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Graphical abstract

Bacterium phagocytosis in 3D Swimming against gravity towards
micropatterned bacteria

00:00:00

um)

~—

N -60 -

Y (um) X (um)

Leukocyte in vitro swimming was claimed twice within the last decade without discussing its physiological relevance,
while clinical evidence shows leukocytes can be found in liquid-filled body cavities with phagocytized pathogens.
Here we reproduced neutrophil swimming chemotaxis in 2 and 3D. Cells were capable of swimming against gravity
towards a micropatterned spot of live bacteria; they furthermore performed phagocytosis while swimming, proving
they do not rely on adhesion to carry out their functions.
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Statement of relevance

We provide here evidence supporting the existence of leukocyte swimming, and we discuss its relevance in the light
of recent in vivo findings. In particular, we verified a claim stated 10 years ago and never reproduced, on the capacity
of human neutrophils to swim and perform swimming chemotaxis. We further extended those results to prove that
swimming neutrophils can phagocytize bacteria, disregarding adhesion nor confinement as a requisite for
accomplishing their function, which differs with current paradigms of leukocyte migration. From a biomedical aspect,
we provide a tool to generate controlled, micron-size patterns of adhered, opsonized and live bacteria, applicable as a
platform to study immune cell interactions, or their secretomes, upon pathogen-triggered activation.

Abstract

Leukocytes migrate in an amoeboid fashion while patrolling our organism in the search for infection or tissue damage.
Their capacity to migrate has been proven integrin independent, however, non-specific adhesion or confinement
remain a requisite in current models of cell migration. This idea has been challenged twice within the last decade with
human neutrophils and effector T lymphocytes, which were shown to migrate in free suspension, a phenomenon
termed swimming. While the relevance of leukocyte swimming in vivo remains under judgment, a growing amount
of clinical evidence demonstrates that leukocytes are indeed found in liquid-filled body cavities, occasionally with
phagocyted pathogens, such as in the amniotic fluid, the cerebrospinal fluid (CSF), or the eye vitreous and agueous
humor. Here, we studied in vitro swimming of neutrophils in the presence of live bacteria. We show that swimming
neutrophils perform phagocytosis of bacteria in suspension, suggesting that they do not rely on adhesion to carry out
their function. By micropatterning live bacteria on a substrate with an optical technique, we further prove that they
use chemotaxis to swim towards their targets. Moreover, we provide evidence that neutrophil navigation can alternate
between adherent and non-adherent modes, supporting a versatile phagocytic function adaptable to the various
environmental conditions encountered in vivo.



Introduction

Leukocyte matility is an unquestioned requirement for
the correct development of immune responses.
Leukocytes migrate in a so-called ‘ameboid’ fashion,
reminiscent of the shape deformations displayed by
migrating  Dictyostelium amoebae!. Amoeboid
migration is generally defined by a fast displacement
(typically between 5-20um/min), lack of mature focal
adhesions to the substrate, and lack of extracellular
matrix degradation?. It is nevertheless widely assumed
that mammalian cells require specific adhesion for
crawling on unconfined 2D substrates®77-11,

In 2010, Barry and Bretscher challenged this idea
providing evidence that amoebae and human
neutrophils swim in free suspension, suggesting
rearward protrusion paddling or surface flow as the
propelling engine'?. While these initial observations
were explained by others solely with protrusion
paddling models!®!4, the original authors did not
support such claims, disregarding also surface flow as
an alternative explanation®®. Furthermore, as of today,
swimming of human neutrophils has not been
reproduced. Nonetheless, we recently reported that
human Effector T lymphocytes also swim?.
Supported by our experimental observations, we
proposed a theoretical model for swimming migration
based on a “molecular paddling”, in which membrane
components linked to actin couple the treadmilling
cytoskeleton to the surrounding fluid, thereby
propelling the cell forward. Swimming efficiency was
further shown to be independent of medium viscosity
and not influenced by the vicinity of a non-adherent
2D substrate. All in all, our model can explain
amoeboid migration in various environmental
conditions, namely 2D and 3D, with or without
adhesion, confined or in solution. Importantly, it also
implies that all cells polarized in suspension and
bearing a treadmilling cytoskeleton should swim.

