundance human proteins.

Regarding Plasmodium proteins, the parasite secretome had been predicted to be comprised

of ∼250 proteins [213], including a significant proportion known to be localised at the RBC

membrane. Since we identified more Plasmodium proteins than expected, it is possible

that a portion of proteins from the parasite contaminated our RBC cytosolic fraction. It

will be important in follow-up studies to assess the quality of the separation between RBC

cytosolic content and membrane / parasite fraction. Alternatively, it could indicate that

the sensitivity of the method used here detected more “true” parasite proteins secreted in

the RBC cytosol, which would be extremely exciting.

These are the first peptide and phosphopeptide libraries established for the cytosolic frac-

tion of uRBCs and iRBCs. Now that this key database is available, the next step will

be to establish the phosphoproteome of uRBCs and iRBCs separately in a Data Indepen-

dent Acquisition (DIA) approach. Excitingly, this will allow for a global understanding of

phosphorylation changes induced by the parasite. The impact of kinase inhibitors on these

phosphoproteomes will also allow to decipher crucial signalling pathways taking place in

the erythrocyte cytosol.

5.4 Conclusion

We demonstrated that among the P. falciparum erythrocytic stages, only schizont stages

present several increased eryptosis hallmarks, namely increased PS exposure, calcium con-

tent and decreased cell size. Further, we have demonstrated for the first time that upon

invasion, iRBCs display a peak in PS exposure which is reversed within less than 12 hours.

Taken together, this suggests that Plasmodium falciparum invasion of RBCs triggers an

increase in PS exposure, followed by a repression of PS exposure during the ring and

trophozoite stages, and eventually by re-activation of eryptosis during late schizogony.
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This offers great perspective for host-targeted therapies. Indeed, many compounds targeting

“death proteins” and kinases already exist and are being used in the context of other diseases

[115]. Importantly, targeting pathways being hijacked by the parasite (therefore potentially

only active in iRBCs) could minimise off-target effects, whereby only iRBCs would be

affected by the drug [106]. In order to develop such therapies, more work is required to

decipher the molecular events of both eryptosis, and the manipulation of eryptosis by P.

falciparum. In particular, global phosphoproteomic analysis of erythrocytes upon invasion

by P. falciparum could significantly help filling this gap in knowledge.
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Chapter 6

The Role of Erythrocytic BCL-xL

During P. falciparum Infection

6.1 Introduction

In the perspective of developing host-targeted therapies as a novel antimalarial strategy,

host programmed cell death pathways are considered ideal targets. This is because api-

complexan parasites are known to manipulate their host cell death pathways in many

different cell types [198]. Further, many compounds targeting cell death pathways are al-

ready available and clinically approved [115]. The manipulation of the host cell death often

results in the pathogens being highly dependent on specific pathways, and can therefore

become particularly susceptible to interference with such pathways. For instance, P. falci-

parum appears to be heavily reliant on mitochondria-driven apoptosis during the liver stage

[106]. Indeed, inhibition of anti-apoptotic members of the BCL (B-cell lymphoma) family

increased death of infected cells and reduced the parasites burden [106]. Of particular in-

terest, the BH3-mimetic ABT-737 has been shown to eliminate liver stages of Plasmodium

spp. both in vitro and in murine models [106]. Although mature erythrocytes lack a mito-

chondrion, BCL-xL has been identified in this cell type by mass spectrometry [124]: its role

in erythrocytes remains to be investigated. Interestingly, inhibition of BCL-xL in mature

erythrocytes was found to induce eryptosis [125]. We therefore hypothesise that, similar

to liver stages, blood stages of P. falciparum interfere with its host cell eryptosis through

BCL-xL.

To elucidate if erythrocyte BCL-xL plays a critical role during P. falciparum infection,

we tested the impact of six BCL-xL inhibitors (including one FDA-approved drug) on P.

falciparum proliferation in vitro. To establish if BCL-xL has a role in eryptosis, we measured

eryptosis hallmarks of both uninfected red blood cells (uRBCs) and infected red blood cells

(iRBCs) exposed to three BCL-xL inhibitors. Finally, to define role of BCL-xL in uRBCs

and iRBCs, we determined its subcellular localisation and molecular binding partners.
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6.2 Results

6.2.1 Impact of BCL-xL inhibitors on P. falciparum growth in vitro

To determine whether erythrocytic BCL-xL is required for P. falciparum development, we

tested the antiparasitic ability of six BCL-xL inhibitors (described in Table 6.1), including

one FDA-approved compound (ABT-199) and one compound currently undergoing clinical

trials (ABT-263). The results of growth inhibition assays for each of these compounds are

shown in Figure 6.1. All six compounds significantly impacted Plasmodium proliferation,

although at various degrees: IC50 values were between 0.74µM (for ABT-263) and 10.27µM

(for A-1331852).

Table 6.1: BCL-xL inhibitors tested on P. falciparum viability (IC50) and their current clinical use.

IC50: half maximal inhibitory concentration. Ki: inhibitory constant (reflective of binding affinity).

Compound Date of de-

velopment

Current

clinical

trial

Indication Molecular

target

Peak

plasma

levels (in

humans)

IC50 on Pf

in vitro

ABT-737 2005 [128] No N/A (low

solubility

and bioavail-

ability)

BCL-2

∼BCL-xL

∼BCL-w

(Ki<1nM)

N/A 6.57µM

ABT-263

(Navitoclax)

2008 [129] Phase I/II Small Cell

Lung

Cancer;

Lymphoid

malignancies

BCL-2

∼BCL-xL

∼BCL-w

(Ki<1nM)

∼5.75µM

[130]

0.74µM

ABT-199

(Venclexta™,

Venclyxto,

Venetoclax)

2013 [133] FDA-

approved

(2016)

Chronic

lymphocytic

leukemia

BCL-2

(Ki<0.01nM)

BCL-xL

(Ki<48nM)

BCL-w (Ki

<245nM)

∼3.45µM

[134]

4.60µM

WEHI-539 2013 [136] Pre-clinical N/A (poor

physico-

chemical

properties)

BCL-xL

(IC50=1.1nM)

N/A 0.93µM

A-1155463 2014 [137] Pre-clinical N/A BCL-xL

(Ki<0.01nM)

N/A 4.70µM

A-1331852 2015 [138] Pre-clinical N/A BCL-xL

(Ki<0.01nM)

BCL-w

(Ki=4nM)

BCL-2

(Ki=6nM)

N/A 10.27µM
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Figure 6.1: BCL-xL inhibitors impair P. falciparum proliferation. In vitro asynchronous cultures of P. falciparum were cultured with a range of concentrations of BCL-xL inhibitors

(up to 50µM) for 72h. DNA content was measured as a proxy for parasite growth. IC50 concentrations are indicated for each compound in µM: ABT-737 (n=3), ABT-263 (n=3), ABT-199

(n=3), WEHI-539 (n=5), A-1155463 (n=6), A-1331852 (n=5). n: independent experiments, performed in triplicate. Data are represented as the mean and SD of independent experiments.
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6.2.2 Impact of BCL-xL inhibitors on eryptosis

In nucleated cells, BCL-xL has an anti-apoptotic role; therefore BCL-xL inhibitors induce

apoptosis. We hypothesise that likewise, BCL-xL has an anti-eryptotic role in mature

RBCs. To challenge this hypothesis, we tested if BCL-xL inhibitors induce erythrocyte

death.

We tested three ABT compounds for eryptosis induction. These ABT compounds (ABT-

737, ABT-263 and ABT-199) were designed to bind to the hydrophobic pocket of anti-

apoptotic BCL-2 proteins, such as BCL-xL, where BH3-only proteins (pro-apoptotic pro-

teins, such as BAX) are usually sequestered [128, 129, 133].

Based on the ABT compounds respective IC50 values, we used 5µM for ABT-236 (∼6-fold

the IC50); since the IC50 for ABT-737 and ABT-199 were more elevated, we used 10µM

(∼2-fold the IC50). Cultures of asynchronous parasites and uRBCs were incubated with

each compound for 4h in incomplete RPMI (iRPMI). Cells were then analysed by flow cy-

tometry as described in Chapter 4. The presence and developmental stage of the parasite

were detected based on RNA (Thiazole Orange) and DNA content (Hoechst), and eryptosis

hallmarks were assessed (PS exposure, cell size, intracellular calcium content and hemol-

ysis). Figure 6.2, 6.3 and 6.4 show eryptosis hallmarks of näıve RBCs, bystander RBCs,

and RBCs infected with ring, trophozoite and schizont stages in the presence of ABT-737,

ABT-263 and ABT-199. For each parasitic stage (ring, trophozoite and schizont) as well as

for uninfected RBCs (näıve and bystander), we tested whether treatment induced eryptosis

hallmarks compared to non-treated cells. We found that none of the compounds tested

induced multiple hallmarks of eryptosis in any of these cell populations, although 10µM

of ABT-199 induced hemolysis in P. falciparum cultures (p=0.059), but not in uRBCs

cultures. ABT-263 appeared to slightly increase eryptosis hallmarks of schizonts, although

not significantly.

Overall, BCL-xL does not appear to have anti-eryptotic capacities in mature RBCs, given

BCL-xL inhibition did not induce eryptosis. This has led us to conclude that eryptosis is

not the mechanism of action underpinning the antiparasitic activity of BCL-xL inhibitors

observed earlier.
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Figure 6.2: ABT-737 does not induce eryptosis of näıve erythrocytes or Plasmodium cultures. Näıve

erythrocytes or asynchronous cultures of P. falciparum were incubated 4h in iRPMI with 0 or 10µM ABT-737 (n=4).

PS exposure (A, B), cell size (C, D) and calcium content (E, F) were assessed by flow cytometry for näıve uRBCs

(light grey) (A, C, E), bystander uRBCs (dark grey), rings (orange), trophozoites (purple), schizonts (red) (B, D,

F). Hemolysis was measured by absorbance of the cell-free media (OD405) both for cultures of uRBCs (light grey) (G)

and P. falciparum cultures (pink) (H). Individual values of independent experiments in triplicates are shown with

the mean and SD. A t-test (näıve uRBCs and hemolysis) or an Ordinary one-way Anova with multiple Tukey tests

were performed. * : unless indicated otherwise, compare with bystander RBCs within the same condition. Treated

vs. untreated cells (uRBCs, rings, trophozoites and schizonts) were also compared but not statistically different.
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Figure 6.3: ABT-263 does not induce eryptosis of näıve erythrocytes or Plasmodium cultures. Näıve

erythrocytes or asynchronous cultures of P. falciparum were incubated 4h in iRPMI with 0 or 5µM ABT-263 (n=4).

PS exposure (A, B), cell size (C, D) and calcium content (E, F) were assessed by flow cytometry for näıve uRBCs

(light grey) (A, C, E), bystander uRBCs (dark grey), rings (orange), trophozoites (purple), schizonts (red) (B, D,

F). Hemolysis was measured by absorbance of the cell-free media (OD405) both for cultures of uRBCs (light grey) (G)

and P. falciparum cultures (pink) (H). Individual values of independent experiments in triplicates are shown with

the mean and SD. A t-test (näıve uRBCs and hemolysis) or an Ordinary one-way Anova with multiple Tukey tests

were performed. * : unless indicated otherwise, compare with bystander RBCs within the same condition. Treated

vs. untreated cells (uRBCs, rings, trophozoites and schizonts) were also compared but not statistically different.
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Figure 6.4: ABT-199 does not induce eryptosis of näıve erythrocytes or Plasmodium cultures. Näıve

erythrocytes or asynchronous cultures of P. falciparum were incubated 4h in iRPMI with 0 or 10µM ABT-199 (n=5).

PS exposure (A, B), cell size (C, D) and calcium content (E, F) were assessed by flow cytometry for näıve uRBCs

(light grey) (A, C, E), bystander uRBCs (dark grey), rings (orange), trophozoites (purple), schizonts (red) (B, D,

F). Hemolysis was measured by absorbance of the cell-free media (OD405) both for cultures of uRBCs (light grey) (G)

and P. falciparum cultures (pink) (H). Individual values of independent experiments in triplicates are shown with

the mean and SD. A t-test (näıve uRBCs and hemolysis) or an Ordinary one-way Anova with multiple Tukey tests

were performed. * : unless indicated otherwise, compare with bystander RBCs within the same condition. Treated

vs. untreated cells (uRBCs, rings, trophozoites and schizonts) were also compared but not statistically different.
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6.2.3 Effect of WEHI-539 on P. falciparum over time

Among the six BCL-xL inhibitors tested, ABT-263 and WEHI-539 exhibited the lowest IC50

values (Figure 6.1, 0.74µM and 0.93µM, respectively). While ABT-263 targets two other

molecules of the BCL-2 family (BCL-2 and BCL-w), WEHI-539 is a very specific inhibitor

of BCL-xL (see Table 6.1). We therefore decided to investigate the impact of WEHI-539

on parasite development and host cell eryptosis over two parasitic cycles.

As described in Chapter 4B (page 87) and Chapter 5, a synchronised culture of P. falci-

parum (set up at 1% ring stages), was analysed by flow cytometry every 12h, in the presence

or absence of 1µM WEHI-539. Figure 6.5 shows the parasitemia, DNA and RNA content

per iRBCs, eryptosis hallmarks (PS exposure, cell size and intracellular calcium content)

of iRBCs, as well as representative images of iRBCs at each time point. We tested the im-

pact of WEHI-539 (bright coloured lines) compared to the no-drug control (light grey lines).

We observed that WEHI-539 impacted parasitemia, seemingly at the schizont stage and/or

at the reinvasion step (Figure 6.5A-C and G). Although between 12h and 36h of cycle 2

the difference in parasitemia between the presence and absence of WEHI-539 was not sig-

nificant, there were replicates that were slightly affected by the presence of the drug, with

only a small increase in parasitemia during the second cycle. The difference in parasitemia

became significant at 48h of cycle 2 / 0h of cycle 3 (p=0.001): without drug, parasites mul-

tiplied to reach a parasitemia of 11%, while in the presence of the drug, parasitemia stalled

at 4.2%. DNA replication seemed to be affected by the presence of WEHI-539, especially

during the second cycle (the drug nearly halved the DNA content at 48h; p=0.0052). The

RNA content was also slightly but significantly diminished by the presence of WEHI-539

at 36h of both cycle 1 and cycle 2 (p=0.0234 and 0.0399 respectively), and at 48h of cycle

2 (p=0.0166). Phenotypically, no striking differences were observed, although a subset of

parasites appeared dead by microscopy from 36h of the second cycle in the presence of

WEHI-539 (not shown).

Regarding the impact of WEHI-539 on eryptotic phenotypes of iRBCs, no significant

changes of PS exposure and calcium contents were observed compared to the no-drug con-

trol. Regarding iRBC size, however, the schizonts appeared bigger in the presence of the

drug, both in cycle 1 (p=0.047) and in cycle 2 (p=0.0069). On the other hand, the newly

formed rings of cycle 3 appeared smaller than without the drug (p=0.0206).

