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ABSTRACT To avoid clearance by the spleen, red blood cells infected with the human malaria parasite Plasmodium falcipa-
rum (iRBCs) adhere to the vascular endothelium through adhesive protrusions called ‘‘knobs’’ that the parasite induces on the
surface of the host cell. However, the detailed relation between the developing knob structure and the resulting movement in
shear flow is not known. Using flow chamber experiments on endothelial monolayers and tracking of the parasite inside the in-
fected host cell, we find that trophozoites (intermediate-stage iRBCs) tend to flip due to their biconcave shape, whereas schiz-
onts (late-stage iRBCs) tend to roll due to their almost spherical shape.We then use adhesive dynamics simulations for spherical
cells to predict the effects of knob density and receptor multiplicity per knob on rolling adhesion of schizonts. We find that rolling
adhesion requires a homogeneous coverage of the cell surface by knobs and that rolling adhesion becomes more stable and
slower for higher knob density. Our experimental data suggest that schizonts are at the border between transient and stable
rolling adhesion. They also allow us to establish an estimate for the molecular parameters for schizont adhesion to the vascular
endothelium and to predict bond dynamics in the contact region.
INTRODUCTION
Tropical malaria is a debilitating, life-threatening infectious
disease caused by the eukaryotic parasite Plasmodium
falciparum (1). Clinical manifestation and pathology of fal-
ciparum malaria are largely attributed to the asexual devel-
opment of the parasite inside infected red blood cells
(iRBCs) (2). Development of the malaria parasite within
an iRBC takes �48 h and can be divided into three morpho-
logically distinct stages (3,4). During the first-half of the
cycle, the parasite mainly rearranges itself into a ring shape
inside the iRBCs. During the trophozoite stage (24–36 h
postinvasion), the growing parasite remodels its host cell.
In particular, it mines actin monomers from the spectrin
network of the RBC to further develop the protein export
system from the parasite to the cell surface (5–7). In the
final schizont stage (40–48 h postinvasion), the iRBC be-
comes spherical, mainly due to changes in osmotic pressure
(8–11). At the same time, the spectrin network is increas-
ingly corrupted and the iRBC bursts open after 48 h (12,13).

To increase residency time in the vasculature and to avoid
clearance by the spleen, an iRBC becomes adhesive and
starts to stick to the microvascular endothelium, leading to
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impaired tissue perfusion, hypoxia, and systemic microvas-
cularitis (2). In detail, during the late ring stage, at �16 h
postinvasion, the iRBC starts to develop adhesive protru-
sions on its surface, termed ‘‘knobs’’. These knobs can be
visualized with electron microscopy (14–16) and atomic
force microscopy (17,18). Early measurements reported
that their density increases from �20 to 60/mm2 from
trophozoite to schizont (15), but these numbers are very var-
iable and differ considerably between different malaria
strains. For the strain used here, the knob density increases
from �9 to 15/mm2 from trophozoite to schizont (19). With
a RBC surface area of A ¼ 136 mm2 that is approximately
constant over the developmental cycle (11), this corresponds
to an increase of the numbers of knobs from Nk z 1000–
2000. Interestingly, whereas the height of the knobs seems
to be relatively constant, their diameter decreases with time.

Cytoadherence of iRBCs is mediated by several adhesion
molecules produced by the parasite and localized to the
knobs (in the following called ‘‘receptors’’). The most prom-
inent one is P. falciparum Erythrocyte Membrane Protein-1
(PfEMP-1), a family of immunovariant adhesins that can
confer adhesive interactions with a broad range of host mol-
ecules (in the following called ‘‘ligands’’), including CD36,
ICAM-1, ECPR, and CSA. The ability of PfEMP-1 recep-
tors to bind to different host ligands leads to organ-specific
pathology, such as cerebral malaria or placental malaria (1).
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The main host ligand that leads to firm adhesion to micro-
vascular endothelium cells is CD36, whereas rolling is
believed to be mediated mainly by ICAM-1 (20–24).

Formation of knobs also alters the spectrin network un-
derlying the plasma membrane. It was shown by atomic
force microscopy that the spectrin network is denser and
sparser in knobby and nonknobby regions, respectively,
and that the spectrin length increases during the replicative
cycle (25). Using multiscale modeling, it has been argued
that the vertical linking between the knobs and the spectrin
network strongly changes the mechanics of the host cell
(26). The number of PfEMP-1 receptors per knob (in the
following called ‘‘receptor multiplicity’’) is not known,
but has been estimated from flow chamber experiments to
be approximately seven molecules (27). The fact that the
knob size decreases during development suggests that re-
ceptor multiplicity might change over time.

Whereas uninfected RBCs have their typical biconcave
shape, iRBCs become increasingly spherical as they move
through the infection cycle. They attain an almost spherical
shape at the schizont stage (10,11). The osmotic-colloidal
model posits that these shape changes are related to the induc-
tion of new permeation pathways in the membrane and the
influx of cations and accompanying water, leading to a higher
osmotic pressure inside the cell (8,9) and a volume increase of
60% (11). In addition, the stiffness of the iRBC increases by
up to one order of magnitude during the 48 h cycle, as shown
byflowchamber andoptical tweezer experiments (28–30) and
explained by multiscale modeling (31–33). This increased
stiffness will also contribute to a rounder shape.

Adhesion under flow conditions does not only occur for
iRBCs, but also for white blood cells (WBCs) trafficking
with the blood stream. In particular, rolling adhesion of
WBCs can be seen in vivo as the first step toward extravasa-
tion during an acute inflammation (34,35). WBC rolling has
been studied in vitro by flow chamber experiments, where
cell rolling is monitored on ligand-coated substrates or endo-
thelial monolayers. In contrast to the iRBCs, WBCs use re-
ceptors from the selectin-family for capture and rolling,
and these are localized to hundreds of microvilli rather than
thousands of knobs. Yet the basic design principle (elevated
platforms for adhesion receptors distributed over a roundish
cell shape) is very similar and therefore iRBC-rolling can be
considered as mimicry of WBC-rolling (36). In particular,
flow chamber experiments are also commonly used to study
rolling adhesion of iRBCs (19,23,27,37).

