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Theleukocyte specific B-integrin LFA-1, and itsligand ICAM-1 expressed on endothelial
cells (ECs), are involved in the arrest, adhesion and transendothelial migration of
leukocytes. Although the role of mechanical forces on LFA-1 activation is well-
established, the impact of forces on its major ligand ICAM-1, has received less attention.
Using a paralle-plate flow-chamber combined with confocal and super-resolution
microscopy, we show that prolonged shear-flow induces global translocation of ICAM-1
on ECs upstream of flow direction. Interestingly, shear-forces caused actin re
arrangements and promoted actin-dependent ICAM-1 nanoclustering prior to LFA-1
engagement. T-cells adhered to mechanically pre-stimulated ECs or nanoclustered
ICAM-1 substrates, developed a pro-migratory phenotype, migrated faster and exhibited
shorter-lived interactions with ECs than when adhered to non-mechanically stimulated
ECs, or to monomeric ICAM-1 substrates. Together, our results indicate that shear-
forces increase ICAM-1/LFA-1 bonds due to ICAM-1 nanoclustering, strengthening
adhesion and allowing cells to exert higher traction forces required for faster migration.
Our data also under scor es the importance of mechanical forces regulating the nanoscale

organization of membrane receptorsand their contribution to cell adhesion regulation.
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leukocyte migration within blood vessels. The migna of leukocytes to the places of
inflammation is mediated by interactions betweee thtegrin o, f, (LFA-1) expressed on
leukocytes, and its ligand ICAM-1, present on \aitd ECs. Mechanical forces have shown
to modulate LFA-1 activation, but little is knowm dhe effect that forces have on ICAM-1.
Here we show that shear forces promote a spatairamgement of ICAM-1 on ECs up-stream
of flow, and actin-dependent nanoclustering priorintegrin engagement. Such ICAM-1
nanoclustering impacts directly on T-cell migratidty increasing T-cell velocity and
shortening the interaction-time with ECs. This natdbm might thus be important for firm

leukocyte adhesion and migration during inflamnratio
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Endothelial cells (ECs) form a natural barrier fegulating leukocyte migration within blood
vessels. Leukocyte extravasation from the bloodsiréo sites of inflammation or peripheral
lymphoid organs involves a cascade of steps ofdeyte interactions with the activated
endothelium. This multistep process includes itytidow-affinity adhesive interactions
(capture and rolling), firm adhesion, cell spregdiand crawling, and finally, leukocyte
diapedesis through the endothelial barrier to ttes ©f inflammation (1,2). These processes
are mainly mediated by interactions between th&deyte specificn 3, integrin lymphocyte
function-associated antigen (LFA-1), and its méigand, the Intracellular Adhesion Molecule
(ICAM-1), which is highly expressed on activated€@3-5). The various degrees of adhesion
during this cascade of events requires thus a tighulation of LFA-1 activation and its
binding strength to ICAM-1.

It is well-known that LFA-1 activation is mediateg outside-in or inside-out triggering events
(6-9). Avidity and lateral mobility also contributi® integrin-mediated adhesion (10,11).
Moreover, tensile mechanical forces exerted bydfix€AM-1 ligands have been recently
proposed to stabilize LFA-1 in an active conformat(7,12,13). On circulating leukocytes,
lateral shear-forces provided by flow conditionadeo full activation of LFA-1 through the
opposing forces exerted by immobilized ICAM-1 ar tactin cytoskeleton (7,14). Such
force-induced changes in integrin conformation esepfurther ligand-binding sites reinforcing
the initially created integrin-ligand bonds andded to increased leukocyte binding to the
endothelium (15-17). However, most of these expent® have been performed on substrates
containing immobilized ICAM-1 since soluble liganai®e not able to activate integrins as they
do not provide the additional counter force reqiiite stabilize integrins in their active form
(7,14,16). Intriguingly, mobility measurements afemgaged ICAM-1 showed that a large
percentage of the ligand freely diffuses on therinbrane (18). These findings are difficult
to conciliate with the requirement of ICAM-1 immébation and tensile forces to fully
activate LFA-1.

Due to their localization on the EC surface, ICAMrblecules are continuously exposed
vivo to fluid shear stresses generated by blood floagether with their counter integrin
receptors, these ligand-integrin complexes theeefmt only have to withstand traction forces
exerted by crawling leukocytes but also have tstdésrces generated by flowing blood. It has
been previously shown that shear forces have aadtngn ECs by inducing cell elongation

along the flow direction and actin cytoskeletonamgation (19,20), focal adhesion formation
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Moreover, earlier reports showed that shear-foopgegulate the expression levels of ICAM-1
(25,26). More recent work indicates that ICAM-1 & force-sensor that can initiate
mechanosensitive signaling events that includenamtioskeleton re-organization, myosin-

based contractile forces and EC stiffness (27).

Structurally, ICAM-1 contains five extracellular ygbsylated Ig-like domains, a
transmembrane domain and a short cytoplasmic28)l (t has been also shown that ICAM-1
structurally exist as a dimer (29). Although theopyasmic tails contain no actin binding
motifs, clustering of ICAM-1 (induced by anti-ICAM-Ab-coated beads or leukocyte binding)
is capable of triggering the recruitment of cyt@piec actin-binding proteins that anchor
ICAM-1 to the actin cytoskeleton and increase ntsniobilization (18,27,30). Similarly, actin-
regulated ICAM-1 clustering and restricted mobiligve been observed on dendritic cells
upon maturation (31). Yet, the lateral mobility aspatial distribution of ICAM-1 in the
presence of shear-force and prior to leukocyte engagement has not been studied in detail. It is
also less known how prolonged pre-exposure of ECHBuid shear-stress affects leukocyte
migratory behavior. To address these questiongreexposed inflammatory challenged ECs
to continuous shear flow prior to T-cell engagemant visualized over time the spatial
distribution of ICAM-1 and the actin cytoskeleton BCs. We show that ICAM-1 molecules
are part of the shear-sensitive EC machinery thatranges in response to continuous flow,
forming nanoclusters on the EC surface that ardélfi¢pcalized upstream of flow. This
particular spatial organization appears to be degetnof actin-cytoskeleton re-arrangements
induced by shear-forces. ICAM-1 nanoclustering migtus contribute to strengthening
interactions with integrins expressed on T-celld adhered to ECs, allowing T-cells to exert

larger traction forces needed for migration overé¢hdothelium.

