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This thesis is based on the results of human studies, which were conducted in accordance
with the principles of the Declaration of Helsinki. The medical and ethical review board Central
committee for research involving human subjects (CCMO), the Netherlands has given approval
to conduct these studies. This project is stored on the Radboudumc, department server: (H:)
MMBdata$(\\umcfs083) under MMB NCMLS. In our studies patients received questionnaire
booklets containing the written informed consent during the physical examination moment.
The participating physicians filled in the research form on paper. The paper data were stored
in the department archive (Radboudumc, room M850.01.029). All paper data were entered into
the computer by use of an eCRF: ecrf.nl/ecrf.malariavaccin.nl. The backup of the eCRF data is
on a server of the CMBI in the NCMLS, and is accessible to investigators via: https://www.cmbi.
umcn.nl/~hhermsen/index.php/studies. Data management and monitoring were also performed
within the eCRF by an independent company (CROMSOURCE). An audit trail was incorporated to provide evidence of the activities that has altered the original data. The privacy of the
participants in this study is warranted by use of encrypted and unique individual subject codes.
This code correspondents with the code on the patient- and physicians booklets. The code was
stored separately from the study data. Data where converged from the eCRF to SPSS (SPSS Inc.,
Chicago, Illinois, USA) or Graphpad (USA). The patient data for the analyses of the studies as
presented in all chapters are stored on the departments’ H-drive.
The data will be saved for 15 years after termination of the study. Using these patient data in
future research is only possible after a renewed permission by the patient as recorded in the informed consent. The datasets analyzed during these studies are available from the corresponding author on reasonable request.
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Introduction

Nearly half of the world’s population is

different principal Plasmodium species (spp.):

currently at risk of infection by Plasmodium

P. falciparum, P. vivax, P. malariae, P. ovale, and
P. knowlesi. Recently, another simian parasite
known as P. cynomolgi was also identified as a
causative agent of human malaria.8 Transmission to humans occur when a malaria-infected
female Anopheles mosquito feeds on the vertebrate’s blood.9,10 Sporozoites, the parasite’s
life stage that colonize the mosquito salivary
glands, are egested in the human skin together with saliva when the mosquito is probing
the skin during a blood feed (Figure 1). These
sporozoites then migrate from the dermis to
a blood vessel to enter the circulation, where
a voyage to the liver takes place. Once in the
liver, the parasites traverse the sinusoidal layer
through KuPffer cells, and invade resident liver
cells, hepatocytes, to form a parasitophorous
vacuole.11,12 Here, exoerythrocytic schizogony
takes place to form ten-thousands of merozoites, the parasite stage that can infect erythrocytes. The parasite developmental phase
from sporozoite in the skin until schizogony in
the liver is referred to as the pre-erythrocytic
phase. After approximately a week of development inside hepatocytes the schizonts burst,
releasing the merozoites in the bloodstream.
Merozoites are then rapidly invading the red
blood cells (RBCs) through different ligand-receptor interaction, where they mark the beginning of the erythrocytic phase. Inside the RBC,
the merozoites multiply (erythrocytic schizogony) before the erythrocytic membrane rupture to finally re-invade new RBCs to undergo
the same cycle. The asexual multiplication
cycle of these so-called trophozoites takes
approximately 1-3 days in time, but depends
on the Plasmodium spp.: falciparum and vivax
~48h, ovale ~50h, malariae ~72h, and knowlesi
~24h.13 In each cycle the parasite population
expands between 6-20 times, causing an
exponential increase in parasite burden.14
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parasites, the cause of malaria. More than 90%
of malaria cases occur in the WHO African
Region where transmission is dominated by

Plasmodium falciparum.1,2 This particular parasite is being held responsible for most malaria-related deaths globally, with ~ 435.000
malaria-associated deaths in 2017.2 Next to
high mortality rates, the disease can have a
devastating impact on human health, livelihood, productivity, and result in considerable
income loss with profound economic consequences, particularly affecting the poorest
countries.1,3 In the last decade, the scale-up
of interventions for malaria control saved 3.3
million lives and reduced mortality by 45%.
Despite these major advances, the spread of
parasite resistance against artemisinins 4,5,
mosquito resistance against insecticides 6 and
fragile health systems are hampering overall
progress and threaten global strategies for
malaria elimination.Next to the continuous
need for financial and political commitment to
maximize the coverage of currently available
tools, there is a pressing need for additional
tools and approaches to support and ameliorate the current arsenal of malaria treatments, diagnostics and vector control tools.7
Understanding the biology, pathogenesis,
parasite-host interaction and transmission
dynamics of the parasite are paramount in
developing novel interventions that could help
malaria elimination. This thesis focuses on the
use of the Controlled Human Malaria Infection
model as a fit-for-purpose tool to address the
above mentioned needs.
Plasmodium life cycle and pathogenesis
Malaria is a blood-borne disease caused by
parasitic protozoans belonging to the Plasmo-

dium genus. Humans can be infected by five
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A small proportion of the asexual parasites

host could improve our understanding of their

anaemia, hypoglycaemia, metabolic acidosis,

individuals 50-52 are at risk of developing severe

commit to form transmissible sexual parasites,

dynamics and transmission behavior. However,

and multiple organ damage/dysfunction, such

disease, next to malaria naïve individuals.53

male and female gametocytes.15,16 The matura-

such a model is currently unavailable.

as renal insufficiency, liver dysfunction, pulmo-

Pregnant woman are also prone for severe

nary oedema, and cerebral malaria.

infection, in areas where malaria transmission

tion of these gametocytes predominantly takes
place in the bone marrow 17,18, and requires

The erythrocytic phase, or blood stage of
infection marks the symptomatic phase of

38,41,42

Symptomatology is caused by the combi-

is unstable.42,54 Placental malaria can seriously

~10 days of development for P. falciparum.

malaria. Symptoms may start following the first

nation of induced pro-inflammatory responses

compromise intra-uterine development, poten-

Mature gametocytes appear in the peripheral

wave of RBC rupture and invasion of asexual

against parasites and indirectly by the seques-

tially leading to low birth weight, fetal distress,

blood, and can persist in the blood for an av-

parasites. Although, the first asexual waves

tration of mature parasitized red blood cells.

premature labour, and stillbirth, all increasing

erage of 6 days up but in some individuals for

are always associated with relatively low-den-

The rupture of parasitized red blood cells can

the risk of mortality in primi gravida.42,54 Suc-

19,21

sity parasitaemia, the systemic inflammatory

activate immune cells such as monocytes

cessive pregnancies decreases these risks due

male and female gametocytes are first pro-

immune responses are often already present

and macrophages, and induce inflammatory

to the acquisition of antibodies against variant

duced upon infection, how long they circulate

in the earliest stage of infection.31-37 Malaria

cytokines, leading to fever and other pathol-

surface antigens (VSA) expressed on infect-

in peripheral blood, or whether commitment

symptoms are initially similar between species

ogy.43,44 The majority of severe falciparum

ed RBCs in the placenta.53 Immunity against

takes place prior malaria symptoms. Gameto-

and often non-specific, making it difficult to

malaria manifestations (excluding severe

severe malaria can be acquired after a limited

cytes are not associated with clinical disease,

differentiate between other febrile illnesses.

anaemia) are most likely related to adherence

number of infections 55, while it takes many

in contrast to their asexual counterparts. Circu-

However, once the malaria infection progress-

of parasitized RBCs to the vascular endotheli-

more infections to become an asymptomatic

lating mature gametocytes may be ingested

es, cyclic fever may develop that may be ac-

um, to each other (platelet-mediated aggluti-

parasite carrier. Naturally-acquired sterile im-

by blood-feeding Anopheles mosquitoes, but it

companied by fatigue, malaise, headache, my-

nation) 45, or to uninfected RBCs (rosetting) 42,46.

munity is probably never achieved.48,56 Clini-

is uncertain when individuals are first infec-

algia, rigors, dizziness, or nausea. The typical

This can lead to decreased local oxygen supply

cal protection largely relies on antibodies di-

tious to mosquitoes upon infection. Inside the

malaria fever paroxysm starts with a quick rise

to organs and a disturbed metabolism, and

rected against blood-stage parasites.57 Next

mosquito’s mid-gut, the gametocytes activate

in body temperature leading to rigors (cold

eventually cause vital organ failure. The exact

to humoral responses, immune responses

to micro- (male) and macro (female) gam-

stage), a period of tachycardia and flushes (hot

mechanisms of several organ-specific patholo-

with innate 58,59 and cellular components 60

etes following exposure to a combination of

stage), followed by defervescence with exces-

gies in malaria remain to be elucidated, as are

also play a role. CD4 T cells are important

temperature drop, pH change and exposure to

sive sweating and orthostatic hypotension.

the clinical consequences of organ injury in

to help B cells produce effective antibodies,

xanthurenic acid.26 This initiates the fertiliza-

Periodicity of fever coincides with the duration

uncomplicated malaria. A better understand-

and cytokines that influence parasitocidal

tion process, where male gametocytes under-

of the cell cycle of the parasite, and therefore

ing of parasite-host interactions regarding

innate responses.60 Cellular tumor necrosis

go DNA-replication events that are among the

species depended. In P. falciparum (malaria

pathogenesis will be relevant for patient care.

factor, gamma interferon, and interleu-

fastest known in eukaryotes.27 Exflagellating

tropica) fever may recur every third day, but

Vivax malaria usually present with lower

kin-6,8, and 10 are associated with immunity

males bind to female gametes to form zygotes,

is usually irregular. In P.vivax and P. ovale the

parasite densities because of the preference

against disease.33,61,62 An imbalance in these

retorts, and finally develop into ookinetes.

periodicity of fever is often tertian (tertian ma-

for invading young erythrocytes (reticulo-

responses with excessive pro-inflammatory

Ookinetes then traverse the epithelium of the

laria) at approximately 48 hours intervals, and

cytes).47 Together with the lower multiplication

cytokines is considered to favor develop-

gut to settle and mature into oocysts in which

P. malariae (quartan malaria) every 4 days.39,40
Synchronized fever in malaria may be absent
and even very irregular at the beginning of
infection, thus absence of the classical fever
pattern does not rule out malaria diagnosis.39
The tertian malaria and quartan malaria are
rarely causing life-threatening disease, in
contrast to P. falciparum. Infection with P.
falciparum may progress to severe disease
in non-immune individuals or if not treated
rapidly. Clinical complications of malaria are

rate in P. vivax, parasite densities remain below

ment of severe disease.63 Clinical immunity is

2% infected RBCs and do not sequester.41 This

important for protection, but does asympto-

likely contributes to the higher mortality in P.
falciparum. Naturally acquired immunity can
prevent severe complications and eventually
will result in asymptomatic parasite carriage
(Figure 2).48,49 However, the time to develop
such immunity through repeated infection can
take years and disappear rapidly when exposure to malaria has ceased. This is why particularly children and immune compromised

matic parasitaemia come at a cost of longer

several weeks.

20,22-24

It is unclear when mature

25

meiotic recombination occurs.28,29 Here, the
final sporogonic development takes place before sporozoites are released into the mosquito
haemolymph and subsequently find their way
to the salivary glands, thereby rendering the
mosquito infectious to humans upon its next
bite. Malaria elimination strategies require
a thorough understanding of parasite transmission from human to mosquito. A clinical
model that induces gametocytes in the human

38

39

term fitness of the human host? Recently, it
has been shown that a malaria infection has
impact on cellular ageing 64,65. Gaining more
information on this topic by longitudinal and
prospective data would be valuable to reveal
the underlying mechanisms and understand
the potential impact of the malaria pathogen
on the host.
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Progress and challenges on current

and artemisinin-based combination therapy

sitaemia is lower than 100-200 parasites/µL78,82

low-cost, observer-independent, and more

tools for malaria elimination

(ACT). Although, a positive shift from control

and although they are thus appropriate for

sensitive diagnostic tool could greatly

to elimination programs in several countries

clinical case management in most endemic

improve individual patient management as

From 1955 to 1969, the global health commu-

has taken place , the most recent data shows

settings, there are clear limitations of RDTs

research studies, and potentially guide

nity embraced a program by the World Health

that the malaria control and elimination efforts

for detecting all infections that are present in

malaria control programs.

Organization (WHO), titled: Global Malaria

are stalled again.71 It is clear that in addition

populations. In addition, RDTs may overlook

Eradication Programme (GMEP). The ambitious

to long-term financing, sustained political

non-falciparum malaria and can give false pos-

Antimalarial treatment

goal to eradicate malaria worldwide was large-

commitment, and multi-sectoral collaboration,

itive tests leading to overtreatment because

After years of antimalarial monotherapy

ly based on the availability of highly effica-

novel interventions may be needed to sustain

of persisting antigen reactivity after parasite

against Plasmodium falciparum with amino-

cious and safe chloroquine, and the insecti-

control and eventually achieve elimination.67

clearance.83,84 Another issue is the observation

quinolines, resistance against chloroquine

72

cide dichloride-diphenyl-trichlorethane (DDT)

of parasites with a HRP-2/3 deletion, which im-

emerged in Asia and Brasil, and Africa in the

against the malaria vector, the Anopheles mos-

Diagnostics

pede the most commonly used RDTs that are

early 60s and 70s, respectively.95-97 Its exten-

quito.66,67 The implementation of these tools

Early and accurate parasite diagnosis is a

based on the detection of the HRP-2 antigen.85

sive use in the eradication program GMEP cer-

helped to achieve major progress with malaria

cornerstone for adequate case management

The drawbacks of both thick blood smears

tainly contributed to the selection of resistant

elimination in 15 countries and 1 territory, and

but particularly relevant for surveillance in the

and RDTs suggests that there would be advan-

parasites. This provided the rational basis for

reduction of malaria incidence in several other

context of emerging drug resistance.73 The

tages of a better diagnostic that can sensitive-

combination therapy.98,100 Artemisinin combi-

countries.67 However, only minimal progress

current ‘gold standard’ remains the micro-

ly detect parasites of all human malarias.

nation therapy is the most effective regimen to

was made in countries of sub-Saharan Africa,

scopic examination of Giemsa-stained thick

because of the poor health infrastructure,

blood film despite the known variability in

and Loop-mediated isothermal amplification

ment for uncomplicated falciparum malaria.42

highly efficient parasite transmission and large

quality in routine hospitals and rural health

(LAMP) are tests that meet some of these

Intravenous- or intramuscular artesunate

disease burden. This, and the resurgence of

clinics in sub-Saharan Africa. The sensitivity

limitations, and are currently used for epide-

has replaced quinine dihydrochloride as first

malaria in many countries due to failure to

in research settings may be as low as 4–20

miological studies and research programs.

treatment choice for severe disease due to

maintain the implementations, resulted in the

parasites/µL.74-77, but a higher threshold of

However, molecular diagnostics are often

its favorable safety profile and rapid parasite

discontinuation of the program in 1969. The

50–100 parasites/µL under field-conditions is

costly, time consuming, with a need for

killing efficacy.42,71,101

following years, the malaria situation rapidly

more realistic. The diagnostic performance

qualified expertise limiting implementation

deteriorated by the emergence of drug resist-

is lowest in low transmission settings and in

as point-of-care diagnostics. Haematology

arising because of the emergence of parasites

ant parasites against chloroquine 68 and insecti-

asymptomatic patients with commonly low

analysers are widely used in clinical medicine,

with reduced artemisinin sensitivity in the

cide resistance 67, political instability in malaria

parasite densities.79 Fast diagnostic confir-

and are common practice in patients with

Greater Mekong Subregion.4,102-104 It is of utmost

endemic countries , and the economic crisis

mation is highly recommended by the WHO

febrile illnesses. Previous studies have inves-

importance to contain this resistance from

in the early 70s 67. This ‘malaria crisis’ was de-

before initiation of anti-malarial treatment;

tigated the possibilities of malaria diagnosis

further spread, particularly to Sub Saharan

flected in the beginning of the new millennium

treatment based solely on clinical suspicion

with these automated single cell counting

Africa. Gametocytocidal drugs that target the

and commitment reactivated by the Roll Back

should be considered only when diagnosis

devices.86-92 They can obtain information on

sexual stages of the parasites (e.g. primaquine)

Malaria initiative and the United Nations Millen-

is not available within two hours of presenta-

cell size, structure, shape, and reflection

will play an important role to reduce parasite

nium Development Goals (MDGs). More than a

tion. Rapid Diagnostic Tests (RDTs), based

ability by impedance measurement, scattered

transmission from human to mosquito.24 So

decade later and following an approximately

on malaria-antigen detection, are relatively

light or absorption measurements. Malaria-in-

far, primaquine is the only recommended

twentyfold increase in financial investment to

cheap, widely available and fast in use, there-

fected red blood cells (iRBCs) can be detected

gametocytocidal drug by the WHO, but there is

control malaria 70,71, the disease has seen an

fore, complying with WHO’s demands. In fact,

through hemozoin pigment 89, or DNA and RNA

currently an increased interest in antimalarials

unprecedented decline. This has to a large

74% of all clinical malaria cases in Africa are

stains e.g..91,93,94 However, these methods carry

that have similar anti-parasitic properties. A

extent been attributed to scale-up of coverage

detected by RDTs, making it an indispensible

limitations such as low-, and variable sensitivi-

clinical platform to rapidly assess the transmis-

with malaria control interventions: insecti-

malaria tool that is rapidly replacing micros-

ties and specificities due to technical limita-

sion-blocking effects of novel candidate drugs

cide-treated bednets (ITNs), indoor residual

copy as diagnostic in resource poor settings.81

tions and confounding host- and pathology

would be a highly valuable asset to accelerate

spraying (IRS), rapid diagnostic tests (RDTs),

However, sensitivity of RDTs drops when para-

specific differences.90 A rapid, easy-to-handle,

downstream clinical development.105,106

69

78

80

Molecular diagnostic tools such as PCR

date and recommended as first line treat-

However, an alarming situation is now
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RTS,S/AS01e (MosquirixTM) is the most ad-

challenge infection was achieved in 93% of the

(GAPs). The first GAPs have entered clinical

vanced example of a sub-unit pre-erythrocytic

volunteers when immunized with > 1000 P. fal-

testing 128-131 and a triple knock-out parasite (Pf

The availability of an effective vaccine against

vaccine. It is based on the circumsporozoite

GAP3KO) 132 has proven to be safe in humans.

malaria is considered amongst the most

protein (CSP) fused with a hepatitis B surface

important tools for potential prevention of

antigen (HbsAg), and the potent AS0 adju-

malaria and reduction of malaria transmis-

vant.114,115 Currently, large clinical trials are

sion. Decades of research has shown that the

needed to be completed to further assess

development of such a vaccine is very diffi-

safety, implementation and effectivity, before

cult due to the complexity of the parasite’s

wider scale use. A multicenter trial in seven

lifecycle with more than 5000 genes, the

African countries showed that four immuniza-

large antigenic variation and polymorphism,

tions with RTS,S/AS01e in children aged 5-17

and poor understanding of mechanisms of

months old gave 36,6% (95% BI = 31.8 – 40.5%)

protective immunity.

protection against clinical malaria during a

ciparum- infected and irradiated mosquitoes.121
A more efficient way of inducing protection by
sporozoites may be possible by CPS, an immunization protocol with administration of ChemoProphylaxis and live Sporozoites. This protocol
induces ~100% sterile homologous protection,
lasting for ~2.5 years, when administered by 15
P. falciparum- infected mosquito bites per immunization in a total of three immunizations.111,122
The high protection observed is possibly due
to the complete maturation of liverstages, with
increased breadth and magnitude of antigenic
repertoire and load. An alternative or additional
explanation could be the known immuno-modulating effect of chloroquine, which is used as
the chemoprophylactic agent.123-125 Chloroquine
can enhance T-cell mediated immune responses to influenza and hepatitis B vaccination.
However, CPS efficacy was not reduced when
chloroquine was replaced by mefloquine, which
makes the hypothesis less likely.126
Importantly, it has now been shown that the
use of mosquito bites as immunization strategy,
for both RAS as CPS, can be replaced by the
injection of aseptic sporozoites (GMP, Good
Manufactoring Process) by direct venous inoculation.113,127 This transition will greatly facilitate
possible application in the field. However, the
fact that often potentially deadly falciparum
sporozoites are used, the dependence on good
intravenous access for vaccination or drug
compliance risks in endemic settings in the
case of CPS, are still bottlenecks that should
be overcome. The ultimate whole sporozoite
vaccine would be intrinsically safe, complete
development inside the liver but not infect red
blood cells, without the need of potential variable radiation process (RAS) or drug-dependency (CPS). One way of surmounting this, could
be the use of genetically attenuated parasites

The WHO has now set the goal to have a

follow-up period of 4 years. The longevity of

vaccine with at least 75% effectiveness and

vaccine efficacy did, however, reduce quickly

a minimum of 2 years protection by 2030.107

during this period.116 Moreover, one study

Until today, no malaria vaccine is licensed

with a follow-up period of 7 years, showed an

yet, however, a valuable milestone has been

efficacy of only 4.4% (95% BI = -17.0 – 21.9%) at

reached in 2015 by obtaining a positive scien-

the end of the study. Efficacy appears to be

tific and regulatory opinion from the Euro-

related to transmission intensity, with lowest

pean Medicines Agency (EMA) for the use of

efficacy in high endemic areas.118 Although,

MosquirixTM, also known as RTS,S in children

the WHO’s objectives are not yet met, unprec-

aged 6 weeks to 17 months.108 The next step

edented scientific and regulatory progress has

will be a joint policy recommendation for

been made, and the first malaria vaccine ever

how it might be used alongside other tools

is targeted to be officially released in 2022.

to prevent malaria in the event the vaccine

117

Whole organism vaccines are common (e.g.

candidate is approved by national regulatory

measles, yellow fever, polio, mumps, rotavirus,

authorities in Sub Saharan Africa. Several

adenovirus, rubella, Vibrio cholera, Salmonella

other candidate vaccines are currently in clin-

typhi, and Mycobacterium tuberculosis) and

ical development.109

have already received momentum in malaria

Malaria vaccines are often categorized by

vaccine development in the last years. In the

the different stages of the parasite’s life cycle

1970s it was first demonstrated that sterile

that are targeted (figure 3).

protection against malaria was feasible in humans. Radiation-attenuated sporozoites (RAS)

Pre-erythrocytic vaccines

were administered through mosquito bites in

Pre-erythrocytic stage vaccines are direct-

a small number of volunteers.119,120 The damage

ed against sporozoites and/or liver stage

induced in the DNA of the sporozoites by the

parasites (Figure 3). An effective vaccine

UV radiation, causes an early arrest of the

can, therefore, result in sterile protection by

sporozoite’s development in the liver, thereby

preventing the further development to asexual

allowing early antigenic exposure in the liver,

blood stage proliferation.110 This could avert

but preventing progression to blood stage

disease and transmission to mosquito.111-113

infection. Protection against a homologous

Crucial next steps are the deployment of challenge studies to evaluate protective efficacy of
such vaccines. An alternative approach that has
not been investigated well in malaria is one of
the oldest concepts of vaccinations: eliciting
cross-species immunity by immunization with
a non-pathogenic counterpart of the causative microorganism.133 Could a rodent malaria
parasite be used to protect against Plasmodium

falciparum for example, or even function as a
platform to express falciparum antigens when
genetically modified?
Blood stage vaccines
Vaccines that target the erythrocytic stage of
the parasite’s lifecycle are referred as blood
stage vaccines (Figure 3). They may delay or
completely halt the asexual multiplication in
the red blood cells, and can reduce parasitaemia and clinical symptoms.134,135 Such vaccine
type may potentially play an important role in
reducing the disease burden in vulnerable
populations in endemic areas. Although, some
candidate vaccines are showing some protection, development is in particular hampered
by strong antigenic diversity of the target
antigens 134,136 and the apparent need for high
antibody concentrations to prevent rapid RBC
invasion.137 Several sub-unit vaccines have
been investigated in clinical trials with only
moderate protection at best.135,138 The first clinical trial with the apical membrane antigen 1
(AMA1) vaccine demonstrated no efficacy after
blood stage challenge.139 The most promising
candidate to date, PfRH5, seems to have less
genetic variation and shows functional antibody responses in vitro after intra-muscular
immunizations.136,140,141 The first clinical trials are
planned (NCT02927145).
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Transmission-blocking vaccines

specialized centres including the Radboudu-

main vigilant at all times to ensure the proper

Objectives

Transmission-blocking vaccines (TBVs) are

mc.148-150 Decades of experience with infec-

monitoring of participants, and regularly

The main objective of this thesis is to explore

a distinct type of vaccination approach that

tions have led to a well-established challenge

evaluate if additional safety measurements

and to show the potential value of CHMI as a

intends to induce immunity against the sexual

model that has become widely accepted in

are needed to protect participants. Challenge

fit-for-purpose model. By the exploitation and

stages of the parasite preventing sporogonic

the scientific community.151-154 Next to drug

studies may greatly benefit from a structured

new developments of some of the utilities of

development in the mosquito (Figure 3).142

development 155-158 and evaluation of candi-

risk analysis for example.

this model, we aim to increase our knowledge

TBV-vaccinated people would not directly con-

date vaccines and diagnostics 111,139,159-165, this

fer protection against the disease, but rather

model may provide unique insight into para-

pants have been exposed to malaria in the

indirectly protect their immediate neighbour-

site biology and disease pathogenesis

protocolized CHMI.

hood.142 A number of candidates have entered

host immune responses 32,170-172, and diagnos-

medical center (Radboudumc) has enrolled

insights and developments in CHMI. How can

clinical testing, targeting the ookinete surface

tic tools 173,174. Although, the controlled human

over 400 CHMI participants since 2001.

we optimize CHMI to expand its utilities? More

protein Pfs25, and the gametocyte antigens

malaria infection (CHMI) model is now con-

Traditional CHMI studies used mosquito bites

specific, can we develop a malaria transmis-

Pfs48/45, Pfs230, and more recently Pfs47.143,144
Functionality of acquired antibodies are often
tested in an artificial membrane feeding
system using mosquitoes that are fed cultured gametocytes in the presence of whole
serum or purified IgG (SMFA). Other laborious
approaches in the field are direct membrane
feeding assays (DMFA) and direct skin feeding
assays (DSF) using gametocytes from naturally
infected individuals. Studies are currently trying to bridge the different assays for a better
interpretation of field trial data145, since an effective model for early clinical evaluation and
downstream selection of vaccine candidates
is currently unavailable.

sidered an invaluable research tool, exposure

as route of administration; however, blood

sion model to evaluate transmission-blocking

of healthy participants to malaria remains a

stage injection of infected red blood cells

interventions or use CHMI to investigate ma-

delicate ethical balance between the poten-

has now also been shown to be a reliable

laria pathogenesis? Safety is a critical factor in

tial risks and scientific advances that it may

and safe method.154 This alternative route is

CHMI, and should therefore be prioritized and

provide. Most important is to prioritize the

circumventing the liver stage of the parasite’s

carefully assessed as described in Part 1.

safety of participants whilst enabling the col-

lifecycle, and is highly reproducible and par-

lection of valuable insights in malaria biology,

ticularly of interest for drug development that

CHMI, including testing of candidate vaccines

immunology and intervention efficacy. If suf-

target asexual parasitaemia.154 The recent ad-

and a novel diagnostic.

ficient mosquito numbers are used with high

vance of the development of cryopreserved,

and standardized sporozoite loads, all partic-

aseptic, good manufacturing practice (GMP)

Part 1. Optimizing CHMI and expanding

ipants experience blood stage malaria after

sporozoites made by Sanaria Inc. (Rockville,

its utilities

CHMI. This blood stage infection invariably

MD), unlocks new opportunities for CHMI.

comes with adverse events. However, devel-

Circumventing the need for an operational

In Chapter 2: Liver injury in uncomplicated

opment of parasitaemia and symptoms have

insectarium, availability of cryopreserved,

malaria is an overlooked phenomenon: an

been found to be reproducible and predicta-

vialed sporozoites has accelerated the devel-

observational study, we aim to discuss and in-

ble.151,152,175 The maximum parasitaemia before

opment of CHMI in endemic settings such as

vestigate liver injury in uncomplicated malaria

Controlled Human Malaria infections

curative treatment is typically limited to ~50-

Mali, Burkina Faso, Gabon, Kenya, Tanzania,

by observational and prospective data from

Controlled infection of humans to bites of

100 parasites/μL, which is 2-3 logs lower than

and Equatorial Guinea.112,127,181-185

CHMI’s and patients with imported malaria.

malaria infected Anopheles mosquitoes or

in patients with naturally acquired infections

intravenous and intradermal inoculation of

presenting in the clinic. Due to the early

very valuable and versatile research tool

inflammation, oxidative stress and cellu-

sporozoites was first described in 1917 as part

treatment and hence clearance of parasitae-

that allows answering multiple questions in

lar aging in a controlled human malaria

of treatment for neurosyphilis (malariothera-

mia, risks for complicated malaria remains

a wide range of different research avenues

challenge study, we aim to investigate the

py).146 Until the arrival of antibiotics (penicillin)

futile. Nevertheless, the previously observed

and settings. The boundaries and poten-

possible effect of a single malaria infection

against Treponema pallidum, thousands of

occurrence of serious cardiac adverse events

tials of this model seem, however, still far

on cellular ageing including the parameters

neurosyphilis patients have been exposed to

(SAE’s) has prompted the implementation of

from being reached. For example, the de-

that measure cellular senescence.

malaria as supposed treatment. Since the 60s,

cardio-specific safety measures.176,177 Further-

velopment and feasibility of a CHMI model

experimental malaria infections have been

more, asymptomatic transient liver function

that may evaluate transmission-blocking

sis - for possible organ damage in CHMI,

used to evaluate antimalarial drugs 147, and

test elevations do occur in a number of

interventions or investigate the dynamics

we aim to investigate and discuss possible

from 1986 laboratory reared malaria infected

centers, also leading to more stringent safety

of the sexual stage of the parasite could be

health risks (e.g. organ damage) induced by

mosquitoes were available in only a handful

measures. It is of utmost importance to re-

a valuable research asset.

CHMI by reviewing the available literature of

,

166-169

To date more than 3000 healthy partici178

The Radboud university

on malaria biology and develop and test novel
tools for malaria elimination.
In Part 1 of this thesis, we will discuss new

In Part 2, we will describe studies of applied

179,180

In summary, CHMI has proven to be a

In Chapter 3: An interplay between

In Chapter 4: Structured Risk Analy-
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Finally, in Chapter 13: The XN-30 haema-

CHMI’s and naturally acquired uncomplicated

inhibiting parasite growth are associated

malaria. A structured risk analysis for CHMI

with parasite kinetics following a Plasmodium

ically modified rodent malaria parasite against

tology analyser for rapid sensitive detection

may help to make well-balanced (ethical) de-

falciparum controlled human infection, we aim
to study the susceptibility of Gambian adults
against a Controlled Human Malaria Infection
with different serological profiles to a panel of
predefined P. falciparum antigens by determination of parasite kinetics and immunity.

Plasmodium falciparum malaria: an open-label
randomized phase 1/2a trial, we aim to assess
safety and efficacy of PbVac in a first-in-human
trial. This study could support the proof-of-concept of a new paradigm in malaria vaccination.

of malaria: a diagnostic accuracy study, we

cisions with an attempt to define additional
safety measurements.
In Chapter 5: A randomized feasibility trial
comparing four antimalarial drug regimens
to induce Plasmodium falciparum gametocytemia in the Controlled Human Malaria
Infection model, we aim to develop a malaria

Part 2: Using CHMI to evaluate novel

transmission model to induce gametocyte

interventions

carriage with different antimalarial drug
regimens. Such a model may be useful to

The objective of Chapter 9: Modest heterolo-

evaluate transmission-blocking interventions

gous protection after Plasmodium falciparum

but also may allow studies on gametocyte

sporozoite immunization: a double-blind ran-

biology and dynamics.

domized controlled clinical trial, is to investi-

In Chapter 6: Concentration of Plasmodi-

um falciparum gametocytes in whole blood
samples by magnetic cell sorting enhances
parasite infection rates in mosquito feeding
assays, we aim to enhance parasite transmission in mosquito-feeding assays. Functionality
of antibodies acquired by TBVs is assessed
through mosquito-feeding assays. However,
these assays are limited by the sensitivity and
throughput. In this study we aim to increase
the sensitivity of this assay to better evaluate
gametocyte infectivity, particularly in low gametocyte carriers.
In Chapter 7: Gametocyte kinetics and
infectivity during Plasmodium falciparum
blood-stage or mosquito bite controlled human
malaria infection, we aim to compare and
optimize controlled human malaria infection
transmission model by mosquito bite- or blood
stage challenge to evaluate transmission-blocking interventions. The successful development
of a model to evaluate transmission-blocking
interventions could greatly accelerate development of such and impact malaria control.
In Chapter 8: Serologic markers of previous
malaria exposure and functional antibodies

gate the efficacy of CPS immunizations against
heterologous challenge strains. Parasitic genetic
diversity is a major drawback for vaccine development against malaria.
In Chapter 10, 11 and 12, we describe the
(pre) clinical development of a whole organism vaccination against human malaria
by the use of a genetically modified rodent

Plasmodium berghei sporozoite vaccine
platform (PbVac). The objective of Chapter
10: A Plasmodium berghei sporozoite-based
vaccination platform against human malaria,
is to establish a proof-of-concept of efficacy
of PbVac against P. falciparum in pre-clinical
studies. We aim to investigate if this approach
can induce robust immunity against Plasmodi-

um falciparum, paving the way for subsequent
pre-clinical safety testing.
In Chapter 11: Pre-clinical evaluation of a P.
berghei-based whole-sporozoite malaria vaccine candidate, we aim to assess the pre-clinical
safety of PbVac in a collection of studies, including biodistribution- and toxicology- study in
rabbits before human use. The pre-clinical safety
of this vaccine is needed for further assessment
in clinical trials.

In Chapter 12: Safety and efficacy of a genet-

aim to evaluate a novel malaria diagnostic in
a Controlled Human Malaria Infection (CHMI)
study and a phase-3 diagnostic accuracy study
in Burkina Faso.
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Figure 1. Life cycle of Plasmodium falciparum and gametocyte development
The life cycle of Plasmodium falciparum and the five developmental stages of P. falciparum gametocytes and mature
P. vivax gametocytes. Figure reprinted with permission by the publisher from Bousema & Drakeley.30
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Figure 2. Naturally acquired immunity in an area of moderate transmission intensity
Immunity against intensity of disease is acquired with repeated exposure in time, but not from infection perse (premunition). Red-, and blue lines represent individuals with severe-, and mild malaria disease, respectively. Green line
represents individuals with microscopic-detectable parasitaemia.
Figure reprinted with permission by the publisher from White et al. 2014 42 and Marsh et al. 2006.48

Figure 3. Target stages of vaccines against malaria
Figure reprinted with permission by the publisher from PATH MVI; www.malariavaccine.org.
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Liver injury in uncomplicated malaria is an
overlooked phenomenon: an observational study

Background

matory cytokine responses and oxidative

Liver injury is a known feature of severe

stress markers (r=0·65, p=0·008, and r=-0·63,

malaria, but is only incidentally investigated

p=0·001, respectively).

in uncomplicated disease. In such cases,
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drug-induced hepatotoxicity is often thought

Interpretation

to be the primary cause of the observed liver

This study shows that reversible liver injury is a

injury, and this can be a major concern in

common feature of uncomplicated falciparum

antimalaria drug development. We investi-

malaria, most likely caused by an enduring

gated liver function test (LFT) abnormalities

pro-inflammatory response post treatment.

in patients with imported uncomplicated

The recognition of this phenomenon is of

malaria, and in Controlled Human Malaria

clinical relevance for individual patient care as

Infection (CHMI) studies.

well as clinical development of (new) antimalarial drugs.

Methods
Clinical and laboratory data from 484 import-

Funding

ed malaria cases and 254 CHMI participants

PATH Malaria Vaccine Initiative (MVI).

were obtained from the Rotterdam Malaria
Cohort database, and the Radboud Uni-

Evidence before this study

versity Medical Center database (between

We conducted an online literature search

2001-2017), respectively. Routine clinical

on liver function test (LFT) abnormalities in

LFTs, clinical profiles, parasite densities,

uncomplicated malaria using PubMed for

hematological, and inflammation parameters

articles published up to May 1st, 2018. Articles

were assessed in 217 patients with imported

were searched by title and abstract using the

falciparum malaria upon admission, and from

terms “hepatic dysfunction” or “liver injury”

longitudinal data of 187 CHMI participants.

or “liver function test” or “liver enzymes”
or “transaminases”, with either “malaria”

Radboud university medical center, Department of Medical Microbiology, Nijmegen, The Netherlands.
Institute for Tropical Diseases, Harbour Hospital, Rotterdam, The Netherlands. 3 Division of Infectious Diseases,
Department of Medicine Solna, Karolinska Institute, Stockholm, Sweden. 4 Department of Medical Microbiology and
Infectious Diseases, Erasmus MC University Medical Center, Rotterdam. 5 Radboud university medical center,
Department of Internal Medicine, Nijmegen, The Netherlands.
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Findings

or “uncomplicated malaria” or “non-severe

Upon admission, the proportion of patients

malaria” without language restrictions. Some

with imported uncomplicated malaria and

articles cited in the screened publications

elevated liver enzymes was 128/186 (69%).

were also included. We screened 58 articles,

In CHMI, 97/187 (52%) participants showed

26 of which described liver injury in malaria

LFT abnormalities, including mild (64%, >1.0

focusing on severe disease. Only four con-

≤2.5x upper limit of normal (ULN)), moder-

tained information on LFT abnormalities in un-

ate (20%, >2.5 ≤5.0xULN) or severe (16%,

complicated disease specifically. Most other

>5.0xULN). LFT abnormalities were primarily

studies described hepatic adverse reactions

ALT/AST elevations and to a lesser extent γGT

in the context of antimalarial drugs. The most

and ALP. LFT abnormalities peaked shortly

descriptive study was a recent retrospective

after initiation of treatment, regardless of

study by Woodford et al that provides data

drug regimen, and returned to normal within

on LFT dynamics. Ramirez et al described the

three to six weeks. Positive associations were

proportion of LFT abnormalities on admission

found with parasite burden and inflammatory

day in a case control study. In these studies,

parameters, including cumulative inflam-

no clear associations were found between
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clinical and demographic factors, and LFT

is extremely low but sufficient to effect system-

Malaria continues to play a critical role in

tion, cholestasis, monocyte infiltrations to

abnormalities in uncomplicated malaria. The

ic inflammation and oxidative stress.

the global infectious disease burden with

malarial nodules.7,10,11 These complications

significant morbidity and mortality, espe-

can contribute significantly to liver failure

Implications of all the available evidence

cially in sub-Saharan Africa. International

and other systemic complications.9,12,13 The

pathophysiological basis of liver injury has
only been described in animals to date.

Recognizing and understanding this relatively

travelers are also at risk in more than 90

underlying pathogenesis of liver damage is

Added value of this study

common phenomenon is of significant impor-

countries worldwide, mainly in Africa, Asia,

largely unknown. Furthermore, liver involve-

To our knowledge, this is the first study using

tance for both drug-related clinical decision

and the Americas.1 Clinical malaria is charac-

ment has only been incidentally investigated

longitudinal and prospective data from CHMI

making and development of antimalarial

terized by a systemic inflammatory response

in uncomplicated malaria.14-16

studies to characterize liver injury specifi-

drugs. Incorrect attribution of liver injury to

cally in uncomplicated falciparum malaria.

an antimalarial drug can lead to unnecessary

This study adds novel insights into clinical

discontinuation or shifts in drug regimens; in-

relevance, dynamics and pathophysiological

stead, a more expectative approach might be

basis of liver injury. We provide evidence that

warranted. Clinical trials testing the safety and

the underlying pathogenesis of liver injury in

efficacy of novel antimalarials should carefully

uncomplicated malaria is unlikely to be related

(re)consider unnecessary early abrogation of

to hepatotoxicity of antimalarials, and conceiv-

promising drugs with supposed hepatotoxic

ably differs from that during severe malaria.

effects. Supportive therapeutics with hepa-

Induced inflammation per se may be a major

totoxic potential during a malaria infection

driver of liver injury since parasite load in CHMI

should, however, be limited or given.

induced by asexual Plasmodium parasites.
Plasmodium falciparum is responsible for
most malaria-related deaths globally.1 Severity of disease is determined by multiple
factors, including parasite species and timing of antimalarial treatment.2 The majority
of severe falciparum malaria manifestations
are most likely related to cytoadherence
of parasitized red blood cells (RBCs) to the
vascular endothelium, to each other (platelet-mediated agglutination) 3, or to uninfected erythrocytes (rosetting).4,5 The subsequent sequestration in the microvasculature
results in decreased local oxygen supply and
a disturbed metabolism, eventually leading
to vital organ failure.
Hepatic dysfunction and jaundice are
common features of severe malaria.6-9 Histopathological changes in the liver range from
hepatocyte necrosis, granulomatous lesions,
KuPffer cell hyperplasia, malarial pigmenta-

Previously, we regularly observed pronounced elevations in liver function tests
(LFTs) often shortly upon initiation of curative
treatment in patients with imported uncomplicated malaria. We hypothesized that liver
injury might arise through a mechanism other than drug-induced hepatotoxicity, or the
substantial sequestration observed in severe
disease.4,17 Understanding this clinical feature
of uncomplicated malaria could support
clinicians in drug-related decision making,
and in particular drug development, where
frequency of adverse hepatic reactions is a
leading concern. Here, we performed a retrospective analysis to determine the frequency
of LFT abnormalities in patients with imported uncomplicated malaria, and used longitudinal prospective data of controlled human
malaria infection (CHMI) studies to further
investigate the significance, dynamics and
pathophysiological basis of liver injury.
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Study design and population

Western Institutional Review Board (WIRB). The

sis, TaqMan gene expression Assays (Applied

ities, due to its strong relation to haemol-

Clinical and laboratory data from 484 im-

studies were conducted according to the prin-

Biosystem) were used to measure antioxidant

ysis and low liver specificity. Patients with

ported malaria cases and 254 individuals

ciples outlined in the Declaration of Helsinki

gene expression levels for Superoxide dismu-

imported malaria were considered partially-,

participating in 17 CHMI studies were obtained

and Good Clinical Practice standards, and

tases (SOD1 and SOD2), Nitric oxide synthase

semi-, or non-immune. In short, patients

from the Rotterdam Malaria Cohort data-

registered at ClinicalTrials.gov. Study EHMI-3,

(NOS3), Catalase (CAT), Peroxiredoxin (PRDX1)

born in a malaria-endemic country living in

base, and the Radboud University Medical

conducted in 2001, was not registered in an

and Glutathione S-transferase Kappa (GSTK1)

the Netherlands were considered partially

Center database, respectively. The Rotterdam

online database such as ClinicalTrials.gov.

from whole blood by using qPCR (S1 Materi-

immune. Patients that were born and still

al). The cumulative anti-oxidant and cytokine

residing in a malaria-endemic area were pre-

Malaria Cohort consists of patients diagnosed
with imported malaria who presented at the

Controlled Human Malaria Infection

responses were determined through transfor-

sumed semi-immune. All other patients were

Rotterdam Harbour Hospital or the Erasmus

CHMI participants were all challenged by

mation of data into a Z-score (each value sub-

considered non-immune.24 Data on previous

University Medical Center between 2002 and

bites of malaria-infected mosquitoes or direct

tracted by the mean of the group and divided

episodes of malaria were not available.

2017. For this study, clinical and laboratory

venous inoculation of sporozoites/blood stage

by the SD of the group).

data from patients with imported P. falciparum

parasites. The challenges were conducted

malaria were selected (S1 figure). Patients with

with different parasite clones: NF54 (airport

Definitions

mia over time, and computed by GraphPad

a known history of liver disease, or concom-

malaria) 19, 3D7 (clone of NF54)20, NF135

Liver function test (LFT) abnormalities were

Prism 5 (2009, San Diego California USA).

itant infections at admission were excluded

(Cambodia) 21, and NF166 (Guinea, West Afri-

graded using an adaptation of the World

(e.g. hepatitis B, HIV, schistosomiasis, urinary

ca) 22. Daily blood sampling included parasito-

Health Organization (WHO) Adverse Event

Statistical analysis

tract infections, and respiratory tract infec-

logical assessment (thick blood smears and

Grading System 2003: mild LFT elevations

All data were analyzed with GraphPad Prism

tions). Furthermore, patients that received

qPCR) and/or safety laboratory parameters.

(>1·0 ≤ 2·5x upper limit of normal (ULN)), mod-

5 or SPSS software version 24 (IBM Inc.,

erate (>2·5 ≤5·0xULN), and severe (>5·0XULN)

Chicago, IL, USA). Descriptive analyses are

antimalarial treatment prior admission were

The parasite load was estimated by measuring the area under the curve of parasitae-

also excluded. Data on concomitant medi-

Laboratory investigations

elevations. Imported malaria patients were

presented as percentages, mean with stand-

cation use other than antimalarial treatment,

All clinical laboratory data were assessed by

classified as having uncomplicated malaria

ard deviation, or median with inter-quartile

antipyretic therapy (e.g. acetaminophen) or in-

standard hematological and biochemical tests

by absence of WHO criteria 2014 23 for severe

range. Mann Whitney U test was used for

formation on (chronic) alcohol intake were not

on peripheral blood specimens. Biochemical

P. falciparum malaria on admission or during

comparison of non-normal continuous

available. Because of the retrospective nature

liver tests included: aspartate aminotrans-

hospitalization. Abnormal bilirubin levels

data or independent groups/samples. Chi

of the analysis and use of anonymized data,

ferase (AST), alanine aminotransferase (ALT),

were not included in the incidence or grading

square test or Fisher’s exact test was used

ethical approval or informed consent was not

gamma-glutamyl transferase (γGT), alkaline

of LFT abnormalities, since the bilirubin

for comparison of qualitative variables and

necessary, as stated in the Medical Research

phosphatase (ALP), lactate dehydrogenase

increases found in the imported malaria

for determining association between various

involving Human Subject Act (WMO).

(LD), and total bilirubin. Reference laboratory

cases most likely reflect haemolysis and

variables. Correlation between different pa-

values for AST were <30 or <35 U/L (female

could possibly bias the elevated liver enzyme

rameters was assessed by Spearman’s rho. A

participants aged 18-35 years were recruited

or male); ALT <35 or <45 U/L (female or male);

prevalence in imported malaria. Similarly,

P-value of < 0·05 was considered as statisti-

for the CHMI studies between 2001 and 2016.

γGT <40 or <55 U/L (female or male); ALP <100

lactate dehydrogenase (LD) was not included

cally significant.

Healthy malaria-naïve male and female

Extended screening included hematology and

or <115 U/L (female or male); total bilirubin <17

biochemistry parameters, serology for asexual

µmol/L; LD <250 U/L (S2 table).

stages of P. falciparum, and hepatitis B, C and
HIV, as previously described.16,18 All study par-

Inflammatory cytokines and oxidative

ticipants provided written informed consent at

stress analysis

screening visit. All clinical trials were approved

Inflammatory cytokines (IL-1β, IFN-α, IFN-γ,

by the Radboudumc Committee on Research

TNF-α, MCP-1, IL-6, IL-8, IL-10, IL-12p70, IL-17A,

Involving Human Subjects (CMO), the Central

IL-18, IL-23, and IL-33) were determined in

Committee on Research Involving Human

study CHMI-trans1 using flow-based multiplex

Subjects (CCMO) of the Netherlands, or the

(Legendplex). For the oxidative stress analy-

in the incidence or grading of LFT abnormal-
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The general characteristics on admission of the

tions were primarily limited to ALT/AST eleva-

delayed. These specific patterns, as well as the

However, prior to treatment these parameters

217 included patients with imported

tions, and to a lesser extent, to γGT and ALP.

severity of the observed abnormalities, seem

poorly predicted LFT abnormalities.

P. falciparum malaria are shown in table 1 and S1
table. On admission day, LFTs were increased
in 128/186 (69%) of patients with uncomplicated falciparum malaria (table 1) and 27/31 (87%)
in severe disease (S1 table). In uncomplicated
disease, abnormalities appeared to be mild in
93/186 (50%), moderate in 26/186 (14%), and
severe in 9/186 (4·8%) of the cases. The median
ALT of all uncomplicated malaria patients with
LFT abnormalities was 48 U/l (range 15-242 U/l,
IQR 34-68 U/l), and the median AST was 41 U/l
(range 9-326 U/l, IQR 31-63 U/l). The median
γGT was 71 U/l (range 20-447 U/l, IQR 49-113
U/l), the median ALP was 83 U/l (range 36-265
U/l, IQR 64-101 U/l), the median total bilirubin
was 22 µmol/l (3-115 µmol/l, IQR 17-43 µmol/l),
and the LD was 286 µmol/l (range 52-656
µmol/l, IQR 113-346 µmol/l). No statistically
significant differences were found between
ages, gender, or immune status in patients withor without LFT abnormalities. Furthermore, LFT
abnormalities appeared in all treatment groups
(table 1). In a sub-group analysis of the malaria
cohort, increases in LFT abnormalities were also
found in 23/50 (46%) of the patients with a Plasmodium vivax infection (S1 table). No significant
differences in other parameters than in LFTs
between cases with and without LFT abnormalities were observed (S1 table).
To better define the dynamics and basis
of liver injury, we used data of CHMI studies,
which entails extensive screening to minimise
confounding effects. Longitudinal data of 17
CHMI studies with a total of 254 participants
with patent parasitaemia, showed that LFTs
were elevated in 97/187 (52%) of the participants
with LFTs measured during infection (table
2). In most cases standard LFT measurement
time-points were obtained at baseline, 2 days
post-treatment, and at the end of study. Eleva-

Increased transaminases were found in 83/129
(64%) of the CHMI participants when treated

regardless of different drug regimens used.
To compare the dynamics of LFT abnormal-

We hypothesized that inflammation, well
known to be involved in malaria pathogenesis,

at positive thick smear (treatment threshold of

ities between CHMI and imported cases, data

~>5 parasites/µL), including mild (50/83 (60%),

of 51 patients with imported uncomplicated

imported uncomplicated malaria cases, C-re-

>1·0 ≤ 2.5xULN), moderate (18/83 (22%), >2·5

malaria with multiple LFTs measurements were

active protein (CRP) was increased on the day

≤5·0xULN) and severe (15/83 (18%), >5·0xULN)

also obtained to analyze the course of LFT

of admission in patients with LFT abnormalities

elevations (table 2). The incidence of LFT ele-

elevations (S2 figure). A similar LFT pattern

(p<0·001) (figure 2C). A statistically significant

vations was 14/58 (24%) in volunteers treated

was found in both naturally-acquired infections

difference was found in maximum d-dimer levels

at positive qPCR (treatment threshold of >0·1

and CHMI participants, where LFT elevations

in CHMI participants with or without LFT abnor-

parasites/µL), including mild (12/14 (86%)),

peaked after treatment and normalized during

malities (p<0·001) (figure 2D).

moderate (1/14 (7%)), and severe (1/14 (7%)) ele-

follow-up. In contrast to CHMI-participants,

vations (table 2;). Among all CHMI participants

total bilirubin levels in patients with imported P.
falciparum malaria were increased on admission
day, suggesting a concomitant haemolysis most
likely due to 2-3 log higher parasite densities.

the median peak ALT was 69 U/l (range 13-870
U/l, IQR 46-98 U/l), and median peak AST was
52 U/l (range 22-723 U/l, IQR 43-85 U/l) from all

might play a role in these abnormalities. In the

A more extended pro-inflammatory cytokine panel was measured in one CHMI study
(CHMI-trans1, n=16) one day after treatment,
showing a positive correlation between IFNγ,
IL-6, and IL-8, and peak of the LFT abnormalities, p=0·039, p=0·049, and p=0·015, respec-

sample collection time-points during infection.
Median peak γGT was 40 U/l (range 11-184 U/l,

Association between parasite load

tively (S3 table). A strong positive association

IQR 26-68 U/l), median peak ALP was 79 U/l

and liver function tests

was also found between the cumulative in-

(range 17-218 U/l, IQR 67-94 U/l), median peak

CHMI participants with LFT abnormalities present-

flammatory responses (IFNγ, MCP-1, IL-6, IL-8,

total bilirubin was 11 µmol/l (range 3-31 µmol/l,

ed with a higher parasite load than those without

IL-10, IL12p70, IL-17a, IL-18) and LFT abnormal-

IQR 9-15 µmol/l), and median peak LD was 422

LFT abnormalities (p<0·001), although the range

ities (r=0·65, p=0·008) (figure 4). In a second

µmol/l (range 170-981 µmol/l, IQR 198-396

was relatively large (figure 2A).

study (EHMI-8B study, n=7), a similar positive

µmol/l). Only 9/187 (5%) showed mild eleva-

There was a positive association between LFT val-

trend was found for d-dimer, CRP, IFNγ, and

tions (>1·0 ≤ 2·5xULN) of total bilirubin levels.

ues and parasite load in the CHMI studies (r=0·33,

IL-6 values (S3 figure).

When more frequently assessed over the

p<0·001) (figure 2B). No significant differences

course of the study (2 CHMI studies, n=34), mild

were found between the different groups of LFT

were measured to further define the nature

LFT elevations became apparent just prior to

severity grades. In addition, in clinical cases with

of the induced inflammatory response in

initiation of treatment (figure 1). The majority

imported uncomplicated P. falciparum infections,

relation to LFT abnormalities. A significant

of LFT abnormalities exceeded the upper limit

a positive association was found between parasite

reduction in the average of anti-oxidant gene

of normal on the day of treatment, and peaked

density on admission day, and LFT abnormalities

expression SOD1 (p=0·03), SOD2 (p=0·001),

around 2-6 days after initiation of antimalarials.

(r=0·25, p=0·005).

NOS3 (p<0·0001), CAT (p<0·0001), and GTSK1

Finally, a number of anti-oxidant markers

(p<0·0001) and an increase in expression of

This corroborates with data from EHMI-3 (n=5)
where treatment is initiated 48 hours after a

Clinical laboratory parameters and

PRDX1 (p=0·007) was observed during the

positive thick smear. The observed abnormal-

liver function tests

malaria infection (one day after treatment) (S4

ities were transient, normalizing at study end

Analysis of clinical laboratory parameters in

figure). The cumulative anti-oxidant response

(around day 35-42 after challenge infection).

CHMI participants showed that lowest platelet,

of these markers through transformation into

Furthermore, a distinct pattern of timing of peak

leukocyte, and lymphocyte counts, as well as

a Z-score, showed a negative association be-

of transaminase elevations is found between

maximum LD levels, independently associat-

tween the anti-oxidant response and the LFT

individuals. Some participants show peak ele-

ed with LFT abnormalities (p<0·0001, p=0·01,

abnormalities (r=-0·63, p=0·001) (figure 4). All

vations early after treatment and others more

p<0·0001, p<0·0001, respectively) (figure 3).

markers normalized by the end of the study.
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This study shows that abnormalities in liver

bilirubin levels precede antimalarial treatment

severe malaria. In severe falciparum malaria,

of the host’s mitochondria in malaria, leading

function test (LFT) are a relatively frequent

in imported malaria cases but not CHMI. This

tissue damage is thought to be at least partly

to organ damage.34 The resulting oxidative

finding in uncomplicated falciparum malaria,

suggests that these elevations are likely due to

related to decreased oxygen supply and dis-

stress as observed in uncomplicated malaria

and occur regardless of the choice of drug

haemolysis leading from higher parasitaemia

turbed metabolisms due to parasite seques-

regimen. These abnormalities are transient

in these patients compared to CHMI volun-

tration in the microvascular capillary system.

instance, lipid peroxidation and antioxidant

in nature, resolving within 3-6 weeks. The

teers. Similarly, Woodford et al. show that

However, in CHMI only very low parasite

enzyme activity associate with cholestatic

typical pattern of LFT elevations is primarily

bilirubin elevations in clinical cases peak on

densities are present and sequestration likely

jaundice in P. vivax patients 36, and oxidative

limited to ALT/AST elevations, and to a lesser

admission day, resolving early after treat-

limited. Systemic inflammation with leuko-

stress causes hepatocyte apoptosis in murine

extent, to γGT and ALP, and peaks in particu-

ment in contrast to the later occurring peak

cytopaenia, thrombocytopaenia, increased

malaria models 37,38. In this study, we show that

lar two to six days after initiation of treatment.

of transaminases. The absence of clearly

d-dimer, CRP, and IFN-y concentrations is a

anti-oxidant gene expression is down-regu-

Furthermore, the study shows a significant

elevated bilirubin levels in CHMI adduces that

typical hallmark of malaria even at the very

lated for SOD1, SOD2, NOS3, CAT, and GSTK1

association between LFT elevations and para-

these events may not result in a functional

low density of parasitaemias as observed after

during infection, and up-regulated for PRDX1.

site load, inflammatory markers and reduced

liver impairment, since conjugation of bilirubin

CHMI.28,29 This study shows a clear relationship

This corroborates with data from rodent stud-

expression of oxidative stress markers. Early

occurred normally. Serum albumin or clotting

between these parameters and LFT abnormal-

ies 39,40 and a non-human primate study with P.

treatment based on qPCR thresholds can

factors were not tested in the current study,

ities in falciparum malaria. Together with the

decrease the occurrence and severity of LFT

and therefore, it cannot be formally excluded

timing of LFT abnormalities post treatment,

abnormalities in CHMI.

that biosynthetic capacity of the liver may be

and the presence of low-density parasitae-

compromised. The absolute increase in serum

mia, this suggests an inflammation-based

feature of severe malaria, contributing to

transaminases is of little prognostic value

mechanism of liver injury. Similarly, lung injury

clinically significant complications such as

since the liver can recover from most forms of

with impaired alveolar-capillary function is

hypoglycaemia, metabolic acidosis, impaired

acute injury, due to its large regenerative ca-

described to deteriorate after antimalarial

drug metabolism, and finally organ failure.8,12

pacity. In absence of symptoms such as haem-

treatment, reflecting a prolonged inflammatory

Malaria-associated liver damage in uncom-

orrhage or altered consciousness, significant

response to parasite killing.30 Histopathology

plicated malaria, however, has rarely been

hepatic dysfunction seems highly unlikely in

of lung tissue in vivax malaria supports this

investigated so far.25 Observational studies

patients without history of liver disease.

hypothesis with an increase in alveolar-cap-

knowlesi 41, where hepatic superoxide scavenging systems, glutathione S-transferase,
superoxide dismutase and catalase, decrease
during the course of a malaria infection. This
net result may be reduced clearance of radicals and subsequent failure to protect cellular
constituents from oxidative damage.
Our findings reflect a need to understand
and reassess LFT abnormalities in malaria.
This will have significant impact on clinical
decision-making and in drug development,
where they are often interpreted as drug-induced liver injury, particularly in malaria
drug studies.27,42 For example, drug-related
serious adverse events in a recent multicentre trial comparing pyronaridine–artesunate
or dihydroartemisinin–piperaquine versus
current first-line therapies for uncomplicated
malaria were associated mainly with increased
liver enzymes.43 Incorrect attribution of liver
injury to an antimalarial drug can lead to
unnecessary discontinuation or shifts in drug
regimens, or impede drug development.
Given the diversity of drug regimens used, it is
unlikely that the observed LFT abnormalities in
this study are caused by antimalarials. Moreover, no marked deterioration of LFTs was
observed after a second, higher drug dose.16

Hepatic dysfunction is a well-known

14

is known to play a role in pathogenesis.35 For
7,17

are often restricted in number and limited to

The potential contribution of infection

illary monocytes and pulmonary phagocytic

admission samples only 15, therefore, under-

transformation, from the liver stage to blood

cell activity after initiation of treatment.31 An

estimating incidence and severity. Other

stage infection, to LFT abnormalities remains

adjacent hypothesis describes platelet se-

studies do not differentiate non-severe from

uncertain. However, similar LFT abnormal-

questration as a downstream promoter of liver

severe disease in their analysis 9,14,26 This

ities are found CHMI studies with a blood

injury by exacerbating local inflammation and

study specifically advocates the relevance in

stage challenge, where the liver stage of the

leukocyte accumulation 32, which correlates

relation to potential clinical implications in

parasite is circumvented.14 This, together

with the observed thrombocytopaenia and leu-

uncomplicated disease, which constitutes the

with the observation that no substantial LFT

kocytopaenia. Interestingly, although inflam-

vast majority of clinical malaria cases. This

abnormalities are found on day 6-7 (day of

mation-induced liver injury is common in other

study highlights that LFT abnormalities can be

liver schizont rupture), makes it less likely

infectious diseases (e.g. extrahepatic bacterial

severe (up to > 20 xULN), but are apparently

that the liver stage can cause significant LFT

infection and sepsis), it seems to predomi-

fully reversible upon parasitological cure,

abnormalities on its own. It is unknown if the

nantly have a cholestatic nature in contrast to

corroborating previous reports.25-27

liver stage could influence the severity of the

uncomplicated malaria.33

The observed liver injury seems to have
a hepatocellular basis, as indicated by the

observed abnormalities.
This study provides evidence that the

Systemic inflammation is the net result of
an interplay between pro- and anti-inflamma-

disproportionate elevation in serum transam-

underlying pathogenesis of liver injury in un-

tory responses, and a shift towards a pro-in-

inases relative to alkaline phosphatase. Peak

complicated malaria conceivably differs from

flammatory status can cause malfunctioning
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Our data does not support distinct differences

permanent subclinical liver damage. Treat-

other involvement in the current study. IJR and

Declaration of interests
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clearance, and a more expectative approach
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findings from Woodford et al., our data does

might be warranted to avert unnecessary

not show a clear relation between the severity

discontinuation or shifts in antimalarials

of abnormalities found, the pattern of early-

due to supposed drug-induced liver injury.
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Figure 1. Course of liver function test (LFT) levels during CHMI.
Multiple LFT measurements of the LSA-3 and CHMI-trans1 study (n=34). LFT sampling time-points differ between
studies and individual participants. The line interruption indicates sampling time-points prior- and post-treatment.
ALT= alanine aminotransferase, AST= aspartate aminotransferase, γGT= gamma glutamyl transferase, ALP= alkaline
phosphatase. Orange curves are the median of all grey individual participants curves per LFT.

Table 2. Overview of CHMI studies
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Figure 2. Parasite load, inflammation markers, and liver function test (LFT) abnormalities.
A) Parasite load in CHMI without- (no LFT#), and with LFT abnormalities (LFT#). Error bars represent median with
inter-quartile range. Parasite load as the area under the curve (AUC) represents the total parasite exposure over
time. B) Association of parasite load and severity of liver function abnormalities in x the upper limit of normal of LFTs
(xULN of LFTs) in CHMI subjects. C) C-reactive protein (CRP) levels of patients with imported uncomplicated P. falciparum malaria on admission day. D) Maximum d-dimer levels measured in participants with LFT abnormalities (LFT#)
in CHMI. D-dimer data are from 6 CHMI studies (n=81) with multiple samples measured during challenge infection.
Error bars represent the median with inter-quartile range. ***p<0.001.

Figure 3. Clinical laboratory parameters and liver function test (LFT) abnormalities in CHMI.
Maximum lactate dehydrogenase (LD), and minimum platelets, leukocytes, and lymphocytes measured in CHMI participants without-, and with LFT abnormalities (LFT#). Error bars represent the mean with SD. **P=0·004; ***p<0·001.

