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Abstract

Plasmodium sporozoites, the highly motile forms of the malaria parasite, are transmitted
naturally by mosquitoes and traverse the skin to find, associate with, and enter blood
capillaries. Research aimed at understanding how sporozoites select blood vessels was
hampered by the lack of a suitable experimental system. Arrays of uniform cylindrical pillars
can be used to study small cells moving in controlled environments. Here we developed an
array system displaying a variety of pillars with different diameters and shapes in order to
investigate how Plasmodium sporozoites associate to the pillars as blood vessel surrogates.
Investigating the association of sporozoites to pillars in arrays displaying pillars of different
diameters revealed that the crescent-shaped parasites prefer to associate with and migrate
around pillars with a similar curvature. This suggests that after transmission by a mosquito
malaria parasites might use a structural tropism to recognize blood capillaries in the dermis in

order to gain access to the blood stream.



1. Introduction

The generation of artificial 2D substrates and 3D environments has improved our toolkit for
the study of cell adhesion and migration.'”! Available 2D substrates include adhesive
micropatterns or nanoscopic ligand binding sites or topological features, like a ‘beds of
needles’."” > The latter, also called pillar arrays, are generated by fabricating cylindrical
micropillars from the crosslinked polymer gel polydimethylsiloxane (PDMS) in defined

[1.4.6.71 By coating the pillar tops with adhesive ligands and tuning pillar stiffness

geometries.
to cell forces, such arrays are commonly used measure cellular traction forces.'* ! We have
previously adapted pillar arrays for the investigation of small motile cells that can be placed
between the pillars.!'”! In these arrays, the uniform pillars do not serve as substrates for cell
adhesion but as obstacles for the migrating cells, which can be different types of eukaryotic or
bacterial cells."”" These studies showed that the distance between the pillars affects the
migration patterns of cells.

As a first model cell we used the form of a rodent malaria parasite that is transmitted from the
mosquito vector to the mammalian host, i.e. the Plasmodium sporozoite. Sporozoites are
deposited during the mosquito bite in the dermis of the host where they migrate and enter into
blood capillaries."* ' Sporozoite migration is essential for infectivity of the parasite, which
ultimately needs to enter the liver to further differentiate into blood cell infecting parasite
forms that cause the disease.!"®! One open question concerning the transmission of the malaria
parasite is how the parasite finds and associates with blood capillaries. We have suggested
that sporozoite migration in the skin is independent of chemotaxis and relies mainly on the
structure of the environment.!"” Furthermore, Plasmodium sporozoites are curved cells with a
curvature that is similar to the curvature of the blood capillaries they enter." **! In vivo
experiments analyzing the tracks of many parasites further showed that sporozoites migrate

with slightly reduced speed around capillaries compared to their migration in the surrounding

tissue.”'! Around blood capillaries they also adapt a more uniform curvature that appears
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different from the surrounding tissue, where they often change their shape.”'! These
observations led us to the hypothesis that sporozoites develop their curvature to select blood
vessels of a matching curvature. To test this hypothesis, we sought to generate PDMS pillars
of different diameters as simple blood vessel surrogates in order to probe if sporozoites would
specifically associate with pillars of a defined curvature even in the absence of molecular cues.
To this end we generated a set of new pillar arrays each displaying pillars of two different
diameters. In addition we designed a set of pillars that deviate from the circular form. In this
second set of arrays, circular pillars were mixed with squared and pentagon-shaped pillars to

test if sporozoite adhesion to these pillars was depending on their shape.

2. Results

We first generated a set of PDMS pillar arrays with pillar diameters between 6 and 14 um. In
each array pillars of two different diameters were placed next to each other in an orthogonal
fashion (Figure 1). Since the different diameters of pillars caused an uneven distribution of
pillar-to-pillar distances in different directions of each pillar, we generated two types of
patterns for most pairs of pillars. One pattern was produced such that a pillar with the larger
diameter (thicker pillar) was surrounded by 6 pillars with a smaller diameter (thinner pillars)
and thus resulting in 3 times more of the thinner pillars within the overall pillar pattern. The
other pattern was produced such that one thinner pillar was surrounded by 6 thicker pillars
(Figure 1B). This allowed us to correct for potential bias towards association around
overrepresented pillars and potential problems in the migration behavior of the cells placed
between the pillars (see below). Taking this precaution was necessary, as we had previously
shown that the migration pattern of sporozoites could vary as a function of pillar-to-pillar
distance.''” In arrays where a larger number of thicker pillars were present the available space
for movement between pillars was smaller than in arrays featuring a majority of thinner pillars