MATERIALSAND METHODS

Reagents, cytokines and antibodies

RPMI-1640 Dutch modification cell culture mediumtinout phenol red and with glutamine (2
mM) was purchased from Invitrogen (Carlsbad, CAAYSThe medium was supplemented
with 10% fetal bovine serum (FBS) from Invitrogebaflsbad, CA, USA) and 1% antibiotic-
antimycotic (AA) from labclinics (Barcelona, Spaifylouse monoclonal primary antibody
(Ab) against ICAM-1 (anti-CD54, Cat #555510, lot53831, stock 0.5mg/ml) was purchased
from BD Pharmingen (San Jose, CA, USA). Secondaibady Goat-anti-Mouse-AF488
(Cat#11001, Lot# 2015565), Donkey-anti-Mouse Alé&d&y (Cat# A32787, Lot#UI291059),
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Lot# UG289708) were from Invitrogen (Carlsbad, GASA). Purified ICAM-1 Fc Chimera
(Cat# 721-IC, Lot# DLA1119041, stock 3®/ml) and Mouse-anti-ICAM-1 (BBIG-11, Cat#
BBA3, Lot# ANE1319121) used for cross-linking expants on ECs were from R&D
systems (Minneapolis, MN, USA). Polyclonal RabbhittdCAM-1 (H-108, Cat# SC7891,
Lot# H1712, stock 200ug/ml) was from Santa Cruzll@3a TX, USA). Phalloidin-TRITC
(Cat# P-1951, Lot# 088K0459). Phalloidin-AF647 (E#22287, Lot#1731699) was from
Life Technologies (Carlsbad, CA, USA) and Human u@er (HS) from Jackson
ImmunoResearch (West Grove, PA, USA). Tumor Nesrbsictore. (TNFa), cytochalasin D
(CytoD), saponin, Phosphate-Buffered Saline (PER)yine Serum Albumin (BSA) and
paraformaldehyde (PFA) were from Sigma-Aldrich (Stuis, MO, USA). Goat-anti-mouse

antibody conjugated to Cy3B was prepared in house.

Cdll culture and sample preparation

We used an endothelial cell line, EA.hy926, esthigld elsewhere by fusing primary human
umbilical vein cells (HUVECs) with a thioguaninesigtant clone of A549 by exposure to
polyethylene glycol (PEG). ECs and Jurkat T lymghstoid (a T-cell model) were a gift from
Alessandra Cambi (Nijmegen, The Netherlands). Hotha experiments shown here, ECs
were plated on coverslips functionalized with fibeotin (20pug mr) and grown to near-
confluency in RPMI-1640 medium at %7 humidified atmosphere and in the presence of 5%
CO,. We chose for near- rather than full-confluenaycsi EC elongation along the flow in
vitro-setting is either observed on fully confluedls after prolonged shear-flow stimulation
(typically 24 hours), or at shorter times when segdhe cells slightly below full confluency
(19,20,32,33). We opted for the latter, to reduoe ¢xperimental times and minimize the
occurrence of bubbles inside the chamber. To minflammatory conditions, samples were
activated with TNE (10 ng mi*) for 20 hours prior to experiments. In experiments\ -
cells, cells were collected by centrifugation adQ2pm and re-suspended to a concentration of
3 x 10 mI* in RPMI-1640 medium. In experiments with the adlisrupting agent, a mild
concentration of cytoD (fig miY) was flown over 4 hours shear-flow ThiStimulated ECs
and left in the absence of flow for 20 minutes.sTa&amount of CytoD and the time of treatment
(20 min) were sufficient to perturb the actin cieleton while maintaining overall EC

morphology unaltered.

Microfluidics
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Bioptechs Inc., Butler, PA) that provides laminiaw. A 40 mm coverslip with a pre-formed
EC monolayer was placed on the microaqueduct skgarated by 100m-thick gasket with a
rectangular surface (1.4 x 2.2 cm). The fully adslech flow chamber was mounted on the
stage of an inverted microscope (Olympus 1X71) pped with 20x/0.5 NA air objective and a
video camera (CMOS, Thorlabs). A °87 controlled temperature enclosure surrounding the
microscope was used to maintain a constant temyperacross the microfluidics. The flow
chamber was connected on one end to an automatiedesypump (FCS2 Micro-Perfusion
Pump) and on the other end to a medium reserv&rCey-enrichedRPMI-1640 cell culture
medium of 37C was perfused at a constant shear flow of 8 dyf ttmough the chamber. The
shear stress of flowing mediumwas calculated using the equation(6Q.)/(wh?), whereQ

is the flow rateuis the viscosity of the fluidy is the width andh is the height of gasket.

T cell adhesion under flow

TNFa-stimulated ECs were exposed to four hours of coltis, laminar shear flow at 8 dyn
cm’, prior to T-cell adhesion. Next, a suspension ofellscwas flown over ECs using RPMI-
1640 perfusion medium at 0.3 dyn émSince non-activated T-cells cannot be captured
directly from the flow stream, the flow was stoppedallow T-cells to settle freely on ECs for
three minutes. Then, the flow was resumed at 1 aigifi (post-flow). T-cell movement was
recorded for 20 minutes by differential interfereraontrast microscopy (DIC) at 3 framés s
using a 10x/0.25 NA air objective. In static expents, T-cells were flown over ECs that
were not subjected to shear flow beforehand. Aoldlily, as control, T-cells were flown over
static or shear-flow pre-stimulated ECs, withoustgitow application. In these cases, T-cells

migrated randomly.

Preparation and single molecule characterization of monomeric and nanoclustered | CAM-1
substrates

ICAM-1 nanoclusters were prepared following a pecolaas reported by (34). Briefly, purified
ICAM-1-Fc was mixed with polyclonal antibodies ifIHS at a final volume of 138 (final
concentrations of 1fg mi* and 20ug mI* respectively) and placed in an incubator at 37°C
for one hour. ICAM-1 substrates were then prepanexterile glass bottom petri dishes. Fully
covered substrates of nanoclustered ICAM-1 werdymed by covering the glass bottom petri
dish with 120pl of the previously prepared aggregated solutiarllyFcovered substrates of
monomeric ICAM-1 were produced by covering the glasttom petri dish with 120l of 19
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inspection. Notice that the overall ICAM-1 density both type of substrates (monomeric vs
nanoclustered ICAM-1) was kept similar to allow farrobust comparison on the effect of
ICAM-1 nanoclustering. Additional monomeric ICAM-$ubstrates at varying ICAM-1

densities were also prepared for control experisient

To assess the formation of ICAM-1 nanoclusters, piepared substrates using the same
solutions as mentioned above (either monomeric amoalustered) but at much lower
concentration (0.475ug mi') to allow for characterization at the single maleclevel.
Characterization of the samples was performed usi@dNikon TIRF setup by imaging with a
647 nm laser at 20%, 20 ms exposure time and & gizeof 160 nm. For this, the low-density
monomeric sample was incubated with primary Mous@d€AM-1 at 5 pg mi* for 45
minutes. The low-density nanocluster samples didr@guire extra primary antibodies as the
secondary antibody was already tagged to the pyiaatibody used to make the nanoclusters.
The samples were washed using PBS and second#@rgaiats were used. Donkey-anti-Mouse
Alexa 647 targeted the anti-ICAM-1 on the monomes@nples, and Donkey-anti-Rabbit

Alexa 647 targeted the polyclonal anti-ICAM-1 foetnanoclusters.

T-cell adhesion and migration on | CAM-1 substrates

Fully covered ICAM-1 substrates were washed wittrit PBS and then covered with cell
media. T-cells were added and the samples wereglacthe microscope incubation chamber
for 10 minutes for cells to settle. 20 minutes wvisl@vere then taken at 37°C and 5%,@€ing

a 10x air objective at a frame rate of 3 franigsAfter each 20 minutes video, the objective
was changed for a 20x objective and cells were addgr a further 10 minutes with the same
frame rate. These 10 minutes videos were then dsedthe phenotype classification

experiments.