Overall, it seemed that WEHI-539 impacted the parasite’s ability to replicate (lowered

parasitemia, DNA and RNA content), but did not appear to affect eryptosis induction,

despite changes in cell size at the schizont stages.
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(light grey lines) 1µM WEHI-539 was analysed every 12h for 84h by flow cytometry: (A) parasitemia, (B) DNA content, (C) RNA content, (D) PS exposure, (E) cell size and (F)

intracellular calcium content. (G) Phenotypic observation of parasites were conducted by thin blood smears. Whisker boxes (mean, 25th, 75th percentil, min and max) of N=4 independent

experiments in triplicate are shown. T-tests were used to compare the condition with and without WEHI-539 at each timepoint.
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6.2.4 Subcellular localisation of BCL-xL in uRBCs and iRBCs

In nucleated cells, BCL-xL role in apoptosis is highly dependent on its localisation. We

therefore investigated the subcellular localisation of BCL-xL in uRBCs and iRBCs.

Proteins from uRBCs and magnet-purified trophozoite-iRBCs were extracted, and samples

normalised by cell number. The MPER detergent lysed all the membranes, providing the

“total” protein content; saponin lysed the RBC membrane but not the parasite’s mem-

brane, therefore giving the RBC “cytoplasmic content” (i.e. the soluble fraction) and the

“membranes fraction” (i.e. the insoluble fraction, which included the parasite in the case

of iRBCs) (Figure 6.6A). The equivalent of 107 cells were loaded per lane, in addition to

the breast cancer cell line (MDA-MB231) lysate as a positive control. The same Western

Blot was probed with antibodies against BCL-xL, Carbonic Anhydrase I (CA-I), protein

4.1 and PfHSP70.1 (Figure 6.6A). CA-I, Protein 4.1 and PfHSP70 were used as markers

for the RBC cytosol, the RBC membrane and the parasite, respectively.

Figure 6.6: Erythrocytic BCL-xL relocates upon infection. (A) Western Blot of 107 uRBCs or 107 iRBCs:

total protein extraction (tot – solubilised with MPER), cytosolic content (cyto – soluble fraction of a saponin lysis)

or membrane fraction (Mb – insoluble fraction of a saponin lysis; the whole parasite localises to the membrane

fraction). BCL-xL localises to the erythrocytic cytosolic fraction in uRBCs, and a proportion of BCL-xL localises

to the membrane fraction in iRBCs. Control is protein extraction from MDA-MB 231 (breast cancer cell line). (B)

Immunofluorescence assay of Plasmodium-infected erythrocytes. Both BCL-xL (in green) and BAD (in red) proteins

are detected in the vicinity of the parasite. DAPI stains the parasite nucleus. The erythrocyte membrane is visible

by Bright Field. (Credit: Dr Teresa Carvalho).

Carbonic Anhydrase-I (CA-I) is an abundant cytosolic enzyme in erythrocytes [145]: in

Figure 6.6A, CA-I was only detected in total and cytosolic fractions of both uRBCs and

iRBC. Protein 4.1 is a major cytoskeletal protein of erythrocytes [214] and was only de-

tected in total and membrane fractions of both uRBCs and iRBCs (although the signal

intensities were variable). PfHSP70.1 is a P. falciparum protein localised to the parasite
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cytoplasm and nucleus [215]; it was only detected in the total and membrane fractions of

the iRBCs. Overall, the controls indicate that the lysis was successful, and the membrane

and cytosolic fractions were not cross-contaminated.

BCL-xL was detected exclusively in the cytosol of uRBCs. However, in iRBCs, BCL-xL is

detected in both the cytosolic and the membrane fractions, suggesting that upon P. falci-

parum infection of RBCs, BCL-xL becomes associated with RBC or parasite membranes, or

is imported inside the parasite. Only one Western Blot is shown, but I was able to observe

this localisation shift on Western Blots consistently.

The BCL-xL signal on Western Blots appeared as a double band in RBCs, but not in the

breast cancer cell control. Interestingly, the upper band (not found in the control) seemed

to be mainly present in uRBCs, with a lower signal in iRBCs. This observation is discussed

in details in the Discussion Section 6.3.

To further investigate the subcellular localisation of BCL-xL in P. falciparum infected

erythrocytes, we performed an immunofluorescence assay (IFA) (Figure 6.6B). BCL-xL

is shown in green, BAD (another apoptotic regulator not discussed here) in red, and the

parasite nucleus in blue. BCL-xL is detected surrounding the parasite and is not observed

at the RBC membrane.

In summary, BCL-xL was localised by Western Blot and IFA analysis in the cytosol of

uRBCs and appears to be recruited near/to the parasite upon infection.

6.2.5 BCL-xL changes in binding partners upon infection

The anti-apoptotic role of BCL-xL in nucleated cells is strictly dependent on its binding

partners. Typically, binding of BCL-xL to BAX and BAK indicates anti-apoptotic activity,

whereas binding of BCL-xL to BAD indicates pro-apoptotic activity. Therefore, we aimed

to identify the specific binding partners of BCL-xL in uRBCs and iRBCs.

We performed a first immunoprecipitation of BCL-xL from uRBCs and iRBCs: although

BCL-xL was successfully identified, we failed to identify any known binding partners of

BCL-xL previously described in nucleated cells. The reason behind this could be that

BCL-xL has specific binding partners in RBCs that are distinct from binding partners in

nucleated cells. Therefore, we repeated the experiment, but this time, in the presence

or absence of 5µM WEHI-539 for 4h. In nucleated cells, WEHI-539 inhibits BCL-xL by

displacing its binding partners from the BH3 domain-binding groove [136]. We therefore

expected BCL-xL binding partner candidates in RBCs to be displaced by WEHI-539.
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- BCL-xL was successfully pulled-down

uRBCs and trophozoite-iRBCs were incubated 4h in the presence of 5µM WEHI-539, or the

vehicle DMSO. Cells were counted, proteins were extracted, and BCL-xL was pulled-down

using a specific antibody attached to magnetic beads (see details in Chapter 3 Section

3.4.7). As a negative control, similar protein samples were incubated with beads alone

(without the BCL-xL antibody). Overall, samples were: uRBC proteins incubated with

beads alone, BCL-xL immunoprecipitation (IP) from DMSO-treated uRBCs, BCL-xL IP

from WEHI-539-treated uRBCs, iRBC proteins incubated with beads alone, BCL-xL IP

from DMSO-treated iRBCs, BCL-xL IP from WEHI-539-treated iRBCs.

Western Blot analysis of the BCL-xL immunoprecipitation (IP) from three independent

experiments was conducted to interrogate the successful pull-down on BCL-xL (Figure 6.7):

a band at the expected size (30kDa) confirmed the presence of BCL-xL in the IP samples,

but not in the negative controls (beads alone).

Figure 6.7: Western Blot analysis of BCL-xL immunoprecipitation from uRBCs and iRBCs. Western

Blot of BCL-xL-IP from uRBCs, iRBCs exposed to 5µM of WEHI-539 for 4h. “Beads”: protein lysate incubated with

beads alone (without anti-BCL-xL antibody). “IP”: protein lysate incubated with beads and anti-BCL-xL antibody.

“DMSO”: vehicle control; cells were incubated 4h in presence of DMSO. “WEHI” or “W”: cells were incubated 4h

in presence of the BCL-xL inhibitor WEHI-539. “Ab”: bands corresponding to the BCL-xL antibody. “#”: beads

alone control consisting of half DMSO-treated cells and half of WEHI-539-treated cells.

123



CHAPTER 6. ROLE OF ERYTHROCYTIC BCL-XL DURING INFECTION

The pull-down samples were further analysed by mass spectrometry, with the help of Dr

Ghizal Siddiqui (Creek Laboratory, Monash Institute of Pharmaceutical Sciences). Numer-

ous peptides were identified, including peptides belonging to the human protein BCL2-L1

(Table 6.2). Differential splicing of the bcl2-l1 gene can produce either BCL-xL or BCL-xS

proteins [216]. All peptides identified in this experiment shared 100% homology with BCL-

xL and most were identified several times across different samples. Importantly, peptides

3 and 5 are specific of BCL-xL and do not align with BCL-xS. Figure 6.8 maps these pep-

tides on the BCL-xL amino acid sequence: overall a significant coverage of the protein was

achieved, including important domains of BCL-xL such as BH1, BH3 and BH4.

Table 6.2: BCL-xL peptides identified by mass spectrometry. All the BCL2-L1 peptides identified by mass

spectrometry were aligned to the BCL-xL amino acid sequence (using BLAST NCBI): an alignment schematic is

presented in Figure 6.8. The total score (alignment score) is calculated by giving a value to each aligned amino acid

and summing these over the length of the peptide sequence. E value, or Expected value, represents ‘the number of

hits one can “expect” to see by chance when searching a database of a particular size’ (NCBI). In the last column,

I summarised how many times we identified this specific peptide, and in how many different conditions. The first

peptide was only identified in uRBCs.

Peptide

number

Peptide

sequence

Peptide

length

Total

score

E value Percentage

identity)

Correspon-

ding a.a.

position

in

BCL-xL

Peptide

identified #

times, in #

different

conditions

Peptide 1 AFSDLTS

QLHITPG

TAYQSFE

QVVNELFR

29 63.2 6x10-19 100% 104-132 2 times

2 cond.

(uRBCs)

Peptide 7 GYSWSQF

SDVEENR

14 33.1 5x10-8 100% 21-24 17 times

17 cond.

Peptide 6 ELVVDFLSYK 10 24.3 7x10-5 100% 7-16 21 times

19 cond.

Peptide 4 EVIPMAAVK 9 21.9 4x10-4 100% 79-87 26 times

14 cond.

Peptide 2 EAGDEFELR 9 21.6 6x10-4 100% 92-100 17 times

17 cond.

Peptide 5 DGVNWGR 7 20.0 2x10-3 100% 133-139 4 times

4 cond.

Peptide 3 EMQVLVSR 8 18.9 5x10-3 100% 158-165 15 times

12 cond.
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Figure 6.8: Mapping of BCL-xL peptides identified in the IP experiment, on the BCL-xL amino acid

sequence. Peptides identified by mass spectrometry of the BCL-xL IP (listed in Table 6.2) are shown in light blue.

The BCL2-Homology domains (BH1-4) are shown in orange, the phosphorylation sites in blue, calpain and caspase

cleavage sites in purple, and transmembrane domain in green.

The number of BCL-xL peptides identified per sample and their average LFQ intensities

(Label-Free Quantitation; an intensity normalised across all the samples) are summarised

in Table 6.3. Overall, depending on the experiment, zero or one BCL-xL peptide was

identified in “beads alone” controls, with low intensities when a peptide was detected. In

contrast, a minimum of three peptides per replicate was detected in the IP samples, with

LFQ intensities in the 107-108 range. This demonstrates that we successfully pulled down

BCL-xL.
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Table 6.3: Number and intensity of BCL-xL peptides identified in each sample. For each condition (uRBC beads alone, uRBC DMSO, uRBC WEHI-539, iRBC beads alone,

iRBC DMSO, iRBC WEHI-539), the number of replicates (n), the number of BCL-xL peptides identified and their corresponding LFQ intensities are indicated. LFQ intensities are calculated

through a normalisation procedure across all the samples [150].

uRBC uRBC uRBC iRBC iRBC iRBC

Beads alone DMSO WEHI Beads alone Beads DMSO Beads WEHI

(n=2) (n=4) (n=4) (n=3) (n=5) (n=4)

Number of

BCL-xL

peptides

identified

LFQ

intensity

Number of

BCL-xL

peptides

identified

LFQ

intensity

Number of

BCL-xL

peptides

identified

LFQ

intensity

Number of

BCL-xL

peptides

identified

LFQ

intensity

Number of

BCL-xL

peptides

identified

LFQ

intensity

Number of

BCL-xL

peptides

identified

LFQ

intensity

0 - 6 3.56x108 5 4.00x108 1 - 6 2.30x108 6 3.28x108 Rep1

0 - 5 3.80x108 6 3.43x108 0 - 4 1.20x108 5 1.31x108 Rep2

5 3.84x108 6 1.28x108 1 1.95x106 6 1.60x108 5 5.40x107 Rep3

4 1.28x108 5 1.45x108 3 2.92x107 3 3.45x107 Rep4

3 7.40x107 Rep5
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- BCL-xL binding partner candidates in uRBCs (disrupted by WEHI-539)

In order to identify potential BCL-xL binding partners in uRBCs which are disrupted by

the presence of the BCL-xL inhibitor WEHI-539, we listed human proteins identified in

DMSO-treated uRBCs, but not identified (or identified in low abundance) in WEHI-539-

treated uRBCs (Table 6.4). The most promising candidate was calpain-1 (or µ-calpain),

as it was identified in 3 of the 4 DMSO replicates and never identified in the WEHI-539

samples.

Table 6.4: BCL-xL binding partner candidates: in uRBCs, disrupted by WEHI-539. Summary of the

proteins identified in the uRBC DMSO samples, and not identified (or identified in low abundance) in presence of

WEHI-539, i.e. specific BCL-xL binding partners in uRBCs, displaced by the BCL-xL inhibitor. I selected the

proteins that have a count of 2 or more in uRBC DMSO, and a count of 0 or 1 in the uRBC WEHI samples. Sort

from largest to smallest average LFQ intensity (uRBC DMSO). Based on the counts and average intensities, calpain-1

appears as the only likely BCL-xL binding partner in this experiment.

uRBC

DMSO

(n=4)

Average

Intensity

uRBC

WEHI

(n=4)

Average

Intensity
Gene name Protein

3 1.33x107 0 - CAPN1 Calpain-1 catalytic subunit

2 1.33x107 1 1.48x107 PSMA1 Proteasome subunit alpha type-1

2 8.35x106 1 9.23x106 COPS6
COP9 signalosome complex sub-

unit 6

2 6.89x106 1 8.63x106 PSMD6
26S proteasome non-ATPase regu-

latory subunit 6

4 6.63x106 1 2.40x107 ST13 Hsc70-interacting protein

2 6.43x106 0 - PKP1 Plakophilin-1

2 6.26x106 0 - ARIH2 E3 ubiquitin-protein ligase ARIH2

2 5.18x106 1 3.31x106 BLVRA Biliverdin reductase A (Fragment)

2 4.72x106 0 - GMPPA
Mannose-1-phosphate guanyl-

transferase alpha

2 4.70x106 1 9.13x106 ALDH16A1
Aldehyde dehydrogenase family 16

member A1

2 4.61x106 1 7.71x106 ALDH1A1 Retinal dehydrogenase 1

2 2.82x106 0 - NSF Vesicle-fusing ATPase

Building on the identification of µ-calpain as a binding partner candidate of BCL-xL in

uRBCs, and the relocalisation of BCL-xL upon infection, I analysed the subcellular lo-

calisation of µ-calpain in uRBCs and iRBCs (Figure 6.9). An anti-spectrin antibody was

used as a RBC membrane marker, and spectrin was successfully detected in the total and

membrane fraction of iRBCs, but unfortunately not in uRBCs samples. PfHSP101, a par-

asite membrane marker, was detected only in iRBCs. PfHSP101 was identified in the total

and membrane fractions, as expected, but a lower intensity signal was also observed in the

cytosolic fraction, indicating possible contamination of the cytosolic fraction with material

from the membrane fraction. Importantly, carbonic anhydrase-1 (CA-I), a RBC cytosolic

marker, was only detected in the total and cytosolic fractions of both uRBCs and iRBCs,
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indicating that no cytosolic content had “leaked” into the membrane fraction.

