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T Lymphocytes Orient against the Direction of Fluid Flow during
LFA-1-Mediated Migration
Marie-Pierre Valignat,†‡* Olivier Theodoly,†‡ Alexia Gucciardi,†‡ Nancy Hogg,§ and Annemarie C. Lellouch†‡*
†Laboratoire d’Adhésion Cellulaire et Inflammation, Aix Marseille Université, CNRS UMR7333, Marseille, France; ‡INSERM U1067, Marseille,
France; and §Leukocyte Adhesion Laboratory, Cancer Research UK London, Research Institute, London, United Kingdom
ABSTRACT As they leave the blood stream and travel to lymph nodes or sites of inflammation, T lymphocytes are captured
by the endothelium and migrate along the vascular wall to permissive sites of transmigration. These processes take place under
the influence of hemodynamic shear stress; therefore, we investigated how migrational speed and directionality are influenced
by variations in shear stress. We examined human effector T lymphocytes on intercellular adhesion molecule 1 (ICAM-1)-coated
surfaces under the influence of shear stresses from 2 to 60 dyn.cm�2. T lymphocytes were shown to respond to shear stress
application by a rapid (30 s) and fully reversible orientation of their migration against the fluid flow without a change in migration
speed. Primary T lymphocytes migrating on ICAM-1 in the presence of uniformly applied SDF-1a were also found to migrate
against the direction of shear flow. In sharp contrast, neutrophilsmigrating in the presence of uniformly applied fMLPand leukemic
HSB2 T lymphocytesmigrating on ICAM-1 alone oriented their migration downstream, with the direction of fluid flow. Our findings
suggest that, in addition to biochemical cues, shear stress is a contributing factor to leukocyte migration directionality.
INTRODUCTION
The remarkable ability of leukocytes to leave the blood
stream, cross the vascular endothelium, and enter tissue or
organs is critical for both the innate and adaptive immune
response. In the first line of defense, neutrophils and mono-
cytes home to inflamed vascular endothelial sites and enter
tissue to release antimicrobial molecules. During immuno-
surveillance, antigen-inexperienced, naı̈ve T lymphocytes
circulate constantly between the vasculature and lymph no-
des, where they survey professional antigen-presenting cells
for the presence of foreign antigen. If such antigen is
encountered, the lymphocytes gain effector functions, such
as cytokine secretion for helper CD4þ cells or acquisition
of cytotoxic activities for CD8þ cells, and subsequently
reenter the circulation to rapidly home to inflamed and/or
infected tissues or organs (1). A common mechanism for
leukocyte extravasation is currently defined as a multistep
process that involves selectin-mediated capture to and roll-
ing along the vascular wall, chemokine-mediated upregula-
tion of the integrin family of adhesion receptors, firm
adhesion, and finally either pericellular or transcellular
migration across the vascular endothelium (2,3). After adhe-
sion occurs, the polarized leukocytes migrate along the
vascular wall in an integrin-dependent process called intra-
luminal crawling (4). This amoeboid form of motility
involves the tightly integrated actions of integrin-mediated
adhesion, Rho family GTPase-mediated actin polymeriza-
tion events at the leading edge of the cell, and nonmuscle
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myosin II-mediated contractility in the rear or uropod (5).
Intraluminal crawling may allow the leukocyte to move
away from its initial site of attachment and find permissive
points of exit, such as at endothelial junctions (6). The
quality, quantity, and spatial distribution of selectin ligands,
integrin ligands, and chemokines are thought to provide
directional cues to the migrating cells. However, in addition
to these biochemical cues, leukocytes are also subjected to
significant hemodynamic forces, in particular in the form
of shear stress. The direction of shear stress is determined
by the direction of flow, and its intensity depends upon
blood flow rates and local vascular geometry.

During leukocyte extravasation, a number of processes
are influenced by shear stress, such as leukocyte integrin
activation, pseudopod formation, and transmigration
(7–12). More specifically, shear stress can strengthen che-
mokine-triggered integrin adhesion of naı̈ve T lymphocytes.
It can also lead to more efficient transmigration with
increased filopodia formation when naı̈ve T lymphocytes
transmigrate across the cellular endothelium in vitro
(12–14). Taken together, these findings suggest that a variety
of integrin-dependent and -independent cellular mecha-
nisms that are also involved in intraluminal crawling may
be sensitive to shear stress.