Preparation of ECswith antibody-crossiinked | CAM-1 and T-cell adhesion

TNFa-stimulated monolayers of ECs were prepared asatelil above. To artificially generate
ICAM-1 clusters on ECs we followed a protocol cldeethe one described by (35). In brief,
after stimulation with TNE, ECs were washed gently with sterile PBS, coverigd 1 pg mr*

of monoclonal ICAM-1 antibody diluted in cell medsnd returned to the incubator for 45
minutes at 37°C. ECs were again washed twice wBI$ Rnd the secondary antibody to
crosslink ICAM-1 (1pg ml*) was added for 20 minutes at 37°C. T-cells ween tadded to
the TNFo-stimulated and ICAM-1 cross-linked ECs monolayamd allowed to settle for 5-10

8
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objective.

I mmunofluorescence labeling

Resting (without TNE-stimulation), TNR-stimulated, static (without mechanical pre-
stimulation) and/or shear-flow exposed ECs werehedsvith warm PBS, fixed in ambient
conditions with 2% PFA for 15 minutes and immediagtained. Samples were incubated with
blocking agents (3% BSA; 10 mM glycine and 1% H$)30 minutes and washed. Next, cells
were incubated with primary antibodies against IGAM5 pug mi') washed and incubated
further with the appropriate secondary antibodyi¢2ml™) for 30 minutes. In all cases, cells
were stained simultaneously for F-actin with phdilo TRITC (0.25pg ml™) for 40 minutes,
after initial permeabilization of the cell membranih saponin (0.05%) for 10 minutes. Static
ECs were double stained for ICAM-1 and F-actin aged as a control. All individual labeling
steps were carried out at room temperature. Sanfplestochastic optical reconstruction
microscopy (STORM) imaging were immunostained ascdeed above using phalloidin-
AF647 for labeling the actin cytoskeleton and awdip conjugated Cy3B for ICAM-1 staining,

after initial permeabilization of the cell membramigh triton (0.002%) for 8 minutes.

Confocal microscopy

Fluorescence images of ECs were acquired usingser-&anning confocal microscope
(Eclipse TE2000, Nikon). Samples were excited & A and 561 nm to visualize ICAM-1
and F-actin, respectively. Crosstalk between deteathannels was avoided by the use of
appropriate excitation and emission bandpass diltén addition, fluorescence images of
ICAM-1 and F-actin were recorded separately byqrening a sequential scanning and merged
afterwards. Three-dimensional image stacks werairmdd by scanning through tkalirection

in steps of 0..um over a range of 2dm using a piezo-driven 60%/1.49 NA oil immersion

objective.

Stimulated emission depletion (STED) microscopy

Super-resolution images of ICAM-1 expressed on @@® collected using a commercial CW-
STED microscope (Leica Microsystems) using 100xKAoil immersion objective. Samples
were excited with an argon-ion laser (488 nm). lesa(l024x1024 pixels) were acquired with
12-bit pixel depth, recorded in resonant scan matdspeed of 8 kHz and averaged over 8

frames with line accumulation set at 8. The STEBtigpresolution was ~90 nm as estimated

9
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antibodies.

Dual color stochastic optical reconstruction microscopy (STORM)

Super-resolution images of actin cytoskeleton @w&M-1 were acquired with a custom-made
STORM microscope setup using a standard imaginteb(f M Cysteamine MEA, 0.5 mg
mL™ glucose, 5% Glucose oxidase angi@®L” catalase in PBS; mixed at a volume ratio of
80:10:10:1). Samples were excited at 647 nm (aatmd) 560 nm (ICAM-1) and reactivation of
dyes was done with a laser beam at 405 nm. Thdeghlight was collected with 100x/1.49
NA oil immersion objective, filtered by a quad bdiiter set (TRF89902-ET-405/488/561/647
Laser Quad Band Set, Chroma) and imaged with artretemultiplying CCD camera at an
exposure time of 20 ms per frame. Images were aedlyising custom-written software
(Insight3; provided by Bo Huang, University of Gatnia, San Francisco, CA) by fitting the
point spread function (PSF) of individual fluoropée with a simple Gaussian curve in every
frame to determine the andy coordinates. The STORM spatial resolution was r2bas
estimated by calculating the closest resolved nitgdetween two neighboring microtubules
(MTs) stained with Alexa 647 in BSC1-African greemonkey kidney epithelial cells, in

separate control experiments.

Image analysis

Quantification of ICAM-1 and actin fluorescent intensity from confocal images. The total
fluorescence intensity signal of ICAM-1 was calteth as an integrated density signal
extracted from individually outlined ECs using timeageJ software. Theprojected intensity
of 80 frames over &m distance, normalized to the cell surface areajemorted. The
percentage of the total ICAM-1 fluorescence intgnsignal localized either up- or down-
stream of flow was estimated from 50% of the desicell area and divided by the total
intensity calculated over the entire cell. The feszent intensity of ICAM-1 localized within
patch-like actin structures at the apical cell meanb was calculated by manually outlining the
desire actin regions and integrating the correspgniCAM-1 density signal over the selected

areas.

Quantification of ICAM-1 nanoclustering from STED images. Unprocessed, super-resolution
STED images were analyzed using custom-written abbagbftware. The analysis is based on a
2D Gaussian fit to the intensity profile of manyadklected spots from the images. The fitting

procedure determines the spot size taking a fudlwat-half-maximum (FWHM) of the

10
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subtracted intensity values over all pixels locatgithin the FWHM. To estimate the degree of
nanoclustering, the brightness of the spots orcélanembrane were directly compared to that

of individual Abs sparsely located on the glassetshp, outside the cell regions.

Quantification of the number of T-cell adhered to ECs after post-flow application. Phase
contrast images of 0.05m” were taken before and after post-flow applicatod the number

of adherent T-cells in the field of view was couhteanually.

Generation of T-cell trajectories and T-cell morphology quantification. The interaction of
individual T-cells with ECs were followed frame byame from DIC images using a custom-
written MATLAB software. A cross-correlation funoti was used to estimate changes in the
centroid position of individual T-cells over times alescribed elsewhere (36). Centroid
positions were then joined together to generatevichaal T cell trajectories. In addition, T-
cells were classified based on cell shape morplyolag “round” (circular morphology),
“comet-like” (circular morphology but with a visiblprotrusion at the back of the migrating

cell) and “amoeba-like” (spread morphology in vas@rientations).