Rolling adhesion of spherical WBCs can be modeled with
adhesive dynamics as pioneered by Hammer and Apte (38)
and Hammer (39), who predicted which dynamic states
(firm adhesion, rolling adhesion, free flow) should result
from the underlying molecular properties. This approach
has also been used to study two-receptor system (40) and
catch-slip bond behavior (41). To make better contact to
the molecular properties of the adhesion receptors, this
model has been extended to spatially resolved receptor
and ligand positions (42,43), again leading to the identifica-
tion of dynamic states in state diagrams (44). During recent
years, different aspects of rolling adhesion have been stud-
ied with this approach in more detail, including the role of
microvilli extension (45) and the role of fluctuations during
rolling adhesion (46). Rolling adhesion has also been stud-
ied for deformable cells (47) and a state diagram has been
simulated as a function of cell adhesion and deformability
(48). This work has shown that a modest deformability sta-
bilizes adhesion due to an increase in the contact area, but
that strong deformability suppresses adhesion because thin
shell mechanics leads to the contact area deforming away
from the adhesive substrate.

In contrast to WBCs, uninfected RBCs are neither
adhesive nor spherical. Their biconcave shape necessitates
computationally expensive computer simulations. The three
most prominent methods to simulate the movement of unin-
fected RBCs in hydrodynamic flow are the lattice Boltzmann
method (49), multiparticle collision dynamics (50), and
dissipative particle dynamics (51,52). The dissipative parti-
cle dynamics approach has also been combined with rules
for adhesion to model cytoadherence of iRBCs (31,53,54).
However, because it is computationally very demanding, it
is difficult to obtain a comprehensive understanding of the
relation between the molecular properties and the dynamic
states with this approach.

Here we reason that such a comprehensive treatment
should become possible in the schizont stage of iRBCs, for
which shape is known to become close to round (10,11)
and thus should allow the application of adhesive dynamics
for round shapes (38,44). We therefore have conducted
flow chamber experiments for iRBCs moving over endothe-
lial monolayers, in which we track not only translational ve-
locity, as commonly done for WBCs in flow chambers, but
also make use of the presence of the parasite to track rota-
tional velocity, which before has been done only for Janus
particles (55) and leukemia cells with intracellular granular
structures (56). Using this approach, we can demonstrate
experimentally that cell movement in the trophozoite
stage corresponds more to flipping than to rolling, as sug-
gested before by computer simulations for deformable cells
(31,53,54), and that smooth rolling emerges in the schizont
stage. This then justifies our using adhesive dynamics for
spherical cells to simulate the state diagrams that predict
how the dynamic states of rolling cells should depend on
knob density and multiplicity. We finally use our experi-
mental results to provide an estimate for the molecular pa-
rameters of iRBCs in the schizont stage.
MATERIALS AND METHODS

Cell culture

Human dermal microvascular endothelial cells (HDMECs) were purchased

from Promocell (Heidelberg, Germany) and grown in endothelial cell
Biophysical Journal 112, 1908–1919, May 9, 2017 1909



FIGURE 1 Schematic diagram of the computational model showing a

spherical (schizont) iRBC of radius R rolling in shear flow with shear

rate _g. The spatially resolved receptors on the cell surface are localized

to parasite-induced knobs and can form molecular bonds with the spatially

resolved ligands on the substrates, which have a uniform density. The shear
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growth medium MV (Promocell) without antibiotics or antimycotics, at

37�C in a humidified incubator with 5% CO2. Subculturing was performed

as recommended by the manufacturer. Cells were used for experiments be-

tween passages 6 and 7.

The P. falciparum FRC3 strain was cultured as described by Trager and

Jensen (57). Briefly, parasites were cultured in type Aþ erythrocytes sus-

pended in RMPI 1640 medium supplemented with 2 mM L glutamine,

25 mMHEPES, 100 mM hypoxanthine, 20 mg/mL gentamicin, and 10% hu-

man Aþ serum. Cells were grown at a hematocrit of 3:5% at 37�C under

controlled atmospheric conditions (3% CO2, 5% O2, and 92%N2). Parasites

were tightly synchronized within a time window of 6 h using the sorbitol

lysis method (58). The parasite stage was monitored by Giemsa-stained

blood smears. To ensure a parasite population capable of cytoadhering to

HDMECs, parasites were repeatedly selected for a knobby phenotype by

gelatin flotation (59) and panned over HDMECs (60). Late stages were

enriched using the magnetic cell sorting method (61) yielding a parasitemia

of>95%. iRBCs were labeled with 0.4 mL/mL SYBR Green for 1 h at 37�C
for automated cell tracking.
force Fs and the shear torque Ts lead to translational velocity v and rota-

tional velocity U, depending on the details of the spatial receptor and ligand

distributions and of the bond dynamics. The parasite P is labeled by fluoro-

phores that are excited in the focal plane (FP). To see this figure in color, go

online.
Flow chamber experiments

HDMECs were grown to confluency under static conditions on disposable

flow chambers with parallel plate geometry (m-slide VI0.4; Ibidi, Mar-

tinsried, Germany), and the flow chambers were coated with fibronectin

(10 mg/mL in PBS). Microslides containing confluent HDMECs were

washed twice with binding medium (RPMI 1640 supplemented with

2 mM L-glutamine, 25 mM HEPES, and 0.1% (v/v) BSA, pH 7.2, adjusted

with NaOH) and mounted on the stage of an inverted microscope. One

end of the microslide was connected to a high precision syringe pump

(55–2316; Harvard Apparatus, Holliston, MA) via silicon tubing (Ibidi),

permitting the perfusion of a cell suspension prewarmed to 37�C at a

controlled flow rate, generating a desired continuous laminar shear stress.