Figure 4. Association between liver function test abnormalities, and cumulative cytokine levels and cumulative
anti-oxidant gene expression.
The cumulative cytokine score comprises IFNγ, MCP-1, IL-6, IL-8, IL-10, IL12p70, IL-17a, IL-18 and the cumulative anti-oxidant gene expression comprises SOD1, SOD2, NOS3, CAT, GTSK1, and PRDX1measured on 1 day after treatment
(DT+1) in CHMI-trans1. Values are standardized as a Z-score. xULN of LFTs = x upper limit of normal range of liver
function tests (LFTs). The xULN of LFTs values are the peak LFT abnormalities measured from day 2 after treatment
and the samples available onwards.
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S1 Material. Oxidative stress analysis.
Total nucleic acid was extracted from whole blood by using Magna Pure LC – High Performance kit. After RNA evaluation,
cDNA was synthesized using the SuperScript® VILO™ cDNA Synthesis Kit (CAT # 11754250, Invitrogen, Thermofisher Scientific) according to the manufacturer´s instructions.
TaqMan gene expression Essays (Applied Biosystem) were used to measure antioxidant gene expression levels
for Superoxide dismutases (SOD1, # Hs00533490_m1 and SOD2, # Hs00167309_m1), Nitric oxide synthase (NOS3, #
Hs01574665_m1), Catalase (CAT, # Hs00156308_m1), Peroxiredoxin (PRDX1, # Hs00602020_mH) and Glutathione S-transferase Kappa (GSTK1, # Hs01114170_m1) on a QuantStudio5 qPCR instrument. The TaqMan® GAPDH Assay (CAT # 4485712,
Applied Biosystem) was used as endogenous control and run in the same reaction to get more robust quantification. Each
20 µl reaction contained 5 µl cDNA, 10 µl TaqMan® Mutiplex Master Mix (CAT # 4461882, Applied Biosystem), 1 μl GAPDH
Assay, 1 μl target gene Essay and ddH2O. Thermal cycling condition was 95 °C for 20 s before running 45 thermal cycles
(95 °C for 1 s and 60 °C for 20 s). ThermoFisher Clouds Software was used to obtain the CT values. Gene expression was
calculated as 2 -ΔCT, where ΔCT = CT of target gene – CT of control gene (GAPDH).
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S2 Figure. Course of liver function test (LFT) levels of patients with imported falciparum malaria.
Multiple LFT measurements of patients with imported uncomplicated falciparum malaria (n=51). ALT= alanine aminotransferase, AST= aspartate aminotransferase, γGT= gamma glutamyl transferase, ALP= alkaline phosphatase. Light
grey lines are all individual patients used in the analysis. Black lines are six representative patients of all patients to
ease interpretation.

S1 Figure. Flowchart study profile imported malaria cases.

S3 Figure. Association between cytokines and liver function test abnormalities.
Maximum cytokine levels from EHMI-8b as measured during challenge infection. Coloured data points represent an
individual participant. Error bars represent the mean with SD.
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S4 Figure. Anti-oxidant gene expression during CHMI and liver function test (LFT) abnormalities in CHMI-trans1.
C-1= day before challenge, DT+1= one day after treatment, C+64= 64 days after challenge. Significant differences
between C-1 and DT+1 are determined by Wilcoxon matched-pairs signed rank test. *p<0·05; **P<0·01; ***p<0·0001.
AU = Arbitrary Units, gene expression was calculated as 2 -ΔCT, where ΔCT = CT of target gene – CT of control gene
(GAPDH). Each individual color data-point corresponds to a participant. LFT#= liver function test abnormality; n.s.=
not significant (tested by 1way ANOVA).

S1 Table. Plasmodium vivax malaria, and severe falciparum malaria, and liver function test abnormalities on admission day of clinical cases with imported malaria.
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S2 Table. Clinical laboratory reference ranges.

S3 Table. Association between cytokines and liver function test abnormalities.
Cytokine samples from CHMI-trans1 (n=16) measured on day one after treatment. Peak of ALT= alanine aminotransferase, AST= aspartate aminotransferase, γGT= gamma glutamyl transferase, ALP= alkaline phosphatase, LD= lactate dehydrogenase during infection. The LFTs from this study were measured from day 2 after treatment and the samples
available onwards.
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An interplay between inflammation, oxidative
stress and cellular aging in a controlled human
malaria challenge study

Infectious diseases can potentially affect

infection already leads to cellular aging, but

cellular aging by adding miles to the biolog-

is fully reversible upon successful treatment.

ical clock. However, the underlying molec-

Significant increase in inflammatory cyto-

ular mechanism that mediates the effect

kines, CDKN2A levels and liver injury while

of infection on cellular aging is currently

reduction in telomere length and antiox-

Scientific Reports - Submitted

unknown. Here, we studied aging markers,

idants level were observed after malaria

cytokines and oxidative stress to mechanis-

infection. The observed effect was reversed

Authors

tically delineate the association between

after successful treatment, with telomere

acute malaria infection and cellular aging in

length, CDKN2A, cytokine levels, oxidative

a controlled human infection study. Malaria

stress levels, and liver functionality return-

naïve volunteers were infected with Plasmo-

ing to base-line values (before challenge).

dium falciparum by mosquito bites, administered antimalarial treatment and monitored
up to day 64 post-infection. Telomere length,
telomerase, cycling dependent kinase
inhibitor 2A (CDKN2A) and oxidative stress
were measured by qPCR, and cytokines by
flow cytometry (Luminex technology). Our
results show that a single low-density malaria

Parasites density, inflammatory cytokines,
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CDKN2A levels and liver injury were positively associated with each other while negatively associated with antioxidants levels and
telomere length. Our findings indicate the
potential interplay between different cellular
processes that lead to cellular senescence in
malaria infection.
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Biological aging is defined as progressive loss

connected and what is their relative contribu-

Study design

pursued daily for 3 days, followed by 3 times

of physiological integrity and thus, the driving

tion in aging and disease.

The controlled human malaria infection

a week until final treatment with curative reg-

(CHMI) was conducted at the Radboud

iment of atovaquone/proguanil on day 36.21

intrinsic component of increased age-specif-

Despite sustained control and elimination

ic mortality. Previous research suggests that

efforts globally, malaria is still one of the most

University Medical Center, Nijmegen, the

Study participants were followed until day

infections are possible key-drivers of acceler-

devastating infectious diseases with an estimat-

Netherlands.21 The Central Committee for

64 post-challenge and blood samples were

ated aging.2-4 However, the underlying cellular

ed 216 million cases worldwide and 435000 re-

Research involving human subjects (CCMO)

collected on every study visit to monitor

mechanism by which infections affect cellular

ported deaths in 2017.13 Efficacious treatment of

located in the Netherlands, and the Western

development of parasite density and blood

aging is not clear.

P. falciparum malaria leads to an apparent complete recovery, however, survivors might suffer
some long-term costs of infection. Long-term
effects of severe malaria in children include epilepsy, deficiency in cognitive abilities and poor
school performance.14,15 In addition, malaria
infection during pregnancy leads to reduction
in in utero nutrition, which increases the chance
of neurocognitive dysfunction of the child.16
A previous study in birds revealed that
chronic asymptomatic malaria infection leads
to shorter lifespan mediated through accelerated telomere shortening 17 that occurs in
multiple body tissues, including liver, lung,
kidney, spleen, brain and heart.4 Acute malaria
infection in travelers has also shown to affect
cellular aging in blood cells.18 Furthermore, a
recent study by Reuling et al. reported malaria
associated liver injury in uncomplicated malaria
infection.19 Shortened hepatic telomeres have
been reported in a wide range of chronic liver
infections, acting in a positive loop with oxidative stress.20 However, the underlying cellular
mechanism that leads to cellular senescence in
malaria infection has not been explored. Here,
we explored the potential interplay between different variables, inflammation, oxidative stress,
telomere length, CDKN2A and telomerase
dynamics as well as blood biochemical tests
for liver function in a controlled human malaria
infection study.

Institutional Review Board (WIRB) located

safety parameters. There were no serious ad-

in the USA approved the study protocol for

verse events or significant differences in the

the trial, and written consent was provided

occurrence and severity of adverse events

and obtained from all study participants. The

during the study period.21 Detailed descrip-

study procedure corresponds to principles

tion of the study procedure can be found in

expressed in the Declaration of Helsinki

Reuling et al.. 21 Parasitological assessment

and Good Clinical Practice standards, and

was performed by microscopy of thick blood

is registered in the database Clinical Trials.

smears and real-time quantitative PCR.23,24

1

Telomeres are non-coding repetitive
sequences, which play an essential role in
chromosomal integrity and are well-described
biomarkers of biological aging.5 Telomere
length decreases with age and is linked to
cellular senescence. To counteract progressive
6

telomere shortening, germlines and stem cells
express telomerase, a reverse transcriptase,
to promote restoration of telomeric sequence,
however telomerase is down regulated in somatic cells to avoid tumor formation . Shorter
7

telomere length has been shown in various human pathologies, such as chronic inflammation,
infection, dementia, diabetes, cardiovascular
diseases, and cancer.7-9 However, the pathway
by which infections affect telomere length is
currently unknown.
Cycling dependent kinase inhibitor 2A
(CDKN2A) encodes various transcripts involved
in cell cycle regulation and cellular senescence, and is another well-defined biomarker of
aging.10 Expression of CDKN2A increases with
age in rodent and human tissues 10,11, which
leads to the decline in replicative potential
of self-renewing compartments and loss of
organ function. In addition, reactive oxygen
11

species (ROS) accumulate with age and are
thought to be one of the hallmarks of cellular
aging.12 One major question is however, how
well those different aging markers are inter-

gov (NCT02836002). The malaria challenge
study recruited 16 healthy, malaria-naïve

Telomere measurement

individuals from June until November 2016,

Telomere length was assessed by real-time

and was conducted pursuant to the stand-

quantitative PCR (qPCR).18 DNA was purified

ard CHMI described in Sauerwein et al..

from total nucleic acid using Ambion™ RNase

Majority of the study participants were

I (cat # AM2295; Thermo Fisher Scientific),

22

female (75%), age ranged from 20-29 years

and diluted to a concentration of 2ng μl -1 to

(median = 22) and bodyweight ranged from

measured telomere length on a QuantStu-

57-90 kg (median = 73). General and baseline

dio 5 qPCR instrument. A telomere-specific

characteristics of the CHMI participants are

amplicon set of primers (tel1, tel2) was used,

described elsewhere.21

together with a single-copy gene amplicon
set of primers (HBG1, HBG2) to control for

Procedure

total amount of DNA in each reaction.25 Total

Volunteers were exposed to bites of 5

qPCR reaction contained 25 μl, including 5

Plasmodium falciparum- infected mosquitoes and monitored twice daily until 4 days
after first treatment. Upon parasite density
reaching ≥ 5000 parasites per milliliter blood
(Pf/mL), a first subcurative treatment (T1) of
500 mg/25mg sulfadoxine-pyrimethanmine
(Roche, Boulogne-billancourt, FR) or 480
mg of piperaquine phosphate (PCI Pharma
Services, Tredegar, UK) was administered 21
and participants were monitored twice daily
for 4 days. Consequent to parasite density
reaching ≥1500Pf/mL, the second treatment
(T2) was administered, and monitoring was

μl DNA (2ng/ μl), 10 μl Supermix (PowerUp
SYBR Green Master Mix; Applied Biosystems,
cat # A25778; Thermo Fisher Scientific), 0.2
μl of each tel and HBG primer (10 μmol/L)
and ddH2O. The primer sequences for tel
are found in Zanet et al., and sequences of
single-copy gene primers are described elsewhere.25,26 Relative telomere length was calculated respectively to the standard curve of
each qPCR run. Quantity values were standardized across the plates by dividing them by
the plate value of a reference sample/Gold
control, to obtain plate adjusted amounts of
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telomere sequence (T) and single copy gene

CDKN2A measurement

(NOS3 # Hs01574665_m1). Each 20 μl qPCR

omere length. To investigate whether the level

sequence (S). Finally, we calculated the T/S

CDKN2A expression was measured using

reaction contained, 5 μl cDNA, 10 μl TagMan®

of parasite density was influenced by any host

ratio by dividing the plate adjusted telomere

TaqMan® Gene Expression Assay (cat #

Multiplex Master Mix (cat # 4461882; Applied

factor, we ran a separate cubical spline mixed

sequence (T) by plate adjusted single copy

HS00923894_m1; Applied Biosystem) on a

Biosystem), 1 μl GAPDH Assay, 1 μl of either

model fitted by restricted maximum likelihood,

gene sequence (S). This approach corre-

QuantStudio 5 qPCR instrument. The total

SOD1/ SOD2/ CAT/ GASTK1or NOS3 Assay, and

including parasite density as outcome variable.

sponds to ΔΔCT values as –log2 of T/S is equal

qPCR reaction of 20 µl contained 5 µl cDNA,

ddH2O. Thermal profile included 95˚C for 20 s,

All cubical spline models were adjusted for

to ΔΔCT .25,27 A human genomic DNA reference

10 µl TaqMan® Multiplex Master Mix (cat #

followed by 45 thermal cycles (95˚C for 1 s and

age, sex, weight and treatment group and

(cat # 8918d; Science Cell) was added on

4461882; Applied Biosystem), 1 µl GAPDH

60˚C for 20 s).

include individual ID as a random factor. A

2 plates to calculate the absolute telomere

Assay, 1 µl Copy Number Reference Assay, CD-

length using ΔΔCT method in comparison

KN2A (cat # 4331182; Applied Biosystem) and

Cytokine levels

maximum likelihood was run to investigate

with T/S ratio on the sample plates. T/S

ddH2O. TaqMan® GAPDH Assay (cat # 4485712;

Cytokine levels were quantified using the

telomere dynamics in association with host

ratio was then extrapolated for each sample

Applied Biosystem) was added to each run as

LEGENDplex™ Multi-Analyte Flow Assay Kit (cat

factors, including individual ID as a random

based on the formula (T/S ratio 1 = 538 bp),

an endogenous control. Thermal cycle profile

# 740118; BioLegend), a bead-based immuno-

factor. Time was modeled using restricted

to calculate absolute telomere length in kb

is described in Asghar et al..

assay referring to the basic principle of sand-

randomized cubic splines. A restricted cubic

wich immunoassays, according to manufactur-

spline is a function, connected by knots and

Telomerase expression

er´s instruction.28 This kit was used to analyze

constricted to follow a linear distribution

RNA purification and cDNA preparation

Telomerase expression was measured using

13 cytokines, including IL-1β, IFN-α2, IFN-γ,

before the first and after the last knot.29 All

Total nucleic acid was treated with DNase

the human TaqMan® Copy Number Reference

TNF-α, MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10,

models were performed using randomized

to remove DNA contamination, using the

Assay, hTERT (cat # Hs00972650_m1; Applied

IL-12p70, IL-17A, IL-18, IL-23, and IL-33 simulta-

splines and were fitted to three knots.

TURBO DNA-free™ Kit (cat # AM1907; Invit-

Biosystem) on a QuantStudio 5 qPCR instru-

neously, as described in Reuling et al..19

rogen, Thermo Fisher Scientific) according

ment. TaqMan® GAPDH Assay (cat # 4485712;

to manufacturer´s instruction. After RNA

Applied Biosystem) was added to each run

Standard biochemical blood tests

sex, weight, and treatment group. These

assessment, 100-150 ng RNA was converted

as an endogenous control. The total qPCR

Standard biochemical blood tests were

adjustments were made for each variable

to cDNA applying the SuperScript™ VILO™

reaction of 20 µl, contained 5 µl cDNA, 10 µl

performed to assess liver enzymes, and renal

separately in a univariate model, and jointly for

cDNA Synthesis Kit (cat # 11754250; Invitro-

TaqMan® Multiplex Master Mix (cat # 4461882;

function during the challenge, and included

all variables in a multivariate model. Parasite

gen, Thermo Fisher Scientific), according to

Applied Biosystem), 1 µl GAPDH Assay, 1 µl

aspartate aminotransferase (AST), alanine

density was log-transformed as values were

the manufacturer´s instructions.

TERT Assay and ddH2O. Thermal cycle profile

aminotransferase (ALT), gamma-glutamyl

not normally distributed.

was conducted according to Asghar et al..18

transferase (γGT), alkaline phosphatase (ALP),

18

for all samples.

Gene expression

cubical spline mixed model with restricted

The model included telomere length as
outcome variable and was adjusted for age,

A paired t-test was used to investigate the

lactate dehydrogenase (LD), total bilirubin,

change of telomere length, gene expression,

Analysis of gene expression (CDKN2A,

Oxidative stress levels

and creatinine. All clinical laboratory data refer

oxidative stress levels and cytokine levels on

Telomerase and oxidative stress) were

Oxidative stress levels were measured using

to standard tests performed on peripheral

C-1, DT+1 and C+64. All variable values were

obtained from challenged individuals on 3

TaqMan® Gene Expression Assays (Applied

whole blood and reference values are found in

log transformed before paired t-test and for

time points, including day before challenge

Biosystem) on a QuantStudio 5 qPCR instru-

Reuling et al..19 Liver function test abnormali-

all further analysis. To investigate the poten-

(C-1), day after treatment 1 (DT 1) and day 64

ment. TaqMan GAPDH Assay (cat # 4485712)

ties (#LFT) were graded using an adaptation of

tial correlation between variables we used

post challenge (C+64). Relative gene expres-

was added as endogenous control and run in

the World Health Organization (WHO) Adverse

the mathematical and topological features of

sion was determined using the comparative

each reaction to obtain more robust quantifi-

Event Grading System 2003, described else-

Spearman´s correlation (rs) and visualized it as

ΔCT method by comparing the CT values of

cation. Relative gene expression was measured

where, Reuling, et al..21

arc diagram using R-studio Version 1.1.442.

+

gene of interest for each sample with CT val-

for 5 markers, including superoxide dismutases (SOD1 # Hs00533490_m1; and SOD2 #

Statistical analysis

used hierarchical cluster analysis to obtain a den-

where ΔCT = CT of target gene – CT of control

Hs00167309_m1), catalyse (cat # Hs00156308_

A cubical spline mixed model with restricted

drogram that assembles variables based on sim-

gene (GAPDH).18 The corresponding ratio

m1), glutathione S-transferase Kappa (GSTK1

maximum likelihood was used to investigate

ilarities of variation according to time points (C-1,

refers to “expression of gene of interest”.

# Hs01114170_m1) and nitric oxide synthase

the relationship of parasite density and tel-

DT+1 and C+64). Secondly, we used the Principal

ues for GAPDH, and was calculated as

2-ΔCT,

Next, we did three-step analysis. First, we
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Component Analysis (PCA) approach to reduce

Results
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Finally, we used the individual Factor values

Telomere length dynamics

0.05), and significantly decreased at DT+64

the number of variables to avoid multi-collinear-

on each of the three axes as dependent vari-

Telomere length changed significantly over

compared to DT+1 (all p < 0.05, Figure 2).

ity among the variables, using the two-clusters,

able in a cubical spline mixed model to investi-

the study period (Wald χ2 = 26.13, N = 139, p <

However, no changes were observed in levels

based on hierarchical cluster analysis. We have

gate how these values varied as a function

0.001). Malaria infection decreases telomere

of IL-1β, TNF-α, IL-6, IL-12p70, IL-17A, IL-23,

selected the first three PCAs (PC1, PC2, PC3 with

time, age and gender (Stata, Version 15). Time

length and the shortest telomeres were

and IL-33 during the study period. Oxidative

Eigen values > 1), in total explaining 78.6% of the

was fitted as cubical spline function, age and

observed between day 10-13 post challenge

stress levels were significantly higher at DT+1

variance. Further, we did a Factor analysis, based

gender as fixed factors and individual ID as

(lme; p = 0.031, Figure 1, Table 1). Telomere

compared to C-1 (all p < 0.05), as shown by

on our PCA analysis with three Factors, using

random factor.

length was fully restored upon day 64 post

low anti-oxidant gene expression (SOD, SOD2,

infection (p = 0.001, Figure 1, Table 1), with the

NOS3, GSTK1 and CAT), while a decrease

effect being already observed after sub-cu-

at C+64 compared to DT+1 (all p < 0.05) was

rative treatment upon day 22 post challenge

observed. CDKN2A, cytokines levels and

concurrent with parasite density reaching zero

oxidative stress levels were reversed after the

in all study individuals. There was no signifi-

resolution of malaria infection and showed

cant effect of age, weight and treatment allo-

no difference between C-1 and C+64 (all p >

cation, however, sex had an effect on telomere

0.05); paired t-test (day C-1 vs. C+64) telomere

Varimax method (JMP, Version 14.0).

length, with females having longer telomeres

length (t1,14=0.41, p=0.69), CDKN2A (t1,14=0.026,

than males (lme; p = 0.038, Table 1). Overall,

p=0.98). However, no significant change was

mean telomere length for females was 13.79

observed in telomerase (TERT) expression

kb (95% CI 13.41-14.17), and for males 10.88 kb

during the study (Figure 2).

(95% CI 10.37-11.39), two-sample t-test (t1, 261 =
9.01, p < 0.001).

Telomere length was significantly nega-

Association between response variables
Spearman´s correlation shows significant col-

tively associated with parasite density (lme;

linearity between markers of aging, oxidative

p < 0.006, Figure 1), after adjusting for age,

stress, inflammation, parasite density and liver

gender and choice of antimalarial treatment

function score (p < 0.05), results are displayed

(Table S1). Furthermore, our mixed model

in an arc diagram (Figure 3A). Telomere length

showed that parasite density was not affected

was positively correlated with NOS3 and

by any of the host factors (Table S2).

CAT, and negatively correlated with CDKN2A,

Telomere length in peripheral blood was

parasite density and cytokines levels (Figure

significantly shorter at DT+1 compared to

3A). CDKN2A was negatively correlated with

C-1 (paired t-test, t1, 14 = 3.321, p = 0.005) and

all measured anti-oxidant gene expression

significantly longer at C+64 compare to DT+1

levels. Individual liver function test abnormal-

(paired t-test, t1, 14 = -4.06p = 0.001, Figure 2A).

ity score (#LFT), cytokine levels and CDKN2A

There was no significant difference in tel-

expression were positively correlated with

omere length at C-1 compared to C+64 (paired

parasite density, while anti-oxidant levels and

t-test, t1, 14 = 0.41, p = 0.69, Figure 2A).

telomere length were negatively correlated

Change in senescent and

correlated with measured anti-oxidant levels

inflammatory markers

and telomere length (Figure 3A).

CDKN2A and cytokine levels (IFNα, IFNγ,

with parasite density. #LFT was negatively

During hierarchical clustering analysis,

IL-8, IL-10, IL-18 and MCP-1) were significant-

dynamics of inflammatory response, oxida-

ly increased at DT+1 compared to C-1 (p <

tive stress, aging markers, and #LFT show

Results
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two main clusters: base line study day (C-1)

In PCA analysis DT+1 made a separate cluster

Our study reveals the potential interplay

and plays a key-role in infection resolution

and day 64 (C+64) were clustered together,

while C-1 and C+64 were clustered together

between different cellular processes that

by regulating inflammation and limiting host

and day after treatment (DT+1) form separate

(Figure 4A, Figure S1). Next, we did a Factors

drive cellular aging during malaria infection.

tissue damage.36 Previous literature reports

cluster (Figure 3B). Base line characteristics

analysis based on our PCA results, with the

We have demonstrated associations between

elevated IL-1β and IL-6 levels during malaria

convey zero parasite density, low cytokine lev-

first three significant factors explaining in

biological markers of aging (telomere length,

infection, with IL-6 being linked to disease

els, higher anti-oxidant gene expression levels

total 78.6% of variance (Factor1 = 42.8, Factor

CDKN2A expression), inflammatory markers,

severity and parasite density in the host.37

and normal liver function test score. After

2 = 24.8 and Factor 3 = 11.0, Figure 4B). Fac-

and oxidative stress levels during a con-

However, in this study we did not see any

challenge followed by treatment (DT+1), cel-

tor 1 shows a positive load of CDKN2A and

trolled human malaria infection.

changes in IL-1β or IL-6 levels during the

lular response of study variables significantly

cytokines, and a negative load of oxidative

changed, showing increased parasite density

stress and telomere length that can be attrib-

malaria infection already leads to cellular

tion could be the controlled study setting,

and #LFT, elevated cytokine levels, increased

uted to inflammation and aging “Inflamm-ag-

aging by reducing telomere length and in-

allowing only limited replication of the par-

CDKN2A expression, lower anti-oxidant gene

ing” (Table S4). Factor 2 was mainly build

creased CDKN2A levels, but is fully reversible

asite within the host, causing a rather mild,

expression levels and reduction in telomere

by positive load of pro and anti-oxidants

upon successful treatment. Telomere short-

uncomplicated asymptomatic infection.

length. The observed effect was reversed at

gene expression and can be attributed to

ening has been reported in other infections

According to Wroczynska et al., and in line

C+64 with response variables reaching back

“oxidative stress”, and Factor 3 mainly shows

in humans, and animals 2,17,30-32 and elevated

with our findings, cytokines IL-1β and IL-6

to base line values measured at C-1.

positive load of telomere length, oxidative

CDKN2A expression has been linked to sever-

are impaired in the pathogenesis of severe

stress and negative load of inflammation

al age-related pathologies in humans.18,33

malaria cases rather than uncomplicated

Correlation between individual

and can be attributed to “oxi-inflamm-aging”

In line with existing literature, our results

or controlled cases.38 Sensitivity or lack of

variables and time points

(Table S4).

suggest a negative correlation between

detection of IL-6 using the Legendplex assay

CDKN2A and telomere length. Further, our

may be another explanation, as cytokines

Our Principal Component Analysis (PCA)

Finally, we investigated whether the Fac-

This study shows that a single low-density

entire study period. A plausible explana-

produced three main principal component

tors were affected by time, age and sex using

study shows that cellular aging was linked to

were measured in citrate plasma from which

axes (PC 1-3, with eigenvalue >1) explaining

the individual Factor values as dependent

parasite density in the blood (Figure 1C), with

recovery of IL-6 is relatively poor.39

collectively 78.6% of the variance (Figure

variables in a cubical spline mixed model with

the observed effect being fully reversed after

Cells of both the innate and adaptive im-

4A). PC 1 explains 54% variance (χ2 = 690.09,

restricted maximum likelihood. Our results

successful treatment. This suggests the caus-

mune response produce free radicals, reac-

df = 103.89, p < 0.001), PC 2 explains 15.4%

show that Factors 1, 2 and 3 were all signifi-

al effect of malaria infection on cellular aging,

tive oxygen species (ROS) and inflammatory

variance (χ2 =377.33, df = 103.522, p <0.001)

cantly affected by time (all p <0.001, Figure

and corroborates with results from a study in

factors for the host defense and destruction

and PC 3 explains 9.1% variance (χ2 = 264.56,

4B, Table 2), and there was a tendency of sex

travelers with imported malaria infection.18

of pathogens.

df = 92.75, p < 0.001, Figure 4A, Table S4), fol-

(p= 0.081) and age (p= 0.053) effect on

lowed by a long tail of low explanatory axes.

Factor 2 (Table 2).

Moreover, we show that malaria infection

An imbalance between oxidants and

leads to an increase in cytokine levels and to

anti-oxidants, and a lack of anti-inflammatory

disruption of the oxidative stress balance in

defense systems have been shown to cause

the body. Inflammation and oxidative stress

cellular injuries and aging.40 In line with this,

are interlinked processes, which can contrib-

our results suggest that increased parasit-

ute to age-related loss of homeostasis and

ic load in peripheral blood might result in

health, hence postulated as “oxi-inflamm-ag-

elevated ROS production as indicated by re-

ing” theory.34 The over-production of pro-ox-

duced anti-oxidant gene expression at DT+1.

ygen compounds can trigger activation of

Moreover, that ROS is one of the underlying

leukocytes, enhancing the expression of cy-

mechanisms that could mediate the activa-

tokines, chemokines and other inflammatory

tion of leukocytes and increased production

mediators.35 During infection, IL-10 shows

of cytokines. Increased levels of oxidative

the strongest profile of cytokine markers.

stress are found in patients with acute un-

The anti-inflammatory marker is known to be

complicated malaria 41 and are considered to

frequently secreted during acute infection

be a determinant of disease severity during

Discussion
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chronic malaria infection.42 After initiation of

here we applied a controlled human malaria

cell types, and whether this process is
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Figure 1.
(A) Telomere length dynamics (B) parasite density (log) in a controlled human malaria challenge at each sampling
point. Solid blue and orange lines represent the predicted means and black dots represent the observed mean at
each time point and error bars denotes the 95% CI. (C) Relationship between telomere length and parasite density.
Solid blue line represents the predicted mean of telomere length and shaded blue area denotes the confidence of
mean. Solid red line represents the predicted mean of parasite density and shaded blue area denotes the confidence of mean.

Table 1. Association between host factors and telomere dynamics after malaria challenge (N= 16, observation = 481)
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Figure 2.
(A) Aging markers (TL, CDKN2A, TERT), (B) parasite density and liver function abnormality score (#LFT) (C) oxidative stress markers (NOS3, SOD1, SOD2, CAT, GSTK1) and (D) cytokines levels (INFγ, IL-8, IL-10, IL12p70, IL-18, MCP1)
measured before malaria challenge (C-1), during malaria infection (DT+1) and at 64 days post malaria infection. Bars
represent the log mean values and error bars denote the ± SE of mean. TL = telomere length, CDKN2A = cycling
dependent kinase inhibitor 2A, TERT = telomerase expression, #LFT = liver function test abnormality score.

Figure 3.
(A) Significant Spearman`s correlation between variables with p < 0.05. Circle size indicates the strength of correlation, while colour of the scale bar denotes the nature of correlation, with 1 showing a positive correlation (dark
blue) and -1 showing a negative correlation (dark red) between the variables. (B) Hierarchical cluster map showing
the variables grouped as well as differential expression between C-1, C+64 and DT+1. TL = telomere length, #LFT=liver
function abnormalities score.

Figure 4.
(A) Variables separated into three PCs axes (Prin1-3) showing a separation between time point C-1 and C+64 (shown
as red circle) from DT+1 (shown as green plus-symbol). (B) Factors showing a distinction between inflammatory cytokines, oxidative stress levels and telomere length during time points C-1/ C+64 (shown as red circle) and DT+1 (shown
as green plus symbol). Factor axes were rotated within the multidimensional variable space to preserve and simplify
interpretation of relative relationships between the Factors (Rot 1-3).
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Table 2.
Association between PCA Factors and host factors (N = 16, observation = 139).
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Table S1.
Effect of parasite density on telomere length (N = 16, observation = 139). Our results show a significant negative
association of telomere length and parasite density, after adjusting for age, gender and antimalarial treatment.

Table S2.
Association between host factors and parasite density after malaria challenge (N = 16, observation = 139).

Table S3.
Factors of principle component analysis with Eigenvalue >1 that are most explanatory for variance in
individual characteristics.
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Table S4.
Relative contribution of each variable in three significant factors.
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Structured Risk Analysis for possible
organ damage in CHMI
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CHMI data files Radboudumc
PubMed search strategy with the following
terms as free text and/or Mesh terms:
malaria, uncomplicated, low parasite
density, low parasitaemia, low parasitemia,
[specific organ/organ disease], damage.
Selection of articles based on title and/or
abstracts. Furthermore, cited articles/cross
references were used from the previously
selected articles.

The clinical malaria can present as i) uncomplicated malaria; ii) severe malaria defined by
WHO criteria iii) asymptomatic malaria.
Clinical malaria is characterized by a systemic inflammatory response induced by asexual
parasitaemia. Clinical symptoms of uncomplicated malaria are non-specific with periodic
fever episodes without a standard pattern depending on the host and include: fever, fatigue,
malaise, headache, musculosketelal pain, and

1. Controlled Human Malaria Infection

nausea. Furthermore, thrombocytopenia occurs

(CHMI)

and regularly anaemia. Curative antimalarial
treatment leads to the degradation of infected

1.1 Potential issues of concern

RBC with release of toxic components that
may stress a number of organ systems. Organ

In the CHMI-trans model all volunteers undergo

involvement in uncomplicated malaria may

a Controlled Human Malaria Infection by either

involve some degree of limited and reversible

the bites of 5 laboratory reared Anopheles mos-

liver damage and/or mild renal dysfunction.2

quitoes-, or by a RBC inoculum infected with
the 3D7 clone of Plasmodium falciparum.
Issue of concern: the possible risks of long

In case of progression to severe malaria, this
can lead to organ failure and possibly fatal outcome. Severity of disease is likely determined

term damage to specific organs in individual

by the parasite, the host immune-response

volunteers.

host, and timing of anti-malarial treatment.3
Severity of morbidity increases with increasing

a. Background

density of parasitaemia.4

The causative organisms of malaria, Plasmodi-

1

Radboud university medical center, Department of Medical Microbiology, Nijmegen, The Netherlands

um parasites, were first identified by Laveran in

b. Previous experience with CHMI

1880 and their complete life-cycle in the mam-

There is extensive clinical experience with

malian host was elucidated by 1947.

controlled human P. falciparum malaria infec-

Plasmodium falciparum malaria infection
starts with the injection of sporozoites during
a mosquito blood meal. Sporozoites migrate
from the skin to liver, where they develop and
multiply in hepatocytes. For P. falciparum, this
liver stage takes around a week 1, after which
merozoites enter the blood stream invading red
blood cells. This initiates the cycle of asexual
multiplication associated with clinical disease. A
small proportion of the asexual parasites become
sexual-stage parasites, male and female gametocytes, which can infect the mosquito vector.
Gametocytes do not cause disease or symptoms.

tions by the bite of infected mosquitoes or
blood stage inoculum. Since 1986 more than
3,500 volunteers have had CHMI by the bites
of mosquitoes fed on cultures of P. falciparum
gametocytes to produce P. falciparum sporozoites. Furthermore, more than 300 volunteers
have been challenged with a blood-stage

Plasmodium falciparum inoculum. Worldwide
the majority of these infections have been
performed with the laboratory NF54 strain or
its daughter clone 3D7. This has proven to be a
reproducible, predictable and safe method of
inducing P. falciparum infections. The results of
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such studies were summarized in 1997 5,

mia at very low densities no manifestations of

in 2007 6 and in 2011 7,8.

severe malaria will occur.

No adverse drug interactions have been de-

teers), three cardiac events have occurred after

scribed between piperaquine, sulfadoxine-py-

infection with the NF54 strain with the con-

rimethamine and/or atovaquone-proguanil.16-19

firmed or differential diagnosis of myocarditis.

c. Can malaria be induced in animals and/or

f. Pharmacokinetic considerations

Piperaquine has been combined with sulfadox-

The occurrence of myocarditis in both natural

in ex-vivo human cell material?

Not applicable.

ine-pyrimethamine in clinical trials for inter-

uncomplicated malaria and CHMI has never

mittent preventive treatment and is safe, well

been described elsewhere. However, the three

tolerated, and effective.20,21

cardiac events share no specific factor other

In vitro assays cannot capture the complexity
of the multi-stage life-cycle of Plasmodium
parasites and their complex of interaction with
the host. Although (parts of) the Plasmodium
life-cycle can be reproduced in (rodent or
primate) animal models, these either involve
non-human Plasmodium-species or non-natural
host-parasite combinations. As a result, extrapolation of pathophysiological, and immunological aspects of infection to human disease are
only possible to a limited extent.9,10

g. Study population

than malaria infection.

Included subjects are healthy young adult volunteers, who have been extensively screened

i. Predictability of CHMI

for co-morbidity or risk factors in particular

All volunteers do experience blood stage malar-

these myocarditis cases do share a num-

cardiovascular. Female subjects are screened

ia after CHMI as observed in over 3,500 volun-

ber of characteristics: i) they took place 1-5

for pregnancy by urine test and are required to

teers. The progression of this parasitaemia and

days after start of antimalarial treatment but

use contraception throughout the study period.

symptoms have been found to be reproducible

different anti-malarial drugs were used in all

and predictable.

5,6,22

However, the occurrence of

With regards to the malaria infection

cases ii) no parasitemia detectable at the time

h. Interaction of drugs

cardiac serious adverse events in Radboudumc

of the event, and iii) next to the P. falciparum

The antimalarials used in the CHMI-trans model

CHMI trials was unexpected and has led to an

infection, other and known possibly triggering

are sulfadoxine-pyrimethamine (SP), piper-

increase in cardio-specific safety measures (see

factors (e.g. preceding vaccinations, concom-

d. Selectivity of the malaria to target tissue in

aquine and atovaquone-proguanil (Malarone).

below). Furthermore, asymptomatic transient

itant infections, cannabis use) were present

animals and/or human beings

Treatment of uncomplicated malaria with sulfa-

liver function test elevations have occurred

during or preceding the event. More details

The life-cycle of malaria parasites follows a

doxine-pyrimethamine has been widely imple-

during CHMI’s at multiple centers, which also

on two cases are described in published case

fixed and pre-determined course in the human

mented in the last decade and has been one of

led to an increased number of safety measures

reports.23,24 The third case was a healthy, 23

host, including migration of sporozoites from

the most widely used antimalarial treatments in

(see below).

year old, male volunteer underwent a CHMI

the skin to the liver sinusoids, intra-hepatic

the world with millions of doses administered.

development, asexual multiplication and finally

Clinical data with SP show a strong safety pro-

j. Can effects be managed?

zation). On day 10 after exposure to bites of 15

gametocytogenesis within erythrocytes. These

file and treatment is generally very well tolerat-

Subjects are followed up intensively on an

malaria infected mosquitoes, routine per pro-

developments are constrained by multiple par-

ed.12-15 Atovaquone/proguanil is recommended

outpatient basis for clinical and parasitologi-

tocol blood examinations revealed an elevated

asite-host ligand interactions and the parasite’s

as prophylactic and/or curative treatment for

cal assessment to ensure treatment is started

troponin-T (maximally 168ng/l) though the

ability to manipulate the host cell’s internal

Plasmodium falciparum by the Dutch guidelines
of stichting werkgroep antibioticabeleid.
Concurrent use of drugs potentially interacting with sulfadoxine-pyrimethamine (e.g
trimpethoprim, trimethoprim-sulfonamide combinations, chloroquine, lorazepam, phenytoin,
coumarin derivatives, folic acid antagonists),
piperaquine (e.g. QTc-prolonging medication,
strong CYP3A4 inhibitors, rifampicin, carbamazepine, phenytoin, phenobarbital, St.John’s
wort (Hypericum perforatum)) and atovaquoneproguanil (e.g. artemether-lumefantrine, rifampicin, metoclopramide, oral anti-coagulants
and certain anti-retrovirals) are contra-indicated
during the trial.

at the earliest possible time point. The 3D7 P.

volunteer was asymptomatic. This volunteer

environment.

11

e. Analysis of parasitaemia
The maximum parasitemia in subjects undergoing CHMIs is typically limited to ~50-100
parasites/μL, the detection level of thick smear
microscopy is ~5 parasites/μL). Parasite densities at day of treatment in the CHMI model are
2-4 logs lower than densities at clinical presentation of naturally acquired uncomplicated
or severe malaria. In CHMI’s the treatment
is immediately initiated once the volunteer
becomes parasitaemic. Due to the very early
treatment and hence clearance of parasitae-

under chloroquine prophylaxis (CPS-immuni-

falciparum clone has been tested for sensitivity

had no obvious risk factors for cardiac disease

to sulfadoxine-pyrimethamine, piperaquine and

other than cigarette smoking and recent

atovaquone-proguanil in vitro. Should treatment

cannabis use. This volunteer was negative by

with this drug need to be discontinued prema-

thick smear but positive by PCR with maximum

turely in any subject for whatever other reason

parasitaemia was 1265 Pf/ml while under chlo-

(e.g. intolerability), various other anti-malarial

roquine prophylaxis.

drugs are available, both oral and intravenous,
to which this clone is also susceptible.

In total 376 individual volunteers have been
infected with P. falciparum by CHMI at the Radboudumc, LUMC and Havenziekenhuis. Includ-

1.2 Cardiac events following Controlled

ing both CPS-immunizations and challenge

Human Malaria Infections

infections, a total of 744 successful Controlled
Human Malaria Infections have taken place in

In the twenty-three CHMI studies conducted

our center. Additionally, world-wide over 3,500

at Radboudumc (involving 376 healthy volun-

CHMI have taken place.
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marker of cardiac damage; treatment with

test (LFT) elevations remained asymptomat-

were considered not cause permanent subclin-

introduced in our CHMI studies following the

Malarone® is initiated in consultation with

ic in all volunteers, and the typical pattern is

ical liver damage, and to permit further studies

first cardiac event in 2007. Since that time, 14

the cardiologist.

limited to ALT/AST elevations without change

utilising Plasmodium falciparum challenge.

4. Daily measurements of platelets; volunteers

in bilirubin. The LFT elevations exceeded the

Consequently, safety procedures relevant for

more than 6,000 routine Troponin-T measure-

will be treated with DT1 when platelet levels

upper limit of normal (ULN) at the start up to

liver function derangements have been adapted

ments were performed.

are <120x 10^9/L and DT2 when platelet

two days after the start of malaria treatment.

and include:

levels are <50x 10^9/L.

LFT monitoring before treatment was only as-

CHMI studies have taken place in during which

Other centers have never reported a (suspected) myocarditis, however, routine Tro-

5. Subject agrees to refrain from intensive

sessed in 1 CHMI study (n=18), showing that LFT

ponin-T measurements are not a regular part of

physical exercise (disproportionate to the

elevations typically arise after treatment. The

the CHMI protocols in other institutes. During

subject’s usual daily activity or exercise rou-

LFTs peak between 2-14 days post treatment

a single CHMI trial in Baltimore (USA) routine

tine) during the malaria challenge period.

with values normalized at study end (35-42 days

Troponin-T measurements were done without a
positive result.
Though cardiac complications have been

after challenge infection). In some volunteers,

1. Exclusion of subjects with abnormal ALT/
AST values on baseline
2. Upon inclusion: Avoid additional triggers
that may cause ALT/AST elevations
a. Alcohol intake from baseline up

1.3 Transient liver function test

the elevations were also found associated

elevations in CHMI

with lactate dehydrogenase, suggesting that

b. Heavy physical exercise.

associated sub-clinical haemolysis might have

c. Recreational drug use.
d. >3 grams/ day of paracetamol/

described in severe and complicated malar-

to 1 week post-treatment.

ia 25, there is little data on the incidence in

The liver can be afflicted in uncomplicated

been present during challenge. Volunteers

uncomplicated malaria. One study measured

malaria 27, and damage seems to be associated

treated earlier with positive qPCR rather than

Troponin-T during uncomplicated clinical ma-

to the height of parasite density.28 However, the

thick smear, showed a lower percentage, and

3. Standard monitoring of LFT at day* C-1;

laria in returning travellers showing elevated

tissue damage observed in uncomplicated ma-

severity of LFT abnormalities, 13/58 volunteers

concentrations in 1 out of 161 patients (0.6%).26

laria is limited and fully reversible after parasito-

(22%) (11/58 (19%) mild, 1/58 (2%) moderate, and

Our CHMI reports are the only ones on Tro-

logical cure.2,27 In severe/complicated malaria,

1/58 (2%) severe). All CHMI-volunteers showed

ponin-T elevations at these very low parasite

liver damage with sequelae after natural infec-

normalized values at study end.

densities. It is remarkable that fully asympto-

tion can occur (WHO Severe Malaria, Tropical

C+6; C+8; C+10; DT1; DT1+2; DT1+4; DT1+6;
DT2; DT2+2; DT2+4; DT2+6; EOS.
4. Initiation of subcurative anti-malarial treatment at ALT/AST levels >2.5xULN (prior DT1).
5. Initiation of a curative anti-malarial treatment
at ALT/AST levels >5x ULN (prior DT1) *C =
challenge; DT1 = day of treatment 1; DT2 =
day of treatment 2; EOS = end of study.

A clear explanation for the transient ele-

matic Case 3 with the lowest Troponin T levels

Medicine and International health 2014), but do

vated transaminases is not obvious. Although

presented with the lowest parasitaemia.

not seem to occur in naturally acquired uncom-

higher parasitaemia associates with higher LFT

plicated clinical malaria.29,30

at group level, there is no clear relationship on

In conclusion, these combined data

Transient, asymptomatic liver function de-

individual levels. It also seems unlikely related

parasitaemia during CHMI can associate with

rangements have been reported in volunteers

to choice of anti-malarials, given the diversity

mild myocarditis.

in previous CHMI studies, and are likely to be

of drug regimens used. Similarly, the timing,

related to the challenge infection (Reuling et

different, and limited use of paracetamol does

al. manuscript in preparation). A retrospective
analysis of 13 CHMI studies conducted in the
Radboudumc showed that 72/120 (60%) of the
volunteers that were treated at thick smear
parasitaemia levels have mild (38%, <2.5xULN),
moderate (10%, ≥2.5-5.0xULN) or severe (12%,
≥5.0xULN) increases of liver transaminases
(ALT/AST). Among these volunteers the median
increase of ALT was 71.5 U/l (range 19-870 U/l,
Q25 of 48 U/l, Q75 of 116 U/l), and median
increase of AST was 57 U/l (range 31-723 U/l,
Q25 of 45 U/l, Q75 of 97 U/l). The liver function

not support a clear relationship. Rather a

suggest that short exposure to low density

As a result of these cardiac SAEs our safety
procedures for CHMI have been strongly intensified. In the CHMI-trans trial, we will adhere to
those stringent procedures that are relevant,
including:
1. Individuals are excluded from participation
if they have first or second degree relatives
who had cardiac events under the age of 50.
2. A positive urine toxicology test for amphetamines, cocaine and cannabis is an
exclusion criterion.
3. Increased control of hs troponin T as a

acetaminophen.

1.4 Risk assessment other organs
The kidney in uncomplicated malaria

combination of the above mentioned factors,

Renal involvement in malaria is a well de-

and individual susceptibility may have triggered

scribed complication of severe Plasmodium

these abnormalities.

falciparum malaria in non-immune adults.31,32
Such severe complications do not seem to
occur in naturally acquired uncomplicated malaria (WHO Severe Malaria, Tropical
Medicine and International health 2014).
However, subclinical renal impairment,
with moderate proteinuria is a common
finding in uncomplicated malaria.31,33-36 This
mild and reversible dysfunction does not

According to the SMC and an independent
hepatologist, these transient asymptomatic
and severe LFT elevations are most likely a
direct consequence of the malaria infection and
subsequent treatment, rather than antimalarial
drugs only or another liver nox. Given the rapid
and spontaneous resolution and the absence
of clearly elevated bilirubin levels, these events
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preclude an unfavorable prognosis (Ahmad,

evidence of skeletal muscle damage is

symptoms, other than cases related to com-

Danish et al. 1989).2,33,37

frequently seen 38, but severe complica-

mon cold, are not reported.

Transient, asymptomatic increases in serum
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tions including rhabdomyolysis are rare,

1.5 Synthesis
CHMI has proven to be a reproducible and

creatinin have also been found during CHMI

and limited to severe malaria.

Hematological abnormalities in

predictable method with an acceptable safety

in the Radboudumc. A retrospective analysis

symptoms such as myalgia are common in

uncomplicated malaria

record.5,6,8,22 Since 1986 more than 3,500

of 5 CHMI studies showed a small increase of

CHMI’s, severe muscular complications have

Transient thrombocytopenia is often present

volunteers have been subjected to CHMI by

creatinin, relative to the subject’s own baseline

not occurred.

in severe-, and uncomplicated malaria. This

blood-stage inocula or bites of P. falciparum

decrease in platelets is not associated with

infected mosquitoes.49 Over the past years we

3,41

Although

(within the accepted range of normal), in
70/80 (88%) of the subjects. Only 5/80 (5%)

The gastro-intestinal tract in

increased bleeding as long as no other

implemented more stringent safety criteria

showed mild elevations (above the upper limit

uncomplicated malaria

additional factors are involved that activate

for cardiac risks, now further expanding to

of normal) 2 days after treatment, No mod-

Gastrointestinal symptoms are a common

coagulation.3 Furthermore, leucocytosis or

minimize risks for transient liver and renal

erate or severe elevations have been found.

finding in both severe-, and uncomplicat-

leucopenia, especially lymphocytopenia

abnormalities. An in depth literature search on

No difference in serum creatinine was found

ed malaria. In severe malaria nausea and

are well recognized during malaria infection

uncomplicated malaria in relation to specific

between subjects that were treated based

vomiting occurs in 20-30% of the patients

(Grobusch, kremsner). Anaemia is rarely

organ damage/complications provides only

on thick smear threshold (~5 Pf/uL) or qPCR

and abdominal pain and diarrhoea in 10-20%

seen in non-immune adults with uncompli-

scanty information and no clear evidence for

threshold (0.1 Pf/mL). All subjects showed

patients.3,42 Cases of severe gastro-intestinal

cated malaria.

major (long term) risks.

normalized values at the end of the study.

disease are extremely rare.43 In non-immune

An independent nephrology expert did not

During CHMI, hematological parameters

Systemic inflammation is a typical hallmark

adults with uncomplicated malaria, nausea

are monitored on a daily basis and abnor-

of malaria even at the very low density para-

consider the transient decrease in renal func-

and vomiting occur in 12% of the patients

malities occur in particular after initiation of

sitemias as obtained after CHMI.44,45,50-55 This

tion as a particular risk for permanent kidney

and diarrhoea in 14%. Severe gastro-in-

treatment. All hematological abnormalities

is illustrated for instance by leukocytopenia,

damage. We will adapt the procedures:

testinal disease has not been described in

are subclinical and normalize at the end of

thrombocytopenia, increases in LDH (n=71),

uncomplicated malaria.

study. In the CHMI-trans model treatment

and D-dimer (n=56), CRP and IFN-y levels

criteria are implemented for thrombocytope-

(n=6). Moderately raised C-reactive protein

The respiratory tract in

nia (<120x 10^9/L start first treatment, <50x

and procalcitonin levels directly correlate with

uncomplicated malaria

10^9/L start second treatment).

parasitaemia in natural malaria infection.56-60

2

1. Exclusion of subjects with abnormal renal
function at baseline.
2. Upon inclusion: Avoid additional triggers
that may cause renal dysfunction
a. Alcohol intake from baseline up to 1

Peak levels of inflammatory markers in CHMI

Respiratory tract involvement is rare in uncomplicated malaria 2, although an increase

The cerebrum in uncomplicated malaria

are found shortly after initiation of antimalar-

week post-treatment

in respiratory rate without hypoxia can be

Cerebral involvement is per definition limit-

ial treatment, a likely result from release of

b. Heavy physical exercise

seen. This is most likely due to metabolic

ed to severe malaria. The pathophysiology is

parasite derived stimuli. Increases of these

c. Recreational drug use

acidosis or impaired gas transfer. In a study

incompletely understood, and damage often

markers do not precede but rather directly link

with patients with uncomplicated Plasmo-

associated with high levels of parasitaemia.46

to immediate organ damage. Although clearly

3. Standard monitoring of renal function
at day C-1; C+6; C+8; C+10; DT1; DT1+2;

DT1+4; DT1+6; DT2; DT2+2; DT2+4; DT2+6;
EOS
Skeletal muscle in uncomplicated malaria
Skeletal muscle involvement in malaria is
well described.36,38-40 Malaria affects the
skeletal muscle function and metabolism,
leading to symptoms such as muscle aches,
muscle contractures, muscle fatigue, muscle
pain, and muscle weakness. Biochemical

44

45

dium falciparum malaria (>1000 Pf/ul) alveolar/vascular gas transfer was reduced during
infection, but oxygen saturations below 95%
were not measured. Tachypnoe was present
in 10% of patients and cough in 50%, both
resolved after treatment. Acute respiratory
distress syndrome (ARDS) is seen in severe
malaria (van den Steen et al. 2013 Cell), and
by definition not in uncomplicated malaria.3
ARDS is not described in patients with low
parasite densities. In CHMI’s respiratory tract

This situation does not occur during Con-

increased in the group of P. falciparum-in-

trolled Human Malaria Infections.

fected volunteers, threshold levels of these
markers for organ damage cannot be reliably

The Pancreas in Uncomplicated Malaria

defined due to known large heterogeneity

Pancreatitis in Plasmodium falciparum ma-

in innate host responses. The incidence and

laria is very rare, and only described in case

severity of the observed adverse events varies

reports of severe malaria with parasitaemia

in the CHMI study population.

levels ranging between 7000 - 3000.000 Pf/

In conclusion, (treated) malaria in the CHMI-

uL.47,48 Reports of biochemical evidence of

trans model evidently induces some level of

pancreas damage in uncomplicated malaria

transient, mostly modest, inflammation and

are lacking.

concomitant marker increase. The degree of
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organ damage may be dictated by several

avoided to ensure maximal safety and prevent

additional and accumulating triggers. As such

SAE. This approach forms the rational basis for

other possible (pre) conditions or triggers

our recommendation with stringent inclusion/

for organ damage, next to CHMI, should be

exclusion criteria and intensive monitoring.
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Background

parasite biomass (p=0.026). Male gametocytes

Malaria elimination strategies require a thor-

had a mean estimated circulation time of 2.7

ough understanding of parasite transmission

days (95%CI 1.5–3.9) compared to 5.1 days

from human to mosquito. A clinical model

(95%CI 4.1–6.1) for female gametocytes. Explor-

to induce gametocytes to understand their

atory mosquito feeding assays showed success-

dynamics and evaluate transmission-blocking

ful sporadic mosquito infections. There were no

interventions (TBI) is currently unavailable. Here,

serious adverse events or significant differences

we explore the use of the well-established Con-

in the occurrence and severity of adverse events

trolled Human Malaria Infection model (CHMI)

between study arms (p=0.49 and p=0.28).

to induce gametocyte carriage with different
antimalarial drug regimens.

Conclusions
The early appearance of gametocytes indicates

Methods

gametocyte commitment during the first wave

In a single centre, open-label randomised trial,

of asexual parasites emerging from the liver.

healthy malaria-naïve participants (aged 18-35

Treatment by LD-PIP followed by a curative SP

years) were infected with Plasmodium falci-

regimen, results in the highest gametocyte

parum by bites of infected Anopheles mosquitoes (ClinicalTrials.gov, NCT02836002).
Participants were randomly allocated to
four different treatment arms (n=4 per arm)
comprising low-dose (LD) piperaquine (PIP)
or sulfadoxine-pyrimethamine (SP), followed
by a curative regimen upon recrudescence.
Male and female gametocyte densities were
determined by molecular assays.

densities and the largest number of gametocyte-positive days. This model can be used to
evaluate the effect of drugs and vaccines on
gametocyte dynamics, and lays the foundation
for fulfilling the critical unmet need to evaluate
transmission-blocking interventions against
falciparum malaria for downstream selection
and clinical development.
Funding
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ticipants (16/16, 100%). Gametocytes appeared

Impact statement

8.5-12 days after the first detection of asexual

Controlled Human Malaria Infection model

parasites. Peak gametocyte densities and ga-

allows the study of gametocyte biology and

metocyte burden was highest in the LD-PIP/SP

dynamics providing novel insights and tools in

arm, and associated with the preceding asexual

malaria transmission and elimination efforts.
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Malaria, a disease caused by Plasmodium

gland rendering the mosquito infectious to

From a total of 49 screened candidate par-

Gametocytes were first detected 8.5 - 12 days

parasites, continues to be a public health

humans upon its next bite. Early work based

ticipants, 16 volunteers were included in a

after the initial peak of asexual parasites with

burden. Despite a reduction in the malaria

on the microscopic evaluation of experimen-

first cohort and randomly assigned to four

no statistically significant difference in time

case incidence of ~40%, and mortality by

tal P. falciparum infection (malariatherapy)

study arms prior to challenge (Figure 1). After

to gametocyte appearance between study

62% over the last decade, malaria caused

studies reported that gametocytes may make

observed transient liver enzyme elevations in

arms (p = 0.26) (Table 2). The median peak

~429.000 deaths in 2015.1 Apart from the

their appearance in small numbers around 10

the first cohort, the study was temporarily put

density of gametocytes was 83 gametocytes/

direct health implications, malaria is a sub-

days following the first day of fever.8,9

on hold and the already initiated infections

mL (range 11-1285) when all study participants

in the second cohort of 13 participants were

were considered. Peak gametocyte densities

stantial contributor to ongoing poverty in

The renewed focus on malaria elimination

affected countries. Recently, the spread of

requires a thorough understanding of malaria

abrogated by curative treatment on day 3 post

were higher in the study arm randomised

artemisinin resistant parasites has emerged

transmission dynamics - when mature male

challenge. The hold was lifted after reviewing

to LD-PIP/SP, with a median of 627 gameto-

as a global health concern. Both the recent

and female gametocytes are first produced

safety data. Participants from the first cohort

cytes/mL (range of 199-1285), compared to

gains in malaria control and concerns about

upon infection and how long they circulate

completed all study visits, and form the basis

38 gametocytes/mL (range of 11-368), 30

artemisinin resistance have stimulated pro-

in peripheral blood.10 These parameters are

of the current manuscript; their baseline

gametocytes/mL (range of 13-101), 83 gameto-

grams to eliminate malaria. Novel interven-

difficult to measure in naturally acquired

characteristics are shown in Table 1. After

cytes/mL (range of 46-99), for arms LD-SP/SP,

tions may support malaria elimination efforts

infections where frequent super-infections,

exposure to bites of a standard protocol of 5

LD-SP/PIP, and LD-PIP/PIP, respectively (Figure

in endemic settings3 that are further depend-

immunity and other factors dictate parasite

2; Figure 2-figure supplement 1; Table 2).

ent on political and financial commitments

and gametocyte dynamics.11 Interventions

to maximize coverage with currently availa-

that specifically aim to reduce gametocyte

ble interventions and improve surveillance

development, circulation time or infectivity

systems to optimize disease notification

are highly desirable in the context of malaria

and treatment.4

elimination and require effective models for

P. falciparum infected mosquitoes, all participants developed parasitemia on days 6.5 - 12
post-challenge; peak parasite densities ranged
from 1050 to 63113 Pf/mL (Figure 2; Figure
2-figure supplement 1; Table 2; Supplementary File 1 ). Due to asexual recrudescence in 7
of the 8 participants after a subcurative treatment (T1) with LD-PIP, a curative treatment
(T2) had to be administered before day 21 post
challenge. The median period between T1 and
T2 was 9.1 (range of 7.7-11.7), 10.0 (range of
9.2-10.2), 4.7 (range of 2-10.7), and 2.5 (range
of 1.5-5.0) for study arms LD-SP/SP, LD-SP/
PIP, LD-PIP/PIP, and LD-PIP/SP, respectively. In
participants receiving a subcurative LD-SP as
T1, no recrudescent infection occurred and
T2 was initiated on day 21 per protocol. One
participant from treatment arm LD-PIP/PIP
developed asexual recrudescence after T2,
and received end treatment with atovaquone/
proguanil on day 36. The remaining participants did not develop recrudescent infections
after T2, and were treated with atovaquone/
proguanil on day 42 as per protocol. All
participants also developed gametocytemia
as determined by Pfs25 qRT-PCR (Figure 2;
Figure 3A; Figure 2-figure supplement 1).

2

A major challenge to eliminating malaria is
its highly efficient transmission by Anopheles

the early clinical evaluation.
The controlled human malaria infec-

mosquitoes. Transmission to mosquitoes

tion (CHMI) model allows the induction

starts when a small proportion of asexual

of parasitemia under highly standardized

parasites commit to form male and female

conditions and plays an important role in the

gametocytes. It is currently unclear what

assessment of safety and efficacy of novel

stimulates gametocyte commitment and

antimalarial drugs and vaccines.12 Preliminary

when gametocyte commitment first occurs.

evidence for the induction of female ga-

Upon commitment, maturation of gameto-

metocytes in CHMI studies with blood stage

cytes takes place predominantly in the bone

inoculum was recently demonstrated using

marrow, and requires 7 days (range 4-12) of

piperaquine monotherapy.13,14

5

development.6 Subsequently, mature ga-

In this study we aimed to develop a con-

metocytes (parasites that are not associated

trolled human malaria infection transmis-

with clinical disease) appear in the periph-

sion model to induce gametocyte carriage

eral blood, where they may circulate for an

after mosquito bite infection. The primary

average of 6 days, but this can be up to three

objective of the current trial was to safely

weeks.6,7 During this period, blood-feeding

induce gametocytemia in study partici-

Anophelines may ingest gametocytes where,

pants by the use of different (sub)curative

after a sporogonic development phase,

drug regimens based on sulfadoxine-py-

sporozoites reach the mosquito salivary

rimethamine11,15 and piperaquine 16.

Thirteen (81%, 13/16) participants showed
gametocytes on at least 5 consecutive days.
The mean number of consecutive gametocyte-positive days was 24.5 (range of 17-25)
for the LD-PIP/SP arm and was higher than for
other arms (Table 2; Figure 2). Using multi-level logistic regression (random effect for
within-group variation), we estimated that the
average proportion of days that individuals
tested positive for gametocytes was 27.4%
(LD-SP/SP), 35.9% (LD-SP/PIP), 51.4% (LD-PIP/
PIP), and 48.3% (LD-PIP/SP) (Table 2). The
LD-PIP/PIP and LD-PIP/SP arms (i.e. those
receiving “low dose PIP”) each had significantly higher average proportions of gametocyte-positive days than both arms LD-SP/SP
and LD-SP/PIP (posterior probability 90.8%
and 86.1%, respectively; 81.1% joint probability
of arms LD-PIP/PIP and LD-PIP/SP both being
higher than both LD-SP/SP and LD-SP/PIP).
Furthermore, the area under the curve (AUC)
for gametocyte density showed a statistically
significant difference between arms (p=0.04).
The LD-PIP/SP arm had a significantly higher
gametocyte load (area under the curve) than
each of the other three treatment arms (94.4%
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posterior probability of being the highest;

mL (SD=47), respectively. Expressed as a pro-

Here, we present a CHMI model to induce

unaffected, or may even be stimulated under

Figure 3B). After correction for the asexual

portion of all examined mosquitoes, 0.0002%

mature gametocytes after mosquito bite

drug pressure as suggested for sulfadox-

AUC, the probabilities of the gametocyte

(3/14400) of mosquitoes became infected

infection in malaria-naive study participants.

ine-pyrimethamine and piperaquine.11,15,16 In

AUC in the LD-PIP/SP arm being higher than

in these exploratory assessments. Possible

The timing of the first appearance of ga-

our study, we aimed for a protracted low

the other three decreased to 97.2%, 96.3%,

and probable related adverse events after

metocytes suggests that a fraction of the

density of asexual parasitemia demonstrat-

and 96.2% (from 99,1%, 98.9%, and 95.4%),

challenge infection are shown in Figure 6 and

first wave of asexual parasites commit to

ing that early abrogation of asexual infec-

and the probability of LD-PIP/SP being higher

Table 3. The most frequently reported adverse

the production of male and female gameto-

tions by both sulfadoxine-pyrimethamine

than all other study arms decreased to

events were fatigue, malaise, headache, fever,

cytes. With the use of antimalarial drugs that

and piperaquine permits successful mature

94.0%.

nausea, and chills. Grade 3 adverse events

attenuates asexual stage infections but leave

gametocyte development. SP has long

were reported in 14/16 (88%) participants, and

(developing) gametocytes unaffected, we

been associated with a rapid appearance of

detected in 14/16 (88%) participants (Figure

were predominated by headache (n=8), chills

determined biologically plausible half-lives

gametocytes that is too early to be explained

4; Figure 4-figure supplement 1). Gameto-

(n=6), and nausea (n=5). All possible and prob-

of male and female gametocytes, and show

by de novo gametocyte production upon drug

cyte sex-ratio’s and circulation times have to

able related adverse events resolved by the

preliminary evidence of the potential of this

pressure and has thus been hypothesized to

be interpreted with caution since they rely on

end of study. No serious adverse events oc-

model to complete the lifecycle of malaria in

reflect an efflux of sequestered gametocytes

two separate qRT-PCR assays with differences

curred. The median number of adverse events

mosquito feeding assays.

upon treatment.15 Evidence for the permissive-

in assay sensitivity (Figure 5; Supplementa-

was 20.5 per individual; the median number of

ry File 2, 3). On average 2.5 times as many

adverse events with a grade 3 severity score

ough understanding of the transmissibility of

cytes is more recent.13,14,16 In the current study,

female gametocytes were observed com-

was 1.5 per individual. There was no evidence

infections. Gametocyte commitment occurs

group sizes are limited and comparisons

pared to male gametocytes per measured

for a difference between study arms in the oc-

for a fraction of asexual parasites under

between treatment arms have to be interpret-

time-point (Figure 4; mean ratio 2.5 (SD=2.5)).

currence of adverse events (p = 0.49) or grade

regulation of the transcription factor AP2-G

ed with caution. CHMI studies are logistically

Combining all treatment arms, the best

3 adverse events (p = 0.28).

with the entire progeny of a sexually commit-

challenging and the number of volunteers that

ted schizont forming either male or female

can be monitored to ensure participant safety

gametocytes.17 Our findings, based on novel

is an important consideration when defining

Both female and male gametocytes were

estimate of gametocyte half-life was 5.1 days

Laboratory abnormalities during the study

Malaria elimination efforts require a thor-

ness of piperaquine to (developing) gameto-

(95% CI 4.1-6.1) for female gametocytes and

are shown in Table 4. Most prevalent abnor-

2.7 days (95% CI 1.5-3.9) for male gameto-

malities were elevated transaminases (ALT/

sex-specific gametocyte qRT-PCR, confirm ear-

the study size. Our sample size calculation

cytes (Figure 4-figure supplement 2).