Intraluminal crawling was first observed in vivo in murine
monocytes that patrolled the vascular endothelium, albeit
with no apparent directional bias (15). Later in vivo studies
of neutrophils showed that these leukocytes migrate prefer-
entially in the direction of blood flow (6,16,17). In vitro
migration experiments have also been performed on
cultured human umbilical vein endothelial cells or on im-
mobilized ligand, in which the relative contribution of
specific b3 or b2 integrin ligands (e.g., platelet endothelial
cell adhesion molecule 1 (PECAM-1) and intercellular
http://dx.doi.org/10.1016/j.bpj.2012.12.007
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adhesion molecule 1 (ICAM-1)) can be evaluated.
Neutrophils express several integrins that are involved in
motility, notably avb3, which binds PECAM-1, and two
b2 integrins, lymphocyte-function-associated 1 (LFA-1;
aLb2, CD11aCD18) and macrophage 1 (MAC-1; aMb2,
CD11bCD18), both of which bind ICAM-1 (18). In the
in vitro studies, neutrophils migrated randomly under static
conditions and with a bias in the direction of fluid flow in
a shear-stress-dependent fashion that was consistent with
previous in vivo observations (19,20). Conversely, intravital
imaging of rat CD4þ effector T lymphocytes bound to
specialized cerebral structures, the leptomeningeal vessels,
in an experimental autoimmune encephalitis model revealed
that the lymphocyte migration was oriented preferentially
against the direction of blood flow before transmigration
(21). Furthermore, when mouse CD4þ effector lympho-
cytes were observed migrating on cultured mouse brain
microvascular endothelial cells or on ICAM-1- or ICAM-
2-immobilized ligand, the cells migrated randomly under
static conditions and slightly against the direction of flow
when shear stress was applied (22). These examples of T
lymphocyte migration suggest that such leukocytes might
respond differently to shear stress compared with neutro-
phils or monocytes. However, these previous studies on T
lymphocytes were limited to observations in the patholog-
ical context of autoimmune encephalitis in mice. Moreover,
they only investigated activated effector lymphocytes under
limited shear stress conditions (e.g., 1.5 dyn.cm�2) that
were lower than the shear stress rates known to exist in post-
capillary venules. It also remains to be determined whether
the lymphocyte response to shear stress depends on the
lymphocyte activation state or the level of shear imposed
on the migrating cell.

The shear stress of interest in this study relates to the
conditions encountered in the postcapillary venules, where
leukocyte extravasation predominantly takes place. More-
over, naı̈ve and central memory T lymphocytes enter lymph
nodes by migrating across specialized high endothelial
venules. Although it is difficult to characterize hydrody-
namic properties in the highly confined microenvironment
of the postcapillary venules, several studies that focused
on the microvasculature, in deep organs of mammals or in
human conjunctiva and retina, yielded consistent orders of
magnitudes. According to these studies, the diameters of
capillary venules range between 15 and 30 mm (23,24),
and local shear stresses span between 3 dyn.cm�2 (24,25)
and 10 dyn.cm�2 (26,27), with maximum values reaching
25–30 dyn.cm�2 (27,28). These values establish the range
of shear stress that should be reproduced for in vitro exper-
iments intending to probe physiological mechanisms.

To gain a more thorough understanding of how T lympho-
cytes might respond to variations in shear stress, we under-
took a systematic study of the speed and directionality of
human T lymphocytes migrating on ICAM-1-immobilized
microchannels under physiological shear stress rates
between 0 and 12 dyn.cm�2. To determine the influence
of the lymphocyte activation state, we examined both
freshly isolated human T lymphocytes, which for simplicity
we will refer to as primary T lymphocytes, and T lympho-
cytes activated in vitro and subsequently cultivated with
interleukin 2 (IL-2), which we will refer to as effector T
lymphocytes. We also investigated the behavior of freshly
isolated human neutrophils and HSB2 cells, a T lymphocyte
line derived from an aggressive T acute lymphoblastic
leukemia (T-ALL). In our assay, each cell type was
provided with the minimal necessary elements to sustain
migration, namely, a homogeneous surface presentation of
ICAM-1-Fc in combination with stromal-cell-derived factor
1a (SDF-1a) or N-formyl-methionyl-leucyl-phenylalanine
(fMLP) for the primary T cells and neutrophils, respectively,
or ICAM-1-Fc alone for the effector T lymphocytes or
HSB2 cells. Under these conditions, we found sharply
contrasted behaviors between different cells when shear
stress was applied. Neutrophils and HSB2 T lymphocytes
migrated systematically in the direction of fluid flow,
whereas both the primary and the effector human T lympho-
cytes migrated against the direction of fluid flow. Direc-
tional bias increased with shear stress intensity, whereas
linear speed is never affected by the action of flow. Changes
in directional bias versus flow were found to occur within
a few tens of seconds and were completely reversible. Our
findings suggest that, in addition to biochemical cues, shear
stress is a contributing factor to leukocyte migration direc-
tionality, and that different leukocytes may respond to their
hemodynamic environment differently.
MATERIALS AND METHODS