Analysis of T-cell trajectories on ECs. A bottom-up type of algorithm for reconstructiondan
segmentation of noisy time-traces was used to atalahanges in the velocity and time of
interaction of T-cells with ECs (37). In brief, tlagorithm segments the distaneg time
trajectories using a piecewise linear approximatizat detects changes in the slope of the
trajectory and allows the reconstruction of timece data as consecutive straight segments.
For each segment, we then extract its velocity, (imstantaneous velocity) and its temporal
duration (i.e., interaction time). The instantareaell velocity at each time segment was
calculated as the square root of a sum of velac@ielyzed in the direction perpendiculag)(V
and parallel (V) to the flow. Positive (V) and negative (¥ signs were assigned to each
instantaneous velocity value to distinguish betweeniods where T-cells movalong or
against the direction of flow, respectively. Accordingle positive (f) and negative (ttimes

of T-cells interactions with ECs were obtained. Qilative frequency distributions (CFD) of
the instantaneous positive and negative veloc{aesl interaction times) were generated per
individual experiment (containing multiple cellgnd the mean value of each CFD was then

extracted. Data plotted in Fig. 6C-F correspontheomean +/- SD across different N.

Analysis of T-cell migration on ICAM-1 substrates and on ICAM-1 cross-linked ECs. The
videos taken on a 10x air objective were analyzed in Fiji and then in Python3 in the

11
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plugin was used for generating single tracks of ¢cek movement. Trajectories were then
exported to Fiji/Python3 for calculating the indemeous velocity between consecutive frames.
For quantifying the cell phenotype, the videos taka a 20x air objective were used in order
to have increased resolution. The phenotypes wenated manually by eye using the Cell

Counter plugin in Fiji (ImageJ).

Statistical analysis

Data are expressed as mean +/- standard devi&Dh The statistical significance between
the means was analyzed using GraphPad Prism 6uipered two-tailed Studemtest was
used to determine the statistical differences betw®vo individual data sets. The One-way
ANOVA test, followed by the Tukey’s multiple comjson test, was used to compare three or

more data sets. Thevalues are indicated.

RESULTS

Prolonged shear stress induces global translocation of ICAM-1 upstream of flow
regardless of inflammatory EC activation. To decouple the effect of mechanical forces from
biochemical stimulation of ECs, we first investigatthe effect of shear stress on ICAM-1
expression and distribution on ECs, i.e., withoistcbemical stimulation, at the single cell
level. We exposed resting ECs to a continuous sfiearof 8 dyn cn¥, fixed the cells at
different time points after different times of shdbbw stimulation, labeled ICAM-1 and
visualized its overall distribution on individuatlts by confocal microscopy{g. S1A in the
Supporting Materigl In static conditions, ICAM-1 was barely detedtatand uniformly
distributed through the entire cell bodyid. S1A). Application of shear stress resulted in a
two-fold increase of the ICAM-1 signal over the csriof six hourgFig. S1B). These results
are consistent wittearlier flow cytometry studies showing that sheacés are capable on

their own to upregulate ICAM-1 levels on ECs (25,26

To test the effect of prolonged shear flow exposomethe expression levels and spatial
distribution of ICAM-1 in the presence of inflammat conditions, we treated ECs with

TNFa, an inflammatory cytokine known to upregulate ICAMexpression. As expected,

12
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side Fig. 1A and z-projections) and it novo expression, with a six-fold increase in the total
ICAM-1 intensity as compared to resting EEgy( 1B).

Interestingly, shear-flow induced a strong gradiemtiCAM-1 distribution on the apical cell
membrane, with highest ICAM-1 levels upstream oWl i.e., the direction from which flow is
initiated Fig. 1 A-yellow arrows). This upstream accumulation was dependent on flow
exposure time, being already significant at tworspand reaching a plateau after four hours of
shear stimulationHjg. 1 C). A similar trend was also observed on resting E@s, without
TNFa stimulation) Fig. 1 C-open symbols) indicating that ICAM-1 re-location upstream of
flow was solely due to shear-force stimulation. dibgr, these data show a synergistic effect
of biochemical and mechanical stimulation on theregsion and spatial distribution of ICAM-

1 on ECs. Whereas TNFup-regulates ICAM-1 expression and induces tramasion to the
apical membrane, shear stress leads to a pronogmadignt in ICAM-1 apical re-distribution

with highest levels located upstream of flow.

Prolonged shear stress induces differential actin-cytoskeleton re-arrangements upstream
and downstream of flow. It has been extensively documented that applicaifoshear stress
induces elongation and formation of actin fibergredd to the flow direction (19). Confocal
images of the actin cytoskeleton on ECs in the radeseand after 4 hours of shear flow
stimulation confirmed cell elongation and actinaskeleton re-arrangementsid. 2 A, Fig.
S2, A-C). Moreover, most of the actin fibers aligned alaig flow direction, but were
preferentially located downstream of the flow, ,i@vay from the flow Kig. 2 A, enlarged
images). In contrast, a finer actin mesh, difficidtresolve by diffraction-limited confocal
microscopy, appeared upstream of the flow direcfiég. 2 A). To gain more information on
these finer actin structures, we performed supsshion imaging by means of stochastic
optical reconstruction microscog TORM) (Fig. 2B). With an effective increased resolution
of ~25nm, we clearly resolved the formation of mgatches located preferentially upstream of
the flow direction after four-hours of shear-flowpesure Fig. 2 B, small white arrows). The
area occupied by these actin patches were betwdam®, which is at least two-fold larger
than any small actin puncta observed in static EC@s 2B andFig. S2D). Interestingly, the
location of these actin patches coincided with argi of high ICAM-1 accumulation,
prompting us to investigate the potential spateatronship between them by confocal and

super-resolution STORM.
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used dual color confocal microscopy to investightespatial correlation of actin and ICAM-1
in cell regions upstream of flow direction. We itléad highly dense regions of actin patches
together with ICAM-1 after four hours of shear-flastimulation, as compared to the more
discrete puncta detected in static conditidrig.(3A). Image quantification showed more than
a two-fold increase in the surface area occupiethbge patch-like actin structurésdq. 3B)
and the intensity of ICAM-1 concomitantly increasedthese regions as compared to static
conditions Fig. 3 C). These changes were accompanied by an increagheiroverall
colocalization between both structures (Pearsoffficest 0.47 vs. 0.34, for shear-flow and

static conditions, respectivellyig. S2E).

To gain more insight into the nanoscale re-arrareggraf both actin and ICAM-1, we applied
dual-color STORM. As this technique works best urdéal internal reflection illumination,
we restricted our imaging to cortical regions lechjust above the basal cell membrane and
upstream of flow. Concomitant to the reorganizatudrthe actin cytoskeleton, we observed
numerous discrete ICAM-1 spots, indicative of ICAMianoclusteringHig. 3 D). Moreover,

a large majority of the ICAM-1 spots appear todednside or in close proximity to the shear-
induced actin patche&i@. 3 D-white outlines). To quantify these results, we generated masks
of the STORM actin signal, super-imposed to them gimgle molecule localizations events
obtained from the ICAM-1 channel, and calculatesl percentage of localizations falling into
the actin maskKig. S3. The results confirm a significant increase oANI-1 co-localization
with actin patches after application of flow, asngared to non-stimulated cellSi§. 3E). The
results were further validated by-silico simulations of randomly distributed ICAM-1
localizations (using the experimentally obtainedAMG1 densities in each condition) with
respect to the experimentally generated actin rffagk 3E). Overall, these data reveal a clear
shear-flow induced actin reorganization upstreanila# direction that is accompanied by

selective ICAM-1 recruitment to these dense a&gians.

