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Some basic facts on malaria
• The disease malaria is caused by a unicellular eukaryotic parasite from

the genus Plasmodium.
• There are several Plasmodium species infecting humans and P. 

falciparum is the most dangerous one.
• According to the World Health Organization (WHO), there are more

than 200 million new cases per year and each year there are around
500.000 deaths, with the main victims being children in Africa.

• There is still no effective vaccine for malaria. It can be treated well with
drugs, but they are expensive. The standard choice is artemisinin, like 
quinine a herbal drug (Nobel Prize 2015), but resistance is increasing.

• No other disease has left a stronger imprint on our genome than
malaria.

• Several genetic diseases related to blood disorders (e.g. sickle cell
anemia resulting from hemoglobinopathies) provide some protection
from malaria.
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Artemisinin
• Herbal drug isolated from the plant Artemisia annua („sweet

wormwood“), used in combination therapy, is produced
botanically or synthetically; a molecular precursor (artemisinic
acid) can be produced by genetically-engineered yeast

• Discovered in 1972 by Tu Youyou, Nobel Prize for Medicine
2015

• Exact mechanism of action not known, leads to formation of
free radicals when in contact with hemoglobin in the RBC

[Levesque and Seeberger, 
Continuous-Flow Synthesis of the
Anti-Malaria Drug Artemisinin, Angew. 
Chem. Int. Ed. 51:1706-1709 (2012)]
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Geographical distribution of malaria

Mainly equatorial regions are affected (mosquitos need water puddles to lay their eggs). 
Example for the growing problem of drug resistance: chloroquine can now only be used
in the orange regions. [Wikipedia]
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The FEBS Journal
Volume 284, Issue 16, pages 2556-2559, 21 AUG 2017 DOI: 10.1111/febs.14160
http://onlinelibrary.wiley.com/doi/10.1111/febs.14160/full#febs14160-fig-0001
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[Miller+ Nature 2002]blood stage
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Ø The blood stage of the infection can be divided into three stages:

Ring stage (0-24 hpi)

Trophozoite stage (24-36 hpi)

Schizont stage (40-48 hpi)

Ø At 15 hpi, iRBC starts developing adhesive knobs on its surface. 

Ø Cytoadherence of iRBC avoids clearance by spleen and leads to capillary 

obstruction.

[Anal. Chem., 2014, 86 (9), pp 4379–4386]

Malaria blood stage
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Reconstructed shapes of normal and haemoglobinopathic cells

[Waldecker et al. Cellular Microbiology. 2017;19:e12650]
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Time course over 48 hours

5 um

ring stage 0-20 hpi trophozoite 24-36 hpi schizont 40-48 hpi

V = 100 um3

A = 140 um2

v = 0.63

V = 160 um3

A = 140 um2

v = 1.0
reduced volume v = V / V0 = 
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RBC-cytoskeleton

[Hansen+ BPJ 1997]

30-40.000 
junctional
complexes, 
each with a 37 
nm actin
protofilament

ankyrin
complexes at 
spectrin
midpoints
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Cytoskeleton of healthy RBCs

[Gokhin and Fowler, Curr Opin Hematol 2016]

Actin protofilaments are dynamic.
Organization similar to stress fibers.

[Pan et al. CellReports 2018]

STORM-imaging shows that JCs have a 
typical distance of 80 nm and that e.g. 
protein 4.1 and TMOD colocalize.
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The parasite mines actin from the host CSK
Host actin is used to build up a branched network
that transports vesicles to the surface. This 
mechanism seems to be perturbed in 
hemoglobinopathies.

HbSC HbCC

[C
yr

kl
af

f+
 S

ci
en

ce
 2

01
1]

SFB

11  29

Cytoskeleton of infected RBCs

AFM images of spectrin cytoskeleton
and image-processed representations for
ring and schizont stages. Scale bar is
500 nm.

[Shi et al. PLoS One 2013] [Zhang et al. PNAS 2015]

Shear stress-strain curves for uninfected
and infected RBCs from mesoscopic
model of RBC membrane.
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Membrane mechanics from flickering spectroscopy
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Adhesive knob dynamics

Cytoadhesion avoids clearance by the spleen.
Adhesion receptors PfEMP1 are localized to knobs and start to appear 15 hpi.

[Sanchez et al. Communications Biology 2019]
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Suggested molecular architecture of knobs

With super-resolution microscopy (STED), image processing and KAHRP-mutations, 
we are currently exploring the localization of the different components. The cellular
effects will be checked in flow chamber experiments.

[Cutts et al. PLOS Pathogens 2017]

early late
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Rolling adhesion of white blood cells

Rolling adhesion of iRBCs [Helms+ FEBS Lett 2016]
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Ø Rolling adhesion of trophozoite 
and schizonts at different shear 
stresses on endothelial surface.

Ø Different dynamical states such as 
non-rolling, firm adhesion and 
rolling adhesion are observed.

Ø Both translational velocity and  
fluorescence intensity of parasite 
(nucleus) with focus close to 
membrane are measured.

Flow chamber experiments
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Trophozoites

Schizonts

Scale bar = 20 microns 
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Scale bar = 20 microns 

Trophozoites

Schizonts
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Trophozoites Schizonts

flipping rolling
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@tX(t) = U1 +M (FD + FS) +KBT rM+ ⇠(t)

Ø Six-dimensional Langevin equation

Ø Bond dynamics
Bond association – constant on-rate kon

starting at encounter length
Bond dissociation – o↵ (F ) = 0

o↵ eF/Fd

Adhesive dynamics
for round cells
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[Dasanna et al. Biophysical Journal 2017]

State diagrams from simulations
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Deformable cell model

Triangulated surface with appropriate
energy terms and side constraints

S. Suresh et al., Acta Biomaterialia 2005

SFB

11  29

Multi-particle collision dynamics (MPCD)

[Schiller et al. Soft Matter 2018]

MPCD uses successive streaming and
collision steps to exchange momentum. 
Grid shifting ensures Galilean invariance.

MPCD is a standard method to

simulate RBCs in shear flow. 

Alternatives: Dissipative 

Particle Dynamics, Lattice-

Boltzmann Method, Finite 

Element Methods.
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Trophozoite flipping

Schizont rolling
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b = 3.0⇥ 10
�19

J

µ0 = 20 µN/m

�̇ = 120 Hz

Experiments

Simulations
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Adhesive footprints from simulations

HbAS results in smaller (simulated) footprints and contact times due to stiffer
membrane, reduced number of knobs, and smaller cell volume.
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Contact times from 
computer simulations

Translocation of NF-ĸB to 
nucleus of endothelial cells

Contact times and endothelial activation
are both reduced in HbAS

[Lansche et al. Communications Biology 2018]
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iRBCs are not crawling

[Dasanna et al. Soft Matter 2019]

Cell flipping: cell tumbles like an 
elastic body, favored by high 
internal viscosity and high stiffness
Cell crawling: cell tank-treads in flow, 
favored by low internal viscosity, low
stiffness and high shear rate
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Stiffness

state diagram shows crawling –
flipping transition with increasing
stiffness
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Two reviews on computational aspects
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