(Figure 1B). For example, in an array featuring pillars with 8§ and 10 pm diameters, the



available area between pillars was 40% of the total array surface in arrays with a majority of
10 um pillars. However, the area between pillars was 45% of the total array surface in the
array with a majority of 8 um pillars. Analysis of the pillar arrays by scanning electron
microscopy revealed that pillars were of regular height and circumference (Figure 1A,C).
Sporozoites could be added to the pillar arrays in medium containing 3% bovine serum
albumin (BSA) after wetting the pillar as described previously.'” We assume that BSA in the
medium sticks to the PDMS or activates sporozoites, which can move on a wide variety of
substrates.”> % Sporozoites could associate with pillars in different ways: they could be found
on the top (Figure 1C, top panel), at the side of (Figure 1C, middle panel) and between pillars
(Figure 1C, bottom panel).

We next observed motile sporozoites expressing the green fluorescent protein (GFP) in their
cytoplasm by wide-field or spinning disc confocal microscopy. Sporozoites were found to
migrate in different fashions between, around and on top of the pillars (Figure 2, Figure S1
and Movie S1 and S2). Sporozoites could migrate between pillars in a meandering and linear

).l Sporozoites could also move

fashion as described for uniform pillar arrays (Figure S1A
around pillars (Figure 2A). Most sporozoites moving around pillars with a diameter of >8
micrometers were tightly attached to the pillars. In contrast only half of 136 observed
sporozoites moving around pillars of 6 um diameter associated tightly with these pillars while
the other half was moving at a visible distance from the pillar in a circular fashion (Figures
2A,B, Figure S1B). Sporozoites failed to closely associate with pillars of 4 pm diameter.
Sporozoites moving in pillar arrays with pillars of 4 or 6 um diameter also moved around
several pillars on larger circular tracks (Figure 2C). Sporozoites could move around one
pillar, dissociate from it and associate to a different pillar (Figure 2D and Figure S1A).
Sporozoites could also move on top of large pillars (Figure 2E, Figure S1C,D). On top of the

pillars sporozoites could also float in the medium (Figure 2F). This could lead to the

highlighting of the pillar circumference if the fluorescent sporozoites were momentarily on
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top of the pillars. This lensing effect needed to be accounted for during analysis with
maximum fluorescent projections as it mimicked the pattern of sporozoite circling around the
pillars (Figure S1E and Movie S3).

We next quantified how many sporozoites moved around thinner and thicker pillars. To this
end two students counted a set of experiments independently from each other. We observed a
different distribution of sporozoites preferentially associating with either thinner or thicker
pillars in some of the arrays (Figure 3). This revealed that P. berghei sporozoites preferred to
move around the thicker pillar in arrays presenting pillars with 6 and 10 um diameter. In
contrast, sporozoites preferred to move around the thinner pillars when pillars of 10 and 14
um diameter were present (Figure 3C). Curiously, in arrays of 8 and 12 pm diameter we
observed a preference for 8 pm pillars only in arrays where the 8 pm pillar was surrounded by
12 pm pillars, but no difference in the reciprocal array (Figure 3C). No difference was
observed in arrays with pillars of 8 and 10 um diameters, while sporozoites appear to slightly
prefer moving around 10 pm pillars in arrays of pillars with 10 and 12 pum diameter (Figure
3D). A preference for 12 pm pillars was observed in arrays containing pillars of 12 and 14 um
diameter (Figure 3D). Intriguingly, sporozoites of the related rodent malaria parasite
Plasmodium yoelii preferred to move around pillars of 12 pm diameter in arrays containing
pillars of 12 and 8 pm as well as 12 and 10 pm diameters (Figure S2). We lastly compared
sporozoite association in 6-10 um pillar arrays with different pillar-to-pillar distances (Figure
3E, F). This showed a similar distribution of sporozoites independent from the pillar-to-pillar
distance, which varied from 6 to 10 um (Figure 3E, F). Additionally, we observed that the
proportion of circular gliding sporozoites in 6 and 10 um arrays decreased over time and was
not different from sporozoites gliding on a flat PDMS support (Figure S3). Taking these data
together, we conclude that P. berghei sporozoites move preferentially around pillars with a

diameter between 8 and 12 pm, which is similar to their own curvature and the diameter of



blood capillaries in the skin. ! Curiously P. yoelii sporozoites, which are slightly larger than
P. berghei sporozoites but show a similar curvature, prefer slightly larger pillars.