AST) (n=16), decreased lymphocytes (n=15),

lier work from malariatherapy studies where ga-

was based on the optimistic assumption that

decreased neutrophils (n=13), and decreased

metocytes were first detected by microscopy

the vast majority of volunteers would develop

ual progenitors, and hence asexual parasite

platelets (n=12). The only grade 3 laboratory

at 9,11 days after asexual parasites.4,5 These data

mature gametocytes; an assumption that was

kinetics and gametocyte kinetics are related.

abnormalities were elevated ALT (n=8), and

indicate very early gametocyte commitment

supported by the current data. With our limit-

The AUC of asexual parasitemia was statisti-

elevated AST (n=7). 16/16 (100%) volunteers

and are in line with our earlier observations

ed study size, our findings indicate that none

cally significantly associated with the AUC of

showed mild to severe ALT/AST elevations.

that Pfs16 mRNA, the earliest gametocyte tran-

of the study drugs prevented the appearance

gametocytemia (r2=0.31, p=0.026), as shown

5/16 (31%) mild (grade 1); 3/16 (19%) moderate

script, is detectable at the moment of peak

of gametocytes after treatment, thereby

in Figure 3C. The mean time-window between

(grade 2), and 8/16 (50%) severe (grade 3)

parasitemia in CHMI models.18 This timing is

suggesting limited or no effect of PIP and

the first asexual parasites and the first appear-

(up to 25 x ULN) ALT/AST elevations. These

highly relevant for understanding gameto-

SP on developing or mature gametocytes.19

ance of gametocytes was 10.6 (SD=0.65) days,

derangements were transient, and returned to

cyte transmission biology. The circulation of

We hypothesized that slow acting drugs may

see Table 2. Membrane feeding experiments

baseline values within the normal range before

mature gametocytes has not been reported in

promote the development of gametocytes 20,

were performed as an exploratory objective,

the end of the study. A detailed overview of

previous CHMI trials using curative regimens

potentially via microvesicles that are derived

and confirmed infectivity of gametocytes in 3

these liver function test derangements can

of chloroquine, artemether-lumefantrine, or

from infected erythrocytes 5 and differences

mosquitoes from three study arms on days 25

be found in the supporting information (Table

atovaqoune-proguanil, and our data illustrate

between drug regimens in the rate at which

(LD-PIP/SP and LD-SP/SP arms) and 31 (LD-SP/

4-figure supplement 1). These unexpected

the differential impact of antimalarial drugs

asexual parasites are cleared upon T1 and T2

PIP arm) post-infection. Mean gametocyte

safety findings were reported to the Safety

on developing gametocytes. Once treatment

would result in different gametocyte dynam-

densities at those time-points were 106 ga-

Monitoring Committee (SMC) and CCMO, and

is initiated, gametocyte production ceases

ics. Although our findings indicate highest

metocytes/mL (SD=175), and 28 gametocytes/

thoroughly reviewed.

abruptly (in the case of artemisinins), remains

gametocyte concentrations in the LD-PIP/SP

Gametocytes are produced from their asex-
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to study gametocyte biology and dynamics

arm, more observations and thus additional

gametocytes/mL.23 The sporadic mosquito

studies are needed to allow the construc-

infections thus demonstrate that mature ga-

study led to a structured risk analysis, and

providing novel insights and tools in ma-

tion of a model that allows a quantification

metocytes in sex-ratios supportive of mosqui-

review by independent experts. Transient,

laria transmission and elimination efforts.

of gametocyte commitment at different

to infections can be achieved in CHMI trans-

asymptomatic liver function test (LFT) de-

The dynamics of gametocyte commitment,

time-points during the study (e.g. prior to T1,

mission models. Studies on the evaluation of

rangements have been reported in volunteers

maturation, sex ratio, and sequestration found

during the phase of parasite recrudescence

TBIs will need a further optimized protocol

in previous CHMI studies, and are likely to be

in our model reflect parasite dynamics found

and following T2). One hypothesis would be

aimed to achieve higher gametocyte densities

related to the asexual stage parasitemia, and

in naturally acquired infections although par-

similar gametocyte commitment in all arms

by increasing duration and load of the asexual

subsequent treatment.

asite densities are much lower than in many

after T1 but a more rapid release of gameto-

parasite burden. For the evaluation of gameto-

Detailed studies on gametocyte biology

endemic settings. This model can be used to

cytes that accumulated in the bone marrow

cytocidal interventions in the CHMI transmis-

and dynamics, and the early development of

evaluate the effect of drugs and vaccines on

between T1 and T2.

sion model, gametocyte densities should be

novel drugs and vaccines that target malaria

gametocyte dynamics and sex ratios. With

We present the novel evidence that both

sufficiently high to quantify an intervention-as-

transmission (TBIs) are currently restricted to

its current performance, the CHMI transmis-

male and female gametocytes appear early,

sociated reduction in gametocyte appearance

sion model may allow testing of vaccination

upon infection. Our findings suggest an earlier

or gametocyte half-life. For the evaluation of

appearance of female gametocytes (18.8 days

interventions that reduce the transmissibility

(SD 1.8) compared to male gametocytes 20.3

of gametocytes, higher mosquito infections

days (SD 1. 2)) and a longer circulation time of

should be achieved at proportions that allow

female gametocytes that is in line with previ-

the detection of meaningful reductions in

ous estimates from naturally infected individ-

mosquito infection rates in experimental arms.

uals. Whilst both male and female gameto-

Low infectivity in membrane feeding assays

cytes are consistently detected at densities

may be overcome by achievement of higher

of 0.1 gametocyte/µL21, the highly abundant
Pfs25 mRNA makes the female gametocyte
qRT-PCR more sensitive than the male PfMGET
qRT-PCR. Differences in gametocyte dynamics between male and female gametocytes
should therefore be interpreted with caution. Gametocyte densities remained below
the threshold of detection by microscopy
throughout the study period and were strongly associated with the preceding densities of
the asexual progenitors. Participants in the LDPIP/SP study arm showed the highest gametocytes densities, and a mean female/male sex
ratio of 4.1 (SD =5.1), in line with gametocyte
sex-ratios in natural infections (~3 to 5 females
to 1 male).9,22 We confirmed the infectivity
of gametocytes in 3 mosquitoes from three
study arms. The very low rate of infected mosquito corroborates observations from naturally
acquired infections where mosquito infection
becomes highly unlikely below 1000-10,000

gametocyte densities in the model, and the

in vitro assays, such as drug sensitivity assays,
and standard membrane feeding assays
(SMFA).11,27 Recently, a humanized mice model
has been developed to investigate P. falciparum sexual commitment that could, therefore,
bridge in vitro assays to in vivo animal studies that take into account drug metabolism
and gametocyte sequestration.28 Also, an
experimental Plasmodium vivax transmission
model in human has been reported.29 However, mechanisms underlying P. falciparum gametocytogenesis and dynamics have never
been addressed in a controlled clean system
in humans.
Here, we present a novel CHMI transmission model for P. falciparum that can be used

7,9

use of gametocyte concentration methods 24,
or by direct skin feeding assays.

25

In line with recent findings, we observed
recrudescent infections in 7/8 participants
treated with LD-PIP.13 Recrudescent infections
were not observed in arms that first received
LD-SP, suggesting that this dose, although
1/3 of the standard curative dose of sulfadoxine-pyrimethamine, is curative at asexual parasite densities observed in our participants.
It has been hypothesized that the prolonged
parasitemia under drug pressure increases
gametocyte commitment.26 The duration of
parasite multiplication between T1 and T2 was
relatively short in this study (2 - 5 days) for
subjects with recrudescent infections, and the
contribution of drug pressure may thus have
been limited. The current findings suggest
that further lowering the SP dose may be considered to prolong asexual parasite exposure.

The liver enzyme elevations found in our

strategies that reduce the production of
gametocytes from their asexual progenitors
or accelerate their clearance from the blood
stream 30, and the testing of gametocytocidal
drugs.31 To allow testing of sterilizing effect of
drugs on circulating gametocytes 32 or the effect of antibodies that interfere with gametocyte fertilization inside the mosquito gut 30,
the model needs to be optimized to achieve
considerably higher mosquito infection rates.
The current work lays the foundation for
fulfilling the critical unmet need to evaluate
transmission-blocking interventions against
falciparum malaria for downstream selection
and clinical development.
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Study design

asexual and sexual blood stages were cultured

were monitored once a day for recrudescence.

circumsporozoite (CSP) ELISA44 followed by

This single centre, open-label randomised

in a semi-automated culture system and used

On day 21 or upon parasite density reaching

qPCR confirmation of mosquitoes where the

trial was conducted at the Radboud university

to infect mosquitoes by standard membrane

≥1500 Pf/mL, participants received a second

OD exceeded the mean + 3 standard deviations

medical center (Radboudumc), Nijmegen, the

feeding as described previously.

The 3D7

treatment (T2), consisting of 1000mg/50mg

of control mosquitoes.45

Netherlands. Healthy malaria-naive male and fe-

lineage that was used in the current study is

sulfadoxine-pyrimethamine or 960mg of piper-

Adverse events were recorded and grad-

male participants aged 18-35 years were recruit-

based on a 3D7 bank described in detail in

aquine phosphate. After the second treatment,

ed by the research physician as mild (easily

ed from June until November 2016. Screening

Cheng et al.33 To examine molecular markers

participants were monitored daily for 3 days,

tolerated, grade 1), moderate (interfering with

included physical examination, electrocardi-

of drug resistance, we used available Illumina

then 3 times a week until final treatment with

daily activity, grade 2) or severe (preventing

ography (ECG), hematology and biochemistry

whole genome sequencing data (https://www.

atovaquone/proguanil (Malarone®) on day 42.

daily activity, grade 3), and in the case of fever

parameters and serology for human immunode-

ebi.ac.uk/ena/data/view/PRJEB12838); aligning

Adverse events were recorded, and blood

as mild (38.0-38.4°C), moderate (38.5-38.9,°C)

ficiency virus (HIV), hepatitis B and C, and asex-

reads to the P. falciparum reference genome

sampling was performed to monitor parasitem-

or severe (≥39°C). Safety blood tests were

ual stages of P. falciparum. Informed consent

v3 (plasmoDB) with bowtie2 (sourceforge) and

ia and blood safety parameters. Symptoms of

performed daily, including full blood counts,

was provided by all participants at screening

obtaining consensus sequences for dhps and

malaria were treated with acetaminophen up

LDH and highly sensitive troponin-T. Biochem-

visit. The central committee for research involv-

dhfr genes with samtools. No mutations were

to 4000 mg daily, and nausea with metoclopr-

istry tests including liver function test were

ing human subjects (CCMO), and the Western

identified in the dhfr gene; the only detected

amide up to 30 mg daily, if necessary.

assessed at screening, inclusion, two days after

Institutional Review Board (WIRB) approved the

mutation was dhps A437G which, by itself, is

protocol for this study (NL56659.091.16). The

34,35

Parasite density was determined by quanti-

every treatment and at the end of study, and

not associated with sulfadoxine-pyrimethamine

tative PCR (qPCR) targeting the multicopy 18S

on additional days if considered relevant for

trial was conducted according to the principles

resistance.36 Plasmepsin II/III duplication events

rRNA gene 38; samples collected in the morning

clinical decision-making.

outlined in the Declaration of Helsinki and Good

are associated with piperaquine resistance

Clinical Practice standards, and registered at

but were not observed although the sequence

ples 12 hours later. Thick blood smears were

ClinicalTrials.gov, identifier NCT02836002

similarities with neighboring genes Plasmepsin

taken during evening visits, double-read and

For the quantification of the P. falciparum Pfs25

(Supplementary File 4, 5).

I and IV suggest that unambiguous quantifica-

considered positive if two or more parasites

transcript levels total NA was RQ1 DNaseI treat-

tion may require more specific gene targeting.

were detected in 0.5µl.39 The presence of

ed according to the manufacturer’s protocol. 2

Randomisation

Importantly, piperaquine sensitivity of our 3D7

gametocytes was monitored in samples from

ul of DNaseI treated material was run in a total

A total of 16 participants were included in the

lineage was previously confirmed by in vivo ex-

day 7.5 after challenge until end of study by

volume of 25 ul of TaqMan® RNA-to-Ct™ qRT-

analysis of this study. After inclusion, study par-

periments.13 We conclude that the lineage used

quantitative reverse-transcriptase PCR (qRT-

PCR reaction mixture (Applied Biosystems).

ticipants were randomly allocated to one of the

was sensitive to both sulfadoxine-pyrimeth-

PCR) targeting female-specific Pfs25 mRNA and

For the quantification of the P. falciparum male

four different treatment arms (n=4 per group)

amine and piperaquine.

male specific Pf MGET (Pf 3D7_1469900) and

gametocyte enriched transcript (PfMGET)

using sex-specific trendlines.21,40 All samples

cDNA was synthesized from Total NA with the

with low-dose (LD) of either piperaquine (PIP)

37

Participants were monitored twice daily on

were processed immediately, evening samPfs25 and PfMGET RNA quantification

or sulfadoxine-pyrimethamine (SP), followed

an outpatient basis from day 6 after exposure

with an estimated gametocyte density ≥ 5

High Capacity cDNA Reverse Transcription Kit

by curative regimen of piperaquine or sulfa-

to infected mosquitoes until malaria parasites

gametocytes per mL (gametocytes/mL) were

(Applied Biosystems). Samples were added in

doxine-pyrimethamine upon recrudescence; i)

were detected at a density of ≥5000 parasites

considered gametocyte positive. The dura-

a 1: 1 ratio to the mastermix. 2 ul of cDNA was

LD-SP/SP, ii) LD-SP/PIP, iii) LD-PIP/SP, or iv) LD-

per milliliter (Pf/mL) by qPCR or a positive thick

tion of gametocyte carriage as an indicator

run in a total volume of 20 ul making use of the

PIP/SP. Randomisation was done by a computer

blood smear, upon which they were treated

of stable gametocyemia was defined as the

GoTaq® qPCR Master Mix (Promega). Male P.

generated random number table (Microsoft

with a subcurative dose of 500mg/25mg

maximum number of consecutive days with

falciparum gametocytes were quantified using

Excel 2007, Redmond, WA, USA).

sulfadoxine-pyrimethamine (Roche, Bou-

detectable gametocytemia above the thresh-

a standard curve of serially diluted StageV male

logne-billancourt, FR) or 480mg of piperaquine

old for detection. Direct Membrane Feedings

gametocytes from the transgenic PfDynGFP/

Procedures

phosphate (PCI Pharma Services, Tredegar,

Assays (DMFA) were performed as exploratory

P47mCherry line.46 Detailed information on the

All study participants were subjected to a

UK). After the first treatment (T1), participants

measures on days 21,25 and 31 post-infection

validation and performance characteristics

standard CHMI with five female Anopheles ste-

continued to visit the study center twice daily

with ~300 mosquitoes per feed per participant

of the assays can be found in the supporting

phensi mosquitoes infected with the P. falciparum strain 3D7. 12,33 Plasmodium falciparum 3D7

for another 4 days to monitor the initial clear-

(total of ~14.400 mosquitoes).41-43 Mosquito

materials (Figure 5; Supplementary File 2, 3;

ance of parasitemia by qPCR, after which they

infection status was determined on day 12 by

Figure 5-figure supplement 1, 2).
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Study outcome

tially deviated from others, we jointly estimated

and RWS had full access to all study data with

sects feed. It then moves to the person’s liver,

The primary study outcomes were the fre-

the differences between all four arms in a

final responsibility for the decision to submit

where it infects liver cells and matures into

quency and magnitude of adverse events,

Bayesian framework (standard linear regres-

the report for publication.

a stage known as schizonts. The schizonts

and the prevalence of gametocytes by Pfs25

sion model, no mixed effects), using Hamil-

qRT-PCR. The prevalence of gametocytes is

tonian Monte Carlo as implemented in the R
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in the saliva of female Anopheles mosquitoes,
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the report, but not data collection. IJR, LS, TB,

Here, Reuling et al. report a new method for generating gametocytes in human
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dence interval ≥ 54.8% (the lower limit of the

To complete its life cycle, the parasite must

treatment that completely cures the infection.
Reuling et al. recruited 16 volunteers and
assigned them to four groups at random.
Each group received a different drug regime.
Roughly a week after the mosquito bites, all
participants showed malaria parasites in their
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blood, and between 8.5 and 12 days later,
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These results are proof of principle for a new

mature gametocytes started to appear. This

way to investigate malaria infection. The new

early appearance suggests that the parasites

model provides a controlled method for study-

start to transform into gametocytes when

ing P. falciparum gametocytes in people. In the

they first emerge from the liver. The experi-

future, it could help to test the impact of drugs

ment also revealed that female gametocytes

and vaccines on gametocytes. Understanding

stay in the blood for a longer period than

more about these parasites’ biology could lead

their male counterparts.

to treatments that block malaria transmission.
https://doi.org/10.7554/eLife.31549.002
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Figure 1. Trial profile.

Table 1. Baseline characteristics of the participants included in analysis.
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Figure 2. Asexual parasitemia and gametocytemia.
Black line represents 18S qPCR asexual parasitemia. Black dotted-line represents 18S qPCR after treatment 1. Red line
represents Pfs25 qRT-PCR gametocytemia.

Figure 3. Gametocyte kinetics between study arms.
A) Percentage gametocyte carriers between study arms B) Estimated mean area under the curve for concentration
of gametocytes per arm (Bayesian framework). The shaded area of each density curve represents the middle 95%
percentiles (i.e. 2.5th to 97.5th percentiles) of the estimated mean AUC for a study arm; the density curve itself spans
the middle 99% percentiles of the posterior; the posterior mean is indicated by the vertical solid line within each
density plot. C) Association of area under the curves of asexual parasitemia and gametocytemia. The different plotting shapes are the individual participants per group. D) Thin- and thick- blood smears of concentrated gametocytes
after magnetic cell sorting of 2 individuals from LD-PIP/SP arm.
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Table 2. Treatment and parasitological data per study group.

Figure 4. Total female and male gametocyte density of all participants.
Dots represent individual gametocyte data. Circles and squares represent mean and error (SEM) of gametocytes
per timepoint.

Figure 5. Standard curves of qRT PCR and qPCR.
Standard curves (Mean, SD) obtained using 10-fold dilutions of cultured gametocytes. The highest concentration was enumerated by two independent expert microscopists. The mean and standard deviation of 54, 28, 72
replicates of the standard curve during the study was determined for the pfs 25-, PfMGET, and 18S target genes,
respectively. For PfMGET, six points starting from 106 pure male gametocytes/mL were measured. 101 was positive in 6/28 replicates (black dot).
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Figure 6. Adverse events.
A) Adverse events per study arm B) Total no. of adverse events and time course.

Table 4. Laboratory abnormalities per study arm.

Table 3. List of adverse events possibly or probably related to the trial.
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Figure 2-figure supplement 1. Asexual parasitemia and gametocytemia per study participant.
Black line represents 18S qPCR asexual parasitemia. Black dotted-line represents 18S qPCR after treatment 1.
Red line represents Pfs25 qRT-PCR gametocytemia.

Figure 4-figure supplement 1. Female and male gametocytes per study arm.

Figure 4-figure supplement 2. Female and male gametocyte clearance dynamics per participant included in analysis.
Curves are log gametocytes/mL. Recoded days are the days of gametocyte observations from 12 days after the
last detection of asexual parasites until the end of study.
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Table 4-figure supplement 1. Liver function test derangements.
ALT= alanine aminotransferase, AST= aspartate aminotransferase, γGT= gamma glutamyl transferase, AP= alkaline
phosphatase, Bilirubin= total bilirubin, T1=Treatment 1, T2=Treatment.

Figure 5-figure supplement 2. Correlation of duplo Pfs25 qRT PCR measurements in all study samples.
All duplo- estimation data points of the study participants as measured by Pfs25 qRT PCR. All samples with ≥ 5 parasites/mL were duplo positive (190/190, 100%), and showed a correlation coefficient R2 of 0.94. Variation of samples
<5 parasites/mL was considerably larger and positivity could not be reliably estimated with 35/75 (47%) of samples
that were positive in at least one qRT-PCR being single positives (R2 of 0.46).

Supplementary File 1. Individual data of the participants included in analysis.

Figure 5-figure supplement 1. Standard curves of Pfs25 qRT PCR – low density trendlines.
Standard curves (Mean, SD) obtained using serial dilutions of cultured gametocytes including low density trendlines
to determine the limit of detection (LOD) and limit of quantification (LOQ) of the Pfs25 qRT PCR.
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Supplementary File 2. Selected P. falciparum gene targets and primers of qRT PCR assays.

Supplementary File 3. Quality parameters of qRT PCR and qPCR.
The table shows for each target: limit of detection (LOD; defined as lowest pathogen concentration with reproducible detection); limit of quantification (LOQ; defined as lowest pathogen concentration where the CV was <5%),
slope, efficiency (E), and the coefficient of correlation of combined trendlines (R2).

Rest of supplementary files can be found online:
Supplementary File 4. Clinical Trial Protoco.l
https://doi.org/10.7554/eLife.31549.025
Supplementary File 5. CONSORT extension for Pilot and Feasibility Trials Checklist.
https://doi.org/10.7554/eLife.31549.026
Supplementary File 6. R codes used for Bayesian statistical analysis.
https://doi.org/10.7554/eLife.31549.020
Supplementary File 7. SAS code used for estimation of gametocyte half-life for gametocytes.
https://doi.org/10.7554/eLife.31549.021
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Concentration of Plasmodium falciparum
gametocytes in whole blood samples by
magnetic cell sorting enhances parasite
infection rates in mosquito feeding assays
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Background

Results

Mosquito-feeding assays are important tools

MACS gametocyte enrichment resulted in the

to guide the development and support the

highest infection intensity with statistically

evaluation of transmission-blocking interven-

significant increases in mean oocyst density

tions. These functional bioassays measure the

in 2 of 3 experiments (p=0.0003; p=<0.0001;

sporogonic development of gametocytes in

p=0.2348). The Percoll gradient and standard

blood-fed mosquitoes. Measuring the infectiv-

centrifugation procedures resulted in vari-

ity of low gametocyte densities has become

able infectivity. A significant increase in the

increasingly important in malaria elimination

proportion of infected mosquitoes and oocyst

scenarios. This will pose challenges to the

density was found when larger volumes of

sensitivity and throughput of existing mos-

gametocyte-infected blood were used with

quito-feeding assay protocols. Here, different

the MACS procedure.

gametocyte concentration methods of blood
samples were explored to optimize conditions

Conclusion

for detection of positive mosquito infections.

The current study demonstrates that con-

Methods

metocyte-infected whole blood samples can

Mature gametocytes of Plasmodium falciparum

enhance transmission in mosquito-feeding

were diluted into whole blood samples of ma-

assays. Gametocyte purification by MACS

laria-naïve volunteers. Standard centrifugation,

was the most efficient method, allowing the

Percoll gradient, magnetic cell sorting (MACS)

assessment of gametocyte infectivity in low

enrichment were compared using starting blood

density gametocyte infections, as can be ex-

volumes larger than the control (direct) feed.

pected in natural or experimental conditions.

centration methods of P. falciparum ga-

Radboud university medical center, Department of Medical Microbiology, Geert Grooteplein 28, Microbiology 268,
6500 HB Nijmegen, The Netherlands
1
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Malaria transmission is mediated by sexu-

rates4, but mosquito infections may occur at

In vitro gametocyte culture

Gametocyte concentration

al stage parasites (gametocytes) that are

very low gametocyte densities5,6. The stochas-

A semi-automated suspension culture was

All procedures were conducted at 37°C and

generated at low frequency from their

tic nature of mosquito infections at low oocyst

used for the gametocyte culture with slight

samples were kept at this temperature prior to

asexual progenitors. Mature gametocytes are

densities makes it difficult to judge whether
non-infectiousness of gametocyte-positive

the mosquito gut to form micro- (male) and

blood samples arises because: i) gametocytes

macro- (female) gametes. Gametes sexually

are too low in density 7; ii) too few mosquitoes

reproduce to form oocysts, inside which

were examined; or. iii) other factors influenc-

infectious sporozoites develop that make the

ing gametocyte infectiousness (e.g.. parasite

mosquito infectious to humans once they

factors 8,9 such as maturity 10,11 or sex ratio 12,13. or

reach the mosquito salivary glands.

extrinsic factors such as human or mosquito

modification of descriptions by Ponnudurai
et al.20 Mature gametocytes of Plasmodium
falciparum (NF54 strain) were cultured in a
‘shaker’ flask for periods of 16 days at 37°C
under 4% C02, 3% O2, 93% N2 continuous
gas flow. Parasites were cultured in RPMI 1640
with L-glutamine (Life Technologies), supplemented with 5.94g/L HEPES (BDH Biochemical), 50 mg/L hypoxanthine (Sigma Aldrich),
and 50mM of N-acetyl glucosamine (Sigma
Aldrich) to treat asexual parasites from day 8.
Culture medium was changed twice daily, with
an initial 4-5% haematocrit.

feeding to prevent early gametocyte activation.

ingested by mosquitoes, activating inside

Transmission-reducing interventions form

immunity 14-16). Measuring the viability of low

Three purification methods were compared by
using starting blood volumes 5 times higher
than the control (direct) feed, to assess their
suitability to retain or improve infectivity in
the SMFA. Because only 300 µL of the 400 µL
concentrated feed material was fed to mosquitoes, the remainder being used for gametocyte
quantification, the SMFA sample contained 75%

essential components of global efforts to

gametocyte densities becomes increasingly

contain anti-malarial resistance and eliminate

important in malaria elimination scenarios as

malaria 2. Such interventions will lower malaria

low density infections with gametocytes may

transmission by reducing gametocyte pro-

be very common 17. Under such conditions

duction and carriage, or by interfering with

sporadic mosquito transmission events may

sporogonic development in the mosquito.

be highly relevant for control efforts but

Membrane-feeding assays

Gametocytes were separated from uninfected

Mosquito-feeding assays are important tools

will require a large number of mosquitoes

Cultured gametocytes were diluted into whole

erythrocytes and asexual parasites by standard

to guide the development and support the

to be examined.

blood samples. Venous blood of malaria-naïve

centrifugation causing gametocytes to form

volunteers was drawn into heparin-containing

a layer on top of the erythrocytes. Gameto-

1

evaluation of transmission-blocking interven-

As field studies are subject to many uncon-

of the total gametocyte content of purification
output (equivalent to a 3.75-fold higher start
volume than the control).
Standard centrifugation

tions. These functional bioassays measure the

trolled and likely confounding parameters, a

tubes, and kept warm in a 37°C heat-block.

cyte-infected whole blood was spun down at

transmission of gametocytes to mosquitoes,

controlled human malaria infection (CHMI)

Cultured P. falciparum gametocytes were

2,000 RPM at 37°C for 5 min. Two-hundred µL

by allowing mosquitoes to feed either on blood

model for transmission from man to mosquito

added to the whole blood at concentrations

of the top-layer of the pellet of erythrocytes

from infected individuals (the direct skin or

would be a great asset for the evaluation of

between 300-1,000 gametocytes/µL (in stand-

was added to 200 µL of plasma to adjust the

direct membrane-feeding assay) 3 or cultured

(transmission-blocking) drugs or vaccines 18,19,

ard experiments). Gametocytes concentrated

haematocrit level (1:1 erythrocyte/plasma ratio).

gametocytes (the standard membrane-feeding

(Reuling et al. pers. Comm..). Here, differ-

by the various purification methods were all

assay; SMFA), before assessing the infection

ent gametocyte concentration methods in

reconstituted in 400 µl of blood, of which 300

Percoll gradient separation

rate in the mosquitoes by oocyst or sporozoite

blood samples were explored with the aim to

µl was transferred to an artificial membrane

Gametocytes in the infected whole blood sam-

detection4. Higher densities of gametocytes

optimize conditions for detection of positive

feeder and offered for exactly 15 min to a cage

ple were concentrated by a 63% Percoll density

are associated with higher mosquito infection

mosquito infections.

of 50, 1-3-day old Anopheles stephensi mos-

gradient (Percoll, GE, USA) centrifugation step

quitoes. The remaining 100 µl of blood was

by centrifugation at 2,000 RPM (3 min acceler-

stored in RNAprotect Cell Reagent (Qiagen,

ation; 3 min break) at 37°C for 20 min 21,22. The

Hilden, Germany). Control mosquitoes were

interface containing gametocytes was sepa-

fed the gametocyte-enriched whole blood

rated using a blunt needle, and washed twice

directly (without concentration). Blood-fed

with warm incomplete medium (RPMI 1640

mosquitoes were kept on glucose at 26°C and

parasite medium without 10% serum) at 2,000

70 - 80% humidity; on day 7 post infection the

RPM for 5 min (1 min acceleration; 1 min break).

mid-guts of 20 mosquitoes in each feed group

The supernatant was removed leaving 50 µL, in

were removed by dissection, stained with mer-

which the pellet was re-suspended and mixed

curochrome, and examined for the presence

with 350 µL of uninfected whole blood.

of oocysts by microscopy.
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Magnetic cell sorting (MACS) for

MACS procedure was carried out in a heated

Comparison of gametocyte

The effect of larger blood sample aliquots

gametocyte enrichment

cabinet incubator.

concentration methods

on gametocyte infectivity by MACS

Three independent experiments were con-

Next, the possibility of using larger starting

Gametocytes in the infected whole blood
sample were concentrated by magnetic

Quantitative reverse transcriptase polymer-

ducted to compare oocyst intensities between

volumes of infected whole blood by MACS for

cell sorting (MACS) using a QuadroMACS™

ase chain reaction

standard centrifugation (Centrifugation), Percoll

gametocyte enrichment was examined. The

separator and LS MACS columns (MiltenyiBio-

Quantitative reverse transcription PCR (qRT-

gradient separation (Percoll), and magnetic

infectiousness of gametocytes purified from

tech, UK) as described previously, with slight

PCR) was performed targeting Pfs25 mRNA

cell sorting (MACS) (Fig. 1). MACS gametocyte

300, 1,500 and 4,500 µL of gametocyte-in-

modifications 23,24. A 21-gauge (21G) needle

that is specific to female gametocytes (Stone

enrichment resulted in statistically significant

fected blood was assessed in two separate

(0.8x50mm) was attached to the column. Af-

et al. 2017 in press). One-hundred µL of the

increases, relative to control, in mean oocyst

experiments (Fig. 2A). The control direct feed

ter equilibration with 1 ml of warm incomplete

samples (gametocyte enriched or control)

density in 2 of 3 experiments, and numerical-

with 300 µL of gametocyte-infected whole

medium, gametocyte-infected whole blood

were added to 400 µL of RNAprotect Cell

ly higher in the third experiment (p=0.0003;

blood resulted in a mean of 0.5 (range 0-3)

was added and the column was washed with

Reagent (Qiagen, Hilden, Germany) for auto-

and 2.2 (range 1-7) oocysts per mosquito in

3 ml of warm incomplete medium. Next, the

mated extraction and qRT-PCR as described

column was then removed from the magnet,

previously

and placed in a 15-ml centrifuge tube and 1

cDNA was used in the 20 µL final reaction

ml of warm (37°C) incomplete medium was

mix and primer concentration was reduced

added to the column. When the flow ceased,

to 225 nM.

p=<0.0001; p=0.2348) (Fig. 1A and Table 1).
The effect of MACS enrichment on infection
prevalence (the proportion of infected mosquitoes) was statistically significant in only 1 of 3
experiments (p=0.0187; p=0.4872; p=0.106). The
Percoll gradient and standard centrifugation
procedures showed variable infectivity results
(Fig. 1A and Table 1). The mean oocyst density
ranged from 0.9-11.5, 0.1-20.7, 0.9-15.7, and 4.324.1, for the control, standard centrifugation,
Percoll, and MACS, respectively. MACS gametocyte enrichment showed a 31, 378 and 110% increase in mean oocysts relative to control. Percoll gradient gave the highest oocyst density in
one experiment with a 202% increase in mean
oocysts relative to control, compared to MACS
with 31%. However, the other two experiments
conducted with Percoll gradient did not increase oocyst density relative to control, while
the use of MACS consistently resulted in an increased oocyst density. Gametocyte density of
mosquito feed material as determined by Pfs25
qRT-PCR from experiments 1 and 2 are shown in
Fig. 1B. A procedural error occurred during the
qRT-PCR sampling process of experiment 3, resulting in loss of material. Whilst these findings
are based on only two experiments, and do not
reflect the proportional increase in gametocyte
numbers that was expected based on input
volume, they suggest a pronounced increase in
gametocyte numbers by MACS.

25

with two modifications: 2 µL

another 1 ml of medium was added to the column, and gently pressed through the column

Statistical analysis

with the corresponding plunger. The gameto-

Statistical analysis was performed using

cyte-enriched suspension was spun down in

GraphPad Prism software version 5 (GraphPad

a 37°C centrifuge for 10 min at 2,000 RPM.

Software Inc., California, USA). Differences in

The supernatant was removed leaving 50 µL,

oocyst intensity between feeds were deter-

in which the pellet was re-suspended. 350 µL

mined by the Mann-Whitney U test, and Fish-

of uninfected whole blood was added to the

er’s exact test was used to test for differences

pellet and kept at 37°C until use. The entire

in oocyst prevalence.

two separate experiments. MACS gametocyte
enrichment conducted with 300 µL of purified
blood gave respective mean oocyst densities
of 0.95 (range 0-8), and 0.35 (range 0-2) in
the two independent experiments; when using
1,500 µL, mean oocyst density increased to 2.8
(range 0-9) and 2.25 (range 0-7). Finally, using
4,500 µL of blood increased the mean number
of oocysts to 11.1 (range 11-11.25), reflecting a
5-22.5-fold difference, compared to the controls. Gametocyte density of all mosquito feed
material as determined by Pfs25 qRT-PCR is
shown in Fig. 2B.
Enhancing infectivity of low
gametocyte densities by MACS
MACS gametocyte enrichment at low gametocyte densities was studied with the gametocyte density in culture material of ~400
gametocytes/µL and in titration series from
1 to 6400 gametocytes/µL. The gametocyte
content of the 4,500 µL and 9,000 µL start
volumes was thus equivalent to 11.25 and 22.5fold higher start volumes than the control.
While the control feed showed no infection of
mosquitoes, up to 70% of mosquitoes were infected using the 4,500 µL and 9,000 µL samples (Fig. 3A). The total number of gametocytes per sample after purification was higher
when a larger volume of blood was used and
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when the blood was run twice over the MACS

MACS gametocyte enrichment. Plotted are

The current study successfully demonstrates

to natural infections, this would be highly

(Fig. 3B). The material collected from the flow-

infection rates relative to the original gameto-

that different concentration methods of P.

relevant since some gametocyte infections

through of the MACS prior to its removal from

cyte density. Control feeds used 300 µL of ga-

falciparum gametocyte-infected whole blood
samples enhance transmission in mosquito-feeding assays. The MACS gametocyte
enrichment method showed an increase in oocyst intensity compared to control in all replicates. The MACS has been used previously for
gametocyte synchronization and gametocyte
detection in field studies26. This study shows
that gametocytes remain infective after passage over a MACS column with densities as
low as 1-100 gametocytes/µL (Table 1).
Assessing the infectivity of low-density
gametocytes is relevant for malaria control for
areas with high prevalence of low-density infections 17,27. The stochastic nature of mosquito
infections at low gametocyte densities complicates assessments of their transmissibility.
An impractical number of mosquitoes needs
to be examined to rule out infectivity with
certainty. Whilst mosquito infection rates (and
the intensity of infection in these mosquitoes)
increase with increasing gametocyte density 28 a non-negligible fraction of high-density
gametocyte infections appears to be sterile and unable to infect mosquitoe 3,29. It is
increasingly recognized that the presence or
density alone does not equal their infectiousness and direct assessments of the viability of
gametocytes are essential 30,31. In epidemiological and intervention studies, it may thus be of
relevance to determine whether gametocytes
are capable of transmission regardless of their
density. Sensitive mosquito feeding assays
may be of particular relevance to study the
dynamics of gametocyte infectivity in natural
infections. Experimental infections suggests
that infectivity may peak early in infections
and gametocytes that are observed later in
infections may be comparatively less infectious or non-infectious 32. If the same applies

may thus be considered less important for

the magnet was tested in the qRT-PCR. The

metocyte-infected whole blood versus 5,000

flow-through contained approximately 5-9%

µL in the MACS gametocyte-enrichment feeds.

of the total gametocyte content of the start

A significant increase in the proportion of

material that was not retained by the magnet.

infected mosquitoes and oocyst density was

Follow-on experiments indicated that this loss

found when using the MACS with the same

could be reduced to ~1% by running the blood

gametocyte density, but a higher volume of

twice over the MACS, thereby maximizing the

gametocyte-infected blood. These increases

likelihood of successful adherence of gameto-

in transmission resulted in a lower minimum

cytes to the magnetic column.

gametocyte density to successfully measure

Gametocytes were titrated to assess

transmission to mosquitoes.

mosquito infection rates after MACS at dif-

Gametocyte densities were positively

ferent gametocyte densities as determined

associated with infection rates (r=0.6037,
p=<0.0001) and mean oocyst numbers
(r=0.5968, p=<0.0001) in the general experiments as shown in Fig. S1.

by microscopy (Figs 4A and B). The starting
concentration and subsequent dilutions were
either fed directly to mosquitoes or used for

malaria transmission. Similarly, clinical trials
that specifically aim to induce gametocytes
in volunteers may require an operationally
attractive approach to enrich for gametocytes
to increase the chances of successful mosquito infection and demonstrate the generation
of viable gametocytes in these trials.
The MACS gametocyte enrichment method
is simple, rapid and has been used extensively to concentrate gametocytes for purposes
other than mosquito infection 23. In the current
experiments, MACS gave repeatedly high
infection intensities compared to control and
was, therefore, studied in more detail to test
its ability to concentrate gametocytes from input material with low gametocyte concentrations. For this purpose, saturation of columns
forms a concern in MACS procedures. The
current study shows that the saturation point
of the MACS was not reached when using a
relatively large volume of 9,000 µL of blood
with an estimated number of 9,000,000 gametocytes (at 1,000/ µL). As previously shown,
a reduction in flow rate through the MACS
column could enhance the yield of Plasmo-

dium berghei ookinetes 33, but no significant
difference was observed when the flow rate
was reduced by ~1.5 times, with a 23G needle
compared to the 21G needle (Fig. S2). Nevertheless, further alteration of the flow rate may
increase the efficiency of first pass column
binding, and should therefore be investigated
in future studies.
Previously, it has been reported that
magnetic fields may affect parasite viability
by compromising the growth of asexual P. falciparum forms 34. This may relate to inhibition
of polymerization of haem into haemozoin,
and organelle damage due to the oscilla-
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tion of haemozoin. In the current study, the

such cell contamination is undesirable and will
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al. shows that the MACS purification removes
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drops during sample transfer may also impact

The current study demonstrates that ga-

gametocyte infectivity. In the current study

metocyte purification by MACS concentrates
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in membrane-feeding assays. Whilst current

weighed their potential detrimental effects.

conclusions were based on a limited number

No formal optimization of alternative ga-

of replicates, they formed the evidence base

metocyte-enrichment protocols was under-

for the selection of a gametocyte enrich-

taken in this study. The current experiments

ment method for a controlled human malaria

therefore do not preclude that assay optimiza-

infection study (CHMI) that aimed to induce

tions may increase transmission success of the

(low-densities) gametocytes. In general, the

tested enrichment procedures. Furthermore,

methodology presented here may facilitate

the number of replicates was limited in the

the use of blood samples from naturally or

current study and the inevitable variation in

experimentally infected individuals to evaluate

transmission outcomes in standard membrane

human host infectivity and malaria transmis-

feeding assays with cultured gametocytes 35

sion-blocking interventions.
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Fig. 1 Infectivity of gametocyte-infected whole blood samples after different concentration methods.
A. The starting material of gametocyte-infected whole blood was 300 µL for the controls, which was fed to mosquitoes directly. For all non-control feeds, starting material was 1,500 µL of the same gametocyte-infected whole blood.
Gametocytes from this starting material were concentrated, eluted and reconstituted in 400 µL of uninfected blood,
from which 300 µL was fed to the mosquitoes. Vertical bars indicate mean with SEM. **=p<0.01, ***=p<0.001. B.
Gametocyte density per sample from feeding material measured by Pfs25 qRT-PCR from experiment 1 and 2.

Table 1
Details of the comparison of concentration methods. n/N=Infected mosquitoes/total number of mosquitoes dissected.
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Fig. 2 The effect blood sample size on gametocyte concentration and infectivity by MACS.
A. The starting material of gametocyte-infected whole blood was 300 µL for the controls, which was fed to mosquitoes directly. For the MACS, starting material was 300 µL, 1,500 µL and 4,500 µL, respectively. Gametocytes from
this starting material were concentrated, eluted and reconstituted in 400 µL of uninfected blood, from which 300
µL was fed to the mosquitoes. Vertical bars indicate mean with SEM. ***=p<0.001. B. Gametocyte density per sample
from feeding material measured by Pfs25 qRT-PCR.

Fig. 4 Infectivity of different gametocyte densities after MACS versus control in a titration experiment.
A. Percentage of infected mosquitoes after titration experiment with MACS versus controls. B. Number of oocysts
per mosquito after titration experiment with MACS versus controls. Vertical bars indicate mean with SEM.

Fig. 3 Concentration and infectivity of low gametocyte densities after MACS.
A. 1. 300 µL of gametocyte-infected whole blood from starting material, fed directly (control). 2. 4,500 µL of
gametocyte-infected whole blood from starting material added once over MACS column, eluted and reconstituted
in 400 µL of uninfected blood, from which 300 µL was fed. 3. 4,500 µL of gametocyte-infected whole blood from
starting material run twice over MACS column, eluted and reconstituted in 400 µL of uninfected blood, from which
300 µL was fed. 4. 9,000 µL of gametocyte-infected whole blood from starting material added once over MACS
column, eluted and reconstituted in 400 µL of uninfected blood, from which 300 µL was fed. 5. 9,000 µL of gametocyte-infected whole blood from starting material run twice over MACS column, eluted and reconstituted in 400 µL of
uninfected blood, from which 300 µL was fed. Vertical bars indicate mean with SEM. **=p<0.01, ***=p<0.001.
B. Gametocyte density per sample from feeding material measured by Pfs25 qRT-PCR. Flow through of MACS
represents the loss of gametocytes after MACS purification.
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Fig. S1 Association between gametocyte densities and oocyst -prevalence and –density.
A. Overview of gametocyte densities and infection rates of experiments of Figs 1, 2, 3, 4 and S2. B. Overview of gametocyte densities and mean oocysts of experiments of Figs 1, 2, 3, 4 and S2. Gametocytes per µL are measured by
Pfs25 qRT-PCR for experiment 1, 2, 3, and S2. Gametocyte density for experiment 4 was determined by microscopy
prior to serial dilution.

Fig. S2 Effect of different flow-rate MACS on gametocyte infectivity.
Number of oocysts per mosquito after membrane-feeding assay (MIDI cages). 1. 600 µL of gametocyte-infected
whole blood from starting material, fed directly. 2. 9,000 µL of gametocyte-infected whole blood from starting
material added once over MACS column with 23G needle, eluted and reconstituted in 600 µL of uninfected
blood before feed. 3. 9,000 µL of gametocyte-infected whole blood from starting material added once over
MACS column with 21G needle, eluted and reconstituted in 600 µL of uninfected blood before feed. Vertical
bars indicate mean with SEM.
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Abstract
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Gametocyte kinetics and infectivity during
Plasmodium falciparum blood-stage or mosquito
bite controlled human malaria infection

For malaria elimination efforts, it is crucial to
understand the dynamics of parasite transmission from man to mosquitoes and develop tools
for the early clinical evaluation of transmistroduced a Controlled Human Malaria Infection
model to induce gametocytes in malaria naïve
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sion-blocking interventions. We previously in-
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volunteers by mosquito bite (CHMI-trans).1 In
the current study, we compared gametocyte
incidence and infectivity after bites of Plasmodium falciparum (Pf)- infected mosquitoes (n=12
volunteers) or intravenous administration of

Pf-infected-erythrocytes (n=12). Both challenges were followed by (sub) curative treatments
with gametocyte-permissive piperaquine
or sulfadoxine-pyrimethamine. Blood-stage
inoculation induced 110-fold higher gametocyte densities (p<0.001), predicted by higher
PfAP2-G/SBP1 transcripts (p=0.0019), and
resulted in Pf-positive mosquito infections (9/12
volunteers) compared to 0/12 volunteers after
mosquito bite inoculation. The current findings
further establish the blood-stage CHMI-trans as
a model to test potential drugs or compounds
that interrupt transmission.
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Malaria transmission to mosquitoes depends

to transmission and could be facilitated by

From a total of 41 screened participants, 24

on the presence of mature male and female ga-

interventions that specifically aim to reduce

healthy adult volunteers (Table 1) were en-

detection relative to first asexual parasite ap-

metocytes in the peripheral blood. Gametocyte

transmission.9,10 Effective models for the

rolled and randomly assigned to experimen-

pearance was 17.3 days (range 10.5-22.0 days)

For male gametocytes, the mean time of first

induction is triggered by activation and expres-

early-clinical evaluation of candidate transmis-

tal malaria infection with P. falciparum 3D7

for MB infection, and 9.3 days (range 8.0-11.0

sion of PfAP2-G 2,3 under tight epigenetic con-

sion-blocking interventions (TBIs) are required.

parasites by either mosquito bite inoculation

days) for BS infection. The median proportion

trol of P. falciparum heterochromatin protein 1

Recently, we developed a Controlled Human

with (MB) or blood-stage inoculation (BS). To

of male gametocytes was 0.20 (IQR 0.14-0.50)

(Pf HP1).4 Gametocyte development 1 (GDV1) in

Malaria Infection model (CHMI-trans) that

treat the asexual parasite infection, partici-

for the MB group and 0.31 (IQR 0.22-0.51) for

turn determines the binding or release of Pf HP1

allowed safe induction of mature gametocytes

pants received subcurative treatment with

the BS group (Figure 2C and 2D).

and thus the expression of AP2-G and eventual

in malaria-naïve volunteers by Pf-infected

piperaquine (LD-PIP, 480 mg) that was admin-

gametocyte induction.5 Immature developing

mosquito bites but failed to induce transmis-

istered a second time in case of recrudescent

was 1304 gametocytes/mL (IQR: 308-1607)

gametocytes are sequestered primarily to the

sible gametocyte densities.1 Here, we directly

infections. Within each of the two inocula-

following BS infection and this was signifi-

bone marrow and spleen.6 Upon their release

compared CHMI-trans by mosquito-bite with

tion groups, participants were randomized

cantly higher than MB infection (median:12

into the circulation, mature gametocytes can

intravenous inoculation of Pf-infected red

to receive curative treatment of either PIP

gametocytes/mL [IQR 7-29]; p<0.001) (Figure

be ingested by blood-feeding mosquitoes and

blood cells. We evaluated the induction of in-

(960mg) or sulfadoxine-pyrimethamine (SP,

2A, B). The correlation between peak total

render them infectious. Gametocyte density is

fectious gametocytes after different treatment

1000mg/50mg). This approach resulted in

gametocyte density and inoculation route

a key determinant of Plasmodium transmission

regimens, demonstrated the predictive value of

a total of 4 study arms (Figure 1). All partici-

remained after correction for peak asexual

to mosquitoes.7,8

AP2-G transcripts for gametocyte development

pants completed the study and were included

density and treatment regimen. Peak ga-

and determined the CHMI-trans sample size

in the analysis.

metocyte density was strongly correlated

Malaria elimination strategies depend on
a clear understanding of human to mosqui-

11

requirements for the evaluation of TBIs.

All participants developed qPCR-detected

The median peak total gametocyte density

with peak asexual parasitaemia within the MB

asexual parasitaemia 6.5 to 16.5 days after the

group (ρ= 0.59; p=0.046) and the BS group

mosquito bite (MB) inoculation or 4 to 5 days

(ρ= 0.77; p=0.003) (Figure 3A) but to a lesser

after blood-stage inoculation. Peak parasite

extent when groups were combined (ρ=0.51;

densities ranged from 2,428-53,203 Pf/mL

p=0.012), suggesting differences in gameto-

after MB infection and 3,262-271,790 Pf/mL

cyte production between groups. The ratio

after BS infection, and was not significantly

of PfAP2-G transcripts over ring-stage SBP-1

different between both groups (p=0.478)

transcripts, as indicator of sexually committed

(Table 2, Figure 2A and 2B). Female gameto-

parasites 13, was strongly correlated with peak

cytes were detected in 23 of 24 participants

gametocyte density across groups (ρ=0.62;

and male gametocytes in 18 of 24 participants

p=0.002) (Figure 3B).

by qRT-PCR targeting CCp4 and PfMGET,

A total of 71 direct feeding assays (DFA)

respectively.12 In the remainder of partici-

were conducted where mosquitoes directly

pants, gametocyte mRNA transcripts were

fed on the skin of volunteers (median: 31

also detected by qRT-PCR, but were below

examined mosquitoes per experiment; IQR:

the pre-defined limit of accurate detection of

28 - 32); alongside 71 direct membrane feed-

5 gametocytes/mL. Female gametocytes were

ing assays (DMFA) on venous blood (exactly

first detected 20.0 to 27.0 days after the MB

25 examined mosquitoes per experiment), 24

infection and13.0 to 16.0 days after BS infec-

DMFA experiments where volunteer plasma

tion (Table 2, Figure 2). The mean time of first

was replaced with malaria-naïve serum (MFA-

female gametocyte detection relative to first

SR; exactly 25 mosquitoes examined per

asexual parasite appearance was 13.9 days

experiment) and 71 MFA experiments follow-

(range: 10.0-20.0 days) for MB infection, and

ing gametocyte concentration by magnet-

9.2 days (range 8.0-11.0 days) for BS infection.

ic-activated cell sorting (MACS; median: 18
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mosquitoes examined per experiment; IQR:

(Figure 4C, and 4D). When considering BS

We present an improved model to induce

16-19). In DFAs, 75% (9/12) of volunteers in

participants treated with PIP only, 83% (5/6)

high and transmissible P. falciparum gameto-

used, our findings suggests that currently un-

the BS group infected at least one mosqui-

of participants were infectious to mosqui-

cyte densities in CHMI volunteers. Our study

characterised factors during a primary malaria

to compared to 0% (0/12) in the MB group

toes. Using this optimum procedure, BS

demonstrates a striking effect of inoculation

infection influence gametocyte commitment

(Fisher’s Exact p<0.001) (Figure 4A). The

inoculation followed by PIP treatment, we

route on gametocyte production of the same

levels. When combining data with our previous

median percentage of infected mosquitoes

explored the suitability of the CHMI-trans

3D7 parasite line and suggests higher gameto-

study 1 (Supplementary Figure 3) we observed

was 5% (Range 3-20%) in positive DFAs where

model with its current performance for

cyte commitment following blood-stage inocu-

a strong relationship between the duration of

transmission occurred, with 1-2 oocysts per

future early clinical testing of TBIs. For this,

lation. Our approach with different antimalarial

asexual parasitaemia before first treatment

infected mosquito (Figure 4B). When ga-

we combined the current data (6 volunteers)

drugs and mosquito feeding approaches indi-

and estimated sexual commitment rates, even

metocytes were concentrated in MFA-MACS,

with that of a previous study (11 volunteers;

cates a marked gametocyte-sterilizing effect of

when restricting our analysis to MB infections

samples from 100% (12/12) of volunteers in

Collins 2018 11). The sample size necessary

SP in this model.

only, suggesting that a longer duration of

the BS group, and 8% (1/12) of the MB group

to detect a statistically significant differ-

were transmissible to mosquitoes. A median

ence in the likelihood of mosquito infection

progenitors, and asexual parasite density is a

increased gametocyte commitment. The dif-

of 58% of the mosquitoes were infected per

between participants receiving a TBI and

strong determinant of subsequent gametocyte

ferent inoculation routes, MB and BS, may also

MFA-MACS (range 5-100%) (Figure 4A) with

controls depended on the efficacy of the

density in malaria naïve volunteers.1,11 Previous-

have a role independent of duration of asexual

1-46 oocysts per infected mosquito (Figure

intervention, desired power, and outcome

ly, the PfAP2-G gene was shown to be essential

parasitaemia. Transmission through mosqui-

4B). Gametocyte densities were positively

measure (proportion of infectious individ-

for gametocyte formation by activating the

toes prior to inoculation may affect Plasmodi-

correlated with the proportion of infected

uals or proportion of infected mosquitoes)

transcription of early gametocyte genes 2,14 In

mosquitoes; this association was statistically

(Figure 5). Detecting a statistically significant

this study, we observed considerably higher

significant in MFA-MACS (ρ0.558; p=0.016)

difference in the proportion of infected mos-

gametocyte densities following blood-stage

and DFA (ρ 0.556; p=0.017) (Supplementary

quitoes between intervention and control

inoculation compared to mosquito bite inocu-

Figure 1). DMFA and MFA-SR resulted in lower

participants with TBI efficacy of 95%, 90% or

lation despite similar asexual parasite densities

mosquito infection rates with 7/12 and 8/12

80% required 7, 10 or 15 volunteers per arm,

of the same 3D7 lineage. We thus hypothesized

volunteers infectious to mosquitoes in the BS

respectively (80% power; alpha 0.05)

that the higher gametocyte densities observed

um virulence patterns 16, leading to differences
in asexual multiplication, inflammation 17 and
differential stimulation of innate and adaptive
host responses that all could have altered
gametocyte commitment.
In terms of utility of the model to induce
infectious gametocyte densities, BS inoculation appears clearly superior. Our work also
supports the use of piperaquine for CHMI-trans
models. Whilst treatment with SP is associated with high gametocyte densities in the
field 18,19 and previously showed promise in our
model1, the current data strongly suggest that
SP affects the viability of gametocytes from
this 3D7 parasite line. Even after enriching
gametocytes by MACS, very low mosquito
infection rates were observed for feeding
experiments conducted following (but not
before) SP treatment. A sterilizing effect of
drugs on gametocytes has been reported
before for gametocytocidal drugs 20 and in our
study may be associated to the sensitivity of
mature male gametocytes for the antifolate
pyrimethamine 21, which inhibits exflagellation
and may prevent gametocyte maturation.22

Gametocytes develop from their asexual

group for DMFA and MFA-SR, respectively.No

Study procedures were well tolerated in

in individuals following BS inoculation may re-

measurable transmission was observed after

all volunteers; possible and probable related

flect increased gametocyte commitment. This

DMFA or MFA-SR in the MB group.

adverse events are listed in Supplementary

was supported by higher PfAP2-G levels during

Table 1. Headache, fever, nausea and fatigue

the asexual parasitaemia. This is the first direct

group the proportion of infected mosquitoes

were the most frequently reported grade 1

evidence that PfAP2-G transcripts may serve

was considerably lower following SP (me-

(mild), grade 2 (moderate) and grade 3

as a correlate of gametocyte formation in vivo,

dian: 0.000; IQR: 0.000-0.005) compared

(severe) adverse events. Grade 3 adverse

as shown in vitro 2,15. A recent study demon-

to PIP (median: 0.055; IQR: 0.015-0.073)

events were reported in 15/24 (63%) of

strated that PfAP2-G transcripts expressed in

(p=0.026), whilst these groups had similar

participants. No serious adverse events oc-

relation to SBP-1 asexual parasite densities, are

mosquito infection rates prior to T3 (median:

curred. Laboratory abnormalities are shown

associated with ex vivo gametocyte production

0.00; IQR: 0.000-0.047 and median: 0.017;

in Supplementary Table 2 and returned to

of parasite isolates acquired from clinical ma-

IQR: 0.000-0.076, respectively) (p=0.589)

baseline before the end of study.

laria patients, but this study did not prospec-

After curative treatment (T3) in the BS

tively assess gametocyte production in vivo in
blood donors.13 To the best of our knowledge,
our study is the first to report an association
between PfAP2-G transcripts and subsequent
gametocytaemia in vivo. It remains uncertain
why a higher sexual commitment rate is found

after BS challenge. Since the same lineage is

asexual parasitaemia may be associated with
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Field studies indicate that gametocytes are

greater importance. Whilst further improve-

Study design, ethics approval

End Treatment (ET) with a 3 day regimen

transmissible after SP. 19,23 although a lower

ments are conceivable, for example by using a

and registration

of 1000mg/400mg per day atovaquone/

infectivity per gametocyte has been reported

high gametocyte producing strain or even ge-

This randomized, open-label, single centre

proguanil (Malarone) starting on day 36 post

for SP compared to other drugs. In addition,

netically modified parasites, the current model

trial was conducted at the Radboud university

infection or in case recrudescence occurred

we aimed to maximize asexual exposure (i.e.

is already sufficiently sensitive and safe. Using

medical centre (Nijmegen, the Netherlands)

after curative treatment with PIP or SP (T3).

the area under the curve of asexual parasite

the most optimal study design (BS challenge,

between May and November 2018 and builds

The density of female and male gametocytes

density versus time) by adding a second

piperaquine treatment) this CHMI-transmission

upon insights from a preceding trial with

was assessed by quantitative reverse-tran-

subcurative treatment with piperaquine as

model would be able to detect a significant

identical screening procedures and eligibil-

scriptase PCR (qRT-PCR) targeting fe-

opposed to up to one subcurative treatment in

reduction in transmission with a vaccine that

ity criteria. All participants were between 18

male-specific Ccp4 mRNA and male-specific

our previous study.1 Despite the fact that only

is 80% effective using only 15 participants per

and 35 years and provided written informed

5 out of 12 participants from the MB challenge

arm. This is similar to the sample size used to

consent. The trial protocol (NL63552.000.17)

received a second subcurative treatment, the

evaluate efficacy of pre-erythrocytic and eryth-

was approved by the central committee for re-

asexual parasite burden after MB infection was

rocytic malaria vaccines.24

search involving human subjects (CCMO), and

PfMGET (Pf3D7_1469900) and using sex-specific trendlines 12 and a threshold for positivity
of each separate assay of 5 gametocytes/mL.1
The density of PfAP2-G transcripts was determined by qRT-PCR 2 at day of first treatment.
PfAP2-G transcripts was expressed relative
to ring-stage asexual parasite density by
skeleton binding protein-1 (SBP-1) qRT-PCR 11,26
as indication of the proportion of sexually
committed ring-stage parasites. Infectivity
of gametocytes to mosquitoes was assessed
on days 21, 24 and 29 post challenge for all
gametocyte positive individuals by direct skin
feeding assays (DFA), direct membrane feeding assay (DMFA), MFA with serum replacement (MFA-SR) and MFA after enrichment for
gametocytes following magnetic activated
cell sorting (MFA-MACS).27 Mosquitoes were
hand-dissected on day 10-12 after each feeding experiment.

18

significantly higher in this study (p=0.02) com-

Here we report the striking effect of inocu-

1

the Western Institutional Review Board (WIRB),

pared to the previous study (Supplementary

lation route on gametocyte commitment rates

and registered at ClinicalTrials.gov, identifier

Figure 2A). However, the contribution of other

during CHMI and demonstrate the optimal

NCT03454048.

factors such as asexual peak parasitaemia, and

study design for evaluation of transmis-

predetermined commitment are more likely of

sion-blocking interventions suring CHMI.

Study procedures
A total of 24 participants were enrolled into
two time-separated cohorts. Within each
cohort, participants were randomly assigned
to one of two treatment arms (Table 1).
The mosquito bite (MB) cohort (n=12) were
infected by bites from 5 Pf 3D7-infected
mosquitoes 1; the blood-stage (BS) cohort
(n=12) were infected by intravenous injection
with ~2800 Pf 3D7-infected erythrocytes.11
Once parasitaemia was detected by 18S
qPCR 25 at a density of 5,000 Pf/ml in the MB
cohort or on day 8 post-challenge in the BS
cohort, treatment was initiated with low dose

Study outcomes

piperaquine (LD-PIP 480 mg; T1). If asexual

Primary outcomes were the prevalence of ga-

parasitaemia exceeded 1,500 Pf/mL by qPCR)

metocytes and the frequency and severity of ad-

after T1 and before day 21 after challenge,

verse events. The prevalence of gametocytes was

participants received a second sub-curative

defined as the presence of female gametocytes

treatment with the same LD-PIP 480 mg dose

by CCp4 qRT-PCR at any of the daily measure-

(T2) to extend asexual parasitaemia and allow

ments from day 15 after MB inoculation or day 10

induction of gametocytes. On day 21 post

after BS inoculation. Secondary outcomes were

challenge or when a recrudescence occurred

gametocyte dynamics, commitment and matura-

after T2, participants were curatively treated

tion; and infectiousness to Anopheles stephensi

with either 960mg PIP or 1000mg/50mg SP

mosquitoes. Transmissibility was determined by

(T3) (Table 1). All study participants received

counting oocysts in blood-fed mosquitoes.
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calculated from the day of inoculation and the

Based on preliminary data, we anticipated that

day of first detection of asexual parasites by

>95% of individuals would develop gameto-

qPCR; the proportion of all gametocytes that

cytes. The CHMI-trans approach was consid-

was male was calculated as an indicator of ga-

ered unsuitable if <50% of individuals would

metocyte sex-ratio (Tadesse Trends). AUC was

develop mature gametocytes. Therefore we

computed using GraphPad Prism software,

powered the trial to meet a the lower limit

with the (ΔX)*(Y1 +Y2)/2 formula. Correlations

of the 99% confidence interval of >50%. The

were assessed using non-parametric Spear-

enrolment of 12 individuals per inoculation

man’s rho. P values <0.05 were considered

group of whom 11 become gametocytemic,

significant. Mosquito infection data from DFAs

would mean we can estimate the proportion

in the current study and a previous study

of gametocytemic individuals with a the lower

using blood-stage inoculation and treatment

limit of the 99% confidence interval of 52%.

with LD-PIP on day 8 post-challenge 11, were

We anticipated that ~73% of the BS inoculated

used for sample size estimates for future TBI

individuals will infect at least one mosquito.11

studies, assuming three DFAs per individual

Within each inoculation group of 12 individ-

and 30 examined mosquitoes per assay.

uals, we thus expected 8 or 9 transmitting

The Bayesian statistical model takes into

individuals, resulting in a lower limit of the

account variation between individuals, within

95% confidence interval around 34%.

individuals and between days of sampling.