Cells and reagents

Whole blood from healthy adult donors was obtained from the Établisse-

ment Français du Sang. Peripheral blood mononuclear cells (PBMCs)

were recovered from the interface of a Ficoll-Paque PLUS (GE

Healthcare, Pittsburgh, PA) gradient. The PBMCs were stimulated with

either 10 mg/mL phytohemagglutinin-L (PHA-L; Roche Diagnostics, Indi-

anapolis, IN) or anti-CD3/anti-CD28 Dynabeads (Invitrogen, Carlsbad,

CA) according to the manufacturer’s instructions. PBMCs were subse-

quently cultivated in Roswell Park Memorial Institute Medium (RPMI)

1640 supplemented with 25 mM Hepes and 25 mM GlutaMax (Gibco,

Carlsbad, CA), 10% fetal calf serum (FCS; Lonza, Basel, Switzerland) at

37�C, 5% CO2 in the presence of IL-2 (50 ng/ml; Miltenyi Biotec, Auburn,

CA) and used 7–10 days after stimulation. At the time of use, the cells

were >95% positive for pan-T lymphocyte marker CD3ε and negative

for T lymphocyte activation marker CD69 as judged by flow cytometry.

To isolate naı̈ve T lymphocytes, freshly isolated PBMCs were subjected

to negative selection using the Pan T lymphocyte isolation kit (Miltenyi

Biotec). Cells were used in migration experiments within 24 h after they

were isolated. Neutrophils were isolated from fresh blood samples by

centrifugation in lymphocyte separation medium (Eurobio, Les Ulis,

France). Residual red blood cells were lysed by treatment with 0.14 M

NH4Cl. Neutrophils were then maintained at 37�C in a humidified atmo-

sphere containing 5% CO2, and used in experiments within 2–3 h. The

HSB2 human T lymphocyte line was cultivated in RPMI, 10% FCS supple-

mented as for the PBMCs. Fluorescent conjugates of anti-CD3ε (UCHT1),
Biophysical Journal 104(2) 322–331
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anti-CD4 (OKT4), anti-CD8 (HIT8a), anti-CD11a (HI111), CD11b

(ICRF44), and anti-CD18 (TS1/18) were obtained from Biolegend (San

Diego, CA). APC-anti-CD69 was obtained from BD Biosciences (Franklin

Lakes, NJ). The blocking antibodies for CD11a (HI111) and CD11b

(ICRF44), as well as the isotype control, were obtained from Biolegend.
Flow channel preparation

Ibidi channels IV0.4 (Ibidi GMBH, Martinsreid, Germany) were coated

overnight at 4�C with 10 mg/ml human ICAM-1-Fc (R&D Systems, Minne-

apolis, MN) in PBS (Gibco) with or without either SDF-1a (R&D Systems)

or fMLP (Sigma-Aldrich, St. Louis, MO). Channels were subsequently

blocked with a solution containing 2.5% bovine serum album (w/v; Axday,

Dardilly, France) and 2.5% Pluronic acid F-108 (w/v; BASF, Ludwigsha-

fen, Germany) in PBS for 30 min at room temperature. Channels were

rinsed three times with Hank’s buffered saline solution supplemented

with 5 mM MgCl2, 5 mM CaCl2, and 5 mM Hepes. Cells were added in

complete culture medium at densities of ~2 � 106/ml and allowed to equil-

ibrate for 10 min at 37�C before image acquisition was initiated.
FIGURE 1 Cell tracking and data analysis. (A) Bright-field images of the

migration of a single cell shown at different time points (0 s, 270 s, 400 s,

500 s, 580 s, and 650 s). (B) Bright-field images of T lymphocytes and their

trajectories recorded during 16 min. (C) Cell trajectories with initial coor-

dinates (0,0). (D) Parameter definitions. The initial coordinates of the cell

are (0,0). Flow is directed from top to bottom, Yi,end is the distance the

cell number i traversed in the direction of flow, and di,accum is the contour

length of the cell trajectory. We define the Y forward migration index, or

YFMI, as Yi,end /di,accum, which is positive if the net translation is in the direc-

tion of the flow. qi is defined as the angle between the X axis and the axis
Migration assays under flow