We next aimed to determine the natural distribution of curvatures in a P. berghei sporozoite
population and test if they correlated with other parameters such as sporozoite length or speed.
Two different methods of measurements of length and curvature yielded slightly different but
consistent sets of data. Manual (Figure S4) and automated analysis (Figure 4) showed an
average length of 10.3 = 1.4 pm (range: 3.3-17.2 um) versus 11.6 um (range: 8 to 14.5 pm),
respectively. Sporozoites showed a curvature of 0.15 + 0.05 pm™ (range: 0.003-0.41 pm™)
versus 0.22 pm’ (range: 0.13 to 0.35 pm™), corresponding to a diameter of the trajectory
resulting from their migration of 13 um and 9 pm, respectively. Interestingly, P. yoelii
sporozoites were observed to be longer with a mean of 12.5 um (range: 8.5 to 16.0 um) but
showed the same curvature (mean 0.23; range: 0.13 to 0.35 um™"), compared to P. berghei
when using the automated method (Figure 4). Individual sporozoite length did not correlate
with curvature if the entire population was investigated. However, when we investigated the 2
to 7 percent of parasites that were particularly long, we found their curvature to be
significantly smaller. Particularly short sporozoites showed higher curvatures (Figure 4C,
Figure S4). Thus, in the extremes, sporozoite length was found to inversely correlate with
curvature.

This raised the question if sporozoites circling around thin pillars are shorter than those
circling around thick pillars. Indeed, when investigating sporozoites moving around 6 um
pillars and those moving around 14 um pillars, we found the former to be on average 2 um
shorter than the latter (Figure SA). We next determined the speed with which sporozoites
migrated around the various pillars. We found that sporozoites moving around pillars of 6 pm
diameter were slower than those moving on flat substrates, while there was no difference
between the latter and sporozoites moving around pillars of 14 um diameter. Curiously, the

speed appeared only slightly higher for sporozoites going around pillars with 14 pym diameter
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compared with pillars of 6 um diameter but this difference was not statistically significant
with a P-value of 0.12 (Figure 5B). This suggests that only subtle modulation in speed might
occur when sporozoites associate with certain pillars. More importantly these data suggest
that association to a circular object per se is not enough to slow down sporozoites and does
not change the persistence of sporozoite motility. /n vivo one can observe that sporozoites
slow down prior to blood vessel entry suggesting that a specific molecular interaction is
important for this step.*®!

To further investigate the flexibility of sporozoites to associate with pillars we generated a set
of pillars with very large pillar diameters (Figure 6). This showed fewer sporozoites
migrating around pillars of 18-20 pm diameters compared with pillars of smaller diameters
(Figure 6B). Instead, sporozoites would associate with the side or top of pillars and use these
surfaces as substrates to perform gliding motility (Figures 6C, 2E and Movie S2). This
suggests that sporozoites can tolerate only a certain degree of deformation and prefer to
migrate with a given curvature determined by their internal organization. This is interesting as
in vivo sporozoites only invade the thin capillaries and not the larger blood vessels, thus
hinting that sporozoite curvature might allow parasites to de-select from associating to these
bigger vessels.

To test if the presence of pillars and thus a more confined environment might induce motility,
we next investigated sporozoites that were not capable to migrate. To this end we put midgut-
derived sporozoites into a set of pillar arrays and also investigated sporozoites lacking the
actin filament binding protein coronin, which show defects in 2D but not in 3D motility.”*”
However, neither of these sporozoite populations showed an increase of their migration
capacity in the pillar arrays (Figure 7).

