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Summary

Circulating leukocyte sequestration in pulmonary caillaries is arguably the initiating event of lunginjury
in Acute Respiratory Distress Syndrome (ARDS). We qgsent a microfluidic investigation of the roles of
actin organization and myosin Il activity during the different stages of leukocyte trafficking through
narrow capillaries (entry, transit and shape relaxdion) using specific drugs (Latrunculin A,
Jasplakinolide and Blebbistatin). The deformation ate during entry reveals that cell stiffness depersl
strongly on F-actin organization and hardly on myo# Il activity, supporting microfilament role in
leukocyte sequestration. In the transit stage, ceftiction is influenced by stiffness, demonstatinghat the
actin network is not completely broken after a fored entry into a capillary. Conversely, membrane
unfolding was independent of leukocyte stiffness.fe surface area of sequestered leukocytes increaded
up to 160% in absence of myosin Il activity, showig the major role of molecular motors on microvillus
wrinkling and zipping. Finally, cell shape relaxaton was largely independent of both actin organizatin
and myosin Il activity, whereas a deformed state warequired for normal trafficking through capillary
segments.

Introduction

The mechanical plugging of lung microvessels bykdeytes has been implicated in the pathophysiolofyy
several diseases, e.g. Acute Lung Injury (ALI). Bséimated 190,000 cases of ALl in the United Stgtmerate
high expenses, and thfeute Respiratory Distress Syndrome (ARDS), the tnhypoxemic ALl presentation,
results in a mortality rate ranging from 34 to 58Btutos-Vivar et al., 2004; MacCallum and EvansQ®0
ARDS is a challenging entity for clinical investtigmn because it lacks an accepted diagnostic tektelies on a
panel of clinical findings for diagnosis. Leukocysequestration has been reported after sepsisnarau
hemorrhagic shock or ischemia (Schmid-Schénbeil®71Hansell et al.,, 1993) and sequestration in lung
microvasculature is considered as the initiatingnévin the development of ARDS (Worthen, 1989; Thie
1996).

Studying mechanisms of leukocyte sequestrationggsidh and/or low deformability) in humans is
difficult. Recent evidence demonstrated that ihiseages of neutrophil sequestration in rats areduz to
CD11-CD18 mediated adhesion, supporting a majooliement of leukocyte mechanical properties in
sequestration (Yoshida et al.,, 2006). Also, leukecyechanical behavior was investigated with many
techniques aimed at quantifying leukocytes defoilitaband rheology under various conditions, indhugl
centrifugation (Fukuda and Schmid-Schonbein, 2008), poker (Petersen et al., 1982), polycarborfidter
(Franck, 1990), parallel plates (Thoumine and @#97), atomic force microscopy (Rotsch and Radnrache
2000), optical tweezers (Sheetz, 1998), microrhégmand micropipette aspiration (Chien et al., 1987
Richelme et al., 2000; Drury and Dembo, 1999). esponsiderable efforts, no universal rheologiceidel
could be obtained and the precise role of the thregor filamentous constituents of the cytoskeleton
microtubules (Chien et al., 1987; Tsai et al., )998termediate filaments (Brown et al., 2001) aaxtin
filaments (Sheikh et al., 1997), in leukocyte mettal properties remains poorly understood.

Actin filaments previously appeared as a primamucttiral determinant of neutrophil mechanical
properties (Sheikh et al., 1997; Tsai et al.,, 199)rthermore, Nishino and coworkers demonstrated t
neutrophils from septic shock and ARDS patientsewagnificantly more rigid than controls and obseha
change of actin network polymerization (Nishinakf 2005). Evidence for the formation of an acteh rim in
the submembrane region of deformed (Yap and Kam®@5QR and ARDS patient (Nishino et al., 2005)
leukocytes raises questions regarding the precikge af actin microfilament organization in the manlcal
changes of circulating leukocytes (Pai et al., 20@h the other hand, L&mmermann and coworkeratice
demonstrated that myosin ll-dependent contractiomigrating leukocytes was required on passageutiiro
narrow gaps (La&mmermann et al., 2008), suggestingmgortant contribution of molecular motors in the



behaviour of leukocytes sequestered in narrow leaigis. These results underline the interest oéstigating
the precise roles of actin and actomyosin activitgapillary leukocyte trafficking.

Significant insight in the rheological propertielsneodel leukocytes in microcapillaries, such as BIL6
or THP-1 cells, have been obtained by micropipast@ration, but only in the first stage of leukas/entry into
constriction. Additional information on the follomg stages (capillary transit and shape recovery) in
physiologically relevant hydrodynamical conditioissneeded. Microfluidics versatility allows physgically
relevant testing on the whole passage process @apKamm, 2005; Chaw et al., 2006) and may be more
relevant to clinical problems.

Here, we present an efficient microfluidic approdachmeasure new relevant parameters of leukocyte
transit in narrow capillaries, such as entry tiroell velocity in the constriction, cell morphologhuring the
capillary transit through a constriction, shapeokegy kinetics after passage and effect of a fiefbrmation on
the passage through following segments. We intendldfine the specific role of actin cytoskeletord an
actomyosin activity in the passage of circulatiagkocytes through narrow capillaries. This issuaddressed
by specifically enhancing or inhibiting actin cyket¢eton and actomyosin activity. We used actin-gjgeggents
with well described molecular effects: latrunculy LatA, is a potent microfilament inhibitor (Woret al.,
2005), jasplakinolide, Jpk, stabilizes actin filartee (Bubb et al., 1994) and Blebbistatin, Blb, $jealy
inhibits myosin Il activity in leukocytes (Straighkt al., 2003). We confirm the major role of adilaments
organization on the deformation rate during theyestage. Our results also bring new insights tht specific
role of actin cytoskeleton and myosin Il activityrohg the transit stage of a leukocyte in a coostm. We
show that the cell velocity in the constrictionlésver as the actin network is more organized arad the
sequestered cell morphology is controlled by myosiractivity. For the last stage after release fram
constriction, we found that actin organization amolecular motor activity did not influence the sbapcovery
process and that a deformed state plays an impaidén for normal trafficking through successivepidiary
segments.