A withstanding question though is whether leukocyte
swimming occurs in vivo, and if it provides any
functional advantage to the swimming cell. A growing
number of clinical reports state that leukocytes,
specially neutrophils, are found in liquid-filled body
compartments, in some cases with ingested
pathogens'™?’. However, without live imaging it
remains impossible to judge whether phagocytosis
takes place in suspension or before detachment from
the surrounding tissue.

Here, we reproduced in vitro swimming of primary
human neutrophils polarized by the presence of live
bacteria. We demonstrate that they use swimming
chemotaxis to approach their target bacteria, and that
phagocytosis takes place upon arrival. Furthermore,
we provide evidence that neutrophils navigate on
adherent substrates by alternating between adherent
and non-adherent modes. Our data suggest these cells
do not rely on adhesion to carry out their function,
which may be of relevance during in vivo immune
responses.

Results

We first recapitulated activation and swimming of
neutrophils by seeding them on a non-adhesive
substrate, passivated with Pluronic® F-127, in the
presence of live Escherichia coli. While control
neutrophils remained unpolarized, they quickly
polarized and swam upon bacterial arrival (Fig 1A and
movie 1). Swimming of neutrophils also occurred
when they were incubated with 10 nM N-formyl-
methionyl-leucyl-phenylalanine (fMLP) (Fig 1B and
movie 2). Reflection Interference  Contrast
Microscopy (RICM) was used to assess lack of cell
adhesion to F-127 or poly-ethylene glycol (PEG)
treated substrates. With this imaging technique, cells
in close contact to the substrate display destructive
optical interference leading to a dark shade below their
bodies, whereas non-adherent cells present
constructive optical interference leading to a brighter
intensity?. Expectedly, cells on either of the non-
adhesive substrates presented bright signals (Fig 1C
and movie 2). However, we also observed a fraction of
non-adherent cells on adhesive ICAM-1 coated
substrates (Fig 1C). Furthermore, cells migrated by
alternating between high and low levels of adhesion
(Fig 1D and movie 3).

When bacteria were opsonized with human serum and
co-incubated with neutrophils on an adhesive
substrate, phagocytosis took place (Fig 2A and movie
4). Moreover, when co-incubated in low numbers we
could detect phagocytic events on non-adhesive
substrates, with swimming neutrophils acting as
scavengers to clear the field of view from bacteria (Fig
2B, 2C and movies 5 to 7). Bacteria phagocytosis was
confirmed by incubation with E. coli bioparticles
conjugated to the pHrodo™ red sensor, which
becomes fluorescent upon environment acidification
within cell phagosomes. As expected from phagocyted
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bacteria, neutrophils increased their fluorescence
during the live acquisition (Fig 2D and movie 8).
Phagocytic events could arise from random encounters
between neutrophils and bacteria. However, the
directed manner cells approached their targets
suggested that swimming chemotaxis was taking
place. We previously reported chemotaxis of adherent
neutrophils towards live bacteria in a microfluidic
device?®. Here, we micropatterned opsonized bacteria
on a protein A coated spot within an otherwise non-
adhesive PEG-coated substrate, to determine whether
neutrophils follow chemotactic cues also while
swimming. Such a target, fixed in space, was required
in order to estimate cell directivity by scoring
approach angles. Bacteria were viable, as accounted
by their proliferation and escape from the
micropatterned spot, and still able to activate
neutrophils (Fig 3A and movie 9). To have the
micropatterned spot as the only source of chemo-
attractants, we washed intensively the surrounding
channel to get rid of any unbound bacteria and blocked
their growth by supplementing the medium with
Chloramphenicol. When neutrophils were seeded
around, they displayed strong convergent chemotaxis
towards the target (Fig 3B and movie 10). RICM
imaging confirmed that while neutrophils adhered on
the micropatterned area upon arrival, they approached
it by swimming (Fig 3C and movie 11).