Cells in the flow chambers were observed at 37�C with a Zeiss Z1 auto-

mated microscope (Carl Zeiss, Oberkachen, Germany) equipped with a

CoolSnap HQ CCD camera (Photometrics, Tucson, AZ) and piloted by

mManager (29). Flow of prewarmed and CO2 equilibrated culture media

through the flow chamber was controlled using an Ibidi pump system (Ibidi

GMBH, Martinsreid, Germany). Bright-field images (Plan-Apochromat

20x/0.8 objective) were collected every 10 s over the time frame indicated.

The field of view represents 870 � 650 mm2.
joining the initial and final positions of the cell number i. It is counted posi-

tively in counterclockwise rotation.

Cell tracking and data analysis

An image-processing program was developed in house to automatically

detect and track the migrating cells using MATLAB software (The Math-

Works, Natick, MA). The principal steps of the program are as follows:

1), performing automated image quality enhancement using background

division and intensity normalization; 2), thresholding and binarizing the

images to distinguish cells from the background; and 3), identifying and

numbering cells in the first image and following them in the next image

(Fig. 1 A). Further steps include 4), writing the output, which contains

the coordinates and time information for each identified cell; and 5), dis-

playing the identified trajectories on the first frame (Fig. 1 B) or displaying

all of the trajectories starting with initial coordinates (0,0) on an XY plot

(Fig. 1 C). In all flow experiments, the flow is directed from the top to

the bottom of the images presented here (Fig. 1, C and D). A Y forward

migration index, YFMI is calculated by dividing the distance the cells travel

in the Y axis direction by the cells’ contour length, Yi,end/di,accum. This YFMI

index gives an indication of the amount of movement that is in the direction

of flow versus the total trajectory, and is equivalent to the chemotactic index

that is usually used to quantify the migration direction relative to gradients

of chemotactic factors (30). The average speed of a cell, V, is calculated

based on its total trajectory as the ratio between the contour length di,accum
and the corresponding time of migration. All calculations were performed

at least in triplicate for each cell type and >10 times for the effector T

lymphocytes.
RESULTS

Adhesion versus shear stress

Cells were introduced into a channel that was previously
coated with either ICAM-1-Fc alone for effector T lympho-
Biophysical Journal 104(2) 322–331
cytes and HSB2 cells, ICAM-1-Fc in combination with the
chemokine SDF-1a for primary T lymphocytes, or ICAM-
1-Fc in combination with the stimulant fMLP for neutro-
phils. After injection and a resting time of 10 min without
flow, the percentage of cells that adhered to and migrated
on the surface was ~50–80%. These migrating cells had
a polarized and flattened shape composed of a lamellipodia
at the front and a uropod in the rear, whereas the nonadher-
ent cells maintained a spherical shape. The nonadherent
cells were easily washed away by application of a gentle
flow at 2 dyn.cm�2. To estimate the adhesion strength of
migrating cells under stronger flow, we counted the numbers
of cells that remained adhered after 16 min under a shear
stress of 8 dyn.cm�2. The average ratio was found at 22%,
68%, and 65% for primary, effector, and HSB2 T lympho-
cytes, respectively, and 90% for neutrophils. Adhesion
strength was clearly lower for primary T lymphocytes
than for neutrophils and effector and HSB2 T lymphocytes.
T lymphocytes migrate upstream

Leukocytes leave the vasculature at sites of infection or
inflammation via transmigration through the endothelium
of postcapillary venules, where shear stresses average
5–10 dyn.cm�2. Therefore, we first applied a shear stress
of 8 dyn.cm�2 to effector T lymphocytes and the HSB2 T
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lymphocyte line migrating on ICAM-1-Fc alone, and
primary T lymphocytes and neutrophils migrating on
ICAM-1-Fc coimmobilized with SDF1-a and fMLP, respec-
tively. We collected images every 10 s for 16 min and
tracked the individual cell trajectories. There was no migra-
tional difference between the effector T lymphocytes cells
generated by the lectin PHA or by anti-CD3/anti-CD28-
coated beads (data not shown); therefore, in the following
text, all effector T lymphocytes correspond to PHA-acti-
vated cells.