Lastly, we sought to probe whether the shape of the object would influence sporozoite

motility around pillars. We argued that a squared or pentagon-shaped pillar would allow the

parasite to attach less efficiently to the pillar compared to circular pillars. To this end we
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generated a set of pillars where circular and differently shaped pillars were inter-spaced
(Figure 8A). In a first attempt we designed the different shapes such that the diameter of the
pillars was 10 um. We set the outer diameter of the differently shaped pillars to 10 pum.
However, this turned out to yield pillars that were too small for sporozoites to attach. During
moulding of the PDMS substrate, the structures would shrink and sporozoites would not
attach to them but simply glide in circles around them, similarly to what was observed with
thin pillars (Figure 2B). We thus designed a further set of pillar substrates where the outer
diameter of the pillars was 11 um. Sporozoites migrated in the resulting pillar arrays and
associated either with circular or differently shaped pillars. While there was no discernible
difference in average sporozoite speed, we observed that sporozoites moving around the
differently shaped pillars would move in a slightly different way. This was most pronounced
around the square shaped pillars, where about half of the sporozoites changed their shape by
stretching, resulting in a somewhat squared trajectory (Figures 8B,C). Taken all presented
data together, these observations suggest that sporozoites can only slightly adapt their
curvature to the pillars and prefer those with a matching curvature. In this way, sporozoites
could select for the small capillaries in the skin that they invade after transmission by a

mosquito bite.
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3. Discussion

Here, we present a set of new PDMS micropillar arrays and probed their utility to answer a
biological question important for our understanding of malaria parasite transmission. In
general our results show that micro-structured mixed pillar arrays can be used for determining
potentially important parameters within a given cell population. The number of individual
parasites that could be probed was at least two orders of magnitude higher than what could
have been observed in a similar time frame for in vivo experiments, where the tissue
environment is never the same. The highly similar experimental in vitro setting in our pillar
arrays thus allowed the investigation of subtle differences that would likely be impossible to
observe in vivo. Hence our approach will be interesting for the quantitative study of many
other bacterial and eukaryotic cells that migrate in complex natural environments."**! Based on
our observations we suggest that Plasmodium sporozoites have adapted a crescent shape
partly in order to associate with circular objects, potentially the blood capillaries that they
need to penetrate minutes after being transmitted by the mosquito. Interestingly, our data
suggest that no other molecular cue is important for this initial association. Yet, the
comparison of the speeds of sporozoites moving around pillars of different sizes hints that
ligand-receptor interactions must play a role to slow sporozoites in vivo. Importantly, both
human infecting malaria parasites P. falciparum and P. vivax show sporozoites with similar
curvature to those of our model rodent parasites.” Blood capillaries of humans and mice
measure about 10 um in diameter and indeed sporozoites were found to circle around
capillaries prior to entering them when imaged in vivo while they are rarely seen migrating

(2639 However

around the much larger blood vessels that can also be observed in the dermis.
these in vivo data are hard to quantify and different mechanisms such as receptor ligand

pairing might also contribute to capillary selection. Intriguingly we also found fewer
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sporozoites circling around larger pillars suggesting that their curvature cannot be adapted to
migrate around these or indeed around large blood vessels in vivo.

We have recently shown that the curvature of the sporozoite is likely due to the establishment
of a cytoskeletal structure, the so-called sub-pellicular network.""”! This structure can be
visualized with cryo-electron tomography in mature sporozoites isolated from the mosquito
salivary glands, while it is absent from immature sporozoites isolated from parasitic cysts of

19, 31] Only mature sporozoites are able to attach

the mosquito gut, where sporozoites form.!
efficiently to a flat substrate and perform robust motility.** **) Our current dataset suggests
that sporozoites have a given curvature that is normally distributed over a certain range and
would not fully adapt their curvature to objects they associate with. This is somewhat
surprising as sporozoites are flexible cells that can readily be deflected or bend by rigid

11934331 On the other hand, it might well be that the intracellular

obstacles in vitro and in vivo.
cytoskeleton allows only a temporal bending of the sporozoite during a rapid encounter with
an obstacle or when forced to go through a narrow channel, as is the case in the salivary
gland.”* The intracellular cytoskeleton might not allow for long-term adjustment of the shape
and force the parasite back to its given shape as soon as the obstacle is bypassed or the
channel widens. Indeed such relaxation can be observed in salivary canals, when straightened
sporozoites move down the narrow ducts and arrive at the wider salivary canals: sporozoites
immediately return to their crescent shape.*! Thus, the parasite would adopt only one given
shape as its energetic ‘ground state’ as determined by the intracellular cytoskeleton. This is
somewhat similar to red blood cells, where a membrane-associated cytoskeleton determines
an energetically favored biconcave shape but allows for extreme flexibility of the cell in
response to external constraints. Curiously, the longer P. yoelii sporozoites showed the same

overall curvature as P. berghei sporozoites but preferred to circle around slightly thicker

pillars. This might indicate that the intracellular cytoskeleton is weaker in P. yoelii
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sporozoites allowing for more flexibility. However in absence of any physical measurements
of parasite elasticity, this remains speculative.