For the flow assay, a suspension of 106 iRBCs/mL (in binding buffer at

37�C ) was applied over the confluent cell monolayer in the microfluidic

chamber at different shear stress values, ranging from 0.03 to 0.10 Pa. The

shear stress for a given shear viscosity h and a given shear rate _g is

t ¼ h _g. As themeasured viscosity of the used medium is 0.7mPa s, this cor-

responds to a range of shear rates used in our experiments as being from 42 to

142Hz. For each shear stress condition, theSYBRGreenfluorescence signals

or the differential interference contrast images were recorded (time interval

0.033 s) in different fields along the center line of the chamber, where homo-

geneous flow is found, using an inverted microscope (40� magnification,

EGFPHCFilter set Ex: 456–490 nmEm: 500–540 nm; Zeiss AxioObserver;

Carl Zeiss, Oberkochen, Germany). Note that for the differential interference

contrast images the contrast comes from the malaria pigment (hemozoin)

rather than from the nucleus. Velocities and fluorescence intensity profiles

were obtained after fluorescence video analysis using the TrackMate plugin

from ImageJ (Version 2.7.3; National Institutes of Health, Bethesda, MD).

Only cells that showed an end-to-end motion were used for analysis.
Stokesian dynamics

In Fig. 1 we show a schematic representation of the situation investigated

here. We consider simple linear shear flow as used in flow chamber exper-

iments, thus the unperturbed flow field reads uN ¼ _gzex. For a typical

shear rate _g ¼ 100 Hz and a typical cell radius R ¼ 4 mm, the typical

flow velocity is v ¼ _gR ¼ 400 mm=s. Therefore, the Reynolds number is

Re ¼ rvR/h z 10�3 and we deal with overdamped dynamics and the

Stokes equation for hydrodynamic flow. Thus we describe cell movement

by an overdamped Langevin equation (42–44), as follows:

vtXðtÞ ¼ uN þMfFD þ FSg þ kBTVM þ xðtÞ; (1)

where X(t) is a six-dimensional vector representing both position and orien-

tation. Here the six-dimensional generalized forces FD and FS represent the
1910 Biophysical Journal 112, 1908–1919, May 9, 2017
direct and shear-mediated forces and torques, respectively. The direct forces

in turn include gravitational force and receptor-ligand bond forces.M is the

6� 6-mobility matrix that has to be calculated from the Stokes equation for

a sphere above a wall (43). The stochastic random force, x(t), is multiplica-

tive noise as the mobility matrix depends on the position of the sphere

above the wall. The multiplicative nature of the noise leads to a spurious

drift term 7M.

To make Eq. 1 nondimensional, we scaled all the lengths by the radius

R of the cell, time by inverse shear rate, 1= _g, and forces by the Stokes force
at a typical velocity, 6phR2 _g. We solve the discretized version of Eq. 1,

which is given by the following:

Xðt þ dtÞ ¼ XðtÞ þ ½uN þMfFD þ FSg�dt

þ 1

Pe
VMjtdt þ

ffiffiffiffiffiffi
1

Pe

r
B � xðtÞ;

(2)

with the dimensionless Peclet number, Pe ¼ ð6phR3 _gÞ=ðkBTÞ measuring

the ratio between advection and diffusion. At low Peclet numbers, the
motion is dominated by stochastic diffusion, whereas at high Peclet

numbers, the motion is dominated by deterministic motion in the flow.

B follows from M ¼ BBT and we use Cholesky decomposition to deter-

mine B (62). In the last term, x(t) is a six-dimensional random vector

generated using the Gaussian distribution with mean ¼ 0 and standard

deviation ¼ 1.
Bond dynamics

Receptors and ligands are placed on the cell and on the substrate, respec-

tively, at fixed positions according to the desired spatial distribution. We

employed stochastic bond dynamics between receptors and ligands during

each time step. Because we have spatially resolved reaction patches, we

use the concept of an encounter complex, meaning that receptor-ligand

bonds can only be formed when the distance is less than the encounter dis-

tance r0. A bond can then be formed between receptor and ligand with

constant on-rate kon. The probability for the formation of the bond is

Pon ¼ 1 – exp(�kondt). For bond dissociation, we use Bell’s equation

for slip bonds, koff ¼ k0offexpðF=FdÞ, where k0off is unstressed off-rate

and Fd is the internal force scale (63). Although catch-slip bonds have

been reported for leukocyte adhesion (64) and although there is evidence

for shear-enhanced binding of iRBCs (19), in the absence of detailed
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molecular information here we use a slip bond. The probability for bond

dissociation is Poff ¼ 1 – exp(�koffdt). We modeled the mechanics of

the receptor-ligand bond as a cable, as follows:

FðrÞ ¼ kðr� ‘0ÞQðr� ‘0Þ; (3)

whereQ is the Heaviside step function, k is the spring constant, and ‘0 is the

bond length at the time of bond formation.
Receptor distribution

Cytoadherence of iRBCs results from the presence of knobs. To study the

role of knob distribution in enhancement of adhesion, we modeled the

knobs as a cluster of receptors on a spherical surface (Fig. 1). To achieve

a variable degree of clustering of the receptors, we use a Monte Carlo simu-

lation with a potential energy for their distribution (65,66). The total poten-

tial is as follows:

V
�
ri;j
� ¼ rD

�
e�2ðri;j�r0Þ=l � 2e�ðri;j�r0Þ=l�

þAe�ri;j=m��ri;j�m�:
(4)