Under static conditions, the migration direction was
random (i.e., without directional bias) for all four cell types,
as shown by the angle histograms (Fig. 2, upper panel).
However, the directional migration was strongly biased by
the imposition of flow. Under a shear stress of 8 dyn.cm�2,
we observe two markedly distinct behaviors between the
different cell types: primary and effector T lymphocytes
migrate against the direction of flow, whereas the HSB2 T
lymphocytes and neutrophils migrate in the direction of
flow (Fig. 2, lower panel; see also Movie S1, Movie S3,
Movie S4, and Movie S5 in the Supporting Material).
Fig. 2 also reveals that the distribution of angles is extremely
narrow for effector and HSB2 T lymphocytes, meaning that
the trajectories of the cells are almost straight, whereas the
distributions for neutrophils and naı̈ve T lymphocytes are
broader, indicating that their trajectories are more sinuous.
Finally, it is worth noting that the cell migration direction-
ality is essentially imposed by the flow to each individual
cell for T lymphocytes and HSB2 T lymphocytes. The lower
hemicycle for effector T lymphocytes and the higher hemi-
cycle for HSB2 T lymphocyte in Fig. 2 (lower panel) are
FIGURE 2 Angle histogram for one representative experiment in four differen

and neutrophils) in static (upper panels) and flow (lower panels) conditions show

the fraction of cells with a given angle that fall within a group. Under the flow co

the flow was along the Y axis from top to bottom, as indicated by the arrow. The

static condition and 23, 73, 93, and 60 under the flow condition for primary T
almost empty, with >98% of cells having their direction
imposed by flow. Such a behavior characterizes a very
homogeneous and efficient response of cells to flow.
Downstream migration of neutrophils is
supported by either LFA-1 or MAC-1

Unlike T lymphocytes, neutrophils express two b2-integrins
that can bind ICAM-1: MAC-1 (aMb2, CD11bCD18) and
LFA-1 (aLb2, CD11aCD18). One might reasonably ques-
tion whether the presence of MAC-1 contributes to the
difference in directionality between the neutrophils and
the two healthy T lymphocyte populations as they migrate
on ICAM-1. To explore whether the presence of MAC-1 is
required for the downstream migrational behavior of neutro-
phils, we first employed flow cytometry to examine the
expression of aL (CD11a), aM (CD11b), and b2 (CD18)
on primary, effector, and HSB2 T lymphocytes, as well as
on neutrophils. As expected, neutrophils expressed both
aM and aL along with b2, confirming the presence of
both LFA-1 and MAC-1 (Fig. 3 A). Conversely, no
MAC-1 expression could be detected on any of the three
T lymphocyte populations, including the leukemic HSB2
cells, which also migrated with the direction of flow. To
determine whether MAC-1 was required to maintain the
downstream orientation of neutrophils migrating on
ICAM-1 under shear stress, we preincubated neutrophils
with 50 mg/mL blocking antibodies for either aM
(CD11b) or aL(CD11a). In the presence of either blocking
antibody, adhesion was weakened (the fraction of cells at
8 dyn.cm�2 that remained adherent was reduced by a factor
t leukocyte cell populations (primary T cell, effector T cells, HSB2 T cells,

ing the distribution of q in%40 angle bins. The length of each bin reflects

ndition, the shear stress was set to a value of 8 dyn.cm�2 and the direction of

numbers of cells analyzed were respectively 192, 234, 148, and 134 in the

cells, effector T cells, HSB2 T cells, and neutrophils.

Biophysical Journal 104(2) 322–331



FIGURE 3 Expression of LFA-1 and MAC-1 on

T lymphocytes and neutrophils. (A) The expression

levels of the two integrin a subunits, aL/CD11a

(solid colored lines) and aM/CD11b (dotted

colored lines) are depicted in the left panels, and

the integrin b2 chain is shown in the right panels

(solid colored line) for primary T lymphocytes

(red), effector T lymphocytes (blue), HSB2 T cell

line (green), and neutrophils (black). All negative

controls are depicted with solid gray lines. (B)

Angle histograms of a representative experiment

of neutrophils migrating at 8 dyn.cm�2 after

pretreatment with an isotype control (upper histo-

gram) or 50 mg/mL blocking antibodies directed

against either CD11a (middle histogram) or

CD11b (bottom histogram). Histograms represent

tracking of 117, 50, and 31 cells for the control,

anti-CD11a, and anti-CD11b, respectively.
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of 2 with blocking antibodies as compared with controls),
but the YFMI remained markedly positive in both cases
(Fig. 3 B). These findings suggest that the direction of
migration on ICAM-1 with respect to the fluid flow of
neutrophils is maintained by either form of b2 integrin
(i.e., LFA-1 or MAC-1) that is present at the cell surface,
and therefore the presence of MAC-1 is not a critical factor
responsible for the downstream orientation observed for
neutrophils.
Directionality, but not speed, is dependent
on shear stress rate