Overall, we observed that µ-calpain presented a similar pattern to BCL-xL: it was localised

in the cytosol of uRBCs and shifted to the membrane fraction in iRBCs.

Figure 6.9: Erythrocytic µ-calpain relocates upon infection. Western Blot of 107 uRBCs or 107 iRBCs:

total protein extraction (tot – solubilised with MPER), cytosolic content (cyto – soluble fraction of a saponin lysis) or

membrane fraction (Mb – insoluble fraction of a saponin lysis; the whole parasite localises to the membrane fraction).

µ-Calpain localises to the erythrocytic cytosolic fraction in uRBCs, and a proportion of µ-calpain localises to the

membrane fraction in iRBCs.

- BCL-xL binding partner candidates in iRBCs (disrupted by WEHI-539)

In order to identify potential BCL-xL binding partners in iRBCs which are disrupted by

the presence of the BCL-xL inhibitor WEHI-539, we listed human and plasmodial proteins

identified in DMSO-treated iRBCs, but not identified (or identified in low abundance)

in WEHI-539-treated iRBCs (Table 6.5). The most promising candidate was the human

protein SHOC-2, as well as, to a lesser extent, the malaria protein MAL13P1.36.
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Table 6.5: BCL-xL binding partner candidates: in iRBCs, disrupted by WEHI-539. These are the proteins found in the iRBC DMSO samples, and not identified (or identified

in low abundance) in the presence of WEHI-539, i.e. specific BCL-xL binding partners in iRBCs, displaced by the inhibitor. Proteins that had a count of 2 or more in iRBC DMSO, and a

count of 0 or 1 in the iRBC WEHI samples were selected. Sorted from largest to smallest average LFQ intensity (iRBC DMSO).

Human proteins

iRBC

DMSO

(n=5)

Average

Intensity

iRBC

WEHI

(n=4)

Average

Intensity

Gene

name
Protein

3 6.28x107 0 - SHOC2

Leucine-rich repeat

protein SHOC-2

(Fragment)

2 8.43x106 0 - CCT6B
T-complex protein 1

subunit zeta-2

2 5.00x106 0 - ANXA1 Annexin A1

2 1.37x106 0 - ANP32A

Acidic leucine-rich nu-

clear phosphoprotein

32 family member A

3 1.08x106 1 4.64x106 PAICS
Multifunctional

protein ADE2

Plasmodium proteins

iRBC

DMSO

(n=5)

Average

Intensity

iRBC

WEHI

(n=4)

Average

Intensity

Gene

name
Protein

2 9.94x106 1 5.72x106
MAL13

P1.36

Uncharacterized

protein

2 5.47x106 1 3.74x106 PF14 0111
Uncharacterized

protein

2 4.94x106 0 -
MAL13

P1.284

Pyrroline carboxylate

reductase

2 3.27x106 0 - PFL0675c
Uncharacterized

protein

2 3.06x106 1 5.10x106 PF11 0142
Uncharacterized

protein
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- BCL-xL binding partner candidates specific of iRBCs (disrupted by WEHI-

539, not found in uRBCs)

In order to identify BCL-xL complexes formed upon Plasmodium infection specifically, and

disrupted by the presence of WEHI-539, we listed human and plasmodial proteins identified

in DMSO-treated iRBCs, but not identified (or identified in low abundance) in uRBCs and

in WEHI-539-treated iRBCs (Table 6.6). The most promising candidate was again human

SHOC-2 protein, detected in 3 out of 5 replicates of the DMSO-treated iRBC samples, with

the highest intensity, and not identified at all in the other conditions.
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Table 6.6: BCL-xL binding partner candidates: specific to iRBCs, disrupted by WEHI-539. These are the proteins found in the iRBC DMSO but not uRBC DMSO or iRBC

WEHI samples, i.e. binding partners of BCL-xL specific of iRBCs and disrupted in the presence of the inhibitor. Proteins that had a count of 2 or more in iRBC DMSO, and 0 or 1 in uRBC

DMSO and iRBC WEHI were selected.

Human proteins

iRBC

DMSO

(n=5)

Average

Intensity

iRBC

WEHI

(n=4)

uRBC

DMSO

(n=4)

uRBC

WEHI

(n=4)

Gene

name
Protein

3 6.28x107 0 0 0 SHOC2

Leucine-rich repeat

protein SHOC-2

(Fragment)

2 8.43x106 0 1 1 CCT6B
T-complex protein

1 subunit zeta-2

2 5.00x106 0 1 1 ANXA1 Annexin A1

Plasmodium proteins

iRBC

DMSO

(n=5)

Average

Intensity

iRBC

WEHI

(n=4)

uRBC

DMSO

(n=4)

uRBC

WEHI

(n=4)

Gene

name
Protein

2 9.94x106 1 0 0
MAL13

P1.36

Uncharacterized

protein

2 5.47x106 1 0 0 PF14 0111
Uncharacterized

protein

2 4.94x106 0 0 0
MAL13

P1.284

Pyrroline carboxy-

late reductase

2 3.27x106 0 0 0 PFL0675c
Uncharacterized

protein

2 3.06x106 1 0 0 PF11 0142
Uncharacterized

protein

2 2.89x106 1 0 0
MAL8

P1.93

Uncharacterized

protein

2 2.84x106 1 0 0 PFB0125c
Conserved Plas-

modium protein

2 2.40x106 0 0 0 PFI1115c

Pre-mRNA

splicing factor,

putative
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6.3 Discussion

6.3.1 BCL-xL inhibitors impair erythrocytic growth of P. falciparum

We have demonstrated that six BCL-xL inhibitors impair in vitro growth of P. falciparum.

In particular, the FDA-approved drug ABT-199 displayed an IC50 of 4.6µM, within the same

range as peak plasma concentrations observed in patients [134]. In addition, ABT-263 (a

drug currently in clinical trials for solid tumors [130, 131]) and WEHI-539 (a highly spe-

cific inhibitor of BCL-xL) displayed the lowest IC50 values (0.74 and 0.93µM respectively).

Importantly, the IC50 value of ABT-263 was ∼2- to 8-fold lower than the peak plasma

concentrations measured in treated humans: in an escalation study, the peak plasma con-

centrations reported were between 1.3µM and 5.75µM [130]. This indicates that its bioavail-

ability should not be an issue, making both ABT-199 and ABT-263 promising candidates

as antimalarial treatments.

Considering that the concentrations used here encompassed inhibition of several BCL-2

family members, we cannot exclude that the antiparasitic activity observed was due to the

inhibition of members other than BCL-xL. Unfortunately, very little is known about BCL-2

proteins in RBCs. Besides BCL-xL, only BID, BCL-10, BAD [124] and BAK [125] have

been identified by mass spectrometry and Western Blot, respectively. Importantly, BCL-2

has never been identified in erythrocytes, suggesting that the ABT compounds tested acted

through inhibition of BCL-xL.

In addition, although P. falciparum has not been found to express BCL-xL orthologs [193],

we cannot exclude the possibility that the compounds targeted a parasite factor. To address

the possibility that P. falciparum factors are targeted, we could try to generate parasite

lines resistant to these BCL-xL inhibitors (via continuous exposure to high concentration

of these drugs), and sequence the whole genome of such resistant parasites. To address the

hypothesis that the host BCL-xL is required for P. falciparum blood development, future

experiments could include to genetically engineer human hematopoietic stem cells, knock-

out the bcl-2l1 gene, differentiate them into mature RBCs and assess P. falciparum ability

to develop. Alternatively, a more accessible experiment would be to assess murine Plas-

modium spp. ability to grow in BCL-xL inducible knock-out mice [121].

BCL-xL inhibitors have been found to impair Plasmodium liver stages [106]. We have

demonstrated that they present a similar effect on Plasmodium blood stages, which opens

exciting antimalaria therapeutical avenues. Having an antimalarial drug able to target

several stages of the parasite would be extremely beneficial. In this instance, we could

even rely on an already-approved drug (ABT-199) or a drug currently in clinical trials

(ABT-263).
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6.3.2 BCL-xL inhibitors do not induce eryptosis

BCL-xL inhibitors induce apoptosis in nucleated cells and a previous study found a BH3-

mimetic induced eryptosis of mature RBCs [125]. We therefore hypothesised the BCL-xL

inhibitors we tested would induce eryptosis, both in uRBCs and iRBCs, and anticipated

the antiparasitic effect of these compounds to be linked to eryptosis. However, none of

the three ABT compounds tested (ABT-737, ABT-263 and ABT-199) induced eryptosis

of uRBCs or iRBCs. This suggests that BCL-xL does not have anti-eryptotic capacities,

although it should be noted that it is possible that anti-eryptotic properties would man-

ifest only in the presence of a pro-eryptotic signals. Moreover, the eryptosis assays were

conducted upon a 4h incubation with the ABT compounds, while the IC50 assays consist

of a 72h incubation: we can therefore not exclude that the ABT compounds would induce

eryptosis upon a longer stimulation. However, inhibition of BCL-xL with WEHI-539 over

84h (discussed below) did not induce significant eryptosis of iRBCs.

Overall, our data indicates that BCL-xL inhibitors likely kill P. falciparum through a mech-

anism independent of eryptosis.

6.3.3 WEHI-539 impaired schizogony

The highly specific BCL-xL inhibitor WEHI-539 displayed a sub-micromolar IC50 on P. fal-

ciparum. To investigate the effect of BCL-xL inhibition on P. falciparum development and

eryptosis hallmarks of different parasite stages over time, we analysed the effect of WEHI-

539 on the development of synchronised P. falciparum and eryptosis of iRBCs along two

erythrocytic cycles.

The observed reduction in parasitemia, DNA and RNA content at schizont stages indi-

cated that WEHI-539 impaired schizogony. We also found that in the presence of the drug,

schizonts appear larger than without the drug: considering that under normal conditions,

schizont-iRBCs diminish in size (as measured by flow cytometry, see Chapter 5), we think

that this is further indicative of impaired parasite development. However, eryptosis of the

infected cells was not observed. In particular, there was no increase of PS exposure over

the entire experiment.

The results from this experiment, together with the previous observations (eryptosis assays

with ABT compounds), reject the hypothesis whereby BCL-xL has a protective role against

eryptosis. However, assuming BCL-xL-specific inhibitors do not display off-target effects

on parasites, our data indicates that the host BCL-xL is required for the intra-erythrocytic

development of P. falciparum.
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6.3.4 BCL-xL is recruited to the parasite upon infection

Considering that, in nucleated cells, the role of BCL-xL is highly dependent on its locali-

sation, we investigated its subcellular localisation in näıve and infected erythrocytes. We

established that BCL-xL is strictly cytosolic in näıve erythrocytes, and partially localises

around the parasite upon infection. The cytosolic presence of BCL-xL in mature RBCs is

not in accordance with a previous study [125], where BCL-xL was found to be localised at

the membrane of RBCs. However, Walsh et al. did not control for successful lysis of the

RBCs (i.e. no probing of cytosolic protein) and did not analyse the cytosolic fraction alone

(only membrane and whole lysate); which may explain the discrepancy with our observa-

tions.

Additional preliminary data (Western Blot not shown) suggests that WEHI-539 did not

prevent the localisation shift of BCL-xL, suggesting that BCL-xL recruitment towards the

parasite is not performed by classical BCL-xL binding partners.

The recruitment of BCL-xL to the parasite (either to the parasitophorous vacuole mem-

brane, the parasite membrane, or the parasite itself) was a novel and exciting finding.

Indeed, P. falciparum is known to export considerable number of proteins to its host cell,

including a majority to the RBC membrane, but only a few examples of human proteins

have been shown to be recruited by the parasite. Beside the erythrocytic haemoglobin im-

ported within the parasite as a nutrient source, P. falciparum was demonstrated to import

the following human proteins into its cytosol: redox-active protein peroxiredoxin 2 (hPrx-2,

hTPx1) [217], catalase, superoxide dismutase 1, flavin reductase, paraoxonase, and lacto-

ferrin [218]. The human protein LANCL1 is also recruited, not into the parasite itself, but

to the Maurer’s clefts, localised in the RBC cytosol [219]. BCL-xL might therefore be one

of the few human proteins recruited to the parasite during infection. Further work using

methods such as cryo super-resolution light and electron microscopy would enable to inves-

tigate the exact localisation of BCL-xL (at the parasitophorous vacuole membrane, within

the vacuole, at the parasite membrane or within the parasite).

6.3.5 Differential phosphorylation of host BCL-xL upon infection?

In nucleated cells, BCL-xL has been shown to be phosphorylated on Ser-49 by Polo Kinase

3, PLK3 [220], as well as on Ser-62 by Cyclin Dependent Kinase 1 and 2, CDK1 and 2

[221, 222]. In such systems, Ser-49 phospho-BCL-xL (pBCL-xL) has a role in cell cycle

regulation, in particular stabilising G2 arrest before mitosis occurs [220]. Phosphorylation

on Ser-62 by CDK1 and CDK2 was found to be pro-apoptotic, by reducing binding of

pBCL-xL to BAX, as well as leading to mitotic arrest [223, 221, 222].

Our Western Blot analyses have shown that the BCL-xL signal appears as a double band

in both uRBCs and iRBCs, but not in the cancer cell line positive control (Figure 6.6 and
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6.7). Protein phosphorylation is one of the most common protein modifications and leads

to slightly higher molecular weights; when detected on Western Blots, phosphorylated pro-

teins therefore appear as a slightly higher band than the unphosphorylated protein [224].

Therefore, the BCL-xL higher molecular weight band we observed may correspond to a

phosphorylated version of BCL-xL (pBCL-xL). Interestingly, this potential pBCL-xL signal

appears weaker in iRBCs compared to uRBCs. In which case the invasion by P. falciparum

would induce BCL-xL dephosphorylation, either via a human or parasitic phosphatase.

Unfortunately, our work did not identify phosphorylated BCL-xL - either in the phospho-

proteomic library described in Chapter 5, nor in the BCL-xL immunoprecipitation (we did

not identify any peptides covering the phosphorylation sites). Regarding kinases known to

phosphorylate BCL-xL in nucleated cells, our proteomic library did detect CDK1, 2 and

3, but not PLK3. Although human CDKs are known to be important for erythropoiesis

[225], their role during P. falciparum infections has not been investigated. Interestingly,

CDK inhibitors were reported to impair erythrocytic development of Plasmodium spp. and

Babesia bovis, although the authors suggest this effect was due to the inhibition of parasitic

kinases [226, 227].