The first term is the Morse potential, which acts as a short-ranged attractive

potential. The second term is a Yukawa potential, which acts as long-range
repulsive potential. The depth of Morse potential is given by D, and

l defines the width of potential well. We used D ¼ 1 kBT, l ¼ 0.03, and

the equilibrium distance r0 ¼ 150 nm. For the Yukawa potential, the prefac-

tor A is set to 0.01 kBT and the decay length is m ¼ 2. The dimensionless

number r ˛[0,1] is used to modify the degree of clustering. When r is 0,

the attractive potential vanishes, whereas when r is close to 1, the potential

is dominated by attractive potential at short distances and repulsive poten-

tial at longer distances. The initial configuration is constructed by randomly

distributing the receptors on the spherical surface, and then Metropolis dy-

namics at dimensionless temperature T ¼ 0.1 is used to arrive at the final

receptor configuration.
Classification of dynamic states

For given model parameters, which include the bond kinetic rates, the

shear rate, and the spatial distribution of receptors and ligands, different

dynamic states are possible, which in turn determine cellular function. To

classify different dynamic states, we adopt a classification scheme based

on the averages and variances of the translational and angular velocities

(36,44). Each cell trajectory belongs to one of the five dynamic states,

namely free motion, transient motion-1, transient motion-2, rolling adhe-

sion, and firm adhesion. As the shear flow is applied only in the x direc-

tion, we only consider the x component of the translational velocity, vx(t),

and the y component of the angular velocity, Uy(t). The other components

are almost negligible unless one works with very low shear rates. During

free motion, both translational and angular velocities have values almost

equal to that of a free cell moving close to the wall, as there is a negli-

gible number of bonds; thus, we define this state by hvi > 0.95hvhdi,
where the hydrodynamic reference value follows from a simulation

without bond formation. Firm adhesion is defined by hvi < 0.01hvhdi.
For free motion, it is known from the solution of the Stokes equation

that the cell is slipping over the substrate with RhUi/hvi z 0.56

(44,67). During rolling adhesion, bonds continuously form and break, re-

sulting in reduction in translational and angular velocities compared to

free motion. Now translational and rotational velocities are synchronized

such that RhUi/hvi z 1. Therefore, we define rolling adhesion by hvi >
0.01hvhdi and RhUi/hvi > 0.8. Transient adhesion is also characterized by

an appreciable velocity, hvi > 0.01hvhdi, but the coordination between

translation and rotation is not as strong as in rolling adhesion, RhUi/
hvi < 0.8. Finally, transient adhesion-1 is less erratic than transient adhe-

sion-2 (sv/hvi < 0.5 and > 0.5, respectively). Whereas the cell is only
occasionally slowed down in the first case, in the second case it undergoes

stop-and-go (or stick-slip) motion.
RESULTS

Differential adhesion behavior of trophozoites
and schizonts under flow

To test under which conditions smooth rolling occurs, we
investigated the rolling behavior of iRBCs on HDMECs un-
der flow. Cytoadherence on HDMECs is mediated by CD36
and ICAM-1 (22–24), of which they have been measured to
contain 86 5 14 � 106 and 6 5 3 � 106 molecules/mm2,
respectively (22). However, ICAM-1 is thought to be the
primary ligand for rolling, whereas CD36 supports rolling
adhesion only within a narrow velocity range and is mainly
considered as ligand for firm adhesion (22,24,37). Wall-
shear stresses in the range from 0.03 to 0.10 Pa (correspond-
ing to shear rates from 42 to 142 Hz) were chosen to repre-
sent the range of physiological hydrodynamic conditions
under which rolling adhesion iRBCs occurs in postcapillary
venules and sinusoids (68–70).

We first compared the differential behavior of trophozo-
ites versus schizonts, which were selected 24 5 6 and
40 5 6 h postinvasion, respectively. Fig. 2 A shows that
the trophozoite is still biconcave and that the parasite sits
at the periphery of the iRBC. In marked contrast, Fig. 2 B
shows that the schizont is almost round and that now the
parasite mass completely fills the middle of the cell. The
three selected frames of representative rolling cells shown
in Fig. 2, C and D (full movies provided as Movies S1
and S2) for trophozoites and schizonts, respectively, indi-
cate that schizont rolling is much smoother, as expected
from the shape and confirmed by the corresponding movies.
One also sees that the schizont is larger than the trophozoite,
and that the parasite location has shifted from the periphery
to the middle of the iRBCs.

To obtain quantitative data on cell motion, we have
labeled iRBCs with the fluorescent DNA-stain SYBR Green
and followed the behavior of single cells, using automated
imaging and tracking tools. For each cell two traces were
obtained, the translational velocity and the fluorescence
amplitude profile, as shown in Fig. 3 (primary data provided
as Movies S3 and S4). For a smoothly rolling cell of spher-
ical shape, the amplitude should be perfectly oscillatory,
with the mathematical form of a curtate cycloid (see
Fig. 1). When comparing the trophozoite data in Fig. 3 A
with the schizont data in Fig. 3 B, one sees that the tropho-
zoite shows strong changes in rolling velocity v(t) and a
very asymmetric amplitude trace. Although not completely
symmetric, the fluorescence track of the schizont cell is
much more symmetric and the rolling velocity v(t) is
much smoother. Most strikingly, there is a clear correlation
between velocity and amplitude in the trophozoite case in
Fig. 3 A (marked with ellipses): each time its velocity bursts,
Biophysical Journal 112, 1908–1919, May 9, 2017 1911



FIGURE 2 Trophozoites and schizonts show very

different behavior in shear flow. (A) In the tropho-

zoite stage, the iRBC is still biconcave and the sin-

gle parasite is situated at the rim. (B) In the schizont

stage, the iRBC is almost spherical and the parasite

mass almost fills the complete host cell (recon-

structed from confocal microscopic images, as

described elsewhere (11)). (C) Shown here are three

frames of a trophozoite moving over an endothelial

monolayer in shear flow from right to left (shear rate

142 Hz, cell marked with arrows; the other cells are

firmly attached). The full sequence is provided as

Movie S1. (D) Shown here are three frames of a

schizont rolling over the monolayer with the shear

flow from right to left (shear rate 42 Hz). The full

sequence is provided as Movie S2. Scale bars ¼
20 mm. To see this figure in color, go online.
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the amplitude goes down, indicating that the periphery of
the cell with the fluorescently labeled parasite makes a large
excursion away from the focal plane once the cell acceler-
ates. This behavior is typical for flipping motion, as pre-
dicted before by computer simulations for adhesive iRBCs
with biconcave shape (31–33).