Statistical analyses were performed using

Power estimates were based on 4000 simula-

GraphPad Prism 5 and SPSS version 25.0

tions per trial design, accounting for uncer-

(SPSS Inc, Chicago, IL, USA). The non-par-

tainty estimated transmission probability. Dif-

ametric Mann-Whitney U test was used for

ferences in transmission between arms were

comparison between differences in continu-

calculated by the Fisher’s exact test (frequen-

ous variables between study arms, for dichot-

cy of mosquito positivity) or Mann-Whitney-U

omous variables the Fisher’s exact test was

test (proportion of infectious individuals).

used. First appearance of gametocytes was
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Figure 1. Trial flow chart.
Forty-one individuals were tested for eligibility and 24 were included in the study after screening, divided over the 4
study arms. Eleven out of 12 MB inoculated participants received a subcurative treatment with LD-PIP (T1) between
day 10.5-19.5 post-infection (pi) as parasitaemia exceeded >5000 pf/ml; in 6 of them a subcurative treatment (T2)
with LD-PIP was administered due to asexual recrudescence (1.75-6.5 days after T1). Due to thrombocytopenia 1
volunteer received T1 7.5 days pi and a curative treatment (T3) 12.5 days pi. As recrudescence occurred 15 days after
this T3, end treatment (ET) with atovaquone/proguanil was initiated on day 27 pi. Participants infected by BS inoculation received LD-PIP on day 8 pi as per protocol; 5 of them received a second treatment (T2) with LD-PIP due to
asexual recrudescence (4.25-12.50 days after T1). Two BS inoculated participants developed asexual recrudescence
12 days after T1 and both received T3 directly (day 20.5 pi). All remaining participants of both cohorts received a
curative dose PIP or SP (T3) on day 21 pi and end treatment (ET) with atovaquone/proguanil 36 days pi.

Table 2. Course of treatments and parasitaemia in different infection groups.
Peak parasitaemia and AUC total parasitaemia were defined by 18S qPCR, peak gametocyte density and AUC
gametocytemia were defined by the cumulative of CCp4 female specific and PfMGET male specific qRT-PCR.

153

Figure 2. Asexual parasitaemia and gametocytaemia.
A/B) Black lines represent geometric mean of 18S qPCR asexual parasitemia, grey lines represent individual participant data. Red lines represent geometric mean female gametocytemia, pink lines represent individual participant
data (CCp4 qRT-PCR) gametocytaemia. C/D) Red lines represent geometric mean female gametocytemia, pink lines
represent individual participant data (CCp4 qRT-PCR) female specific gametocytes. Dark blue line represents male
gametocytemia, light blue lines represent individual participant data (PfMGET qRT-PCR).
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Figure 3. Representation of gametocyte commitment.
Blue dots represent data from mosquito bite challenge. Green dots represent data from blood stage challenge.
A) Correlation between peak asexual parasitaemia and peak gametocytaemia after mosquito bite and blood-stage
challenge. Mosquito bite challenge (Spearman’s rho; P-value 0.59; 0.046), blood stage challenge 0.77;0.003.
B) Correlation between peak gametocytaemia and commitment marker PfAP2-G corrected for asexual parasitaemia
(SBP1) at peak parasitaemia (Spearman’s rho;P-value 0.62; 0.002).

Figure 5. Sample size calculations.
Sample size calculations were performed using all available data from the current study (n=6) and the CHMI transmission trial conducted in Brisbane (n=12). Three mosquito feeding time-points per person was assumed. Power estimates are based on 4000 simulations per trial design, accounting for uncertainty estimated transmission probability.
Line-type indicate vaccine efficacy of 80%, 90% or 95% and power was calculated for comparisons of whether people were infectious (infecting ≥1 mosquito) and the proportion of mosquitoes they infected. Detecting a statistically
significant difference in the proportion of mosquitoes between vaccinated and non-vaccinated participants with
vaccine efficacy of 95%, 90% or 80% required 7, 10 or 15 volunteers per arm, respectively (80% power; alpha 0.05).

Figure 4. Transmission to anopheles mosquitoes.
A) Total of proportion of individuals infectious to mosquitoes in Direct Feeding Assay (DFA), Direct Membrane
Feeding Assay (DMFA), and MFA experiments following gametocyte concentration by Magnetic-activated cell sorting
(MFA-MACS), cumulative for different feeding assay time points. B) Number of oocysts per mosquito in DFA, DMFA,
and MFA-MACS feeding experiments. C/D) Proportion of infected mosquitoes per individual per time-point by
curative treatment group (PIP or SP) in DFA and MFA-MACS. Day 21 is pre-treatment, day 24 and day 29 are post treatment. PIP = Individuals that received piperaquine as a curative treatment, SP = Individuals that received sulfadoxine-pyrimethamine as a curative treatment.
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Supplementary Figure 1. Correlation between proportion of infected mosquitoes and gametocyte density.
A) DFA. B) MFA-MACS.

Supplementary Figure 2. Differences in parasite burden between transmission studies. participants of our previous
trial and trans 2 studies.

Supplementary Table 1. Adverse Events.

Supplementary Figure 3. Association between the period of asexual parasitaemia and estimation of commitment ratio.
A) Data from 2 CHMI studies using mosquito bite challenge only (black dots). B) All data of A, including data from the
blood stage challenge (red dots). The period of asexual parasitaemia was calculated from the moment of inoculation
(day 0) until day of treatment for participants of the blood stage challenge, and day 6.5 (the estimated moment of
parasites entering the bloodstream) after mosquito bite challenge until day of treatment. The gametocyte commitment rate is estimated by dividing the peak gametocyte by the peak of asexual parasites x 100.

157

Supplementary material
Chapter 7

Supplementary Table 2. Laboratory abnormalities.
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Serologic markers of previous malaria exposure
and functional antibodies inhibiting parasite
growth are associated with parasite kinetics
following a Plasmodium falciparum controlled
human infection
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Article Summary

Results

In this controlled human malaria infection

Ten of Ten (100%) volunteers in the sero-low

study, individuals with serological evidence

and 7 of 9 (77.8%) in the sero-high group (89%)

of higher recent and cumulative malaria

developed parasitemia detected by TBS in

exposure had a higher likelihood of staying

the first 28 days (p = 0.125). The median time

parasite-free, having a lower mean parasite

to parasitemia was significantly shorter in the

density and having fewer symptoms

sero-low group [9 days (7.5-11.0) vs.11.3 days

of malaria.

(7.5-18.0), log rank test, p=0.005]. Antibody
recognition of sporozoites was significantly
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Background

higher in the sero-high (median 17.93 AU,

We assessed the impact of exposure to P.

IQR 12.95-24) than the sero-low volunteers

falciparum on parasite kinetics, clinical symptoms, and functional immunity after controlled
human malaria infection (CHMI) in two cohorts
with different levels of previous malarial
exposure.

(median 10.54 AU, IQR 8.36-12.12); p=0.006.
Presence of blood-stage antibodies was also
significantly higher (p=0.0003) in the sero-high group (median 50.98 AU, IQR 22.4665.07) than in the sero-low group (median 3.16
AU, IQR 2.43-8.71). Growth inhibitory activity

*#These authors contributed equally to this work

Methods

(GIA) was significantly higher in the sero-high

Nine adult males with high (sero-high) and

(median 21.8%, IQR 8.15-29.65) than in the sero

ten with low (sero-low) previous exposure

low (median 8.3%, IQR 5.6-10.23) (p=0.025).

received 3200 controlled human malaria in-
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and Tropical Medicine, P.O Box 273, Banjul, The Gambia; 2 Department of Medical Microbiology, Radboud university medical center, Geert Grooteplein 28, Microbiology 268, 6500 HB Nijmegen, The Netherlands; 3 Department
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Medicine, London, UK. 4 Sanaria Inc, Rockville, Maryland, United States of America, 5 Laboratory of Malaria and Vector
Research, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Rockville, MD, USA
1

fection by direct venous inoculation and were

Conclusion

followed for 35 days for parasitemia by thick

CHMI was safe and well tolerated in this pop-

blood smear (TBS) and quantitative polymer-

ulation. Individuals with serological evidence

ase chain reaction (qPCR). End points were

of higher malaria exposure were able to better

time to parasitemia, adverse events

control infection and had higher parasite

and immune responses.

growth inhibitory activity.
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Study Design and participants

Study Objectives

parasites, which limits high-density parasitem-

healthy volunteers by exposure to the bites of in-

This was an open-label, non-randomized

The primary objectives were to assess the fea-

ia and severe disease, develops after repeated

fected, laboratory-reared Anopheles mosquitoes

clinical trial, conducted at the Clinical Ser-

sibility of the CHMI model in The Gambia and

exposure, and more rapidly in high than in low

or inoculation of infected erythrocytes has been

vices Department of the Medical Research

determine the parasite kinetics in naturally ex-

transmission areas.1,2 This immunity is thought

used for nearly 100 years to investigate malaria

Council Unit The Gambia (MRCG). Healthy

posed Gambian adults after Pf SPZ Challenge

to be primarily mediated by anti-blood stage

pathophysiology and immunology and effica-

male participants aged 18-35 years were

administration. Secondary objectives were to

antibodies, which reduce parasite multiplica-

cy of vaccines and drugs.15,16 During the last

recruited between 13th and 23rd March 2018.

analyse humoral and cellular immune respons-

tion and cytoadherence of infected erythro-

decade CHMI studies have been expanded in

Volunteers were preferentially recruited from

es and their association with time to patency

Naturally acquired immunity against malaria

Controlled human malaria infection (CHMI) of

cytes to endothelial cells. In contrast, there is

the US and Europe and increasingly performed

tertiary learning institutions and provided

and parasite density at time of first detection,

limited evidence for immunological responses

in Africa using injectable, aseptic, purified,

written informed consent before screening.

and to assess frequency, incidence, nature

preventing blood stage infection by neutraliz-

cryopreserved, vialed Plasmodium falciparum

Eligible volunteers were negative for sickle

and magnitude of adverse events.

ing sporozoites and liver-stage parasites.4,5

sporozoites (PfSPZ, Sanaria® Pf SPZ Challenge) 5,17-

cell disease, had normal haematological and

Over the past two decades malaria control

22

measures have led to substantial reductions in

(sickle cell trait) , naturally acquired immunity,

malaria burden6, with several endemic coun-

and pre-erythrocytic and asexual erythrocytic

tries transitioning from high-to-low malaria

stage vaccines.22,23 In this study we assessed

3

, including assessment of innate resistance
5

transmission.7,8 Decreased malaria exposure

how exposure to P. falciparum, as measured

leads to increased susceptibility to infection

by serology to six pre-defined antigens, affect-

and severe disease 9,10, and is associated with

ed parasite kinetics, clinical symptoms, and

decreased levels of antibodies to blood-stage

functional immunity after CHMI by direct venous

antigens 11-3, which are likely the cause of

inoculation (DVI) of PfSPZ Challenge 18,19 in two

changes in disease presentation.14

cohorts of Gambian adult males with markedly
different levels of previous malarial exposure.

biochemical tests and no abnormalities by
electrocardiogram. Participants had to be P.
falciparum negative by molecular methods
on two occasions, at recruitment and just
before DVI. Previous individual P. falciparum exposure was assessed using serologic
responses to a panel of P. falciparum antigens
using a Luminex platform.24 These included
responses associated with cumulative exposure, namely to apical membrane antigen-1 (AMA-1), merozoite surface protein1.19
(MSP1.19) and glutamate-rich protein (GLURP.
R2)25, and responses associated with malaria infection in the past 6 months, namely
reticulocyte-binding protein homologue
(Rh2.2030), gametocyte exported protein
(GEXP18) and Early transcribed membrane
protein (Etramp5.Ag1).26 A complete description of the eligibility criteria is provided
in Supplementary Appendix 1. The study
received approval from the Scientific Coordinating Committee of MRCG, the Gambia
Government/MRCG Joint Ethics Committee,
and the London School of Hygiene and Tropical Medicine (LSHTM) Research and Ethics
committee and was conducted according
to the International Conference on Harmonization – Good Clinical Practice (ICH-GCP)
guidelines and registered with ClinicalTrials.
gov, Identifier: NCT03496454.

Pf SPZ Challenge
Sanaria® Pf SPZ Challenge is composed of
aseptic, purified, vialed, cryopreserved, fully
infectious NF54 Pf SPZ isolated from Anopheles stephensi mosquitoes.17,18,20,27 Pf SPZ
Challenge was supplied by Sanaria Inc. as
20µL cyrovials containing 15,000 Pf SPZ and
stored in liquid nitrogen vapor phase at -150°
to -196°C 27. For this study, only one lot of
Pf SPZ manufactured on 30th April 2015 was
used. The potency (capacity to invade and
fully develop in cultured human hepatocytes
(HC-04)) and viability (sporozoite membrane
integrity) of this lot were tested as detailed in
Supplementary Appendix 2.
Study Procedures
All screened volunteers were ranked by the
cumulative quartile score of the mean fluorescent intensities of the six pre-defined antigens
for which previous work indicated strong associations with cumulative and recent exposure
to P. falciparum.26 Volunteers with the highest
and lowest scores, were assigned to the sero-high and sero-low groups, respectively. This
classification resulted in significantly higher
responses to all individual antigens reflected
by mean fluorescent intensities of cumulative
and recent exposure markers that were 4-13fold and 3-5-fold higher respectively in the se-
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ro-high group (Supplementary Appendix 3).

smear (TBS) was positive, treatment with

plasma from volunteers at baseline were

pants presenting for screening and volunteers

Whilst populations were defined based on a

artemether-lumefantrine was started immedi-

measured by enzyme-linked immunosorbent

not meeting eligibility criteria just before study

cumulative quartile score for all antigens com-

ately. Participants who did not develop para-

assay (ELISA) to NF54 sporozoite or schizont

start, only 9 volunteers in the sero high group

bined, recognition was also statistically signifi-

sitaemia by day 28 received artemether-lume-

extract. Growth inhibition was determined

and 10 volunteers in the sero low group were

cantly higher for the high exposure population

fantrine on that day. Treatment was directly

by invasion/growth inhibition assays (GIA) as

enrolled. Time to first detection of parasites

for each of the 6 individual antigens (p<0.014);

observed, and all participants were seen at

described in Supplementary Appendix 5.

and parasite density at first detection by qPCR

(Figure 1). All volunteers received Pf SPZ

day 35 for an end of study visit.

Challenge (3.2 x 103 Pf SPZ in 0.5 mL) by DVI

were compared between groups using the
Sample size estimation and statistical analysis

log-rank test. Adverse events were compared

through a 25-gauge needle performed on a

Blood sampling and laboratory assessments

Sample size calculation was based on the

using the chi-square test. For the immunolog-

single day for all volunteers (29th March 2018)

Screening for parasitaemia by microscopic ex-

difference in time to parasite positivity be-

ical analyses, differences were assessed by

and within 30 minutes after thawing following

amination of TBS and quantitative polymerase

tween groups. Assuming a mean time to qPCR

comparing mean values between groups or

Sanaria’s standard operating procedures. After

chain reaction (qPCR) was done in two phases:

positivity of 7.1 days (SD 0.8 days) 33, it was

time points using either a two-tailed Student’s

injection, participants were observed for 1

twice daily sampling from days 5 to 15 and

estimated that 15 participants per cohort, was

t-test or non-parametric equivalents. Time to

hour and subsequently closely monitored on

daily sampling from days 16 to 28. A complete

sufficient to detect a 1-day longer time to first

patency and parasite density at first detection

an outpatient basis, with regular visits to the

blood count was done the day prior to Pf SPZ

detection of parasites by qPCR in the high ex-

of infection were associated with immune

study clinic. Participants were instructed to

Challenge injection, every three days between

posure group (8.1 days), with 90% power and

responses in standard immunological assays

register their daily symptoms in a study diary,

days 5-28, and at day 35. Additional complete

alpha of 0.05. Due to low numbers of partici-

and ex vivo functional immune assays.

measure temperature twice daily and contact

blood count samples were collected just before

the clinical investigators when any symptoms

treatment and thereafter daily for the following

occurred. From day 5 post-injection onwards,

three days. Blood biochemistry was performed

participants were seen twice daily until day

one day before Pf SPZ Challenge injection, two

15, and daily until day 28 or day of treatment

days after treatment and at day 35. Peripheral

(Supplementary Appendix 4). At each fol-

blood mononuclear cells were also collected

low-up visit, temperature was taken, adverse

for immunological studies one day before

events (AEs) recorded, and blood samples

Pf SPZ Challenge injection and at day 35. Malaria infection was defined as asexual parasites
in peripheral blood by TBS during the study
and by qPCR retrospectively. The pre-patent
period was defined as the time between Pf SPZ
Challenge injection and first qPCR. TBS were
performed according to an internationally
harmonized protocol for thick smears in CHMI
studies.29 qPCR was done retrospectively using
established methodologies.30 qPCR was considered positive at a parasite threshold of ≥ 5
parasites per mL.

collected; physical examination was done on
indication. Participants had a mobile phone
by which they could always be contacted. As
an additional safety precaution, participants
stayed in a hostel close to the study clinic
from the day of infection until 3 days after
treatment. The following signs and symptoms
were solicited at all visits: fever, headache,
malaise, fatigue, dizziness, myalgia, arthralgia,
nausea, vomiting, chills, diarrhoea, abdominal
pain, chest pain, palpitations and shortness of
breath.28 AEs were reported as mild (grade 1,
easily tolerated), moderate (grade 2, inter-

Immunological assays

fered with normal activity), or severe (grade 3,

Assessment of sporozoite invasion inhibition

prevented normal activity); for fever, as grade

by volunteer serum samples was carried out

1 (>37.5 °C to 38.0 °C), grade 2 (38.1 °C to

as described previously 31,32 and in Supplemen-

39.0 °C), or grade 3 (> 39.0 °C). If a thick blood

tary Appendix 5. Antibody levels in citrate
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Study population

ing clinical malaria symptoms (90.0%, 9/10)

dian 88.26% invasion, IQR 83.52-100.1%; sero

differences in blood-stage immune responses,

Eighty-four volunteers were screened; of

than those in the sero-high (33%, 3/9), log

low: 91.74% invasion, IQR 90.54-103, p=0.18);

with significantly higher growth inhibitory ac-

these, 8 were qPCR positive during screening,

rank p = 0.0008 (Table 2, Figure 5).

(p=0.18); (Figure 6B). Invasion was indexed as a

tivity (GIA) in the sero-high (median 21.8%, IQR

2 were hepatitis B positive, and 2 had sickle

percentage relative to invasion in the presence

8.15-29.65) than in the sero-low (median 8.3%,

cell disease (Figure 2). Nineteen volunteers at

Safety and tolerability of PfSPZ Challenge

of non-immune serum from naïve donors,

IQR 5.6-10.23) (p=0.025; Figure 6D). Length of

the extremes of the immunological spectrum

There were minimal AEs in the first 7 days after

where 100% meant no invasion inhibition. The

prepatent period measured by qPCR correlated

(Supplementary Appendix 3) were enrolled

Pf SPZ Challenge. Fourteen volunteers, 5 in
the sero-high (55.6%) and 9 in the sero-low
(90.0%) group experienced 82 AEs, including
hematological and biochemistry abnormalities, that were possibly or probably related to
malaria (Table 3). Seventy of the 82 (85.4%)
AEs occurred in the sero-low, while only 12
(14.6%) occurred in the sero-high group (p
<0.0001). Most AEs (89.0%, 73/82) were mild
to moderate and occurred around the time
parasitemia became detectable by TBS.
Moderate and severe AEs were only observed
in the sero-low group (Table 3, Figure 5).
Headache was the most frequently reported
AE in the sero-high (25%, 3/12) and sero-low
(20%, 14/70) groups; in the sero-high group
the second most common AE was arthralgia
(2/12, 16.7%) while in the sero-low group this
was fatigue/malaise (10/70, 14.3%). Fever was
only observed in the sero-low group (5/70,
7.1%), (Table 3). Of the 20 hematological and
biochemistry abnormalities recorded, 75%
(15/20) were in the sero-low and 25.0% (5/20)
were in the sero=high group, p= 0.002. No
serious AEs or cardiac AEs were reported, and
all AEs had resolved by day 35.

presence of blood-stage antibodies determined

positively with sporozoite-binding antibody

by schizont extract was also significantly higher

titres (Spearman r=0.64, p=0.003), blood-stage

(p=0.0003) in the sero-high group (median

antibody titres (Spearman r=0.48, p=0.036)

50.98 AU, IQR 22.46-65.07; Figure 6C) than in

and blood-stage GIA activity (Spearman r=0.65,

the sero-low group (median 3.16 AU, IQR 2.43-

p=0.003) but not with sporozoite invasion inhi-

8.71). We observed indications for functional

bition (Spearman r= -0.29, p=0.236).

into the study; 9 in the sero high- and 10 in the
sero low- group (Figure 2). Baseline characteristics are shown in Table 1. Most of the
volunteers resided in the West Coast region.
Volunteers in the sero-high group were slightly
older than those in the sero-low group with
mean age 25.7 years (SD 3.3) vs. 22.6 years (SD
2.3) respectively, p = 0.028.
Parasite kinetics and clinical malaria
Seventeen of the 19 volunteers (89%) developed parasitemia detected by microscopy
in the first 28 days of follow up: all individuals in the sero-low group (100%; 10/10)
and 7 (77.8%; 7/9) in the sero-high group
(p = 0.125), Table 2. One of the two volunteers who remained microscopy negative
was qPCR positive at day 18 (Figure 3A and
3B). A volunteer in the sero-high group was
deemed positive by microscopy on day 11
and treated. Retrospective qPCR confirmed
a low parasite density (~50 parasites/mL) at
the morning and evening visit, but a negative
qPCR at treatment. The median time until
first positive qPCR was significantly shorter
in the sero-low than in the sero-high group
[9.0 days (SD 1.6) vs.11.0 days (SD 6.3), log

Humoral and functional immunity

rank test, p=0.005] (Table 2, Figure 3B).

Antibody recognition of sporozoites by sporo-

Parasite density by qPCR on day of treat-

zoite-binding ELISA was significantly higher

ment was significantly higher in the sero-low

in plasma of sero-high (median 17.93 AU, IQR

than in the sero-high group, p = 0.01 (Figure

12.95-24) compared to the sero-low volunteers

3C). The sero-low group had higher parasite

(median 10.54 AU, IQR 8.36-12.12); (p=0.006;

multiplication rates than the sero-high group

Figure 6A). However, the groups did not differ

(Figure 4). Participants in the sero-lowgroup

significantly in their ability to block sporozoite

had a significantly higher probability of hav-

invasion of HC04 hepatocytes, (sero high: me-
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This study demonstrated the feasibility and

ers that have been presented as indicators of

to the differences in clinical symptoms and

Research Council (ERC-2014-StG 639776). This

successful implementation of CHMI with

recent and cumulative exposure 26,36, several

parasite kinetics between our cohorts.

work was also supported in part with Federal

Pf SPZ Challenge in The Gambia, further
increasing the capacity of conducting such
studies in endemic areas: CHMI with Pf SPZ
Challenge has now been done in 6 African
countries.5,20-23 A study in Gabon with Pf SPZ
Challenge reported that previous exposure to
P. falciparum and sickle cell trait both impacted the rate of blood stage infection, pre-patent period, and the clinical manifestations of
malaria.5 We present the first assessment of
the effect of previous exposure to P. falciparum, as measured by a pre-defined serology
panel, on parasite kinetics, clinical symptoms
and functional immune responses. Individuals
with serological evidence of higher recent and
cumulative malaria exposure had a higher likelihood of staying parasite-free, having a lower
mean parasite density and having fewer symptoms of malaria. Thus, the pre-screening panel
used to define exposure in this population
correlated directly with clinical outcomes.24
Using functional assays for pre-erythrocytic
immunity and blood-stage immunity, this
study also sheds light on the mechanisms
underlying these differences. Anti-sporozoite
responses were higher in highly exposed individuals but did not translate into responses
preventing liver-stage infection in vitro whilst
antibody responses controlling blood-stage
parasite multiplication in vitro were markedly
stronger in this group.
Understanding the impact of declining malaria exposure on malaria immunity is highly
relevant in the context of wide-scale and often
pronounced reductions in malaria burden in
African and non-African settings.34,35 More
direct methods for assessing immunity are
needed to quantify the clinical consequences
of declined exposure. Whilst we directly defined our cohorts based on serological mark-

previous studies have indirectly determined

The systemic and laboratory AEs observed

funds from the National Institutes of Allergy

malaria exposure based on self-reported

were consistent with uncomplicated malaria,

and Infectious Diseases (NIAID), National Insti-

clinical history of malaria episodes and long-

with most AEs recorded at the time of positive

tutes of Health SBIR 2R44AI058375 (granted

term residence in malaria endemic areas 5,25

microscopy. Severe symptoms, including

to SLH). The GIA work was supported by the

or by measuring responses to whole parasite

chills, fatigue, malaise and headache re-

United States Agency for International Devel-

lysate and the blood stage antigen MSP-2 with

ported in 3 sero-low volunteers were also

opment (USAID) and the Intramural Program

a very long half-life. In line with our findings,

consistent with uncomplicated malaria and

of the National Institutes of Health, National

these studies observed indications for a lower

resolved within 48 hours post-treatment. Two

Institute of Allergy and Infectious Diseases

likelihood of parasite positivity post CHMI in

sero-low volunteers had grade 3 reductions

the highly exposed group.5,25,37 Lell and col-

in total lymphocyte count considered related
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Figure 1. Antibody histogram plots for screened volunteers in the Gambia controlled human malaria infection study.
Light colors are the sero low group, dark colors are the sero high group and grey colors are the other screened
volunteers with intermediate immunological profile.

Figure 2. Trial profile.
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Table 1. Demographic characteristics of volunteers enrolled in the Gambia controlled human malaria infection study.

Figure 3. Comparison of parasite kinetics between the two exposure groups following controlled human
malaria infection.
Kaplan Meier curve for time from inoculation to parasitemia detected by thick blood smear (A) and qPCR (B).
Differences in parasite density by qPCR at treatment (C) and peak parasitemia (D)

Table 2. Parasitological and clinical outcomes following controlled human malaria infection.

Figure 4. Individual level kinetics of parasitemia by qPCR following controlled human malaria infection.
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Figure 5. Differences in clinical outcomes following controlled human malaria infection in the two exposure groups.
Shows proportion of participants without symptoms, number of AEs per participant and total number of AEs per group.

Figure 6. Antibody-mediated responses to P. falciparum in high- and low-exposure.
A) The sero high group had significantly higher (p=0.006) titres of antibodies to sporozoite antigens, expressed as
arbitrary units (AU). (B) There were no significant differences between groups in their ability to block sporozoite
invasion of HC04 hepatocytes. (C) Plasma from the sero-high group also had significantly higher (p=0.0003) levels of
antibodies to asexual-stage antigens, also expressed as AU. (D) Purified IgG from the high-exposure group also had
significantly higher growth inhibitory activity (p=0.025) against blood-stage 3D7 parasites.

Table 3: Adverse events following controlled human malaria infection in the two exposure groups.
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Supplementary Appendix 1. Study Eligibility Criteria for the Gambia controlled human malaria infection study.
Inclusion criteria
In order to be eligible to participate in this study, a participant must meet all of the following criteria:
1. Males aged ≥ 18 and ≤ 35 years and in good health;
2. At least 4 completed years of secondary education;
3. Adequate understanding of the procedures of the study in English language;
4. Willing (in the investigator’s opinion) to comply with all study requirements;
5. Willing to complete an informed consent questionnaire and is able to answer all questions correctly;
6. Signed written informed consent to participate in the trial;
7. Willing to take a course of curative anti-malaria medication;
8. Able to communicate well with the investigator and is available to attend all study visits;
9. Willing to stay in a hotel close to the trial centre OR willing to be hospitalized in the CSD of MRCG during a part of
the study (day 5 post-infection until day 3 after treatment);
10. Reachable (24/7) by mobile telephone throughout the entire study period;
11. Agrees to refrain from blood donation or for other purposes throughout the study period and after the end of their
involvement in the study according to the local blood banking eligibility criteria.
12. Agrees to refrain from intensive physical exercise (disproportionate to the participant’s usual daily activity or exercise routine) during the malaria challenge period;
13. Hb ≥12 g/dl.
Exclusion criteria
A potential participant who meets any of the following criteria will be excluded from participation in this study:
1.

Any history, or evidence at screening, of clinically significant symptoms, physical signs or abnormal laboratory
values suggestive of systemic conditions, such as cardiovascular, pulmonary, renal, hepatic, neurological, dermatological, endocrine, malignant, haematological, infectious, immunodeficient, psychiatric and other disorders, which
could compromise the health of the participant during the study or interfere with the interpretation of the study
results. These include, but are not limited to, any of the following.
a.
b.

c.
d.
e.
f.
g.

h.

i.
j.
k.
l.

Body weight <50 kg or Body Mass Index (BMI) <18 or >30 kg/m2 at screening.
A heightened risk of cardiovascular disease, as determined by: an estimated ten year risk of fatal cardiovascular disease of ≥5% at screening, as determined by the Systematic Coronary Risk Evaluation (SCORE); history, or evidence at screening, of clinically significant arrhythmia’s, prolonged QT-interval or other clinically
relevant ECG abnormalities; or a positive family history of cardiac events in 1st or 2nd degree relatives <50
years old.
A medical history of functional asplenia, G6PD disease or α-thalassaemia disease.
Positive test for sickle cell disease.
History of epilepsy in the period of five years prior to study onset, even if no longer on medication.
f. Screening tests positive for Human Immunodeficiency Virus (HIV), active Hepatitis B Virus (HBV), and
Hepatitis C Virus (HCV).
Chronic use of i) immunosuppressive drugs, ii) antibiotics, iii) or other immune modifying drugs within three
months prior to study onset (inhaled and topical corticosteroids and oral anti-histamines exempted) or expected use of such during the study period.
Any recent or current systemic therapy with an antibiotic or drug with potential anti-malarial activity (chloroquine,
doxycycline, tetracycline, piperaquine, benzodiazepine, flunarizine, fluoxetine, tetracycline, azithromycin, clindamycin, erythromycin, hydroxychloroquine, etc.) (Allowable timeframe for use at the Investigator’s discretion).
History of malignancy of any organ system (other than localized basal cell carcinoma of the skin), treated or
untreated, within the past 5 years.
Any history of treatment for severe psychiatric disease by a psychiatrist in the past year.
Suspicion or history of drug or alcohol abuse interfering with normal social function in the period of one year
prior to study onset.
Any clinically significant abnormal finding on biochemistry or haematology blood tests, urinalysis or clinical
examination.
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2.
3.
4.

qPCR positive for P.falciparum parasites at screening or previous participation in any malaria (vaccine) study.
Known hypersensitivity to artemether-lumefantrine.
Current use of any drug that is metabolised by the cytochrome enzyme CYP2D6 (e.g. flecainide, metoprolol, imipramine, amitriptyline, clomipramine).
5. Current use of drugs that are known to prolong the QTc interval such as: antiarrhythmics of classes IA and III; neuroleptics and antidepressant agents; certain antibiotics including some agents of the following classes: macrolides,
fluoroquinolones, imidazole, and triazole antifungal agents; certain non-sedating antihistaminics (terfenadine,
astemizole); cisapride.
6. Disturbances of electrolyte balance, e.g. hypokalaemia.
7. Inability to consume food.
8. Use of immunoglobulin or blood products within 3 months prior to enrolment.
9. Participation in any other clinical study in the 30 days prior to the start of the study or during the study period, or
prior receipt of an investigational malaria vaccine.
10. Any other condition or situation that would, in the opinion of the investigator, place the participant at an unacceptable risk of injury or render the participant unable to meet the requirements of the protocol.
11. Any other significant disease, disorder or finding which may significantly increase the risk to the participant
because of participation in the study, affect the ability of the participant to participate in the study or impair interpretation of the study data.

Supplementary Appendix 2. Potency and Viability of PfSPZ Challenge (NF54).
The lot of PfSPZ Challenge (NF54) used in this clinical trial was assessed at the time of manufacture, prior to cryopreservation (Fresh), during the next few weeks (Release) and at regular intervals thereafter in the 6-Day Hepatocyte
Potency Assay (Potency) (as part of the formal release and stability program) and the Sporozoite Membrane Integrity
Assay (SMIA) (Viability) (performed as a research assay) 17,41,42. Injection on 29 March 2018 of PfSPZ Challenge (NF54)
was 35 months after manufacture.
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Supplementary Appendix 3. Median Fluorescent intensities for the six markers of recent and cumulative exposure
to P.falciparum for the high exposure and low exposure cohorts at baseline.

Supplementary Appendix 5. Immunological assay methods
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Sporozoite invasion assays: Assessment of sporozoite invasion inhibition by volunteer serum samples was
carried out as described previously 31,32. Cells from the human hepatoma cell line HC04 were seeded in Williams
B medium (Gibco) at a density of 5x104 cells per well in a flat-bottomed 96 well plate (Falcon) coated with
0.056mg/mL rat tail collagen I per well (Roche), and cultured at 37°C in 5% CO2. Plasmodium falciparum NF54
sporozoites were co-incubated with neat heat-inactivated volunteer citrate plasma diluted 10% v/v and 10%
non-immune serum in Williams B for 30 minutes at 4°C, then 5x104 sporozoites were added to triplicate wells.
Non-immune serum from naïve volunteers and CSP-targeting monoclonal antibody 2A10 were used as negative
and positive invasion inhibition controls respectively at 10% v/v in Williams B. After 3 hours of incubation at 5%
CO2 at 37°C, cells were permeabilised and stained with AlexaFluor 488-labelled CSP-targeting monoclonal 3SP2
at a 1:160 dilution and prepared for flow cytometric analysis. Flow cytometry was carried out with a Beckman
Coulter Gallios and analysed using FlowJo X software (TreeStar). Invasion inhibition scores were normalised by
subtracting the background (non-immune serum) rate of invasion, and then expressing inhibition as a percentage
of 2A10 blocking activity.

Supplementary Appendix 4. Participant Follow-up and Schedule of evaluations.

Antibody binding to sporozoite and blood stage antigens: Antibody levels in citrate plasma from volunteers at
baseline were measured by enzyme-linked immunosorbent assay (ELISA) to NF54 sporozoite or schizont extract.
Parasite extracts were generated by co-incubating sporozoite or schizont lysate with extraction buffer containing
150mM NaCl, 20mM Tris-HCl, 1% v/v Triton X-100, 1mM EDTA, and adjusted to pH 7.5. Lysate was used to coat 96well Maxisorp plates (Nunc) and left overnight at 4°C after which plates were blocked with a solution of 5% skim
milk powder in 0.05% PBS/Tween20. Volunteer citrate plasma was added at a dilution of 1:50 in 1% milk/0.05%
PBS/Tween20 detected using HRP-conjugated goat-anti-human IgG and TMB substrate and measured at 405nm
absorbance. Antibody levels were expressed as arbitrary units (AU) relative to a reference pool of 100 sera from
highly immune adults living in a hyperendemic region of Tanzania 28,43,44, with the highest concentration of the
reference pool representing 100 AU.
Antibody inhibition of blood-stage parasite invasion: Growth inhibitory assays (GIA) were determined by
growth/invasion inhibition assays (GIA) as previously described 45,46. Plasma samples were incubated with O+
human RBC to remove nonspecific antibodies. The total IgG fractions were purified using Protein G columns dialyzed against RPMI 1640, and then adjusted to 10 to 40 mg/ml. The test IgGs (15 mg/ml in the final test well) were
incubated with P. falciparum 3D7 parasites for ∼40 h and increases in parasitemia were quantified by biochemical
measurement of P. falciparum lactate dehydrogenase.
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Background

zation, but sterilely protected only 2/10 and

A highly efficacious vaccine is needed for

1/9 volunteers against NF135.C10 and NF166.

malaria control and eradication. Immunization

C8 challenge infection, respectively. Post-im-

with Plasmodium falciparum NF54 parasites

munization plasma showed a significantly

under chemoprophylaxis (CPS-immunization)

lower capacity to block heterologous parasite

induces the most efficient long-lasting protec-

development in primary human hepatocytes

tion against a homologous parasite. However,

compared to NF54. Whole genome sequenc-

parasite genetic diversity is a major hurdle for

ing showed that NF135.C10 and NF166.C8 have

protection against heterologous strains.

amino acid changes in multiple antigens tar-

Geert-Jan van Gemert 1, Rianne Siebelink-Stoter1, Marga van de Vegte-Bolmer 1, Thorsten

geted by CPS-induced antibodies. Volunteers

Janssen 1, Karina Teelen 1, Johannes H.W. de Wilt 3, Quirijn de Mast 4, André J. van der Ven 4,

Methods

protected against heterologous challenge

Ernest Diez Benavente 5, Susana Campino 5, Taane G. Clark 5,6, Martijn A. Huynen 2, Cornelus C.

We conducted a double-blind, randomized

were among the stronger immune responders

Hermsen1, Else M. Bijker 1, Anja Scholzen 1, Robert W. Sauerwein1

controlled trial in 39 healthy participants,

to in vitro parasite stimulation.

of NF54-CPS-immunization by bites of 45
*These authors contributed equally to this work

NF54-infected (n=24 volunteers) or uninfected

Conclusions

mosquitoes (placebo; n=15 volunteers) against

Although highly protective against homolo-

a Controlled Human Malaria Infection (CHMI)

gous parasites, NF54 CPS-induced immunity

with the homologous NF54 or the genetical-

is less effective against heterologous parasite

ly distinct NF135.C10 and NF166.C8 clones.

clones both in vivo and in vitro. Our data

Cellular and humoral immune assays were

indicate that whole sporozoite-based vaccine

performed as well as genetic characterization

approaches require more potent immune

of the parasite clones.

responses for heterologous protection.

Results

Trial registration

NF54 CPS-immunization induced complete

This trial is registered in clinicaltrials.gov,

protection in 5/5 volunteers against NF54

under identifier NCT02098590.

challenge infection at 14 weeks post-immuni-
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Malaria has a significant impact on human

injected cryopreserved sporozoites13 in the

Study design and participants

hemocytometry, white-blood cell counts,

health and economic welfare worldwide,

ChemoProphylaxis and Sporozoite (CPS)

This single center, double-blind, randomized,

lactic acid dehydrogenase (LDH) and highly

causing over 200 million cases of disease and

regimen induces complete sterile protection

placebo-controlled trial was conducted at the

sensitive troponin-T. From day 7 to 9, blood

nearly half a million deaths in 2015. Though

against the homologous parasite. CPS-in-

Radboud university medical center (Nijmegen,

was also checked for malaria parasites by

a significant decrease in malaria deaths has

duced protection can last for at least 2.5

The Netherlands) between February and No-

thick blood smear microscopy and quanti-

been observed in the last 15 years 1, the emer-

years, showing unprecedented efficiency

vember 2015. Study participants were healthy

tative real-time PCR (qPCR) was performed

gence of insecticide-resistant mosquitoes 2

and sustainability of the protective immune

male and female volunteers (18-35 years old)

retrospectively (after study de-blinding) as

and drug-resistant parasites 3 are threatening

response.14 Specifically, strong effector

with no history of malaria and screened for

described previously.21,22

malaria control efforts and underscore the

memory T cell responses are induced

need for a highly effective vaccine.

well as memory B-cell and antibody respons-

family history, physical examination, blood he-

chloroquine prophylaxis, all participants were
exposed to bites of five P. falciparum infected

1

, as

11,12

eligibility including a complete medical and

Fourteen weeks after discontinuation of

es targeting pre-erythrocytic stage antigens

matological and biochemical parameters, and

never results in sterile protection against

with functional activity against homologous

serology for human immunodeficiency virus

Anopheles stephensi mosquitoes (Table 1).

the parasite4, generation of long-lasting and

sporozoites, inhibiting parasite development

(HIV), hepatitis B and C and the asexual stages

Subjects of groups 1 and 4 were challenged

sterilizing immunity against malaria is the

in liver cells in vitro and in vivo in human

of P. falciparum as previously described.20

with the heterologous NF135.C10 clone; groups

goal of pre-erythrocytic vaccine approach-

liver-chimeric mice.

All candidate participants provided written

2 and 5 with the heterologous NF166.C8 clone;

informed consent at the screening visit.

groups 3 and 6 with the homologous NF54

While naturally acquired immunity likely

es. So far, only one sub-unit vaccine, RTS,S

15-17

Despite these advances, a major hurdle for

(Mosquirix, Glaxo Smith Kline), has been

the induction of protection against heterolo-

recommended for defined clinical appli-

gous strains is the well-known genetic diversi-

Study approval

that a blood meal was taken and the presence

cation. This vaccine is based on a major

ty of Plasmodium falciparum, allowing parasite

The study was approved by the Central Com-

of sporozoites in mosquito salivary glands was

sporozoite surface protein, the circumsporo-

evasion and reducing protective efficacy.

mittee for Research Involving Human Subjects

confirmed by dissection. If insufficient infected

zoite protein (CSP), and has shown to induce

More recently, immunization with radiation at-

of The Netherlands (CCMO NL48732.091.14)

mosquitoes had taken a blood meal, subjects

a short-term 30-50% efficacy in reducing

tenuated sporozoites provided 53% protection

and conducted according to the principles

were exposed to additional mosquitoes.

the incidence of clinical malaria in endemic

against a heterologous challenge.18 There is

outlined in the Declaration of Helsinki and

After challenge infection, subjects visited

areas, as well as in the Controlled Human

also incidental evidence for CPS-induced het-

Good Clinical Practice standards. This trial

the clinical trial site twice daily from day 6 to

Malaria Infection (CHMI) model.6-8 Sterilizing

erologous protection in the CHMI model19, but

is registered at ClinicalTrials.gov, identifier

day 15 and once daily from day 16 until day 21.

immunity can be induced by attenuated

this has not been systematically addressed.

NCT02098590.

Blood was drawn for parasitological assess-

5

whole sporozoite approaches. Immuniza-

strain. Mosquitoes were examined to verify

Here we describe the first double-blind,

ments at every visit and safety laboratory

tion with radiation-attenuated sporozoites

placebo-controlled CHMI trial of NF54-CPS-im-

Procedures

measurements were performed once daily

requires bites of at least 1000 infected

munization by a total of 45 P. falciparum

All included study subjects (n=41, Figure 1) re-

as described above. The following symptoms

mosquitoes to induce sterile protection in

NF54-infected mosquitoes followed by a chal-

ceived chloroquine in a prophylactic dose (i.e.

were solicited: fever, headache, malaise,

50% of volunteers 9, or a total dose of 675k

lenge infection with either P. falciparum NF135.

a loading dose of 300mg of chloroquine on

fatigue, myalgia, arthralgia, nausea, vomiting,

cryopreserved sporozoites injected intra-

C10 clone from Cambodia or NF166.C8 clone

each of the first two days, followed by 300mg

chills, diarrhea and abdominal pain. All signs

venously for full homologous protection.10

from Guinea. Parasites were characterized by

once a week), for a total duration of 13 weeks.

and symptoms (solicited and unsolicited)

In contrast, bites by only 30-45 malaria-in-

whole genome sequencing and CPS-induced

While under chloroquine prophylaxis, study

were recorded and graded by the attending

fected mosquitoes11,12 or 150k intravenously

cellular and humoral responses were analyzed.

groups 1, 2 and 3 received three immuniza-

physician as follows: mild (easily tolerated),

tions with bites of 15 P. falciparum NF54-infect-

moderate (interferes with normal activity), or

ed Anopheles stephensi mosquitoes. Groups

severe (prevents normal activity), or in case

4, 5 and 6 received three mock-immunizations

of fever grade 1 (>37·5°C – 38·0°C), grade 2

with bites of 15 uninfected mosquitoes.

(38·1°C – 39·0°C) or grade 3 (>39·0°C).

Volunteers were followed on an outpatient

Subjects were treated with a curative

basis from days 6 to 10 after each immuni-

regimen of 1000mg atovaquone and 400mg

zation. Blood was examined daily, including

proguanil once daily for three days, when par-
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asitemia above the treatment threshold (100

Primary study outcome

and the number of P. falciparum sporozoites

first CPS-immunization (pre-immunization) and

parasites per milliliter of blood) was detected

The primary outcome was pre-patent period:

was counted in a Bürker-Türk counting cham-

one day before challenge infection (18 weeks

by qPCR.22 Subjects that remained qPCR

time to parasitemia (a single qPCR measure-

ber using phase contrast microscopy.15

after the last immunization; post-immuniza-

negative were presumptively treated with the

ment with a parasite density greater than 100

same regimen 28 days after challenge infec-

parasites per milliliter of blood) in subjects

Plasma samples

tion. Complete cure was confirmed by two

after challenge infection. Study sample size

Citrated plasma samples were collected from

consecutive negative qPCR measurements

was determined in order to be able to detect

24 CPS-immunized volunteers at different time

after treatment.

a difference in pre-patent of three days be-

points using citrated vacutainer cell prepara-

tween the immunization and control groups

tion tubes (CPT vacutainers; Becton Dickin-

(with α=0.05, power=0.90).

son). Samples collected 11-14 days before the

Specific antibodies to P. falciparum circum-

first CPS-immunization (pre-immunization)

sporozoite protein (CSP) (3D7 full-length pro-

Randomization and masking
All study subjects, in two time-separated

tion) were used for in vitro PBMC restimulation
experiments and flow cytometric analysis.
Humoral immunological assays
Malaria antigen-specific antibody levels

cohorts, were randomly allocated to one of

Parasites

and one day before challenge infection (18

tein, obtained from Genova Biotechniques Pvt.

the six study groups using a computer-gen-

NF54 is a longstanding and well-character-

weeks after the last immunization; post-immu-

Ltd. in Hyderabad, India) in citrated anti-coag-

erated list of random numbers (Microsoft

ized strain isolated several decades ago from

nization) were used for analysis of malaria-an-

ulated plasma samples were determined by a

Excel 2007, Redmond, WA, USA), with study

a person with airport malaria near Schiphol

tigen specific antibody levels and assessment

standardized enzyme-linked immunosorbent

groups stratified equally over each cohort.

Airport (Amsterdam, The Netherlands) and

of functional activity in vitro. Plasma samples

assay (ELISA) at indicated time points as

Randomization was prepared by two in-

likely originating from West Africa.23 The

were stored in aliquots at -20 °C and re-

previously described. Antibody levels were

dependent investigators and was stored

NF135.C10 clone originated from a clinical

thawed no more than three times.

expressed as arbitrary units (AU) in relation to

securely, in sealed opaque envelops with

isolate in Cambodia. The NF166.C8 clone

restricted access. Subjects, investigators and

originated from a patient after a recent visit

assays in primary human hepatocytes, citrated

in Tanzania where malaria is highly endemic

primary outcome assessors were masked to

to Guinea (West Africa).25

plasma aliquots were heat-inactivated for 30

(HIT), with this positive control set at 100 AU12

minutes at 56 °C and spun down at 13,000

see also Supplementary information S1 for

rpm for 5 minutes at room temperature.

detailed information.17 ELISA data analysis was

24

group assignment.
During the study, the homologous (NF54)

Parasite culture and generation of

challenge strain infection of the second

infected mosquitoes

cohort was delayed as there was no suf-

Plasmodium falciparum NF54, NF135.C10 and
NF166.C8 asexual and sexual blood stages
were cultured in a semi-automated culture
system.26-29 Anopheles stephensi mosquitoes
for immunizations and challenge infections
were reared in the Radboud university
medical center insectary (Nijmegen, The
Netherlands) according to standard operating procedures. Infected mosquitoes were
obtained by standard membrane feeding on
gametocyte cultures of the different strains
as described previously.29
For in vitro sporozoite infectivity assays,
salivary glands from infected Anopheles
stephensi mosquitoes were hand dissected
and collected in complete William’s B culture
medium without serum. Salivary glands were
homogenized in a homemade glass grinder

ficiently infected batch of mosquitoes
available (>40% infected; according to our
standard operating procedures). Challenge
strain blinding had to be lifted for this group
(6 subjects), allowing them to be challenged
two weeks later. The investigators remained
blinded to immunization allocation of all participants and to the challenge strain allocation of the NF135.C10 and NF166.C8 groups
until the end of the study. All study subjects and immunology assessors remained
blinded during the entire study. The partial
de-blinding procedure was documented
and reported to the Central Committee for
Research Involving Human Subjects of The
Netherlands (CCMO).

Prior to use for in vitro sporozoite infectivity

a pool of 100 sera from adults living in an area

performed with Auditable Data Analysis and
PBMC isolations and cryopreservation

Management System for ELISA (ADAMSEL,

Venous whole blood was collected in CPT

version 1.1) as previously described.17 Post-im-

vacutainers at different time points. Peripheral

munization plasma samples were corrected

blood mononuclear cells (PBMCs) were isolat-

for baseline responses for CSP.

ed from peripheral blood samples, cryopreserved and stored as described previously. 11
Briefly, PBMCs were isolated by centrifugation,
washed in ice-cold phosphate buffered saline
(PBS), and counted in 0·1% Trypan blue with
5% Zap-o-Globin II Lytic Reagent (Beckman
Coulter) to assess cell viability. Cells were cryopreserved at a concentration of 107 PBMCs/
ml in ice-cold fetal bovine serum (FBS, Gibco)
containing 10% dimethylsulfoxide (DMSO,
Merck, Germany) using Mr. Frosty freezing
containers (Nalgene). Subsequently, PBMC
samples were stored in vapor-phase nitrogen.
PBMC samples collected 11-14 days before the

In vitro sporozoite infectivity assay of
primary human hepatocytes
To test CPS-induced functional antibody activity against sporozoite development, fresh
primary human hepatocytes were isolated
and cultured from patients undergoing partial
hepatectomy as described in Supplementary
information S2. Briefly, viable hepatocytes
(5*104 hepatocytes/well) in complete William’s B medium were seeded into 96-well
flat-bottom plates (Falcon, 353219) coated
with 0·056 mg/ml rat tail collagen I per well
(Roche Applied Science, 11179179-001), and
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cultured at 37 °C in an atmosphere of 5%

with either 106 cryopreserved NF54 PfRBCs

correction. For analysis of in vitro sporozoite

net). Single nucleotide polymorphisms (SNPs)

CO2.

or 106 uninfected erythrocytes (uRBC; neg-

infectivity data, differences were tested using

were called with samtools and bcf/vcftools

ative control) for 24h at 37 °C with 5% CO2.

the paired Student’s t-test, except when com-

software (samtools.sourceforge.net). An align-

Two to three days after seeding of hepatocytes, batches of fresh P. falciparum NF54,

Fluorochrome-labeled monoclonal antibody

paring between immunization groups, when

ment of all SNPs (with bcftools quality score >

NF135.C10 or NF166.C8 sporozoites in Williams

to CD107a was added for the duration of the

a one-way ANOVA with Bonferroni’s multiple

100) was used to compare the study strains to

B medium were pre-incubated with heat-inac-

stimulation. During the last four hours, 10 μg/

comparison post-hoc correction was used. A

others from Ghana, Guinea, Kenya, Cambodia,

tivated naive human control serum (10% final

ml Brefeldin A and 2 μM monensin were add-

p-value of <0·05 was considered significant.

Thailand and Vietnam in a combined analysis

concentration) and heat-inactivated pre- or

ed, and 10 ng/ml PMA (Sigma-Aldrich) and

post- CPS-immunization plasma at a final

1 μg/ml ionomycin were added to positive

Genetic analysis of parasites

no el al. [30]. Furthermore, genes that were

concentration of 10% for 30 minutes on ice

control wells.

Genomic DNA was obtained from the three

identified to elicit a humoral immune response

study strains and 2.3 μg each were submitted

in CPS-immunization were examined.16 This

(final concentration of serum/plasma in each

After 24 hours of stimulation in total, cells

of genetic variation, as described by Campi-

sample: 20%). Sporozoites pre-incubated with

were stained with a Live/Dead fixable dead

for Illumina sequencing. The resulting fastq

panel of 11 pre-erythrocytic genes including

an anti-CSP monoclonal antibody (mAb 2A10,

cell stain dye and fluorochrome-labeled anti-

reads (150 bp) were aligned to the P. falcipar-

CSP and LSA-1, complemented by MAEBL,

10 μg/ml final concentration, MR4; MRA-183A)

bodies against the surface markers CD3, CD4,

um 3D7 reference genome (v.3, plasmoDB) us-

was checked for amino acid changes in the

served as a positive control. Sporozoites in

CD8, gamma delta T cell receptor and CD56,

ing bowtie2 software (bowtie-bio.sourceforge.

translated protein.

the presence of 20% heat-inactivated naive

and against the intracellular cytotoxic marker

human control serum served as standard

granzyme B and the cytokine IFN-ƴ. Samples

control. 5*104 of pre-incubated sporozoites

were kept cold and dark in 1% paraformal-

were added to 96-well plates containing

dehyde (PfA) in PBS until measured by flow

monolayers of primary human hepatocytes in

cytometry on the same day. Both time points

triplicate. Five to six days post-infection, the

for each volunteer were thawed, stimulated

number of P. falciparum infected hepatocytes

and stained within the same experimen-

was assessed by staining for P. falciparum

tal round. Samples were acquired using a

Heat shock protein (Hsp)-70 and indirect

10-colour Gallios flow cytometer (Beckman

immuno-fluorescence analysis using a Leica

Coulter), and single stained cells were run

DMI6000B inverted microscope as described

every round for compensation. Data analysis

in Supplementary information S3 and S4.

was performed using FlowJo software (Version 10·0·8, Tree Star). uRBC responses were

Cellular immunological assays

subtracted from PfRBC-specific responses
for every volunteer for each time point, and

For the assessment of P. falciparum-specific

post-immunization responses were corrected

cellular immune responses, pre- and post-im-

for pre-immunization responses.

munization PBMCs from CPS-immunized
volunteers whom received NF135.C10 and

Statistical analysis

NF166.C8-challenge infection, were re-stim-

Statistical analysis was performed using

ulated in vitro with cryopreserved P. falci-

GraphPad Prism software (version 5, GraphPad

parum NF54-infected erythrocytes (PfRBCs)
as described previously 11,14 and described
in detail in Supplementary information S5.
Briefly, after thawing, PBMCs in complete
culture medium (final concentration of 10*10 6
cells/ml) were stimulated in vitro in duplicate

Software Inc., California, USA). Differences in
prepatent period by qPCR between groups
were determined by Log-Rank test. Differences in antibody levels across the immunization
groups were analyzed with One-way ANOVA
with Bonferroni’s multiple comparison posthoc
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Protective efficacy of CPS-immunization

which did not significantly differ between

Asia and East and West Africa.30 As expected,

sporozoite development as well as the cellular

against heterologous challenge

groups (Group 1: 24·7 (IQR 10·4-45·2); Group

NF54 and NF166.C8 were very similar to West

markers interferon (IFN)-γ and granzyme B in

Forty-one volunteers were included into the

2: 24·7 (IQR 17·0-37·1) and Group 3: 74·1 (IQR

African isolates, while NF135.C10 showed

CD4+ and CD8+ cells in all immunized volun-

study and twenty-four immunization and

20·9-187·0)).

more resemblance to other Southeast Asian

teers undergoing heterologous challenge.

strains (Figure 4). We next compared amino

Remarkably, CD107a expression in particularly

acid changes of twelve genes encoding

CD4+ T cells was not increased as previously

target antigens for CPS-induced antibodies

found (data not shown).11 Two outof three het-

as previously described.16 With the exception

erologous protected volunteers were among

of EIF3A, all examined proteins showed amino

the highest antibody-mediated inhibitors of in
vitro heterologous intra-hepatic development
(Figure 5, orange square: NF135.C10-challenged; green triangle: NF166C8-challenged),
with the highest numbers of IFN-y-producing
CD8+ T cells against PfRBC. The third protected volunteer showed only average neutralizing antibody responses and IFN-y-producing
CD4+ and CD8+ T cells, but had a high number
of granzyme B+ CD8+ T cells (orange upside
down triangle: NF135.C10-challenged). The
group of NF135.C10 volunteers with a prolonged pre-patent period did not distinguish
themselves from the unprotected volunteers.

fifteen placebo-control volunteers completed the clinical trial, and were included
in the per protocol analysis. One volunteer
withdrew after being unable to attend the
study visits and one volunteer was excluded
due to a concomitant condition (Figure 1).
Baseline characteristics of the study population are shown in Table 1.
As previously observed, NF54 CPS-immunization induced sterile protection against
a homologous NF54 challenge in five out of
five volunteers (Figure 2A).11,12,31 In contrast,
two out of ten volunteers were sterilely
protected after challenge with NF135.C10,
with six out of ten volunteers showing a
prolonged pre-patent period compared to
mock-immunized controls (more than two
times the standard deviation of controls)
(Figure 2B). After NF166.C8 challenge, one
out of nine NF54-immunized volunteers was
fully protected, while eight out of nine volunteers showed no delay to patency (Figure
2C). There was also no difference in mean
day 7 parasitemia (representing the liver

In vitro inhibition of intra-hepatic sporozoite
development by CPS-induced antibodies
Next, functional antibody activity to inhibit
sporozoite development in primary human
hepatocytes in vitro was tested. Post-immunization plasma from all 24 NF54 CPS-immunized volunteers significantly reduced
homologous intra-hepatic sporozoite
development (p<0.0001; Figure 3A). However, inhibition of intra-hepatic NF135.C10
and NF166.C8 development was significantly
lower (p<0·01), with median percentages
inhibition of 40·7% (IQR 29·6-59·1), 26·9%
(IQR 15·6-35·0) and 31·0% (IQR 22·6-43·2)
for NF54, NF135.C10, NF166.C8 sporozoites,
respectively (Figure 3B). Intra-hepatic development of both heterologous clones was
equally inhibited by NF54 CPS-immunization
induced antibodies (Figure 3B). While these
in vitro data reflect the clinical outcome in
vivo at group level, individual inhibition in
vitro did not correlate with in vivo pre-patent
periods and/or parasitemia (data not shown).

parasite burden) between immunized and
controls challenged with NF166.C8 (Sup-

Genetic diversity of NF54, NF135.C10

plementary Figure 1). In line with a previous

and N166.C8 challenge strains

study [25], NF135.C10 and NF166.C8 show

The genetic diversity among P. falciparum

higher infectivity than NF54. Overall, NF54-

mutants has been shown to be a strong fac-

CPS immunization induces only modest

tor in parasite evasion of protective immune

protection against heterologous clones.

responses. Whole genomes of the parasite

As marker for the induction of immune

clones used in this study were sequenced.

responses, antibody levels to the major

High quality Single Nucleotide Polymor-

sporozoite vaccine-target antigen CSP7,8

phisms (SNPs) were called with about equal

were measured. All volunteers showed a

numbers for NF135.C10 and NF166.C8 (Sup-

post-immunization CSP antibody titer as

plementary Table 1; Supplementary Figure

determined by ELISAs and corrected for

3). All polymorphisms were used to infer a

baseline (median 3·7 AU); IQR 2·9-4·5),

phylogeny including isolates from Southeast

acid changes in either NF135.C10 or NF166.
C8 with respect to NF54 (Table 2). Remarkably, in contrast to their relative geographical
distances, eleven out of twelve proteins in
NF166.C8 and eight out of twelve in NF135.
C10 were different compared to NF54.
Humoral and cellular markers of protection
Next, we tested a number of previously established markers that associate with exposure
and homologous protection after CPS-immunization.11,32 Figure 5 shows the distribution of
antibody-mediated inhibition of intra-hepatic
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This randomized, controlled clinical trial

chances for generating functional, cross-strain

immune responses between study groups; how-

antigen load without the need for increasing the

shows that CPS-immunization with P. falcipar-

immunity. In fact, immunization with radia-

ever, anti-CSP antibody titers show a clear con-

number of sporozoites administered. A mixture

um NF54 sporozoites induces modest sterile
protection against challenge infection with
genetically distinct P. falciparum parasites. In
line with these clinical observations, antibodies induced by NF54 CPS-immunization inhibit
intra-hepatic development of both homologous and heterologous sporozoites in vitro,
but less efficiently inhibit heterologous clones.
P. falciparum specific IFN-y and granzyme B T
cell responses are also induced, corroborating
previous studies, though unlike previous studies, there was no clear induction of CD107a
responses.11,12 We have previously shown
that PBMCs from NF54 exposed volunteers
have equivalent responses to homologous
and heterologous PfRBC stimulation.24 Here,
volunteers protected against heterologous
challenge show relatively high cellular and/or
antibody responses. However, none of these
individual markers predicts protection.
In this study heterologous protection
was assessed against a primary challenge
infection, in a double-blind manner, strongly
reducing any potential for bias. However, this
study lacks the power to discriminate the low
protective efficacy seen in the NF166.C8 group
with statistical significance. Furthermore,
although we chose to test two geographically
diverse heterologous strains, we do not know
how representative these are for the total
genetic diversity for P. falciparum in the field.
Plasmodium falciparum parasite strain
diversity is a major impediment to the development of effective, sterilizing immunity.33
Indeed, previous studies with single-protein
vaccines show that antigen polymorphisms
decrease vaccine efficacy.34-36 However, genetic diversity may be less challenging for whole
sporozoite vaccines representing a broader
antigen repertoire that could increase the

tion-attenuated sporozoites by 1000 mosqui-

sistency and similarity between study groups; ii)

of parasite strains, or sequential immunizations

toes or with a total of 1.35 x 10 sporozoites

differences in numbers of inoculation sporo-

with different strains are alternative options but

administered intravenously38 has been shown to

zoites or stringency of the challenge infection.

will complicate the product manufacturing or

induce 80% protection against challenge with

The former is unlikely as mosquito salivary gland

practical application. The latter approach might

the heterologous challenge strain 7G8 (IMTM-22

infections were similar between the generated

be more efficient, as heterologous sporozoites

isolate from Brazil) at three weeks post-immuni-

strain batches (Supplementary Table 2).

would evade strain-specific neutralizing immuni-

37

6

zation, rapidly waning to only 10% protection at

As NF135.C10 and NF166.C8 show higher

ty, thereby increasing the liver parasite burden at

24 weeks.37,38 Doubling the dose of intravenous

sporozoite infectivity compared to NF5425, it may

second and third immunizations. These studies

sporozoite immunization to a total of 2.7 x 106

be more difficult to protect against the NF135.

should aim to find the optimal balance between

showed an adjusted 53% efficacy against 7G8

C10 and NF166.C8 clones. However, intra-he-

the desired induction of cross-stage immunity

at 33 weeks.18 These data indicate that induction

patic sporozoite development of NF135.C10 and

and related adverse events that may occur.

of heterologous protection requires substan-

NF166.C8 is equipotently inhibited by a function-

Taken together, our findings highlight the need

tial high immunization dosages, which puts

al anti-CSP mAb, 2A10 (Supplementary Figure

to further explore the immunological basis of

constraints on vaccine manufacturing and costs.

2; IC50 concentrations of 2·5 ug/mL (95% CI

cross-strain protection against P. falciparum, to

In contrast, the CPS regimen shows a 10-20 fold

0·58-11 ug/mL), 3·5ug/mL (95% CI 1·1-11ug/mL)

improve existing whole-sporozoite immunization

higher efficiency for homologous protection

and 0·88ug/mL (95% CI 0·26-2·9ug/mL)), which

strategies.

likely because volunteers are exposed to the

makes this explanation less likely; iii) genetic var-

full pre-erythrocytic cycle and the initial phase

iation between the challenge parasites, shown

Conclusions

of blood stage.39 Previously, two out of thirteen

to be considerable with amino acid changes in

These data demonstrate that despite provid-

NF54 CPS-immunized volunteers receiving a

either NF135.C10 or NF166.C8 in eleven out of

ing complete protection against homologous

sub-optimal immunization dose, were protected

twelve target proteins for CPS-induced antibod-

challenge infection, CPS immunization with

against a re-challenge infection with NF135.C10

ies. We consider decreased immune efficacy

the NF54 strain provides only modest sterile

at fourteen months after the last immunization.19

against genetically diverse parasite strains as the

protection against the genetically distinct NF135.