Overall, the role of BCL-xL and pBCL-xL in nucleus- and mitochondrion-deprived erythro-

cytes remains a mystery. It would be interesting to further investigate phosphorylation

status of BCL-xL in uRBCs and iRBCs, for instance using phospho-specific BCL-xL anti-

bodies on uRBCs and iRBCs protein samples on Western Blots. In this project, to entangle

the unknown role of BCL-xL in erythrocytes, we aimed to identify molecular complexes of

BCL-xL in näıve and infected erythrocytes; this was done by immunoprecipitation of BCL-

xL.

6.3.6 Lack of classical BCL-xL binding partners in erythrocytes

Surprisingly, we did not identify any known binding partners of BCL-xL (BAK, BAX or

BAD) in our pull-down experiments and all the co-immunoprecipitated proteins have never

been described to form complexes with BCL-xL and do not contain BH3-like domains

which could explain such an interaction. Therefore, it is important we exercise caution

in our interpretation of these results. Nevertheless, the possibility that BCL-xL may have

an unusual role and unusual binding partners in mature RBCs is intriguing and warrants

further investigations.

- µ-Calpain as a binding partner of BCL-xL in uRBCs

In uRBCs, the most prominent binding partner candidate we identified was µ-calpain (or

calpain-1). µ-calpain is a calcium-dependent cysteine protease involved in apoptosis and

eryptosis [228, 205]. Importantly, µ-calpain can cleave BCL-xL N-terminus, on position 42

[216] and the generated sequences are expected to weigh 4.9kDa and 21.2kDa respectively

(using a protein molecular weight calculator with the BCL-xL amino acid sequence avail-

able on UniProt). It is therefore unlikely that this cleaved version of BCL-xL explains the

135



CHAPTER 6. ROLE OF ERYTHROCYTIC BCL-XL DURING INFECTION

double band observed on Western Blots. This would imply that in uRBCs, µ-calpain binds

to BCL-xL without cleaving it.

Interestingly, the subcellular localisation of µ-calpain (as detected on Western Blot, Figure

6.9) has a similar pattern to BCL-xL. This could indicate that µ-calpain is also recruited to

the parasite / parasitophorous vacuole, similarly to BCL-xL, or to the RBC membrane (or

a combination of those). However, it is important to note that µ-calpain was not identified

as a binding partner candidate of BCL-xL in iRBCs, suggesting that the relocalisation of

µ-calpain is independent of BCL-xL’s own relocalisation. We know that P. falciparum hi-

jacks human calpain at the schizont stage to facilitate egress. Indeed, Chandramohanadas

et al. (2009) demonstrated the same shift in localisation we observed here (from cytosolic

to membrane fraction) during the last hours of P. falciparum development (46-48h) [204].

This shift in localisation correlated with protease activation. However, the specific subcel-

lular location of µ-calpain (at the RBC membrane, the parasitophorous vacuole membrane

and/or the parasite) remains to be identified. Of note, µ-calpain is a protease activated

by calcium binding: we have shown in Chapter 5 that schizonts display increased levels

of intracellular calcium, although we did not investigate whether the increase was also ob-

served in the RBC cytosol. The increased calcium might therefore be responsible for the

activation of µ-calpain and its role in parasite egress.

Overall, the role of BCL-xL and calpains in uRBCs is to be further explored. In future

experiments, an immunoprecipitation of µ-calpain coupled with mass spectrometry would

allow to confirm its interaction with BCL-xL, and a more precise localisation of µ-calpain

in iRBCs would provide us with further insights about its role during egress.

- SHOC-2 as a binding partner of BCL-xL specifically in iRBCs

We identified the human protein SHOC-2 as a potential binding partner of BCL-xL specif-

ically in iRBCs. This suggests that upon invasion, a BCL-xL-SHOC-2 complex might

perform an important function for the parasite development.

SHOC-2 is comprised of many leucine-rich repeats, conferring its ability for protein-protein

interactions. In nucleated cells, SHOC-2 was found to be a positive regulator in the

RAS/ERK/MEK kinase signalling cascade: it can bind to M-Ras and Raf-1, and is tar-

geted to late endosomes [229]. SHOC-2 also functions as a subunit of protein phosphatase

1c (PP1c), which dephosphorylates an inhibitory serine, and therefore activates, Raf-1 [230].

However, the role of SHOC-2 in human erythrocytes in unknown. In mice, shoc2 knock-out

resulted in early embryonic lethality, while in zebrafish, its deletion resulted in important

defects in erythropoiesis, suggesting a role of SHOC-2 in erythrocytes generation [231].

Interestingly, it has been previously shown that P. falciparum relies on host proteins within
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the MAPK pathway for its development, namely MEK, PAK [195] as well as Raf (Chapter

4B, [191]). It raises the intriguing possibility that this pathway is particularly important

in iRBCs, and that BCL-xL somehow plays an unusual role within it.

A pull-down of SHOC-2 would be required to confirm this observation. It would also be

insightful to investigate the exact localisation of SHOC-2 during infection. In particular,

conducting a time-course analysis of the localisation of BCL-xL, SHOC-2 and µ-calpain

would provide us with further information regarding the dynamics of these relocalisation

events. Testing combinations of inhibitors of these proteins could also help us to decipher

their interplay. Unfortunately, no SHOC-2 inhibitors exist to date, and researchers usually

rely on genetic manipulations for functional studies.

6.4 Conclusion

We have demonstrated that inhibition of the host erythrocyte BCL-xL protein impairs

P. falciparum growth in vitro, and that ABT-199 (an FDA-approved drug) and ABT-263

(a drug in clinical trials for solid tumours) display a low micromolar and a submicromolar

activity, respectively. We had hypothesised that, similar to a role in apoptosis, erythrocytic

BCL-xL played a role in eryptosis. However, our data suggests that antiparasitic activity

of BCL-xL inhibitors is unlikely to be due to eryptosis activation. In particular, the specific

BCL-xL inhibitor WEHI-539 appears to impair schizogony, without inducing eryptosis of

iRBCs. We have demonstrated that BCL-xL is exclusively cytosolic in uRBCs, and that it

is recruited to the parasite/parasitophorous vacuole upon infection. The phosphorylation

pattern of BCL-xL, although not specifically investigated in this thesis, might be affected

by the presence of P. falciparum and is worth of further investigation. Finally, we discov-

ered that BCL-xL forms unusual molecular complexes in RBCs: µ-calpain binds to BCL-xL

in uRBCs, while SHOC-2 binds to BCL-xL in iRBCs. Although more work is required

to confirm these results, this opens exciting possibilities of novel host pathways required

for parasite development. Intriguingly, we did not identify yet Plasmodium proteins which

could play a role in such a pathway.

Taken together, we uncovered an important and unusual role of erythrocytic BCL-xL in

P. falciparum development. Although the mechanistic of an erythrocyte-specific BCL-xL

role remains unclear, we have shown that chemical inhibition of erythrocyte BCL-xL would

be an interesting novel antimalarial strategy which would allow (i) host-targeted therapy

opportunities, (ii) drug repurposing, and (iii) targeting several stages at once (blood and

liver stages).
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Chapter 7

Mechanisms of Plasmodium

falciparum-Induced Bystander

Erythrocyte Death

7.1 Introduction

Malarial anaemia is the most common symptom leading to malaria-related deaths. Surpris-

ingly, the loss of uninfected red blood cells (uRBCs) is the main driver of severe anaemia

during malarial infections. Indeed, for each infected RBC (iRBC) that is destroyed, it is

estimated that up to 30 uRBCs are also lost [50]. However, the mechanisms behind this

enhanced clearance of bystander RBCs remain poorly understood. Contributing factors

include stiffening of uRBCs and therefore their mechanical clearance by the spleen [59],

reduced splenic clearance threshold due to spleen reorganisation [57, 54], increased levels of

auto-antibodies priming destruction of RBCs [70], as well as increased levels of PS exposure

on bystander RBCs, leading to their phagocytosis by macrophages [49, 80]. The latter is the

focus of this chapter. The increase in PS exposure of bystander RBCs is observed in vitro

[80], suggesting the host immune response is not the only contributor of this phenomenon.

Therefore, we hypothesize that three other factors may contribute to PS exposure: direct

cell-to-cell contact (as observed with iRBC-induced apoptosis of endothelial cells [232]),

secreted factors (molecules or extracellular vesicles) and cellular stress due to “collateral

damage” (such as nutrient shortage, waste accumulation or pH changes). Since malarial

anaemia is observed even at low parasitemia [50], we decided to exclude direct cell-to-cell

contact from our study. Instead, we focused on secreted factors and “collateral damage”,

in particular, the contribution of extracellular vesicles and glucose depletion.

All cells are believed to produce extracellular vesicles (EVs), membrane-bound packages

containing a wide range of molecules (DNA, RNA, proteins and lipids) [85]. In particular,

it was demonstrated that Plasmodium falciparum use EVs to communicate between indi-

vidual parasites [89, 88], as well as to modify surrounding hosts cells, including uRBCs [92].
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During malarial infections, EVs derived from iRBCs are thought to promote pathogenicity,

especially that associated with cerebral malaria [86]. However, the role of iRBC-derived

EVs in malarial anaemia has never been investigated.

We hypothesise that extracellular vesicles (EVs) and/or other factors secreted by P. falci-

parum-iRBCs are responsible for the increased levels of PS exposure of bystander RBCs.

To test this hypothesis, we studied the PS exposure levels of bystander RBCs in a mixed

P. falciparum in vitro culture, as well as the changes in PS exposure levels of bystander

cells within a synchronised parasite culture over time. Further, we tested the contribution

of iRBC-derived EVs to the death phenotype of bystander cells, by exposing fresh RBCs to

purified iRBCs- or uRBCs-derived EVs. To test the contribution of other secreted factors,

we exposed fresh RBCs to filtered conditioned media from iRBCs and uRBCs. Finally, to

assess the contribution of glucose depletion, we exposed fresh RBCs to conditioned media,

with or without glucose supplementation.

7.2 Results

7.2.1 PS exposure of bystander RBCs within a mixed P. falciparum in

vitro culture

A culture of näıve RBCs and an asynchronous (mixed stages) P. falciparum culture were

analysed by flow cytometry to determine PS exposure levels of uRBCs. Bystander RBCs

within a parasite culture were identified as the Hoechst negative population (i.e. DNA

negative, see Chapter 5.2.1). We found that bystander RBCs cultured in the presence of

parasites exposed significantly more PS than RBCs incubated in the same conditions, but

in the absence of parasites (p=0.0144; Figure 7.1). Our data indicates that P. falciparum

induces PS exposure of bystander RBCs in vitro.
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Figure 7.1: Bystander RBCs expose more PS than näıve RBCs. Näıve RBCs and asynchronous P. falci-

parum cultures were analysed by flow cytometry for PS exposure (Annexin V binding). uRBCs from the parasite

culture (named bystander uRBCs) were gated based on their absence of Hoechst fluorescence (i.e. no DNA). Indi-

vidual values, mean and SD for n=20 independent experiments in triplicate are shown. Welch’s t test, p=0.0144.

7.2.2 PS exposure of bystander RBCs over time

P. falciparum has an intraerythrocytic cycle of 48h, during which it matures from the ring

stage, to the trophozoite stage, to the schizont stage, after which newly formed merozoites

leave the host RBC by lysing it, and finally invade new RBCs. To precisely pinpoint when

the increase in PS exposure of bystander RBCs occurred, we determined the levels of PS

exposure of uRBCs over time, i.e. during two erythrocytic cycles of P. falciparum as de-

scribed in Chapter 5.2.2. A synchronised ∼1% rings P. falciparum culture was prepared,

and PS exposure of bystander RBCs was measured every 12h by flow cytometry (Figure

7.2). The increase of parasitemia over time is also shown, along with representative mi-

croscopy images of iRBCs at each timepoint.

During the first cycle, from 12h to 36h, parasitemia remains constant (1.5%). This is

expected as the parasites are maturing, and reinvasion has not occurred yet. At 48h, par-

asitemia doubles (3%), and further increases at 12h of cycle 2 (to 8%). This indicates that

schizonts are rupturing and new merozoites are invading RBCs during these timepoints.

Similar to the first cycle, during the second cycle, parasitemia plateaus again (8%) at 24h

and 36h, before increasing to 14% at 48h.

PS exposure of bystander RBCs significantly increased at 24h (p=0.0118), and further at

36h (p=0.0004). This appears to indicate that bystander RBCs are affected by the matu-

ration of the parasite. However, at 48h, no statistical difference was observed. Instead, a

large distribution including some very high values were measured (from 1.6% up to 10.4%

of PS-exposing cells). During the second parasite cycle, at 12h, 24h and even more so at

36h post invasion, PS exposure levels of bystander RBCs significantly increased again when

compared to the very first timepoint of cycle 1 (p=0.0162, 0.235 and 0.0002 respectively).
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Similar to the end of the first parasite cycle, at 48h of the second cycle, a very large spread

of PS exposure values was observed (from 3% to 20.6% of PS-exposing cells, p=0.0106

compared to the first timepoint).

The release of intracellular factors upon egress can contribute to RBC death, in particular

different forms of haemoglobin (methaemoglobin and malaria heme product hemin, [233,

234, 84]). Therefore, we hypothesised that the range of PS exposure values at 48h of both

cycles was due to differences in egress levels. Replicates where PS exposure was extremely

high might be replicates where schizont egress has occurred, while replicates where PS

exposure was low might be replicates where schizonts egress has not been completed yet.

Figure 7.2: Changes in PS exposure on bystander RBCs within a synchronised culture of parasites over

time. We analysed a synchronised culture of P. falciparum every 12h over two life cycles (i.e. 84h). Here, we show the

PS exposure of bystander RBCs over time, and the corresponding parasitemia. Representative photos of iRBCs and

their estimated age (hours post-invasion) are indicated for each time point. Box and whiskers representation (mean,

25th and 75th percentile, min and max) of n=11 independent experiments in triplicate are shown. Brown-Forsythe

and Welch ANOVA tests; compare to the first timepoint (i.e. 12h of cycle 1).