We also measured the Pearson correlation coefficient for
the two trajectories shown in Fig. 3. For the trajectory of the
trophozoite, the Pearson correlation coefficient is �0.632,
whereas for the schizont trajectory it is �0.01. This means
that for the trophozoite, translational velocity and amplitude
are strongly correlated, and that this correlation is much
weaker for the schizont. These findings imply that flipping
motion is much more prominent during the trophozoite
stage than during the schizont stage. Schizonts are more
round in shape (compare Fig. 2, A and B) and less deform-
able, which inhibits the flipping behavior. Another inter-
esting item of information derived from the amplitude
profile is that the fluctuation amplitude is higher for tropho-
zoites than for schizonts (Fig. 3), reflecting the more
symmetric location of the parasite volume in the schizont-
iRBC as compared with the trophozoite-iRBC. Yet there
still must be an asymmetry in the mass distribution or cell
shape, otherwise we would not observe any oscillation in
the fluorescence signal (see Fig. 1).
Adhesive dynamics simulations of rolling iRBCs

After having established experimentally that schizonts tend
to roll and do not flip as trophozoites do, we next focused on
1912 Biophysical Journal 112, 1908–1919, May 9, 2017
the schizont stage, because it allows us to apply the very
efficient modeling framework of adhesive dynamics for
spherical cells. This in turn makes it possible to obtain a
relatively comprehensive understanding of how molecular
determinants and macroscopic rolling behavior are related
to each other. To be able to use earlier results for WBCs
as a reference case, here we use parameter values that are
similar to that case (44,46). As discussed later, the relevant
parameter values for iRBCs and WBCs seem to be quite
similar.

We first simulated the effect of spatial clustering of recep-
tors into knobs of varying density on the dynamic states of
adhesion. Different from earlier work on WBCs, however,
we now focus on the effect of knob organization. We used
the cluster coefficient r from Eq. 4 to vary the degree of
clustering. For NR ¼ 500 number of receptors, we chose
the three r-values 0, 0.4, and 1.0, which result in completely
unclustered, intermediate clustered, and completely clus-
tered states, respectively, as shown in Fig. 4, A–C. The
used ligand density of 25/mm2 corresponds to a typical
ligand distance of d ¼ 200 nm that is much lower than the
typical distance between the receptors (at �630 nm), so it
is not the limiting factor here. In the completely clustered
state, there are typically eight receptors in one cluster,
similar to the value estimated earlier from experimental
data for iRBCs in shear flow (27). In Fig. 4, D–F, transla-
tional and rotational velocities (multiplied by the reference
length R) from typical simulation trajectories are shown.
Visual inspection shows that as the degree of clustering
increases, translation and rotation become increasingly
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FIGURE 3 Fluorescence amplitude reveals nature of movement in hy-

drodynamic flow. (A) Translational velocity and fluorescence amplitude os-

cillations are strongly correlated for a trophozoite, indicating flipping

motion. (B) For a schizont, these correlations are strongly diminished, indi-

cating rolling adhesion of an almost spherical cell. The shear rate is 42 Hz

in both cases. Fluorescence movies are provided as Movies S3 and S4.
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desynchronized, indicating that rolling adhesion becomes
less stable and more irregular as we increase the clustering
at the given receptor number. This suggests that increased
clustering should be compensated by increased knob density
to ensure smooth rolling.

We next measured the state diagram for different degrees
of clustering at a constant receptor number. In principle, the
state diagram of rolling iRBCs is high-dimensional due to
the different model parameters. We first focused on the
main molecular determinants of rolling, which are the
on- and off-rates. We measured the on-off state diagram
from the simulations by varying the dimensionless on-rate
ðp ¼ kon= _gÞ and off-rates ðe ¼ koff= _gÞ, keeping all other
parameters fixed. The state diagram captures all the possible
dynamic states for the selected range of the dimensionless
on- and off-rates. In Fig. 5 A, the on-off state diagram is
shown for NR ¼ 1000 unclustered receptors at shear rate
_g ¼ 100 Hz. We find very good agreement with earlier
results (36,44,46), and in the following we use this state
diagram as a reference case. Free motion and transient adhe-
sion-1 are achieved at high off-rates and low on-rates, where
the number of bonds become almost negligible, allowing
the cell to move freely in shear flow. Rolling adhesion is
achieved at high on-rates and moderate off-rates, which al-
lows for synchronicity between translational and angular
movement. Firm adhesion occurs at low off-rates, which in-
hibits breakage of existing bonds, leading to stoppage of the
cell. The intermediate state that occurs between transient
adhesion-1 and rolling adhesion or firm adhesion is transient
adhesion-2. During transient adhesion-2, the cell frequently
adheres for short periods of time (stop-and-go or stick-slip
motion).

In Fig. 5 B, the on-off state diagram is shown for a smaller
number of receptors than in Fig. 5 A, namely NR ¼ 500, but
for different degrees of clustering. We first note that without
clustering (r ¼ 0), the regime of rolling adhesion has some-
how decreased, whereas the regime of transient adhesion-2
has expanded, but in general, the state diagram is very
similar to the one in Fig. 5 A. If we now increase the clus-
tering coefficient to r ¼ 0.4 (solid lines), the regime of
rolling adhesion completely disappears and only transient
adhesion exists. Increasing clustering further to r ¼ 1.0
(dashed lines) does not change the state diagram much
more. These results suggest that homogeneous coverage
of the cell is key for rolling adhesion to occur. Although
clustering increases the effective on-rate and decreases
the effective off-rate locally, the global effect of reduced
encounter for clustered receptors seems to dominate and de-
stabilizes the rolling regime.