Shear-flow induces the formation of actin-dependent ICAM-1 nanoclusters on TNFa
stimulated ECs. Our STORM data showed the presence of discrete 10Ad@ots on the cell
membrane suggesting the formation of ICAM-1 nanstelts. To further investigate and
quantitate potential changes in ICAM-1 nanoscalgapization as a result of shear-flow we
used super-resolution stimulated emission deple{f®hED) microscopy, which is more
amenable to apical membrane studies. With a spasallution of ~ 90 nm, STED resolved
individual ICAM-1 spots packed at different deresti both in static conditions and after four

hours of shear-flow stimulationFig. 4, A-C). The spot densities correlated well with the
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2 spotspym™®) (Fig. 4 A) or in regions downstream of flow (~ 1.2 spei®?) (Fig. 4 C),
whereas ICAM-1 spot density was much higher ingegiof the membrane upstream of flow
(~ 4 spotaum™) (Fig. 4B).

Aside for assessing the ICAM-1 spot density in diféerent conditions and EC regions, we
also quantified the brightness (i.e., fluorescentensity) of individual spots to enquire on the
extent of ICAM-1 nanoclustering. As the intensitygiach spot is proportional to the number of
molecules inside a given spot, an increased sperisity compared to that of single antibodies
on glass indicates the occurrence of multiple mdéscin each spot, i.e., nanoclustering (38).
We thus measured the fluorescence intensity oviddal ICAM-1 spots over multiple STED
images and compared it to that of sparsely scatt&rgyle fluorescence antibodies on the glass
substrate. Under static conditions, the spots sitgshowed on average a 2.7-fold increase in
intensity as compared to individual fluorescencetsgparsely located on the glass coverslip
(Fig. 4E), in agreement with the dimeric structure of ICAM29). Remarkably, application of
shear flow resulted in a six-fold increase in spaénsity, demonstrating the formation of
ICAM-1 nanoclusters on the apical EC membrane, hgtstream and downstream of flow
(Fig. 4E).

To enquire whether the observed ICAM-1 nanoclustedepends on the actin cytoskeleton,
we used a mild concentration of cytochalasin D ¢Dytto disrupt the actin meshwork after
shear force stimulation, and then imaged ICAM-1tritigtion by STED. CytoD visibly
perturbed the EC actin meshworkid. S4 A) and caused marked changes in ICAM-1
nanoscale distribution~(g. 4 D). Indeed, perturbation of the actin cytoskeletompletely
abrogated ICAM-1 nanoclustering with fluorescenpets having intensities comparable to
those of static conditiong=ig. 4 E). Together, these results demonstrate that sbeced
induce ICAM-1 nanoclustering prior to leukocyte aggment and underscore the crucial role
of the actin cytoskeleton in forming and/or mainiag these nanoclusters. Of note, CytoD
treatment did not affect ICAM-1 dimer distributiam static TNk treated ECsKig. 4E), a
result that is fully consistent with the notionth@AM-1 is constitutively expressed as a dimer
on the EC surface (29).

Changes in ICAM-1 spatial organization as a result of shear-flow correlate with
increased leukocyte migration across ECs. Upon inflammation, leukocytes migrate across
the endothelium prior to extravasation in a prodéss is primarily mediated by interactions

between ICAM-1 on the endothelium and its counterpategrin receptor LFA-1 on the
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gradient distribution and its nanoclustering on Hreest and migration of leukocytes, we
performed two sets of parallel experimerftgy( 5 A): one in which TNE-treated ECs were

first pre-stimulated for four hours by shear-floand the second set of experiments in which
the cells were not mechanically pre-stimulated,(static). For both experimental conditions,
we then flowed Jurkat T-cells into the chambemwa#id them to settle on the ECs for three
minutes, resumed the flow at 1 dyn erfpost-flow) and recorded T-cell movement for 20

minutes Fig. 5A).

Once subjected to post-flow, 64% of T-cells firmdghered to ECs. These results were
independent on whether ECs had been initially exgde prolonged shear-flow or ndtig.
5B), suggesting that the elevated expression level&CAM-1 on TNFo-treated ECs are
sufficient to support cell adhesion. Adherent Tisebn ECs underwent noticeable
morphological changes in time. We mainly observeed different morphologies, which we
classified as “round”, “comet-like” and “amoebadik the latter being consistent with a
promigratory phenotype~(g. 5C). A large majority (~70%) of T-cells adhered tatst ECs
and in the absence of post-flow remained rourd. (5 D-black bars), while 20 minutes of
post-flow stimulation on these static ECs showegrederence for a particular type of T-cell
morphology Fig. 5D-red bars). In strong contrast, the majority of T-cells (6%) on shear-
flow pre-stimulated ECs exhibited amoeba-like, pigmatory morphology, regardless of
whether the T-cells had been additionally subjetbeabst-flow or notKig. 5E). These results
indicate that prolonged pre-stimulation of ECs wgtlear flow promotes a more promigratory

response of T-cells.

In the case of shear-flow pre-stimulated ECs, ailo8@% of the T-cells (total of 60) that
showed migration, had been initially adhered to E@ions upstream of flowF(g. S5.
Interestingly, these regions do coincide with thasewhich we had observed ICAM-1
enrichment and nanoclustering. On other EC regidnsells did not stably adhere and they
were rapidly taken away by the flow. These obsé@mmatsuggest that ICAM-1 nanoclustering
and its enrichment to regions upstream of flow g responsible for the more promigratory
phenotype of T-cells. Unfortunately, technical kations associated with the labeling protocol
for STORM and/or STED (i.e., requires cell fixatiand Abs labeling) and its incompatibility
with our current shear-flow system, prevented amfdirectly correlating ICAM-1 distribution
on ECs with T-cell attachment and/or migration.oMercome these limitations and to emulate
the ICAM-1 shear-flow results, we assessed instdasther ICAM-1 distribution (monomer or

nanoclustered) on glass-coated surfaces havingaime overall ICAM-1 density would have
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against ICAM-1 (34), characterized them at the Isingolecule level using low density
concentrations and compared them to the signal freomomeric ICAM-1 to ensure the
generation of small nanoclustersiq. S6 AB). We then prepared fully-coated ICAM-1
surfaces (monomerigs. nanoclustered) at equal coverage densityyd 9ni*) and seeded T-
cells on top. T-cells adhered to these two typesubktrates showed remarkable differences in
their phenotype. Indeed, whereas on monomeric ICAMurfaces most of the T-cells
remained round, ICAM-1 nanoclustered surfaces ptetha clear promigratory, amoeba-like
morphology Fig. 5F). As additional controls, we seeded T cells omameric ICAM-1
surfaces at different densities, below and abovepg9mr'. While at low ICAM-1
concentrations, most cells did not bound to théaser at concentrations of 1§ m* and 50

ng mi' monomeric ICAM-1, cells bound but remained mostiynd, without significantly
increasing the fraction of amoeboid morpholoBig( S6C). Altogether, these results indicate
that ICAM-1 nanoclustering is sufficient to induckanges on T-cell morphology towards a

more promigratory profile.