To probe if sporozoites can actively adapt to a given shape in the absence of the subpellicular
network, we also imaged immature sporozoites in our new mixed-pillars arrays. To do so we
isolated immature sporozoites from the oocysts residing at the gut wall, which can only
weakly adhere and basically do not move on substrates and are mostly thinner and longer then
salivary gland sporozoites.''” ** When placed between pillars, the midgut sporozoites did not
migrate (Figure 7). Only few showed a type of motility previously described as patch-gliding,
where parasites are attached to the substrate with a single adhesion site and move over this
adhesion site back and forth.**! No change in the capacity of midgut sporozoites to glide was
observed in a variety of pillar arrays with different pillar diameters and pillar-to-pillar
distances. This suggests that sporozoites do not actively adopt their shape but that the shape is
determined during developmental maturation as is their capacity to attach to substrates and

132331 1t also shows that our new mixed-pillar arrays can in principle be used

perform gliding.
to investigate different developmental stages of a cell, in our case the rodent relatives of the
medically relevant human malaria parasite. Similarly, salivary gland-derived sporozoites
lacking the actin filament binding protein coronin that show a defect in motility in 2D could
not be induced to migrate robustly in pillar arrays with a pillar-to-pillar distance of 3-4 um
(Figure 7). These coronin(-) sporozoites move in the dermis similar to wild type
sporozoites.””! This suggests that the confinement of the dermal tissue is higher than that
conferred by the pillar arrays.

In vivo imaging of sporozoites in living mice found that sporozoites move slower on blood
capillaries than in the nearby dermis with sporozoites moving across the dermis at 1.38 pm/s
and those associated with blood vessels moving at 1.06 pm/s.*" Intriguingly, we also found

that sporozoites decrease their speed when circling around thinner pillars compared to larger

pillars or when gliding in the absence of pillars (Figure 5B). This could hint towards the
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existence of a mechanism that slows sporozoites down when they attach to an object with
matching curvature, possibly by allowing the formation of adhesion sites on the surface of the
object (a pillar in vitro and a blood vessel in vivo). To limit the capacity to form adhesions we
generated pillars with a non-circular shape (Figure 8). Sporozoites could readily associate
with these pillars and move around them, but showed slightly deformed trajectories. This
shows their flexibility and could possibly be used to analyse mutant parasite in the future to
investigate differences in cellular elasticity. However, it also limited the comparative analysis
of the speeds with sporozoites moving around circular pillars. We thus cannot conclude
whether the shape of the pillars modulates sporozoite speed as much as can be observed in
vivo, where at least some sporozoites completely arrest prior to entering the blood vessels.'**

While we here probed the association of sporozoites to ‘naked’ structures, the blood
capillaries in vivo are naturally surrounded by a number of components of the basal
membrane i.e. different proteins and glycans. These could interact with the sporozoite and
slow it down even further by either increasing adhesion efficiency or by signaling.[***"-3¢37]

This could be tested in pillar arrays or on flat substrates by linking the proteins covalently to

the surface and comparing the speed of sporozoites gliding on these variable surfaces.

4. Conclusions

In conclusion, using a series of mixed-pillar arrays we were able to probe the capacities of
Plasmodium sporozoites to associate with the outside of defined curved structures mimicking
the shape of blood vessels. This shows a proof-of-principle for the utility of mixed-pillar
arrays for the investigation of motile cells with their environments. The arrays should thus be
interesting for different applications where cell function or shape is perturbed by drugs or
protein knock-down (e.g. by RNAi) or when cells with depleted genes are investigated. The
pillar arrays can likely also be employed in true 3D if the space between them is filled with a

synthetic or natural matrix such as polyacrylamide, collagen or matrigel. Furthermore the
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mixed pillar arrays will likely be useful tools to dissect differences in adhesion behaviour in
large mammalian cells that are grown on top of the pillars.”®! Using the mixed pillar array we
were able to determine the preferential pillar size for Plasmodium sporozoites association. We
found that sporozoites tend to associate better with pillars of the size of blood capillaries in
the dermis. This observation suggests the existence of a structural tropism of Plasmodium
parasites that favours association to blood capillaries during transmission. This hypothesis
could be tested in the future by a mix of in vivo experiments and our arrays, when genetically
modified Plasmodium sporozoites are available that show a changed curvature while still

migrating at the same speed.