Results
Microfluidic experiments

The microfluidic device (Fig. 1A) we used is compdf an inlet channel, am-wide constriction channel
and a relaxation channel. A typical experiment @iaof recording the different stages of a sirgg crossing
the 4um-wide constriction, i.e. entry, transit, and shapeovery after release (supplementary material iMov
1). The constraint applied to the cells correspotadphysiological flow conditions maintained by &ppg
constant hydrostatic pressure across the conetric#h calibration was performed by tracking fluarest
micron-size particles in the constriction to meastitve maximum fluid velocity, MxFV, against the &pg
pressure (Fig. 1B).

Cell entry times are dependent on actin cytoskeleto  n organization

Leukocyte deformability was assessed by measuhiegtime required for the cells to completely enter
constriction. Fig. 2 shows a typical sequence efldrge deformation displayed by a THP-1 cell entgthe
narrow capillary. We defined the entry tinleT), as the time interval between the leading edfgéhe cell
crossing the entry into the microchannel and idlihg edge clearing the entry. Serial single-agitry time
measurements as a function of applied driving jpiress(Fig. 3A) were taken 30 minutes after exposoirépk

(3 uM) and LatA (3uM). Generally, the ET decreases with driving pressand the dependency of ET on cell
treatments is enhanced at low driving pressurethdmresence of Jpk, THP-1 cells exhibited vengl&Ts of
more than 700 seconds at low driving pressure (6Hz@), approximately threefold higher than controls.
Conversely, the average ET of LatA-treated cells approximately 2 times lower than ET of contrdldoav
driving pressure. Further, ET observed on Blb-#daiells exhibited only minor differences with aoig. Thus,
the ETs of THP-1 cells in a narrow capillary areimhaaffected by the passive actin cytoskeletoraoigation
and marginally by molecular motor activity.

Cytoskeletal organization influences cell deformati on kinetics

By plotting the length of the cell projection iretlconstriction, |, versus time, t, we analyzed the dynamics of
deformation of control and treated THP-1 cells.sh®wn in Fig 3B for low pressure drop (10,8 crOl the
kinetics of cell entry appeared as a sigmoid witine¢ phases. First, cytoplasm flew rapidly into the
microchannel. Then, at the middle phase, cell erstty decreased and approached a quasi-steadyeregithe
cell crept into the microchannel with a nearly dans velocity. Finally, in the third phase, theld&w was



dramatically accelerated as the last part of thieeceered the microchannel. The width of the syesidge was
largest for Jpk-treated cells and shortest for ttegated THP-1 cells. Therefore, projection lengymainics
indicate that the deformation rate is strongly defemt on the actin network, especially in the cstsady
regime. Blb-treated cells displayed weakly incréadeformability, suggesting that myosin Il activitgtards
leukocyte deformation by slightly increasing medhahresistance.

The actin cytoskeleton organization controls cell v elocity in the constriction by friction
force modulation

Our microfluidics setup allowed us to study ce#insit in a long constricted capillary. The cellogty was
observed to be constant all along the 2p&0long constriction, therefore the mean cell velodvinCV, was
determined using the time interval between thdinigpiedge of the cell clearing the entry and itsdieg edge
clearing the constriction. The maximum fluid vetlgciMxFV, was experimentally obtained for each drg
pressure by tracking fluorescent beads in the aesefcells in the constriction and the correspogdinean
fluid velocity, MnFV, was calculated according teetvelocity profile in rectangular microchannelsif€ling,
2005). Fig 4A shows the evolution of MNCV/MnFV &dias a function of the applied driving pressure. A
MnCV/MnFV ratio close to one means that the frintimrce, F, due to retarding Couette flow-induced shear
stress between the cell and the wall, are negligeabmpared to the the pressure-drop-induced fdfge,
Conversely, a MNnCV/MnFV ratio close to 0 correspial conditions where; s large as compared tq. A wo
clear trends can be observed in Fig. 4A. FirstMmE€V/MnFV ratios tend to one for control and teegicells at
the highest driving pressures (above 30 c@)d meaning thatHs negligeable compared tg.Fon the other
hand, one can see that the MNCV/MnFV ratios atdoiwing pressures decrease to values significasrigller
than one for control and treated cells. Therefand, microfluidic setup allows us to gain insightanthe
resistance to cell transit in the capillary, pra@ddsurface structures are comparable. Disruptioraatin
organization (with LatA) is characterized by a higinCV/MnFV ratio (0 0.7) at the lowest applied driving
pressure, as compared to control cells (MnCV/MnB¥or]0.35), whereas a stabilization of the actin nekwor
(with Jpk) leads to a very low MnCV/MnFV ratié]Q.1). On the other hand, the MnCV/MnFV ratios dh-B
treated THP-1 cells were observed to be very sintdacontrol cells for the whole range of pressdreps.
These results demonstrate that friction betweeaulgting leukocytes and capillary walls is hardiftuenced by
myosin activity and strongly dependent on actiroskeleton organization.

Myosin Il activity controls the sequestered cell me mbrane unfolding

To provide further insight into the sequestered w@rphology, we examined the differences of thesiimam
axial length, L, along the capillary axis during the cell trarigithe constriction. It is important to note that n
significant evolution of |, was observed during the deformed cell transit, sstjigg that L, is only dependent of
the cell entry process.