7.2.3 Correlation between parasitemia and PS exposure of bystander

RBCs

To test the hypothesis whereby increased schizont egress leads to increased PS exposure

levels of bystander RBCs, we performed Pearson correlation tests between parasitemia (in-

dicative of re-invasion at times 48h and 12h) and PS exposure of bystander RBCs (Figure

7.3 and Table 7.1). Strikingly, parasitemia did not correlate with PS exposure of bystander

RBCs during ring and trophozoite developments within each timepoint (24h and 36h of

both cycles). In contrast, PS exposure of bystander RBCs strongly correlated with para-

sitemia at 48h of cycle 1, 12h and 48h of cycle 2, suggesting that schizont egress induces

PS exposure of bystander RBCs.
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Timepoint r p value P. falciparum stages

12h 0.5715 0.0662 Ring

24h 0.5726 0.0656 Young trophozoite

36h 0.4794 0.1356 Mature trophozoite

C
y
cl

e
1

48h 0.9224 <0.0001 Schizont (Ring)

12h 0.6579 0.0278 Ring

24h 0.3828 0.2452 Young trophozoite

36h 0.03835 0.9109 Mature trophozoite

C
y
cl

e
2

48h 0.8775 0.0008 Schizont (Ring)

Table 7.1: Pearson correlation tests: Parasitemia vs PS exposure of bystander RBCs. For each timepoint,

a Pearson correlation test was conducted for parasitemia against PS exposure of bystander RBCs (n=11 independent

experiments in triplicate). The significant correlations are indicated in red. A positive correlation between PS

exposure of uRBCs and parasitemia at 0h, 12h and 48h of cycle 2 was observed.

The absence of correlation at timepoints 12h (cycle 1), 24h and 36h (cycles 1 and 2) might

stem from the corresponding low levels of parasitemia. This was especially true during the

first cycle, where parasitemia was between 1% and 2%. To address this question, we com-

bined together timepoints corresponding to similar parasite stages (12h for young rings; 24h

for young trophozoites; 36h for mature trophozoites; and 48h/0h for schizonts/new rings).

In this case, Pearson correlation results show that parasitemia correlated with PS exposure

of bystander cells at all parasite stages (Figure 7.4).

In summary, we have demonstrated that P. falciparum induces an increase of PS exposure

on bystander RBCs in vitro. Overall, the PS exposure levels increase over time: parasite

trophozoite stages, and potentially schizont egress, induce more PS exposure when com-

pared to ring stages. Finally, increase of parasitemia positively correlated with PS exposure

of bystander RBCs, regardless of parasite stages.

142



C
H

A
P

T
E

R
7.

M
E

C
H

A
N

IS
M

S
O

F
B

Y
S
T

A
N

D
E

R
E

R
Y

T
H

R
O

C
Y

T
E

D
E

A
T

H

Figure 7.3: PS exposure of bystander RBCs correlates with parasitemia when reinvasion occurs. For each timepoint, a Pearson correlation test was conducted between

parasitemia and PS exposure of bystander RBCs (n=11 independent biological replicates performed in triplicate). A positive correlation between PS exposure of uRBCs and parasitemia at

t=48h of cycle 1, 12h and 48h of cycle 2 was demonstrated as indicated by r and p values in red (for further details on r and p values see Table 7.1).
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Figure 7.4: PS exposure of bystander RBCs correlates with parasitemia at all stages. Equivalent timepoints from cycle 1 and 2 were merged and a Pearson correlation test was

conducted between parasitemia and PS exposure of bystander RBCs (n=11 independent biological replicates performed in triplicate). A positive correlation between PS exposure of uRBCs

and parasitemia was identified for all parasite stages.
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7.2.4 Role of iRBC-derived Extracellular Vesicles (EVs) on eryptosis of

bystander RBCs

Purification of iRBC- and uRBC-derived EVs

We demonstrated that P. falciparum induces an increase in PS exposure of bystander RBCs,

and that this effect was stronger during the trophozoite stages. Since extracellular vesicles

(EVs) are key players in P. falciparum communication [89], and since their production by

trophozoite stages is increased compared to ring stages [88], we decided to explore their

role in the induction of PS exposure of bystander RBCs. To test the hypothesis that iRBC-

derived EVs induce PS exposure of uRBCs, we isolated EVs from näıve RBCs and from

P. falciparum cultures. Please note that when I refer to “iRBC-EVs” or “iRBC-derived

EVs”, I actually refer to EVs concentrated from a P. falciparum culture, which there-

fore include EVs derived from ring stages, trophozoite stages as well as bystander RBCs.

Briefly, following a 24h incubation of synchronised P. falciparum culture or näıve RBCs,

the culture medium was collected, cells and cell debris were eliminated through a series of

centrifugation steps and EVs were concentrated using membrane filters of 100kDa cut-off

(VivaCell® units). Following an overnight ultracentrifugation step, EVs were resuspended

in incomplete RPMI medium (iRPMI) and EV’s concentration and size distribution were

determined using a ZetaView nanoparticle tracking analyser (Figure 7.5A). Further, to vi-

sualise their morphology and size, purified iRBC- and uRBC-derived EVs were imaged by

Transmission Electron Microscopy (TEM) (Figure 7.5B and Figure 7.6).

Size distribution of uRBC- and iRBC-EVs was determined by ZetaView and TEM imaging

(Figure 7.5). The ZetaView analysis indicates that EVs derived from uRBCs are bigger

than those derived from iRBCs, with size peaks at 142.1nm and 130.3nm respectively. Fur-

ther, the diameters of 92 uRBC-derived EVs and 62 iRBC-derived EVs measured by TEM

confirmed that uRBC derived-EVs are significantly larger than those derived from iRBCs,

with medians of 79.36nm and 63.95nm respectively (p=0.0205). Of note, the differences

in size measured by ZetaView vs. TEM imaging are expected: indeed, during the TEM

samples preparation, dehydration of EVs occur, leading to their shrinkage and an artificial

cup-shaped morphology [235].
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Figure 7.5: Size distribution of iRBC- and uRBC-derived EVs. (A) A representative example of the size

distribution profile of uRBC- and iRBC-derived EVs determined by ZetaView. (B) Diameter of uRBC- and iRBC-

derived EVs measured by negative staining TEM imaging. A total of 92 uRBC-derived and 62 iRBC-derived EVs

were analysed, from two independent experiments. The violin plots indicate the median (values indicated), the 25th

and the 75th quartiles.p=0.0205 using a Kolmogorov-Smirnov test.

EVs from uRBCs and iRBCs were imaged using negative staining Transmission Electron

Microscopy (TEM), and Figure 7.6 shows such EVs from a single experiment. In this ex-

periment, EVs from uRBCs ranged from 50nm to 262nm, while those from iRBCs ranged

from 30nm to 105nm. It was striking that iRBC-derived EVs were more homogenous in

size and shapes than uRBCs-derived EVs, an interesting observation given that uRBCs are

also present, in a vast majority, in P. falciparum cultures.
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Figure 7.6: TEM images of uRBC- and iRBC-derived EVs. EVs enriched from (A) uRBCs or from (B) P.

falciparum cultures were imaged by negative staining transmission electron microscopy (TEM). Images from a single

experiment are shown. Panel (A) shows 24 uRBCs-EVs (50-262nm); Panel (B) shows 32 iRBCs-EVs (30-105nm).

Impact of iRBC-derived EVs on eryptosis of uRBCs

To test the role of iRBC-derived EVs on the increased levels of PS exposure on bystander

RBCs, a controlled number of iRBC-derived EVs were added to fresh RBCs, and as a

control, a similar number of uRBC-derived EVs were also added to fresh RBCs. 105 to

108 EVs were added per microliter of fresh RBC culture, i.e. ∼37 to ∼37,000 EVs per

RBC. Following a 48h incubation, PS exposure was determined by flow cytometry. Data

from three independent experiments, each performed in triplicate, are summarised in Fig-

ure 7.7. There was no significant difference in PS exposure levels of RBCs incubated with

EVs derived from uRBCs or from iRBCs. Moreover, there did not seem to be increased PS

exposure with increased number of EVs (larger points in Figure 7.7).

Overall, our data refutes our hypothesis: iRBC-derived EVs do not seem to be responsible

for the increase in PS exposure of bystander RBCs observed earlier.
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Figure 7.7: Effect of uRBC- and iRBC-derived EVs on eryptosis of fresh RBCs. A controlled number

of EVs were added onto fresh RBCs. The size of each point is indicative of the numbers of EVs added in the

cultures: 105, 106, 107 or 108 EVs per microliter of culture (in iRPMI, 4% hematocrit). Following a 48h incubation,

PS exposure was determined by flow cytometry. Individual values, mean and SD of n=8 conditions from three

independent experiments in triplicate are shown here.

7.2.5 Impact of P. falciparum conditioned media on eryptosis of uRBCs

Given that iRBC-derived EVs did not appear to have an impact on eryptosis of bystander

RBCs, we investigated the contribution of other factors, namely, soluble factors secreted by

iRBCs (by either ring stages, trophozoite stages, schizont stages or factors released upon

schizont egress). Following a 48h incubation of näıve RBCs or P. falciparum asynchronous

cultures, the conditioned media were collected, and residual cells were eliminated by cen-

trifugation. The conditioned media were then filtered with a 0.45µm membrane filter, to

exclude all cell debris and merozoites, or with a 0.22µm membrane filter to also exclude

larger EVs. Fresh RBCs were incubated for 48h with these four types of conditioned media

(uRBC 0.22µm and 0.45µm filtrate, iRBC 0.22µm and 0.45µm filtrate), or with complete

RPMI (cRPMI) as a negative control, and eryptosis hallmarks were determined by flow

cytometry as described above. Two independent experiments, each performed in triplicate,

are summarised in Figure 7.8. Additional replicates of this experiment were prevented by

laboratory access restrictions due to the COVID-19 pandemic. We nevertheless were able

to provide statistical tests based on only two replicates, but these should be considered

with caution in view of the small sample number.

While there was no significant increase of the PS exposure of fresh RBCs incubated with

uRBC-derived conditioned media (when compared to the cRPMI control), conditioned

medium from iRBCs (0.22µm filtrate) significantly increased PS exposure of RBCs when

compared to the cRPMI control (p=0.0121). A trend of increased PS exposure was also

observed in the cells incubated in iRBC-medium (0.45µm filtrate), although it was not sta-

tistically significant.

Fresh RBCs incubated with uRBC-derived conditioned media tended to be slightly smaller
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than those incubated with iRBC-derived conditioned media, although this was not signif-

icant. Intracellular calcium levels remained unchanged across all conditions tested. Our

preliminary data indicates that conditioned medium from P. falciparum culture induces PS

exposure of fresh RBCs. Our findings suggest that increased eryptosis of bystander RBCs

observed in P. falciparum in vitro cultures can be attributed to parasite secreted factors.
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Figure 7.8: Conditioned medium from P. falciparum culture induces an increase in PS exposure of fresh RBCs. Conditioned media from uRBCs or asynchronous P.

falciparum-iRBC cultures were filtered with 0.22µm or 0.45µm filters and added onto fresh RBCs. Following 48h incubation, PS exposure, cell size and intracellular calcium content were

assessed by flow cytometry. Individual values, mean (SD) of two independent experiments (each performed in triplicate) are shown. An ordinary one-way ANOVA was performed. *: compare

to cRPMI control.
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7.2.6 Impact of glucose depletion by P. falciparum on eryptosis of uR-

BCs

P. falciparum relies mainly on glycolysis as an energy source for its intraerythrocytic de-

velopment [236], leading to iRBCs consuming 20-times more glucose than uRBCs [237].

Sexton et al. recently discovered that RBCs cultured in presence of iRBCs displayed in-

creased glycolysis rates [238]. Given that energy depletion can induce eryptosis [111], we

decided to investigate whether the depletion of glucose in the medium by the parasite could

be responsible for the increase in eryptosis of bystander RBCs.

To test the hypothesis that glucose depletion in parasite-derived conditioned medium in-

duces eryptosis of uRBCs, we supplemented conditioned medium with 11mM glucose before

adding it onto fresh RBCs. 11mM concentration was chosen because it corresponds to the

glucose concentration found in complete RPMI (cRPMI). In addition, to precisely investi-

gate the contribution of glucose levels, we excluded rupturing schizonts from this experi-

ment, since free haemoglobin components can contribute to inducing eryptosis [233, 234].

The iRBC-derived conditioned medium originated from a 24h synchronised culture (ring to

trophozoite transition) at high parasitemia (6-8%). As a control, conditioned medium from

uRBCs was also collected after a 24h incubation in identical conditions. The pH of both

these conditioned media was measured (Figure 7.9). The conditioned media were filter-

sterilised (0.22µm filter), and supplemented (or not) with glucose, before being added to

fresh RBCs. Fresh RBCs were therefore incubated in uRBC-derived conditioned medium

(+/- glucose), iRBC-derived conditioned medium (+/- glucose) or cRPMI as a negative

control. Moreover, based on preliminary data from Nathaniel Pywell (Creek Laboratory,

Melbourne Institute of Pharmaceutical Sciences), we also decided to investigate the levels

of PS exposure over time: we analysed these cultures 2, 4 and 7 days post initial incubation

with the various conditioned media. Eryptosis hallmarks were measured by flow cytometry

and hemolysis by absorbance of the cell free media. The results of three independent ex-

periments performed in triplicate are presented in Figure 7.10. First, the pH of conditioned

medium from Plasmodium culture was significantly lower than that from uRBCs: pH of

7.07 vs 7.52 respectively (p<0.0001).
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Figure 7.9: pH of uRBC- and iRBC-derived conditioned media. Conditioned media from uRBCs and a

synchronised culture of P. falciparum were collected after 24h incubation (corresponding to the development from ring

to trophozoite parasites) and their pH was measured. Individual values, mean (SD) of three independent experiments

are shown. ****: p<0.0001 using a t-test.

At all timepoints, PS exposure was similar in uRBC-derived conditioned media with glu-

cose, without glucose and the cRPMI control. PS exposure increased significantly over time

in all conditions compared to the first timepoint: at day 7 for cRPMI (p=0.0012), uRBC

media with and without glucose (p=0.0016 and 0.002 respectively), iRBC medium with

glucose (p=0.0034); at day 4 for iRBC medium without glucose (p=0.0294). Compared to

uRBC-derived conditioned media, media from iRBCs induced PS exposure of fresh RBCs:

at day 7, PS exposure in both iRBC media conditions (+/- glucose) was significantly higher

than cPRMI, uRBC (+/- glucose) (p<0.0232). However, addition of glucose to iRBC condi-

tioned medium significantly blunted the increase of PS exposure. Indeed, at day 7, 87.40%

of RBCs incubated in iRBC-derived conditioned medium (without glucose) exposed PS,

against only 38.91% of cells when glucose was added (p<0.0001).

No significant changes in cell size were observed over time, although RBCs incubated in

iRBC-derived conditioned medium without glucose supplementation tended to be smaller

at day 4 and days 7, when compared to day 2.

When iRBC-derived conditioned medium (without glucose) was added to fresh RBCs, in-

tracellular calcium levels measured at day 7 were lower than those measured at day 4

(p=0.03). At day 7, addition of glucose to iRBC-derived conditioned medium significantly

increased calcium levels of fresh RBCs (p=0.0228).