To further investigate T-cell migration across E@s applied a tracking algorithm to
reconstruct trajectories of individual T-cells (33 they migrate in the presence of post-flow
(Fig. 6 A). Individual T cell trajectories were analyzed lging an additional algorithm that
detected changes in the slopes of each trajectmilygenerated consecutive segments from
which the instantaneous velocity (along or agathst flow) of each segment and its time
duration, i.e., interaction time, were extracted)(8see methods)F{g. 6 B). Cumulative
frequency distributions of all the instantaneoufoeiies (positive when moving along the
flow, or negative when moving against the flow) armtresponding interaction times per
experiment over multiple cells were generated drel mean values per experiment were

extracted.

T-cells migrating across shear-flow pre-stimulaies and in the presence of post-flow moved
faster compared to their counterparts moving acstetsc ECsKig. 6 C). The mean values of
the instantaneous velocitieong the direction of flow resulted @ (77 + 6) nm & and \.=

(57 + 9) nm & for shear-flow pre-stimulated and static ECs, eetipely. Similar increase in T
cell velocities was also observed in the absencpost-flow ¢ig. 6 D) indicating that the
increased migration speed was due to the mechamieatonditioning of the ECs. These data
are also consistent with the increased number 8§ d¢w@ving a pro-migratory, amoeba
phenotype on pre-stimulated EGSi. 5 E) and were, in fact, largely responsible for the

increased velocities measured (Table S1).
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exhibited an opposite trend with respect to theacigf, being slightly shorter in the case of
shear-flow pre-stimulated ECs, as compared tocstatnditions, and regardless of post flow,
although these differences were not statisticatipiBcant amongst the different experiments
(Fig. 6E andF). When T-cells migrated against the flow diregtitheir velocity was reduced,
l.e., V. <V, in particularly for T cells moving on pre-stimtdd ECs Fig. 6, C andD). In
addition, the interaction time between T-cells &k was in general somewhat shorter for T-
cells moving against the flow as compared to thmses moving along the flow.& t.), in
particular under post-flow condition&i{. 6, E andF). Altogether, these results indicate that
while the directional motion of T-cells on ECs igven by the post-flow, their migration
behavior strongly depends on the pre-conditionih§®©s by shear flow stimulation: T-cells
migrating over mechanically pre-stimulated ECs mawigher speed and make shorter-lived

contacts with ECs, as compared to T-cells migrativey static ECs.

Finally, to assess the implications of ICAM-1 nalgtering induced by prolonged mechanical
stimulation on the increased T-cell migration spewd resourced once more to ICAM-1
coated surfaces. We prepared coated-surfaces vgtidensity monomeric or nanoclustered
ICAM-1 and tracked the mobility of T-cells (finabocentration of ~2Qug mi* of ICAM-1).
Consistent with their increased promigratory phgpeton ICAM-1 nanoclustered substrates
(Fig. 5F), T-cells migrated significantly faster on thesbstratesKig. 6,G andH), once more
supporting the notion that ICAM-1 nanoclusteringreases T-cell migration. As additional
control, we atrtificially induced ICAM-1 nanoclusteg by antibody cross-linking of living
TNFa-stimulated ECs and monitored T-cell migration. Al these conditions, T-cells
migrated significantly faster as compared to cdrii®s ig. S7). Overall, our results strongly

indicate that ICAM-1 nanoclustering brought aboyishear-flow increases T-cell migration.

DISCUSSION

In this work, we have used confocal and differemtnfs of super-resolution microscopy
together with laminar flowo assess the effect of shear forces on the labeganization of
ICAM-1 on endothelial cells and potential impactleakocyte migration. Exposure of ThF
stimulated ECs to shear flow promoted translocatibiCAM-1 to the upstream direction of
flow together with the formation of ICAM-1 nanoctass on the EC membrar@ior to
leukocyte engagement. Moreover, shear-force indu€@dM-1 nanoclustering is actin-

dependent. This shear-force induced rearrangenfel@AM-1 and actin directly correlated
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reduced interaction times of leukocytes with thg@aging mechanically pre-stimulated EC

surface were observed.

It has been extensively documented that sheardfidwces major re-arrangements of the actin
cytoskeleton of ECs with the formation of rich acfibers along the flow direction (19). Our
super-resolution studies confirmed these changesjmaportantly, also showed the formation
of actin patches upstream of flow that localize newly formed ICAM-1 nanoclusters.
Formation of ICAM-1 nanoclusters was actin cytoskah dependent and disruption of the
actin network led to the dissolution of the nanetdus. Such local stability of ICAM-1
nanoclusters under shear flow might have been piemnby their anchoring to the actin
cytoskeleton by means of different adaptor protesueh asu-actinin-4 and cortactin (30).
These actin-binding proteins (ABPs) can upregutittectly ICAM-1 clustering and as such,
enhance ICAM-1 adhesive function (27,30,39). It lddee important to further identify which
molecular actors are responsible for mechanoseraidgthe downstream signaling cascade
that lead to actin remodeling and ICAM-1 nanoclustemation. Some initial work has been
already done along these directions showing th&M€l itself is a force-sensing receptor
(40), capable of initiating mechanosensitive signgalevents, such as recruitment of actin-
binding proteins, increase of RhoA activity and RO@yosin based contractile forces (27).
These re-arrangements of the actin machinery cthéd feedback into ICAM-1, causing its
spatial re-distribution on the EC surface. Idemtify the pathways involved into the
mechanosensing and feedback amplification wouldvigeo a great opportunity to target
specific steps in the process which would stromgtyease our understanding of the molecular
mechanisms that underlie the described phenotypes.

Previous studies showed that artificially induc€d\M-1 clustering leads to its immobilization
on the EC surface by binding of the ICAM-1 cytoptés tail to actin-binding proteins of the
ERM and a-actinin families (18). More recently, actin-depend clustering and ICAM-1
immobilization have been also observed upon deodréll maturation (31). Although in our
studies we did not assess the mobility of the nefslyned ICAM-1 nanoclusters, their
dependence on the actin cytoskeleton and closampitgxto actin patches suggest that these
nanoclusters are also immobile. Immobilization &AM-1 has major consequences for
immune responses that require firm adhesion. Indaegtruption of ICAM-1 interactions with
actinin and members of the ERM family on ECs intsikthe ability of T-cells to undergo
diapedesis (39,41). Moreover, constrained ICAM-Diity on dendritic cells promotes T-cell

conjugation during the immunological synapse, T-d@imotypic interactions and T-cell
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interact with its counter-part integrin receptorA-E. Integrin-dependent adhesion is regulated
at two levels: affinity (the strength of each indival bond) which depend on the

conformational state of the integrin and abilitybiad its ligand, and valency (the total number
of bonds). The product of affinity and valency pdms the avidity and thus strength of the
interaction between integrins and their ligandd #r@able adhesion (8). Immobilization and
nanoclustering of ICAM-1 would impact on both affjnand valency of LFA-1. Whereas

ICAM-1 immobilization could contribute to force-inded conformational changes that lead to
LFA-1 activation (12,13), ICAM-1 nanoclustering wduncrease the number of interactions
with LFA-1 molecules, thus augmenting avidity (10),10ur work thus shows that application
of shear-forces impact on the spatiotemporal omgdin of ICAM-1 on ECs, directly

affecting the regulatory mechanisms that goveregnh-mediated T-cell adhesion.