As a morphological reference, we used the diametehe puck, [, = 16.8 um, obtained by squeezing, at
constant volume a spherical cell of initial diannddg = 12.5um between two parallel walls distant of W = 4
um, which corresponds to the experimental constrictvidth (see material and methods section). Tfereint
trends can be distinguished on Fig. 4B. A firstdebur corresponds to control, Jpk-treated andA-ateated
cells, for which L/Dsis always close to one. The second behaviour quorets to Blb-treated cells, for which
L/Dsis always higher than 1 and reaches a maximal vafiie7 at the lowest applied driving pressure.sThi
finding strongly suggests that only Blb-treatedseixceed the minimal deformation of the referepuek of
diameter 3, and heigtht W. In order to determine to the exaotphology of confined cells, we need to get
access to a side-view of the cell. This side-vian be obtained in the relaxation channel, whemassd cells
rotate freely, allowing access to new angles dfitsign the deformed cells (supplementary materiali®l@). A
good approximation of the side view of a confinedl evas obtained from the image of the released cel
corresponding to a maximum area. The delay aflease of the side-view pictureS { seconds) was always
short as compared to the shape recovery tin%¥(seconds), which insures that the cell morphpisgtill close
to its morphology in the constriction. Fig. 4C shlosequences of three microscopic pictures for THiHs
taken shortly after release, (i) in the inlet chalnjpictures a), (ii) in the constriction channpicfures b), and
(iii) in the streamer channel (pictures c). Thesades correspond respectively to the undeformeerigath cell,
the top-view and the side-view of the sequestertld The morphologies observed for normal, Jpk- hath-
treated cells (Fig. 4C case I) were all similar @aodespond exactly to the puck of diametgy &d width W,
i.e. to the minimal geometric deformation requifeda sphere to enter our microfluidic constrictidine ratio
between the cell surface in its puck shapg, &hd its initial spherical shapeg, &an be determined using:
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S/S is about 1.5, which corresponds to an excess lbfm@mbrane surface of 50% in the deformed state of
case |. On the other hand, the image sequencesef Itaof the Fig. 4C is typical of Blb-treated ceil the
constriction at a low applied driving pressure {13m HO). The cell morphology in the constriction
corresponds roughly to a parallelepiped with rouhddges of dimensions 4, 16 and|#8. The cross-section
dimension 4x16m of the deformed cell matches the cross-sectioi\ikthe constriction. The ratio between
the cell surface in its parallelepipedic shapg, &d its initial spherical shape,i$ expressed as:
HW+WL _+HL
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S.4S is about 2.6, which corresponds to an excess Ibfreambrane surface of 160% in the deformed state f
the cells of case Il in Fig. 4B. These data suggest inhibition of molecular motors induces a krcell
membrane increase at low applied pressures as cechpathe minimal surface increase required terettite
constriction.

Actin organization and actomyosin activity do not i nfluence the shape recovery process

After crossing the 4im-wide constriction, the cells were released i®ah-wide channel, which allowed us to
observe the shape relaxation, free of externaltamings (Fig. 5). The kinetics of shape recoverysstudied
guantitatively by monitoring the long-to-short araio, I/s, (insert of the Fig. 6). Since the aalh rotate in the
relaxation channel, one has to take care of salpthie picture corresponding to the same sighti@fvThe
temporal evolution of the I/s ratio is presentedimmFig. 6 for control, Jpk-, LatA- and Blb-tredt€HP-1 cells.
The effect of F-actin stabilization (with Jpk), iactlisruption (with LatA) or myosin Il activity inhition (with
Blb) did not affect the dynamics of leukocyte shapeovery, as compared to the unstimulated cogrmlips
(THP-1). Furthermore, the shape relaxation kinetmsld be divided into two distinct regimes. Thesffiregime
is characterized by a fast relaxation of the lomgttort axis ratio down to around 1.3. At the efhth regime,
the deformed cell shape corresponds to the imadegobd. This relaxation process took approximayive0
seconds for control, Jpk-, LatA- and Blb-treatedPFH cells (Fig. 6). The second regime allows to¢abvery
of the initial spherical shape and takes severatlreds of seconds.

Leukocyte maintained deformed shape facilitates the transit through physiological capillary
segments

Physiologically, leukocytes traverse between 50 Hd@l segments, in a single passage through thesixaty
interconnected pulmonary microcirculation (Hogglet 1994; Bathe et al., 2002). Compared to theapipette
technique, microfluidic devices allow in-vitro instigations of leukocyte trafficking in channels lwitmore
physiologically relevant designs. In a first impeovent to approach physiological channel geometries,
changed the long and single constriction channefsuccession of short and narrow segments ohvigitm
and length 2@um to mimic the capillary segments in the human fnghich have an average diameter @ing
and a length of 1um (Weibel, 1963). A typical sequence of leukocytmsit through these successive capillary
segments is presented in the Fig. 7 (see also eamgpltary material Movie 3). We find that the erttryge is
about 25 seconds in the first constriction and &Bd&i second in all subsequent constrictions. €kjseriment
illustrates that maintaining a deformed shape [{I/6.5) facilitates the leukocyte transit through tdamillary
network.

Discussion

In vivo, leukocytes experience a range of differempillary diameters and driving pressures, cautliegn to
stop and undergo large deformations in order t@ ga®ugh. Increased transit times lead to an aafation of
leukocytes in pulmonary microvessels (Downey andrtidm, 1988; Hogg et al., 1988), which has been
implicated in the pathophysiology of a nhumber cfedises. However, the direct study of leukocytentiete in
humans is a difficult task. Therefore, several miganipulation techniques have been proposed to ghed
mechanical behaviour of non-adherent cells (e.ugkdeytes) in vitro. Important rheological informai was
obtained by micropipette aspiration, which permite to mimic the deformation of a leukocyte in tagillary
entry stage but is not appropriate to study othages of the leukocyte passage, such as transanuygs.



Polycarbonate filter experiments provide a methmdguantifying the transit time of leukocyte in raw pores
but do not allow a direct observation of the setpresl cells. None of the conventional techniquegeha
successfully permitted to study the mechanismseggsidh and/or low deformability) involved in eaclags of
the leukocyte passage through physiological narcapillaries. For this purpose, we designed a miigiait
device to study at the single cell level: (i) tharg, (ii) the transit and (iii) the shape relaxatistages of the
passage of leukocytes in a constriction. Pulmorapyllaries vary in radius from 1 to 78n in humans, with a
mean of 3,1um (Doerschuk et al, 1993). Consequently, we uségua-wide capillary constriction connected to
20-um-wide inlet and outlet channels. It was alsitical to consider a large range of physiologidaiving
pressures to investigate the leukocyte responsertolled hydrodynamic forces (Huang et al., 208/Est and
Mathieu-Costello, 1995). Our microfluidic setup niis1physiological flow conditions, by maintainingaxge
range of hydrostatic pressures constant over tivhigh is the best representation of the physioklgiondition
(Hochmuth and Needham, 1990; Huang et al., 2001).