No significant change in hemolysis was observed in any of the conditions. However, there

was a clear trend for an increased hemolysis at day 7 when RBCs were incubated with

iRBC-derived conditioned medium (without glucose addition) compared to all the other

conditions.
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In summary, we have found that P. falciparum induces PS exposure of bystander RBCs

in vitro, an effect that is promoted by parasite derived soluble factors secreted to the

extracellular milieu. Our data suggests this phenomenon is unlikely to be due to iRBC-

derived EVs, partly attributed to the glucose depletion by the parasite, and of (an) as yet

unidentified parasite specific factor(s).
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Figure 7.10: Conditioned medium from P. falciparum cultures induces exposure of PS on näıve uRBCs, an effect only partially due to glucose depletion. Conditioned

media from uRBCs and a synchronised culture of P. falciparum were collected after 24h incubation (corresponding to the development from ring to trophozoite parasites), filtered (0.22µm),

supplemented or not with 11mM glucose, and added onto fresh RBCs. RBC death levels were measured after incubations of 2, 4 and 7 days. Flow cytometry was used to estimate PS

exposure, cell size and intracellular calcium levels. 405nm absorbance of the cell-free media was used as a proxy for hemolysis. Mean and SD of N=3 independent experiments in technical

triplicate are shown. A one-way ANOVA with multiple Tukey tests was performed. *: compare conditions within one time point. #: compare day 4 and day 7 to day 2 within one condition.

$: compare day 7 to day 4.
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7.3 Discussion

Malarial anaemia is a common and severe symptom of malaria, and is driven mainly by the

loss of uRBCs [50], partly due to their increased eryptosis levels [49]. In this chapter, we

hypothesised that iRBC-derived EVs and/or other soluble factors are responsible for the

death of bystander RBCs.

7.3.1 Mature stages of P. falciparum induce PS exposure of bystander

RBCs

We have demonstrated that bystander non-infected erythrocytes within a P. falciparum in

vitro culture expose increased levels of PS when compared to näıve RBCs (Figure 7.1).

Specifically, our data indicates that trophozoite parasite stages induce significantly higher

PS exposure on bystander RBCs, when compared to ring parasite stages (Figure 7.2). Fur-

ther, we have demonstrated that parasitemia positively correlated with PS exposure of

bystander RBCs (Figure 7.4).

Interestingly, we have previously demonstrated that parasite maturation induces eryptosis

of its host cell (see Chapter 5), indicating that trophozoites (and perhaps schizont stages)

are responsible for the increase of PS levels both of iRBCs and of non-infected neighbouring

cells.

Possible mechanisms for this phenomenon include secretion of parasite factors in the ex-

tracellular milieu, release of RBC cytosolic content upon schizont egress, and ‘collateral

damage’ due to alterations in the media (such as depletion of nutrient and alteration in

pH). Regarding ‘collateral damage’, it is important to note that, in the time-course exper-

iment, culture media was renewed at every time point. Therefore, bystander RBCs were

only exposed to the same extracellular milieu for up to 12h, and severe depletion of essential

nutrients in this short amount of time is unlikely.

Direct cell-to-cell contact could also be a contributing factor to bystander RBC death and

will be briefly discussed here. However, malarial anaemia can be observed when parasitemia

is low [50]; it therefore appeared to us more interesting to study the extracellular milieu

(which affects a greater number of RBCs) than direct contact of iRBCs with bystander

RBCs.

(1) Direct cell-to-cell contact. It is well established that P. falciparum exports many

proteins to the host cell’s surface during the trophozoite stage. These proteins (such

as PfEMP1) are known to induce ‘rosetting’, whereby the non-infected cells stick

to infected cells [40, 239]. The same mechanism allows iRBCs to cytoadhere to the

endothelium of blood vessels, thereby avoiding splenic passage. Interestingly, se-

questering iRBCs are known to induce changes in the endothelial cells they bind to,

including transcription changes [240] as well as inducing apoptosis [232]. Although, to
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my knowledge, it has not been studied yet, rosetting iRBCs could also be influencing

bystander cell membrane’s physiology. This could explain why trophozoites seem to

induce more PS exposure on bystander cells compared to rings.

(2) EVs secreted by trophozoites but not rings. Ring- and trophozoite-iRBCs secrete

extracellular vesicles (EVs) with different contents [86] and at different intensities

(more EVs are secreted as the parasite matures [88]). We also know that iRBC-

derived EVs can be uptaken by RBCs [89] and can modify them [92]. It is therefore

possible that these differences in the content of EVs produced between ring- and

trophozoite-iRBCs lead to differences in PS exposure. However, this hypothesis does

not seem to be verified by our preliminary data (discussed below).

(3) Soluble factors secreted by trophozoites but not by rings. It is also possible that

parasite-secreted factors responsible for increased PS exposure of bystander RBCs are

soluble molecules, such as proteins or metabolites. For instance, Plasmodium kinases

were shown to be secreted during the trophozoite stage [241, 242]. Besides, the in-

creased digestion of haemoglobin by trophozoites lead to secretion of amino acids

outside of the host cell [208]. This increase in extracellular amino acid concentra-

tion could also impact bystander RBCs. We therefore tested the impact of filtered

conditioned media from cultures of parasites on eryptosis levels of fresh RBCs.

(4) “Collateral damage”. A change in pH, waste accumulation and nutrient depletion

(such as glucose) may lead to a stress response that could be partly responsible for

the observed PS exposure levels on bystander cells. Glucose depletion, as well as pH

changes, were therefore investigated, and discussed below.

Overall, trophozoites seemed to induce more PS exposure in bystander RBCs than rings. At

all parasite stages, the induction of PS exposure in bystander RBCs positively correlates

with parasitemia. However, no conclusion could be drawn with respect to the effect of

schizonts-iRBCs, as the timepoints containing the most schizonts also contained newly

formed rings and intracellular content of lysed iRBCs.

7.3.2 Rupturing schizonts might induce PS exposure of bystander RBCs

It was striking to see that within each timepoint (i.e. when similar stages of different cy-

cles were not combined together), the only correlation observed between parasitemia and

PS exposure of bystander RBCs was at times where schizonts were rupturing (Figure 7.3).

Experimental replicates where parasitemia was high at 48h were replicates where many

schizonts had ruptured and new rings had formed. Between 48h of cycle 1 and 12h of

cycle 2, the rest of the schizonts had time to rupture, which might explain the significant

correlation observed at 12h of cycle 2 as well. It is therefore possible that the release of

RBC cytosolic contents and/or parasites factors induced this PS exposure. In particular,

several haemoglobin by-products are known to adversely affect RBCs viability, including

heme [233], hemin (oxidised heme) [234] and methaemoglobin (oxidised haemoglobin) [84].
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In addition, other intracellular factors might be important players. For instance, erythro-

cyte lysate was shown to induce intracellular calcium elevation in fibroblasts, a process not

induced by oxyhaemoglobin [243]. Finally, parasite factors released in the media during ly-

sis of the host cell could also play a role, such as fragments of the parasitophorous vacuole,

which was shown to induce complement deposition and phagocytosis on bystander RBCs

[65], or such as the PfHRP2 protein which, when released upon schizont’s rupture, activates

inflammation pathways in endothelial cells [244].

To better investigate the contribution of schizont stages on PS exposure of bystander RBCs,

we could use the protease inhibitor E64 to prevent schizont egress [245]. This would allow

to discriminate between cytosolic factors released upon egress and factors secreted by intact

schizonts.

In summary, rupture of schizonts seems to induce PS exposure in bystander RBCs, in a

way that is proportional to the parasitemia.

7.3.3 iRBC-derived EVs are smaller than uRBC-derived EVs

EVs isolated from P. falciparum parasite cultures correspond to a mixture of EVs pro-

duced by iRBCs harbouring parasites at the ring and trophozoite stages and bystander

RBCs. When iRBC-derived EVs were compared to uRBC-derived EVs, we observed that

the latter were larger and more heterogenous (in size and shape) than the former (Figure

7.5 and 7.6).

At first, it might appear counterintuitive that uRBC-derived EVs would be larger than

iRBC-derived EVs. Indeed, P. falciparum packs considerable cargo in iRBC-derived EVs:

iRBC-derived EVs contain more proteins than uRBC-derived EVs [246]; they include over

150 parasitic proteins [247], and are enriched in kinases and proteasome subunits from both

the parasite and the red blood cell [92]. We could assume that the parasite, packing more

cargo than uRBCs, would produce larger EVs. However, uRBC-derived EVs necessarily

originate from the plasma membrane and are therefore called ‘microvesicles’. In addition to

budding from the iRBC cell surface, iRBCs-derived EVs can also stem from P. falciparum

intracellular compartments, which tend to be smaller in size [85] and are referred to as

exosomes. Further, it has been shown that iRBCs secrete more EVs than uRBCs [87], and

more precisely, that iRBCs secrete more small size EVs compared to uRBCs [246]. Overall,

this could explain why iRBC-derived EVs are smaller on average.

Although our findings relating to the size of EVs are in accordance with other recent studies

[248, 249], the reason for these differences is yet to be investigated. In particular, the

largest EVs (160-260nm) have only been detected in uRBCs cultures, and not in parasite

cultures (Figure 7.5 and 7.6). Considering that P. falciparum cultures contain a majority

of uRBCs, this is particularly intriguing. It is possible that P. falciparum modulates the
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EVs production by bystander RBCs, although this remains to be investigated.

7.3.4 iRBC-derived EVs are not the cause for the increased PS exposure

of bystander RBCs

To investigate the loss of uRBCs during malarial anemia, we hypothesized that iRBC-

derived EVs were responsible for increased eryptosis of bystander RBCs. However, our

data seems to refute our hypothesis, as both iRBC- and uRBC-derived EVs lead to similar

levels of PS exposure on fresh RBC (Figure 7.7). Moreover, the differences in number of

EVs added to fresh RBCs did not seem to impact the PS exposure outcome. Precisely,

105 to 108 EVs were added per microliter of culture (i.e. ∼37 to ∼37,000 EVs per RBC):

this covers a range of three orders of magnitude. Although more work would be required

to confirm this, it did not appear that incubation with more EVs translated to more PS

exposure (both with iRBC- or uRBC-derived EVs).

In a way, this may be beneficial for the parasite. Indeed, invasion is less efficient when RBCs

expose PS [159]. Therefore, it would not be optimal for the parasite to induce eryptosis

of bystander RBCs through EVs. In line with this, it was found that iRBC-derived EVs

actually “prepare” RBCs for successful invasion, by reducing the RBC membrane stiffness,

through phosphorylation and degradation of cytoskeletal proteins [92].

7.3.5 P. falciparum-secreted small molecule(s) are the likely cause for

the PS exposure of bystander RBCs

Since iRBC-derived EVs did not induce PS exposure of näıve RBCs, we investigated whether

other soluble extracellular factors (from rings, trophozoites, schizonts, and rupturing iR-

BCs) would induce RBC death. To do so, we exposed fresh RBCs to conditioned media

from mix parasite cultures and from uRBCs, which were either filtered with a 0.45µm filter

(to eliminate cell debris and merozoites) or with a 0.22µm filter (to eliminate larger EVs)

(Figure 7.8).

In this experiment, it was interesting to note that cells incubated in 0.22µm-filtered iRBC-

medium exposed more PS. This condition supposedly excluded the larger EVs. It is there-

fore possible that the subset of EVs that are larger (cf. TEM images in Figure 7.6) have

a protecting effect against eryptosis. It would be very interesting to further investigate the

role of different EVs subpopulations on eryptosis of RBCs. Another possible explanation

for the observed difference between 0.22µm and 0.45µm filtrates is that we are filtering out

other components, such as hemozoin. Hemozoin, also called the “malaria pigment”, is a

by-product of haemoglobin digestion, and a way for the parasite to circumvent the toxicity

of heme alone (average length of 300-500nm [250]). However, this is unlikely to be the case.

Indeed, previous studies suggest that hemozoin actually induces apoptosis of erythroid pre-

cursor [82], as well as impair macrophages function once engulfed [251]. Therefore, we

would expect to observe more PS exposure when hemozoin is included in the media (i.e.
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in the 0.45µm filtrate condition).

The conclusions from this experiment should be taken with precaution, considering that

there were only two independent replicates. Overall, this experiment seems to confirm that

PS exposure induced in bystander RBCs are due, at least in part, to soluble factors and

not only to cell-to-cell contact.

7.3.6 Glucose depletion is only partly responsible for increased PS expo-

sure of bystander RBCs

To eliminate the potential effect of schizont rupture and subsequent release of cytosolic

content in the medium, a conditioned medium experiment was performed using tightly

synchronised cultures that were only allowed to mature from ring to trophozoite stages

(Figure 7.10). Further, to investigate the role of glucose depletion by the parasite, condi-

tioned media from parasite and from uRBCs were supplemented (or not) with 11mM of

glucose. Of note, this represents a surplus compared to in vivo conditions (up to 8mM

in non-diabetic adults [252]). Eryptosis hallmarks were measured at 2, 4 and 7 days of

incubation.

Our results confirmed that P. falciparum-conditioned medium induced PS exposure of näıve

RBCs: this effect was observed after four days of incubation without glucose supplemen-

tation and after seven days in the presence of extra glucose. Further, and although no

significant difference was observed, a clear trend indicated that hemolysis appears to be

induced by parasite-derived conditioned medium (without glucose).

It has been described that glucose depletion induces eryptosis [111], at least in “erythrocyte

culture conditions” (see Chapter 4A). It is also well established that P. falciparum con-

sumes considerable amounts of glucose. Indeed, iRBCs consume approximately 20-times

more glucose than uRBCs [237]. In addition, trophozoite-iRBCs consume around 6-times

more glucose than ring-iRBC [237], linking nicely to the observation made earlier, whereby

mature parasites seemed to induce more PS exposure of bystander cell than rings. It is

therefore not surprising that depletion of glucose by the parasite would induce eryptosis of

bystander RBCs.

In addition to glucose being depleted by the parasites, glucose might partially be depleted

by RBCs exposed to conditioned media from parasites. Indeed, it has been shown that

RBCs incubated with media from P. falciparum display increased glycolytic fluxes [238]

(Boulet et al., in preparation). We can therefore not exclude that the increase in PS ex-

posure in RBCs exposed to medium from parasites is due to depletion of glucose by these

uRBCs in high energy state. However this is unlikely to be the sole contributor since 11mM

glucose already represents an excess compared to in vivo conditions, but also the recent

studies did not identify a depletion of glucose in the extracellular milieu [238] (Boulet et
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al., in preparation).

Although in vitro conditions are very different to in vivo environment (including different

cell density, types of cells, fluxes, etc.), we discuss below some considerations linking malaria

infections and (1) dysglycaemia, (2) diabetes and (3) malnutrition.

(1) Malaria and glucose levels. During severe falciparum malaria, patients may de-

velop hypoglycaemia, especially in children [253, 254]. Hypoglycaemia is defined

as a blood glucose concentration below 4mM. It would be interesting to measure

glucose concentration in our in vitro experiment to check whether this threshold is

reached. Hypoglycaemia during a malaria infection is associated with poor prognosis.