Such experiments proved 2D swimming chemotaxis
for cells sedimented on a non-adherent substrate. To
test 3D swimming chemotaxis, we repeated the
experiment in medium supplemented with 15% High
Molecular Weight Dextran. Such preparation
increases medium density to almost match that of
neutrophils®®3t, More importantly it also increases
viscosity, therefore slowing down cell sedimentation
while swimming remains unaffected's. When the
sample was flipped to have the micropatterned area on
the upper side, neutrophils swam in 3D against gravity
and towards the target (Fig 3D and Movie 12). In
addition, using the same viscous medium we could
record a phagocytic event in 3D, for a bacterium
drifting 10 pm above the substrate (Fig 4 and Movie
13).

Based on our results, we conclude that human
neutrophils constitutively migrate upon activation,
either by adherent or swimming modes, while
performing chemotaxis and carrying on with their
phagocytic activity.
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Fig 1 Neutrophils swim. (A) Control neutrophils alone or in the
presence of live E. coli. on a F-127 substrate. Images are
representative of 2 independent experiments. (B) Neutrophils
swimming on a F-127 substrate in the presence of a homogeneous
concentration of fMLP (10 nM). Left, tracks aligned in the origin
for 50 cells tracked over a 15 min interval. Right, snapshot of
migrating neutrophils after a 2 min interval, with trailing tracks in
yellow. Snapshot taken from movie 2, representative of 2
independent experiments. (C) Bright field (left) and raw RICM
(right) images of migrating neutrophils on the indicated substrates.
(D) Overlaid bright field (grey) and RICM (green = adhesion patch)
projections, to reveal adhesion fingerprints while migrating on an
ICAM-1 substrate. Image composite created from movie 3,
representative of 3 independent experiments. Scalebars = 10 um.
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Fig 2 Neutrophils phagocytize while swimming. (A) Adherent neutrophil phagocyting sedimented bacteria debris, pointed out by the orange
arrowhead. Scalebar = 10 um. (B) Swimming neutrophil phagocyting a suspended bacterium, pointed out by the orange arrowhead. Montage
created from movie 5. Scalebar = 20 um. (C) Phase contrast imaging of swimming neutrophils scavenging bacteria over a ~2 hs period, until
clearing the field of view. Neutrophils appear as white blobs whereas bacteria chunks appear dark. Each bacteria-neutrophil doublet is labeled with
a distinctive color, arrowheads point at the bacterium about to be phagocyted. Bacteria 4 and 5 are phagocyted by the same neutrophil. Montage
created from movie 7. Scalebar = 20pm. (D) Swimming neutrophils phagocyting E. coli bioparticles conjugated to the pHrodo™ red sensor.
Arrowheads point at two migrating cells whose fluorescence increases during the imaging period. Montage created from movie 8. Scalebar = 20
pum. All time units are in the format hs:min:sec.
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Fig 3 Neutrophils swimming in 2 and 3D perform chemotaxis to approach their targets. (A) Left, a carpet of micropatterned bacteria gets
attacked by arriving neutrophils, while bacteria continue to proliferate and escape from the adhesive area. Montage created from movie 9. Scalebar
=20 um. (B) Left, top-view snapshot of neutrophils swimming in 2D on a PEG-coated substrate, converging to their bacteria target. Trailing tracks
are overlaid in yellow. Right, heatmap for the approaching angle as a function of time and radial distance to the target. Depicted is the cos(6), with
0 being the angle between the straight line to the target at time t and the cell’s direction vector between t and t.;. A value of 1 represents directed
radial migration towards the target, whereas a value of -1 represents directed radial escape from it. VValues were calculated over 2 min intervals.
Image and analysis created from movie 10, representative of 3 independent experiments. Scalebar = 50 pm. All time units are in the format
hs:min:sec. (C) Bright field and RICM images of neutrophils arriving at the micropatterned area. Snaps taken from movie 11. Scalebar = 20 pm.
(D) Above, top-view snapshot of neutrophils swimming in 3D over a 2 hs period in medium supplemented with 15% High Molecular Weight
Dextran, converging to their bacteria target. Trailing tracks are overlaid in yellow. Snap taken from movie 12. Scalebar = 50 um. Below, side-view
and 3D reconstructions to highlight upward motion towards the bacteria target, marked as a white square.
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Fig 4 Phagocytosis also occurs during swimming in 3D. Left, side and top views of a phagocytic event occurring 10 um above the substrate. The side
view is performed along the shortest straight line between the cell and the bacteria. The orange arrowhead points to the bacterium position. Right, cropped
in-focus planes of the cell and the bacteria for each timepoint, and the linear (x,y) distance separating them. Snaps taken from movie 13. Scalebar (x,z) =
10 um, scalebar (x,y) =20 pm.