Both studies with radiation-attenuated and

most likely explanation for the modest protec-

C10 and NF166.C8 clones. Our immunological

CPS-immunization showed higher homologous

tion against heterologous parasites.

and parasite sequencing data suggest that ge-

than heterologous protective efficacy. However,

16

As the three out of nineteen volunteers with

netic variation between the strains reduces the

none of these studies used an immunization

sterile protection against heterologous chal-

efficiency of antibodies to block heterologous

regimen sufficient for >90% homologous

lenge tend to show more potent responses to

parasites. Since protected volunteers tended

protective efficacy. The current study is the

previously identified immune markers11,15,32, de-

to be higher immune responders, this study

first randomized, controlled trial with a whole

creased efficacy against heterologous parasites

underscores the need for whole sporozoite vac-

sporozoite immunization regimen sufficient for

may be overcome by stronger immune respons-

cination regimens increase the height or breadth

complete homologous protection, testing pri-

es. Improvement of the strength of cellular and

of immune responses to achieve heterologous

mary heterologous challenge infection eighteen

antibody responses may be achieved by altering

protection.

weeks after the last immunization.11

immunization regimens. For instance, this may

Despite 100% protection against homologous

be achieved by increasing the immunization
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Figure 1: Clinical trial profile.
CVD = cardiovascular disease; BMI = body mass index; ECG = electrocardiogram.
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Table 1. Baseline characteristics of subjects included in the analysis.

Figure 3. Neutralizing effect of CPS-induced antibodies on in vitro sporozoite functionality of homologous and heterologous P. falciparum strains.
A. The number of primary human hepatocytes infected by homologous NF54 sporozoites in the presence of Pre- or
Post-immunization plasma in all n=24 CPS-immunized volunteers was determined by microscopy. B. P. falciparum NF54,
NF135.C10 or NF166.C8 sporozoites were pre-incubated with Pre- or Post-immunization plasma from CPS-immunized
volunteers and the percent inhibition of intra-hepatic development of NF54, NF135.C10 or NF166.C8 was calculated for
Post- compared to Pre-immunization plasma for each individual volunteer and presented as squares (NF135.C10), triangles (NF166.C8) or circles (NF54). Data are shown as the mean of triplicate measurements for each individual volunteer
(Figure 3A) or the median of all data points with an interquartile range (Figure 3B). Differences in the percent inhibition
of intra-hepatic development between parasite strains were tested using One-way ANOVA with Bonferroni's multiple
comparison correction.

Figure 2. Parasitemia following homologous and heterologous challenge infection.
The percentage of volunteers remaining qPCR negative (Kaplan-Meier survival proportions) after challenge infection
with a homologous NF54 (n=5 immunized; n=5 controls) (A) or heterologous NF135.C10 (n=10 immunization; n=5
controls) (B) or NF166.C8 (n=9 immunized; n=5 controls) (C) strain is shown. Solid lines represent CPS-immunized
volunteers and dotted lines represent placebo-control immunized volunteers. ** p<0.01 as determined by Log-rank
(Mantel Cox) Test.

Figure 4. Whole-genome sequencing shows genetic variations between study strains.
Phylogenetic positions of the three P. falciparum strains (NF54, NF135.C10 and NF166.C8) used in the study relative to
other known P. falciparum strains. Whole-genome sequencing was used to infer relatedness to P. falciparum strains
from different areas.31 Asian strains, THA, Thailand (dark red). VIE, Vietnam (light red). CAM, Cambodia (orange). East
Africa represented by KEN, Kenya. West African strains, GUI, Guinea (light green) and GHA, Ghana (dark green). NF
strains and 7G8 (blue).
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Table 2. Amino acid changes in genes involved in the humoral immune response after CPS immunization.
Alterations in gene and protein sequences, based on whole genome sequencing, for 12 genes from NF135.C10 and
NF166.C8 were compared to NF54. Single nucleotide polymorphisms and small insertions/deletions are shown
together as sequence changes with expected changes in the in silico translated protein sequence (counting altered
amino acids). Changes in CSP protein sequence are indicated with single-letter amino acid code.

Figure 5. Analysis of in vitro intra-hepatic sporozoite development inhibition by CPS-induced antibodies, cellular
responses and protection status in vivo.
CPS-induced antibody-mediated inhibition of in vitro challenge strain intra-hepatic development and cytotoxic
and cytokine-producing T cell responses to NF54 infected RBCs are shown. The 10th and 90th percentile of each
response in all (n=19) CPS-immunized volunteers that received a heterologous challenge infection are shown as grey
box-and-whisker plots. The green triangle represents one out of nine CPS-immunized volunteers sterilely protected
against NF166.C8 challenge infection, while the orange square and upside down triangle represent the two out of ten
CPS-immunized volunteers with sterile protection against NF135.C10 challenge infection.
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Supplementary Figure 1. First-wave parasitemia after challenge.
Parasitemia on day 7 post challenge in immunized (open circles) and control (closed circles) volunteers. The line and
error bars show the geometric mean and 95% CI interval.

Supplementary Figure 2. Inhibition of in vitro homologous and heterologous intra-hepatic sporozoite development in primary human hepatocytes by mAb 2A10.
P. falciparum NF54 (blue), NF135.C10 (orange) and NF166.C8 (green) sporozoites in the presence of 10% heat-inactivated naive human control serum were pre-incubated with 3-fold serial dilutions of the 2A10 monoclonal antibody
(0.027-20 µg/ml), targeting the repeat region of the circumsporozoite protein (CSP), and added to primary human
hepatocyte cultures. Six days post-infection, the number of P. falciparum infected hepatocytes was assessed as
described in Supplementary information S4 and S5.
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Supplementary Figure 3. Amino acid changes in CSP.

Supplementary Table 1. Whole-genome sequencing statistics.
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Supplementary Table 2. Mosquito salivary gland infectivity and sporozoite load of the three clones.
Mean mosquito salivary gland infectivity and sporozoite load determined one day prior to challenge infection by
dissecting a sample of 10 mosquitoes per strain.

tol-Meyers-Squibb, 1148162) immediately after isolation from the patient and transported to the laboratory. The liver
tissue was put on sterile bandage gauze and perfused via any vessel (venous or portal vein) with 500 ml of oxygenized HBSS medium (Gibco, 14170-088) supplemented with 10mM HEPES (Gibco, 15630-056) and 0.64 mM EDTA (Invitrogen, 15575-038) to inactivate proteases. Subsequently, the liver tissue was perfused with 500 ml of oxygenized
HBSS medium supplemented with 10mM HEPES, followed by perfusion with 100 ml of oxygenized HBSS medium
supplemented with 10mM HEPES, 0.75 mg/ml CaCl2 and low concentrations of collagenase (3,333 units per 50ml).
Next, the liver tissue was perfused with 100 ml of oxygenized HBSS medium supplemented with 10mM HEPES, 0.75
mg/ml CaCl2 and high concentrations of collagenase (13,333 units per 50ml). This buffer was re-used for perfusion
for maximum 20 minutes until the liver tissue became very soft. Subsequently, the liver tissue was transferred into a
petri dish containing 40 ml cold DMEM medium (Gibco, 31885-023) supplemented with 10% FBS (Gibco, 10270) to
inactivate collagenase activity. The liver tissue was cut into small pieces and clouds of hepatocytes flowing into the
medium could be observed. Medium containing hepatocytes was transferred into a 50ml Falcon tube over a 100 μm
cell strainer (Falcon, 352360) and meanwhile, another 40 ml of cold DMEM supplemented with 10% FBS was added
to the small liver pieces. Medium was again collected and run over a 100 μm cell strainer. Subsequently, primary
human hepatocytes were centrifuged at 10g with low brake for 5 minutes at 4 °C. Hepatocyte pellets were washed in
cold DMEM without serum and again centrifuged at 10g with low brake for 5 minutes at 4 °C. This step was repeated
until the supernatant looked clear. Subsequently, cells were resuspended in 30 ml complete William's B medium,
consisting of William's E medium with Glutamax (Gibco, 32551-087) supplemented with 10% heat-inactivated human
serum, 1% insulin/transferrin/selenium (Gibco, 41400-045), 1% sodium pyruvate (Gibco, 11360-036), 1% MEM-NEAA
(Gibco, 1140-035), 1% Fungizone Antimycotic (Gibco, 15290-018), 2% penicillin/streptomycin (Gibco, 15140-122) and
1.6 μM dexamethasone, and 15 ml each was carefully stacked upon 25ml of 25% Percoll in 50 ml Falcon tubes. Tubes
were centrifuged at 2,000 RPM without brake for 2 minutes at 4 °C. Supernatant containing dead cells was carefully
removed and the pellet was resuspended in 5-10 ml complete William's B medium and counted at a 1:2 dilution in
Trypan blue. Viable primary human hepatocytes were diluted to a final concentration of 0.5x106 hepatocytes/ml in
complete William's B medium and 5.104 primary human hepatocytes were seeded into each well in black 96 well
plates (Falcon, 353219) coated with 0.056 mg/ml rat tail collagen I/well (Roche Applied Science, 11179179-001). Hepatocytes were cultured at 37 °C in an atmosphere of 5% CO2, medium was refreshed the next morning (100 μl/well
complete William's B medium) and then every two days.

Additional file 1
Protocol: malaria antigen-specific IgG ELISA (S1)
Levels of malaria antigen-specific antibodies in plasma were determined by a standardized enzyme-linked immunosorbent assay (ELISA) and expressed as arbitrary units (AU) in relation to a pool of 100 sera from adults living in an
area in Tanzania where malaria is highly endemic.12
Polystyrene flat-bottom 96 well plates (ThermoScientific, NUNCTM Maxisorp, 439454) were coated overnight at
4 °C with 0.5 μg/ml circumsporozoite protein (CSP, Genova) in PBS. Subsequently, plates were washed four times
with PBS, blocked with 5% milk in PBS for 1 h at room temperature and again washed four times with PBS. Citrated
plasma samples were diluted 1:50 in PBS containing 0.05% Tween20 and 1% milk (PBST/1% milk), analyzed in duplicate
and a three-point 1:3 dilution series was carried out for each plasma sample. Both time points from each volunteer
were measured on the same plate. As a standard and positive control, a plasma pool obtained from 100 Tanzanian
hyper-immune adults living in a highly malaria-endemic area (HIT) was diluted 1:200 in PBST/1% milk and included on
every plate in a seven-point 1:2 dilution series in duplicate. After 3h incubation with plasma samples at room temperature, plates were washed four times with PBST and then four times with PBS. Bound malaria antigen-specific IgG antibodies were detected by incubation with a 1:40,000 dilution of horseradish peroxidase (HRP)-conjugated polyclonal
rabbit anti-human IgG antibody (P0214, Dako Denmark) for 1h at room temperature, followed by washing four times
with PBST and PBS. Plates were developed with HRP substrate (tetra-methyl-benzidine, tetu-bio laboratories) at room
temperature. The reaction was stopped using 0.2M H2SO4 after 13 minutes. Spectrophotometrical absorbance at 450
nm was measured using the iMark Microplate Absorbance Reader (Bio-Rad). ELISA data analysis was performed with
Auditable Data Analysis and Management System for ELISA (ADAMSEL, version 1.1) as previously described.17 Antibody
levels were calculated in relation to the positive control (HIT plasma pool), which was set at 100 arbitrary units (AU).
Protocol: Isolation and cultivation of primary human hepatocytes (S2)
Fresh primary human hepatocytes were isolated from patients undergoing partial hepatectomy as described.
Remnant liver tissue, varying 1-5cm3 in size, was transferred into a 1000 ml sterile glass containing 100 ml UW (Bris-

Protocol: In vitro sporozoite infectivity assay of primary human hepatocytes (S3)
Two to three days following seeding of primary human hepatocytes into 96 well plates, the neutralizing activity of
CPS-induced antibodies on in vitro sporozoite invasion was assessed in in vitro sporozoite infectivity assays with
primary human hepatocytes.
P. falciparum NF54, NF135.C10 or NF166.C8 sporozoites were pre-incubated with 10% heat-inactivated naive
control human serum and 10% heat-inactivated plasma from CPS-immunized volunteers (either Pre- or Post-immunization plasma) for 30 minutes on ice. Sporozoites pre-incubated with 20% heat-inactivated non-immune human
serum in the presence or absence of 10 μg/ml of monoclonal anti-CSP antibody42 served as a positive and standard
control, respectively.
5·104 sporozoites were added to 96 well plates containing monolayers of 5·104 primary human hepatocytes in triplicates, centrifuged at 3,000 RPM for 10 minutes at RT with a low brake (Eppendorf Centrifuge 5810 R) and incubated
for 3 hours at 37 °C in 5% CO2. After incubation, medium containing sporozoites was gently removed to remove
non-invaded sporozoites and subsequently, 100 μl/well complete William's B medium was added to each well. Plates
were kept at 37°C in 5% CO2 and medium of primary human hepatocytes was refreshed every two days. Five to six
days after infection of primary human hepatocytes with P. falciparum sporozoites, wells were gently washed three
times with PBS and fixed with 4% paraformaldehyde for 15-20 minutes at room temperature. After fixation, wells
were gently washed three times with PBS and 200 μl PBS was added to each well. Plates were stored at 4 °C in the
dark until immuno-fluorescent staining of infected primary human hepatocytes. Investigators carrying out the in vitro
sporozoite infectivity assay of primary human hepatocytes were blinded to the volunteer identification codes and
their respective outcomes during immunization and following challenge infection.
Protocol: Immunofluorescent analysis of P. falciparum-infected primary human hepatocytes (S4)
The number of primary human hepatocytes harbouring P. falciparum parasites was assessed by indirect immuno-fluorescence analysis. Firstly, aldehyde groups in hepatocyte cultures were blocked with 100 μl/well 0·1M glycine for
10 minutes at room temperature to prevent autofluorescence and hepatocytes were gently washed three times with
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200 μl/well PBS. Subsequently, non-specific protein binding sites in the wells were blocked with 100 μl/well 10% FBS
in PBS for 20 minutes at room temperature and wells were gently washed three times with 200 μl/well PBS. Non-invaded or adhering sporozoites were stained with 50 μl/well of an anti-CSP antibody conjugated with FITC (1:50 diluted in 10% FBS in PBS) for 2 hours at room temperature in the dark. Hepatocytes were gently washed three times with
200 μl/well PBS and subsequently permeabilized for 5 minutes at room temperature with 1% Triton X-100 (Sigma
T9284, diluted in PBS). Primary human hepatocytes infected with viable parasites were stained intracellularly with 50
μl/well of anti-P. falciparum Hsp-70 rabbit polyclonal antibody (StressMarQ BioSciences, SPC-186D; 1:75 dilution in
10% FBS in PBS) for 2 hours at room temperature in the dark. Hepatocytes were gently washed three times with 200
μl/well PBS and subsequently stained with a secondary antibody and a nuclei stain (Alexa Fluor 594 goat-anti-rabbit
antibody and DAPI nuclei stain, 1:200 and 1:100 diluted in 10% FBS in PBS, respectively). Hepatocytes were gently
washed three times with 200 μl/well PBS and finally, 200 μl PBS/well was added to each well. Plates were stored at 4
°C in the dark until fluorescent microscopic analysis.
Overview images of each well were captured using a Leica DMI6000B inverted microscope and adjusted for
brightness and/or contrast using the ImageJ 1.48v program (NIH, USA). Channels (red, green and blue) were split and
a macro that was made for automatically counting of NF54, NF135 or NF166 parasites in primary human hepatocytes,
was run on the picture from the red channel. To check the sensitivity of the macro, selected wells were also manually
counted for the presence of parasites using the ImageJ 1.48v program (NIH, USA). Differences between automatical
and manual counts of no more than 10% were accepted.
Protocol: In vitro PBMC restimulation with PfRBCs and flow cytometry staining (S5)
Pre- and post-immunization PBMCs from CPS-immunized volunteers whom received NF135.C10 and NF166.C8-challenge infection were restimulated in vitro with cryopreserved P. falciparum NF54-infected erythrocytes (PfRBCs) as
described previously.11,43 PBMCs were thawed and washed twice with Dutch Modified RPMI 1640 (Gibco) and counted
in 0·1% Trypan blue with 5% Zap-o-Globin II Lytic Reagent (Beckman Coulter) to assess cell viability. Cells were
resuspended in complete culture medium (Dutch Modified RPMI 1640 containing 2 mM glutamine, 1mM pyruvate
and 0·05 mM gentamycin and 10% human A+ serum (Sanquin, Nijmegen) at a final concentration of 10*106cells/
ml. 0·5*106 PBMCs/well were transferred into 96-well round-bottom plates and stimulated in vitro in duplicate with
either 106 cryopreserved NF54 PfRBCs or 106 uninfected erythrocytes (uRBC) for 24h at 37 °C with 5% CO2. During
the last four hours, 10 μg/ml Brefeldin A (Sigma-Aldrich) and 2 μM monensin (eBioscience) were added, and 10 ng/ml
PMA (Sigma-Aldrich) and 1 μg/ml ionomycin (Sigma-Aldrich) were added to positive control wells. After 24 hours of
stimulation in total, cells were harvested and stained. PBMCs were first stained with Live/Dead fixable dead cell stain
dye eF780 (eBioscience) and after washing, cells were stained with antibodies against the surface markers CD3 ECD
(Beckman Coulter; clone UCHT1), CD4 V500 (BD Horizon; clone RPA-T4), CD8 AF700 (BioLegend; clone HIT8A), gamma delta T cell receptor PE (Beckman Coulter; clone IMMU510) and CD56 PerCP/Cy5·5 (BioLegend; clone HCD56).
Cells were washed again, fixed in Foxp3 fixation/permeabilization buffer (eBioscience) and stained with antibodies
against the intracellular cytotoxic marker granzyme B FITC (BioLegend; clone GB11) and the cytokine IFNƴ PECy7
(BioLegend; clone 4S.B3). After washing cells in permeabilization buffer, samples were kept cold and dark in 1%
paraformaldehyde (PFA) in PBS until measured by flow cytometry on the same day. Both time points each volunteer
were thawed, stimulated and stained within the same experimental round. Samples were acquired using a 10-colour
Gallios flow cytometer (Beckman Coulter), and single stained cells were run every round for compensation. Data
analysis was performed using FlowJo software (Version 10·0·8, Tree Star). uRBC responses were substracted from
PfRBC-specific responses for every volunteer on every time point, and post-immunization responses were corrected
for pre-immunization responses.
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Whole sporozoite vaccination/immunisation

ing rodent models of infection showed that

induces high levels of protective immunity in

both the liver and the blood stage forms of Pb-

both rodent models of malaria and in humans.

Vac were completely eliminated by Malarone®

Recently, we generated a transgenic line of

treatment. Collectively, our pre-clinical safety

the rodent malaria parasite P. berghei (Pb) that

assessment demonstrates that PbVac possess-

expresses the P. falciparum (Pf) circumsporo-

es all characteristics necessary to advance into

zoite protein (PfCS), and showed that this

clinical evaluation.

parasite line (PbVac) was capable of 1) infecting
and developing in human hepatocytes but

Significance statement

not in human erythrocytes, and 2) inducing

We have recently reported a novel candi-

neutralizing antibodies against the human Pf

date for whole-sporozoite-based vaccination

parasite. Here, we analysed PbVac in detail and

against human malaria, termed PbVac. The

developed tools necessary for its use in clinical

analysis of this genetically modified rodent P.

studies. A microbiological contaminant-free

berghei parasite line has shown that it is capable of eliciting effective immune responses
against the human malaria parasite, P. falciparum, warranting its evaluation in the clinic.
Here, we describe the pre-clinical assessment
of PbVac’s safety for human use, including the
generation and characterization of a PbVac
Master Cell Bank, the establishment of a
qRT-PCR-based method that enables PbVac
detection in the blood and in tissue samples,
evidence of PbVac clearance by commonly
employed antimalarial drugs, and the demonstration of the absence of PbVac-related toxicity. Our results show that PbVac meets all the
requirements to be employed in first-in-human
studies and pave the way for its use in Phase I/
IIa clinical trials.

Master Cell Bank of PbVac parasites was generated through a process of cyclic propagation
and clonal expansion in mice and mosquitoes
and was genetically characterized. A highly
sensitive qRT-PCR-based method was established that enables PbVac parasite detection
and quantification at low parasite densities in

vivo. This method was employed in a biodistribution study in a rabbit model, revealing that
the parasite is only present at the site of administration and in the liver up to 48 hours post
infection and is no longer detectable at any
site 10 days after administration. An extensive
toxicology investigation carried out in rabbits
further showed the absence of PbVac-related
toxicity. In vivo drug sensitivity assays employ-
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Despite a recent decrease in malaria-related

malaria vaccine candidates. In fact, protec-

cies and PfCS-dependent immune responses

(MCB), as well as a highly sensitive qRT-PCR

mortality, the goal of eradication remains

tion conferred by radiation attenuated sporo-

against the human-infective Pf parasite.18

based methodology for detection and quan-

distant and is unlikely to be achieved in the

zoites (RAS), which are unable to develop

absence of an effective vaccine against this

inside liver cells, was initially demonstrated in

clinical evaluation of PbVac. However, such

organs. Parasites from this MCB were used in

disease. Whole-sporozoite (WSp) vaccination

mice using irradiated wild-type Pb parasites 6,

an endeavor demands an encompassing

an extensive array of biodistribution, toxicol-

approaches have been shown to elicit sterile

paving the way for the development of Pf RAS

characterization of the PbVac parasite as well

ogy, and drug sensitivity assays that ascertain

protection against malaria both in rodent

vaccine candidates.7-9 Sporozoites can also

as the development and/or adaptation of

its amenability to clinical use. Collectively,

models and in humans. Protection mediat-

be attenuated by deletion of specific genes,

methodologies ensuring its safety for human

these results paved a way for the evaluation

ed by such vaccine candidates relies on the

leading to the parasite’s developmental arrest

use. Here, we describe the establishment of a

of PbVac in Phase I/IIa clinical trials aimed at

immune responses elicited by the parasite’s

in the liver 10, an immunization strategy that

microbiological contaminant free and genet-

assessing its safety, tolerability, and protec-

pre-erythrocytic forms, following adminis-

is awaiting clinical validation.11,12 Typically,

ically stable PbVac parasite Master Cell Bank

tive efficacy in humans.

tration of live sporozoites to the mammalian

although not always13, genes targeted for

host. WSp-based malaria immunization gener-

deletion in Pf to generate genetically attenu-

ally employs P. falciparum (Pf) sporozoites ren-

ated parasites (GAP) are homologs of genes

dered safe by radiation or genetic attenuation,

primarily identified in rodent parasites as

or by concomitant prophylactic administration

critical for their hepatic development.14 Finally,

of antimalarial drugs acting on the erythrocyt-

the administration of Pf sporozoites under a

ic stage of the parasite1.

chemoprophylactic regimen of an antimalarial

The first draft genome of Pb ANKA (PbA)

drug (CPS), which kills the parasite’s blood

was published in 20052, followed by further

forms, and has also been shown to confer long

sequencing, re-assembly and annotation of

lasting protection in humans15,16, was equally

what has since constituted the reference PbA

based on previous studies in rodents, employ-

genomic sequence3. Comparisons of the PbA

ing Pb sporozoites administered concomitant-

genome sequence with that of the canonical

ly with a prophylactic dose of chloroquine.17

reference Pf clone 3D7 revealed that a high

Collectively, the studies outlined above

percentage of the proteins predicted for the

illustrate the pivotal role played by wild-type

4

former parasite have orthologs in the latter,

and genetically modified Pb in the field of

as well as the near absence of polymorphisms

WSp malaria vaccination. However, a sig-

within the genomes of Pb isolates.5 The relative

nificant advance occurred recently, with a

similarity between the genomes of Pb and hu-

genetically modified Pb parasite, termed

man-infective Plasmodium spp., Pb’s non-path-

PbVac, proposed as a WSp vaccine against

ogenicity to humans, the ability of Pb sporo-

human malaria in and of itself, rather than as a

zoites to infect various types of hepatic cells

surrogate for Pf-based vaccination or a tool to

and cell lines, the availability of rodent models

assess immune responses elicited by Pf vac-

to study Pb infection in vivo, and Pb’s amena-

cines. PbVac has been engineered to express

bility to genetic modification, have made this

the immunodominant Pf antigen, the circum-

parasite one of the preferred models for the

sporozoite protein (PfCS), flanked by the Pb

investigation of Plasmodium infection and the

pre-erythrocytic stage-specific promoter,

analysis of Plasmodium gene function.

UIS4 (upregulated in infective sporozoites 4).10

Among the many achievements that Pb

PbVac infects and develops in human hepat-

parasites have enabled, they have been instru-

ocytes but not in human red blood cells, and

mental in the development of current WSp

is capable of eliciting both Pb/Pf cross-spe-

The results outlined above warrant the

tification of PbVac parasites in tissues and
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Animals

to cyclical propagation, used in subsequent

dom mouse was sampled for every other cage

effects (CPE), hemadsorption, and hemag-

All rodent experiments were carried out in

whole-genome sequencing studies (see

of 5 mice (5 samples from 10 cages). From

glutination in 28 day assays. These assays

male C57BL/6 or Balb/c mice (from Charles

below). Twenty-one days after the blood meal,

each sampled mouse, 2-3 drops of blood were

employed Vero (African green monkey kidney,

River Laboratories), aged 6 to 10 weeks. An-

PbVac-infected Anopheles stephensi mosqui-

collected onto a paper sampling kit. Samples

ECACC 84113001), MRC-5 (human embryonic

imals used for blood passage were C57BL/6,

toes were allowed to feed on three naïve SPf

were analyzed by IDEXX BioResearch using the

lung, ATCC CCL-771), NIH 3T3 (Swiss mouse

older than 6 weeks. In each experiment, all

Balb/c mice. Parasitemia and parasite exflag-

FELASA 2014 Serology Panel, which includes

embryo tissue, ECACC 93061524), and BHK-21

animals were matched by age. New Zealand

ellation were monitored daily and these were

serologic evaluation for antibodies to Clostrid-

(baby hamster kidney, ATCC CCL-10) indicator

White (NZW) rabbits were also purchased

then employed to infect mosquitoes through

cell lines (Table S2) and PI3 (parainfluenza virus

from Charles River Laboratories. All animals

two consecutive days of mosquito bites. At

were housed at the animal facilities of the

~6.5-8.5% parasitemia, blood was collected by

Instituto de Medicina Molecular (iMM Lisboa),

heart puncture, aliquoted and cryopreserved

according to the guidelines of the Animal

at -80 ºC. This procedure was repeated an-

Care Committee of iMM Lisboa (ACCiMM). All

other two times, for a total of three passages

protocols involving live animals were ap-

of the PbVac parasites through mosquitoes

proved by the ACCiMM.

and four passages through SPf Balb/c mice.

ium piliforme, Mycoplasma pulmonis, Ectromelia, EDIM, LCMV, MAV1, MAV2, MHV, MNV,
MPV, MVM, PVM, REO3, Sendai, and TMEV
(Table S1). Mouse fecal pellets, oral swabs, and
fur swabs were collected and tested in pools
of samples from 10 animals, as allowed per
test sensitivity, according to the FELASA 2014
Bacteriology + Parasitology Panel (Beta Strep
Grp A PCR, Beta Strep Grp B PCR, Beta Strep
Grp C PCR, Beta Strep Grp G PCR, C. rodentium PCR, C. kutscheri PCR, C. piliforme PCR,
Helicobacter genus, M. pulmonis PCR, P. pneumotropica-Heyl PCR, P. pneumotropica-Jawetz
PCR, Salmonella Genus PCR, S. moniliformis
PCR, S. pneumoniae PCR, Cryptosporidium
PCR, Entamoeba PCR, Giardia PCR, Mite PCR,
Pinworm PCR, and Spironucleus muris PCR) by
Charles River Laboratories (Table S1). Finally,
MCB samples were tested for possible human
pathogens and adventitious viruses, including
arboviruses that could be transferred from the
mosquitoes. These analyses were performed
by Charles River Laboratories and included
the Human Comprehensive CLEAR Panel
[Adeno-associated virus, LCMV PCR, Human
cytomegalovirus, HANT (Hantavirus Hantaan)
PCR, SEO (Hantavirus) PCR, Hepatitis B virus,
Hepatitis C virus, Epstein-Barr Virus, Herpesvirus type 6, Herpesvirus type 7, Herpesvirus
type 8, Mycoplasma Genus PCR, HPV-16,
HPV-18, Parvovirus B19, Hepatitis A virus, John
Cunningham virus, BK virus, Human Foamy
Virus, Human T-lymphotropic virus, HIV-1,
and HIV-2] (Table S2) and detection assays of
adventitious viruses by analysis of cytopathic

Following the last passage through SPf Balb/c
Parasites

mice, blood was collected by heart puncture

Pb ANKA cl15cy1 was selected as the wildtype Pb (WT-Pb) line in the current study. This
parasite line derives from an isolate originally
obtained from Anopheles dureni millecampsi mosquitoes caught in the Democratic
Republic of Congo in 1965.19 Pb ANKA cl15cy1
was employed to generate the Pb ANKA line
1596cl1 [20], which served as the motherline
for the generation of PbVac18 by the ‘gene
insertion / marker out’ (GIMO) method.20

when parasitemia was ~6.5%, aliquoted and
cryopreserved at -80 ºC. Collected blood was
further employed to infect 50 Balb/c mice by
intraperitoneal injection of PbVac-iRBC. When
parasitemia in these mice reached ~3%, the
mice were sacrificed and the blood was collected by heart puncture and pooled. Two aliquots
of this blood were collected for microbiological
analyses and whole-genome sequencing (see
below). The remaining blood was aliquoted and
cryopreserved in liquid nitrogen, constituting

Generation of Master Cell Bank

PbVac iRBC MCB (Fig. 1). The parental wild

To generate a MCB of PbVac-infected red

type Pb parasites underwent a similar proce-

blood cells (iRBC), specific pathogen free

dure as that described for PbVac, enabling a

(SPf) Balb/c mice were infected by intraperi-

comparison of the genome sequences of both

toneal injection of 1.5 x 106 cryopreserved

parasites before and after cyclical propagation

wild type Pb- or PbVac-iRBC. Parasitemia and

(see below). All Balb/c mice employed in this

parasite exflagellation were monitored daily.

study were purchased from Charles River Lab-

These mice were then employed to infect

oratories and had a certified SPf health status.

Anopheles stephensi mosquitoes through
two consecutive days of mosquito bites.

Microbiological analyses of MCB samples

At ~7% parasitemia, blood was collected by

The final batch of mice employed in MCB

heart puncture, aliquoted and cryopreserved

generation were further tested for the full Fed-

in liquid nitrogen until further use. These

eration for Laboratory Animal Science Associ-

vials contained PbVac-infected iRBC prior

ations (FELASA) panel for SPf mic.21 One ran-

type 3, ATCC VR-93), H1N1 virus (influenza A
virus, ATCC VR-219), Sindbis virus (ATCC VR68), and vesicular stomatitis virus (VSV, ATCC
VR-158) as control viruses, respectively. The
suitability of the test method for its intended
use was demonstrated in generic validations
according to International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines.
Whole-genome sequencing analyses
The whole genomes of wild-type Pb and

PbVac collected prior to or following cyclical
propagation construction were sequenced
at The Sanger Institute, UK. Parasite DNA was
extracted by phenol/chloroform extraction
following removal of leukocytes using a CF
11 column. The samples were prepared as
noPCR library 22 They were sequenced on a
MiSeq with 150 bp reads, aiming for a fragment length of 500 bp. The obtained reads
were aligned with Burrows-Wheeler Aligner’s
Smith-Waterman Alignment (BWA-SW) 23
(parameter ‐a 1000, version 0.7.12-r1039)

and Bowtie2 24 (-X1000‐very‐sensitive ‐N 1 ‐L
31 ‐rdg 5,2, version 2.1.0). The latest version

of Pf 3D7 (version 3) and Pb ANKA (version 3)
genomes from GeneDB 3,25, July 2015 version,
were used as references. PCR duplicates
were flagged with Picard. For variant calling,
the bam files for the different samples were
merged, realigned with GATK realign, and
variants were called with GATK variant caller
“UnifiedGenotyp”. De novo assembly was
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performed with Velvet 26 (parameter k‐mer :

plemented with 25% FBS, 2mM L-Glutamine,

this end, PbVac-infected RBCs were serially

sample) controls. External standardization was

81 (sample PbMP8 k-mer of 61 ‐exp_cov auto‐

penicillin-streptomycin at 50 μg/ml, 1% (v/v)

diluted in naïve human blood and genomic

performed using plasmids encoding the full-

HEPES, 1% (v/v) non-essential amino-acids),

DNA was extracted and analyzed. Genomic

length 18S rRNA gene cDNA cloned in TOPO

‐min_contig_lgth 500 ‐min_pair_count 10; Ver-

before being divided into two 25 cm culture

DNA was isolated from 20 μl of blood from

TA (Invitrogen).29 The concentration of plasmid

sion 1.2.07). Contigs were ordered and orien-

flasks. Flasks were incubated at 37ºC under an

every sample in the dilution series using the

DNA was determined by spectrophotometry

tated against the Pb genome using ABACAS.27

atmosphere of 5% O2, 5% CO2, 90% N2 for 12-

DNAeasy Blood and Tissue Kit (Qiagen, Hilden,

for the calculation of the DNA copy number.

Potential insertion sites (including the target

16 hours. After o/n incubation, mature pRBCs

Germany) according to the manufacturer’s in-

For standard curve analysis in real-time PCR

gene), potential recombination “not-proper

were isolated by a density gradient. Briefly, the

structions, following the Nonnucleated blood

assays, the plasmid was serially diluted 10-fold

paired” reads, as well as differences between

RBC suspensions were carefully pipetted on

protocol. The DNA samples were dissolved in

in nuclease-free water from 1010 copies to 10-5

50 μl of elution buffer.

copies per qRT-PCR reaction. The efficiency

ins_length 350 ‐ins_length_sd50 ‐cov_cutoff 5

3

de novo assemblies, were searched for. Detec-

top of 10 ml of a 65% (v/v) Nicodenz solution

tion of potential copy number variation (CNV)

and then centrifuged at 550 g, for 30 minutes

was performed manually through the evalua-

at 21ºC (without brake). Most of the upper

Parasite detection by

tion of changes in the read coverage.

layer was discarded and the interface between

quantitative real-time PCR

(E) of the assay was calculated using the equation E = (10(-1/slope))-1 x100.

the upper layer and the bottom layer was

Parasite detection employed P. berghei 18S

Infection and sample collection

Mouse infection and parasite synchroniza-

pipetted into a 50 ml Falcon tube and PBS was

rRNA-specific primers. A fragment of the P.

for tissue distribution assays

tion for parasite detection assays

added up to a volume of 40 ml. This cell sus-

NZW rabbits (5 rabbits per group; 3 males and

All mice used in the parasite detection assays

pension was centrifuged at 580 g, for 8 min

were infected intraperitoneally (i.p.) with

(without brake) and the pellet was resuspend-

PbVac, either with 1x106 fresh, infected red
blood cells (pRBCs) collected from a passage
mouse previously infected from a frozen vial
(blood passage), or with 2x106 frozen pRBCs
(infection with frozen vial). Parasitemia in the
inoculum (number of pRBCs / total number
of RBCs x 100) was assessed by microscopic evaluation of Giemsa stained tail-blood
smears, by counting at least 2000 RBCs.
P. berghei is one of the few mammalian
parasites whose schizonts do not rupture
spontaneously in vitro. This feature is the
rational support behind the parasite synchronization protocol described below, based on
[28], which results in most of the pRBCs being
synchronized in the more mature stages after
overnight (o/n) incubation. Briefly, infected
mice were sacrificed by CO2 inhalation and
blood was collected by cardiac puncture,
into 30 ml of PBS. Blood was then centrifuged at 650 g (without brake), for 10 min at
4ºC. The supernatant was discarded and the
pellet carefully resuspended in 50 ml of the
culture medium solution (RPMI 1640, sup-

ed in 400 μl of PBS 1x. Purified schizonts were

berghei gene encoding the 18S ribosomal
RNA subunit was amplified by quantitative real-time PCR (qRT-PCR) using TaqMan
chemistry and hydrolysis probes. Probes were
labeled with 6-carboxy-fluorescein (FAM) and
with minor groove binding non-fluorescent
quencher (MGB). For the qRT-PCR reaction,
4 μl of sample DNA was used along with 250
nM probe, 300 nM of each primer, water, and
10 μL TaqMan Universal Master Mix (Applied
Biosystems, USA), in a total reaction volume
of 20 μl. The sequences for primers and
TaqMan probe used are listed in Table S3.
Reactions were performed on the ABI Prism
7500 system (Applied Biosystems) with the
following cycling conditions: 50°C for 2 min,
initial denaturation at 95°C for 10 min, then 40
cycles at 95°C for 15 seconds, and 60°C for 1
min. Fluorescence data was collected during
the annealing/extension step at 60°C. All qRTPCR reactions were prepared in a laminar flow
hood with filtered pipette tips. All tests were
performed in duplicate, and samples were
tested on plates that included appropriate
negative (reaction mixture without DNA and
with DNA extracted from a healthy mouse)
and positive (plasmid and a known positive

then injected intravenously into the tail veins
of 2-3 mice. Infected blood was collected either 3-4 h after injection of the schizonts (ring
forms from the first cycle) or 24-26 h after
injection of the schizonts (ring forms from the
second cycle). Parasitemia and percent of synchronization (number of rings/ total number of
parasites x 100) was then assessed.
DNA extraction for parasite
detection assays
Collected blood was washed 3 times with 20
ml of RNAse/DNAse-free PBS. The supernatant
was discarded and the pellet was resuspended in 500 μl PBS. Parasiteamia was counted
as described before; the number of total RBCs
was counted in a Neubauer chamber.
A series of 10-fold dilutions of the infected blood in uninfected blood from healthy
mice with known baseline erythrocyte counts
(around 4-5 x106 RBC/μl cell suspension)
was prepared. The assay was then applied to
the detection of PbVac in human blood. To

2 females) were infected by the bites of 75

PbVac-infected Anopheles stephensi mosquitoes and euthanized at 1 h, 48 h and 10 days
after infection. One control group (3 rabbits)
of non-infected rabbits was euthanized at the
same time as the rabbits euthanized 10 days
after infection. The following tissues were
collected and flash frozen in liquid nitrogen
until further processing: bladder, blood, brain,
epidermis (at the site of administration), eye,
heart, kidney, liver, lung, lymph node (proximal
to the site of administration), bone marrow,
muscle (at the site of administration), spleen,
subcutis (at the site of administration), ovaries,
and testes.
Analysis of tissue distribution samples
A sample of each tissue was homogenized
in denaturing solution (4 M guanidine thiocyanate, 25 mM sodium citrate [pH 7], 0.5%
N-lauroylsarcosine in diethyl pyrocarbonate
[DEPC]-treated water) supplemented with 0,1
M β-mercaptoethanol) using a minibead beater for tissue disruption. RNA was extracted
using TRIzol® (Ambion by Life Technologies),
or TRIzol®LS (Ambion by Life Technologies)
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for blood samples, according to the manufac-

heart, and lung tissues, and already identified

dine, whereas the mosquito mortality rate on

by Charles River Laboratories Den Bosch B.V.

turer’s instructions. After extraction, DNase

as TaqMan-negative for this gene, with five

the immunization day itself was estimated at

(‘s-Hertogenbosch, the Netherlands).

I treatment was performed with NzyTech’s

dilutions of the plasmid (103, 102, 101, 100, 10-1)

approximately 4%. Thus, it was determined

DNase, according to the manufacturer’s

prior to qRT-PCR and agarose gel electropho-

that the containers on the main study should

uate effect of immunization with infected mos-

instructions. RNA was quantified using a

resis analyses. To confirm the effectiveness of

contain 97 mosquitoes in order to attain the

quitoes. For body weight, body temperature,

NanoDrop 1000 spectrophotometer and cDNA

the extraction of parasite RNA in the presence

target dosage of 75 mosquito bites per immu-

and dermal draize analyses, a Shapiro-Wilk

was synthesized using the NZYTech First-

of rabbit tissues, 104 PbVac sporozoites were

nization proposed for the evaluation of PbVac

normality test was initially performed to assess

Strand cDNA synthesis kit. A fragment of the

added to 200 μl homogenates of rabbit brain,

in the main study. Forty rabbits, 19 males and

whether or not data were normally distribut-

Statistical analyses were conducted to eval-

P. berghei gene encoding the 18S ribosomal

heart, and lung tissues, previously shown to

21 females, were randomly assigned to the

ed. Body weight and body temperature were

RNA subunit was amplified by qRT-PCR using

be TaqMan-negative for 18S-Pb. Total RNA was

‘infected’ group or ‘uninfected, control’ group

analyzed using a one-sample T-test, compared

TaqMan chemistry and hydrolysis probes. The

extracted from the mixture and used to syn-

for a total of 5 exposures to the bites of 97

to the mean body weight on day 0 and mean

qRT-PCR reaction was performed in a total

thesize cDNA, which was analyzed by qRT-PCR

body temperature on day -1 (i.e. 39.2⁰C). Der-

volume of 10 μL, containing 2 μL of sample

using 18S-Pb-specific primers and by agarose

cDNA, 250 nM TaqMan Probe (1μL), 300 nM

gel electrophoresis.

PbVac-infected mosquitoes or 97 non-infected
mosquitoes per rabbit, respectively, at Study
Days (SD) 0, 14, 28, 42, and 56. Blood samples
were collected from the marginal ear veins or
saphenic veins without sedation. Samples for
immunological analyses were collected on the
day of each immunization and at euthanasia;
samples for clinical chemistry, hematology
and coagulation analyses were collected on
the day of immunization, 2 and 4 days after
immunization, and at euthanasia. Animals
were euthanized 3 (acute phase) or 28 (recovery phase) days after the last immunization
with the mosquitoes. During the in-life phase,
the effect of PbVac was evaluated by cage
side observations, clinical examinations, body
weight and daily food intake, body temperature, dermal draize observation, ophthalmologic examination. The evaluations performed
at necropsy included macroscopic examinations of the external surface of the body, all
orifices, injection sites, the cranial, thoracic,
and abdominal cavities, and their contents;
hematology of bone marrow; determination
of organ weights; and macroscopic and
microscopic examination of putative gross
lesions. Full panels of clinical chemistry and
hematology on collected samples were performed by IDEXX Europe B.V. (Hoofddorp, The
Netherlands). The post-mortem histopathological evaluation of organs was performed

of each primer (1μL), RNase/DNase free water
(1μL) and 5 μL TaqMan Universal Master Mix

Toxicology assays

(Applied Biosystems, USA). The sequences

A toxicology study was performed by the

for primers and TaqMan Probe used are listed

Radboud University Medical Center and BioX-

in Table S3. Reactions were performed on a

pert B.V. in The Netherlands, under a project

ViiA 7 system (Applied Biosystems) with the

license granted by the Central Committee for

following conditions: 50°C for 2 min, initial

Animal Experiments (CCD in Dutch) and the

denaturation at 95°C for 10 min, then 40

Animal Experiments Committee (DEC) consult

cycles at 95°C for 15 seconds, and 60°C for 1

(project license AVD905002015183). The

min. Fluorescence data was collected during

study was conducted in 24 week-old male and

the annealing/extension step at 60°C. All

female NZW rabbits (Envigo). Animals were

experiments were performed in duplicate and

SPf at delivery and were kept to maintain SPf

samples were tested on plates that included

status through monitoring and confirmation

appropriate negative (reaction mixture with

by microbiological health screening. All mos-

RNase/DNase free water instead of DNA) and

quitoes employed in the study were Anoph-

positive (plasmid DNA and infected mouse

eles stephensi produced at the Radboud
University Medical Center in Nijmegen, and
were transported to the BioXpert B.V. Prior to
immunization by mosquito bites, animals were
sedated with medetomidine (Dexdomitor) and
the application sites (i.e. flank) were shaved. A
pilot study was initially performed in 5 animals
subjected to the bites of 100 wild-type Pb-infected mosquitoes, to determine the mosquito
feeding rate and to ascertain the impact of
the medetomidine sedation on the latter. Our
results showed that the mosquito feeding rate
was 80.5% and was unaffected by medetomi-

livers at 48 hours post-infection) controls.
External standardization was performed as
described above using 10-fold serial dilutions
of plasmid in nuclease-free water from 1010
copies to 10-2 copies per qRT-PCR reaction.
The efficiency of the assay was calculated
as described above. The sensitivity of detection of the standard plasmid in the presence
of brain, heart, and lung tissue was further
confirmed by spiking samples containing 2
out of 20 μl of cDNA previously synthesized
from 1 μg RNA extracted from rabbit brain,

mal draize scores were analyzed using a Wilcoxon signed-rank test. For analyses of clinical
chemistry, coagulation, and hematology
data, boxplots of all relevant parameters were
made. Values of parameters that were below
the detection limit were excluded (i.e. values
of cholesterol, gamma-glutamyl transpeptidase, and total bilirubin). Subsequently, outliers per group were identified and excluded.
Statistical comparison has been conducted
by one-way analysis of variance (ANOVA) on
multi-groups followed by Dunnett’s multiple
comparison test if a significant difference
was discerned. Furthermore, it was assessed
whether or not the mean ± SD per time point
was outside the normal range for rabbits. All
statistical analyses have been conducted as
two-sided tests with a level of significance of
p < 0.05. For analyses of organ weights, the
mean ± SD per organ was compared to their
respective control using one-way ANOVA
and/or T-test.
ELISA
High protein-binding capacity 96 well enzyme-linked immunosorbent assay (ELISA)
plates (Nunc MaxiSorp™ flat-bottom) were
coated with synthetic peptide (Sigma) based
on the repeat region of the PfCS protein with
the amino acid sequence (NANP)4NVDPC, or
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the repeat region of the PbCS protein with

scaled dose in humans = mice dose * (weight

Generation and Analyses of a

firm the insertion of the PfCS gene in the para-

the amino acid sequence (DPPPPNPN)2. The

human/weight mice)0.75.30

PbVac Master Cell Bank
MCB were constructed for the parental wildtype Pb and the cloned PbVac parasites, as
described in the Methods section. Analyses of
fecal pellets, oral swabs, and fur swabs of SPf
Balb/c mice employed throughout the study
confirmed the absence of microbiological
contamination (Table S1). MCB samples were
analyzed and found to be free of adventitious
virus, as well as mouse- and human-infective
microbiological contaminants (Table S2). The
entire genomes of the Pb and PbVac parasites collected prior to and following cyclical
propagation were subsequently sequenced, in
order to extensively characterize the genetic
differences between the wild-type and the
genetically modified Pb parasites, as well as
any changes that might have been introduced
during the propagation procedure. The read
depth per genome was at least 38x coverage,
which was subjected to de novo assembly
and compared to the most recent genome
assemblies for Pb and Pf. PbVac sequencing
results confirmed a single insertion site of
the PfCS gene and its flanking sequences in
the PbP230p gene present in chromosome
3 of the Pb genome (Fig. 2) and showed that
no additional Pf genetic material is present
in the transgenic parasite’s genome. De novo
assembly of the different samples revealed
no large rearrangements or deletions and no
copy number variations were found between
the transgenic and the reference sequences,
except for the UTR of PbUIS4. No differences
were detected between the PbVac sequences
prior to and after cyclical propagation and a
single base change was detected between
the wild-type and transgenic lines, which is
consistent with the known overall Plasmodium
mutation rate.32 Overall, these results establish
the full genomic sequence of PbVac and con-

site’s expected genomic locus. To confirm the

peptide was coated overnight at 4°C at a con-

To avoid atovaquone toxicity in mice, ¼ of

centration of 5 µg/mL in a volume of 50 µL per

the allometric-scaled dose of Malarone® was

well. Plates were washed three times with PBS

employed in the study.

containing 0.1% (v/v) Tween-20 and blocked

For liver stage drug sensitivity assays for

with 200 µl PBS containing 0.1% (v/v) Tween-20

Malarone®, C57Bl/6 mice were infected by the

and 1% (w/v) BSA for 30 min at room temper-

bites of 20 PbVac-infected Anopheles stephensi

ature. Plates were washed one additional time

mosquitoes, followed by 3 administrations at

and samples serially diluted in PBS containing

18-hour intervals of the same dose of Malarone

0.1% (v/v) Tween-20 and 1% (w/v) BSA were

as that employed in the blood stage-clearance

added and incubated at 22 °C for 2 h. After

study (see below). PbVac-infected mice em-

washing four times, horseradish peroxidase-la-

ployed as controls were left untreated. Forty-six

beled goat anti-rabbit IgG (GE Healthcare UK)

hours after sporozoite administration, mice

was added at a dilution of 1:2000 and incubat-

were euthanized and liver parasite load was

ed at 22 °C for 1 h. BD OptEIA™ TMB Substrate

assessed by qRT-PCR as previously described.31

Reagent was then added for development and

Blood stage drug sensitivity assays for

incubated for 1 to 3 minutes at 22 °C before

Malarone®, chloroquine, and Coartem® were

stopping the reaction by adding 50 µl Stop

performed on Balb/c mice. Human doses,

solution (2N H2SO4). The Optical density was

allometry-scaled mouse doses, and administra-

determined using a microplate reader (Infinite

tion schedules employed, are listed in Table 1.

M200). To serve as a positive control and to

Mice were infected by intraperitoneal injection

allow comparison between samples from differ-

of 2x106 PbVac-infected red blood cells. Blood

ent assays, a standard titration curve of at least

parasitemias were monitored daily by micros-

8 points, starting a dilution of 1/20 of a pool of

copy analysis of Giemsa-stained blood smears.

rabbit sera from all immunized animals, was

Treatment was initiated at two distinct mo-

used as reference in all assays.

ments, in different groups of mice, either at patency, as determined by blood smear analysis,

Drug sensitivity assays

or at ~1.5% parasitemia, as determined by blood

Drug sensitivity assays employed clinically

smear analysis. Compounds were administered

relevant drug doses and schedules of admin-

per os by oral gavage. Negative control mice
were treated with an equivalent amount of drug
vehicle, administered in a schedule equivalent
to that of the drugs of interest. Positive control
mice were treated by daily intra-peritoneal injection of 0.7 mg chloroquine. During and after
treatment, disease symptoms and parasitemia
were monitored daily. If a treatment cleared
the parasites from circulation, parasitemia was
monitored for an additional 30 days until parasite clearance could be definitely established.

istration as defined by the Centers for Disease
Control and Prevention’s Guidelines for Treatment of Malaria in the United States for Malarone® and chloroquine (http://www.cdc.gov/
malaria/resources/pdf/treatmenttable.pdf) by
Novartis’s Highlights of Prescribing Information
for Coartem® (https://www.pharma.us.novartis.
com/product/pi/pdf/coartem.pdf). Drug doses
in mice were calculated based on allometric
scaling, employing the formula: Allometric

stability of this insertion, PbVac MCB parasites
underwent 8 passages through SPf Balb/c
mice and 2 passages through mosquitoes, and
the insert region of blood stages of the the PbVac parasite collected from selected mice was
sequenced (Fig. S1). Our results demonstrate
that the PfCS gene remains correctly inserted
in the expected locus throughout this procedure of mechanical passage (data not shown),
indicating that no loss if genetic material is
expected to occur during the 2 passages
through mice and 1 passage through mosquitoes that must precede parasite administration in a clinical setting.
High sensitivity qRT-PCR detection and
quantification of PbVac parasites
Clinical evaluation of the PbVac vaccine candidate requires close monitoring of the highly
unlikely possibility of appearance of blood
stage parasitemia in human subjects. To this
end, we established a quantitative real-time
PCR (qRT-PCR) assay that could adequately
detect PbVac in different tissues, including
human blood samples. The linear range of
amplification of the TaqMan qRT-PCR and the
assay’s limit of detection were determined employing ten-fold serial dilutions of a plasmid
encoding a fragment of the Pb 18S rRNA gene
(Fig. 3A). The assay’s limit of detection was
calculated at 0,0001 copies of target standard plasmid per PCR reaction, with linearity
observed between 0,1 and 1010 copies of
plasmid, and the efficiency of the assay was
calculated at 113%. The dynamic range of the
assay for detection of PbVac was initially determined in mouse blood using genomic DNA
extracted from serial dilutions of synchronized

PbVac-infected blood cultures (Fig. 3B). The
calculated limit of detection of the assay was
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0,006 parasites/μl of blood, with linearity

followed by cDNA synthesis and qRT-PCR anal-

host, a large toxicology study was conducted

Analyses), coagulation (Supplementary file 2 -

observed between 6,1 and 61674 parasites/μl

ysis using the methodology described above.

in NZW rabbits. The main study employed 40

Summary Table for Coagulation Analyses), and

of blood. Agarose gel electrophoresis analysis

RNA quality was confirmed by gel electropho-

animals subjected to 5 exposures to 97 non-in-

hematology (Supplementary file 3 - Summary

confirmed the presence of a single DNA band

resis analysis of brain, heart, and lung samples

fected or PbVac-infected mosquitoes, eutha-

Tables for Hematology Analyses) parameters

corresponding to the expected size of the

(Fig. S2). The detection sensitivity of the 18S-

nized three (acute phase) or twenty-eight (re-

over time. The changes observed in these

amplicon of interest (134 bp) (Fig. 3B). The

Pb gene in the standard plasmid was shown to
be unaffected by the presence of cDNA from
brain, heart, and lung tissues (Fig. S3A). Additionally, effective extraction of parasite RNA in
the presence of rabbit tissues was confirmed
by qRT-PCR and agarose gel electrophoresis
analyses (Fig. S3B). Our qRT-PCR analysis of
organ samples collected 1 h after sporozoite
administration revealed the presence of parasite DNA in the subcutis, epidermis, and lymph
nodes at or proximal to the site of administration, whereas at 48 h post-infection (hpi), the
parasite was detected in the epidermis and
subcutis, as well as in the liver. Following the
qRT-PCR analysis, all samples were analyzed
by agarose gel electrophoresis. A band of the
expected fragment size (134 bp) was observed
for the samples yielding a positive signal
on the qRT-PCR analysis. No parasites were
detected in any of the organs collected 10
days post-infection (dpi) (Fig. 4B,C). Overall,
our results show that the tissue biodistribution
of PbVac follows a pattern compatible with
the safety of its administration to humans
and with the elicitation of a pre-erythrocytic
immune response, as parasites are detected
near the site of administration at 1 and 48 h after injection, as well as in the liver at the latter
time point. Importantly, parasites are absent
from any tissues 10 days after administration,
indicating that the parasites are fully eliminated between 2 and 10 days after injection.

covery phase) days after the last application of

parameters were within the range of normal

the mosquitoes (Fig. 5A). “Vaccine take” was

values and standard deviations were similar

confirmed by ELISA assessments of antibodies

across groups within the study and thus con-

assay was applied to the detection of PbVac in
human blood, yielding a limit of detection of
0.05 parasites/μl of blood. Analysis of the reaction products by agarose gel electrophoresis confirmed the presence of a single 134 bp
DNA band (Fig. 3C). Our results show that this
assay constitutes a highly sensitive, precise,
and reproducible assay to detect and quantify
PbVac on a small volume of whole blood with
minimal pre-analytical processing to support
clinical care and malaria vaccine research. Our
results also establish 18S rRNA as a reliable
target for a highly sensitive qRT-PCR assay,
which allows the detection of as few as 0.05
parasites/μl of human blood.
Distribution of PbVac in rabbit tissues
Given the promiscuous nature of Pb parasites,
safety requirements demand an investigation
of the biodistribution of PbVac in a suitable
animal model. Our previous report established
that PbVac infects and develops in NZW rabbit
hepatocytes but not in NZW rabbit red blood
cells, mimicking the expected behavior of this
parasite in humans [18]. Thus, NZW rabbits
were selected as the animal model of choice
to assess the tissue distribution of PbVac in

vivo. To this end, NZW rabbits were infected
by the bites of 75 PbVac-infected Anopheles
stephensi mosquitoes (Fig. 4A) and euthanized 1 h, 48 h and 10 days after infection.
Bladder, blood, brain, epidermis, eye, heart,
kidney, liver, lung, lymph node, bone marrow,
muscle, spleen¸ subcutis, ovary, and testes
samples were collected at each time point of
euthanasia and processed for RNA extraction,

against PbCS and PfCS at different points after

sidered non-adverse. Creatinine phosphoki-

parasite administration (Fig. 5B and C). At in-

nase and lactate dehydrogenase levels on day

life cage side observations, all animals showed

0 were increased and were above the normal

normal water and food consumption patterns,

range in both treated and control groups,

and regular excretions of urine and feces. No

which is attributed to handling and stress.33

effects of PbVac administration on clinical ob-

There were no premature decedents in the

servations were noted during or after vaccina-

study and animals were euthanized on day

tion. In general, the body weights of individual

59 (acute groups) or 84 (recovery groups), as

rabbits showed some minor variations, which

planned. At necropsy, macroscopic examina-

were correlated to blood sampling or vacci-

tions of the external surface of the body, all

nation and were considered to reflect stress

orifices, injection sites, the cranial, thoracic,

during these processes. Animals recovered

and abdominal cavities and their contents

fast from the loss in body weight and quickly

were performed. No abnormalities were ob-

returned to their weight before the handlings.

served in the animals in the acute or recovery

Overall, no significant body weight loss or

phase groups regarding fur, skin, and body

gain was observed, indicating the tolerability

openings. On the injection site, only very min-

of the test article (Fig. 5D). Body temperature

imal skin reactions were visible 3 days after

remained within limits (no fever, defined as a

application of the mosquitoes. No enlarged

temperature greater than 40˚C, was recorded)

lymph nodes nor abnormalities in kidneys,

shortly after vaccination and throughout the

lungs, heart, liver, brain, reproductive organs,

next day. No increase in body temperature

and other organs were found. In one female

was observed 6 and 24 hours after immuniza-

rabbit from the infected recovery group,

tion. Rather, as a consequence of the sedation

some very slight hematomas were observed

all rabbits experienced a decrease in body

in the skin at the injection site. In the same

temperature six hours after administration,

animal, a very large gall bladder with abnor-

which returned to normal twenty-four hours

mal shape was found, as well as gas formation

later (Fig. 5E). Ophthalmological examina-

in the gut, a cyst with clear fluid in one of

tion of the rabbits in the acute and recovery

the ovaries, and a slightly smaller brain. The

groups one day prior to their necropsies

histopathology did not reveal further insights

(day 58 and day 83 respectively) revealed no

for these findings, which were therefore

Toxicological analyses of PbVac

abnormalities. The analyses of serum, plasma

considered non-related. A female rabbit from

administration to rabbits

and EDTA blood samples revealed transient

the uninfected recovery group and a female

In order to evaluate possible toxic effects of

trends in clinical chemistry (Supplementary

rabbit from the infected recovery group each

PbVac administration to a non-permissive

file 1 - Summary Tables for Clinical Chemistry

had small cysts on one ovary. Finding cysts
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in the ovaries of these rabbits is expected for

treatment also abolished blood infection in

The clinical evaluation of vaccine candidates

on parasite cultures maintained in in vitro

this species and age. Similar incidence in the

both cases but recrudescence was observed

intended for human use, including WSp

conditions. However, the clinical evaluation of

control and treated groups indicate this is not

when treatment was initiated when parasitem-

malaria vaccines, must meet strict regulatory

a rodent Plasmodium-based vaccine can-

likely an effect of PbVac, so the finding was

ia reached 1.5% (Table 1). Collectively, our re-

requirements that ensure, to the fullest extent

didate constitutes uncharted territory and

considered non-related to PbVac. No clinically

sults show that both Malarone® and Coartem®

possible, the safety of the human subjects

therefore demands a stringent pre-clinical

relevant differences in organ weights (Sup-

can be employed to effectively eliminate Pb-

enrolled in their assessment. This study shows

safety assessment process. PbVac is not only

plementary file 4 - Summary Tables for Organ

Vac’s blood forms in the very unlikely event of

a comprehensive pre-clinical study of PbVac,

a genetically modified organism but also one

Weights) and no gross lesions were observed

human blood stage infection by this parasite.

obtaining the tools necessary for its use in

that requires passage through rodents before

clinical studies and revealing the evidence of

infection of mosquitoes to produce sporo-

its safety in non-permissive human hosts.

zoites. In order to enter clinical development,

macroscopically. There was no PbVac-relat-

Because Malarone® is the prefered drug to

ed alteration in the prevalence, severity, or

use in the context of controlled human malaria

histologic character of incidental microscopic

infection (CHMI) studies and is able to clear

findings recorded at histopathological exami-

liver stage parasites, we selected this drug to

humans dates from 1973 and involved the

identity and with no extraneous DNA and drug

nations. No PbVac-related morphologic altera-

investigate its effect on PbVac liver infection.

administration of immunizing parasites by the

resistance markers. PbVac was constructed

tions were observed on day 59 (acute groups)

Our results showed that Malarone® treatment

bites of several hundred mosquitoes. Since

using a double crossover homologous recom-

or day 84 (recovery groups).

completely abolished hepatic infection,

then, numerous clinical trials employing Pf

bination method that ensures the permanent

measured 46 h after sporozoite injection,

RAS administered either by mosquito bite36,

and stable introduction of the PfCS gene into

Drug sensitivity of liver and blood

unlike the untreated control mice, which

subcutaneous or intradermal administration37,

the Pb genome.43 The GIMO method of genet-

stage PbVac parasites

displayed significant liver parasite loads (Fig.

or intravenous inoculation8,38,39 have been

ic modification employed further ensures the

Balb/c mice were used to assess sensitivity

S4). These results show that Malarone® effec-

carried out. Likewise, the CPS immunization

generation of a mutant parasite expressing a

of PbVac parasites to the commonly used

tively eliminates PbVac from hepatic cells, in

protocol has been evaluated in the clinic with

heterologous protein free of drug-resistance

antimalarials chloroquine, Coartem®, and Ma-

the unlikely event that they might persist in

parasites administered by mosquito bites15, by

genes.20 In order to be used in humans, PbVac

The first report of the use of Pf RAS in

7

such parasites must be of known genetic

larone® in vivo. Our results showed that both

the liver following administration to human

intradermal injection40, or direct venous inoc-

must not only be genetically stable but also

Malarone® and Coartem® completely eliminat-

subjects. This effect is potentially due to

ulation.41 All of these clinical studies adhered

microbiological contaminant free. Blood

ed blood stage parasites when treatment was

Atovaquone, one of the active compounds of

to the regulations in place at the time when

stage Pb parasites develop normally into

initiated when parasites became detectable

Malarone®, which is well known to kill hepatic

they were conducted, and all employed Pf, a

merozoites in vitro but cannot egress from

or at 1.5% parasitemia (Table 1). Chloroquine

stage Pb parasites.34,35

malaria parasite whose natural hosts are hu-

the erythrocyte without additional mechani-

man beings, as the immunizing agent. In this

cal shear stress44, hampering the infection of

context, our recently proposed strategy for

mosquitoes by standard membrane feeding

WSp vaccination, which relies on a genetically

assay technologies used for Pf, and demand-

modified Pb parasite for immunization of hu-

ing that the production of PbVac sporozoites

mans against malaria18, poses a whole new set

for vaccination must rely on the infection of

of challenges that we have now addressed.

mosquitoes through biting PbVac-infected

WSp vaccine candidates tested in the clin-

mice. We have thus created a MCB of PbVac,

ic have relied on human-infective Pf parasites,

following the parasite’s cyclic propagation in

administered in the context of CHMI experi-

SPf Balb/c mice and mosquitoes to remove

ments42. As Pf infections occur commonly in

any contaminants that might have arisen dur-

the field, the delivery of Pf sporozoites to hu-

ing prior manipulation of Pb and during the

mans in a clinical context can be considered

genetic modification procedures to produce

a “natural” infection by a human-infective

PbVac. This MCB was extensively analysed

organism. Pf-based WSp vaccine candidates

and shown to be free of microbiological

employed in these experiments are generated

contaminants. The determination of the

in mosquitoes infected by membrane feeding

parasite’s entire genomic sequence and the
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comparison with the Pb reference sequence3

or lead to a patent blood stage infection in

Competing interests:

and CFO contributed to the experimental

further confirmed the correct modification

its human host. Malarone® has been used

AMM and MP are inventors on a patent or

design and provided extensive intellectual

of the parental parasite’s genome, as well as

in malaria prophylaxis for nearly 2 dec-

patent application issued, allowed or filed

input. RWS and MP coordinated the study

PbVac’s genetic homogeneity and stability.
Although Pb has been employed as a
model for malaria research for decades,
several gaps remain in our knowledge of its
behaviour in permissive and non-permissive
mammalian hosts. Pb sporozoites are highly
promiscuous and have been shown to infect
a wide range of host cell types in vitro using
both CD81-dependent and -independent invasion pathways.45 Thus, we have established
a parasite detection method that enables
assessing the presence of PbVac in a range
of rabbit tissues, which ascertains PbVac’s
tropism for liver cells in a non-permissive
host in vivo. The clinical evaluation of the
vaccine candidate is proposed to include 4
immunizations with PbVac, each delivered
by 75 infected mosquitoes. Because of this,
we performed an extensive evaluation of potential toxicity resulting from 5 consecutive
administrations of PbVac delivered to rabbits
by 97 infective mosquito bites each, ensuring 75 effective bites per administration. This
study revealed the absence of toxicity as a
result of vaccine administration, indicating
the safety of its use in non-permissive human hosts.
The data presented here show that the
parasite is completely eliminated from
rabbits’ livers and all other organs analysed up to 10 days after its administration.
Additionally, our array of pre-clinical results
has shown that PbVac is unable to lead to a
patent blood stage infection in rabbits and is
incapable of developing in human erythrocytes.18 Nevertheless, the use of PbVac in the
clinic requires that safety measures are in
place, in the unlikely event that the parasite
should persist in the human subjects’ liver
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Fig. 1. Construction of PbVac Master Cell Bank.
PbVac parasites underwent 3 consecutive cyclic passages through mice and mosquitoes prior to clonal expansion
in a final batch of mice. Blood collected from these mice was aliquoted and stored to constitute the PbVac MCB,
and tested for microbiological contamination. In parallel, the parental wild-type Pb parasite underwent a similar
procedure and was subsequently aliquoted and stored. The whole genomes of both parasites were sequenced
before and after cyclical propagation and clonal expansion. SPF-certified BALB/cByJ mice were used in all steps of
the procedure.