The mechanisms behind this complication are not fully understood yet, but increased

consumption of glucose seemed to be an important player [253]. Indeed, in murine

models of malaria, hypoglycaemia correlates with hyperparasitemia [255] and glucose

turnover increases in severe malaria [256].

(2) Malaria and diabetes. Kalra and colleagues (2017) comprehensively reviewed the

interplay between malaria and diabetes [257]. Strikingly, type 2 diabetes increased

the risks of malaria infection. Indeed, each mM increase in blood glucose increased the

risk of falciparum infection by 5% [258]. Although the reasons behind this increased

susceptibility to malaria are unclear, explanations include impaired immunity [259],

increased mosquito feeding [260, 261] as well as enhanced parasite proliferation due to

abundance of glucose [262]. Additionally, fever, hypoglycaemia and black fever water

(a condition where urines are black due to the presence of haemoglobin, caused by

excessive hemolysis) were less frequent in diabetic patients [263]. Hematocrit is also

significantly higher than in non-diabetic patients [263]. Of note, albumin levels are

higher in diabetic patients [263]: since we observed a protective role of Albumax (a

lipid-rich bovine serum albumin used for cell culture) against eryptosis (see Chapter

4A), we could speculate that the higher albumin levels could be a contributing factor

in these observations. Although many factors could play a role, it is possible that the

increased glucose content in diabetic patients protects erythrocytes from lysis and

splenic clearance. However, this is not to say that diabetic patients were protected

from severe malaria: on the contrary, multi-organ failure and mortality were higher

in diabetic patients [263].

(3) Malaria and malnutrition. Das and colleagues (2018) evaluated the effect of mal-

nutrition on malaria risk in a systematic review [264]. A major consistency among

the literature is that chronic malnutrition is associated with severity of malaria, in-

cluding high parasitemia and anaemia. Authors suggested that this association is

exacerbated by cofounding factors, in particular HIV co-infection and socio-economic

factors. Further, Thien and colleagues (2006) argue that fasting may be a risk factor

that has not been investigated and taken into account sufficiently [265].
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Another consideration for follow-up experiments is to control for pH. Indeed, the use of

glucose through glycolysis produces lactate, which decreases the media pH [262]. In partic-

ular, in in vitro culture, iRBCs produce about 18-times more lactate than uRBCs [262] and

lactic acidosis is a common complication observed in severe malaria [266]. Concordantly we

noticed that the pH was significantly lower in conditioned medium from parasites (Figure

7.9). Adjusting to the same pH in all conditions could give us insights whether this is also

a “collateral damage” factor contributing to bystander cell death.

Overall, glucose supplementation only partially “rescued” eryptosis phenotypes of RBCs

incubated in iRBC conditioned medium. Other soluble factors secreted by the parasite are

responsible of bystander RBC death; such factors remain to be identified.

7.4 Conclusion

In this chapter, we report that Plasmodium falciparum induces PS exposure of bystander

RBCs. This bystander effect tends to be stronger with trophozoite stages than with ring

stages. Rupturing schizonts also seemed to affect bystander RBCs viability. Parasitemia

positively correlated with PS exposure of bystander cells at all parasite stages. While

investigating the factors responsible for the increased PS exposure in bystander RBCs, we

demonstrated that iRBC-derived EVs do not appear to play a role. However, we have

shown that although glucose depletion from the culture medium contributes to bystander

RBC eryptosis, iRBC-secreted small molecules are key factors in eryptosis of bystander

RBCs. Such parasite-derived secreted factors remain to be identified. Taken together, these

findings provide novel insights in malarial anaemia, one of the most common complications

of malaria.
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Concluding remarks: towards

broad-spectrum anti-infectives?

Currently, all antimalarial drugs directly target Plasmodium falciparum and drug-resistance

has emerged against all these drugs. In humans, malaria symptoms arise during the blood

stages of P. falciparum, during which the parasite resides inside red blood cells (RBCs).

Therefore, the opportunity to target factors from the host cell to eliminate the parasite is

particularly attractive to circumvent drug resistance. This thesis aimed to identify erythro-

cyte factors targetable for novel antimalarial treatments, with a special focus on eryptosis

(the “erythrocyte apoptosis”) and the potential to repurpose clinically available drugs.
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Figure 8.1: Summary of the findings reported in this thesis - A proposed model of interactions between P. falciparum and host red blood cells: host-directed

opportunities.
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Figure 8.1: Summary of the findings reported in this thesis - A proposed model of interactions be-

tween P. falciparum and host red blood cells: host-directed opportunities.

Phosphatidylserine (PS) exposure of the infected red blood cell (iRBC): Upon invasion, merozoites induce an in-

crease in PS exposure of their host cells observed during young ring stages (Chapter 5). During the mid/late ring and

trophozoite stages, PS exposure levels drop down to baselines levels (i.e. uRBC levels), and increase again during

the schizont stage (Chapter 5). The variation of PS exposure levels suggests that the parasite actively represses PS

exposure and represents an opportunity for host-directed therapy (HDT).

Host proteins important for P. falciparum development and drug repurposing opportunities: We propose that ery-

throcytic BCL-xL and Raf kinase play an important role in the development of the parasite. Indeed, the use of

inhibitors ABT-199 and BAY 43-9006 respectively impairs P. falciparum growth in vitro (Chapter 6 and 4 respec-

tively). In addition, SHOC-2 and calpain were identified as potential binding partners of BCL-xL and represent

interesting targets to be explored for HDT (Chapter 6).

Mechanisms of bystander RBC death: Bystander non-infected RBCs display increased levels of PS exposure in the

presence of infected RBCs, increasing with the parasite’s maturation (Chapter 7). Parasite-derived extracellular

vesicles (EVs) do not appear to play a role in the bystander effect (Chapter 7). However, depletion of glucose by

the parasite (especially by trophozoites and schizonts), factors released upon schizont egress and factors secreted

by intracellular stages of the parasite do play a role in the death of bystander RBCs (Chapter 7). Importantly,

parasite-secreted soluble factors, yet to be identified, could represent interesting HDT opportunities.

8.1 Is eryptosis a true programmed cell death?

At the heart of this work is the hypothesis that P. falciparum needs to inhibit eryptosis of

its host cell in order to survive during its intraerythrocytic development. However, I have

identified significant issues with the assays that have been used to investigate eryptosis in

earlier studies (Chapter 2 and 4A), which leads to reflections on eryptosis itself.

First, although cell-surface exposure of phosphatidylserine (PS) appears as a reliable marker

for RBC death, other previously described hallmarks of eryptosis, namely cell shrinkage,

intracellular calcium levels and membrane blebbing, were not consistently observed, both

in the literature and in this work. Moreover, apart from ionomycin treatment, which in-

duced rapid exposure of PS (similar to the rapid induction of apoptosis in nucleated cells),

induction of RBC death with other compounds previously described as eryptosis induc-

ers, and with conditioned medium from parasites, only became apparent after extended

periods of time (Chapter 4, 5 and 6). In addition, hemolysis was frequently observed in

conjunction to PS exposure. In nucleated cells, apoptosis does not induce cell lysis: it is

a “silent death” [267], with apoptotic bodies ultimately cleared by macrophages. Taken

together, this indicates that eryptosis might not be extensively comparable to apoptosis,

but perhaps resembles more necrosis (passive cell death) or necroptosis (a regulated form

of necrosis) [268]. Importantly, we demonstrated that the experimental set-up has a key

impact on eryptosis hallmarks read-outs, highlighting a crucial need to re-assess eryptosis

mechanisms within more physiological conditions (Chapter 4A).

Whether eryptosis is a “programmed cell death” of RBCs or not, I argue that the exposure of

PS on the surface of erythrocytes remains profoundly relevant in the context of a malaria

infection. PS exposure of bystander uRBCs plays a role in the pathogenesis of severe

malaria, where the clearance of these bystander cells by macrophages can lead to severe
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anaemia. Moreover, as we will now discuss, PS exposure on iRBCs can be considered as a

potential target for host-directed therapies.

8.2 P. falciparum inhibits PS exposure of its own host cell

In Chapter 5, I have investigated the impact of the parasite’s intraerythrocytic development

on eryptotic hallmarks of the host RBC: in particular, I measured PS exposure of iRBCs

over time (over two complete erythrocytic cycles). One of the most exciting discoveries of

this chapter is the peak in PS exposure of the host RBC observed after merozoite invasion,

after which PS exposure decreases back to baseline levels (i.e. uRBCs levels; see Figure 8.1).

This indicates that the parasite could actively be reversing the exposure of PS on its host

cell, supposedly to avoid splenic clearance. Gaining a better understanding of the molec-

ular mechanisms leading to manipulation of PS exposure could lead to preventing these

iRBCs from “appearing healthy”. Importantly, preventing the parasite from inhibiting PS

exposure of its host cell would allow the elimination of iRBCs during the early stages of the

parasite, before they sequester, therefore alleviating the most severe clinical manifestations

(e.g. blood flow impairment, cerebral and placental malaria). Excitingly, identifying path-

ways that are only present and active in iRBCs would allow to target specifically infected

erythrocytes, therefore reducing undesirable side effects.

8.3 Mechanisms of P. falciparum-induced bystander ery-

throcyte death

Building on previous work, we found that, not only does P. falciparum affects its host RBC

physiology, but the parasite also impacts bystander non-infected RBCs (Figure 8.1). To

investigate the mechanisms responsible for the enhanced levels of PS exposure of bystander

RBCs, we decided to focus on factors secreted by the parasite. Indeed, considering the sys-

temic effect observed in circulating blood cells, factors present in the extracellular milieu

appeared as more likely candidates than direct cell-to-cell contact. In addition, parasite-

secreted factors could explain that malarial anaemia, driven by the loss of uRBCs, is also

observed when parasitemia is low and can still be observed once parasites have been elimi-

nated [50].

Among the factors I have investigated, iRBC-derived extracellular vesicles (EVs) did not

induce PS exposure of fresh RBCs (Chapter 7; Figure 8.1). Although EVs are involved in

malarial pathogenesis, in particular cerebral malaria [86], they do not appear to play a role

in malarial anaemia.

The analysis of eryptotic hallmarks in bystander uRBCs over time revealed that factors

released upon schizont egress induce PS exposure of RBCs (Figure 8.1). Moreover, to

investigate the contribution of other parasite-secreted factors, I exposed fresh RBCs to
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conditioned media from parasite cultures (excluding schizont egress). Further, to assess the

impact of glucose depletion by P. falciparum on the bystander effect, conditioned medium

was complemented, or not, with glucose. This work indicates that (i) conditioned medium

from parasites increases PS exposure of fresh RBCs, (ii) this is partly due to the depletion of

glucose by the parasite (i.e. glucose supplementation only partially “rescues” the increase

in PS exposure), and therefore, (iii) other factor(s) secreted by intracellular parasites also

contribute to this bystander effect (Figure 8.1). Identifying this/these factor(s) will lead

to two major outcomes: (i) use such factors as biomarkers of malarial anaemia, (ii) target

them to prevent the increase of bystander RBC PS exposure and therefore anemia.

8.4 Repurposing Drugs for Host-Directed Therapies

In the course of this work, I have identified several compounds, including clinically ap-

proved drugs used in cancer and cardiac dysfunction treatments, that also display a strong

antiparasitic activity (Chapter 4A and 6).

The identification of the antimalarial effect of these compounds opens exciting perspectives,

not only in host-directed therapy, but also in drug-repurposing.

Accelerating the development pipeline for antimalarial drugs is pressing, as novel treatments

are urgently needed before the efficacy of artemisinin and derivatives severely fail due to

resistant parasites. Further, reducing drug development costs is particularly relevant in the

context of infectious diseases that primarily affect low-income countries. Indeed, the private

for-profit sector does not have incentives to develop novel treatments for infectious diseases

(which can be quickly resolved upon clearance of the pathogen), when the potential clients

mainly have low-income [269]. Academia, on the other hand, often lacks the capacity, in-

frastructure and funds to develop a drug to its final delivery [270]. Repurposing already

approved, or nearly approved, clinical drugs has the potential to shorten the development

timelines and to reduce drug development costs [271].

Moreover, drug repurposing, in addition to lowering the drug development price, has an-

other cost-related advantage. Tiered pricing is a price discrimination system whereby drugs

are sold for profit in richer countries and sold at a much lower price in developing countries;

it is currently used for HIV treatments and several childhood vaccines [272]. It is argued

that, in the case of malaria, tiered pricing could not be relied on, since the market is very

small outside of endemic regions [273]. Moreover, the already limited market of antimalarial

prophylaxis used by higher-income travellers into endemic countries might further dwindle

because of the COVID-19 pandemic and the subsequent travel restrictions. Therefore, re-

purposing drugs that are used in richer countries to treat other conditions could provide an

incentive to pharmaceutical companies to sell them for a lower price for malaria afflicted

regions.
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In this thesis I have identified five compounds displaying antimalarial activity: three clini-

cally approved drugs (amiodarone, BAY 43-9006 and ABT-199), one compound undergoing

clinical trials (ABT-263) and one compound with a close derivative currently undergoing

clinical trials (oridonin).

Oridonin is an active compound extracted from Isodon rubescens, a traditional Chinese

herbal medicine, and was found to possess anticancer activity [170]. One of its derivatives,

HAO472, is currently in Phase I clinical trials [170]. I demonstrated that oridonin dis-

played activity against P. falciparum, with an IC50 of 2µM (Chapter 4A). Testing the effect

of HAO472 on P. falciparum parasites would be an exciting next step.

Amiodarone (Cordarone) is an antiarrhythmic drug. I demonstrated that amiodarone in-

hibits P. falciparum in vitro proliferation with an IC50 of 2.10µM (Chapter 4A). Encourag-

ing activity against P. berghei was previously observed in a mouse model [156]. Moreover,

the typical maximal drug concentration found in the blood in adults treated with amio-

darone is of the same order of magnitude as the IC50 value I measured in vitro [185].

However, amiodarone can have serious side effects, including lung and liver complications,

and the FDA recommends this drug only in cases of life-threatening arrythmia [274]. More

investigation is therefore required before amiodarone can be suggested as an interesting

antimalarial candidate.

BAY 43-9006 (Sorafenib or Nexavar) is a human Raf kinase inhibitor, used to treat hepa-

tocellular carcinoma and advanced renal cell carcinoma [174]. I measured its in vitro IC50

against P. falciparum at 7.48µM (Chapter 4A). This appears to be nearly two orders of

magnitude higher than the peak plasma concentrations in patients treated with this drug

[275]. Interestingly, the more potent B-Raf inhibitor, SB-590885, was also found to inhibit

P. falciparum growth in vitro, with a lower IC50 of 490nM [191], demonstrating that in-

hibitors of Raf are good antimalarial candidates.