5. Materials and methods

5.1 Pillar array fabrication

We designed a master mask using a home-written Python script and visualized it with the
converter software of the DWL-66 mask writer (Heidelberg Instruments). The individual
pillars were arranged in hexagonal patterns to assure a minimal deviating distance between
pillars in any direction (Figure 1). Each pillar of one kind of diameter was surrounded by a
hexagon of pillars of the other diameter, creating a heterogeneous array. The master masks
were produced by ML&C Jena and J.D. Photo-Tools UK. The PDMS micropillar substrates
were then made by photolithographic and replicate molding techniques essentially as

731 To allow wetting of the hydrophobic pillar arrays they were first incubated

described in.|
with an alkaline solution containing 10% Extran (Merck) in water for 20 minutes and gently
shaken. Following, the structures were washed three times for 10 minutes in distilled water. A
silicon flexiPERM chamber (GreinerBioOne) was used for imaging parasites within pillar
arrays. The chamber surrounds the pillar arrays and maintains a stable environment without

flow."”? Sporozoites in RPMI containing 3% bovine serum albumin were added to the

flexiPERM chamber surrounding a single pillar field.
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5.2 Preparation of Plasmodium sporozoites

Plasmodium berghei (strain NK65) wild type or Plasmodium berghei (strain ANKA)
coronin(-) sporozoites constitutively expressing cytoplasmic green fluorescent protein (GFP)
or mCherry under the control of the sporozoite-specific circumsporozoite protein promoter
and Plasmodium yoelii sporozoites constitutively expressing cytoplasmic GFP under the
control of the EFla promoter were produced in Anopheles stephensi mosquitoes as

d.l"" % For all experiments midgut sporozoites were used from day 15 to day 18 after

describe
mosquito infection and salivary gland derived sporozoites were used between day 17 and day
23 post-infection. Salivary glands and midguts were dissected in RPMI culture medium
supplemented with 3% bovine serum albumin. Both organs were smashed with a plastic pestle
in an Eppendorf reaction tube to release the sporozoites, which were further purified from
debris by brief centrifugation (500 rpm on an Eppendorf 5417R) at 4°C for 5 min. The use of
mice for mosquito infection was approved by the German authorities (Regierungsprasidium
Karlsruhe, Germany), § 8 Abs. 1 Tierschutzgesetz (TierSchG) and all animal experiments
were performed according to FELASA category B and GV-SOLAS standard guidelines.

5.3 Light Microscopy

Imaging was performed on a wide-field inverted Axiovert 200M Zeiss microscope using a
GFP filter set or with a spinning disc confocal unit (PerkinElmer Inc.) on an Eclipse Ti
inverted microscope (Nikon) at room temperature. Images on the Axiovert were collected
with a Zeiss Axiocam HRM every 3 seconds with an exposure of 150 ms using Axiovision
4.6 software and a 10X Apoplan objective (N.A. 0.5). A time lapse of at least 2 minutes for
each region of interest [ROI] was recorded. At least 20 sporozoites for each ROI were imaged
per tested pillar diameter with usually over 200 sporozoites tested per array. Images on the
spinning disc confocal were recorded on a Hamamatsu Orca Flash 4 (resolution) camera using

the 20X objective (N.A. 0.75). All image series were imported to ImageJ for analysis. The

movies were analysed with regard to pillar association by counting the numbers of parasites in
16



a given movie circling around a pillar. To correct for analysis errors, datasets were analysed
independently by two of the authors. Speed and curvature were analyzed by applying the

10, 41 ) ..
- 4 Curvature was in addition

ImageJ plugins Manual Tracking, mTrack2 or ToAST.!
manually determined by measuring the diameter of the circle described by the moving
sporozoite and by tracing the front, center and rear position. The latter method gave lower
curvature readings.

5.4 Scanning Electron Microscopy

Sporozoites were allowed to glide on different pillar arrays for 5-10 min at room temperature.
The material was then fixed with 2.5% glutaraldehyde and 4% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.2 for 30 minutes. Afterwards it was post-fixed at room temperature
for 1 h in a solution containing 1% OsO4 in 0.1 M cacodylate buffer, pH 7.2. The material
was washed, dehydrated in an ethanol series, critical point-dried in CO, and mounted on
specimen stubs. Stubs were sputtered with a thin layer of gold/palladium and observed in a
Zeiss LEO 1530 scanning electron microscope.