Fig. 2. Whole-genome sequencing of wild-type Pb and PbVac parasites before and after cyclical propagation
and clonal expansion.
A. Insertion site of the construct in the P230p locus of Pb’s chromosome 3. B. The PfCS gene is covered by reads
from the PbVac parasite lines, showing that it is contained in the genome of the genetically modified parasite. C.
Artemis screenshot showing the copy number variation of the PbUIS4 gene in the wild-type Pb and PbVac parasites
(top) and the “not properly paired” reads of the transgenic parasite lines (bottom). For each panel, the coverage plot
is represented at the top and the mapped reads are shown at the bottom. Black: wild-type Pb prior to cyclic propagation; grey: wild-type Pb after cyclic propagation and clonal expansion; blue: PbVac prior to cyclic propagation;
red: PbVac after cyclic propagation and clonal expansion.
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Fig. 3. PbVac parasite detection and quantification by high-sensitivity qRT-PCR.
Standard curves (top), Ct values (middle) and gel electrophoresis analysis (bottom) following qRT-PCR amplification
of a 134 bp fragment of the PbVac 18S ribosomal gene in serial dilutions of a plasmid containing that fragment (A), of
the PbVac parasite in mouse blood (B), and of the PbVac parasite in human blood (C).

Fig. 4. PbVac tissue biodistribution in NZW rabbits.
A. PbVac administration to rabbits by mosquito bite. Left: a circular area of ~10 cm diameter of the rabbit flank was
shaved prior to exposure to mosquitoes. Middle: a container with 100 mosquitoes was placed on the shaved flank
of the sedated animal and taped to the skin. Right: the mosquitoes were allowed to feed on the sedated animals for
15 minutes. B and C. Gel electrophoresis analysis of products of qRT-PCR amplification of a 134 bp fragment of the
PbVac 18S ribosomal gene in various organs of male (B) and female (C) rabbits at different time points after parasite
administration. Orange highlights correspond to organs where PbVac was detected. The numbers correspond to
the number of animals where the parasite was detected in a particular organ / the number of animals for which that
organ was analyzed.

Figures & Tables

238

Figures & Tables

239

Chapter 10

Chapter 10

Fig. 5. Toxicology of and humoral responses elicited by PbVac administration to NZW rabbits.
A. Schedule of parasite administration, sample collection and euthanasia (arrows) in rabbits subjected to the bites
of non-infected (black horizontal line) of PbVac-infected (orange horizontal line) mosquitoes. B, C. “Vaccine take”
illustrated by the amount of anti-PbCS repeats (B), anti-PfCS repeats (C), and anti-PfCS full length (not shown)
antibodies detected in serum samples of mock-immunized and PbVac-immunized male and female rabbits, collected
throughout the duration of the study. D. Body weight of male and female rabbits throughout the duration of the
study. E. Body temperature of male and female rabbits throughout the duration of the study. For panels D and E, light
and dark blue represent male rabbits subjected to non-infected mosquito bites or PbVac-infected mosquito bites,
respectively, and light and dark pink represent female rabbits subjected to non-infected or PbVac-infected mosquito
bites, respectively.

Table 1. PbVac parasite clearance following administration of clinically relevant schedules and doses of selected
drugs to mice.
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Table S1 - Analyses on animal samples.
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Table S2 - Analyses on MCB blood samples.
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Table S3 – Primers and TaqMAN probe sequences for high-sensitivity quantitative RT-PCR detection and quantification of PbVAC.

Fig S2. Representative gel electrophoresis analyses of the quality of RNA samples extracted from selected male
and female rabbit organs at different times after parasite administration.

Fig S1. Assessment of insert stability in the PbVac parasite.
Schematic representation of the sequential passage of MCB PbVac parasites through mice and mosquitoes.
Red circles indicate the steps of blood collection for parasite sequencing.

Supplementary material

244

Chapter 10

Fig S3. Detection of PbVac 18S ribosomal RNA extracted in the presence of selected “spiked” rabbit tissues.
(A) qRT-PCR analysis of male and female rabbit tissue samples “spiked” with various amounts of a plasmid containing
a fragment of the PbVac 18S ribosomal DNA gene. The numbers inside the squares represent the Ct values obtained
following the qRT-PCR reaction. (B) qRT-PCR analysis of male and female rabbit tissue samples “spiked” with 103
PbVac sporozoites. Top: Ct values obtained following the qRT-PCR reaction; bottom: gel electrophoresis analysis of
qRT-PCR amplification products. Collectively, these results demonstrate that PbVac can be efficiently extracted in
the presence of rabbit tissue material and subsequently detected by qRT-PCR.

Fig. S4. Elimination of PbVac from mouse livers following Malarone® treatment.
Liver PbVac burden of mice infected through the bites of 20 PbVac-infected mosquitoes and either left untreated (grey) or treated with 3 clinically relevant doses of Malarone® (orange), measured by qRT-PCR 46 hours after
parasite administration.
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There is a pressing need for safe and highly

hepatocytes and in mice with humanized livers.

effective Plasmodium falciparum (Pf) malaria

Thus, PbVac is safe and induces functional im-

vaccines. The circumsporozoite protein (CS),

mune responses in preclinical studies, warrant-

expressed on sporozoites and during early

ing clinical testing and development.

hepatic stages, is a leading target vaccine candidate, but clinical efficacy has been modest
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so far. Conversely, whole-sporozoite (WSp)

An effective vaccine against malaria is a crucial

vaccines have consistently shown high levels of

tool for the eradication of this devastating

sterilizing immunity and constitute a promising

disease. So far, whole-sporozoite vaccines

approach to effective immunization against ma-

have achieved the highest levels of protec-

laria. Here, we describe a novel WSp malaria

tion against new P. falciparum (Pf) infections.

vaccine that employs transgenic sporozoites of

We establish the proof-of-concept of a novel

rodent P. berghei (Pb) parasites as cross-spe-

rodent P. berghei (Pb)-based vaccination plat-

cies immunizing agents and as platforms for

form, PbVac, that combines classical concepts

expression and delivery of PfCS (PbVac). We

of immunization using naturally attenuated

show that both wild-type Pb and PbVac sporo-

strains with state-of-the-art genetic engineer-

zoites unabatedly infect and develop in human

ing for delivery of the leading malaria vaccine

hepatocytes while unable to establish an

candidate, the circumsporozoite protein.

infection in human red blood cells. In a rabbit

PbVac can elicit broad cross-species cellular immune responses as well as functional
antibodies capable of blocking infection by Pf
sporozoites. Our data establish a new approach to malaria vaccination and warrant the
clinical evaluation of PbVac.

model, similarly susceptible to Pb hepatic but
not blood infection, we show that PbVac elicits
cross-species cellular immune responses, as
well as PfCS-specific antibodies that efficiently
inhibit Pf sporozoite liver invasion in human
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The long-standing goal of an effective vaccine

vaccines, complete protection following P.

facilitated smart vaccine design. The first

optimal antigen presentation, while remaining

against malaria constitutes a crucial compo-

yoelii RAS immunization has been shown
to occur in transgenic mice that are T-cell
tolerant to CS and cannot produce antibodies.17 Therefore, protection induced by WSp
is likely mediated by a plethora of hitherto
unidentified liver stage antigens presented to
the immune system during liver stage parasite
development (reviewed in 18). Accordingly,
later liver stage-arresting parasites, such as
some GAP parasites, and those completing liver stage development, such as the
CPS approach, seem to trigger antimalarial
immunity superior to that elicited by early-arresting variants.11,19 Nonetheless, the most
advanced WSp approach to human vaccination relies on the intravenous administration
of the PfSPZ Vaccine, composed of aseptic,
purified, cryopreserved PfRAS.20-23 While all
current WSp human vaccination strategies
rely on the use of Pf sporozoites, alternative
WSp vaccines can also be envisaged. In this
context, a rodent Plasmodium-based immunization platform constitutes an inherently safe
and hitherto unexplored approach to WSp
vaccination that is worth investigating.
The paradigm of immunizing with
non-pathogenic microorganisms to protect
against the disease caused by their human-infective counterparts was pioneered
by Edward Jenner using a bovine poxvirus to
prevent smallpox. This concept of vaccination
has since been employed for various other
human diseases, through the development of
the bovine bacillus Calmette–Guérin (BCG)
vaccine against human TB or the selection of
rhesus and bovine rotavirus strains to create
human rotavirus vaccines (reviewed in 24).
Vaccine development has also benefitted
from advances in genetic manipulation, which
have allowed for isolation, modification and
optimization of vaccine antigen delivery and

genetically modified (GM) human vaccine,

unable to cause a blood-stage infection, in

against hepatitis B, was approved in 1986 25,

agreement with the widely accepted notion

followed by vaccines targeting influenza

that they are non-pathogenic to humans.

nent of efforts to prevent a disease that continues to kill nearly half a million people per
year1. During a natural malaria infection, Plas-

modium sporozoites are injected into the skin
and skin vasculature by an infected mosquito
and travel to the liver of their vertebrate host.
An asymptomatic parasite maturation and
replication phase inside hepatocytes ensues,
leading to the generation of Plasmodium exoerythrocytic forms (EEFs) and preceding the
release of erythrocyte-infectious merozoites,
which can establish a blood infection and
lead to disease symptoms [reviewed in 2].
So far, vaccines against the early pre-erythrocytic stages of Plasmodium parasites have
shown most success among current vaccine
candidates3, including the most advanced
subunit vaccine against the human malaria
parasite P. falciparum (Pf), RTS,S, that targets
the circumsporozoite (CS) protein4, the predominant antigen on the surface of sporozoites and a major vaccine candidate. While
the ability of CS-based vaccination to partially
limit clinical malaria infection in the field is a
major achievement, the modest and rapidly
waning efficacy of RTS,S stresses the urgency
to develop vaccines with higher and more
durable protection5. An alternative to subunit
vaccines is the use of whole-sporozoite (WSp)
approaches, based on the generation of immunity against Plasmodium pre-erythrocytic
stages following immunisation with infective
sporozoites under conditions that prevent the
appearance of clinical symptoms, including
radiation-attenuated sporozoites (RAS) 6-8,
genetically attenuated parasites (GAP) 9-13 and
immunisation with non-attenuated sporozoites in combination with chemoprophylaxis
(CPS).14-16 Although CS has been proposed
to play an important protective role in WSp

26

and Japanese encephalitis 27. However, the

We establish the proof-of-principle of this

combination of cross-species immunity and

vaccination approach by demonstrating that

genetic modification has never been applied

immunisation of rabbits with transgenic Pb

to the field of malaria vaccination.

sporozoites expressing Pf CS (PbVac) induc-

We propose to use GM rodent Plasmodium

es robust immunity against Pf, including

sporozoites expressing human Plasmodium

cross-species cellular immune responses, as

antigens as a safe “naturally attenuated” WSp

well as Pf CS-dependent humoral responses

vaccination platform that can elicit cross-spe-

that functionally block Pf infection of liver-hu-

cies immune responses against Pf as well as

manized mice. These results identify a new

deliver specific immunogens, such as Pf CS,

Pb-based WSp immunizing agent and antigen

and that may protect against a subsequent

delivery platform for malaria vaccination

infection by human malaria parasites. Rodent

and pave the way for the design of rodent

P. berghei (Pb) parasites efficiently infect
human hepatocytes in vivo, a requirement for

parasites that can induce optimal protective
immune responses against human malaria.
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P. berghei can infect human hepatocytes but

mouse RBC population, increased steadily, the

SIAP1, LISP1, and MB2), and substantiates the

by PbWT sporozoites (data not shown), while

is unable to develop in human erythrocytes

SYTO-16+/TER-119- population, corresponding

potential for cross-protection between the

the PbVac sporozoites express and shed both

It is well known that the sporozoite stage of

to infected human RBC, remained below 0.1%,

two species (Fig. S2, Tables S1, S2). Notably

the PbCS and the Pf CS proteins during gliding
(Fig. 2A). Our results further show that both

Pb is able to infect hepatic cells from dif-

similar to the background signal observed for

absent from the set of Pf proteins containing

ferent hosts, including several human- and

mouse RBCs in Pf-infected blood-humanized

shared epitopes with Pb is CS.

mouse-derived hepatoma cell lines and

mice (Fig. 1 D and E). Fluorescence micros-

Given the established value of Pf CS as a

proteins are expressed by developing PbVac
parasites during hepatic development and are

human primary hepatocytes cultured ex vivo

copy analysis of these samples revealed very

leading vaccine candidate antigen, we gener-

present at the parasite membrane both in in

[reviewed in 28]. We confirmed and extended

few SYTO-16+/TER-119- cells indicating the rare

ated a transgenic Pb line, PbVac, that express-

these findings by monitoring in parallel the in
vitro infection of one mouse and two human
hepatoma cell lines (Hepa 1-6, HepG2 and
Huh7, respectively), and one human immortalized hepatocyte line (HC-04), as well as the
ex vivo infection of human primary hepatocyte/fibroblast co-cultures by Pb. Infection
assessed by immunofluorescence microscopy
showed that sporozoites invade and develop
to similar extents in all in vitro systems studied
(Fig. S1 A-C) and that these parasites are able
to invade and develop inside human primary
hepatocytes ex vivo (Fig. S1 D-F). We further
ascertained Pb infectivity of human hepatocytes in vivo, in liver-humanized FRG mice. Our
results show that Pb can effectively infect human hepatocytes engrafted in liver-humanized
FRG mice (Fig. 1A and Fig. S1G, H), displaying
similar tropism to mouse and human hepatocytes (Fig. 1B), and similar development inside
either type of cell (Fig. 1C and Fig. S1H).
We subsequently assessed Pb infectivity
of human red blood cells (RBC) employing blood-humanized mice, engrafted with
defined proportions of human RBC29, infected by transfusion of infected RBC. Coupled
use of nuclear SYTO-16 and mouse erythroid
line-specific TER-119 dyes allowed the distinction between infected and non-infected
cells and between human and rodent RBC,
respectively, and thereby enabling monitoring
of infection by flow cytometry (Fig. 1D). Our
results show that while the SYTO-16+/TER119+ population, indicative of infection of the

occurrence of invasion of human RBCs by
Pb (data not shown). We could not find any
human RBC bearing a parasite with more than
a single nucleus, suggesting that the parasite
degenerates into unviable cryptic forms.
To ascertain this, infected human and mouse
RBC were isolated by TER-119-based magnetic
activated cell sorting and the isolated cells
were cultured in vitro for up to 20 hours. Our
in vitro results show that while parasites in
infected mouse RBC were able to develop as
expected, parasites in the infected human
RBC population remained single-nucleated
and unable to multiply (Fig. 1F). Similar results
were obtained when infection of blood-humanized mice was initiated by sporozoite injection (data not shown). Overall, these results
clearly show that Pb is capable of infecting
human hepatocytes whereas it is unable to
develop inside human RBC.

es Pf CS, using ‘gene insertion / marker out’

vivo (Fig. 2B) and ex vivo (Fig. S4 E and F). We
then compared the hepatic infectivity of PbVac
and PbWT sporozoites in mice. Immunofluorescence microscopy analysis of ex vivo-infected
mouse primary hepatocytes revealed that both
parasites yield equivalent numbers of EEFs (Fig.
S4G), which have comparable development
(Fig. S4H). Subsequent qRT-PCR and immunofluorescence microscopy analyses of infected
mouse livers further confirmed that PbVac and
PbWT sporozoites lead to similar total hepatic
parasite loads (Fig. S4I), with identical numbers
of EEFs formed (Fig. S4J) and similar in vivo development (Fig. S4K). Additionally, we showed
that, like PbWT, the PbVac parasites readily
infect human hepatocytes in liver-humanized FRG mice (Fig. S5 A and B) but, unlike Pf
parasites, are unable to multiply in human red
blood cells, degenerating into unviable cryptic
forms (Fig. S5 C and D). Finally, we compared
the infectivity of PbVac and Pf sporozoites to
freshly isolated human primary hepatocytes
ex vivo. Our data showed that the number of
resulting EEFs in human primary hepatocytes,
as determined by microscopy 48 hours after
sporozoite addition, can be up to 50-fold higher for PbVac than for Pf (Fig. 2C). Collectively,
we show that PbVac parasites display similar
fitness to PbWT and that the engineered Pf CS
protein is correctly expressed, localizing to
the surface of PbVac sporozoites. Our results
further show that PbVac parasites are unable to
develop inside human erythrocytes and, most
importantly, are able to infect human hepatocytes with even greater efficiency than Pf.

(GIMO) methods of transfection.30 The gene
encoding Pf CS was inserted into the neutral 230p locus of the Pb genome under the
control of the 5' - and 3' regulatory sequences
of Pb’s upregulated in infective sporozoites
4 (uis4) gene (Fig. S3A), which is expressed
exclusively in sporozoites and developing
liver stages.31 The GIMO transfection method
employed ensures the stable insertion of the
gene encoding the heterologous Pf CS and
flanking regions in the Pb genome, resulting in
a drug-selectable marker-free transgenic parasite.30 Genotyping of PbVac showed correct
integration of the Pf CS expression cassette
(Fig. S3 B and C).
We next sought to assess the impact of
genetic manipulation on the overall fitness
of PbVac. To this end, we started by evaluating PbVac’s sporogonic development and
showed that it was indistinguishable from that

The PbVac vaccination platform

of the parental wild-type Pb (PbWT), contrary

In order to assess the potential of Pb to elicit

to what was observed in previous attempts

cross-species immune responses against

at expressing Pf CS as a replacement of the

Pf, a comprehensive, in silico prediction of
CD8+ T cell epitopes in the proteomes of Pf
and Pb was carried out. Our results show
that 24171 in silico-predicted epitopes are
shared between species. These are encoded in 61% (3371/5548) of the Pf proteins and
66% (3332/5059) Pb proteins, of which 3223
are orthologous pairs in the two species.
This includes several antigens expressed
during pre-erythrocytic stages (e.g., SLARP,

endogenous PbCS gene.32 The two parasite
lines formed similar numbers of oocysts in
the mosquito host’s midgut (Fig. S4A), as well
as of sporozoites in oocysts (Fig. S4B), in the
hemolymph (Fig. S4C), and in salivary glands
(Fig. S4D). We then analyzed the expression of
the endogenous PbCS and heterologous Pf CS
proteins, in PbVac and PbWT parasites. Immunofluorescence microscopy analysis clearly
shows that only PbCS is expressed and shed
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An innovative animal model for evaluation of

pressing Pb sporozoites and blood samples

creased after each of the three immunizations,

PbVac immunogenicity
Having constructed and characterized the
PbVac vaccine candidate, we then sought to
assess its ability to elicit immune responses
against human-infective Pf parasites. Rodents
do not constitute an appropriate animal
model in that respect, as they are susceptible to blood stage infection by PbVac. To
overcome this limitation, we evaluated New
Zealand White (NZW) rabbits as an alternative
model that mimics Pb’s pattern of infectivity
in humans. To this end, we started by infecting NZW rabbit primary hepatocytes with Pb
sporozoites and assessed infection at different
time points after sporozoite addition by immunofluorescence microscopy. The results show
that Pb effectively invades and develops inside
rabbit primary hepatocytes (Fig. 3A and Fig.
S6A) and is capable of completing its hepatic
developmental process and forming infectious
merozoites ex vivo (Fig. 3B and Fig. S6B). To
ascertain Pb’s ability to infect rabbit hepatocytes in vivo, NZW rabbits were exposed to
infected mosquito bites or increasing numbers of Pb sporozoites injected intravenously.
qRT-PCR and detailed immunofluorescence
microscopy analyses of rabbit livers showed
that Pb readily infects rabbit hepatocytes in
an in vivo context (Fig. 3C) developing for a
longer period than the 58-62 hours of development observed in highly susceptible hosts
such as BALB/c or C57BL/6 mice. Our results
further indicate that larger EEFs disappear
from the rabbit livers earlier than less developed parasites, which can be observed up
to 96 hours after infection (Fig. 3D and Fig.
S6 C and D), therefore appearing to persist
longer than irradiated parasites do in the liver
of susceptible hosts (data not shown). Finally,
to investigate rabbit RBC infectivity by Pb,
NZW rabbits were infected with luciferase-ex-

were collected daily and analyzed by Giemsa

confirming “vaccine take” in these animals

staining and luminescence. As controls, mice

and successful delivery of the heterologous

were infected with similar numbers of Pb

Pf CS antigen by PbVac (Fig. 4B). Anti-PbCS

sporozoites and blood samples were collect-

antibody titers measured as controls in these

ed at the same time points. Our results show

experiments were also found to increase after

that whereas parasitemia increased steadily in

each immunization with either PbWT or PbVac,

the blood of infected mice, no parasites were

whereas neither anti-Pf CS nor anti-PbCS

detected in the NZW rabbit blood up to 7 days

antibodies were detected in mock-immunized

after parasite administration (Fig. 3E). To fully

animals (Fig. S7A). Having shown that Pf CS

establish the inability of Pb to infect NZW rab-

transgene presentation upon immunization

bit RBC, rabbits and mice were also infected

with PbVac leads to a strong humoral re-

by blood transfusion with 1 x 10 8 Pb-infected

sponse, we then investigated the responses

mouse erythrocytes. Again, while parasitemia

elicited against whole Pf sporozoites. Indirect

developed as expected in the blood of infect-

fluorescence antibody test (IFAT) analyses of

ed mice, no parasites were detected in rabbit

immune sera collected at various time points

blood (Fig. S6E) even following prolonged

revealed the presence of increasing amounts

treatment with phenylhydrazine to increase

of antibodies that recognize and bind to

reticulocytemia (Fig. S6F).

immobilized Pf sporozoites in the serum of

Immune responses elicited by immunization

of mock- or PbWT-immunized (Fig. S7B),

with PbVac parasites

rabbits. We then asked whether a CS-specific

Having shown that NZW rabbits constitute

cellular immune response was also induced

a model of Pb hepatic infection that can

by immunization. To this end, rabbit splenic

be employed in immunization studies with

lymphocyte proliferation was assessed by a

Pb-based sporozoite vaccines, NZW rabbits
were immunized by repeated mosquito bite
delivery of PbWT or PbVac sporozoites for
immune response assessment. In parallel,
non-infected mosquitoes were allowed to feed
on mock-immunized controls. Blood samples
were collected at the time of the 2nd and 3rd
immunizations, as well as one month after the
3rd and last immunization. Two to four months
after the last of three immunizations, rabbit
blood and splenocytes samples were collected for processing and subsequent analysis
(Fig. 4A). We started by quantifying total IgGs
in the serum of immunized animals by ELISA,
employing peptides spanning the Pf CS repeat
region. Anti-Pf CS antibody titers in the serum
of PbVac-immunized animals steadily in-

3

PbVac-immunized (Fig. 4C), but not in that

H-thymidine incorporation assay following

stimulation with peptide pools spanning the
entire amino acid sequence of either the PbCS
or the Pf CS proteins. A marked proliferation
of lymphocytes of wild-type Pb-immunized
rabbits was only observed in response to a

PbCS stimulus, whereas those of PbVac-immunized animals significantly proliferated upon
stimulation with either PbCS or Pf CS (Fig. 4D
and Fig. S8). Of note, proliferation was not
observed when the cells were stimulated with
peptides spanning only the conserved repeat
regions of the PbCS or Pf CS proteins (Fig. S8).
Concomitantly, proliferation of lymphocytes
from immunized animals was assessed upon
stimulation with uninfected salivary gland
material, PbWT, PbVac and Pf sporozoites. Our

data showed that lymphocytes from either
PbWT - or PbVac-immunized rabbits significantly responded to both PbWT and PbVac
sporozoite stimuli, whereas stimulation with
non-infected salivary gland material induced
only basal levels of thymidine incorporation
(Fig. 4E and Fig. S8). As expected, stimulations with sporozoites consistently induced
more marked lymphocyte proliferation than
peptide-based stimulation. Lymphocytes from
either group of immunized animals also incorporated significantly more 3H-thymidine than
those of mock-immunized animals in response
to a stimulus with Pf sporozoites, indicating
not only that immunization with PbVac elicits
a strong cellular response against Pf but also
that this response occurs likewise upon immunization with PbWT (Fig. 4E). These results are
in complete agreement with our flow cytometry investigation of cell proliferation in the
presence of the different sporozoite stimuli
(Fig. S9 A-C). Furthermore, our results show
that the cellular immune responses observed
in PbWT- and PbVac-immunized animals upon
sporozoite stimulation contained a major
CD4+ T cell component (Fig. S9C). Finally,
augmented lymphocyte proliferation capacity
is concomitant with increased IFNɣ production, as our results show that the amount of
IFNɣ produced upon stimulation of cells from
sporozoite-immunized animals, but not from
mock-immunized animals, with any of the
sporozoite stimuli employed, was significantly
enhanced compared to that of cells stimulated
with non-infected salivary gland material (Fig.
4F). Overall, these data indicate not only the
existence of cross-species cellular responses between Pb and Pf but also that the Pf CS
protein engineered on the Pb background
contributes to the cellular, and mediates the
humoral, immune responses observed upon
immunization with the PbVac parasite.
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Functional capacity of PbVac-induced hu-

from the serum of mock-, wild-type Pb- and

Despite being known for more than 100 years

moral immune responses

PbVac-immunized rabbits were injected into
liver-humanized FRG mice. Twenty-four hours
after IgG passive transfer, these mice were
challenged by an equal number of Pf-infected
mosquito bites. The Pf load in the chimeric livers of humanized FRG mice was assessed five
days later by qRT-PCR. The results show that
passive transfer of 10 mg IgGs from PbVac-immunized rabbits, but not from wild-type Pb- or
mock-immunized animals, conveyed near
complete protection against a subsequent Pf
hepatic infection (Fig. 5C). This decrease in
liver parasite load is more marked than that
observed under similar experimental conditions following passive transfer of 10 mg of
IgGs from CPS-immunized volunteers, which
is equivalent to the typical IgG concentration
in human plasma.33 Collectively, these data
show that immunization with PbVac elicits the
production of high titers of functional antibodies, mostly targeting the Pf CS antigen,
capable of preventing a subsequent infection
by human-infective parasites.

that attenuated pathogens can induce protec-

Plasmodium species dates back to 1969, when

tive immunity 24, the present study introduces

mice immunized by injection of X-irradiated

We next evaluated the ability of the observed
immune responses to inhibit infection by Pf.
Since the protective capacity of the cellular
immune responses cannot be directly assessed because the rabbit model employed is
not susceptible to Pf infection, we focused our
analysis on the functionality of the humoral
immune responses elicited upon immunization. To this end, we performed both in vitro
inhibition assays and in vivo Pf challenge
assays of liver-humanized FRG mice employing IgGs isolated from the serum of mock-,
wild-type Pb- and PbVac-immunized rabbits
(Fig. 5A). Incubation of sporozoites with ~0.2
mg/ml post PbVac-immunization IgGs led to
a ~40% decrease in Pf infection of HC04 cells
compared with IgGs from mock-immunized
animals (Fig. 5B). This effect is more pronounced than the impairment observed on

Pf sporozoite traversal following incubation
with 10 mg/ml total IgGs from CPS-immunized
volunteers.33 Finally, 10 mg total IgGs purified

rocytic cross-species protection between

for the first time a practical approach to devel-

Pb sporozoites were shown to be protected

oping a human vaccine based on the concept

against a challenge with viable sporozoites

of employing an avirulent non-human Plasmo-

of P. vinckei 38. Protection was also observed

dium parasite as a versatile platform of WSp-

when Pb-immunized animals were challenged

based antigen delivery for vaccination against

with rodent P. chabaudi sporozoites and

human malaria. Although transgenic rodent

vice-versa.39 In other studies, mice immunized

malaria parasites where endogenous antigens

by irradiated or genetically attenuated (p36p-)

were replaced by those of their human-in-

Pb sporozoites were shown to provide partial

fective counterparts have previously been

protection against challenge by P. yoelii (Py)

described, they served exclusively as tools for

sporozoites4 0, and 100% sterilizing cross-spe-

assessment of functional immunogenicity of

cies protection was observed when mice were

malaria vaccines rather than as antigen deliv-

immunized with a late liver stage-arresting ge-

ery platforms.32,34,35 We now propose to use Pb

netically attenuated Py parasite (Py- fabb/f) and

as a safe, genetically modifiable vaccination

challenged with Pb sporozoites 11. Sedegah et

platform that can be engineered to express

al. reported T cell-mediated protection of mice
immunized with attenuated Pb or Py sporozoites against heterologous challenge with
Py or Pb, respectively.41 The requirement for T
cells to provide protection against heterologous parasites was consistent with the previous observation that a PyCS CD8+ T cell clone
was protective against challenge with the
heterologous Pb sporozoites 42 Most relevant
in the context of the present study, immunization of mice with Pf sporozoites protected the
animals from infection with Pb 43. Protection
was proposed to be mediated, at least in part,
by antibody cross-reaction between antigens
other than PfCS and PbCS, in agreement with
the high genetic sequence similarity between
the two parasite species 44. However, it should
be noted that several examples of cross-species protective immune responses induced by
parasite components other than CS following
immunization with irradiated Plasmodium
sporozoites are available in the literature 45,46.
Such protective antigens may include, for instance, cell-traversal protein for ookinetes and
sporozoites (CelTOS) 47, a protein that is highly

multiple antigens of human malaria parasites
capable of inducing functional immune responses against different Plasmodium species
or various stages of the parasite’s life cycle.
We generated a new transgenic Pb parasite,

PbVac, capable of expressing and delivering
the Pf immunodominant protective antigen,

PfCS.17,36 In a pre-clinical proof-of-principle
study, we show that immunisation with PbVac
is effective against Pf through a combination
of cellular immune responses and antibody-based responses. Consistent with the
distribution of in silico-predicted epitopes
shared between the Pf and Pb proteomes, the
induction of T cell-mediated immunity by PbVac appears to be largely PfCS-independent
and arise from the vaccine’s Pb background.
This is in agreement with a recent study, in
which peripheral blood T cell responses to
CS peptides were not detected following CPS
immunization of rhesus monkeys with P. knowlesi37, as well as with previous literature on
cross-species immune responses in WSp vaccination. In fact, the first report of pre-eryth-
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conserved among the Plasmodium species. In-

full length Pf proteins that are correctly folded

such as RAS or early-arresting GAP. We further

bank of PbVac parasites that is fully certified

deed, immunization of mice with PfCelTOS has

and post-translationally modified, inducing a

observed that PbVac sporozoites are 20-50

as free of human pathogens or other micro-

been shown to elicit cross-species protection

greater array of inhibitory antibody respons-

times more infectious than Pf, likely increasing

biological contaminants. A single SPf rat can

against a heterologous challenge with Pb.

es against Pf sporozoites. Our findings are

the effective dose of vaccination, and poten-

be used to infect more than one thousand

In humans, CS-specific cellular immune

in agreement with the fact that RAS immu-

tially inducing robust immune responses with

mosquitoes, potentially generating hundreds

responses were described in RAS-immunized

nization of human volunteers leads to the

relatively few immunizing parasites. Moreover,

of vaccine doses. Importantly, the production

volunteers as determined by the proliferation

production of high titers of antibodies against

of a Pb-based vaccine can be achieved in

of peripheral blood mononuclear cells (PB-

the CS protein49,52, which parallel the serum

Pb is highly amenable to genetic manipulation, and several neutral loci have already
been identified in its genome. This raises the
possibility of introducing multiple antigens in
the Pb platform, including those from different human-infective Plasmodium spp., as
well as blood stage or transmission-blocking
antigens, placed under the control of a strict
pre-erythrocytic stage promoter.
The manufacturing of a PbVac vaccine
suitable for future human use can be envisaged to employ parenteral injection of sporozoites obtained from mosquitoes that fed on
PbVac-infected, specific-pathogen free (SPf)
rodents, previously infected with a master cell

48

MCs) upon in vitro stimulation with recom-

inhibitory activity of sporozoite invasion of

binant Pf CS.49,50 Nevertheless, the reports

hepatoma cells in vitro.52 Moreover, antibodies

of human immunization with Pf sporozoites

against the immunodominant B-cell epitope

available so far do not show a correlation be-

of PfCS were also shown to inhibit sporozoite

tween long term protection afforded by WSp

infection in vitro53,54 and in vivo55. Our results

vaccines and CS-targeted cellular immune

further indicate that the PfCS component

responses, and correlations identified be-

of the PbVac parasite may induce not only

tween long term protection and CS-targeted

humoral responses but also contribute to

antibody responses 20,21 have been interpreted

the overall cellular responses observed after

as biomarkers of vaccine take rather than

immunisation. In fact, CS-specific cellular

mechanistic correlates. Thus, it is thought

immune responses have been described in

that long-term protection induced by WSp is

RAS-immunized volunteers as determined by

complex and likely mediated y multiple liver

the proliferation of peripheral blood mono-

stage antigens, whose identification has been

nuclear cells upon in vitro stimulation with

a matter of previous research.47,51

recombinant PfCS.49,50 Additionally, an epitope

Although protection by WSp immunisation

mapping to the 5' repeat region of PfCS was

may result from the combined activities of in-

identified in T cell lines and clones obtained

duced T cells and antibodies against a variety

from a sporozoite-immunized human volun-

of antigens [reviewed in 18], the presentation

teer 56, and another PfCS epitope was shown

of a key Pf antigen by the Pb vaccination

to be recognized by human cytolytic class

platform may provide an additional means

II-restricted CD4+ T cells.57

of inducing targeted and effective immune

It is clear that WSp immunization offers sev-

responses. Accordingly, our results show

eral benefits over subunit vaccines, including

that immunization with PbVac elicits a potent

the presentation of a wider range of antigens,

PfCS antibody response, capable of functionally inhibiting infection of hepatocytes by Pf
sporozoites. Humoral responses induced by
immunization with PbWT lack inhibitory activity against Pf sporozoites, indicating a pivotal
role of the PfCS protein in the antibody-based
protection conferred by vaccination with
PbVac. Unlike subunit approaches, a major
advantage of the expression of Pf antigens in
Pb is that the latter is more likely to generate

correctly folded and optimally delivered to
their target location. However, the success of

Pf-based WSp vaccination depends on the
strict absence of breakthrough episodes, a
concern that is eliminated by Pb-based WSp
antigen delivery systems. Since Pb develops
into maturing liver schizonts in human hepatocytes, immunisation with Pb WSp vaccines is
likely to result in increased antigen exposure
relative to early arresting Pf-based variants

the absence of high-containment mosquito
infection and handling facilities or, possibly, in
vitro, as suggested by previous proof-of-principle studies 58,59.
The data presented here employing the PbVac parasite provides the proof-of-concept that
immunisation with genetically modified rodent
malaria parasites can potentially be used to
protect against human malaria. Given the limitations of available animal models to predict
the protective efficacy of such a vaccination
approach, this can only be fully ascertained in
clinical trials performed upon addressing all
relevant safety and regulatory issues.
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Male C57BL/6 and Balb/cByJ mice, aged
six to eight weeks, as well as New Zealand
White rabbits, aged four to six weeks, were
purchased from Charles River and housed in
the animal facilities of Instituto de Medicina
Molecular, Faculdade de Medicina, Universidade de Lisboa, Portugal (iMM Lisboa).
Experimental procedures were performed
according to the Federation of European Laboratory Animal Science Associations (FELASA) guidelines and iMM Lisboa regulations.
Blood-humanized NSG mice were produced
and housed at the AAALAC-accredited
GlaxoSmithKline Laboratory Animal Science facility in Tres Cantos (Madrid, Spain).
All the experiments were approved by the
GlaxoSmithKline Diseases of the Developing
World Group Ethical Committee and complied with Spanish and European Union legislation on animal research and GlaxoSmithKline policy on the care and use of animals.
Liver humanized FRG mice were produced by
Yecuris (Tualatin, Oregon USA), and housed in
the animal facilities of the Faculty of Medicine
and Health Sciences of the Ghent University
or at iMM Lisboa. The experimental proto-

P. berghei and P. falciparum reference
parasite lines.
The following reference lines of the ANKA
strain of Pb were used: line cl15cy1, line
676m1cl1 (PbGFP-Luccon; see RMgm-29 in
www.Pberghei.eu) and line 1596cl1 (GIMOPbANKA mother line; see RMgm-687 in in
www.Pberghei.eu). PbGFP-Luccon expresses
a fusion protein of GFP and luciferase from
the eef1a promoter 60 and the GIMO-mutant
contains the hdhfr::yfcu positive-negative
selection marker in the silent 230p locus 30.
For Pf experiments, Pf NF54 asexual and sexual blood stages were cultured in a semi-automated culture system. Sporozoites were
obtained by dissection of salivary glands from
infected female Anopheles stephensi mosquitoes, reared at iMM-Lisboa or at the Radboud
University (Nijmegen, Netherlands), and which
had previously fed on gametocyte-carrying
infected mice for Pb infections or cultured
gametocytes through standard membrane
feeding for Pf infections. Mosquito salivary
glands were kept on ice in D-MEM culture
medium and homogenized with a grinder to
release the sporozoites, which were subsequently counted on a Neubauer chamber.

col for Pf or Pb infection of these mice was
approved by the animal ethics committees of

Generation and genotyping of transgenic

the Faculty of Medicine and Health Sciences

P. berghei parasite, PbVac.
A transgenic Pb parasite line containing a Pf
cs expression cassette in the neutral 230p
locus was generated using the ‘gene insertion/
marker out’ (GIMO) technology as previously
described.30,61 The Pfcs expression cassette
was introduced into the neutral 230p locus
of the GIMO mother line 1596cl1 30,61, using
construct pL1988 (Fig. S3A). The pL1988
construct contains the Pfcs coding sequence
(CDS) under the control of the Pbuis4 5’ and
3’ UTR regulatory sequences flanked by the
5’ and 3’ targeting sequences for the 230p

of the Ghent University and of iMM Lisboa
(DGV-AWB-2015-09-MP-Malaria). All facilities
were kept under a 12 h light/ dark period at a
temperature of 22±2ºC and 40–70% relative
humidity. Filtered tap water and a γ-irradiated
pelleted diet were provided ad libitum. In

experiments involving blood-stage infections,
animals were euthanized at the first behavioral signs of onset of experimental cerebral
malaria (ECM), and this was considered the
experimental endpoint, with all efforts made
to minimize animal suffering.
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Animal experimental procedures.

Material & Methods

locus. This construct integrates by double

um supplemented with Fetal Bovine Serum

crossover homologous recombination and re-

(FBS), 50 µg/mL Penicillin/Streptomycin,

places the positive-negative selectable marker

2mM Glutamine 0.1mM non-essential amino

(SM) (human dihydrofolate reductase :: yeast

acids (Gibco) at 37°C with 5% CO2. Cells were

cytosine deaminase and uridyl phosphoribosyl
transferase (hdhfr::yfcu)) cassette in the GIMO
mother line 1596 cl1 with the Pfcs expression
cassette. The expression cassette contains the
Pfcs CDS, which was amplified by PCR from
Pf NF54 genomic DNA.62 The CDS is flanked
by the 5’ and 3’ promoter and transcription
terminator sequences of Pb UIS4, which were
amplified from Pb ANKA WT genomic DNA. The
coding sequence of the Pf cs gene was (primer
sequences are listed in Table S3 and S4). The
Pfcs CDS was confirmed by sequencing. The
construct pL1988 was linearized by digestion
with by SacII before introduction into parasites of the GIMO mother line 1596cl1 using
standard methods of GIMO transfection.30
Transfected parasites were selected in mice
by applying negative selection by providing
5-fluorocytosine (5-FC) in the drinking water
of mice. Negative selection results in selection
of chimeric parasites where the hdhfr::yfcu
SM in the 230p locus is replaced by the Pfcs
expression cassette (Fig. S3 A). Selected transgenic parasites (line 2266) were cloned by the
method of limiting dilution. Clone line 2266cl1
(PbANKA-PfCSPPbuis4) was selected for further
analysis. Correct integration of the construct
into the genome of transgenic parasites was
analysed by diagnostic PCR analysis of gDNA
and Southern analysis of pulsed field gel
(Pf G)-separated chromosomes (Fig. S3 B,C) .
Primer sequences are listed in Table S3 and S4.

infected 24 h after seeding, by adding 5x104
freshly dissected sporozoites in supplemented
RPMI medium containing Fungizone (1µg/mL,
Gibco), followed by a 5-min centrifugation at
3000 rpm. The number of infected hepatocytes was assessed by staining for Plasmodium
Hsp-70 (mAb 2E6) and indirect immuno-fluorescence analysis, as previously described 63.

In vitro infection of mouse and
rabbit primary hepatocytes.
Mouse primary hepatocytes (PH) were isolated from livers of adult C57BL/6 male mice
following an adaptation of a previously described perfusion method 64. Briefly, mouse
livers were initially perfused with 30-40 mL of
Liver Perfusion Medium (LPM, Gibco) at 37°C
and a controlled flow rate of 7-9 mL/min,
through a cannula inserted in the portal vein,
followed by digestion with 30-40 mL of Liver
Digest Medium (LDM, Gibco). The liver was
then transferred to a cell culture dish containing 10 mL of LDM, its capsule membrane
removed and shaken to release loose cells.
The cell suspension was then serially passed
through 100 µm and 70 µm cell strainers,
washed twice with 30 mL 4% (v/v) FBS
supplemented William’s E Medium (Gibco)
at 30 g for 3 minutes at 20 °C and purified
by layering over a 60% Percoll gradient (GE
Healthcare), followed by centrifugation for
20 minutes at 750 g, 20°C, with no break. Purified viable hepatocytes were counted with

In vitro infection of human and mouse
hepatoma cell lines.
Human (Huh7, HepG2 and HC-04) and mouse
(Hepa1-6) hepatoma or immortalized hepatocyte cell lines were cultured in RPMI medi-

Trypan blue and plated on collagen-coated
plates before infection with freshly dissected

Pb sporozoites (1x10 5 hepatocytes infected
with 7x10 4 sporozoites). An adaptation of
the mouse PH isolation protocol described
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above was applied for isolation of rabbit PH.

freshly dissected Pb sporozoites were added

paraformaldehyde for 24 h, after which they

In vivo infection of blood-chimeric

Briefly, animals were euthanized by injec-

to each well and subsequently, cells were

were stored in PBS and further processed to

humanized mice.

tion of 150 mg/kg IV Sodium Pentobarbital

fixed at various time points post infection for

paraffin blocks. For microscopy analyses of

Highly engrafted mice with human eryth-

(Eutasil, CEVA), exsanguinated by direct heart

immunofluorescence microscopy analysis.

Pb-infected livers, liver sections were either

rocytes (hE) were obtained and infected as

puncture and immediately opened to begin

For fresh primary human hepatocyte culture,

stained with hematoxylin and eosin following

previously described 29. Briefly, NOD-scid

the process of liver perfusion. The portal vein

viable hepatocytes were seeded into colla-

standard procedures or a combination of

was cannulated with a 21G needle and the

gen coated 96-well flat-bottom plates (5x104

anti-PbUIS4 antibody and anti-fumarylac-

inferior vena cava cute for outflow. Perfused

hepatocytes/well) in complete William’s B me-

etoacetate hydrolase (Yecuris®) and/or by

occurred with 400-500 mL of Liver Perfusion

dium and cultured at 37 °C in an atmosphere

anti-hepatocyte specific antigen antibody

Medium (LPM, Gibco) at 37 °C followed by

of 5% CO2. Two days after seeding, a batch

(OCH1E5, Santa Cruz®). For Pf challenge,

digestion with 400-500 mL of Liver Digest

of 5x104 freshly dissected Pf or Pb sporo-

mice received an intraperitoneal injection

Medium (LDM, Gibco) at a flow rate of 18

zoites were added to each well. Cells were

of either 10 mg rabbit IgG purified from

mL/min, controlled by a peristaltic pump.

fixed 2 and 5 days after infection for Pb and

immunized rabbits, or PBS, in an adaptation

The liver was carefully removed, cut in small

for Pf, respectively. The number of infected

of a previously established methodology 33.

pieces and gently shaken to release loose

hepatocytes was assessed by staining for

Briefly, IgG purification from 3–8 ml plasma

cells. The cell suspension was then treated

Plasmodium Hsp-70 (mAb 2E6) and indirect
immunofluorescence analysis.

samples was performed using Ab SpinTrap

IL-2Rγ null mice (NSG) obtained from Charles
River laboratories were injected i.p. daily
throughout the experiment with hE. When
60-70% chimerism in peripheral blood was
reached (7–10 days after initiation of injections), the mice were infected by iv injection
of 1x107 parasites obtained from infected
donors or 5x10 5 freshly dissected sporozoites
(not shown). Parasitemia was measured
during the following days by flow cytometry
analysis of 2 µl of blood collected from the
tail lateral vein of infected mice as previously
described 68. Blood was rapidly transferred into
0.1 ml of saline containing 2.5 or 5 µM SYTO-16
(for Pb) and 10 µg/ml TER119-PE (for murine
erythroid lineage), and incubated for 20 min at
room temperature in the dark. Ten µl of saline
containing 0.25% (w/v) glutaraldehyde was
then added to each sample and incubated for
an additional 5 min for complete Plasmodium
inactivation. The samples were then analysed
on FACScalibur or LSRII flow cytometers
(Becton Dickinson). Erythrocytes were gated
based on side scatter and forward scatter
analysis, followed by a key compensation step
for SYTO-16 to accurately define the region of
infected events by comparison of the effect of
increasing compensation of the emission of
SYTO-16 in samples from uninfected and Plasmodium-infected mice. Results were analyzed
using either CellQuest-Pro or BD FACSDiva
5.0 (Becton Dickinson) software. Microscopic
analysis of samples of peripheral blood from
infected mice was simultaneously performed
in blood smears stained with 10% (v/v) Giemsa
in saline buffer (0.015 M NaCl, 0.001 M phosphate buffer, pH 7.0).

identically to mouse PH to isolate purified
lagen-coated plates and allowed to settle and
attach overnight. Pb infection and development was assessed by immunofluorescence
using mouse anti-Plasmodium Hsp-70 (mAb
2E6), rabbit anti-Pb MSP1, goat anti-Pb UIS4,
mouse anti-Pb CS (mAb 3D11) and mouse anti-Pf CS (mAb 2A10) and appropriate secondary antibodies, as previously described63.

In vitro infection of human primary
hepatocytes.
Pb and Pf infection of human primary hepatocytes was performed on either micropatterned co-culture (MPCC) preparations as
previously described 65 or on cultures of
fresh primary human hepatocytes isolated
from patients undergoing partial hepatectomy. Briefly, for micropatterned co-cultures,
1x104 cryopreserved primary human hepatocytes (Life Technologies) were seeded on
collagen-micropatterned plates softlithographically patterned with 500 µm islands
together with 7×10 3 3T3-J2 murine embryonic
fibroblasts. One day after seeding, 7×10 4

columns (GE Healthcare Life Sciences),
according to the manufacturer’s instructions

viable hepatocytes which were plated on col-

In vivo infection of liver humanized
FRG mice.
Highly repopulated FRG mice were obtained
from Yecuris (Tualatin, Oregon USA), as previously described 66. Briefly, six-to-eight weeks
old mice received an injection in the spleen
of cryopreserved human hepatocytes from a
single donor. The mice were then subjected
to standardized NTBC (2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione)
withdrawal regimen. Starting eight weeks
post transplantation, human albumin levels
are monitored using the Bethyl Laboratory Quantitative Human Albumin ELISA Kit
(Catalog #E90-134) according to the manufacturer’s protocol. Mice with albumin levels
above 5mg/mL, corresponding to <95%
repopulation, were included in the study. For
Pb infection, liver chimeric FRG humanized
mice were injected respectively with 2x106
sporozoites or uninfected mosquito salivary
glands as control. Mice were euthanized 48
h post infection and parts of the liver were
either preserved in RNAlater, or placed in 4%

and purified IgGs were further concentrated
to 200 µl using Amicon Ultra-0.5 Centrifugal
Filter Units with Ultracel-30 membrane (Millipore) also according to the manufacturer’s
instructions. Twenty-four hours after injection, animals were exposed to the bites of 20

Pf-infected mosquitoes for 20 min. Successful blood feeding and sporozoite presence
was confirmed by mosquito dissection after
the challenge experiment. Five days later,
mice were euthanized and liver parasite
burden (ring stage equivalent parasites (Pf)
per 106 human hepatocytes) was determined
as previously described 67. Each liver was
divided into 12 sections, of which 25 mg tissue
was weighed and DNA was extracted into
100 µL elution buffer with the High Pure PCR
Template Preparation Kit (Roche, Zaventem
Belgium). Pf DNA levels were quantified using
a highly sensitive qPCR assay. qPCR was also
employed to assess the degree of repopulation with human hepatocytes of the chimeric
livers, and to normalize the Pf copy numbers.
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In silico identification of CD8+ T cell
epitopes in the Pf and Pb proteomes.
The complete proteomes of Pf and Pb, consisting of 5548 and 5076 annotated proteins,
respectively, were downloaded from PlasmoDB (v36).69 CD8+ T cell epitope prediction
was performed with the package NetMHCpan
(v4.0) 70, and was based on ten alleles representative of the HLA-A and -B supertypes,
with allele frequencies as described in the
Allele Frequency Net Database 71, accessed
on February 22, 2018. Peptide lengths of 9,
10 and 11 residues were used to search for 9
residue-long core epitopes. Reported results
are based only on strong binders, which are
defined as those in the top 0.5% of affinity
binding prediction scores, according to best
practices.
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Fig. 1. Rodent P. berghei parasites successfully develop within human hepatocytes but not within human RBCs.
(A) Representative images of developing rodent PbWT parasites in mouse (black square) and human (red square)
hepatic cells of liver humanized FRG mice 48 hours post infection (hpi) by iv injection of freshly isolated sporozoites. (B) Relative proportion of Pb-infected mouse (grey) and human (red) hepatocytes in humanized FRG mice,
normalized to the total humanization of the chimeric liver. (C) PbWT development in mouse (grey) and human (red)
hepatocytes 42 and 48 hpi of liver humanized FRG mice. (D) Representative flow cytometry plots of peripheral blood
from blood humanized NSG.
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Fig. 2. Pf CS expression and human hepatic infectivity of PbVac pre-erythrocytic stages.
(A, B) Representative Immunofluorescence microscopy images of PbCS (grey) and PfCS (purple) expressed by PbVac
sporozoites (A) and exoerythrocytic forms in the livers of mice infected by iv injection of freshly isolated sporozoites
(B). (C) Comparative infection rates of PbVac and Pf parasites in ex vivo cultures of human hepatocytes assessed by
immunofluorescence microscopy. The shading of dots indicates distinct biological replicates obtained employing
human hepatocytes from different donors. The boxes correspond to the 25th and 75th percentiles; the lines and bars
indicate mean of infection and standard error of the mean, respectively; ***, p<0.001, as determined by Mann-Whitney U test.

Fig. 3. Infection of New Zealand White rabbit hepatocytes with P. berghei sporozoites. (A) Rodent Pb parasite
development 24 and 48 hpi in ex-vivo cultures of rabbit primary hepatocytes.
(B) Representative immunofluorescence microscopy image of a Pb merosomes developing ex vivo within rabbit
primary hepatocytes 60hpi and presenting typical markers of late exoerythrocytic development. (C) qRT-PCR quantification of hepatic infection of rabbits following iv injection of increasing amounts of freshly isolated Pb sporozoites
(1x105, 5x105 and 1x106). (D) Representative immunofluorescence microscopy images of rodent Pb parasites developing in the livers of New Zealand White rabbits at different hpi. (E) Parasitemia in the peripheral blood of rabbits
(orange) or mice (grey) following iv injection of freshly isolated Pb sporozoites.
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Fig. 4. Immune responses in New Zealand White rabbits after PbVac sporozoite immunization.
(A) Diagram of the immunization protocol. Immunizations were performed by exposure to the bites of 75-100
mosquitoes. (B) Total IgG titers against PfCS repeat sequence in serum after 1, 2 and 3 mock immunizations (grey),
or immunization with PbWT (orange) and PbVac (purple), or at the time of animal sacrifice (S) 60-90 days after last
immunization. (C) Serum binding capacity to Pf sporozoites after PbVac immunization. (D) Spleen cell proliferation
upon stimulation with peptide pools spanning the entire PbCS or PfCS proteins in immunized rabbits, as indicated
by assessment of 3H-thymidine incorporation. (E) Spleen cell proliferation upon stimulation with PbWT, PbVac or Pf
sporozoites, as indicated by assessment of 3H-thymidine incorporation. Stimulation with an extract of uninfected
mosquito salivary gland material was used as control. (F) IFNy production in rabbit spleen cell supernatant after
stimulation with PbWT, PbVac or Pf sporozoites. The boxes correspond to the 25th and 75th percentiles; the line and
bars indicate mean of infection and standard error of the mean, respectively; *, p<0.05; **, p< 0.01; ***, p<0.001, as
determined by Kruskal-Wallis test, corrected with Dunn’s multiple comparisons test.

Fig. 5. PbVac-mediated protection against Pf challenge.
(A) Diagram of the experimental protocol. (B) Pf sporozoite infection of HC-04 human immortalized hepatocyte cultures incubated with purified IgG from mock- (grey), PbWT- (yellow) or PbVac (purple)-immunized rabbits. (C) qRT-PCR
quantification of Pf hepatic infection inhibition in liver-humanized FRG mice following passive transfer of purified IgGs
from mock (grey)-, PbWT (orange)- or PbVac (purple)-immunized rabbits and challenge by the bites of 20 Pf-infected
mosquitoes. The boxes correspond to the minimum and maximum data range; the lines and bars indicate mean of
infection and standard error of the mean, respectively; *, p<0.05; **, p<0.01, as determined by one-way ANOVA, corrected with Dunnett’s multiple comparisons test.

Supplementary material

272

Chapter 11

Fig. S1. P. berghei sporozoite invasion and development in murine and human liver cells.
(A,B) Infection (A) and 48 hpi development (B) of Pb parasites in murine (grey) and human (red) hepatoma cell lines
by immunofluorescence microscopy; (C) Representative images of Pb parasites 48 hpi in murine (grey square) and
human (red squares) hepatoma cell lines. (D,E) Pb ex vivo infectivity (D) and development (E) in micropatterned
human primary hepatocytes/fibroblast co-cultures; (F) Representative immunofluorescence microscopy images of
Pb EEFs 48 (upper panels) and 72 (lower panels) hpi of micropatterned human primary hepatocytes/fibroblast co-cultures; (G,H) Images and projections of Pb parasites developing 48 hpi inside human hepatocytes of liver humanized
FRG mice. Note that the Pb parasite, identified by the specific stain of the PbUIS4 protein (red) is clearly within a
human hepatocyte, as identified by fumarylacetoacetate hydrolase-stain (white, in G) or by anti-hepatocyte specific
antigen antibody (OCH1E5, yellow, in H). Scale bars correspond to 10 μm.
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Fig. S2. Distribution of shared strong binding epitopes between the Pf and Pf proteome.
24171 in silico-predicted epitopes are shared between species (Table S1). These are encoded in 3371 Pf proteins and
3332 Pb proteins, of which 3223 are orthologous pairs in the two species. Pf proteins containing shared epitopes
include several antigens expressed during pre-erythrocytic stages, including SLARP (PF3D7_1147000), SIAP1
(PF3D7_0408600), LISP1 (PF3D7_1418100) and MB2 (PF3D7_05166). Notably missing from the Pf proteins containing
shared epitopes is the CS protein.
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Fig. S3. Generation and genotyping of the transgenic P. berghei line.
(A) Schematic representation of the transgenic line PbVac line (Pb(PfCS@UIS4) where the GIMO insertion-construct
(pL1988) replaces the selectable marker (SM; hdhfr::yfcu) in the GIMO PbANKA mother line with the PfCS coding
sequence (CDS) after negative selection using 5-fluorocytosine (5-FC). Construct pL1988 integrates by double crossover homologous recombination (DXO) using 5’ and 3’ targeting sequences (TR) for the neutral 230p locus, resulting
in the introduction of the PfCS CDS under the control of the PbUIS4 gene promoter (5’-UTR) and PbUIS4 transcriptional terminator sequence (3’- UTR) and removal of the SM. Black arrows: location of primers used for diagnostic PCR;
(B) Genotype analysis by diagnostic PCR analysis of the cloned parasite PbVac line confirms correct integration of the
PfCS expression cassette in the neutral 230p locus. Correct integration is shown by the absence of the hdhfr::yfcu
SM, the presence of the PfCS CDS, and the correct integration of the construct into the genome both at the 5’ and
3’regions (5’int. and 3’int.). Primers sequences used are shown in Supplementary Tables 1 and 2, while the expected
PCR product sizes and the primer numbers are listed in the table below the PCR analysis; (C) Genotype analysis by
Southern analysis of pulsed-field gel electrophoresis (PFGE) separated chromosomes (chr.). The correct integration
of the PfCS expression construct (pL1988) into the 230p locus of the GIMO PbANKA mother line was confirmed by
showing the removal of the hdhfr::yfcu selectable marker (SM) cassette from chr. 3 in the cloned parasite PbVac line.
The southern blot is hybridized with a mixture of two probes: one recognizing hdhfr and a control probe recognizing
chr. 5. As an additional control (ctrl), parasite line 2117 cl1 is used with the hdhfr::yfcu SM integrated into chr. 3.

Fig. S4. PbVac and wild-type P. berghei sporogonic and pre-erythrocytic development.
(A,B,C and D) Oocyst (A), oocyst sporozoite (B) hemolymph sporozoite (C) and salivary gland sporozoite (D) numbers
in WT Pb- and PbVac-infected mosquitoes; (E,F) Representative immunofluorescence microscopy images of PfCS
(purple) and PbCS (white) expressed by WT Pb (E) and PbVac (F) parasites developing in ex vivo cultures of mouse
primary hepatocytes;(G,H) Comparative infectivity (G) and parasite development (H) of WT Pb and PbVac parasites
developing in ex vivo cultures of mouse primary hepatocytes; (I,J,K) Comparative in vivo infectivity and development
of WT Pb and PbVac parasites as determined by qRT-PCR analysis of mouse livers (I) quantification of the number of
parasites developing per liver area (J), and development of hepatic EEFs (K).
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Fig. S5. PbVac and wild-type P. berghei infection and development in human hepatocytes and RBCs.
(A,B) Representative images of PbVac parasites 48 hpi of mouse and human hepatocytes in liver humanized FRG
mice, identified by differential eosin staining (A) and by immunofluorescence staining with the anti-human hepatocyte
antibody OCH1E5 (yellow, in B); (C) Relative proportion of PbVac-infected mouse and human RBCs following infection
of blood humanized NSG mice; (D) Representative images of PbVac parasite forms observed within imRBCs and ihRBCs after 2 and 20 hours of in vitro culture, showing the inability of PbVac to develop within ihRBCs.

Fig. S6. Pb infection and development in New Zealand White Rabbits.
(A) Representative immunofluorescence microscopy images of Pb parasites developing ex vivo within rabbit primary
hepatocytes at 24 and 48 hours post infection; (B) Dynamics of Pb blood stage development in mice infected by intravenous inoculation with merosomes formed in a Pb sporozoite-infected ex-vivo culture of rabbit primary hepatocytes.
(C, D) Relative number of infected hepatocytes (C) and overall parasite development (D) observed in livers of rabbits
inoculated with PbWT sporozoites.; (E) Parasitemia in the peripheral blood of rabbits (orange) or control mice (grey)
inoculated with PbWT iRBC; (F) Parasitemia in the peripheral blood of rabbits (orange) under conditions of enhanced
reticulocytemia (red).
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Fig. S7. Immunization with PbVac parasites elicits robust humoral responses.
(A) Total serum IgG titers against the PbCS repeat sequence after 1, 2 and 3 immunizations or at the time of animal
sacrifice (S) (mock immunized- grey, PbWT immunized- orange, PbVac - purple); (B) Binding capacity to Pf sporozoites
of serum samples collected after 1, 2 and 3 mock (grey) or PbWT immunizations, or at the time of animal sacrifice (S);
The boxes correspond to the 25th and 75th percentiles; the line and bars indicate mean of infection and standard error
of the mean, respectively.