Our experiments further showed that T-cell mignatiiepended on prolonged mechanical pre-
stimulation of ECs. We observed a more migratorgnattlype in T-cells that adhered on
mechanically stimulated ECs, and T-cell adhesios significantly stronger on EC regions
upstream of flow, where ICAM-1 levels were found lie the highest. Moreover, T-cells
moved faster with shorter interaction periods orsEffe-exposed to mechanical stress. As
ICAM-1 is one of the main ligand receptors implagtin the endothelium-leukocyte
interaction by its engagement with LFA-1, we suggbsit the changes in the migratory
behavior of T-cells should be, at least in parspamted to the spatiotemporal re-organization
of ICAM-1 on the EC membrane brought about by slilear. Indeed, control experiments on
monomeric vs. nanoclustered ICAM-1 surfaces comablis showed that T-cells adhered on
these surfaces developed a promigratory profileraigglated faster as compared to monomeric
ICAM-1 surfaces. We can qualitatively rationalizar aesults in the context of a recently
proposed motor-clutch model (42). In essence, suptodel predicts that cell velocity at the
front edge is regulated by the tight interplay bestw the strength of engaged integrin-ligand
bonds (i.e. clutches) and the stiffness of the tsates Strengthening of the clutches will slow
down actin retrograde flow (43), thus increasing éffective cell velocity at the front edge. In
the context of our experimental results, an in@aasiICAM-1 nanoclustering brought about
by shear flow will increase the valency to LFA-1 lsoules on the T-cell side, reinforcing
clutching strength. In addition, as ICAM-1 nanotdus could become immobilized by its
interaction with the actin cytoskeleton (18,31kittengagement with LFA-1 will favor ligand-

dependent integrin activation (12,13), further cititing to increase integrin-ligand binding
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fully agrees with our experimental observations.

According to the same model, stiffer substrate$ mduce the earlier break of the integrin-
ligand bonds, with a consequent reduction of irttgwa times (42). In our experiments, we
observed that ICAM-1 nanoclusters formed by shé&ass localize to regions enriched with
actin. Most probably this limits their spatial difion and promotes immobilization (18,31) and
effective stiffening on the regions of clutch anghg. As the effective local substrate becomes
stiffer, the bonds between fixed ICAM-1 and theiraactytoskeleton engaged integrins will
break faster, reducing the time of interaction leetw T-cells and ECs as observed in our

experiments. The model proposed to connect ourativesults is summarized Fg. 7.
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In summary, our results demonstrate for the finstet that shear-forces are sufficient to

promote the formation of ligand receptor nanoclsstan the cell surface as a result of force-
induced actin-cytoskeleton remodeling. Since maapsmembrane receptors interact either
directly or indirectly with the actin cytoskeletomechanical forces could represent an
additional mechanism to orchestrate the laterahmimation of a broad range of receptors
impacting in their function. In the context of thi®rk, we show that the organization of ligand
receptors on the EC membrane influences the migyrdtehavior of leukocytes. Such a

physical mechanism might be of crucial importanmeléukocyte-EC interactions during the

immune response where the rapid and stable arfdstikocytes on a vascular bed warrants
their precise contact-mediated guidance. In thisteod, it would be important to assess the
role of ICAM-1 polarization and clustering-vivo and its impact in leukocyte transendothelial

migration.
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FIGURE 1 Shear flow induces global transocation of ICAM-1 upstream of flow regardless of
inflammatory EC activation. (A) Representative single plane confocal microsdopgges taken at the
basal cell membrandaop rows) and D orthogonal viewgbottom rows) of ICAM-1 expressed on
TNFa-stimulated ECs in the absenteft] and presence of 4 hours continuous shear ftayht]. White
arrows indicate the direction of flow. Yellow arrevpoint at the upstream accumulation of ICAM-1
upon shear-force application. Scale bars,us® in top images and 15um in bottom images. The
vertical scalezis 3um. (B) Fluorescence intensity of the ICAM-1 sign#kgrated over the entire cell
and normalized to the cell area, for resting andTiNFa-stimulated ECs in static conditions, i.e.,
without flow application. Bars show the median fiescence intensity (quartile distribution in boxes;
10-90 percentile in whiskers, individual symbols autliers) corresponding te=40 cells (resting) and
n=60 cells (TNFx) for one representative experiment. Significanakewated within the experiment
shown (a total of N=3 and N=5 independent expamniéor resting and TNF, respectively have been
performed); (C) Percentage of upstream ICAM-1 #swence signal taken from individual ECs under
resting ppen symbols) and TNFx-stimulated ¢losed symbols) conditions, as a function of shear-force
application. The signal was estimated from 50% haf desired cell area and divided by the total
intensity calculated over the entire cell. Datarespond to mean +/- SD over N= 3 independent
experiments per condition (resting and TN&eated ECs) and shear-time exposure, with mae th
n=100 cells per shear-time exposure and per condilibe lack of error bars in some of the data [goint
in 1C is due to the small SD values as compardtidcsize of the symbol. Significance calculated

across N. ***p < 0.001; **p = 0.01; ns., not significant.

FIGURE 2 Prolonged shear stress induces differential actin-cytoskeleton re-arrangements
upstream and downstream of flow. (A) Representative-projection confocal microscopy imagesp)
and magnified imageddgttom) of the actin cytoskeleton on THFstimulated ECs in the absendeft]
and presence of 4 hours continuous shear ftoght). Vertical white arrows on the right indicate the
flow direction. Scale bars, 20m. (B) Representative STORM image®p) and corresponding
magnified imageshpttom) of the actin cytoskeleton in static Tiffreated ECsléft) and after 4 hours
of shear-flow exposureright). Vertical white arrows indicate the direction the flow. Small white

arrows point to actin patch-like structures. S¢eles, 5um (full images) and 1um (zoom regions).

28



FTOUNL O Ji1cal 11TUVW PEUHTTULTO LT TUHTTIALTVULT UL JALUTITTIRT Aol Ot ULLUl ©O Lhial 1vuali 2o vvitl i

ICAM-1 rich regions upstream of flow. (A) 3D orthogonal viewst¢p row) and magnified single
plane confocal microscopy imagesiddie andbottom rows) of the cortical actin cytoskeletorefl) and
ICAM-1 (green) localized at the apical cell membrane in staftift)(and 4 hours shear-flow TNF
stimulated ECsr{ght). White arrows indicate the direction of flow. &hars, 2Qum (top images) and