Discussion

Leukocyte amoeboid migration has been studied in a
variety of experimental conditions, though almost always
in the presence of adhesion, confinement, or both.
Therefore, the capacity of leukocytes to perform
swimming, that is the migration in the absence of
confinement or adhesion, has remained controversial ever
since it was described. Here, 10 years after its initial and
unique report'?2, we have reproduced swimming of
primary human neutrophils, recording swimming
trajectories in 3D and against gravity. Our data show that
these cells, upon activation by fMLP or bacterial secreted
compounds, likely Pathogen Associated Molecular
Patterns (PAMPs), trigger a constitutively active
migration mechanism to approach their targets. If an
adherent substrate is available, they adhere, otherwise
they continue swimming. The observed swimming
chemotaxis towards bacteria strongly resembles the
clustering dynamics of mouse neutrophils in vivo
swarming around laser-induced wounds®?, and human
neutrophils in vitro swarming around zymosan particles.
Interestingly, in the latter report no adhesion molecule
was grafted in between the arrays of zymosan particles,
suggesting that the recorded migration was sustained
either by non-specific adhesion or swimming.

Neutrophil interstitial migration towards the inflammation
site was proven integrin independent, though under tissue
confinement®. Here, we extend this observation to
unconfined swimming, which may be especially
important upon reaching an infection site. During
inflammation, the release of tissue degrading enzymes
such as matrix metalloproteases (MMPS) by the pathogen
and host macrophages leads to extracellular matrix (ECM)
breakdown and loss of tissue integrity®3>. Activated
neutrophils themselves secrete a variety of proteases (such
as collagenase, neutrophil elastase and metalloproteases)
and Reactive Oxygen Species that could also damage the
tissue matrix at the infection site®®3’. Swimming could
therefore provide a mechanism allowing cells to continue
their march to the very frontline, regardless the potential
lack of adhesion or confinement. We identify edema, skin
pimples and blisters as potential sites where swimming
would be relevant upon tissue swelling or pus secretion.
There are additional environments in the organism that
remain permanently filled with liquid and where
pathogens and leukocytes, principally neutrophils, have
been detected. These are the cerebrospinal fluid (CSF)*"-
21 the eye vitreous and aqueous humor?>24, and the
amniotic  fluid®?7. For the latter case, amniotic

neutrophils where found with a variety of ingested
pathogenic bacteria, and the ex-vivo phagocytosis of the
same pathogens was recorded®. While those tests were
done under adherent conditions, neutrophil phagocytic
activity has also been reported while in an Eppendorf tube,
likely representing swimming phagocytosis?538-40,