Fig. S8. Comparative analysis of cellular immune responses induced upon immunization with PbVac sporozoites.
(A, B, and C) Individual biological replicates for experiments assessing proliferation of lymphocytes from immunized
rabbits as measured by 3H-thymidine incorporation. Concomitant stimulation of spleen cells with either peptide
pools spanning the entire PbCS or PfCS proteins, or peptides representing to the repeat sequences of PbCS or PfCS
proteins, or extracts of uninfected mosquito salivary gland material and PbWT, PbVac or Pf sporozoites allows for the
direct comparison between intensity of response and consistency across biological replicates; The boxes correspond
to the minimum and maximum data range; the line and bars indicate mean of infection and standard error of the
mean, respectively.
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Fig. S9. Flow cytometry based assessment of cellular immune responses elicited upon immunization with PbVac.
(A) Schematic illustration of the flow cytometry-based strategy employed for assessment of cell proliferation.
Incorporation of the dye cell-trace violet by nascent generation of proliferating cells was quantified relative to
the overall number of cells present within the parent population; (B) Flow cytometry-based assessment of overall
proliferation of lymphocytes isolated from the spleens of immunized rabbits upon stimulation with PbWT, PbVac
or Pf sporozoites. Stimulation with an extract of uninfected mosquito salivary gland material was used as negative
control and sstimulation with Concanavalin A as a positive control. (C) Flow cytometry-based assessment of CD4+
T cells proliferation in the spleens of immunized rabbits following stimulation with different sporozoite stimuli; The
boxes correspond to the 25th and 75th percentiles; the line and bars indicate mean of infection and standard error
of the mean, respectively; *, p<0.05; **, p< 0.01; ***, p<0.001, as determined by by Kruskal-Wallis test, corrected
with Dunn’s multiple comparisons test.
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One Sentence Summary

and we now report the clinical evaluation of its

This study establishes the proof of biological

biological activity against Controlled Human

activity of a whole-sporozoite vaccine against

Malaria Infection (CHMI). This first-in-human

P. falciparum malaria employing genetically

trial shows that PbVac is safe and well-toler-

modified rodent malaria parasites.

ated, when administered by a total of ~300

Abstract

though protective efficacy evaluated by CHMI

Successful vaccines have been developed

showed no sterile protection at the tested

using a non-pathogenic counterpart of the

dose, significant delays in patency and de-

causative microorganism of choice. The

creased parasite density were observed after

PbVac-infected mosquitoes per volunteer. Al-

non-pathogenicity of the rodent Plasmodium

immunization (2.2 days, p= 0.03) correspond-

berghei (Pb) parasite in humans prompted
us to evaluate its potential as a platform for
vaccination against human infection by P.
falciparum (Pf). We hypothesized that the genetic insertion of the leading protein target for
clinical development of a malaria vaccine, Pf
circumsporozoite protein (CSP), in its natural
pre-erythrocytic environment, would enhance
Pb’s capacity to induce protective immunity against Pf infection. Hence, we recently
generated a transgenic Pb sporozoite immunization platform expressing PfCSP (PbVac),

ing to an estimated 95% reduction in Pf liver
parasite burden (CI 56%, 99%; p=0.010). PbVac
elicits significant dose-dependent cross-species cellular immune responses, as well as
functional PfCSP-dependent antibody responses that efficiently block Pf sporozoite invasion
of liver cells. This translational research study
demonstrates that PbVac immunization elicits
a significant biological effect, inhibiting a
subsequent infection by the human Pf parasite,
and establish the clinical validation of a new
paradigm in malaria vaccination.
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Malaria, a disease caused by Plasmodium par-

A promising alternative approach are

asites, remains a severe public health burden.

whole-parasite vaccine strategies which are

proteins in heterologous systems can be chal-

While the expression of correctly folded Pf

red blood cells (RBCs), (iii) its high cellular

Despite tremendous progress made over the

based on attenuated Pf sporozoites, However,

lenging, Pb parasites have recently emerged

cross-species immunogenicity; and (iv) its

last decade as a result of scaled-up vector

these novel strategies are still in relatively early

as an alternative solution for their structur-

ability to induce functional antibodies that

control and of improved diagnosis, as well as

stages of clinical development.8 Radiation

ally integral and conformationally-accurate

block infection of human hepatocytes by Pf

availability of first line treatments, progress

attenuated sporozoites (RAS) were the first

expression, as exemplified by the transmis-

sporozoites.31 Additional pre-clinical demon-

has slowed down over recent years. Malaria

whole-parasite vaccine candidates eliciting

sion-blocking candidate antigen Pfs48/45.29,30

stration of PbVac’s safety for human use paved

still caused ~435.000 deaths in 2017.1 Besides

high levels of protection against a homolo-

Thus, we hypothesized that Pf CSP’s protec-

the way to the evaluation of this vaccine can-

its direct implications on human health, ma-

gous strain during Controlled Human Malaria

tive ability against Pf could be qualitatively

didate in a clinical setting.32

laria is a substantial contributor to ongoing

Infections (CHMI) in malaria-naïve adults.

enhanced compared to recombinant subunit

Here, we performed a first-in-human,

poverty in affected countries.

However, a significantly lower efficacy was ob-

CSP vaccine candidates, through its expres-

dose-escalation study to assess safety and

9,10

liver cells; (ii) its inability to develop in human

served in recent field evaluations.11-14 Similarly,

sion in a more native-like conformation, and

tolerability of PbVac delivered by infectious

against malaria is considered amongst the

a remarkable and highly efficient induction

in its natural pre-erythrocytic environment.

mosquito bites and determined its protective

most important tools for prevention and

of sterile homologous15,16, but not heterolo-

This, coupled with the potential for immune

efficacy against Pf CHMI. We showed that

potential eradication of malaria. The clinical

gous17, protection against Pf infection was also

responses between different Plasmodium

PbVac is safe and well-tolerated, and induces

development of a malaria vaccine has been a

achieved by immunization using a combination

species, and the non-pathogenic nature of

cross-species cellular immune responses and

continuous effort over the past half century.2

of chemoprophylaxis and sporozoites (CPS).

Most vaccine candidates so far have shown

More recently, the first genetically attenuated

Pb parasites31, prompted the generation of a
transgenic Pb sporozoite expressing Pf CSP
(PbVac). Pre-clinical studies established the
proof-of-principle of PbVac immunization
through the validation of an array of core
premises, including the demonstration of (i)
its ability to infect and develop inside human

The availability of an effective vaccine

modest protection or even failed due to the

parasite (GAP) employed as a vaccine candi-

complex biology of malaria parasites and re-

date, PfSPZ-GA1, showed modest homologous

quired immune responses.3 The circumsporo-

protective efficacy.18 Collectively, these results

zoite protein (CSP) of Plasmodium falciparum

warrant the evaluation of novel cross-strain or

(Pf), the predominant antigen on the sur-

cross-species approaches that might provide

face of sporozoites, is currently the leading

protection against genetically diverse human
Plasmodium strains.
The concept of cross-species vaccination, pioneered by Sir Edward Jenner, lies at
the basis of several successful vaccines.19,20
Cross-species immunity between different
Plasmodium species has been reported in
multiple animal studies 21-26, and in clinical
studies carried out in the last century as part
of an experimental neurosyphilis treatment 27,28. Live attenuated sporozoite-based
cross-species immunity is thought to be
dependent on both cellular- and antibody-based responses.26 Experimental evidence indicates that Pf sporozoites can protect mice from a P. berghei (Pb) infection 24,
and inoculations of P. malariae in humans
reduce parasitaemia levels and symptoms of
a subsequent Pf infection.27,28

protein target for clinical development of
pre-erythrocytic subunit malaria vaccines.
Encouraging, but moderate, protection has
been obtained with the Pf CSP-based RTS,S/
AS01e (RTS,S) vaccine.4,5 RTS,S delays patency and reduces the number of cases of malaria in young African children by 39 percent
over four years, but the vaccine’s efficacy
wanes over several years.6 A milestone in
itself, as the first malaria vaccine to be given
to children through routine immunization,
RTS,S is potentially a valuable tool in the fight
against malaria when used in combination
with other malaria control interventions, and
is currently undergoing pilot implementation
in various African countries. However, it is
clear that malaria vaccines with improved
and more durable efficacy are needed.7

functional Pf CSP-dependent antibody responses, which can efficiently inhibit Pf sporozoite invasion of liver cells. Sterile protection
against Pf was not observed, but our results
demonstrate a strong biological effect elicited
by PbVac and establish the clinical validation
of a new approach malaria vaccination.
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Study population

adverse events (Table S2) including head-

Twenty-four volunteers were enrolled in the

ache (6/12 in group 3, 6/6 in group 4), nausea

binding and functionality against Pf, by IFA,

with an initial focus on relevant cellular sub-

study from May 2017 to January 2018, of

(1/12 in group 3, 4/6 in group 4) and malaise

sporozoite membrane integrity and sporo-

sets identified in previous clinical challenge

which 3 volunteers participated in group 1,

(1/12 in group 3, 2/6 in group 4). The total

zoite liver invasion inhibition assays (Fig.

studies, including CD4+ T 9,15,33, CD8+ T

3 in group 2 and 12 in group 3, receiving 5,

number of adverse events per participant

3D-F). Immunization with PbVac significantly

9,33,34, γδ T 35-37, NK 38 cells, and monocytes
38
(Fig. S2). An increased frequency of CD8+
T cells and in particular γδ T cells (particularly the Vγ2+ sub-family), and a decrease
in circulating monocytes were observed at
C-1, unrelated to trial outcome (Table S4). Of
note, an increase in circulating NKT cells was
found prior to CHMI (at C-1, Fig. S2), which
associated with the increased in pre-patent
period (Table S4).
No relevant differences were observed between circulating cytokine levels before and
5, 7 and 10 days after the first immunization
(Fig. S3). However, a significant association
was found between the post-immunization
serum levels of several cytokines or chemokines, including IFN-γ, TNF-α, IL-12 and IL-6
and MCP1/CCL2, and both the increase in
pre-patency time (Table S5) and the changes
observed in the frequency of circulating immune cells between I1-1 and C-1 (Table S6).
In particular, changes in serum levels of IFN-γ
appear to be directly linked to changes in
γδT cell frequency before CHMI, while TNF-α
levels appear to be more broadly associated
with the frequency of not only TCRγδT cells,
but also CD4+ T and NKT cells. As expected,
changes in the MCP1/CCL2 chemokine are
closely linked to alterations in the frequency
of circulating monocytes, and are accompanied by changes in other cytokines involved
in the same pathway, such as IFN-α and IL-18
(Table S6).
Next, PBMCs were incubated with PbVac
or PbWT sporozoites, or with recombinant
PfCSP, and the expression of IFN-γ, IL-2 and
TNF-α was analyzed. Statistically significant
increases were observed in the frequency of

We subsequently assessed antibody

25, and 75 PbVac-infected mosquito bites,

of groups 3 and 4 was significantly lower

increased the concentration of both IgG

respectively. Group 3 participants received

(P=0.040) in the immunized subjects than

and IgM targeting Pf sporozoites (3.5-fold,

a total of ~300 (4x~75 at monthly intervals)

in controls.

Fig. 3D; 1.71-fold, Fig. S1D, respectively). Of

CHMI by 5 mosquito bites. Six volunteers

Protective efficacy

sporozoites directly correlated with the titers

(group 4) served as non-immunized controls

While sterile protection against a NF54 P.

of circulating anti-PfCSP antibodies (Fig.

for Pf CHMI (Fig. 1). All 24 study volunteers

falciparum challenge was not observed,
a significant delay in time to parasitaemia
by qPCR (prepatent period) was observed
in PbVac-immunized subjects (9.9 ± 2.0
days), compared to controls (7.7 ± 1.6 days)
(P=0.026, Kolmogorov-Smirnov test), as detected by qPCR (Fig. 2A). Furthermore, there
was a significantly 12.8-fold lower parasite
peak density on the day of first positive PCR
in immunized volunteers compared to the
control group (p=0.04, Kolmogorov-Smirnov
test) (Fig. 2B). Collectively, this corresponds
to an estimated 95 % average reduction in
parasite liver load (CI 56%, 99%; p=0.010,
two-sample T-test for logarithm of estimated
first-generation parasite concentration) (
Fig. 2C).

S1E). IgG purified post immunization (Fig.

PbVac-infected mosquito bites prior to Pf

(100%) completed all immunizations and/or
challenge as scheduled per group. CHMI was
administered to 12 immunized participants
(group 3) and 6 controls (group 4) on 30 January 2018. Baseline characteristics are shown
in Table S1.
Safety and tolerability

Immunization phase: Immunizations were
well-tolerated in all study groups without
breakthrough infections as measured by
thick smear and qPCR. Only mild to moderate (grade 1 and 2) adverse events, and
no grade 3 or serious adverse events, were
recorded (Table S2). There were no differences in systemic adverse events between study

note, the capacity of plasma IgG to bind Pf

groups, while local reactions related to the
mosquito bites were more frequent in groups

Humoral immune responses

2 and 3. The most commonly reported sys-

Antibody responses to the candidate vaccine

temic adverse events were headache (7/18

were measured in subjects by IFA against

participants), nausea (5/18 participants) and

PbVac sporozoites, as well as against the wild
type Pb (PbWT) and PfCSP vaccine components. Significant increases in PbVac sporozoite recognition were observed for both IgG
(5.9-fold, Fig. 3A) and IgM (3.14-fold, Fig. S1A)
after immunization. Similar results, albeit of
lower magnitude, were obtained for PbWT
sporozoite-specific IgG and IgM (2.6-fold, Fig.
3B; 2.8-fold, Fig. S1B, respectively) and for
PfCSP (4.2-fold, Fig. 3C; 2.16-fold, Fig. S1C).

malaise (3/18 participants). A total of only
eight (grade 1 or 2) laboratory abnormalities
were observed including decreases in leukocyte, lymphocyte, and platelet counts, and
increases in bilirubin, AST/ALT, and creatinine
levels (Table S3).

Challenge phase: Approximately 92 %
(11/12) of the participants of group 3 and
100% of group 4 reported mild to moderate

S1F) significantly enhanced C3 complement
protein deposition on Pf sporozoites (Fig.
S1G), resulting in a strong decrease in Pf
sporozoite viability (Fig. 3E).
Finally, purified IgG significantly reduced
Pf sporozoite invasion of HC-04 cells by a
median of 61.1%. Depletion of anti-PfCSP-specific IgG completely reversed the inhibitory
effect on Pf sporozoite invasion (Fig. 3F),
as well as the C3 complement fixation on
Pf sporozoites (Fig. S1G). The titers of IgG
against PfCSP, the binding capacity of IgG to
Pf sporozoites, and the enhancement of Pf
sporozoite lysis, significantly correlated with
the administered number of PbVac mosquito
bites (Fig. 3G-I; respectively). The combined
data suggest that induced antibodies were
capable of inhibiting Pf sporozoite viability
and functionality in a dose-dependent manner. However, these in vitro findings did not
correlate with the delayed pre-patency nor
with the reduced parasite liver load.
Cellular immune responses
Given the largely exploratory nature of the
study, a wide-range of cellular analysis were
performed. Peripheral blood mononuclear
cells (PBMCs) sampled before immunization
(I1-1), 14 days after the first immunization
(I1+14) and one day before CHMI (C-1) were

analyzed by multi-parameter flow-cytometry
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PbVac- and PbWT-, but not PfCSP-specific

tions or a combination of cellular and humoral

Whole-sporozoite immunization constitutes a

es to the clinical outcome. In RAS and CPS

lymphocytes producing IFN-γ at either I1+14

immune responses.

promising approach to the much-desired goal

vaccination, an increase in the frequency of

to control and eliminate malaria.39 PbVac, a

Pf-specific CD4+ and CD8+ T cells producing
any combination of IFNg, IL-2 or TNF-α, or
the frequency of Vδ2+ T cells associates with
sterile immunity in CHMI studies in healthy US/
European volunteers.9,33,35,36,47,48 In the present
study, a significant expansion of not only CD8+
T, γδ T and Vδ2+ T cells, but also NKT cells, was
observed post-immunization. Conversely, decreased frequencies of circulating monocytes
were observed after vaccination and appear to
be linked to early changes not only in MCP1/
CCL2 signaling but also in IL-18, an inducer
of MCP1 production.49,50 These observations
suggest a possible recruitment of monocytes
to the liver, where they may contribute to the
development of protective tissue-resident
immune responses.51-54 Finally, increased levels
of IFNɣ-producing lymphocytes and of CD8+ T
cells producing any combination of IFNɣ, TNFα
or IL-2 were observed upon PBMC stimulation
with either PbWT or Pf sporozoites, but not
with Pf CSP. Collectively, and in agreement
with our pre-clinical data 31, these results suggest that PbVac immunization elicits functional
Pf CSP-based antibody responses, as well as
cross-species, PbWT backbone-dependent,
cellular immune responses against Pf.
However, neither humoral nor cellular
responses correlate with CHMI outcome.
Similar lacks of clear correlates of protection have been noted for RTS,S 45,46, as well
as for whole-sporozoite immunizations 9,48,
likely due to the multi-factorial and complex nature of the immune signature. The
observed association between the early
plasma levels of the MCP1/CCL2 cytokine, as
well as changes in frequency of circulating
NKT cells, and the outcome of CHMI warrant
further investigation.
Our results show proportionality between

and C-1 (Fig 4A-C). Similarly, PbVac- and

PbWT-, but not PfCSP-specific CD4 (Fig.
S4-C) and CD8+ (Fig. 4D-F) T cells expressing
any combination of IFN-γ, IL-2 and TNF-α
were significantly more frequent after immunization. Interestingly, the frequency of
CD4+ T cells simultaneously expressing IFN-γ
and TNF-α increased for both PbVac (Fig.
S4D, S4E) and PbWT (Fig. S4F, S4G) sporozoite-specific responses.
Collectively, these data show that the
genetic introduction of PfCSP bears small
influence on the cellular responses induced
by immunization with PbVac. In contrast,
the PbWT backbone is sufficient to induce
an increase in sporozoite-specific cytokine
production, but no significant correlation was
found between cytokine production by any of
the cell populations analyzed and the clinical
outcome. The combined data suggest the
existence of a multifaceted response to PbVac
that may comprise different cellular popula+

Cross-species cytokine responses

Pb parasite that expresses the Pf CSP antigen

Finally we studied cytokine responses to Pf

under the control of the UIS4 pre-erythrocytic

in PBMCs from volunteers receiving 5, 25 and

stage promoter, belongs to a novel class of

75 PbVac infected-mosquito bites (Fig. 5A,B,

whole-sporozoite malaria vaccination ap-

S5A-C). IFN-γ production was only statisti-

proaches based on the use of genetically mod-

cally increased at the highest PbVac dosage

ified rodent Plasmodium parasites expressing

in total PBMC (Fig. 5A), and CD8+ T cells

target antigens of their human counterparts.31

(Fig. 5B), but not in CD4+ T cells producing

PbVac is not only the first whole-sporozoite

any combination of IFN-γ, IL-2 or TNF-α (Fig.

approach of non-human origin, but also the

S5A). Nonetheless, CD4+ T cells expressing

first employing a genetically modified Plas-

simultaneously IFN-γ and TNF-α were signif-

modium parasite expressing inserted heterologous antigens, evaluated in a clinical study.
We show that administration of PbVac by
mosquito bites to healthy volunteers is safe
and well-tolerated, exerting, at the employed
doses, a pronounced biological effect against
a subsequent Pf challenge, that appears to be
associated with components of both humoral
and cellular immune responses.
The efficacy of the protective humoral
responses targeting the extracellular, infective
sporozoite depend on the concentration and
specificity of the response elicited by vaccination.40,41 In fact, anti-CSP antibodies have been
shown to inhibit Pf sporozoite infectivity in
vitro42,43 and in vivo44 and their protective role
is clearly shown in the context of the subunit
vaccine RTS,S.45,46 Here, we show that PbVac’s
Pf CSP component is a major contributor to the
induced antibody responses, which are sufficient for complement activation, to mediate
Pf sporozoite lysis, and to inhibit Pf sporozoite
invasion of hepatic cells in vitro. The genetic
insertion of Pf CSP onto the rodent Pb platform
enhanced the functionality of PbVac-induced
immune responses, possibly contributing to the
biological effect observed upon vaccination.
Our results also suggest a contribution
of PbVac-elicited cellular immune respons-

icantly increased after immunization (Fig.
S5B). There was no significant association
between the frequency of cytokine-producing cells and either an increase in pre-patency time or a reduction in liver load of
immunized subjects. Our results show that
PbVac immunization elicits dose-dependent
cross-species cytokine responses against Pf,
suggesting that a higher PbVac dosage might
increase protective efficacy.
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humoral / cellular immune responses and the

that >24,000 in silico-predicted CD8+ T cell

Study design

four, and eight weeks interval (Phase 2). Blood

cumulative number of immunizing bites, as

epitopes, encoded in >60% of both the Pf and

This study was a multicenter Phase I/IIa open

collections for separation and cryopreservation

previously found after RAS and CPS immuni-

the Pb proteins, are shared between the two

label, dose escalation trial in malaria-naïve

of plasma and peripheral blood mononuclear

zations.

In fact, in early clinical studies of
Pf RAS vaccination by mosquito bite, sterile
protection was only achieved when volunteers
underwent a mean of 9 immunizations and
>1000 immunizing bites before CHMI.55 In the
present study, the total number of immunizing
bites was substantially lower (4 immunizations
with ~75 immunizing bites each, for a total of
~300 bites). Therefore, we hypothesize that
sterile protection against Pf upon PbVac immunization may be achieved with an increase
in the number of sporozoites administered.
Such an endeavor can be envisaged through
the parenteral injection of sporozoites by
intravenous route, which is amply documented as an efficacious method for delivery of
whole-sporozoite RAS and chemoattenuated
vaccine candidates.9,10,35,36
The biological effect observed upon PbVac
administration warrants its exploration as one
of such platforms, capable of achieving the
desired protection against genetically diverse
Pf strains. In fact, we have previously shown
9,33

parasite species. Moreover, whereas the

healthy participants to assess safety and

cells (PBMCs) were performed at the beginning

expression of Plasmodium proteins in heter-

tolerability of PbVac (Phase 1) and to deter-

of the trial and the day before each immuniza-

ologous systems for subunit vaccination is

mine the protective efficacy of immunization

tion or CHMI using sodium citrate BD Vacutain-

notoriously difficult 29,56, the presence of sev-

with PbVac against CHMI (Phase 2). The

er® Mononuclear Cell Preparation Tubes (CPT).

eral genetic loci permissive for gene-insertion

study protocol was approved by the Dutch

Three weeks after the last immunization all

modifications on Pb

31

offers opportunities

Central Committee on Research Involving

twelve immunized participants, including six in-

for the introduction of multiple correctly

Human Subjects (CCMO, NL60019.091.16),

fectivity controls were subjected to a standard

folded antigens in their native conforma-

the Western Institutional Review Board (WIRB,

CHMI with 5 P. falciparum (strain NF54)-infect-

tion.29 Next-generation Pb-based vaccine

20170356), and PbVac was released for study

ed mosquito bites.61 All participants were mon-

candidates may include combinations of not

use by the Gene therapy office in the Neth-

itored once daily on an outpatient basis from

only antigens from different human-infective

erlands, licenced to the Radboud University

day 6 to 21 for symptoms and signs of malaria,

Plasmodium spp, but also blood stage or
transmission-blocking immunogens, as well
as multiple alleles of an antigen.60 Additionally, the hepatotropic nature of Pb sporozoites promotes the exposure of antigens
in the liver, where tissue-resident immunity
is most likely to develop.51-54 These features,
alongside with the presently reported strong
biological effect elicited by immunization
with PbVac, even at sub-optimal doses, make
the Pb-based platform a promising tool for
vaccination against malaria.

Medical Centre (IM-MV 15-010), Erasmus

and blood was drawn for routine laboratory

Medical Centre (IM-MV 16-008) and Harbour

tests and for a real-time quantitative polymer-

Hospital (IM-MV 16-010). The trial was con-

ase chain reaction (18S qPCR) as previously

ducted according to the principles outlined in

described.62 Participants were treated with a

the Declaration of Helsinki and Good Clinical

curative regimen of atovaquon/proguanil (Ma-

Practice standards, and registered at Clinical-

larone®, GlaxoSmithKline) after a single positive

Trials.gov, identifier NCT03138096.

qPCR (≥100 parasites/mL) after challenge.

57-59

In Phase 1, eighteen participants were
divided in 3 groups and exposed to bites of

Study participants and eligibility criteria

5 (n=3), 25 (n=3) or 75 (n=12) PbVac-infected

All 57 volunteers that underwent screening

mosquitoes. Study subjects of all groups were

signed an informed consent form after the

followed once daily on an outpatient basis

nature and possible consequences of the

from day 1 to 10 and every other day on day 12

studies have been explained. Four of the

to 20 after exposure. During the visits, blood

volunteers included withdrew their informed

was drawn for routine haematological and

consent because of change of job and relo-

biochemical analysis and peripheral Giemsa

cation from the area of the study center and,

stained thick blood smears. Signs and symp-

therefore, 4 back-up volunteers were enrolled

toms were recorded by a physician and graded

in the study. A total of 33 participants were

as follows: grade 1 (no interference with daily

excluded after screening. Twenty-four healthy

activities), grade 2 (interferes with normal

malaria-naïve males and non-pregnant fe-

activity) or grade 3 (prevents normal activity).

males (aged 18 to 35 years) were recruited at

Participants of group 1 and 2 were treated with

the Harbour Hospital, Rotterdam, after sign-

a curative regimen of atovaquon/proguanil

ing informed consent. Extensive screening

(Malarone ®, GlaxoSmithKline) on day 28, and

was performed before inclusion in the Eras-

received an end of study visit on day 100 after

mus Medical Centre, Rotterdam, as previously

immunization. Participants of group 3 received

described.31 A complete list of inclusion and

three additional immunizations with 75 Pb-

exclusion criteria can be found on ClinicalTri-

Vac-infected mosquitoes after Phase 1 at four,

als.gov, identifier NCT03138096.
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Objectives and end point measures

Estimation of Pf liver burden reduction

times through a 1ml HiTrap NHS-activated HP

tion and Absorbance was measured at 450nm

The primary objectives of the study were to

Liver burden reduction calculation was esti-

column coupled to a full length Pf CSP (Gen-

using an iMark Microplate Absorbance Reader

assess safety and tolerability of PbVac and to

mated by back-calculating the initial number

ova Biotechniques Pvt. Ltd, In Hyderabad,

(Bio-Rad) or a Infinite M200 plate reader. Data

determine the protective efficacy of PbVac

of first-generation parasites released from

India), as previously described. Anti-Pf CSP

was analyzed in relation to a plasma pool from

immunization against CHMI. The endpoints

the liver and then comparing the means of

IgGs were eluted from the column with the

100 Tanzanian hyper-immune adults living in a

were determined by frequency and magnitude

the logarithms of estimated concentration

previously used buffer. After purification and

highly malaria-endemic area (HIT). The plasma

of adverse events, as well as by the presence

in controls and immunized individuals with

depletion, IgGs (anti- Pf CSP fraction and non-

pool was diluted 1:200 in 1% milk PBST and a

of parasitemia after exposure to PbVac as

a two-sample T-test. Back-calculations were

7 point 1:2 dilution curve generated. Analysis

assessed by thick blood smear. The primary

performed based on a published mathemati-

endpoint of Phase 2 was to determine the

cal model 63,64 based on the following assump-

time to parasitemia after CHMI as detected

tions: 1) the first generation of parasites are

by 18S qPCR. Secondary endpoints were to

released at 6.87 days after inoculation; 2) the

determine the immunogenicity of PbVac as

time between parasite generation is 1.84 days;

Pf CSP fraction) were buffer-exchanged with
PBS (Gibco) and concentrated using vivaspin
30 concentrator columns (Sartorius). The final
concentration of IgGs was measured by BCA
(Pierce, Thermo Fisher) following the manufacturer’s indications.

assessed by enzyme-linked immunosorbent

and 3) asexual parasite numbers increase

assay (ELISA) and immunofluorescence assay

with a factor of 11.8 per parasite generation.

Anti-P. falciparum circumsporozoite protein

The ability of the induced antibodies to inhibit

(IFA), as well as the composition and function

Back-calculation was performed using the

enzyme-linked immunosorbent assay

sporozoite invasion was assessed in vitro

of immune responses after exposure to PbVac,

highest measured parasite concentration for

The reactivity of the IgGs from citrated plasma

using the human hepatoma cell line HC-04

which were analysed through different assays.

each subject, which yielded the most con-

samples at indicated time points and the de-

(MRA-965, deposited by Jetsumon Sattabong-

servative estimate of the difference between

pletion efficiency were tested against the full-

kot). Briefly, HC-04 cells (5x104 cells/well) were

Production and administration of PbVac

controls and immunized (in contrast to basing

length Pf CSP (Genova Biotechniques Pvt. Ltd.)

seeded onto rat tail collagen (BD Bioscience)

The generation and characterization of PbVac,

the back-calculation on the lowest meas-

or the repeat region of Pf CSP with the amino

pre-treated flat-bottom 96-well plates (Corn-

which consists of genetically modified sporo-

ured parasite concentration, the first or last

acid sequence (NANP)4NVDPC using a stand-

ing, Merk) for 16-24h. Pre- or post-immu-

zoites of rodent P. berghei parasites (Pb) ex-

measured concentration greater than zero, or

ardized ELISA, as previously described.65 Brief-

nization or anti-Pf CSP depleted IgGs were

pressing Pf CSP has been previously described

a composite estimate based on all concentra-

ly, Immunolon polystyrene flat-bottom 96-well

pre-incubated at 6 mg/ml with Pf NF54, PbVac

in detail in Mendes et al..31,32 Briefly, a transgen-

tions above zero in each person).

plates (Thermo Fisher) were coated overnight

or PbWT salivary gland-dissected sporozoites

ic Pb parasite line containing a Pfcs expression

65

was performed using Auditable Data Analysis
and Management System for ELISA (ADAMSEL
FPL v1.1) and the data were expressed as arbitrary units (AU), as described elsewhere.17,65

In vitro sporozoite invasion inhibition assay

at 4°C with 2 mg/ml of Pf CSP. The plates were

with 10% heat-inactivated human serum

cassette was generated using the ‘gene

IgG purification and Pf CSP-specific

blocked (0,05% Tween20/1x PBS (PBST) with 5

(HIHS). Sporozoites were also incubated with

insertion/marker out’ (GIMO) technology.

IgG depletion

% milk) for 1h at room temperature (RT). Plas-

PBS to determine the percentage of invasion

Correct integration of the construct into the

Pre- and post-immunizations (before chal-

ma samples were diluted 1:50 in 1% milk PBST

and with a mouse anti-CSP antibody, 2A10

genome of transgenic parasites was analysed

lenge) IgGs from citrated plasma samples

and a four-point 1:3 dilution was carried out for

(100 mg/ml; MR4, MRA-183A) as invasion

by diagnostic PCR analysis of gDNA and

were precipitated with a saturated ammoni-

each sample. To determine the depletion effi-

inhibition control. In addition, to neutralize

Southern analysis of pulsed field gel (PfG)-

um sulfate solution (Pierce, Thermo Fisher),

ciency, pre and post anti-Pf CSP-depleted sam-

possible anti-Pf CSP IgGs remaining after the

separated chromosomes.

following the manufacturer’s instructions,

ples were tested at a final concentration of 1

depletion, 500 mg/ml of soluble Pf CSP protein

and resuspended in PBS (Gibco, Thermo

mg/ml in duplicates. After 3h incubation at RT,

was added to the depleted samples and to the

Fisher). IgGs were purified by affinity chro-

plates were washed three times with washing

2A10 control. After 30 minutes on ice, 5x104

matography using 1 ml HiTrap protein G HP

solution (PBST) and incubated for 1h at RT

sporozoites were seeded in triplicates onto

columns (GE Healthcare Life Science) and

with the secondary antibody, goat anti-human

HC-04 cells. The plates were centrifuged for

eluted with an amine-based buffer at pH 2.8

IgG coupled to horseradish peroxidase (HRP)

10 minutes at 3000 rpm with low brake and

(Pierce, Thermo Fisher).

(1:3000, Jackson Immuno research). After

incubated for 3h at 37°C in 5% C02. Cells were

PbVac parasite detection by quantitative PCR
Retrospective PbVac parasite detection on
whole blood samples was performed by the
use of a qPCR with P. berghei 18S rRNA-specific primers as previously described.32 A standard curve consisting of tenfold serial dilutions
from 106 to 1 PbVac sporozoite was included in
all qPCR assays.

To deplete the IgGs with specificity for P.

falciparum circumsporozoite protein (Pf CSP),
post-immunization IgGs were run several

six washes the reaction was developed with

then washed with PBS (Gibco) to eliminate

tetra-methyl-benzidine (TMB) followed by the

non-invading sporozoites and trypsinized

addition of 0,2M sulfuric acid to stop the reac-

(0.05% Trypsin-EDTA; Gibco) for 5 minutes at
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37°C to obtain a single cell suspension. 10%

washed with 2% BSA/PBS and stained with a

Ex vivo phenotyping of peripheral

per well in a U-bottom 96-well plate with

HIHS/PBS was added at 1:1 ratio to neutral-

fixable cell viability dye (1:2000; eFluor 780

blood mononuclear cells

1.5x105 purified, cryopreserved and washed

ize the trypsin. Cells were transferred to a

eBioscience), a fluorescently labelled mouse

The impact of PbVac immunization on circulat-

V-bottom 96-well plate, washed with PBS

anti-Pf CSP antibody (1:10000; 3SP2-dylight

ing immune populations was assessed by flow

(Gibco) and centrifuged at 1700 rpm for 4

650) and the anti-C3b complement protein

cytometry. PBMCs were thawed and rested

minutes at 4°C. Subsequently, a cell viability

deposition (1:500; C3-FITC Cappel, MP Bio-

overnight at 37ºC in complete RPMI (RPMI-

dye (1:2,000; Fixable viability dye eFluor 780,

medicals) for 30 minutes at 4°C. The samples

1640 containing 10% heat-inactivated fetal

FVD, eBioscience, Thermo Fisher Scientif-

were washed and fixed with 1% PfA. Positive

bovine serum (FBS), 2mM L-glutamine, 100 U/

ic) was added for 20 minutes at 4°C. After

cells were quantified by flow cytometry. Data

mL penicillin, 100 mg/mL streptomycin, 10 mM

washing with PBS, the cells were fixed and

were acquired with Gallios (Beckman Coulter)

HEPES and 1x MEM non-essential aminoac-

permeabilized (eBioscience) for 30 minutes

and analyzed with the FlowJo software (ver-

ids, all from Gibco, Thermo Fisher Scientific).

at 4°C and stained to detect intracellular and

sion 10.0.8, Tree Star).

PfNF54, PbVac or PbWT sporozoites, or with
media alone as a negative control, for 22h
at 37ºC. For Pf CSP stimulation, PBMCs were
rested overnight at 37ºC and stimulated for 6h
with 1 mg/mL Pf CSP (Genova Biotechniques
Pvt. Ltd) plus 1 mg/mL BD FastImmune CD28/
CD49d costimulation, or costimulation alone
as a negative control. Stimulation with 10 ng/
ml PMA (Sigma) and 500 ng/mL ionomycin
(Sigma) for 5h was used as positive control. In
all stimulation conditions 10 mg/ml brefeldin
(Sigma) was added to the cultures for the last
5h. After culture cells were incubated with
FVD, washed with PBS containing 2%FCS
and surface-stained with TCRgd and CD56
antibodies for 30 minutes at RT. After fixation
and permeabilization using the Transcription
Factor Staining Buffer Set, according to the
manufacturer’s instructions (eBioscience,
Thermo Fisher Scientific), cells were stained
intracellularly with anti-human CD4, CD8,
CD3, IFNg (4S.B3), TNFa (Mab11) and IL-2 (MQ117H12) antibodies for 30 minutes at 4ºC. Finally, cells were washed and resuspended in PBS
with 2% FCS, and approximately 5x105 events
were acquired on a BD LSRFortessaTM X-20 (BD
Biosciences). Data was analyzed using FlowJo
v10.5.3 (FlowJo, LLC). Results are presented as
the frequency of cytokine-producing cells in
the stimulated condition minus in the respective negative control.

1x106 PBMCs were incubated with FVD for 15
minutes at RT, washed with PBS containing 2%

invading sporozoites with a fluorescently
labelled mouse anti-CSP antibody (1:200;

Quantification of plasma IgG and IgM by a

FBS and stained with the following anti-human

3SP2-FITC) for 30 minutes at 4°C. Cells were

flow cytometry-based immunofluorescence

antibodies: CD4 (RPA-T4), CD8 (RPA-T8), CD3e

then washed with 2% FBS/PBS and fixed with

assay (IFA)

(UCHT1 or HIT3a), TCRgd (IMMU510), TCR Vd2

1% PfA. The readout was done by flow cytom-

Quantification of sporozoite-specific antibody

(B6), CD56 (MEM-188), CD14 (HCD14), all from

etry using Gallios (Beckman Coulter) and the

titers in the plasma of immunized volunteers

Biolegend, eBioscience or Beckman Coulter.

analysis with FlowJo software (version 10.0.8,

was performed by a flow cytometry-based

Cells were washed with PBS containing 2% FBS,

Tree Star).

immunofluorescence assay. Cryopreserved

fixed in 1% formaldehyde for 10 minutes and
finally washed and resuspended in PBS with

In vitro complement deposition and membrane-compromised sporozoite assay
The capacity of the induced antibodies to fix
complement (C3b) and therefore compromise the sporozoite membrane integrity was
assessed by flow cytometry, as previously
described.65 Briefly, salivary gland-dissected
P. falciparum (NF54) sporozoites were seeded
onto V-bottom 96-well plates (5x104 sporozoites /well; Costar). Infected salivary glands
were washed with PBS and centrifuged at
3200 g for 5 minutes at RT. The supernatant
was carefully removed and the sporozoites
were then incubated in duplicate with 10 mg/
ml of pre- or post-immunization IgGs and
10 % fresh human serum (NHS, active complement), all components were diluted in 1x
veronal buffer (Lonza Bioscience). After incubating 30 minutes at 37°C, the complement
was inactivated with 10 mM EDTA/PBS for 5
minutes at 4°C. The sporozoites were then

PfNF54, PbVac or PbWT sporozoites were
thawed and washed with PBS by centrifuging
at 13,200 rpm (16,900g) for 15 minutes at
4ºC. Sporozoites were labeled by incubating
with 20 mM SYTO 61 red fluorescent nucleic
acid stain (Molecular Probes) for 30 minutes
at 4ºC, centrifuged and resuspended in PBS.
Total plasma or purified IgGs (at 5,000ng/mL)
were diluted 1:500 in PBS, and 20µL of each
dilution were mixed with 20µL of sporozoites
in PBS (containing 25-50x103 parasites) in
a U-bottom 96-well plate. After a 30-minute incubation at 4ºC the plate was centrifuged (10 minutes at 3900g and 4ºC) and
the supernatant removed. Anti-human IgG
CF488A (Sigma) and anti-human IgM pacific
blue (Biolegend) antibodies were added to
the wells for 30 minutes at 4ºC. Sporozoites
were fixed in 1% formaldehyde (Sigma) before
acquisition on a BD LSRFortessaTM X-20 (BD
Biosciences). Data was analyzed using FlowJo
v10.5.3 (FlowJo, LLC).

2% FCS before acquisition of approximately
5x105 events on a BD LSRFortessaTM X-20 (BD
Biosciences). After exclusion of dead cells
(based on positive FVD staining) and doublets
(based on FSC-A and FSC-H parameters) the
following populations were assessed: CD4+ T
cells (CD3+CD4+CD8negTCRgdnegCD56neg),
CD8+ T cells (CD3+CD4negCD8+TCRgdnegCD56neg),
TCRgd T cells (CD3+TCRgd+), TCRgd Vd2 T cells
(CD3+TCRgd+Vd2+), NKT cells (CD3+TCRgdnegCD56+), NK cells (CD3negCD56+) and monocytes
(FSChighSSChighCD3negCD14+). Data was analyzed
using FlowJo v10.5.3 (FlowJo, LLC).

Statistics
Measurement of in vitro T cell responses by

Statistical analysis was performed using

intracellular cytokine staining assay

GraphPad Prism software (version 5, Graph-

The cellular responses of immunized volun-

Pad Software Inc., California, USA) and

teers to PfNF54, PbVac or PbWT sporozoites

Microsoft Excel (version 16.16.8). All volun-

or to Pf CSP were assessed using an intracel-

teers exposed to PbVac were included in the

lular cytokine staining assay. 1x106 thawed

intention-to-treat analysis. All safety data

PBMCs were stimulated in a total of 200 mL

were descriptive to characterize safety and
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mosquito infection and dissection work, Rob

fection). After challenge infection, the prepat-

Hermsen and Karina Teelen for performing

ent period to P. falciparum positivity (time for

the PbPCR and all the thick smear microsco-

first positive qPCR >100 parasites/mL) and

pists for reading many smears. Finally and
foremost, we would like to thank the study
volunteers who participated in this trial.

was compared between groups by applying
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appearance of parasitemia (‘breakthrough’ in-

difference in parasitemia at first positive qPCR
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Fig. 1. Trial flowchart
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Fig. 2. Clinical efficacy of PbVac.
A) Prepatent period for non-immunized controls (white circles) and immunized volunteers (green circles), presented
as the number of days until parasitemia was at least 100 Pf parasites/ml of blood, as measured by qPCR; B) Parasitemia at first positive qPCR; C) Estimation of the number of first-generation parasites exiting the liver. Comparisons
between controls and immunized volunteers in A) and B) were assessed by applying the Kolmogorov-Smirnov
non-parametric test (*≤0.05; **≤0.01) and bars represent mean ± standard error. In C), significance was calculated
using a two-sample t-test and bars represent geometric mean ± standard error on the natural logarithmic scale. Vxx
refers to volunteer number.

Fig. 3. Humoral responses elicited by PbVac.
(A-B) Plasma IgG binding to PbVac spz (A) and PbWT (B) spz in samples collected pre-immunization (I1(-1) – white circles) and prior to CHMI (C(-1) – green circles); Median fluorescence intensity (MFI) values are for binding at a 1/1,000
dilution; (C) Plasma IgG reactivity against full length PfCSP as measured by ELISA, normalized to a pool of sera from
100 hyperimmune Tanzanians (HIT), which was set at 100 arbitrary units (AU). (D) Binding of plasma IgG to Pf spz. MFI
values are for binding at a 1/1,000 dilution; (E) Viable Pf spz-infected cells following incubation with purified plasma
IgG was assessed as a surrogate for induced Pf spz lysis; (F) Inhibition of Pf spz invasion of HC04 cells by purified
plasma IgG from samples collected pre-immunization (I1(-1)) and prior to CHMI (C(-1)), depleted or not of PfCSP-specific antibodies (PfCSP-depleted – light green circles) (G-I) Correlation between the cumulative number of mosquito
bites and anti-PfCSP antibody titers (G), binding capacity to Pf spz (H) and induction of Pf spz lysis (I); Differences
between groups were assessed by applying the Wilcoxon matched-pairs signed rank test and correlations using the
non-parametric Spearman correlation test (*<≤0.05; **≤0.01; ***≤0.001). Vxx refers to volunteer number.
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Fig. 4. Cellular immunogenicity of the PbVac.
A-C) Percentage of IFN-γ-producing lymphocytes in peripheral blood samples collected pre-immunization (I1(-1)
– white circles), 14 days after the first immunization (I1(+14d) – grey circles) and before CHMI (C(-1) – green circles)
following stimulation with PbVac spz (A) PbWT spz (B) or PfCSP recombinant protein (C); D-F) Percentage of CD8+
T cells producing any combination of IFN-γ, IL-2 and TNF-α in peripheral blood samples, following stimulation with
either PbVac spz (D), PbWT spz (E) or PfCSP (F). Differences between groups were assessed by applying the Wilcoxon
matched-pairs signed rank test (*≤0.05; **≤0.01; ***≤0.001). In C) and F), bars represent the mean ± standard deviation.
Vxx refers to volunteer number.

Fig. 5. Cross-species cytokine responses.
(A) Percentage of IFN-γ-producing lymphocytes following stimulation with Pf spz in peripheral blood samples collected pre-immunization (I1(-1)) and 14 days after immunization (I1(+14)) with 5 and 25 mosquito bites, or collected
pre-immunization (I1(-1)), 14 days after the first immunization (I1(+14d)) with 75 mosquito bites and before CHMI (C(1)); (B) Percentage of CD8+ T cells producing any combination of IFN-γ, IL-2 and TNF-α following stimulation with Pf
spz. Differences between groups were assessed by applying the Wilcoxon matched-pairs signed rank test (*≤0.05;
**≤0.01; ***≤0.001).
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Fig. S1. Humoral responses elicited by immunization with PbVac.
(A and B) Binding to PbVac spz (A) and PbWT spz (B) of plasma IgM from samples collected pre-immunization (I1(-1)
– white circles) and prior to CHMI (C(-1) – green circles); Median fluorescence intensity (MFI) values were registered
for binding at a 1/1,000 dilution; (C) Plasma IgG reactivity against the PfCSP repeat sequence as measured by ELISA,
normalized to a pool of sera from 100 hyperimmune Tanzanians (HIT), which was set at 100 arbitrary units (AU).
(D) Binding of plasma IgM to Pf spz; (E) Correlation between binding of plasma IgGs from samples collected prior to
CHMI to Pf spz and the titers of anti-PfCSP whole protein antibodies for the same samples determined by ELISA; (F)
Correlation between plasma IgG binding levels to Pf spz before and after IgG purification for samples collected before
CHMI; (G) C3b complement deposition in Pf spz pre-incubated with purified plasma IgG depleted or not of PfCSP-specific antibodies (PfCSP-depleted – light green circles); Differences between groups were assessed by applying the Wilcoxon matched-pairs signed rank test and correlations using the non-parametric Spearman correlation test (*≤0.05;
**≤0.01; ***≤0.001). Vxx refers to volunteer number.
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Fig. S2. Frequency of sub-families of circulating immune cells.
Fold change in the frequency of circulating sub-families of immune cells between samples collected pre-immunization (I1(-1) – white circles), 14 days after the first immunization (I1(+14d) – grey circles) and before CHMI (C(-1) – green
circles). Frequency of sub-families were calculated as a percentage of total lymphocytes. Differences between groups
were assessed by applying the Wilcoxon matched-pairs signed rank test (*≤0.05; **≤0.01; ***≤0.001). Boxes represent
the 25th to 75th percentiles and whiskers the range.
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Fig. S3. Serum cytokine levels after the first PbVac administration.
Fold change in the serum levels of various cytokines and chemokines between samples collected pre-immunization
(I1(-1) – white circles), 5 days after the first immunization (I1(+5) – light grey circles), 7 days after the first immunization
(I1(+7) – median grey circles) and 10 days after the first immunization (I1(+10) – dark grey circles). Differences between
groups were assessed by applying the Wilcoxon matched-pairs signed rank test (*≤0.05). Boxes represent the 25th to
75th percentiles and whiskers represent the range.

Fig. S4. Polyfunctionality of CD4+ T cell-produced cytokines.
A-C) Percentage of CD4+ T cells producing any combination of IFN-γ, IL-2 and TNF-α cytokines in peripheral blood
samples collected pre-immunization (I1(-1) – white circles), 14 days after the first immunization (I1(+14d) – grey circles)
and before CHMI (C(-1) – green circles) following stimulation with PbVac spz (A) or surrogates for the PbVac components, PbWT spz (B) and PfCSP (C); D-H) Comparative changes (D and F) and overall relative cytokine proportions
within CD4+ T cells producing IFN-γ, IL-2 and/or TNF-α (E and G) for each combination of cytokines upon stimulation
with PbVac spz (D and E) or PbWT spz (F and G). In D) and F), left panels show the percentage of polyfunctional CD4+
T cells in the various peripheral blood samples collected and the right panels show the percentage of mono-functional CD4+ T cells. Pie charts in E) and G) are colored for each cytokine combination as indicated below D) and F), respectively, and represent the total populations of cells producing any combination of IFN-γ, IL-2 and TNF-α. Differences
between groups were assessed by applying the Wilcoxon matched-pairs signed rank test (*≤0.05; **≤0.01; ***≤0.001).
In C), D) and F), bars represent the mean ± standard deviation. Vxx refers to volunteer number.
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Fig. S5. Polyfunctionality of cross-species cytokine responses.
(A) Percentage of IFN-γ-producing CD4+ T cells following stimulation with Pf spz in peripheral blood samples collected
pre-immunization (I1(-1)) and 14 days after immunization (I1(+14)) with 5 and 25 mosquito bites, or collected pre-immunization (I1(-1)), 14 days after the first immunization (I1(+14d)) with 75 mosquito bites and before CHMI (C(-1)); (B and
C) Comparative changes (B) and overall relative proportion within CD4+ T cells producing IFN-γ, IL-2 and/or TNF-α (C)
for each combination of cytokines produced upon stimulation with Pf spz. In B), left panels show the percentage of
polyfunctional CD4+ T cells in the various peripheral blood samples collected and the right panels show the percentage of mono-functional CD4+ T cells. Pie charts in C) are colored for each cytokine combination as indicated below B)
and represent the total population of cells producing any combination of IFN-γ, IL-2 and TNF-α. Differences between
groups were assessed by applying the Wilcoxon matched-pairs signed rank test (*≤0.05; **≤0.01; ***0.001). Bars represent the mean ± standard deviation.
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The XN-30 haematology analyser for rapid
sensitive detection of malaria: a diagnostic
accuracy study
BMC Medicine 2019; 17:103
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is essential for disease management and
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Malaria remains a major cause of morbidi-

reducing confidence in antimalarial drugs by

Controlled human malaria infection (CHMI)

ty and mortality around the world with an

health care workers.5 Molecular tests allow

The ability of the XN-30 to detect low den-

estimated 216 million cases and 445,000

detection of low density malaria infections,

sity sexual and asexual parasitaemia, and

malaria-related deaths in 2016. The most

but are primarily useful in epidemiological

monitoring of treatment under controlled

prevalent malaria parasite in sub-Saharan

surveys because they are complex to per-

conditions was studied in a CHMI trial (Clin-

Africa is Plasmodium falciparum, which

form, require highly trained personnel and are

icalTrials.gov, NCT02836002). The primary

accounts for 99% of estimated cases.1 Timely
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and accurate diagnosis of malaria is essential
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as measured by qPCR, followed by curative

ia diagnostics in endemic areas. RDTs have

technology.6-8 The XN-30 is a fully automated

treatment regimen upon recrudescence.

significantly improved identification of malaria

system that provides a quantitative estima-

Details and results of the primary objectives

infections, especially in remote areas with

tion of parasitaemia within one minute with a

of this study have recently been published.9

74% of all diagnoses in Africa being made by

lower limit of detection of 20 parasites/ml. In
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RDT.3 Both currently used techniques provide

addition, it provides a full blood count which

ticoagulated venous blood was collected

challenges in clinical practice: Microscopy is

is indispensable in management of febrile

twice daily for XN-30 and results were com-

labour intensive and the quality of microsco-

illness and malaria in particular as anaemia is

pared with qPCR for asexual- and qRT-PCR

py-based diagnosis heavily relies on observ-

the most common complication of malaria.

for sexual P. falciparum parasites. Both tech-
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er-dependency. RDTs are antigen-directed and

The aim of our study was to evaluate the ac-

niques are described in detail elsewhere.9

relative to their design can neither quantify

curacy of the XN-30 analyser for the detection

malaria parasitaemia, nor allow monitoring of

of Plasmodium falciparum malaria. First, we as-

Diagnostic accuracy study

treatment response, which are both essential

sessed its performance in healthy participants

This prospective, double-blinded, phase-3

elements to manage severe malaria. Addi-

in whom low density parasitaemia was induced

diagnostic accuracy study (clinicalTrials.

tionally, RDTs cannot distinguish current from

in a Controlled Human Malaria Infection (CHMI)

gov, NCT02669823) was performed at the

recently treated infections as antigens may

study. To establish the performance under field

Clinical Research Unit of Nanoro (CRUN). The

remain present in the circulation after malaria

conditions, we then performed a phase-3 diag-

primary objective was to assess the diagnos-

infection. Consequently, false-positive results

nostic accuracy study among febrile children

tic sensitivity and specificity of the XN-30 to

may be misinterpreted as treatment failure,

and adults in Burkina Faso.

detect malaria parasitaemia in children and

4

adults with an acute febrile illness against
microscopy of a thick blood smear, or qPCR
in case of a negative thick smear or incongruent results of XN-30 and microscopy. The

though Plasmodium ovale and Plasmodium
malariae are also sporadically found.11 Participants were enrolled between March 2016
and June 2017 at the “Centre Medicale avec
Antenne Chirurgicale” (CMA) of Nanoro. Consecutive patients of three months and older
in whom an acute febrile illness was suspected were screened for eligibility. Patients were
eligible for inclusion if they were admitted
to hospital, had a measured temperature of
≥38·0°C or ≤35·5°C, or a reported history of
fever up to 48 hours prior to presentation, or
a suspicion of severe infection with signs of
severe clinical illness including respiratory
distress, altered consciousness, clinical jaundice, tachycardia with hypotension, severe
malnutrition or severe anaemia, and a suspicion of severe infection. Patients with fever
lasting more than 7 days were excluded.
Because of insufficient enrolment, patients
that met eligibility criteria but who were not
admitted to hospital were also enrolled from
November 2016 onwards. Informed consent
was obtained from all participants or their
parents/legal guardians. Basic demographicand clinical data, including the recent use of
antimicrobial medication, were recorded on
a standardized case report form by qualified study nurses. Patients were followed
daily during hospitalization and in-hospital
follow-up samples were taken if clinically indicated. For a subset of patients, a follow-up
sample was taken at approximately 2 weeks
after inclusion.

secondary objective was to compare the
accuracy of the XN-30 analyser to diagnose

Procedures

malaria compared to malaria RDT.

Upon inclusion 2-5 ml EDTA anti-coagulated
blood was obtained and analysed within one

Study site and population

hour after sampling. Laboratory analyses

CRUN W is located in the health district of

were performed and interpreted by expe-

Nanoro, a rural area of Burkina Faso which is

rienced laboratory technicians who were

hyperendemic for Plasmodium falciparum,

blinded to clinical data. Technicians working
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on the index test were not involved in the

of ≥20 MI-RBC/µL were considered positive

Case definitions, data management

predictive value were assessed using the di-

analysis of the reference tests. Interpreta-

for the diagnostic accuracy study. Validated

and statistical analysis

agt-package. A ROC curve analysis was done to

tion of the index test was done by blinded

haemocytometry data were used for clinical

Malaria parasitaemia was defined as the pres-

assess the Area Under the Curve (AUC). Linear

researchers after inclusion was completed.

care, all experimental data were kept blinded.

ence of one or more parasites in malaria mi-

regression analyses were done to assess the

croscopy or a malaria qPCR result over 0·05p/

correlation in parasite densities between qPCR,

Laboratory procedures were standardized,
quality controls were performed according

Reference test: malaria microscopy

µL in the diagnostic accuracy study. Severe

malaria thick smear and XN-30. Comparative

to good clinical and laboratory practices

Thick and thin blood films were stained with

malaria was defined according to WHO

analyses of sensitivity and specificity were done

(GCLP) guidelines. Audits were performed at

3% Giemsa solution (pH 7.2) and examined

criteria 2014.13

using a McNemar test and reported as test-ratio

least twice a year.

for presence of Plasmodium parasites ac-

Data was collected on standardized case

cording to WHO procedures. Results were

report forms (CRFs) and entered into a secure

Index test: XN-30

expressed as asexual parasites/µL using the

database (RedCap, Vanderbilt University, Nash-

The XN-30 is an automated haematology

patients WBC count as measured by haema-

ville, USA) after conformity check by a medical

Ethics statement

analyser (Sysmex Corporation, Kobe, Japan)

tology analyser. The Plasmodium species and

doctor. Entered data were checked against the

The studies were performed in accordance

which can be used for malaria detection as

presence of gametocytes were also record-

CRFs by a data manager. Approximately ten

with the declaration of Helsinki and GCLP

described in detail elsewhere.6 The analys-

ed. Slides were viewed by two independent

percent of participant files were checked by an

guidelines. The CHMI study was approved by

er aspirates and dilutes blood samples in

microscopists. Presence of one or more Plas-

independent monitor. Results from qPCR were

the central committee for research involving

a diluent solution (CELLPACK DCL). Subse-

modium parasites was considered positive.
In case of discrepancies between the two
microscopists, the result of a third microscopist was decisive.

separately entered into an Excel (Microsoft,

human subjects (CCMO) of the Netherlands

Washington, USA) database and merged with

(NL56659.091.16), and the Western Institutional

the principal database. The researchers were

Review Board (WIRB) in the USA. The diagnos-

blinded to the XN-30 results until all test results

tic study was approved by the national ethical

were locked into a STATA database.

committee of Burkina Faso (ref 2015-01-006),

quently, the nucleic acids are stained with a
staining solution (Fluorocell M) along with a
lysis solution (LysercellM). Infected red blood
cells (iRBC) and white blood cells (WBC) are

with significance level. A significance level of
5% was used for all analyses.

detected by a violet semiconductor 405nm

Additional malaria tests

laser beam. Parasitaemia percentage is

SD Bioline Malaria AgP.f (HRP2/pLDH) (Stand-

to a statistical plan agreed before data inspec-

CEIRES) the ethical committee of the university

calculated by the ratio of infected- and unin-

ard Diagnostics, Inc, Gyeonggi-do, Republic

tion using, Stata 14 (Stata Corp, College Station,

hospital of Antwerp (ref 15/47/492) and the insti-

fected red blood cells. Output data separate-

of Korea) was performed according to manu-

TX, USA). Patients with missing data on either

tutional review board of the Institute of Tropical

ly reports haemocytometric data, the pres-

facturer’s instructions. Five µL venous blood

reference test, index test or qPCR were exclud-

Medicine Antwerp (ref 1029/15).

ence of gametocytes and parasitaemia - both

was inoculated on the RDT cassette. After

ed from analysis. In case of unreliable index test

as a percentage of infected red blood-cells

five minutes, the test line reactivity of the

results due to an abnormal scattergram distri-

Role of the funding source

(MI-RBC%) and absolute parasite density (MI-

Plasmodium falciparum histidine-rich protein-2 (HRP-2) and pan-Plasmodium species
parasite-lactate dehydrogenase (pLDH) were
scored, whereby any visible test line was
considered positive. Results for pLDH and
HRP-2 were recorded separately. Quantitative PCR (qPCR) targeting the multicopy 18S
rRNA gene was performed in retrospect at
the department of microbiology of Radboud
university medical centre, the Netherlands,
using 200 µL blood per patient using previously described methods. 12 The lower level
of detection of qPCR was 0·05p/µL.

bution the result was reported as ‘inconclusive’.

The CHMI study was funded by PATH MVI.

RBC#) expressed as parasites/µl. The data
is automatically determined by flow cytometry, analysing scattergrams plotted three
dimensionally with forward- side scattered
light, side scattered light and side fluorescent light. In case of abnormal scattergram
distribution, the malaria result is reported as
‘unreliable’. The analyser uses approximately
60µL whole blood per analysis, results are
available within one minute and cost approximately 1 US dollar per sample.6
No quantification limit was applied for XN30 for the CHMI study, while XN-30 values

All statistical analyses were done according

Differences in proportions, medians or

the internal review board of IRSS (ref A03-2016/

Sysmex Corporation provided the analyzer and

means were compared using respectively the

reagents. The diagnostic accuracy study was

Chi-square test, the two-tailed Fisher’s exact

funded by Sysmex Corporation. The funding

test, or Mann-Whitney-U test in case of not

sources were involved in the study design, but

normally distributed data. Sensitivity, speci-

not in data collection, analysis and interpreta-

ficity, positive predictive value and negative

tion, or the preparation of the report.
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Results

27/30 cases were later confirmed as submicro-

6·27-63·76, p<0·001) while the sensitivity of

We assessed the diagnostic accuracy of XN-30

patients are presented by age group in

Baseline characteristics for all included

scopic parasitaemia by qPCR. Three samples

HRP-2 was higher (McNemar test ratio 1·17, CI

in 16 healthy participants exposed to low-density

Table 1. The percentage of patients who

were false negatives: two cases had low para-

1·11-1·24, p<0·0001). The NPV of HRP-2 was

parasitaemia during a CHMI (Supplementary

were pre-treated with antimalarials prior to

site densities (<20p/µl in qPCR), the third had a

89·6% versus 83·4% for XN-30. The additional

Figure 1). All participants developed parasi-

admission ranged between 25·8% (84/334)

high parasite density and was suspected to be

sensitivity gain for HRP-2 over XN-30 lay in

taemia between day 6 and 12 post infection,

in adults and 46·1% (83/180) in children 2-5

a sample mix-up. After correction for submi-

very low level parasitaemias (median parasite

as determined by qPCR. The geometric mean

years old. Severe malaria was detected in 120

croscopic malaria, the sensitivity and specific-

density 0.45 p/µl; IQR 0.13-1.8) with negative

peak parasitaemia density was 37p/µL. Figure

(50·0%) patients with microscopically con-

ity of the XN-30 increased to 98·9% and 99·5%

microscopy. The majority (64%) of these

1A shows parasitaemia dynamics over time as

firmed malaria, of whom 55 (45.6%) fulfilled

respectively with a PPV of 98·9% and an NPV of

cases had been pre-treated with antimalarials.

quantified by the XN-30 analyser and by qPCR.

the criterium of severe anaemia. These high

99·5% (area under ROC curve 0·99).

Considering only microscopically confirmed

The quantitative data shows a strong correla-

numbers are in line with previously reported

tion between the XN-30 and qPCR (R2=0·91;

results11, and are likely caused by the func-

for XN-30 and microscopy compared to qPCR.

specificity than both HRP-2 and pLDH RDTs.

p<0.0001) (Figure 1B). The XN-30 was able to
monitor treatment and detect recrudescent
infections (Figure 2). The positive cut-off of the
XN-30 was 8·1p/µL as defined by the mean of
all negative qPCR samples+3SD. Gametocyte
densities in CHMI were too low to be detected
by microscopy or XN-30 (<1·3 gametocytes/µL).
In vitro experiments were performed to estimate
the limit of detection of mature gametocytes
and test the stability of the samples when measured by XN-30 (Supplement 1, Supplementary
Figure 2). Sample quantification remained
accurate up to 6 hours after sampling, at room
temperature (Supplementary Figure 3).

tion of CMA as a district referral hospital for

The XN-30 had a significantly higher sensitivi-

We compared parasite densities as re-

complicated disease. In total, 411 follow-up

ty than microscopy to detect qPCR confirmed

corded by XN-30 with densities quantified

samples were taken: 59 during hospitalization

parasitaemia (73.3% versus 66.6%, McNemar

by microscopy and qPCR. Figure 5 shows

and 352 at two-week follow-up.

test ratio 0·91, CI 0·87-0·95, p<0.0000),

the corresponding correlations (microscopy

The results of malaria diagnostics are

whereas specificity did not differ between

r=0·82, p<0·0001; qPCR r=0·79, p<0·0001).

presented in Table 2. A total of 240 patients

both tests (99.4% versus 100%, p=0.0833).

(26·4%) had positive microscopy with para-

Table 4 presents the diagnostic accuracy

A secondary objective was to compare

cases, XN-30 has a higher sensitivity and

Follow-up samples were available in 125
patients (51·9%) with XN-30 confirmed ma-

site densities ranging from 24-500,000p/µL

the diagnostic performance of XN-30 to diag-

laria. The median parasite density dropped

(median 15,614p/µL; IQR 41-298,549p/µL); 373

nose malaria parasitaemia against two RDTs.

from 19,138p/µL (IQR 1,594–98,165) at inclu-

patients (41·1%) had a positive qPCR. Submi-

Table 5 shows the diagnostic accuracy of both

sion to below the limit of detection at fol-

croscopic parasitaemia (positive qPCR with

used RDTs and XN-30 compared to micros-

low-up, confirming that XN-30 can be used

negative microscopy) was detected in 118 cas-

copy (upper part) and qPCR (lower part) and

for treatment follow-up in a clinical setting.

es (12·9%) with densities ranging from 0·05-

compares both RDTs to XN-30 in terms

A total of 15 non-falciparum malaria parasi-

102·8p/µL (median 0.68p/µL; IQR 0·13-3·1p/

of accuracy.

taemias were identified by microscopy, all of

µL). Six microscopy positive cases were not

Sensitivity of XN-30 was significantly

which were picked-up by XN-30, though they

Diagnostic accuracy study

detected by qPCR. RDTs were positive in 396

higher than pLDH (McNemar test ratio 0·82,

were not differentiated from P. falciparum. A

We assessed the diagnostic accuracy under field

patients, in more than half of the cases both

CI 0·77-0·88, p<0·0001), while specificity

total of 60 samples contained microscopy

conditions in a malaria hyperendemic region

pLDH and HRP-2 were positive. XN-30 record-

was not different (McNemar test ratio 0·67; CI

confirmed gametocytes. The XN-30 correct-

in Burkina Faso. Between March 2016 and July

ed 264 cases of malaria with a mean parasite

0·11-3·99, p=0·6547). Conversely, XN-30 had

ly identified the presence of gametocytes in

2017, 1213 eligible patients presented at CMA

density of 71,506p/µL (IQR 315-85,149p/µL).

higher specificity (McNemar test ratio 20; CI

32 of these samples.

Nanoro, a total of 930 were included (Figure 3).