Former studies have shown that actin filaments aangrimary structural determinant of leukocyte
mechanical properties (Bornens et al. 1989, Sheikhl., 1997; Tsai et al., 1998). Moreover, recgnties
comparing normal and ARDS patient leukocytes demnatesl that leukocytes from sepsis shock and ARDS
patients are significantly more rigid than norma&alikocytes and exhibit an actin-rich rim in the sebrhrane
region (Skoutelis et al., 2000; Nishino et al., 200rhis strongly suggests a specific role of aciitoskeleton
organization in the sequestration and traffic tigfoumicrovasculature. On the other hand, the mechéni
properties of eukaryotic cells are also dependentydoskeletal tension generated by non-muscle myibs
which apply forces by moving actin filaments relatito each other (Sheetz et al., 1986; Jay et18P5;
Wakatsuki et al. 2003; Martens and Radmacher, 2008)as also recently demonstrated that the passég
leukocytes through narrow gaps during transmignatiequires squeezing contractions (Ld&mmermann .et al
2008), and that leukocytes confined in 2D or 3Dileiximyosin driven blebbing motility (Charras andléch,
2008). Taken together, these results raise quastiegarding the precise role of actin organizatiom
molecular motor activity in the mechanical behavioticirculating leukocytes during their passag®tigh the
lung microvasculature. In the present work, we haegged these hypotheses by studying the roletoskgleton
organization and/or molecular motors activity icleatage (entry, transit, and shape relaxationh@fpassage
through  microfluidic  capillaries, by exposing cellsto specific inhibitors of actin
polymerization/depolymerisation (LatA and Jpk) angosin Il activity (Blb).

Actin cytoskeleton organization controls entry into capillaries

The sigmoidal curve of the projection length verthus time in the constriction entry stage is carsiswith
previous investigations of leukocyte deformatiothwhicropipette aspiration (Richelme et al., 20D8yry and
Dembo, 1999). This clearly validates the microficidpproach as an efficient technique to studyntleehanical
behaviour of circulating cells. A key observatidrcell entry is that leukocytes, which initially @l a spherical
shape require a finite time to deform in the caotitm. The presence of the nucleus may a prionitriioute to
the relative lack of deformability of leukocytesspecially in the case of our monocytic cell lineHA-1),
because the width of our constriction is closehmean diameter of monocytic nucleus (Schmid-Sobionet
al., 1980). However, the results observed with Latated THP-1 cells demonstrate that leukocyteth wi
disrupted microfilaments enter in the constrictionvery short times (Fig. 3A), even at low appligdving
forces. This indicates that the mechanical behawabieukocytes in our 4em-wide constrictions is independent
of the viscoelastic nucleus and emphasizes the rorhirole of the cytoskeleton. Moreover, our resshow
that large deformations are facilitated by disroptof actin filament organization and that the médigion of cell
transit increases with actin polymerization. Thismibnstrates that leukocytes must reorganize thain a
cytoskeleton to deform into microcapillaries. Oe tither hand, our data obtained on Blb-treatedoleytk, for
which ATPase activity is reduced to 5 % of theiitizh value (Straight et al., 2003), indicate tletrastic
reduction of actomyosin activity reduces only slighthe ET. This observation is consistent with #ight
decrease of actin cytoskeleton stiffness reportedlartens and coworkers on myosin Il inhibited diblasts
(Martens et al., 2008). Therefore, the contributadnmyosin Il for the cell entry stage is certainieak, as
compared to the large importance of actin microféat organization.

Actin cytoskeleton controls pressure and friction w ith capillary walls

In previous reports of cell transit through narrcapillaries, the strength of the pressure-dropedgcpushing

the cells through the capillary was always domimathe friction force Fresulting from hydrodynamic forces
between the cell and the capillary walls (Hochmuotl &leedham, 1990; Bathe et al., 2002; Yap and Kamm,
2005). Our microfluidic devices were designed toess flow conditions where the relative strength;@fgainst

F, is high enough to observe deviations of cell vigileg from the mean fluid velocity. This has perterk us to
investigate the effect on friction of actin orgaatibn and actomyosin activity for cells circulatirig



constrictions. It is important to recall here tttadre are no physical contacts between the ceflstawalls, so
that friction is not due to direct interactionsweén the cells and the capillary walls. In vivag thap between
the trafficking cell and the endothelial cells isnposed of two layers. Close to the wall, the emelal
glycocalyx layer has a thickness of approximat€l® Bm (Vink and Duling, 1996). Between the glycgsand
the trafficking cell, the lubrication layer containnly medium fluid. The flow of liquid in the glgtcalyx layer
was shown to be low as compared to the flow inltiigication layer (Damiano, 1998). Therefore, thedf
velocity gradient and hydrodynamic shear stressvéeh the cell and the walls in vivo occurs mainmiythe
lubrication layer. In our experiments with artifitiwalls, there is a lubrication layer but no emgditl
glycocalyx layer. Nevertheless, since friction asisnainly from the hydrodynamic shearing in therikdiion
layer, the force Hs expected to be comparable in vivo and in owrafébricated channels. Only the effects of
glycolyx layer compliance under stress (Vink andiby 1996) are not taken into accont in our expernts.
For a given cell and capillary geometry, the réidween the friction force;and the pressure forcg éiepends
on the applied driving pressure as:

F Y

00—

F, AP
where v is the cell velocityhP is the applied pressure ahé the lubrication film thickness. In conditionbiere
the friction forces are negligible against presduorees, the velocity v is proportional &° and the lubrication
layer thicknes® varies as a power law of velocity with an expon2f® (Bico and Quéré, 2002). The ratio
%can then be expressed as:

p
where the relative importance of friction forcesstes pressure forces appears to decrease withityel®bis
means that for high driving pressures, frictiorcés are negligible and the cell velocity is cotélby pressure
forces only. This explains why, on Fig. 4A, all MAMInFV ratios tend to 1 at high driving pressures.
Conversely, at low applied driving pressures and dell velocities, the relative effects of frictiame enhanced,
which explains that we observe various effects aiinacytoskeleton organization and actomyosin égtign
friction. For a given channel geometry and apptiegiing pressure, the main parameter controllirg strength
of F is the thickness of the lubrication fild, A lower cell velocity can be attributed to a thém lubrication
layer between the cell and the walls, and therefora higher pressure exerted by the cell on thiéswdsing
this point of view, several pieces of informaticandbe obtained in the transit stage from the erpartal cell
velocity differences. First, since different cadlghibit different friction values, it is clear thidtey do not behave
like simple Newtonian liquid drops. The elastic gmment of the rheological behaviour of leukocytas to be
taken into account in order to understand the diffees of transit velocities. Many micropipettedstigations
have characterized the viscoelastic behaviour wfdeytes on the capillary entry stage (Schmid-Sbkiimet
al., 1981; Sung et al. 1988), but we present Hezditst evidence that viscoelastic effects playgmificant role
in the leukocyte transit through a narrow capilla®gcondly, the fact that Jpk-treated and LatAtt@aells
exert respectively higher and lower pressures emidills as compared to normal cells demonstrasdsttle cell
elastic component exerting a pressure on the vealies significantly from the actin network orgaatian.
Thirdly, velocity results give a direct proof thiae rheological state of normal, Jpk- and LatAateel cells is
very different after their entry in the constrigtioThe forced entry of normal and Jpk-treated dellsarrow
constrictions does not completely disrupt theirimstcaffold. Fourthly, the instant velocity for alklls was
always observed to be constant during the wholktratsit along the capillary. This means that najon
change occurs in the cell rheological propertiesnguthe transit through the capillary, whatevee fhiction
between the cell and the walls, and despite thgellangth of the constriction used in this studg@aspared to
physiological constrictions. This supports the obasgon of Yap and Kamm that the activation of sell
(pseudopod formation, increase of F-actin contegtthe passage though a constriction occurs faemdly
large deformations, in their case for a capillaignteter of 3um, i.e. a cross-section ofpim? (Yap and Kamm,
2005). As a comparison, our constrictions have asssection of 64im?. Deformation, more than friction,
seems to be an important mechanical trigger ofdeyles activation. On the other hand, we have fohad
myosin Il activity does not influence significanthglocity and friction. Therefore, friction is strgly influenced
by actin network organization and hardly by mydsiactivity, exactly like stiffness. This suppottse idea that
stiffness and friction are highly correlated andttthe apparent friction is a consequence of ti#fihaess.

Membrane unfolding: Myosin Il activity contributes to microvily zipping
It is well known that excess leukocyte plasma memerarea is stored in folds and villi, as showrstgnning

electron microscopy (Bessis, 1973), and it has lseggested recently that wrinkles are stabilizednbynbrane-
cytoskeleton-membrane bonds (Herant et al., 20@&sma membrane wrinkles are a key source of membra



expansion. During the deformation of a sphericél| tge required increase in membrane area is itectdrom

this reservoir of membrane by wrinkles smoothing @his phenomenon is largely involved in the phagosis
process of leukocytes (Simon and Schmid-SchénkE®88). Upon passage through a constriction, a cell
undergoes a deformation from its spherical shapé rquires membrane unfolding. In our experimewss,
have seen that the extension length of leukocytehéa constriction, L, does not evolve during the cell travel
inside the capillary. The whole deformation processurs during the entry stage and the exact shapee
deformed cell can be determined at the exit otcthrestriction from both side and top views.

An interesting feature of our experiments is tt@inmal THP-1 leukocytes exhibit exactly a deformatio
from a sphere to a puck, which corresponds to timrmal deformation required to enter our constauoti This
implies the existence of a mechanism that resistess membrane unfolding. Herant and coworkers have
observed a similar resistance to membrane areansigraagainst osmotic pressure tending to swekdeytes
(Herant et al., 2003) and they introduced the cpnho&a « molecular velcro » mechanism holdingwhimkles
together. The nature of the molecular velcro remaiowever largely unknown (Dewitt and Hallet, 200@ur
results also show that Jpk- and LatA- treated dmdlsave the same way as controls, which demonsttiast
alteration of actin filaments does not play a digant role in the resistance to cell membrane ldgifig, at least
in the range of stresses applied to the cells ineaperiments. On the other hand, Blb-treated a®llsibit a
large excess unfolding under similar applied stresaditions. The surface increase for Blb-treatedlsc
sequestered in the gm-wide capillary can be as high as 160%, whereastrtimimal deformation to enter the
constriction is only of 50%. This result clearly ndenstrates that the mechanism that resists membrane
unfolding, i.e. the molecular velcro mechanism,oimes myosin Il activity. Moreover, it is remarkabthat the
membrane area increase of 160% is comparable tanthémum excess area determined experimentally by
micropipettes experiments (Evans et al., 1993; Rauand Sheetz, 1999). This suggests that Blbetlezlls in
our experiments have unfolded the totality of threservoir membrane wrinkles. The wrinkles velcripging
appears to be very weak with Blb treatment, whigises an important question: does the role of mydsi
activity in the velcro gripping mechanism consigts reinforcing the static strength of gripping, or
accelerating the dynamic re-formation of new lisksl wrinkles? The exact function for most myosssot
completely understood but myosin Il activity is alyg associated with contractile activity, e.g. ytokinesis
(pining apart of a dividing cell) or migration (feard translocation of the body of a cell). The cactile
function of myosin Il is therefore more consisteiith the idea that myosin Il participates to menmeravrinkle
formation by pulling on actin filaments anchoredldferent points of the membrane.