If any of the above-mentioned tissues suffers from
infection, swimming leukocytes are required to clear out
the pathogen, since a single bacterium remaining in the
bulk could act as a reservoir leading to chronic infection.
Leukocytes will therefore need to quit adhesion and swim
in order to reach it, a behavior already described for
effector T lymphocytes®®. In line with this, we provide
here evidence that neutrophils can migrate on adherent
substrates by alternating between high and low adhesion
levels. An additional point is that eukaryotic cells
sediment faster than bacteria, therefore quitting adhesion
would not be enough per se, as leukocytes would quickly
sediment. Indeed, reported experiments with swimming
cells were done in medium supplemented with Ficoll, to
avoid cell sedimentation!?131641 However, it has been
reported that activated neutrophils from septic samples
display an increased volume, which decreases their
density and therefore prevents their sedimentation in the
blood column, a property measured as Leukocyte
Antisedimentation Rate (LAR)*>*3, As shown in Fig 3D
and Movie 12, neutrophils can indeed swim against
gravity if the medium is dense or viscous enough. Finally,
while canceling residual drifts proves essential to study
cell swimming in vitro, the in vivo situation is unlikely to
be flow-free. We envision a scenario where cells simply
detach from the surrounding tissue and are taken by the
fluid drift. While fluid mixing abrogates the establishment
of long-distance gradients, diffusion is instead dominant
at short scales. Therefore, directed swimming taking place
in the proximity of bacteria would help neutrophils to
reach out and capture targets, a similar landscape to the
one described for marine microbes*. For ‘blind’
leukocytes, extending a protrusion in the right direction
would be the sole way of capturing a bacterium drifting
few microns away, as illustrated by Movie 13.
Furthermore, while other models explain amoeboid
migration only in confining substrates®'4548 our model
also explains migration in solution. Regardless the
mechanism, cells are motile in a wide range of
environments. This would explain the capacity of immune
cells to keep immunosurveillance in all body tissues. It is
worth to note though, that so far only 2 primary cell types
from higher eukaryotes have been reported to swim:
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neutrophils and effector T lymphocytes, both of human
origin. Perhaps leukocyte swimming is a unique feature of
human cells, however, if amoeboid migration is an
inherited ancient mechanism it should be preserved across
different species. This is especially true in the light of our
model, which implies that any polarized cell with a
treadmilling cytoskeleton should be able to swim. Future
tests with animal models will determine whether
swimming of leukocytes takes place in vivo, and if it is
species-preserved.

As a final remark, our method for live bacteria
micropatterning can be readily applied as microarrays for
biomedical applications like those reported by Reategui et
al.® using zymosan particles, to investigate neutrophil
secreted compounds during chemotaxis and swarming,
but towards a live pathogen*®. Moreover, our images of
neutrophils ‘hoovering’ a bacteria carpet (Fig 3A and
movie 9) strongly resemble that of bacteria scavenging by
platelets, as recently reported®. It will be interesting to
perform co-incubation experiments with those and other
immune cell actors, to mimic the early steps of the
immune response and reach an Infection-on-a-Chip
model.
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Methods

Cells

Whole blood from healthy adult donors was obtained from
the Etablissement Francais du Sang. Neutrophils were
extracted within 2 hs after drawn with the EasySep™
Direct Human Isolation Kit (STEMCELL Technologies),
following manufacturer instructions. After purification,
cells were resuspended in RPMI 1640 medium
supplemented with penicillin 100 U/mL (Gibco, Carlsbad,
CA), streptomycin 100 pg/mL (Gibco, Carlsbad, CA),
25 mM GlutaMax (Gibco, Carlsbad, CA), and 10% fetal
calf serum (FCS; Lonza, Basel, Switzerland), and used
right away.

Bacteria preparation

Escherichia coli (DH5a strain) cultures were grown
overnight in LB medium (Invitrogen), pH 7. The next day
cells were washed once in Phosphate Buffer Solution
(PBS) (Gibco), pH 7.4, resuspended in Human male AB
Serum (Sigma Aldrich) and incubated at 37°C with
agitation for at least 1hr. Alternatively, pHrodo™ Red E.
coli  bioparticles  (ThermoFisher)  were  used.
Subsequently, opsonized cells were washed 3 times with
PBS and directly used for coincubation experiments or
micropatterning. Similar results were obtained when heat
inactivated serum was used.