5 pum (bottom images), respectively. The vertical scatas 3 um. (B) Area occupied by puncta-like or
patch-like actin structures, calculated from malyualitlining actin regions on static ECs or 4h gkda
ECs. (C) ICAM-1 fluorescent intensity in regionsrieched by actin puncta or patches, normalized to
their corresponding actin area, for static and drhsheared ECs. Box and whiskers plots in B and C
(lines show median values, quartile distributionbioxes; 10-90 percentile in whiskers, individual
symbols are outliers) show data for one represgataxperiment per condition, with significance
calculated within the experiment. 6-10 actin stuoes (puncta-like or isolated patches) per celll0
cells for static andi= 8 cells for 4h shear. Bar plots in B and C cqrogsl to the mean +/- SD for N=5
and N=3 independent experiments for static and dared ECs, respectively, with significance
calculated across N. (D) Dual color STORM imagesTdira-stimulated ECs of ICAM-1t0p), actin
(middle), and merged imageddtom) located upstream of the cells, in the absehef® @nd after 4
hours shear-flow r{ght). White arrows show the direction of applied shéiaw. White contours
highlight regions where ICAM-1 co-localizes withtgla-like actin structures. Scale bar,ufn. (E)
Percentage of ICAM-1 single-molecule localizatioesiding inside the actin mask areas, for statit an
4 hours shear-flow stimulated ECs. Symbols cornedpm the calculated percentage per individual
region of interest analyzedin-silico data correspond to similar analysis but perforrngdandomly
distributing the total number of ICAM-1 localizatie obtained from each corresponding experimental

condition on the corresponding actin masks. (& 0.001.

FIGURE 4 Shear flow promotes actin-dependent ICAM-1 nanoclustering on TNFa-treated ECs.
Representative STED images of ICAM-1 taken in (#gtis ECs, (B) after 4 hours of shear-flow
stimulation, upstream of flow, (C) after 4 hourssbkar-flow stimulation, downstream of flow and (D)
after 4 hours shear-flow stimulated ECs and 20 temwof CytoD treatment, upstream of flow. White
arrows indicate the flow direction. Scale bargm. (Insets) Magnified views of ICAM-1 fluorescent
spots (1.5 x 1.5um regions). (E) Normalized ICAM-1 spot intensityr fdifferent conditions, as
extracted from the analysis of STED images. Thenisity of ICAM-1 has been normalized to the mean
intensity of individual Abs non-specifically attaadhto the glass substrate (i.e., glass conditidok
and whiskers plots (bars show median values, dgatistribution in boxes; 2.5-97.5 percentile in
whiskers, individual symbols are outliers) showtsipensity data for one representative experiment
per condition on at least=15 cells per condition. Significance has been utated within the

experiment shown. N=2 independent experiments grdition. *** p < 0.001; ns., not significant.
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(A) Scheme showing the characteristic time scahelscaurse of the experiments witbg) and without
shear-flow pre-stimulation of EC&dttom). (B) Percentage of T-cells that remained adhéoeHCs
after 20 minutes of post-flow application. Reswdte mean +/- SD on N=13 and N=5 independent
experiments for static and 4h sheared ECs, respéctfat leastn=10 cells (static) anc=100 cells
(4hours shear) per experiment. Significance has bakulated across N. (C) DIC images showing the
three main cell morphologies observed: “round”, he-like” and “amoeba-like”. Scale bars,un.

(D) Percentage of T-cells with indicated morphol@ghered on static ECs (i.e., without mechanical
pre-stimulation), with (w/, red) and without (wigdack) post-flow for 20 minutes. Results are mean +
SD on N=6 and N=4 independent experiments for wl/\afo post-flow, respectively (at least10 T-
cells per experiment). Significance has been caledl across N. (E) Percentage of T-cells with
indicated morphology adhered to 4 hours, shear-fiwarconditioned ECs, with (w/, light red) and
without (w/o, grey) post-flow for 20 minutes. Rasudre mean +/- SD on N=5 and N=4 independent
experiments for w/ and w/o post-flow, respectivieyleasin=10 T-cells per experiment). Significance
has been calculated across N. (F) Percentage ddll§-with indicated morphology adhered to
monomeric or nanoclustered ICAM-1-coated glasstsates. Results are mean +/- SD onA 60 cells
(monomeric ICAM-1 substrates) and=57 cells (nanoclustered ICAM-1 substrates) for one
representative experiment per condition. Signifogahas been calculated within the experiment shown.

N=3 independent experiments per condition [¥& 0.001; **p = 0.01; *p = 0.1, ns., not significant.

FIGURE 6 Pre-conditioning of ECs by prolonged shear-flow stimulation influences T-cell
migration. (A) Representative DICI€ft) and zoom-in right) images of T-cellsstmall round cells)
migrating in the presence of post-flow over 4 hosingar-flow pre-stimulated ECta(ge elongated
cells). Trajectories of T-cell movement are shown in.ré¢hite arrows indicate the flow direction.
Scale bars, 20um (left) and 5um (right). (B) Characteristic time-trace plotgréy curves) of T-cell
displacements in the direction parallel to the sfieav. The segmentation algorithm divides the esrv
into short line segmentswliite segments superimposed over the red line) from which positarel
negative slopes, corresponding to the instantandecell velocity V.,.) and the time of interaction
with ECs (.,), are determined separately. (C) Mean instantane®locities of individual T-cells
subjected to post-flow, migratirmong (V.) or against (V.) the flow direction, over static and 4 hours
shear-flow stimulated ECs. (D) Similar to (C) butheut post-flow.(E, F) Mean interaction times of
individual T-cells with ECs, with post-flow (E) antithout post-flow (F). Results in (C, E) are mean
+/- SD on N=8 and N=4 independent experiments faticsand 4 hours shear, respectively (between
n=5 and 10 T-cells per experiment). Significance besn calculated across N. Results in (D, F) are
mean +/- SD from two different experiments per dbod, with n=10 cells per experiment and
condition. (G) Representative single cell trajectories reedrdn monomeric (black) or nanoclustered
(green) ICAM-1 substrates. (H) Scatter plot of thetantaneous velocity of T-cells migrating on the

two types of substrates. Lines show the median iatefquartile range from one representative
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cell trajectories). ****p < 0.0001; ***p < 0.001; **p < 0.01; p* < 0.1; ns: no significant.

FIGURE 7 Shear flow promotes actin-dependent ICAM-1 nanoclustering on ECs that affect T-

cell migration by strengthening interactions between ICAM-1 and its integrin receptor LFA-1.
Under static conditions, leukocyte engagement ldadhe formation of bonds between individual
ICAM-1 dimers andalLfB2 (LFA-1) counter-integrin receptors. The strengththese bonds regulates
leukocyte migration, with the total velocity of tleell edge lflack arrows, V. ) being determined by
the difference between the speed of the actin kgte®n polymerization and the speed of the actin
retrograde flow \yhite arrows, V,«ro). Shear-flow stimulation of ECs leads to actin-elegent ICAM-1
nanoclustering and most probably, its immobilizatam the EC membrane. Both effects enhance the
strength of ligand integrin bonds by promoting gnte activation and increasing the avidity of ICAM-
to LFA-1. This, in turn, reduces the retrogradeina¢iow rate and increases the total velocity of
leukocytes as compared to static conditions. At shene time, as the cell moves forward, the
immobilization of ICAM-1 nanoclusters will rapidlgad to ICAM-1-LFA-1 bond breakage, shortening
the interaction times between the T-cell and the &Ccompared to static conditions. The size ofavhi
and black arrows indicates the resulting veloaitith thicker arrows corresponding to higher speed

values.
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