As we have seen, homogeneous coverage is required for
stable rolling. We now assume such homogenous coverage
by knobs and investigate the effect of changing the density
of knobs and the number of receptors within each knob. For
the latter purpose, we introduce a multiplicity factor m. For
each knob, we draw the number of receptors from a Poisson
distribution with the average m. In Fig. 5 C, we show the
state diagram for three different knob densities, NR ¼ 200,
500, and 1000, corresponding to knob densities of 1, 2.5,
and 10 knobs/mm2, respectively. Here each knob contains
only one receptor (m ¼ 1, NR ¼ Nk). There is no rolling
adhesion regime for the low density case (dotted lines),
but it appears at the intermediate density (solid lines)
and becomes larger for the high density case (shaded).
The change from low to intermediate densities roughly
corresponds to the values at the trophozoite-to-schizont
transition.

In Fig. 5 D, we show state diagrams for three different
multiplicity factors, m ¼ 1, 3, and 5, for NR ¼ 200. Thus
the number of receptors is NR ¼ 200, 600, and 1000, but
in contrast to (Fig. 5 C), the receptors are now clustered.
We see that NR ¼ 200 (dotted lines) or 600 (solid lines)
is not enough to achieve rolling, which only appears for
NR ¼ 1000 (shaded). Although now the receptors are
strongly clustered, their number is sufficiently high to stabi-
lize rolling. In summary, we see that both the knob density
and the multiplicity have to be sufficiently high to get stable
rolling, and that the threshold lies somewhere between the
trophozoite and schizont stages.
Biophysical Journal 112, 1908–1919, May 9, 2017 1913
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FIGURE 4 Adhesive dynamics simulations of spherical iRBCs—trajectories. Visualization of receptor clustering and translational and rotational velocities

of typical trajectories for clustering coefficients r ¼ 0 (A and D), r ¼ 0.4 (B and E) and r ¼ 1.0 (C and F) is given. The total number of receptors in all three

cases is NR ¼ 500. Shear rate ¼ 100 Hz, cell radius R ¼ 4 mm, spring constant k ¼ 1 pN/nm, encounter distance r0 ¼ 50 nm, force scale Fd ¼ 200 pN, and

ligand density 25/mm2.
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Until now we have discussed the parameters that are
controlled by the parasite. We now turn to the external pa-
rameters, namely shear rate and ligand density. In all simu-
lation results presented so far, we used a ligand spacing
of d ¼ 200 nm. For a given knob density, decrease in
ligand spacing (corresponding to increase in ligand den-
sity) allows the cell to form more bonds, thereby increasing
the adhesion and decreasing its velocity, as shown in
A

C D

B

1914 Biophysical Journal 112, 1908–1919, May 9, 2017
Fig. 6 A for NR ¼ 1000. This effect diminishes as the
knob density increases to a value comparable to the ligand
density. In addition, mean translational and angular veloc-
ities (multiplied by R) collapse to the same value for higher
knob densities, indicating stable rolling, as revealed in
Fig. 6 A by comparing the dashed and solid lines. For
high ligand spacing of d ¼ 200 nm, both translational
and angular velocities collapse to the same value from
FIGURE 5 Adhesive dynamics simulations of

spherical iRBCs—state diagrams. (A) Shown here

is on-off state diagram representing different dy-

namic states for given dimensionless on- and off-

rates for NR ¼ 1000. Clustering coefficient r ¼ 0.

(B) Shown here is an on-off state diagram for

NR ¼ 500 with different values of clustering coeffi-

cients: r ¼ 0 (shaded), r ¼ 0.4 (solid lines), and

r ¼ 1.0 (dotted lines). (C) Shown here is on-off

state diagram without clustering (r ¼ 0) for

different numbers of one-receptor knobs: NR ¼
200 (dotted lines), NR ¼ 500 (solid lines), and

NR ¼ 1000 (shaded). (D) Shown here is on-off state

diagram for NR ¼ 200 and different values of the

multiplicity factor: m ¼ 1 (dotted lines), m ¼ 3

(solid lines), andm¼ 5 (shaded). Model parameters

are as in Fig. 4.
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FIGURE 6 Adhesive dynamics simulations of spherical iRBCs—effect

of external parameters. (A) A log-linear plot of translational and angular ve-

locities against knob densities is shown for three ligand densities, 50, 100,

and 200 nm for p ¼ 2.5 and e ¼ 0.5. (B) Average translational and angular

velocities against shear rate are shown for different knob densities for fixed

on-rate kon ¼ 10 Hz and fixed off-rate koff ¼ 5 Hz.
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density 15 knobs/mm2, whereas for d ¼ 50 nm this happens
from density 2.5 knobs/mm2. This means that for low
ligand spacing, high knob densities are required to achieve
stable rolling, whereas for high ligand spacing, even small
knob densities are sufficient to achieve stable rolling. Thus,
rolling adhesion of iRBC does not only depend on the
structure of the knob system, but also on the adhesive prop-
erties of the vascular environment.

In Fig. 6 B, we plot the average translational velocities
as a function of shear rate for two different values of the
knob densities, which roughly represent the number of
knobs present during the trophozoite and schizont stages.
Here on- and off-rates are fixed to the absolute values
kon ¼ 10 Hz and koff ¼ 5 Hz. For the range of shear rates
investigated, mean translational and angular velocities
are found to increase with increasing shear rate, as ex-
pected from Bell’s equation for the slip bonds modeled
here. Note that an increased shear rate also increases the
encounter rate, thus potentially decreasing rolling velocity,
but this effect seems not to dominate here. We further note
that again synchronization between translation and rota-
tion increases with increasing knob density, as discussed
above.
Estimating schizont parameters from flow data

In the last section we have aimed at a comprehensive char-
acterization of spherical iRBC rolling using the powerful
approach of adhesive dynamics, which, before, has been
applied mainly to rolling WBCs. In particular, we have
discussed the effect of variations in knob multiplicity and
density as well as of bond dynamics while keeping the
WBC-case as a reference case. We now turn to a more
detailed comparison with schizont stage iRBCs as investi-
gated experimentally. When addressing the comparison
with experiments, we first note that all of these determinants
are very hard to control in our experiments. For example, the
multiplicity of PfEMP-1 receptor multiplicity per knob is
still an open experimental issue. Moreover, PfEMP-1 recep-
tors bind to multiple ligands, each with a different bond dy-
namics. In particular, in our flow chamber experiments both
CD36 and ICAM-1 are known to be present, with ICAM-1
being considered to be the main ligand mediating iRBC roll-
ing adhesion. Given this uncertainty in the microscopic
parameters, at this stage the main control parameter that al-
lows comparison between experimental and simulated data
is the shear rate. We therefore used the effect of shear rate
to provide an estimate for the molecular data underlying
the observed rolling behavior of schizonts.