Substrate preparation

Microfluidic channels (Ibidi Slide IV 0.4) were coated
with 10ug/mL human ICAM-1-Fc (R&D Systems)
overnight at 4°C. Channels were subsequently blocked
with 4% bovine serum album (BSA) for at least 15 min at
room temperature, and rinsed with PBS and RPMI
medium prior to use. Non-adherent substrates were
prepared either by incubating the channels with 5%
Pluronic F-127 (Sigma-Aldrich) for at least 30 min at
room temperature, or by mPEG SVA treatment following
the same protocol as described for Dbacteria
micropatterning.

Bacteria micropatterning

Glass slides (Schott High performance coverslip
75x25#1.5H cleanroom cleaned) were plasma activated
(Harrick Plasma) during 5min, then a 1% APTES 0.03%
Acetic acid solution was poured on them and incubated
for 2 hours at 4°C. Subsequently slides were rinsed with
Milli-Q water, dried and baked 15 min at 95°C, finally
microfluidic channels were built by sticking an Ibidi
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Sticky-Slide V1 0.4 on top. A solution of 23% mPEG SVA
(MW:5000 Da, INTERCHIM) 10% NaHCO3 was
introduced into the channels and devices were incubated
overnight at 4°C. The next day channels were rinsed with
PBS and blocked for 15 min with 4% BSA. Excess of
liquid was removed from the wells, PLPP solution
(Alvéole) was added into the channels and a 250 uL glass
syringe filled with 100 yuL PLPP was plugged to the
device. The syringe was installed on a pump (neMESYS
290N, Cetoni) with an alternating flow of +/- 12 pL/sec
and controlled by neMESYS user interface. Patterns of
interest were designed on Matlab (The MathWorks,
Natick, MA, USA) and exposed on the device with UV
(A=375nm for 160 sec, ~2212 mJ/mm? dose) through a
Digital Micromirror Device (Primo™, Alvéole).
Channels were rinsed with PBS, and a 50 pg/mL solution
of protein A (AF647 conjugated, Invitrogen) was
incubated during 45 min at room temperature. Channels
were rinsed with PBS and blocked for 15 min with 4%
BSA. After a final rinsing with PBS, opsonized bacteria
were introduced in the channels and the whole device was
centrifuged for 3 min at 1000 RCF. Unbound bacteria
were removed with intense PBS rinsing, and the device
was kept at 4°C until use. Before starting the experiment,
a final rinse was performed with cold RPMI 1640 medium
to remove bacterial chemoattractants, then neutrophils
were added, and the acquisition was immediately
launched. For 3D experiments, neutrophils were
resuspended in RPMI medium supplemented with 15%
Dextran (1500-2800 kDa). In order to flip over the

sample, the micropattern was done in an open well which
was then inverted on two spacers glued to a petri dish, to
create a channel without medium leakage due to gravity.
The petri dish was finally filled with medium to abrogate
flow in the channel.

Imaging and data analysis

Experiments were performed on an inverted Zeiss Z1
automated microscope (Carl Zeiss, Germany) equipped
with a CoolSnap HQ CCD camera (Photometrics) and
piloted by pManagerl.4. A Neofluar 63/1.25 antiflex was
used for Reflection Interference Contrast Microscopy
(RICM) mode, in combination with a narrow band-pass
filter (\=546 nm + 12 nm). Images were taken every 10
sec intervals for 2D experiments and 60 sec for 3D phase
contrast imaging. Cells were tracked using the FI1JI plugin
Trackmate®. Tracks were exported and further analysis
and plots were performed with MATLAB custom-made
scripts. For the approach angle analysis, the first 50 um
around the target were discarded to account only for
swimming cells.

Ethics statement

Human subjects: Blood from healthy volunteers was
obtained through a formalized agreement with French
Blood Agency (Etablissement Frangais du Sang,
agreement n° 2017-7222). Blood was obtained by the
agency after informed consent of the donors, in
accordance with the Declaration of Helsinki. All
experiments were approved by the INSERM Institutional
Review Board and ethics committee.
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