Table 3 and 4 present the diagnostic sen-

Fourteen patients were excluded from analysis

sitivity, specificity, positive predictive value

due to inadequate sample storage or evident

(PPV) and negative predictive value (NPV) for

sample mismatch. In 71 patients (7·8%) the XN-

XN-30 against microscopy and qPCR. Figure

30 scattergram was abnormally distributed and

4 shows the corresponding ROC curves. The

therefore reported as “inconclusive”, three of

sensitivity and specificity of XN-30 against

these cases were deemed malaria positive

microscopy were 98·7% and 94·8%, respec-

by microscopy. For eight patients the PCR

tively, with a PPV of 88·3% and NPV of 99·5%.

data was not available due to a shortage

In 30 cases the XN-30 indicated parasitaemia

of sampled blood.

whereas microscopy was deemed negative;
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This is the first study to present the diagnostic

may have been based on recent infection. This

providing instant results. The limit of detection

copy is most apparent in low-density parasitae-

performance of XN-30 for detection of malaria

thought is underlined by the very low median

as observed in the CHMI study was lower than

mia and as such XN-30 may also be useful as a

in humans. The sensitivity of XN-30 to detect

parasite density among these cases and the

that of the diagnostic accuracy study (8·1 ver-

mass screening tool in control programs.

Plasmodium parasitaemia in a clinical setting

fact that almost two-thirds of them reported

sus 20p/µL). We have no obvious explanation

was superior to that of microscopy in qPCR

use of antimalarials within the 48 hours prior

for this difference; previous studies demon-

Declaration of interest

confirmed cases, whereas the specificity was

to inclusion.

strate that malaria negative samples with

AvV and QdM have a non-restricted research

low haemoglobin, high reticulocyte count,

grant from SYSMEX, which funded the current

comparable. XN-30 had a higher sensitivity

The major advantages of RDT over micros-

and specificity than pLDH and HRP-2 RDTs for

copy are that RDTs are easy-to-use, do not

thrombocytopenia or hemoglobinopathies had

study. None of the other authors had any con-

microscopy confirmed malaria. Specific advan-

need specialized equipment and as such can

no significant influence on reliability of the

flict of interest.

tages of the XN-30 over RDTs are its ability to

be applied outside healthcare facilities. Recent

malaria result.8 Further research is needed to

quantify parasite densities, allowing monitor-

evidence from central Africa suggests the rise

analyse the origin of this difference.

ing of treatment response as well as estimation

of P. falciparum with HRP-2 deletion which

of disease severity, and the fact that a full

prevents the most commonly used RDTs from

Limitations

for study design and execution of the CHMI

blood count is provided at the same time.

Author contributions
IjR, WvdH, KL, TB and RWS were responsible

detecting this strain. While XN-30 is equally

In the present study, XN-30 had an inconclu-

study. AP, BK, PL, HT, JJ, QdM and AvV were

easy to use and interpret, it requires an energy

sive result due to an abnormal scattergram

involved in study design of the diagnostic

microscopy and RDTs for clinical practice in

source which limits its usefulness outside of

distribution in 71 cases (8.9%). This implies that

accuracy study. BK, JB, SD, PL and BK were

low resource settings. The accuracy of malaria

healthcare facilities. The provision of a full

when used in clinical settings, approximately

responsible for study management in Burkina

microscopy (LOD 24 p/µl) in the current study

blood count with each analysis in these set-

one in twelve patients would need an addition-

Faso. NH, AP and JJ were involved in quality

is far above the expected accuracy under field

tings, gives invaluable information for malaria

al diagnostic (RDT or microscopy) when the

control. Analyses and writing were done by

conditions, which is generally estimated at

management, as in the work-up of any febrile

XN-30 is inconclusive. In addition, this study

AP, BK, QdM and AvV. All authors read and

50-100 p/µl.14 Therefore, the reported accuracy

patient. As such, XN-30 may detect parasitem-

was performed in a malaria hyper-endemic

approved the report before submission.

of XN-30 might be an under-estimation com-

ia also in malaria unsuspected cases, which

setting, therefore, population-level effect of

pared to most clinical settings. XN-30 shares

may be important for non-endemic countries.

the sensitivity and specificity could vary by dif-
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Figure 1.
Diagnostic performance XN-30 in CHMI.A) Geometric mean of parasitaemia densities (n =16 participants) as measured by qPCR and the XN-30. Negative qPCR are given a value of 0.001 in the figure. B) Correlation between qPCR
and XN-30 of all measured samples. Dotted lines divide samples in <1 p/μL, 1-10 p/μL, and >10 p/μL.

Figure 2. Parasitaemia curves of subjects with recrudescent infections.
Representative parasite curves of 4 individual subjects with recrudescent infection upon treatment. T1=treatment 1,
T2=treatment 2. Negative qPCR are given a value of 0.001 in the figure.
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Table 1.
Baseline characteristics (n = 908).

Figure 3.
Patient flow of diagnostic accuracy study in Nanoro, Burkina Faso, excluding patients with incomplete data

Table 2.
Cases of malaria detected per type of diagnostic, for all included patients (n = 916).
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Table 3.
Diagnostic accuracy of XN-30 compared to malaria microscopy. Data with and without correction for qPCR confirmed submicroscopic parasitaemia cases.

Figure 4.
ROC curves XN-30 versus malaria microscopy and qPCR.

Table 4.
Prevalence of disease on qPCR, N (%, 95% CI) *McNemar test to compare sensitivity and specificity present ratio of
proportions. All ratios presented as XN-30 relative to microscopy.
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Table 5.
Prevalence of disease on microscopy (upper part of the table) and qPCR (lower part of the table), N (%, 95% CI)
*McNemar to compare sensitivity and specificity present ratio of proportions. All ratios presented as XN-30 relative
to HRP-2 and pLDH respectively.
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Supplement 1.

In vitro ring stage parasite- and gametocyte culture
A semi-automated suspension culture was used for the in vitro experiments using asexual and sexual parasite cultures of the NF54 Plasmodium falciparum strain. The parasites were cultured with slight modification of descriptions
by Ponnudurai et al.1 Gametocytes and asexuals of Plasmodium falciparum were cultured in a ‘shaker’ flask at 37°C
under 4% C02, 3% O2, 93% N2 continuous gas flow. Parasites were cultured in RPMI 1640 with L-glutamine (Life
Technologies), supplemented with 5.94 g/L HEPES (BDH Biochemical), 50 mg/L hypoxanthine (Sigma Aldrich).
Culture medium was changed twice daily, with an initial 5% haematocrit. Synchronized asexual ring cultures were
prepared with Sorbitol (5% aqueous solution) and Percoll (63%) treatment. Parasite cultures for gametocytes production were treated with 50mM of N-acetyl glucosamine (Sigma Aldrich) from day 8 to kill asexual parasites and
induce gametocyte commitment. Mature gametocytes were harvested on day 16 of culture. Furthermore, magnetic
cell sorting (MACS LS columns) was used to obtain pure gametocyte samples. Parasite densities for the in vitro experiments were determined by microscopy (Burker-Turk counting chamber and Giemsa slides) prior serial dilutions in
whole blood of 1-3 different donors per experiment. All procedures were conducted at 37°C and samples were kept
at this temperature 15-30 minutes prior to XN-30 and PCR analysis to prevent early gametocyte activation.
Molecular detection of parasites of the in vitro experiments
Parasite densities of the in vitro ring stage experiments was determined by quantitative PCR (qPCR) targeting the
multicopy 18S rRNA gene2, identical to the in vivo CHMI study. Quantitative reverse transcription PCR (qRT-PCR)
was performed targeting Pfs25 mRNA that is specific to female gametocytes.3 50μL of the samples (gametocyte
enriched or control) were added to 250μL of RNAprotect Cell Reagent (Qiagen, Hilden, Germany) for automated
extraction and qRT-PCR as described previously 4 with two modifications: 2μL cDNA was used in the 20μL final reaction mix and primer concentration was reduced to 225nM.

Figure 5.
Correlation between parasite density of XN-30 and respectively microscopy and qPCR.

In vitro results
The performance of the XN-30 was tested with cultured ring stage falciparum parasites. A serial dilution of the
synchronized P. falciparum rings was spiked with fresh whole blood of 2-3 different donors per experiment in three
independent experiments. The XN-30 showed a very strong correlation of ring stage parasitaemia levels between
microscopy (R2=0.97, p<0.0001) and qPCR (R2=0.99, p<0.0001) (Supplementary figure 2). Parasitaemia levels of all
samples >10 p/μL showed R2 >0.97 for both microscopy and qPCR. Densities below ~10 Pf/μL resulted in a reduction of R2 to <0.59. The stability of ring-stage parasite samples was confirmed for at least 6hrs at room temperature
(Friedman test, p= 0.35) (Supplementary figure 3). There was a time-dependent trend towards a higher interference
of negative and submicroscopic samples (≤10 Pf/μL). After 24hrs, parasites were still detectable but interference was
statistically significant increased compared to direct measurement (fold-change 1.20 CI95% 1.095-1.491, p= 0.008).
Cultured mature gametocytes were prepared in a similar serial dilution as the cultured ring stage experiments. The
XN-30 presents gametocyte densities as percentage of cells from MI-RBC. A strong correlation was found between
the XN-30, and microscopy (r2=0.93, p<0.0001) or qRT-PCR (r2=0.92, p<0.0001) in three independent experiments
with 1-2 different donors per experiment (Supplementary Figure 2).
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Supplementary Figure 1.
CHMI-study participant inclusion flow
LD:Low-dose | SP: sulfadoxine-pyrimethamine| PIP: piperaquine.

Supplementary Figure 3.
Stability data of cultured ring-stage samples. Correlation of the XN-30 at 0 hours and after 2,4,6 and 24 hours with
cultured parasites ring-stage parasites.

Supplementary Figure 2.
Correlation of the XN-30 with microscopy and qPCR, in cultured parasites. Negative ring stage microscopy and
PCR results are given a value of 0.05 p/μL. Negative gametocyte microscopy, PCR and XN-30 results are given a
value of 0.05 p/μL.
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The fight against malaria has seen many bat-

specialized centra in multiple countries over

tles with great losses, but a major progress has

the world, and have proven to be predictable,

been made in malaria control and elimination

reproducible, and safe.9-12 Safety is a guiding

in the last decade. Nevertheless, the progress

principle of the ethical justification to conduct

has stalled with an increase in malaria burden

and approve challenge studies. The risk of
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1,2

since 2015.3,4 This worrying fact makes malaria

harm to the individual participant is a particu-

elimination efforts more current than ever. The

lar concern in challenge studies.13 Challenge

renewed focus on elimination has resulted in

studies should therefore bring a significant

a framework that builds along the elimination

scientific gain and be well designed to ensure

continuum. One core principle is the innova-

a favorable risk benefit ratio. Vaccine- or drug

tion in malaria control tools.2 The current arse-

studies are often rapidly accepted with a gen-

nal is likely to be insufficient to eliminate ma-

eral consensus, but it must be realized that the

laria in most endemic settings, and investment

risks in CHMI are taken by study participants

in research and development of improved

that often do not directly benefit from it. The

diagnostics, new medicines, insecticides,

benefits of the scientific gains in CHMI mainly

innovative vector control tools, and vaccines

relate to communities in endemic settings.

must be a priority. These developments require

Bambery et al.14 provides an ethical framework

a thorough understanding of the parasite biol-

that expands on work of Miller et al.15 and the

ogy, disease processes, parasite-host interac-

Academy of Medical Sciences16, to support

tion and transmission dynamics. Furthermore,

challenge studies, including an independent

the evaluation of new products, including

expert review, a publicly available rationale

vaccines, drugs and diagnostics, would greatly

for the research, carefully assessed benefits

benefit from well-controlled early phase proof-

and risks analysis, and compensation for

of-concept clinical trials. This would facilitate

harm ex post if needed. Today, CHMI studies

progression of the most promising candidates

have such criteria in place, but the practical

to large field trials in malaria endemic areas,

implementation differs between the centers

and at the same time allow discontinuation of

and countries. It is of critical importance to

less promising tools. The main objective of this

protect the individual participant from harm

thesis is to investigate and to show the utilities

as much as possible. The proper and accurate

of CHMI as a fit-for-purpose model.

risk assessment plays an important role in
safekeeping of participants. In Chapter 4 we

Optimizing CHMI and expanding

performed a structured risk analysis of CHMI

its utilities

to assess and discuss possible health risks
(e.g. organ damage) induced by CHMI. This

Ethics, safety and investigation of malaria

analysis may help to make evidence based

pathophysiology in CHMI

decisions to define additional safety meas-

Since the possibility to produce malaria

urements or better understand the risks and

infected mosquitoes through gametocyte

clinical consequences of controlled infections.

cultures , the CHMI model knows an ex-

For example, in Chapter 4 we describe that

tensive track-record with more than 3000

multiple organs are involved in CHMI including

volunteers being challenged under controlled

a transient increase in creatinine levels and

conditions.8 These studies are performed in

liver function tests after challenge. Given the

5-7
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rapid and spontaneous complete resolution,

defined due to known large heterogeneity in

unlikely to cause any long-term health risks for

and the known absence of clear functional

innate host responses. Interestingly, we find

participants.

liver (Chapter 2) and renal impairment (Figure

an association between parasite densities and

1) in uncomplicated malaria, these events are

severity of liver injury on group level, but the

analyzing safety data in CHMI is critical for par-

circulate in the blood for a longer period of

unlikely to result in sequellae. Nevertheless, in

large range observed also makes it impossible

ticipant safety, and results should be shared

time.44,45 Interestingly, already the first wave of

addition to the more stringent safety criteria

to define a clear parasite density threshold to

amongst investigators or published to help

parasites emerging from the liver stages and

implemented for cardiac risks over the past

prevent liver injury. However, it appears that

with the proper conduct of these challenge

entering the blood appear to commit to sexual

years17,18, we now further intensified our criteria

early treatment based on qPCR thresholds

studies. CHMI studies can provide unique in-

stages. The ‘easiest’ way to increase gameto-

to minimize risks for transient liver and renal

decreases the occurrence and severity of

sights in host-parasite interaction and malaria

cyte densities and subsequent mosquito

abnormalities.

LFT abnormalities. This corroborates with our

pathophysiology.

infection rates is induction of higher or more

We hypothesize that the observed organ

In conclusion, monitoring and carefully

previous work36, where a reduction of adverse

provide evidence that mature male and female
gametocytes first appear in the blood at different time points, and that female gametocytes

sustained asexual parasite densities, but this

damage is partially caused by the inflamma-

events is obtained when curative treatment is

Development of a CHMI transmission model

is constraint by safety issues. Another option

tory immune responses in response to blood

earlier initiated after CHMI (Figure 2). These

Elimination efforts would benefit from interven-

is to enhance infection rates in mosquito

stage infection, particularly occurring after

findings highlight the importance to rigorously

tions that specifically aim to reduce transmis-

feedings assays by concentrating gametocytes

initiation of antimalarial treatment.19-30 In

predefine the CHMI endpoints, including the

sion. Therefore, research will be important

in the mosquito blood meal. In chapter 6, we

Chapter 2, we conducted a detailed analysis of

treatment thresholds for each individual study.

with a focus on the sexual and/or sporogonic

demonstrate that gametocyte concentration

the observed liver function test abnormalities

Some CHMI models require a relatively large

stages including transmission-blocking inter-

methods can enhance transmission in mos-

in CHMI and compared these findings with

time-frame of asexual parasitaemia to meet the

ventions (TBIs)37,38. However, such vaccines or

quito-feeding assays. Gametocyte purification

naturally acquired malaria patients. The appar-

study objectives, such as described in Chapter

drugs require effective models for the early

by magnetic-activated cell sorting (MACS)46,47

ent high incidence defines liver injuries as an

5. For other endpoints, the clinical burden for

clinical evaluation of candidate interventions,

appears to be the most efficient method,

under-recognized but common feature of un-

the participants can be reduced by relatively

as large field studies in endemic settings are

allowing the assessment of gametocyte infec-

complicated falciparum malaria with implica-

early treatment based on qPCR diagnosis of

currently indispensable 39,40. Such studies are

tivity in low density gametocyte infections.

tions for clinical decision making for individual

parasitaemia without compromising the study

expensive, very time-consuming, and prone to

This method could be of value in the CHMI

patient care. For example, it is advised to avert

objectives or the statistical power, as de-

confounding factors where immunity, con-

transmission model to increase infection rates

unnecessary discontinuation or shifts in anti-

scribed in Chapter 9 and 12.36

comitant infections, and other factors dictate

in mosquito feeding assays and improve the

parasite dynamics.41 A well-controlled in vivo

model’s ability to estimate the intervention’s

malarials due to the often supposed drug-in-

Most health risks and pathophysiology

duced liver injury, and caution should be taken

described in malaria, and CHMI in particular, is

model with minimal inter-individual varia-

transmission-blocking activity. However, the

with supportive drugs that have hepatotoxic

focused on direct health implication, but not

tion will facilitate downstream selection for

exact value of MACS concentration methods

side effects. Furthermore, this finding is of rel-

the long-term effects. In Chapter 3, we de-

candidate vaccines and drugs. Standard CHMI

for prediction of natural transmission needs

evance to antimalarial drug development 31,32;

scribe that the acute temporary parasitaemia,

studies do not allow sufficient gametocytes to

further evaluation (chapter 7). Recently, Collins

the origin of liver injury in uncomplicated dis-

known to be responsible for malaria specific

develop since asexual parasites and develop-

ease is often referred to as drug-induced hepa-

pathology, reversibly accelerates cellular

ing gametocytes are rapidly killed by curative

totoxicity, with little consideration being given

ageing by increasing inflammatory responses

antimalarial treatment. In chapter 5 we show

to the potential contribution of parasite-in-

associating with a disturbed oxidative stress

that induction of stable gametocytaemia is

duced liver injury.33-35 In this chapter we further

balance. These findings may be important to

feasible and reproducible in a CHMI model

strengthen our inflammation-damage hypoth-

understand the host-parasite interaction and

using an infected- mosquito bite challenge and

esis by associating inflammatory cytokines

the effect of naturally acquired malaria that

subcurative-doses of piperaquine phospatase

and oxidative stress markers to the observed

might contribute to long-term health implica-

or sulfadoxine-pyrimethamine. All participants

liver injury. Increases of these markers do not

tions for the host, in particular of interest to

develop gametocytaemia although densi-

precede but rather closely follow immediate

the asymptomatic parasite carriers. The very

ties are currently insufficient for meaningful

organ damage. It seems, however, that thresh-

brief period of accelerated cellular ageing

mosquito infection. By using highly sensitive

old levels for organ damage cannot be reliably

which is fully reversible in CHMI, is highly

and sex-specific detection methods42,43, we

et al.48 reported higher rates of mosquito infection induced by blood stage CHMI challenge
in combination with low-dose piperaquine.
Eight out of the eleven participants (73%) were
transmitting to mosquitoes, with a median of
7% infected mosquitoes per successful feed. In
chapter 7, we directly compared this approach
using blood stage inoculation with sporozoites
and bites of infected mosquitoes. This study
shows that blood stage challenge induces
much higher gametocyte densities compared
to mosquito bite challenge with the same par-
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asite (3D7 strain). Nine out of the twelve par-

room for improvements. In the blood stage

association of time of asexual parasitaemia

Western individuals, while the target pop-

ticipants (75%) were infective to mosquitoes

challenge of chapter 7, all participants were

to first treatment and high commitment rate

ulation is living in endemic areas. Previous

by direct skin feed (DSF) whereas 0/12 (0%)

treated on day 8 regardless of the parasite

make it worthwhile to further investigate these

studies have shown that individuals from

participants transmitted by DSF after mosquito

level. Due to the relatively large variability in

options. Predefining immune profiles of

endemic areas have different responses to

bite challenge. Both the asexual parasitaemia

parasite densities on day 8 between individ-

participants of endemic areas as described in

vaccines, impacting the efficacy. Malaria-ex-

burden (area under the curve, AUC) as the

uals (mean = 29623 p/mL, sd = 43357 p/mL),

chapter 8 could be of great use to obtain the

posed individuals in Africa respond much

peak asexual density was not significantly

5/12 participants were treated at a density

desired delay in patency. In addition, pilot

less to Sanaria’s Pf SPZ vaccine as shown by

different between blood stage or mosquito

below 5000 parasites/mL. These low asexual

studies with different regimens of low dose

multifold lower Pf CSP titers by ELISA than

bite challenge. This suggests that the sexual

densities resulted in lower sexual densities

piperaquine, or immunization regimen could

malaria-naïve individuals in the USA.61 The

commitment rate is higher in the former chal-

and subsequent lower mosquito infection. By

help to determine the optimal dose of drug

repeated malaria infections may be responsi-

lenge. A clear explanation for this phenome-

using more flexible treatment criteria based

or immunization.

ble for immuno-modulation that may explain

non is lacking, but could be due to i) a genetic

on individual results, as done in the mosquito

Another approach to acquire higher levels

difference between the blood stage parasite or

bite challenge, may result in higher mosquito

of gametocytes in CHMI that is worth exploring

the mosquito bite challenge parasite, although

infection rates. For example, an additional crit-

is the use of different parasite strains. It is well

in the evaluation of immunity to malaria and

the same 3D7 strain is used, ii) a longer period

erium could be to delay treatment by 24h (day

known that different P. falciparum strains vary

parasite growth rates in vivo.62,63 It may allow

of asexual parasitaemia at very low densities in

9) in individuals with parasitaemia levels below

in their ability to produce gametocytes in vit-

the monitoring of changes in malaria immuni-

the blood stage challenge resulting in partial

5000 p/mL. It now also seems likely that the

ty related to the considerable changes in the

immunity that could potentially stimulate

model can be optimized by exploiting the fact

gametocyte commitment as part of a terminal

of increased gametocytaemia levels with pro-

investment of malaria parasites under pres-

longed submicroscopic levels of asexual para-

sure49, or iii) adaptation of the asexual parasite

sites. This could be done by different options,

in the blood by increased multiplication cycles

such as: i) performing the CHMI-trans model in

after blood stage challenge resulting in higher

volunteers from endemic areas with low levels

commitment rate. When combining data from

of blood stage immunity that permits the es-

chapter 5 and chapter 7, a strong positive

tablishment of infection but associated with a

correlation is found between the time to first

slow gradual rise in asexual parasite densities,

treatment and commitment rate (Figure 3)

ii) an early low dose piperaquine regimen to

suggesting that a longer period of asexual

delay the moment of peak parasitaemia, or iii)

parasitaemia increases gametocyte commit-

a low immunization regimen (e.g. low blood

ment rate. Furthermore, chapter 7 clearly

stage inoculum and subsequent treatment,

showed that sulfadoxine-pyrimethamine is

or low dose CPS-regimen) prior challenge to

affecting transmission in contrast to previous

acquire partial immunity resulting in delayed

field studies.50,51 Nevertheless in vitro evi-

prepatent period. However, these options may

dence exists that SP might affect transmissi-

be compromised by the large heterogeneity

bility of gametocytes.52 All together, this data

of pre-existing immunity in endemic popula-

indicate that blood stage challenge, including

tion (chapter 8), the difficulties of finding an

ro.57,58 Specific parasite strains that are high gametocyte producers could be exploited in the
CHMI model to obtain high levels of gametocyte densities. This could be a relatively easy
option, though, full characterization of the
parasite strain in vitro is needed prior clinical
testing to ensure safety. Recently, the growing
interest and acceptance of using genetically
modified parasites could unlock an even more
experimental approach. A genetically modified
parasite that expresses the feature of producing very high levels of gametocytes could be
very useful for the CHMI model. For example,
parasites with up-regulated genes that activate
sexual commitment, such as GDV1- or PfAP2-G,
could be potential targets.59,60 A potential
pitfall of using a genetically modified parasite
is that they do not exist in nature, and therefore, might complicate adequate translation
of results to field conditions, particularly when
testing TBI’s.

this phenomenon.
CHMI studies have shown to be valuable

force of infection that have been experienced
throughout Africa.64 CHMI in endemic areas
could potentially be used as a monitoring tool
to evaluate immunity loss in populations and
the extent to which this affects disease presentation. However, caution should be taken
when interpreting results of the often small
numbers of volunteers in CHMI, and the specific strains used in the study. Furthermore, it
might be far more easy and practical to assess
seropositivity in the population than performing a complex CHMI study.65 Nevertheless,
CHMI can give important data on in vivo functionality of humoral responses and a more in
depth analysis of changes in cellular responses. So far, CHMI has also been conducted in
a number of malaria-endemic, resource-poor
settings, including Mali, Burkina Faso, Gabon,
Kenya, Tanzania, and Equatorial Guinea.66-70

the piperaquine- and not sulfadoxine-py-

optimal regimen of low dose piperaquine due

rimethamine regimen, is much more effective

to variability in pharmacokinetics in volun-

as a protocol for the development of a CHMI

teers53-56, or immunization regimen, specifically

Extending CHMI to endemic setting

data on the relationship between P.falciparum

transmission model.

by the large inter-individual differences in

Vaccine development through CHMI studies,

pre-exposure and CHMI susceptibility.71,72

immune responses in participants that affect

in particular, is potentially limited by the fact

parasite kinetics. Nevertheless, the strong

that most vaccines are tested in malaria-naïve,

This new model seems to be reproducible and the endpoints feasible, but there is

Whereas these studies show differential susceptibility and parasite kinetics, there’s limited

Malaria transmission has declined in many
African settings with a gradual loss in anti-dis-
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ease and anti-parasite immunity as a result.73,74

geometric mean prepatent period of 13.6 days

vaccines80-93, but also blood-stage vaccines

served, including in field studies with RTS,S.102

The rate at which individuals lose their

(range 12-16), and 16.6 days (range 11.5-28) in

have been tested in CHMI.82,94-100

In fact, the reversed has been suggested for

immunity following decreased or completely

individuals from the low-, and high exposure

interrupted malaria exposure is unknown. In

group, respectively. In contrast, malaria naïve

efficacy, but comparisons with field studies

had much lower antibody titers to CSP than

the most optimistic scenario, individuals who

volunteers from Europe challenged with the

may have variable results. Interestingly, RTS,S

the malaria-naïve participants from CHMI.105,107

previously acquired immunity to malaria may

same agent had a geometric mean prepatent

vaccine tested in malaria-naïve CHMI partic-

Malaria pre-exposure might have down-reg-

retain anti-disease and anti-parasite immunity.

period of 11.2 days (range 10.5-12.5).79 This

ipants gives ~30-50% sterile protection101-103,

ulated the immune response to the malaria

In the least optimistic scenario, individuals

study also indicates that CHMI can be used to

and phase IIb studies showed ~30-50% effica-

antigens of the vaccine. Furthermore, indi-

may rapidly return to an immunological status

test serological biomarkers that predict previ-

cy where protection was estimated with time

viduals that have been previously exposed to

that resembles malaria naïve individuals.75 The

ous malaria exposure. The serological biomark-

to first clinical malaria episode104. A field study

malaria show increased populations of atypical

persistence or loss of naturally acquired ma-

er panel can be helPful to estimate malaria

conducted in Mali with radiation attenuated

memory B cells and decreased follicular helper

laria immunity will thus influence disease pres-

exposure in vaccine trials, but a combination

sporozoites (PfSPZ) conferred ~29% protective

T cells.108,109 These cells play an important part

entation and transmission dynamics during

of more CHMI studies and large field studies

efficacy which is considerably lower than the

in the immunological memory response.

successful malaria control efforts. Following a

will be needed to validate its function for the

64% protection observed in CHMI with the

In 2009, Roestenberg, McCall et al. pio-

cessation of successful control, as has been

evaluation and guidance of malaria control

same vaccine regimen and challenged with

neered with an immunization strategy using a

observed in several African and non-African

programs. The recent increase of CHMI studies

the homologous NF54 strain.105 Adequate

combination of chemoprophylaxis and sporo-

settings, (persisting) immunity in the popula-

performed in endemic settings underlines the

comparison of vaccine results between studies

zoites (CPS) in humans, showing high efficacy

tion will influence malaria resurgence in the

growing need to better understand and bridge

are often limited by differences in trial designs,

against falciparum (NF54 strain).87 Exposure

population and define risk groups for (severe)

the results from CHMI in the West and in ma-

and endpoints in particular. For example, a

to only 3 times 12-15 mosquitoes infected

clinical disease.76,77 In chapter 8 we describe

laria-endemic areas. Future studies should also

study in Kenya with a viral vectored vaccine

with NF54 sporozoites is sufficient to induce

the first CHMI study in The Gambia and show

include people from South America and Asia,

gave 67% protection against P. falciparum dur-

reproducible homologous sterile protection

that predefined markers of previous malaria

and the first CHMI study in Indonesia is already

ing 8 weeks as measured by PCR.106 However,

lasting at least 2.5 years.63 Despite this achieve-

exposure are associated with parasite kinetics

planned (NCT03503058).

none of the participants progressed to positive

ment, protection against heterologous parasite

blood smears or treatment, making it difficult

strains remains a major hurdle because of the

in individuals with variable levels of exposure

CHMI may be good predictor of vaccine

the PfSPZ vaccine, as Malian vaccinated adults

and immunity to malaria. In this study we used

Using CHMI to evaluate novel

to compare to other field- or CHMI studies that

genetic diversity of Plasmodium falciparum

a relatively small antigen panel, and a larger

interventions

use thick blood smear as an endpoint.

that allows evasion of the immune system.

Other important differences that might

panel may have resulted in a better differenti-

Heterologous protection in both CPS 110

ation between volunteers of both groups. How-

Malaria vaccines

explain the different outcomes between CHMI

and radiation attenuated sporozoites 88 in

ever, even with the small sample size, clear dif-

CHMI has taken an important position in the

and field studies are the genetic differences

CHMI had to be systematically addressed. In

ferences between the groups were found with

clinical evaluation of malaria vaccines. This

in population and specifically parasite strains.

chapter 9, we describe the first double-blind,

the current serology panel. This may promise

model is able to robustly test vaccine efficacy

Interestingly, the vaccine efficacy of PfSPZ

placebo-controlled CHMI trial of CPS-immu-

that in large groups or even on population

and facilitate progression of the development

against natural acquired infection observed

nization followed by a challenge infection

level the differences between low and high ma-

of promising vaccine candidates in early

in the Mali study seems higher than the 8%

with either the homologous P. falciparum

laria pre-exposure will be far more manifested.

phase, proof-of-concept clinical studies.

efficacy against 7G8 heterologous strain

NF54 strain, or the heterologous P. falciparum

The study setting in The Gambia is particularly

This helps in the down-selecting candidates

observed in CHMI.89 Other factors, such as

NF135.C10 clone from Cambodia or NF166.

interesting considering the large but highly

prior expensive phase IIb clinical studies in

preexisting naturally acquired immunity in

C8 clone from Guinea. Our immunological

variable reductions in malaria exposure that

endemic areas. Vaccine efficacy can be evalu-

individuals from endemic areas may also play a

and parasite sequencing data suggest that

have occurred across the country in the last

ated in CHMI by the use of infected-mosquito

role. This might have a potential beneficial ef-

genetic variation between the strains reduces

decade. The seropositive titers found in all

bite challenge, inoculation of sporozoites by

fect for certain candidates, by boosting of the

the efficiency of antibodies to block heterolo-

volunteers indicates that all subjects in our

needle, or induced blood-stage challenge.

immune response following natural exposure,

gous parasites. The data shows that protected

study had seen malaria at least once in their

Most studies have been performed to evaluate

or increasing the preexisting naturally acquired

participants tend to have a stronger immune

past. This was strengthened by the observed

pre-erythrocytic immunization regimens or

immunity. However, this has not yet been ob-

response after immunization, which suggests

78

11,12

Discussion

346

Chapter 14

Discussion

347

Chapter 14

that whole-sporozoite vaccination regimens

cology study in rabbits. These chapters show

tionality in vitro, suggest that sterile protec-

This can complicate the translation of data

should increase the height or breadth of

an example of how demanding the charac-

tion against Plasmodium falciparum may be

obtained by animal studies to humans.

immune responses to achieve heterologous

terisation of a new experimental product can

achieved through an increase in the number

protection. This could be achieved by several

be before entering the clinical testing phase.

of PbVac sporozoites, which could be envis-

ed haematology analyser XN-30 for detection

approaches, including: i) increasing the dose,

The regulatory agencies and national laws or

aged through parenteral injection of sporo-

of malaria in a CHMI study and a phase-3

as shown in PfSPZ vaccines88, but there seems

protocols that help approve such products

zoites.81,88,120,121 Nevertheless, as shown in chap-

study in Burkina Faso.The CHMI study shows

to be a certain threshold possibly caused by

are often not prepared or adapted for such

ter 9, protection against heterologous strains

that the XN-30 can be used in the early stage

tolerance (International PfSPZ Consortium

uncharted territory. This can make the process

will remain another endeavour, and should

of infection with low-density parasitaemia,

Meeting 2018, unpublished data). ii) Altering

of approval very difficult, expensive and

therefore be studied in more detail. A potential

and that it can be used to monitor treatment

immunization regimens and schedules, that

time-consuming. The importance of well-con-

beneficial feature of using Pb-based platform,

response and detect recrudescent infections.

may influence immunogenicity111,112, iii) use

trolled development of products to ensure

with its high amenability to genetic manipu-

These advantages of the XN-30 over standard

of an adjuvent to increase or better target

safety is of course paramount, but should not

lation, is the possibility of expressing multiple

RDTs, next to its ability to quantify parasite

immunogenicity, iv) use of different strain with

refrain experimental ideas or products with

alleles of an antigen or different antigens

densities, as well as estimation of disease

increased liver-stage infectivity , or v) a mix-

potentially large scientific advances. Finding

to induce more potent cross-strain/species

severity through parasite stage recognition,

ture of parasite strains, or sequential immuni-

a balance between extended regulatory rules

immunity. In conclusion, Chapter 12 shows a

and the fact that a full blood count is provid-

zations with different strains, but this will make

for safety and good conduct, and allowing

clinical proof-of-concept of a new paradigm in

ed at the same time, makes it a promising

product development more complicated. Nev-

experimental science to be tested is crucial

malaria vaccination.

tool for malaria detection and management.

ertheless, the latter approach might be more

to allow and stimulate scientific advances. A

appealing, as heterologous sporozoites would

more tailor-made regulatory process that also

Malaria diagnostics

treatment of clinically unsuspected malar-

evade strain-specific neutralizing immunity,

specifically takes into account the develop-

Fast and accurate malaria diagnosis is essen-

ia patients, especially in low-endemic area

thereby increasing the liver parasite burden

mental stage and nature of a product may be

tial for treatment of suspected malaria cases.122

where pre-test probability for malaria is low.

at second and third immunizations. Chapter

an important investment to allow the above.

The limitations of the current widely used

Although, haematology analysers are relatively

diagnostics, and the fundamental change stim-

costly, the price per sample analysis is similar

113

9 highlights the need to further investigate

In chapter 12, we conducted a first-in-hu-

In chapter 13, we evaluate a novel automat-

The XN-30 is particularly interesting for early

cross-strain protection with the aim to improve

man study to evaluate the safety and pro-

ulated by malaria elimination efforts to replace

as RDT. A rapid, easy-to-handle, low-cost, ob-

whole-sporozoite immunization strategies.

tective efficacy of PbVac in a CHMI study.

‘passive’ to ‘active’ malaria case detection,

server-independent, and sensitive diagnostic

We show that administration of PbVac by

have led to the need for efficient and improved

tool could greatly improve individual patient

experimental vaccines, including vaccine

mosquito bite to healthy volunteers is safe

malaria diagnostics. In addition, novel tools for

management as well as research studies. The

candidates that are genetically attenuated or

and well-tolerated, exerting a potent biolog-

rapid identification of gametocyte carriers may

low-cost and high-throughput feature would

modified. Recently, there have been success-

ical effect against a subsequent Plasmodium

support the planning and evaluation of these

make the XN-30 a valid competitor against

ful attempts to attenuate parasites by genetic

falciparum infection, at the employed doses.
Previously, it has been shown that the protective efficacy of whole-sporozoite vaccination
is highly dependent on the amount of sporozoites used for employed for immunization.119
In RAS vaccination by mosquito bite, sterile
protection was only achieved when volunteers
underwent a mean of 9 immunizations and
>1000 immunizing bites before CHMI.92
In chapter 12, a total of 4 immunizations
with only ͂ 75 infected mosquito bites each
was used. This, together with our findings of
dose-dependent antibody-titers and func-

malaria elimination programs.

other high-throughput assays such as PCR36

CHMI can also be used to investigate highly

modifications resulting in genetically attenuated parasites (GAPs), but the protective efficacy
in humans are needed to be tested still114-118. In
chapter 10, 11, and 12, we describe the development of a novel vaccination platform against
malaria, with the use of a genetically modified

Plasmodium berghei parasite, expressing
the circumsporozoite protein of Plasmodium

falciparum (PbVac). In chapter 10 and chapter
11, we established the proof-of-principle and
safety of PbVac immunization in pre-clinical
studies, including a biodistribution-, and toxi-

CHMI can be used to evaluate malaria

or LAMP 126,127 that are used in control programs

diagnostic tools prior being tested in field

(Tabel 1). However, molecular techniques are

studies.123,124 The controlled environment of

often more sensitive than the XN-30 when

CHMI can help to test novel diagnostics and

detecting low-density parasite carriers36, who

circumvent factors such as different parasite

are also important contributors to transmis-

species or specific strains in field conditions,

sion.128,129 The active surveillance of entire pop-

concomitant infections, or host-related factors

ulations is, however, rather challenging with

including preexisting immunity (in the context

commonly used molecular techniques. Recent-

of serological diagnostic tools). Pre-clinical

ly, a highly sensitive RDT (us-RDT) has been

models can also be used for early evaluation,

developed130, which allows rapid, easy-to-use

but are often restricted to non-human Plasmodium species or in vitro cultured parasites.125

diagnosis with increased sensitivity. However,
this us-RDT seems to still miss approximately
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half of the infections confirmed by standard

gating strategy to better differentiate gameto-

cal determinants found in naturally acquired

PCR, and a large proportion (59%) of gameto-

cyte population from rings. The stability data

infections. However, a limitation of CHMI is

cyte carriers, including samples with high ga-

of the in vitro experiments show that samples

that asexual parasites need to be rapidly killed

metocyte densities.

Therefore, us-RDT is not

containing gametocytes are stable within one

upon first detection in the blood, and para-

advised to be implemented in interventions

hour, but suggests a population shift when

site densities are, therefore, much lower than

that aim to reduce malaria transmission and

samples are kept at room-temperature after

observed in naturally acquired infections. High

standard PCR seems sufficient to investigate

1 hour (20°C) (Figure 3). After 5 hours, the

density parasitaemia and severe disease can

epidemiological patterns in the populations.131

gametocyte counts are reduced from ~30%

not be studies in this model and may pose

131

Standard PCR detected 87/161 (54%) of the fal-

to ~10%, but the total parasite count seems

limitations on pathophysiology studies and

ciparum parasite carriers in Papua New Guin-

to slightly increase (~1%). The population shift

certain drug studies in particular. Furthermore,

ea, compared to high volume, ultra-sensitive

with increased counts of total parasites might

the large diversity of parasite strains observed

qPCR (Pf-varATS)132. Although, adequate com-

reflect activation of gametocytes, including

in the field is impossible to replicate in CHMI.149

parison with our results are intricate to make

rapid DNA replication of male gametocytes.

This is a major challenge for vaccine testing,

since we used a different qPCR , in chapter

However, you might also expect a reduction

and limits the adequate translation of CHMI

13 we show that the XN-30 detected 264/373

in size, which is not clearly observed. This

results to field settings. However, multiple

(71%) of the qPCR confirmed cases. This might

observation needs to be further investigat-

genetically diverse parasites have now been

suggest that the XN-30 is at least compara-

ed, and gating strategies should take this

characterized and used as challenge agent,

ble or very close to standard PCR, and may

into account. Determination of activation of

including: NF54 (airport malaria, most likely

therefore play a role in routine surveillance due

gametocytes would be highly interesting for

originating from West Africa) 150, 3D7 (clone of

to its benefits over molecular tests. The XN-30

research purposes, since viability markers of

NF54) 86, NF135 (Cambodia)151, NF166 (Guinea,

has a limit of detection between ~8-20 para-

gametocytes are currently lacking.

West Africa) 113, and 7G8 (Brazil) 152. More re-

133

sites per microlitre, and would roughly detect

In conclusion, the XN-30 is a promising

cently, a blood stage challenge of an artemi-

new diagnostic tool for Plasmodium falci-

sin-resistant Plasmodium falciparum K13 isolate

when comparing to previous modelling data

parum that has been tested in CHMI and a

has been tested in healthy volunteers (AC-

of Slater et al..134 Future studies and modelling

field setting in Burkina Faso. Further work

TRN12617000244303). The use of genetically

are needed to assess the potential role of the

is currently performed in large prospective

distinct parasites allows more representative

XN-30 in nation-wide surveillance programs.

studies in malaria endemic areas to assess

CHMI studies, and helps better interpret re-

the potential of gametocyte detection, and

sults to predict outcomes in field studies. The

parasites and in particular the transmissible

patients with non-falciparum malaria. The

possibility of shifting from Western-settings to

gametocytes is a challenge that is not met

further development and optimization of the

endemic areas with malaria pre-exposed indi-

by the currently available diagnostics. Molec-

XN-30 for a point-of-care tool in resource-lim-

viduals is pertinent for addressing immunologi-

ular diagnostic methods have the potential

ited settings may hold promise for a potential-

cal-, and vaccine related questions. Particularly

to fill this gap, but at a cost both financially

ly high impact tool for malaria management,

in resource-poor settings, CHMI by inoculation

between 83%-90% of the infectious reservoir

The rapid detection of low-density malaria

and time-wise.

148

Furthermore, the hurdle of

prevention, and surveillance.

of PfSPZ by injection is a more feasible method
than mosquito bites.11 Inoculation of PfSPZ by

complex nucleic acid extraction, affecting
field deployability in resource-limited settings,

Strengths and limitations of CHMI in general

injection was performed since the early 1950s.

has yet to be overcome.148 Our data suggest

A major strength of CHMI is the possibility

However, the sporozoite preparations used

that gametocytes can be detected with the

to mimick the natural route of infection up

were contaminated with bacteria and rates of

XN-30 at microscopic densities. The sensi-

to transmission in a highly controlled condi-

infection with frozen and thawed PfSPZ were

tivity in our in vitro experiments was around

tion. It allows the detailed investigation of the

highly variable.153,154 Sanaria Inc. (Rockville,

20-50 gametocytes/µL, but our data suggests

parasite-host interaction, and seems to closely

MD), has developed a process for manufac-

that this could be increased by improving the

reflect parasite dynamics and immunologi-

turing infectious, aseptic, purified, vialed, and

cryopreserved PfSPZ (Sanaria® PfSPZ Challenge) to be used in CHMI.66,70,79,155-157 To date,
single doses of cryopreserved PfSPZ have
been administered at different doses in human
participants by the intradermal, intramuscular, intravenous or direct venous inoculation
routes using a needle and syringe in order to
assess safety, tolerability and infectivity.66,156,157
Although, the advent of aseptic cryopreserved sporozoites greatly facilitates its use in
resource-poor settings, it must be realized that
the route of administration is clearly different
from mosquito infection. Bypassing of the skin
and lack of salivary proteins of the mosquito in
the skin may impact sporozoite vaccines that
aim to induce pre-erythrocytic antibodies to
halt sporozoites as early as in the skin.
Next to different strains, populations, and
routes of administration, the use of other
Plasmodium species such as Plasmodium vivax
in CHMI is a relevant topic. Early experimental
malaria studies have extensively used Plasmodium vivax as challenge agent, with key
discoveries being made, such as the relation
between Duffy negativity and resistance to
Plasmodium vivax.158 Modern CHMI’s have only
a handful studies reported using vivax challenge.159 One of the main reasons is the issues
related to the long-term culture of Plasmodium
vivax. The unavailability of cultured vivax parasites requires fresh gametocytes from infected
individuals, and good entomological facilities
to infect mosquitoes. The subsequent inevitably differences of P. vivax isolates per trial, will
certainly complicate comparisons between
trials and interpretations of effectiveness of
studied interventions. One way to overcome
this issue is the use of a blood stage challenge inoculum with vivax.160 Although, this
model might be used for drug- and vaccine
development targeting the asexual parasites,
avoiding the liver stage makes it impossible
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to test pre-erythrocytic vaccines, or drugs for
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developing a CHMI transmission model to

prophylaxis and hypnozoites.

investigate transmission dynamics and eval-

A major limitation of CHMI in general is that

uate transmission blocking interventions,

studies are only performed in adults, since

and pioneered by extending CHMI to The

CHMI in children is ethically very challeng-

Gambia for the first time. In The Gambia,

ing. This is potentially particularly limiting

we show that a predefined serology panel

for vaccine development, since the target

can predict parasite kinetics on group level,

population of most malaria vaccines are chil-

and provide a new CHMI platform to test

dren specifically. Recently, a study in infants

vaccines in a population with variable levels

in Kenya, showed no significant protection

of exposure and immunity to malaria. This

after vaccination with PfSPZ vaccine (Oneko

highlights the importance of performing

et al. presented at ASTMH 2018, New Orleans).
This is a large contrast to the known vaccine
efficacy of ~60% in malaria-naïve adults in the
US against CHMI, and 52% efficacy by time-toevent and 29% by proportional analysis for 6
months against naturally-acquired malaria in
adults in Mali.105 The observed difference between children and adults might be explained
by immaturity of immunity of infants as suggested by a recent study in Tanzania (Sanaria
et al. presented at Sanaria meeting 2018, New
Orleans). This underlines the challenges observed with CHMI and the somewhat complex
extrapolation of results to field settings.

future CHMI studies in different settings and

Conclusions and future perspectives

that has proven to be essential in unraveling

The work in this thesis contributes to a

multiple aspects of malaria and the develop-

better understanding of malaria, and to the

ment of novel drugs, diagnostics and vac-

development of novel tools against malar-

cines against malaria. This thesis shows that

ia. First, we critically reviewed the current

the possibilities of CHMI can be expanded

safety in CHMI, and optimized protection of

when used as a fit-for-purpose model, and

participants by intensifying safety criteria to

the boundaries or potentials of this model

minimize risks. It is crucial for future research

seem still far from being reached. Future

that uses CHMI to frequently assess safety

studies could use these findings to adopt

in both retrospective and prospective ways,

and optimize the different CHMI models in

and use the findings in this thesis to protect

search of novel malaria interventions,

healthy participants as best as possible. We

and a better understanding of this

show that CHMI utilities can be extended by

devastating disease.

to validate this or similar exposure tools.
Heterologous protection is a major vaccine
hurdle to take, and this thesis proposes
improved strategies to overcome this issue.
Furthermore, we developed and evaluated
a novel vaccine with a genetically modified
rodent malaria parasite, showing preliminary evidence for cross-species immunity
and a potential new platform for antigen
presentation. Finally, we present a promising new malaria diagnostic tool by validating its use in CHMI and a large field trial in
endemic setting.
In conclusion, CHMI is a multifaceted tool
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Figure 1. Creatinine levels during CHMI.
Data from 90 volunteers in 5 different CHMI studies. ***<0.0001. Paired samples One-Way ANOVA with Bonferroni’s
correction, each column is compared with Pre-challenge.
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Figure 2. The mean number of adverse events (AEs) per volunteer occurring prior to thick smear positivity compared to different parasite thresholds for initiation of treatment.
Once- (morning), or twice- daily (morning and evening) blood sampling for qPCR analysis. Percentages above the
bars show the percentage of total AEs that occur relative to thick smear. qPCR values are parasites/mL. Gradient
colors in columns are grade 3 (black), grade 2 (dark gray), and grade 1 AEs (light gray). Figure reprinted under the
Creative Commons Attribution (http://creativecommons.org/licenses/by/4.0/) from Walk et al. 201636.
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Figure 3. Association between the period of asexual parasitaemia and estimation of commitment ratio.
A) Data from 2 CHMI studies using mosquito bite challenge only (black dots). B) All data of A, including data from
the blood stage challenge (red dots). The period of asexual parasitaemia was calculated from the moment of
inoculation (day 0) until day of treatment for participants of the blood stage challenge, and day 6.5 (the estimated
moment of parasites entering the bloodstream) after mosquito bite challenge until day of treatment. The gametocyte commitment rate is estimated by dividing the peak gametocyte by the peak of asexual parasites x 100.

Figure 3. Malaria-infected red blood cell presenting locations on Sysmex XN-30 scattergrams.
A) Scattergram of in vitro cultured gametocytes directly measured (0hours). B) Scattergram of the same in vitro
cultured gametocytes measured after 5 hours at room temperature. *MI-RBC = malaria infected- red blood cells; FSC =
forward scattered light intensity; SFL = side fluorescent intensity; WBC = white blood cells; RBC = red blood cells.

Table 1. Summary of malaria diagnostic modalities.

Chapter 15

Chapter 15

Summary
Samenvatting
Dankwoord
PhD Portfolio
Curriculum Vitae
List of publications

Summary

365

Chapter 15

Malaria is one of the most important infectious

health risks related to CHMI. Multiple organs

diseases with more than 200 million cases

are involved in CHMI including a transient

of malaria occurring worldwide, killing an

increase in creatinine levels and liver function

estimated 435.000 people per year. Although,

tests after challenge. However, these events

substantial progress has been made in reduc-

are unlikely to result in sequellae given the

ing malaria incidences and deaths since 2010,

rapid and spontaneous complete resolution.

no significant progress in the malaria inci-

This analysis may help to make evidence

dence rate was made in the last three years.

based decisions to define additional safety

The current arsenal of malaria control tools

measurements or better understand the

is likely to be insufficient to eliminate malaria

risks and clinical consequences of controlled

in most endemic settings, and investment

infections. In Chapter 3, we describe that

in research and development of improved

the acute temporary parasitaemia, known to

diagnostics, new medicines, insecticides,

be responsible for malaria specific patholo-

innovative vector control tools, and vaccines

gy, reversibly accelerates cellular ageing by

must be a priority.

increasing inflammatory responses associat-

In CHMI, healthy participants are infected

ing with a disturbed oxidative stress balance.

with malaria, through bites of infected- Anoph-

The very brief period of accelerated cellular

eles mosquitoes, by venous inoculation of
sporozoites or blood stage parasites. Decades
of CHMI experience has led to a well-established challenge model that is used for
multiple purposes, including drug development, diagnostics testing, and in particular
the evaluation of candidate vaccines. In this
thesis we explore and show the potential value
of controlled human malaria infection (CHMI)
as a fit-for-purpose model for a better understanding of the disease, and to develop novel
tools against malaria.
In Part 1 of this thesis, we discuss the safety,
new insights and developments in CHMI.
In chapter 2, we investigate liver injury in
uncomplicated malaria by observational and
prospective data from CHMI’s and patients
with imported malaria. We show that reversible liver injury is a common feature of
uncomplicated malaria and in fact an overlooked phenomenon. We discuss the clinical
relevance for individual patient care as well as
clinical development of antimalarial drugs. In
chapter 4 we describe a structured risk analysis of CHMI to assess and discuss possible

ageing which is fully reversible in CHMI, is
highly unlikely to cause any long-term health
risks for participants.
In chapter 5, we describe the development
of a CHMI model that allows the study of
gametocyte biology and dynamics providing
novel insight and tools in malaria transmission
and elimination efforts. We show that gametocytes can be induced in CHMI by using a
regimen of subcurative-doses of piperaquine
phospatase or sulfadoxine-pyrimethamine.
In chapter 6, we demonstrate that gametocyte concentration methods can enhance
transmission in mosquito-feeding assays,
which may be of value in CHMI or field studies
assessing gametocyte infectivity in low density
gametocyte infections. The development of a
CHMI transmission model is further explored in
chapter 7. Here, we report the establishment of
a safe and reproducible model to achieve sufficient transmission from humans to mosquitoes
to evaluate transmission blocking interventions. Blood stage challenge strongly increases
the gametocyte densities and transmission
rates, compared to a mosquito bite challenge.

Summary

366

Chapter 15

In chapter 8 we describe the first CHMI
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experimental product can be before entering

Malaria is één van de belangrijkste infectie-

een fenomeen is welke vaak over het hoofd

study in The Gambia and show that predefined

the clinical testing phase. Chapter 12 shows,

ziekten met wereldwijd meer dan 200 miljoen

wordt gezien. We bespreken de klinische re-

markers of previous malaria exposure are

through a first-in-human, open label phase I/

gevallen van malaria, waarbij naar schatting

levantie voor individuele patiëntenzorg en de

associated with parasite kinetics in individuals

IIa trial, that PbVac is safe and well-tolerated.

435.000 mensen per jaar worden gedood.

klinische ontwikkeling van geneesmiddelen

with variable levels of exposure and immunity

Although, no sterile protection was observed

Hoewel er sinds 2010 aanzienlijke vooruitgang

tegen malaria. In hoofdstuk 4 beschrijven

to malaria. This study also indicates that CHMI

after immunizations, it demonstrates that

is geboekt bij het terugdringen van malaria-in-

we een gestructureerde risicoanalyse van

can be used to test serological biomarkers

PbVac immunization elicits a significant
functional biological effect, impairing a subsequent infection by Plasmodium falciparum,
and establishes the clinical proof-of-concept
of a new paradigm in malaria vaccination.
Finally, in chapter 13, we use the CHMI
model and a phase-3 diagnostic accuracy
study in Burkina Faso to evaluate the XN-30
haematology analyser for detection of malaria. We show that the XN-30 holds promise as
a rapid and sensitive test for malaria detection, and subsequent treatment monitoring. Since, the XN-30 provides a full blood
count with each analysis, it provides critical
information for malaria management at a
price comparable to RDT. Its sensitivity gain
compared to microscopy is most apparent
in low-density parasitaemia and as such, the
XN-30 may also be useful as a mass screening tool in malaria control programs.
In conclusion, this thesis shows that CHMI
can be used as a fit-for-purpose tool to investigate multiple aspects of malaria, including
the evaluation of experimental vaccines and
transmission blocking interventions, next to
malaria diagnostics. It may also improve our
understanding of the pathophysiology and
parasite-host interaction, but also the safety
aspects in CHMI. Future studies could use
these findings to adopt and optimize the
different CHMI models in search of novel interventions and insights that will help in the fight
against this devastating disease.

cidenten en -sterfte, is er de afgelopen drie

CHMI om de mogelijke gezondheidsrisico’s te

jaar geen significante vooruitgang geboekt

onderzoeken en te bespreken. Multipele orga-

in de incidentie van malaria. Het huidige ar-

nen zijn betrokken bij CHMI, waaronder een

senaal aan malariabestrijdingsinstrumenten

tijdelijke verhoging van creatininespiegels en

is waarschijnlijk onvoldoende om malaria in

leverenzymen na infectie. Gezien het vlotte en

de meeste endemische omgevingen te eli-

volledig herstel is het echter onwaarschijnlijk

mineren. Investeringen in onderzoek en ont-

dat deze afwijkingen resulteren in blijvende

wikkeling van verbeterde diagnostiek, nieuwe

schade. Deze analyse kan helpen om op feiten

medicijnen, insecticiden, innovatieve vector-

gebaseerde beslissingen te nemen zodat aan-

bestrijdingsinstrumenten en vaccins moeten

vullende veiligheidsmaatregelen gedefinieerd

een prioriteit zijn.

kunnen worden en de risico’s en klinische ge-

that predict previous malaria exposure.
In Part 2 of this thesis, we describe studies
of applied CHMI, including testing of candidate vaccines and a new malaria diagnostic.
Parasite genetic diversity is a major hurdle
for vaccine protection against heterologous
strains. Chapter 9 describes a double-blind,
placebo-controlled CHMI trial of CPS-immunization followed by a challenge infection
with either the homologous P. falciparum
NF54 strain, or the heterologous P. falciparum
NF135.C10 clone from Cambodia or NF166.C8
clone from Guinea. Although, CPS-immunization is highly protective against homologous
parasites, NF54 CPS-induced immunity is
less effective against heterologous parasite
clones both in vivo and in vitro. Our immunological and parasite sequencing data suggest
that genetic variation between the strains
reduces the efficiency of antibodies to block
heterologous parasites. In Chapter 10, 11
and 12, we describe the (pre) clinical development of a whole organism vaccination
against human malaria by the use of a genetically modified rodent Plasmodium berghei
sporozoite vaccine platform (PbVac). Chapter
10 and chapter 11, show the establishment of
the proof-of-principle and safety of PbVac immunization in pre-clinical studies, including a
biodistribution-, and toxicology study in rabbits. These chapters show an example of how
demanding the characterisation of a new

In CHMI, gecontroleerde humane mala-

volgen van gecontroleerde infecties beter te

ria-infectie model, worden gezonde deelne-

begrijpen. In hoofdstuk 3 beschrijven we dat

mers besmet met malaria, door beten van

de acute tijdelijke parasitemie, waarvan be-

geïnfecteerde Anopheles- muggen of door

kend is dat deze verantwoordelijk is voor ma-

veneuze toediening van sporozoïeten of

lariaspecifieke pathologie, de celveroudering

bloedstadium parasieten. Tientallen jaren

omkeerbaar versnelt door ontstekingsreacties.

CHMI ervaring heeft geleid tot een goed ge-

Deze staan in verband met een verstoorde oxi-

vestigd challenge-model die wordt gebruikt

datieve stressbalans. Het is zeer onwaarschijn-

voor verschillende doeleinden, zoals genees-

lijk dat de zeer korte periode van versnelde

middelen ontwikkeling, het testen van diag-

cellulaire veroudering die volledig omkeerbaar

nostische hulpmiddelen, en in het bijzonder

is in CHMI, op lange termijn gezondheidsrisi-

de ontwikkeling van vaccins. In dit proefschrift

co’s voor deelnemers veroorzaakt.

onderzoeken en tonen we de potentiële waar-

In hoofdstuk 5 beschrijven we de ontwik-

de van CHMI als een geschikt model voor het

keling van een CHMI-model dat de studie

beter begrijpen van de ziekte en om nieuwe

van gametocytenbiologie en -dynamiek mo-

instrumenten tegen malaria te ontwikkelen.

gelijk maakt. Dit biedt nieuwe inzichten en

In Deel 1 van dit proefschrift bespreken we

hulpmiddelen tegen malariatransmissie en

de veiligheid, nieuwe inzichten en ontwikke-

uiteindelijk de eliminatie van malaria. We laten

lingen in CHMI. In hoofdstuk 2 onderzoeken

zien dat gametocyten in CHMI kunnen worden

we leverschade bij ongecompliceerde malaria

geïnduceerd door het geven van subcura-

door observationele en prospectieve gege-

tieve-doseringen van piperaquine fosfatase

vens van CHMI’s en patiënten met geïmpor-

of sulfadoxine -pyrimethamine. In hoofdstuk

teerde malaria. We laten zien dat omkeerbare

6 laten we zien dat concentratiemethoden

leverschade een veel voorkomend kenmerk

voor gametocyten de transmissie in ‘mos-

is van ongecompliceerde malaria en in feite

quito-feeding assays’ kan verbeteren. Dit kan
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waardevol zijn voor CHMI of veldonderzoek

klonen zowel in vivo als in vitro. Onze im-

tegen een prijs die vergelijkbaar is met

interventies die de transmissie van malaria

die gametocyten infectiviteit beoordelen bij

munologische en parasiet-sequentiegegevens

Rapid-Diagnostic-Tests (RDT) RDT. De sensiti-

blokkeren, naast malaria diagnostiek. Het

mensen die geïnfecteerd zijn met lage dicht-

suggereren dat genetische variatie tussen de

viteitswinst in vergelijking met microscopie

kan ook ons begrip van de pathofysiologie

heden gametocyten. De ontwikkeling van

stammen de efficiëntie, van antilichamen om

is het meest uitgesproken bij parasitemie met

en de interactie tussen parasieten en gast-

een CHMI-transmissiemodel wordt verder

heterologe parasieten te blokkeren, vermin-

lage dichtheid. Zodanig kan de XN-30 ook

heer verbeteren, maar ook de veiligheids-

onderzocht in hoofdstuk 7. Hier beschrijven

dert. In hoofdstuk 10, 11 en 12 beschrijven we

nuttig zijn als een hulpmiddel voor massa-

aspecten in CHMI. Toekomstige studies

we de ontwikkeling van een veilig en repro-

de (pre) klinische ontwikkeling van een ‘whole

screening in ‘malaria control programs’.

zouden deze bevindingen kunnen gebruiken

duceerbaar model om voldoende transmissie

organism’ vaccin tegen P. falciparum malaria

Tot slot, dit proefschrift laat zien

van mensen op muggen te bereiken, zodat

door het gebruik van een genetisch gemodi-

dat CHMI gebruikt kan worden als een

te nemen en te optimaliseren, op zoek

interventies kunnen worden getest die deze

ficeerd knaagdier Plasmodium berghei sporo-

‘fit-for-purpose tool’ om meerdere aspecten

naar nieuwe interventies en inzichten

transmissie blokkeren. In vergelijking met een

zoiet vaccinplatform (PbVac). Hoofdstuk 10

van malaria te onderzoek, met onder andere

die zullen helpen in de strijd tegen deze

muggenbeet infectie, is het infecteren mid-

en hoofdstuk 11, tonen de ‘proof-of-principle’

de evaluatie van experimentele vaccins en

verwoestende ziekte.

dels intraveneuze bloedstadium parasieten

en de veiligheid van PbVac immunisatie in

een sterk effectievere methode om gameto-

pre-klinische studies, waaronder een biodis-

cyten dichtheden te verhogen en succesvolle

tributie- en toxicologisch onderzoek bij konij-

transmissie te bereiken.

nen. Deze hoofdstukken tonen een voorbeeld

In hoofdstuk 8 beschrijven we de eerste

van hoe veeleisend de karakterisering van

CHMI-studie in Gambia en laten zien dat

een nieuw experimenteel product kan zijn

vooraf gedefinieerde markers van eerdere

voordat de klinische testfase wordt ingegaan.

malaria-blootstelling geassocieerd zijn met

Hoofdstuk 12 laat zien, door middel van

parasietkinetiek bij personen met variabele

een ‘first-in-human’, open label fase I/IIa-

blootstellingsniveaus en immuniteit voor ma-

studie, dat PbVac veilig is en goed wordt

laria. Deze studie geeft ook aan dat CHMI kan

verdragen. Hoewel er na immunisatie geen

worden gebruikt om serologische biomarkers

steriele bescherming werd waargenomen,

te testen die eerdere blootstelling aan

toont het aan dat PbVac- immunisatie een

malaria voorspellen.

significant functioneel biologisch effect te-

In Deel 2 van dit proefschrift beschrijven we

weegbrengt, waardoor een daaropvolgende

studies van toegepaste CHMI, zoals het testen

infectie door Plasmodium falciparum wordt

van een kandidaat-vaccin en nieuwe malaria

geremd. Deze studie toont de klinische

diagnostiek. De genetische diversiteit van

‘proof-of-concept’ van een nieuw paradig-

parasieten is een belangrijke hindernis voor

ma in malaria vaccinatie.

vaccinbescherming tegen heterologe stam-

Tenslotte, in hoofdstuk 13, gebruiken we

men. Hoofdstuk 9 beschrijft een dubbelblind,

het CHMI model en een fase-3 ‘diagnostic

placebo-gecontroleerde CHMI studie met een

accuracy’ studie in Burkina Faso om de

CPS-immunisatie gevolgd door een challen-

XN-30 haematology analyser voor detectie

ge-infectie met ofwel de homologe P. falcipar-

van malaria te evalueren. We laten zien dat

um NF54 stam, de heterologe P. falciparum
NF135.C10 kloon uit Cambodja of de NF166.C8
kloon uit Guinee. Hoewel CPS-immunisatie
zeer beschermend is tegen homologe parasieten, is NF54 CPS-geïnduceerde immuniteit
minder effectief tegen heterologe parasiet-

de XN-30 veelbelovend is als een snelle en
gevoelige test voor malaria-detectie en de
daaropvolgende monitoring van de behandeling. Omdat de XN-30 bij elke analyse
een volledig bloedbeeld geeft, biedt deze
kritieke informatie voor malaria management

om de verschillende CHMI-modellen over
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Graag wil ik deze gelegenheid benutten om

time” (Augustinus, 4de eeuw) beter begrijpen.

onze samenwerking. Veel succes nog met de

iedereen van harte te bedanken die heeft bijge-

Jij bent een hierin een voorbeeld voor mij.

komende CHMI-studies.

dragen aan mijn promotieonderzoek. Het waren
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