Finally, the two most interesting candidates in this study are ABT-199 and ABT-263.

ABT-199 (Venclexta, Venclyxto or Venetoclax) is a BCL-2 inhibitor used to treat chronic

lymphocytic leukemia (CLL) or small lymphocytic lymphoma (SLL) [135]. In addition to

being clinically available, the IC50 of ABT-199 measured for P. falciparum (4.6µM) is of

the same order of magnitude as the peak plasma concentration (∼3.45µM) (Chapter 6).

ABT-263 (Navitoclax), a BCL-xL and BCL-2 inhibitor, is undergoing clinical trials for small

cell lung cancer treatment (phase I/II [130, 276]). ABT-263’s IC50 for P. falciparum was

one of the lowest in this work (0.74µM), nearly 8-fold lower than the highest peak plasma

concentrations measured in an escalation study in humans [130].

Although ABT-199 did not impair the growth of Plasmodium liver stages in vitro [277],
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another ABT compound (ABT-737) was found to impair Plasmodium liver stages, both

in vitro and in murine models [106]. If ABT-263 was also revealed to be effective against

the parasite’s liver stages, this would further increase the interest for this drug. More-

over, compared to amiodarone, for which the mechanism of action against Plasmodium is

unknown, ABTs target proteins within the BCL-2 family. Excitingly, no BCL-2 or BCL-

xL orthologs have been identified in any Plasmodium species so far [193], suggesting that

ABT-199 and ABT-263 impair P. falciparum growth through inhibition of host molecules,

therefore representing a novel host-directed therapy opportunity.
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Figure 8.2: Summary of the findings reported in this thesis - Proposed model of erythrocyte pathways hijacked by P. falciparum.

BCL-xL, SHOC-2 and Calpain. In this thesis, I have demonstrated that in uRBCs, BCL-xL binds to calpain within the cytosol for an unknown function (Chapter 6). This interaction could

potentially be disrupted with BCL-xL-inhibitors, for instance ABT-199 (an approved drug, although more specific of BCL-2 than BCL-xL) and ABT-263 (undergoing clinical trials). In iRBCs

however, BCL-xL is localised around the parasite (at the parasitophorous vacuole, at the parasite membrane or within the parasite), and interacts with the SHOC-2 protein, here again,

performing an unknown role (Chapter 6). This interaction could be disrupted BCL-xL-inhibitors. Moreover, BCL-xL-inhibitors kill the parasite, supposedly via the inhibition of BCL-xL

(Chapter 6). This suggests that BCL-xL carries out an important role for the parasite survival. In iRBCs, calpain shifts its localisation to the “membrane fraction”, i.e. either to the parasite

and/or to the RBC membrane. Since calpain is known to be co-opted by the parasite to facilitate its egress [204], I hypothesise that it localises (at least partly) to the RBC membrane. The

typical function of SHOC-2 is to act with Phosphatase Protein 1c (PP1c) subunit: together, they activate Raf kinase by dephosphorylating an inhibitory residue.

The Raf/MEK/ERK cascade. In nucleated cells, this mitogen-activated protein kinase (MAPK) cascade typically starts with the activation of Ras, from its inactive GDP-bound form, to the

active GTP-bound form. Active Ras then activates Raf kinase, which phosphorylates/activates MEK kinase, which phosphorylates/activates ERK kinase. In nucleated cells, ERK has over

150 downstream targets, including many in the nucleus, and including an inhibitory phosphorylation of Raf (as part of a negative feedback-loop). It was shown in previous work that this

pathway is hyperactivated in iRBCs compared to uRBCs [195, 191]. In particular, Raf, MEK and PAK (a kinase which can also phosphorylate MEK) were more phosphorylated in iRBCs

than in uRBCs. Interestingly, the Raf inhibitors BAY 43-9006 and SB-590885 (Chapter 4, [191]), the PAK inhibitor IPA-3 [195], and the MEK inhibitor U0126 [195], all showed antiparasitic

effect against P. falciparum. This suggests that all these kinases play a crucial role in the parasite intraerythrocytic development.
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8.5 Erythrocyte pathways hijacked by P. falciparum

In this thesis, I also investigated host-parasite interactions at the molecular level. Here, I

discuss the role of erythrocyte proteins BCL-xL, calpain, SHOC-2 and Raf kinase, in the

development of P. falciparum.

• BCL-xL

Since the molecular pathways leading to PS exposure in RBCs remain elusive, we inves-

tigated the role of an obvious potential candidate: the anti-apoptotic protein, BCL-xL.

BCL-xL inhibitors have previously been shown to induce PS exposure of RBCs [125] and

to have antiparasitic activity on Plasmodium liver stages [106].

In Chapter 6, I demonstrated that BCL-xL inhibitors impair P. falciparum growth in vitro

(albeit to various extents) via an eryptosis-independent mechanism. At the molecular level,

we found that, while BCL-xL is cytosolic in uRBCs, it is recruited towards the parasite

in iRBCs (Figure 8.2). Surprisingly, an immunoprecipitation experiment did not identify

any known binding partners of BCL-xL. Instead, human protein µ-calpain appeared as a

potential partner of BCL-xL in uRBCs, while the human SHOC-2 protein was a potential

partner of BCL-xL in iRBCs (Figure 8.2). Importantly, all the interactions identified in this

work will need to be further validated (e.g. through reciprocal immunoprecipitation assays).

While it was expected that BCL-xL would have an unusual function (if any) in erythrocytes,

it was surprising to identify binding partners that have not previously been shown to form

complexes with BCL-xL.

In nucleated cells, in addition to its role in sequestering BAX and BAK, BCL-xL can

also regulate Ca2+ levels at the endoplasmic reticulum (ER) by activating inositol 1,4,5-

trisphosphate receptor (IP3R) [278]. The absence of ER in mature erythrocytes, together

with the recruitment of BCL-xL to the parasite, could hint towards a role of BCL-xL in

calcium regulation at the parasitophorous vacuole or parasite membranes. In Toxoplasma

gondii, evidence suggests that Ca2+ release from stores sensitive to IP3 is important for

invasion [279]. However, we did not identify IP3R in our BCL-xL pull-down experiment,

and no IP3R orthologs have been described in Plasmodium spp. so far [193]. Instead, our

pull-down experiments identified human proteins µ-calpain and SHOC-2.

• µ-Calpain

We identified the human µ-calpain (or calpain-1) as a potential binding partner of BCL-

xL exclusively in uRBCs (Chapter 6; Figure 8.2). In nucleated cells, µ-calpain-cleavage of

the N-terminus of BCL-xL reduces its anti-apoptotic activity [280, 281]. However, we did

not detect cleaved BCL-xL at the expected size by Western Blot, suggesting that µ-calpain

does not cleave BCL-xL in uRBCs under normal culture conditions. Besides, I demonstrated
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that µ-calpain subcellular localisation shifts upon infection with P. falciparum (Figure 8.2):

similar to BCL-xL, µ-calpain is cytosolic in uRBCs, and membrane-associated in iRBCs.

Because µ-calpain (i) was not pulled-down with BCL-xL in iRBCs, (ii) is co-opted by

the parasite to assist in egress [204], and (iii) is a protease involved in the breakdown of

cytoskeletal proteins of RBCs [282], I hypothesise that µ-calpain is recruited to the RBC

membrane during the trophozoite stage (stage used for my Western Blots). The role of a

potential complex between µ-calpain and BCL-xL in uRBCs remains to be investigated.

• SHOC-2

We identified the human leucine-rich repeat SHOC-2 protein as a potential binding partner

of BCL-xL exclusively in iRBCs (Chapter 6; Figure 8.2)). The fact that SHOC-2 was not

pulled-down with BCL-xL in uRBCs indicates that their interaction is induced by the par-

asite’s presence. However, the induction of this molecular complex did not seem to involve

a parasite protein. The shift in SHOC-2-BCL-xL binding might be induced by changes in

post-translational modifications of either one or both these proteins: e.g. both proteins can

be phosphorylated on multiple sites, which could play a role in their binding affinity.

Importantly, SHOC-2 has never been shown to interact with BCL-xL in nucleated cells

(UniProt information on SHOC-2 & BCL-xL). SHOC-2 has mainly been described as a

regulatory subunit of protein phosphatase 1 (PP1c): once activated by Ras, SHOC-2-PP1c

stimulates Raf-1 (or C-Raf) by dephosphorylating the inhibitory site Ser-259 [230]. This

suggests an importance of the Ras/Raf/MEK/ ERK pathway in iRBCs.

• Raf/MEK/ERK pathway

Previous work identified the importance of the Raf/MEK/ERK pathway in iRBCs. Indeed,

this pathway is hyperactivated in iRBCs compared to uRBCs, with more phosphorylation

sites on Raf, MEK and PAK (a kinase phosphorylating MEK) present in iRBCs than uR-

BCs [195, 191] (see Figure 8.2). Chapter 4 and these previous publications demonstrate

together that inhibition of Raf (with BAY 43-9006 and SB-590885), inhibition of MEK

(with U0126) and inhibition of PAK (with IPA-3) all impaired P. falciparum growth in

vitro (Figure 8.2). MEK inhibition also impaired the development of the liver stage of

P. berghei [195]. Since no orthologs of these proteins have been identified in Plasmodium

spp. [193], it is a solid indication that the parasite relies on this host pathway for survival.

The exact mechanism of action remains to be elucidated. This pathway inhibition seemed

particularly important in trophozoite stages, with MEK inhibition [195] and Raf inhibition

(Chapter 4) leading to decreased DNA and RNA levels.

Taken together, this shows that the Raf/MEK/ERK and PAK/MEK/ERK pathways are

activated specifically in iRBCs; inhibition of these pathways may therefore represent excel-

lent targets for a host-directed therapy approach, with no (or minimal) effect on uRBCs.

171



CHAPTER 8. CONCLUDING REMARKS

8.6 Host-directed therapies: towards broad-spectrum anti-

infectives?

The host ERK pathway, along with other MAPK pathways, are manipulated by other api-

complexan parasites (e.g. Leishmania spp. and Trypanosoma cruzi [283]), as well as by

bacteria [284] and by viruses (e.g. Influenza A virus [285]). This brings me to the next ex-

citing perspective of my research: host-directed therapies as broad-spectrum anti-infectives.

All intracellular pathogens need to interfere with their host cell pathways for their own

survival. In particular, manipulation of host cell pathways is observed in infections by

intracellular parasites [198], bacteria [97] and viruses [98]. Overall, this observation led re-

searchers to propose the development of host-directed therapy against all these pathogens

[286, 287, 288].

Excitingly, host-directed therapies are already applied clinically: maraviroc (Selzentry) pre-

vents entry of the HIV virus by inhibiting a key human receptor [289, 290]. Clinical trials

are assessing the efficacy of Celgosivir (inhibitor of the host enzyme endoplasmatic reticu-

lum glucosidase) against Hepatitis C [291] and Dengue virus [292].

By going one step further, we can even propose to develop broad-spectrum host-directed

therapies. Indeed, although the exact mechanisms behind the host cell manipulations are

different depending of the pathogen and the host cell type, common targets exist. Such

commonly hijacked molecules include NF-κB, PI3K, JAK-STAT, p53, JNK, p38 MAPK,

ERK, BCL-2 proteins and PAK [198, 293, 294]. Many intracellular pathogens also finely

control Ca2+ fluxes, which is often crucial for both invasion and for further intracellular

development [198, 287].

In summary, host-directed therapy approach could lead to the development of broad-

spectrum anti-infective treatments, while reducing the risk of antimicrobial resistance emer-

gence and repurposing existing drugs [293].
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Frelet-Barrand, Fabia Fricke, Gregor Fuhrmann, Susanne Gabrielsson, Ana Gámez-
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madji, Javier Sotillo, Philip D. Stahl, Willem Stoorvogel, Shannon L. Stott, Erwin F.

Strasser, Simon Swift, Hidetoshi Tahara, Muneesh Tewari, Kate Timms, Swasti Ti-

wari, Rochelle Tixeira, Mercedes Tkach, Wei Seong Toh, Richard Tomasini, Ana Clau-

dia Torrecilhas, Juan Pablo Tosar, Vasilis Toxavidis, Lorena Urbanelli, Pieter Vader,

Bas WM van Balkom, Susanne G. van der Grein, Jan Van Deun, Martijn JC van

Herwijnen, Kendall Van Keuren-Jensen, Guillaume van Niel, Martin E. van Royen,

Andre J. van Wijnen, M. Helena Vasconcelos, Ivan J. Vechetti Jr, Tiago D. Veit,
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[180] Toni Petan, Eva Jarc, and Maida Jusović. Lipid droplets in cancer: Guardians of fat

in a stressful world. Molecules, 23(8), 2018.

[181] Luisa Diomede, Bianca Piovani, Edward J. Modest, and Mario Salmona. The effect of

culture medium composition on ether lipid cytotoxic activity. Lipids, 28(3):189–192,

1993. eprint: https://aocs.onlinelibrary.wiley.com/doi/pdf/10.1007/BF02536638.

[182] Minghui Gao, Prashant Monian, Nosirudeen Quadri, Ravichandran Ramasamy, and

Xuejun Jiang. Glutaminolysis and transferrin regulate ferroptosis. Molecular cell,

59(2):298, 2015. Publisher: NIH Public Access.

[183] Edouard M. Bevers, Paul Comfurius, and Robert F. A. Zwaal. Changes in membrane

phospholipid distribution during platelet activation. Biochimica et Biophysica Acta

(BBA) - Biomembranes, 736(1):57–66, 1983.

[184] Virinchipuram S. Sreevidya, Kade A. Lenz, Kurt R. Svoboda, and Hongbo Ma. Ben-

zalkonium chloride, benzethonium chloride, and chloroxylenol - three replacement

antimicrobials are more toxic than triclosan and triclocarban in two model organ-

isms. Environ. Pollut., 235:814–824, 2018.

192



BIBLIOGRAPHY

[185] Nora Goldschlager, Andrew E. Epstein, Gerald Naccarelli, Brian Olshansky, Braman

Singh, and North American Society of Pacing {and} Electrophysiology for the Prac-

tice Guidelines Subcommittee. Practical guidelines for clinicians who treat patients

with amiodarone. 160(12):1741–1748. Publisher: American Medical Association.

[186] Rou Zhang, Rajesh Chandramohanadas, Chwee Teck Lim, and Ming Dao. Febrile

temperature elevates the expression of phosphatidylserine on plasmodium falciparum

(FCR3csa) infected red blood cell surface leading to increased cytoadhesion. Sci Rep,

8, 2018.

[187] Paulo Renato Totino and Stefanie Costa Lopes. Insights into the cytoadherence

phenomenon of plasmodium vivax: The putative role of phosphatidylserine. Front

Immunol, 8:1148, 2017.

[188] Paulo RR Totino, Aline D. Magalhaes, Luciene A. Silva, Dalma M. Banic, Cláudio T.
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