Following this point of view, it is interesting teemark that Blb-treated cells do not all exhibit a
maximum unfolding. The Blb-treated cells undergothg highest applied driving pressure and fastastye
process exhibit a minimum membrane unfolding (embrane surface increase of 50%) exactly likerobnt
cells. This result shows that wrinkle grips stitist in Blb-treated leukocytes before applicatidraanechanical
stress/deformation and therefore that myosin livigtis not necessary for the existence of th&dinThis is
consistent with the idea that a Blb treatment iithithe ATP driven activity of Myosin Il but notsitbinding
(and cross-linking) function to actin filaments.erafore, with Blb treatment, myosin Il keeps itsgae role of
actin filaments molecular cross-linker. Also, itilsportant to remark that velcro unzipping takescpl for the
lowest mechanical stress intensity and for the &iirequencies of the mechanical sollicitation.sTiioves that
the velcro ungripping is not accountable for a dase of the static gripping strength but rathea thynamic
effect. The ungripping of velcro grips has a finitearacteristic detachment time, which is abous&€onds in
our experiments. Consequently, our experiments sfiewthat the characteristic time of wrinkle renfation is
necessarily lower than 50 seconds with Blb treatdts, since we can visualize the cells in theifolded state.
This strongly suggests that myosin Il activity isedtly involved in the dynamic mechanism of wriakle-
formation and that this mechanism is not fast ehoirg Blb-treated cells to compensate the increase o
membrane surface. This supports our previous hgsahthat the role of myosin Il activity in the mamane
folding and wrinkling properties of leukocytes igimly involved in the dynamics of wrinkle re-forriat, most
probably by exerting forces between different amcigopoints on the membrane (Fig. 8).

Membrane unfolding has not been investigateddiseases implicating leukocyte sequestration in
pulmonary capillaries. Indeed, most investigatasehfocused on the effects of cell mechanical afttbsive
properties (Doerschuk, 2001). They have establishaidthe first leukocytes/endothelium contactsraegliated
by selectins and their counterreceptors (Kans&#6)18nd that known adhesion molecules, includirgelectin,
P-selectin and CD11/CD18, have no role in the dhitleukocyte sequestration in the pulmonary
microvasculature (Wang et al., 2001; Yoshida et 2006). Our microfluidic experiments confirm thell
stiffness is indeed highly correlated to the ihiaquestration of leukocytes, and support theeefioat adhesion
is not required. On the other hand, we also shaat the initial leukocyte sequestration implies toatls
undergo hydrodynamic elongation forces over longioge of times exceeding the characteristic time of
membrane velcro unzipping that we determined arob@dseconds. A cell arrest therefore makes possible
membrane unfolding. Furthermore, in-vivo inflammoatieffects can play a role of promoting sequestat
activation and membrane unfolding. Indeed, thedarecessary to ungrip membrane wrinkles is sigaifiy



reduced in activated neutrophils (Herant et al05)Gnd some studies have shown that inflammatients can
take place after the initial sequestration steps Theans that membrane unfolding is probable fokdeytes
after initial sequestration and development of laslammation. A full understanding of the biochiead and
mechanical events that occur during sequestra@mbt yet emerged and, in this context, membrafading
can be of great interest in leukocyte-endothel@lscinteractions by mediating/aggravating theanfmatory
processes.

Actin and actomyosin activity do not drive the cell shape recovery

When a leukocyte is expelled from a narrow capiliato a larger channel, it recovers its sphergtgalpe in two
stages. The first stage is fast and leukocytes stlnecover their initial spherical shape in a chaastic time of
50 seconds, which is in very good agreement witkvipus observations (Tran-Son-Tay et al., 1991). A
remarkable result is that the shape recovery psowess found to be unaffected by perturbations dinac
organization or actomyosin activity. Normal andatesl THP-1 cells undergo a similar shape recovery.
Moreover, this shape recovery was also found ttnependent of the duration of sequestration inrdeow
capillary. These results raise the question ofofigin of the driving force leading to the shapkaxation, since
it cannot be ascribed to actin polymerization roattomyosin activity. On the other hand, it isemesting to
recall that velocity measurements have previoublyws that the viscoelastic properties of normak- Jmnd
LatA-treated cells were still very different aftdre forced passage in the constriction. One can toaclude
that the mechanism driving cell shape relaxatiomlgist enough to dominate the effect of diffendatoelastic
properties of cells with different actin cytosekele organizations. A mechanism that drives the alatell
shape and applies forces on a several micron segiléres the (re)-building of a large macromolecstzaffold.
The three major filamentous constituents of th@skgleton are potentially involved in the constitotof this
scaffold. Our results obtained with Jpk- and Lateated THP-1 cells provide the first piece of evide that
actin is not dominantly involved in cell shape x&lgon. Others have already presented results stiggethat
microtubules play a negligible role in the mechahigroperties of circulating leukocytes (Chien kf 4984;
Hofman et al. 1999; Saito et al. 2002; Tsai etld96). This leaves intermediate filaments as thetmrobable
actor in cell shape recovery after deformations lquite interesting to remark that this concluseronsistent
with recent experiments on lymphocytes (Brown et 2001), which demonstrate that vimentin interratai
filaments are the main contributors to the stiffnekcirculating lymphocytes. For the future, oesults strongly
suggest that it would be very interesting to furtirevestigate the specific and precise role of rimediate
filaments in the different stages of leukocyte#fitking through narrow capillaries.

A deformed leukocyte state is required for normal t rafficking through the capillary bed

The kinetics of cell relaxation helps to shed ligint the behavior of leukocytes in physiological ditions
where they have to negotiate the passage througbnhpone but several connected constriction seqsieom
an arteriole to a venule. The number of segmentswgriered during the human pulmonary transit isneded
from 50 to 100 (Hogg and Doerschuk, 1995) and tthesit time of individual canine leukocytes was mead
in vivo at a median value of 26 seconds with vargé deviations (Lien et al., 1987). The charastierrecovery
time of 50 seconds observed in our microfluidic emments for restoring the main part of the leukecy
spherical shape after deformation is therefore atiqular interest. Indeed, the recovery rate ofodred
leukocyte is not fast enough to allow a completapghrecovery in physiological transit conditionsisT
suggests that deformed leukocyte shapes may &eiliheir transit through subsequent restrictiomsosed by
the capillary bed (Gebb et al., 1995). The verisatdf the microfluidic technique allowed us to ¢iom this
assumption with a special design mimicking the getoynof physiological segments.