We first converted the fluorescence amplitude from Fig. 3
B into an estimate of the angular velocity and found
that RhUi/hvi x 0.40, indicating that in our case schizont
rolling is not very stable. We speculate that this is related
to a relatively low ligand density, as it has been shown earlier
that ICAM-1 onHDMECs is presentwith a surface density of
only 6/mm2 (corresponding to a ligand distance of�400 nm)
(22). As values for the dissociation rate and the internal force
scale, we use values of 0.77 Hz and 10 pN, respectively,
following literature results for PfEMP-1 binding to CD36
(27). Although the PfEMP1/ICAM-1 pairmight have distinct
properties, we expect the lifetime and the force scale to be of
a similar magnitude. The encounter distance is kept at the es-
tablished value of r0¼ 50 nm from above and the spring con-
stant is reduced slightly to k¼ 0.5 pN/nm to counterbalance
the decreased force scale. A similar value has indeed been re-
ported for the PfEMP-1/CSA-bond (71). The knob density is
taken to be 10/mm2 following earlier measurements for the
same strain (19). This indicates that both receptor and ligand
densities might be limiting. The multiplicity m is taken to be
six, according to earlier estimates (27). We vary the associa-
tion rate and ligand density over a band of reasonable param-
eters, namely from 100 to 400 nm for the ligand distance (22)
and from 0.1 to 10 Hz for the on-rate. Fig. 7 shows that with
these values, we get good agreement between our computer
simulations and the experimentally measured values,
suggesting that we have achieved a reasonable estimate for
the molecular parameters of the schizont stage and that the
used ranges for ligand distances and on-rates bracket the
real values.
Biophysical Journal 112, 1908–1919, May 9, 2017 1915



FIGURE 7 Comparison between experimental and simulation results.

Experimental data points are provided with standard deviations. Simulation

data are shown in two bands: in ligand distance, we cover the range from

100 to 400 nm (light shaded band), and in on-rate, the range is from 0.1

to 10 Hz (dark shaded band). Off-rate ¼ 0.77 Hz, force scale ¼ 10 pN,

and spring constant ¼ 0.5 pN/nm.

A

B

FIGURE 8 Adhesive dynamics simulations of bond dynamics and adhe-

sive footprint. The gray and colored symbols mark the x- and y-positions of

the knobs at which bonds are formed and broken, respectively. The values

are shown in the center of mass system of the cell (the circle around the

origin with radius 0.35 R is shown as a guide to the eye). Shear rates are

(A) 42 Hz and (B) 142 Hz. As depicted schematically in the insets, breaking

bonds are more stretched at higher shear rates. Full dynamics are shown in

Movie S5. To see this figure in color, go online.
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We finally investigate the bond dynamics and the adhe-
sive footprint predicted by the adhesive dynamics simula-
tions for the schizonts, a question that in the future could
be approached experimentally with fluorescent sensors
(56). In Fig. 8, we plot the positions of the knobs on the
cell for bond formation (gray symbols) and rupture (colored
symbols). In the second case, the color code reflects the
force at which the bond breaks. The full dynamics of
bond formation and rupture is shown in Movie S5. We see
that new bonds are formed in an effective contact area that
is centered around the origin, has a typical radius of
�0.5 mm, and does not depend on shear rate. In contrast,
old bonds are ruptured mainly at the rear of the cell, roughly
doubling the effective size of the contact area. Although
increased shear rate stretches the bond and increases the
contact area, this effect is not very large for the values of
spring constant and shear rates used here. This agrees with
the experimental finding that cell deformation and contact
area do not change much at the shear rates used here, both
for leukemia cells (56) and for iRBCs (27). The maximal
bond extensions in our simulations are 80 and 140 nm for
shear rates 42 and 142 Hz, respectively, corresponding to
forces of 40 and 70 pN, respectively. This agrees well
with rupture forces measured for the PfEMP-1/CSA bond
(71). It also corresponds closely to the overall hydrody-
namic force resulting from shear flow and, in general, we
find that for most of the time, the cell is held at the substrate
only by 1–3 bonds.
DISCUSSION

Here we have investigated the adhesive dynamics of
schizont stage iRBCs in shear flow at physiological shear
rates using both flow chamber experiments on endothelial
monolayers and adhesive dynamics computer simulations.
Regarding computer simulations, the model is adapted
1916 Biophysical Journal 112, 1908–1919, May 9, 2017
from rolling adhesion of WBCs (44), as schizont stage
iRBCs share many common features with leukocytes (36).
The model cell is assumed to have a spherical shape covered
with adhesive knobs containing the PfEMP-1 receptors that
mediate adhesion to ligands such as ICAM-1 presented by
the vascular endothelium. Our experimental results demon-
strate that such an approach is indeed justified in the
schizont stage, which is characterized by smooth rolling
rather than by the flipping motion observed in the tropho-
zoite stage (Fig. 3). By tracking not only translational, but
also rotational velocity (55,56), which in our case can be
easily realized by using a fluorescent stain for the parasite,
we can compare better with theoretical predictions and
conclude that schizont rolling might be just at the onset of
stable rolling adhesion. The adhesive dynamics approach
is computationally very efficient and allows us to assemble
state diagrams representing a complete picture of spherical
iRBC rolling adhesion (Fig. 5). To make contacts with our
experiments, we have complemented this general approach
by an estimate of specific schizont parameters (Fig. 7).
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Finally we have predicted the association and dissociation
dynamics of the PfEMP-1 bonds and the resulting adhesive
footprint (Fig. 8).