5.5 Statistics

GraphPad Prism was used for graphing and statistical analysis. Mean and standard deviations
were plotted for each graph if not stated otherwise and Students t-test was performed.
Multiple means were compared using one-way analysis of variance (ANOVA), p <0.05 was

considered statistically significant. Proportions were arranged in contingency tables and

analyzed using Fischers exact test or a Chi-square test.
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Figure 1

Pillar arrays with mixed diameter pillars.

(A) Mixed pillar arrays as seen by differential interference contrast (DIC) or scanning electron
microscopy (SEM). Scale bar: 100 um.

(B) Examples of mixed pillar arrays as seen from the top by DIC. The central pillar is marked
in green and the surrounding pillars are marked in blue. The corresponding pillar diameter is
indicated in the matching colour. The pillar arrays at the left (8,10 and 10,8) and right (12,14
and 14,12) are termed coupled arrays. Scale bar: 10 um.

(C) Scanning electron micrographs of the edge of a mixed-pillar array (left) with four
sporozoites (yellow arrowheads) indicated. Sporozoites are coloured in yellow in the false
colour image at the bottom. The pillars of the different sizes are coloured cyan (thin pillars)
and magenta (thick pillars). Scale bar: 20 pm. SEM images of sporozoite bound to the top or

side of pillars are shown on the right at various magnifications.
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Figure 2

Examples of parasite behavior in mixed pillar arrays.

(A) P. berghei sporozoites expressing cytoplasmic GFP migrating around pillars in different
mixed pillar arrays of pillars with a diameter of 6 and 10 um as well as 10 and 14 um,
respectively. White numbers indicate time in seconds and black numbers indicate the pillar
diameter in the respective arrays. Maximum fluorescent projections over several images
highlighting the path of the motile parasites are shown at the right. Scale bar: 10 um.

(B) Maximum fluorescent intensity projections of sporozoites moving around 6 um pillars
either without a contact to the pillar (left panel) or in close association with the pillar (right
panel). Scale bar: 20 pm.

(C) Projection of a sporozoite moving around seven pillars of 10 and 6 um diameter.

(D) Projection of a sporozoite switching from a 10 wm to an 8 um pillar.

(E) Projection of a sporozoite moving on top of a large pillar with 18 um diameter.
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(F) Projection of a sporozoite floating on top of the pillar array. Note that a sporozoite
positioned on top of a pillar leads to a fluorescent flare around the pillar circumference (see

Movie S3). This can be seen in all tested arrays.
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Figure 3

Sporozoite association to pillars of different diameters

(A) Table showing the data of differently fabricated pillar arrays along with schematics
illustrating the pillar arrangement.

(B) Graphical depiction of pillar array unit. The step sizes of the pillar-to-pillar distances as
measured from either the pillar centers (a; b) or the pillar circumferences (a’; b’) are indicated.
Note that a=b. Blue represents the outer pillars and turquoise represents the central pillars —
also for panels C-F.

(C) Graphical representation of P. berghei sporozoite movement around pillars in three
different coupled arrays, where the thicker pillar of the same (i.e. 10, 12 and 14 pm) diameter
was either surrounded by the thinner pillar (i.e. 6, 8 and 10 um, respectively) or vice versa.
Note that most sporozoites moving around 6 um pillars are not tightly associated with the
pillar. Here all sporozoites moving tightly around 6 pum pillars are counted. The number of

parasites is adjusted for the three-fold bias of the surrounding pillars over the central ones.
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Only sporozoites circling around pillars were enumerated. All differences of pairs other then
the ’12,8’ pair are highly significant (p<0.0001); Fischers exact test.

(D) Quantitative analysis of P. berghei sporozoite movement around pillars from different
arrays with pillar diameter differences of just 2 pm. The number of parasites is adjusted for
the three-fold bias of the surrounding pillars over the central ones. Note the bias towards the
12 um pillars in the 12/14 arrays. All differences of pairs other than the 10,8’ pair are highly
significant (p<0.01); Fischers exact test.