Conclusions

We have used a microfluidic technique to investighe passage of leukocytes in a narrow capillahich is
the starting event of post-sepsis or trauma diserdethe lung microvasculature. This in-vitro asidgle-cell
approach provides an improved understanding ofrdle of actin and myosin Il on capillary leukocyte
trafficking in physiologically relevant mechanicabd hydrodynamical conditions. We have establighatithe
redistribution of actin filaments and molecular oroactivity have specific and different roles oe #xtent and
rate of cell deformation and cell membrane unfaidin the different stages of leukocyte traffickiig a
constriction (entry stage, transit stage and shapevery stage). Leukocyte entry times into a ¢ailand
hydrodynamic friction with the capillary walls asgrongly enhanced by the degree of actin polymgozaThis
confirms the important role of the actin networlgamization for the sequestration of leukocytesapiltaries.
Our results also provide the first assessmentetuntribution of myosin Il activity to cellularamsit in narrow
capillaries. Myosin |l activity influences only nganally the global cell mechanical properties bpp@ars as a



key element in the mechanism of membrane unfoldimder stress. Finally, the cell shape recovery g0
seconds was shown to help significantly the trathsgugh the capillary segment network. Importanthe also
showed that the characteristic time of cell sham®very is not driven by actin polymerization notcemyosin
activity, which suggests that the role of internageliflaments should be systematically investigate@ach
stage of traffic through a capillary.

Materials and Methods

Cell preparation and drug treatments

We used the monocytic THP-1 lin€s(ichiya et al., 1980aintained as previously described (Vitte et2004) in Roswell Park Memorial Institute-
1640 medium (Invitrogen, Cergy Pontoise, Francepemented with 20 mM HEPES buffer, 10% Fetal Gafum (FCS), 2mM L-Glutamine, 50
U/ml penicillin and 50ug/ml streptomycin. Stock cell culture were passatyeide weekly and maintained at 37°C in a humidifegmosphere

containing 5% C@ Jasplakinolide (Molecular probes, J7473, Eug&) 1.4 mM, Latrunculin A (Molecular Probes, L123Rugene, OR) 2.37

mM and Blebbistatin (Fischer Bioblock Scientifitkirch, France) 75 mM stock solutions were preparedimethyl sulfoxyde (DMSO) and stored
at -20°C. Cells (1x10mL) were incubated with Jpk, LatA and Blebbistatnconcentrations of 3, 3 and G@/ml respectively on a rocking platform
for 20 minutes at 37°C. Control experiments hawaiggd that DMSO up to 0,5% does not affect THP-thaeical properties.

Microfluidic setup

Microfluidic channels are first drawn using Clewsnftware (WieWeb Software, Netherlands) and a chmmmask is generated (Toppan
Photomask, Corbeil Essonnes, France). A mastéecthiannels was then fabricated on a silicon viaferhotolithography with photosensitive resins
(SU-8 2015, Microchem, MA, USA). Microfluidic chaels were molded with polydimethylsiloxane (PDMS]dayd 184 Silicone Elastomer Kit,
Dow Corning, USA). Ports to plug the inlet and etitleservoirs were punched in the PDMS replica wittauge needle. The device is finalized by
sealing the PDMS piece on a 1jff thick glass coverslips viaxplasma activation of both surfaces. Inlet andeiutservoirs are connected to the
microfluidic device with Teflon tubings and the eegoirs are attached to a linear translation stagented on a linear slide. Pressure drops acress th
microchannel are controlled by varying the heigttideen inlet and outlet macroreservoirs (Fig. 1).

Microfluidic design rationale
A spherical cell of diameteriBqueezed in a slit of width W is deformed intaualpof height W and diameter,> Considering that the free edge of
the squeezed puck has a curvature imposed by Vépiierent [, can be calculated as:
3
D, =W(a-1)+.|(nw) +| 22
2 3w
For O = 12.5um and W = 4um, the deformed puck-shaped cell has a diamegjer 6.8um. Therefore, the height H of our microfluidics nhals
was chosen at )im. This value permits a free travel of cells ofndéger B = 12.5um in the inlet and relaxation channels of crossise@0x16pm,
and insure also that the deformed cells fill thestdction cross section of 4 x {8n. Therefore, the pressure drop across the catstriapplies fully
on the cells with minimum fluid leakage arounddn the other hand, the microfluidics experimentsensdso designed regarding the forces exerted
on a cell in the constriction. The forcg Exerted by the pressure ddB and pushing the cell along the channel is:

F, =WHAP
The friction force F exerted by the lubrication liquid film separatithg cells from the walls and opposing to the wel/ement is:
2
E = nb_ nv
' 25

wheren is the viscosity of the medium, v is the veloaifithe cell and is the thickness of the thin liquid film betwede tcell and the walls. Taking
typical values ofAP= 200 Pa, v = 2 1Om.s?, andd = 100 nm (Bathe et al., 2002) leads to a rafib,/= 1.1. i and F are of the same order of
magnitude, so that friction changes will induceedtdble velocity changes in the constriction.

Microfluidic experiment of cell passage through a ¢ onstriction.