As suggested by our model and various experimental ob-
servations before, the main determinant of rolling adhesion
of iRBCs is the knob density, which increases at least by a
factor of two from the trophozoite to the schizont stage.
Here we use relatively low numbers for two reasons: first,
we experimentally use a malaria strain that is known to
have relatively low coverage (19); and second, our computer
simulations are expected to overestimate cell stickiness, in
particular because it uses a relatively large encounter length
and high on-rates to compensate for the fact that a round
shape cannot give a flat adhesion region, in contrast to
simulations with deformable cells (31,47,48,53). The main
uncertainty in our simulations, however, is the unknown
multiplicity of receptor localization to the knobs. Although
this has been estimated to be �7 from flow chamber
experiments (27), this estimate is very indirect and a direct
measurement has not been achieved yet. In the future,
more precise measurements of receptor multiplicity have
to be made to achieve a more detailed understanding of
the main determinants of iRBC-rolling. We note that by
measuring comprehensive state diagrams as a function of
all model parameters, our systematic approach is well suited
to adopt new experimental results as they will become avail-
able in the future.

Similar remarks as for the knob structure are in order
also for the ligand structure on the substrate. In our simula-
tions we have distributed the ligands on a substrate with
variable but homogeneous ligand density. In the experi-
ments, however, they are presented on top of an endothelial
monolayer that is bound to be rough and heterogeneous,
and for which the exact spatial distribution is not known.
Although this approach is of high physiological relevance
and, for example, would allow us to study such effects as
inflammation of the endothelium in response to a malaria
infection, for future quantitative studies it might also be
very instructive to use more defined model systems, such
as supported lipid bilayers, for which ligand density and
ligand clustering can be tuned in a systematic manner (19).

As common in adhesive dynamics simulations (38,39,
44,46), the complex mechanical response of the PfEMP-1
bond, which here is assumed to be mainly formed to
ICAM-1, is lumped into one effective spring constant k.
Here we use a value of 0.5 pN/nm, which falls into the
generic range of spring constants used for adhesive dy-
namics simulations (38) and modeling adhesion contacts
(72). It is also similar to values reported from single mole-
cule experiments for actin-myosin crossbridges (73) and
for the PfEMP-1/CSA bond (71). Earlier work on adhe-
sion contacts formed by adhering vesicles suggests that
the effective spring constant is a complex convolution of
membrane and bond contributions (72). If it was possible
to experimentally measure the mean squared fluctuation
amplitude s of the membrane, than the effective spring
constant would follow as k ¼ kBT/s. For a membrane
with bending stiffness k and harmonic confinement param-
eter g, one can calculate the corresponding spring constant
as km ¼ 8

ffiffiffiffiffiffi
kg

p
(72,74). Using typical values k ¼ 10 kBT and

g ¼ 108 J/m4, we get km ¼ 0.02 pN/nm (corresponding to a
fluctuation amplitude of 15 nm), suggesting that mem-
brane deformations might dominate because mechanically
they provide the softer spring. However, exactly at the posi-
tion of the bond, one finds s ¼ kBT/(km þ k), thus the bond
spring constant k dominates over the membrane spring con-
stant km in such a statistical treatment (72). Moreover, we
expect that a more detailed analysis would also give anhar-
monic contributions, as recently demonstrated for vesicle
adhesion (75).

In our context, the spring constant does not only have to
represent the typical deformation of the adhesive bond, lead-
ing to the formation of an effective contact area, but also the
force leading to dissociation of the receptor-ligand bond ac-
cording to the Bell’s equation. Both aspects seem to be
captured well in our work, because the bond dynamics leads
to good agreement with experiments (Fig. 7) and because the
resulting contact area is of the same order of magnitude as
the experimentally measured ones (Fig. 8) (27,56), despite
the fact that we do not model deformable cells, for which
similar contact areas have been found in simulations (47).
However, we also note that the peak force of 70 pN reported
in our adhesive dynamics simulations already comes close to
the range 150–250 pN, which has been reported for unfold-
ing of immunoglobulin domains as they are also present in
the PfEMP-1 binding partners ICAM-1 and CD36 (76).
The spring constant of the immunoglobulin IgG1 has been
measured to be 10.9 pN/nm (77) and the peak force simu-
lated here would lead to a deformation of 6.4 nm, which in
practice could not be provided by the molecular structure,
thus unfolding had to result. However, the mechanics of
PfEMP-1 bonds are certainly more complex than suggested
by considering only one effective spring constant, and as
explained above, we expect that the effective deformation
will also be determined by membrane and cytoskeletal
mechanics and fluctuations, in particular by the spectrin
network of the iRBC. We expect that more detailed experi-
mental results will become available in the future and then
can be incorporated into adhesive dynamics simulations.

As we have observed experimentally, motion in the
trophozoite stage seems to resemble flipping rather than roll-
ing, as predicted earlier by computer simulations (31,53,54).
To address this important issue, one requires computer
models for deformable cells. Although the stiffness of the
cell envelope has been measured and modeled as a function
of developmental stage (29,31), it is not clear if the
commonly used assumption of a homogeneous membrane
is entirely justified. In the ring and trophozoite stages, the
parasite is known to stay close to its site of invasion, and
this could result in a heterogeneous knob structure. Even if
Biophysical Journal 112, 1908–1919, May 9, 2017 1917
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the mechanical properties of the cell envelope might appear
to be homogeneous in cell stretching experiments, in practice
there might be local variations in knob structure and me-
chanics that matter for rolling adhesion. Like the issues of
knob density, receptor multiplicity, and ligand presentation,
elucidating this important aspect of the blood stage of a ma-
laria infection also requires a combination of computational
and experimental approaches, such that in the future we can
finally achieve a quantitative and comprehensive understand-
ing of the biophysics of iRBC in shear flow.
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