(E, F) Quantitative analysis of the proportion of sporozoites moving around pillars in 10 and 6
um reciprocal arrays with a uniform pillar-to-pillar distance of 4 um (E) and in arrays with
varied pillar-to-pillar distances of 10 or 8§ um (F). Data from panel E are a subset of that
represented in panel C and performed at the same time as those in panel F. All differences are

highly significant (p<0.001); Fischers exact test.
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Figure 4

Long sporozoites show reduced curvature

(A, B) Distribution of P. berghei sporozoite lengths (A) and curvatures (B) from automated
analysis (n=973). The arrowheads indicate the arithmetic mean. Colours in B represent
populations analyzed in C and indicate the respective percentage from the entire population.
The arrows in A and B indicate the mean of P. yoelii sporozoites.

(C) Inverse correlation of sporozoite lengths and curvatures at the extreme ends. Colours of
the different curvature ranges are the same as those plotted in B. Hence the green bar
corresponds to only 2% of the population, while the red bar corresponds to 85% of the

population; see also Figure S2.
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Sporozoite length, speed and curvature

(A) Length of sporozoites circling tightly around 6 and 14 um pillars. The differences are
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highly significant (p<0.001) using a student’s t-test.

(B) Speed distribution of P. berghei sporozoites moving on PDMS or circling around pillar

pairs of 6 and 10 um diameter or 10 and 14 um diameter, respectively. The differences

between PDMS, 6 and 10 um pillars is significant (p<0.05); one-way Anova.
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Sporozoite association with very thick pillars

(A) Table showing the step size of the designed hexagonal arrays of very thick pillars. The
pillar-to-pillar distance as measured from the pillar center is labelled as (a; b), the distance
between pillar circumferences labelled as (a’; b’) as in Figure 3.

(B) Comparative analysis of the selection behavior of sporozoites in 14,10 and 20,18 um
arrays. Note that fewer parasites move around pillars with larger diameters. The difference
between sporozoites moving around and between is significant (p<0.001); Fischers exact test.
(C) Sporozoites migrating within 18 and 20 um pillars. White numbers indicate time in
seconds and black numbers indicate the pillar diameter in the arrays. The projection images
are maximum fluorescent projections over several images highlighting the path of the motile
parasites. Scale bar: 20 um; red arrows point at the apical tip of the sporozoite.

(D) Projections of sporozoites migrating around the different pillars, linearly gliding and

‘diving’ into the arrays; red arrows point at the apical tip of the sporozoite. Scale bar: 20 um.
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Figure 7

Non-motile sporozoites are migrating in pillar arrays

(A, B) Distribution of midgut (dark bars, MG; n= 187) and salivary gland (light bars, SG; n=
973) derived sporozoite length and curvature. Note that salivary gland derived sporozoites are
more curved, while midgut derived sporozoites are slightly longer.

(C) Fluorescent intensity projections of midgut derived sporozoites. Note the difference of
their movement pattern compared to salivary gland derived sporozoites that were used
throughout the study. The patterns at the bottom reflect patch-gliding sporozoites. Scale bars:

10 um.
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(D) Quantitative assessment of sporozoite movement pattern from midgut-derived sporozoites
(n=264). Note that most are not motile across a range of pillar arrays.

(E) Maximum fluorescence intensity projections of coronin(-) sporozoites placed on glass,
PDMS and within a pillar array of 12 and 14 wm pillar diameter and 3 and 4 um pillar-to-
pillar distance. Of 545 analyzed sporozoites, 11% of sporozoites moved robustly on glass,
while on PDMS 14% did and in the paired pillar array 8%. There was no significant

difference between these numbers; (p=0.1); Chi-square (X°, 4.583; df, 2) test.
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Figure 8

Sporozoite motility in geometrical arrays

(A) A DIC image and cartoon of the arrays featuring pentagon and square-shaped pillars as
well as time series of sporozoites migrating around pentagonal and square pillars. The circular
pillar is 10 um in diameter for both arrays, while the pentagons and squares are 11 um wide.
White numbers indicate time in seconds. The projections images are maximum fluorescent
projections over several images highlighting the path of the motile parasites; red arrows point

at the apical tip of the sporozoite. Scale bar: 10 um.
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(B) Fluorescent intensity projection of two sporozoites with one showing a deformed
trajectory around a squared pillar. Scale bar: 10 wm.

(C) Proportions of sporozoites changing their shape from their usual curvature while moving
around pillars shaped as circles, pentagons or squares. Parasites were scored as deformed if
they changed their shape at least once during 50 seconds. Total number of sporozoites moving
around the respective pillars are indicated. The difference is highly significant (p<0.0001);

Chi-square (X7, 204.9; df, 2) test.
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