Microfluidic devices were first incubated with 1%upmnic F108 solution (BASF, NJ) for 2 h to detell@dhesion (Jo and Park, 2000). A Nikon
incubator NP-2 was used to control the temperaatird7°C. HEPES (N-2-hydroxyethylpiperazine-N'-2-atksulfonic acid) buffer (Sigma, MO,
USA) was used to provide buffering of the medighi@ pH range (7.2-7.4 at 37°C). Before each expsrimiTHP-1 cells were centrifugated at 1750
rpm for 4 minutes (Eppendorf, model Centrifuge 98p4nd diluted in serum-free medium to® k@lis/mL before injection in the device with a
syringe connected to the inlet. In some casess éetmed small protusions and/or large pseudopdutevin the microchannel or during shape
recovery phase. These cells were excluded fronsthdy. Cell viability was confirmed by the tryphlue exclusion test. All movies were taken using
an Olympus inverted optical microscope (Olympus IX@quipped with oil immersion objective lensesmagnification x60 (Olympus, PlanApo
1.40) and x100 (Olympus, UplanFLN 1.30), a CCD widamera (COHUE, model 4912-5000), a professioialotape recorder (Sony, model DSR-
25). They were digitized and finally analyzed frabyeframe with ImageJ software (Abramoff, 2004).

The authors gratefully acknowledge the LaboratdineFutur of Rhodia (LOF, Pessac, France) for tecthrsapport with
microfabrication and Rhodia Company for financial o of the SG’s CNRS postdoctoral position. SG iw i@hargé de
Recherches of thE.R.S.-FNRS.
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Fig. 1. Microfluidic setup. (A) Pressure drops were imposgdvarying the height of watefA\H, between the
upstream and downstream macroreservoirs. Cells intluced into the device by a syringe connettbethe

upstream reservoir with a three-way valve. Thetisb®ws a picture of the 4-um-wide constriction rofed

(length : 2250 pum) and 20-um-wide inlet/oulet chelanThe scale bar corresponds to 850 pm.MBXimum

fluid velocity measured by fluorescent particlexking, MxFV, versud&H. Values are means + SE; n = 4.
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Fig. 2. Images sequence of a Blb-treated THP-1 cell dugimgy in the 4-um-wide constrictioAl = 10,8 cm
H,0). (a) approach, (b) contact, (c), (d) and (e)ettgyment of a projection in the constriction, arg (
completed entry. The scale bar represents 12 um.
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Fig. 3. Role of the actin cytoskeleton and actomyosin &gtiduring entry stage. (A) Entry times, ETs, versu
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height of waterAH, and (B) projection length \.versus time aAH = 10,8 cm HO in a 4pm wide constriction

for normal @), Blb-treated ¢), Jpk-treated £) and LatA-treated ¥) THP-1 cells. Error bars represent

standard error (THP-1 : n=7, LatA : n=4, Jpk : nB# : n=6).
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Fig. 4. Role of the actin cytoskeleton and actomyosin &gtiduring transit stage. (A) Ratio mean cell
velocity/mean fluid velocity, MNnCV/MnFV, and (B) tia projection length/puck diameter,ID,,, as a function
of the height of watedH, for normal @), Blb-treated ¢), Jpk-treatedf\) and LatA-treatedV¥) THP-1 cells.
(C) Microscope pictures of THP-1 cells before eritryithe constriction [a], in the constriction [ld@nd shortly
after their release from the constriction when filee-rotating cell presented a maximum size [cttires [b]
and [c] give respectively insight into the top- aside-views of the cell in the constriction. Cas€dntrol, Jpk-
treated and Lat-A-treated cells have a puck shafie diameter 17um , height W= 4um and excess surface
areaAS/S=50% (left cartoon). Case Il: Blb-treated chbse a roughly parallelepipedic shape with dimemsio
4,16 and 2um and excess surface aft&8/S=160% (right cartoon).
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Fig. 5.Image sequence a THP-1 cell at different timegs aélease from a 4-um-wide constriction {&) 0,6 s,
(b)t=7,2s,(cx=26s, (dX=41,7s, (e} =204,3 s and (f)= 413,5 s. The scale bar represents8
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Fig. 6. Role of the actin cytoskeleton and actomyosin #gtiduring relaxation stage. Long-to-short axisaat
(I/s) of a THP-1 cell versus the time after relefisen a 4-um-wide constriction. Error bars représtandard
error (THP-1 @): n=4, LatA (V): n=3, Jpk AA): n=4, Blb £): n=3). The* sign at t=0 corresponds to the
theoretical I/s ratio of a puck with diameter 1@ and height W= 4im. The inset shows long (I) and short (s)
axis on a picture of a deformed cell.
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Fig. 7. Series of images showing the passage of a singlE-THell through a succession of 5-um-wide
segments. The scale bar representgrihs

i) -Blb

i) A +BIb

Fig. 8. Scheme of the actomyosin activity contribution tembrane folding. (i) Cell membrane after a large
expansion. Microvilli are unfolded and membranessieleton-membrane links are cleaved. (ii) Nornadisc
links rebuild and myosin Il exerts tension (arrous)e-wrinkle the membrane. (iii) Blb-treated selithout
myosin Il tensile activity links may reform but mbrane is not wrinkled after 50 seconds.
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Supplementary materials

Movie 1. Sequence of a Lat-treated THP-1 cell of diameter 02 pm circulating successively in the inlet
channel (cross-section 20xuén), the constriction channel (cross-section 4pih§) and the relaxation channel
(cross-section 20x1m) at an applied driving pressure of 13 caOHThe visualization of the entry, transit and
relaxation stages permits to investigate the dedition kinetics during entry in the constrictione ttell velocity
during capillary transit, and the shape recovengtics after release from the constriction.

Movie 2. Sequence of a normal THP-1 cell of initial diamdbe = 12.5um released from the constriction
channel at an applied driving pressidé of 18 cm HO. The free rotation of the cell in the relaxatirannel
allows access to a side-view of the deformed ggraximately 1 second after its release from thastriction.
The deformed shape in this case corresponds tmithienal deformation into a puck of height W ~uh and
diameter [, ~ 16pum.

Movie 3. Sequence of a normal THP-1 cell of initial diamdde= 12 um circulating through a succession of 5-

pm-wide and 20-pm distant segments at a drivinggun@AH of 25 cm HO. The elongated shape adopted by
circulating leukocytes helps their passage thraugitessive segments.

19