Shear stresses in postcapillary venules can be as high as 25–
30 dyn.cm�2 (24,27,28); however, most studies that used
in vitro models for leukocyte migration employed relatively
lower shear stress rates, on the order of 0.5–5 dyn.cm�2

(12,13,22). To more fully explore how migration direction-
ality and speed are influenced by variations in the hemody-
namic microenvironment, we next examined the effect of
the rate of shear stress in the range of 0–12 dyn.cm�2. After
the initial 10 min resting period, shear stress was sequen-
tially increased stepwise every 100 images (16 min) from
2 dyn.cm�2 to 4, 8, and 12 dyn.cm�2. The migration index
along the Y axis, YFMI, averaged over the number of cells, is
illustrated for one representative experiment in each of the
four different cell types in Fig. 4 A, and data accumulated
from four independent experiments with the effector T
lymphocytes are shown in Fig. 4 C. YFMI is an indicator of
movement efficiency along the axis of flow direction. Under
the initial static conditions (shear stress of 0 dyn.cm�2), the
Biophysical Journal 104(2) 322–331
YFMI of each cell type was null, meaning that migration was
random, i.e., lacking directional bias. At the lowest shear
stress of 2 dyn.cm�2 employed in this study, the average
YFMI of �0.2 for both primary and effector T lymphocyte
populations reveals a significant directional bias against
the direction of fluid flow. For higher shear stresses, the
directional bias for primary T lymphocyte migration re-
mained stable, whereas the YFMI of effector T lymphocytes
decreased further down to �0.7 for a shear stress rate of
12 dyn.cm�2. In contrast, the HSB2 T lymphocytes and
neutrophils always migrated with a positive YFMI that
increased up to a maximal value of 0.6. The HSB2 T
lymphocyte seemed to be particularly sensitive to the effect
of flow: YFMI was already as high as 0.5 at 2 dyn.cm�2,
which is the strongest response observed for all of the cell
types. The average cell speed is illustrated for representative
experiments in each of the four different cell types in
Fig. 4 B, and data accumulated from four independent
experiments with the effector T lymphocytes are shown in
Fig. 4 D. Under our experimental conditions, the average
migration speed was between 15 and 21 mm/min for all
leukocyte populations, in accordance with published results
(3). Strikingly, shear stresses of up to 12 dyn.cm�2 had hardly
any influence on the average cell speed, independently of
the cell type and cell migration direction versus flow.

To further test the migration mechanisms under flow
beyond standard physiological conditions, we performed
a series of experiments focusing on the effector T lympho-
cytes at rates as high as 60 dyn.cm�2. Fig. 5 A shows that
cell detachment increased significantly with shear stress
until <10% of the cells that initially were adherent at



FIGURE 4 Leukocyte response to shear stress rate. (A and B) YFMI (A)

and speed (B) for a representative experiment in four different leukocyte

cell populations (primary T cells (triangles), effector T cells (solid circles),

HSB2 T cells (open circles), and neutrophils (squares)). Number of cells

analyzed: N > 50 except for primary cells at s ¼ 8 dyn.cm�2, where

N¼ 23. Data are mean5 SE. (C andD) YFMI (C) and speed (D) were calcu-

lated for four independent experiments in effector T cells. Box-and-whisker

plots show the smallest and largest, lower and upper quartiles, and median

observations. Number of cells analyzed: N ¼ 100–300. Data for YFMI in the

absence of flow are not significantly different from zero. One-way ANOVA

followed by the Tukey multiple-comparison test confirmed the existence of

significant differences in YFMI for different values of shear stress (all

p-values< 0.0001, except between 8 and 12 dyn.cm�2, for which the differ-

ence is not significant (p> 0.05)). One-way ANOVA followed by the Tukey

multiple-comparison test confirmed the absence of significant differences in

speed for different values of shear stress (all p-values > 0.05).

FIGURE 5 Effector T lymphocytes at high shear stress. (A) Evolution as

a function of the shear stress of the fraction of adherent cells relative to the

number of cells that initially adhered in the absence of flow (black bars),

and of the fraction of immobile cells among adherent cells at a given shear

stress (gray bars). Initial cell numbers: N ¼ 150. (B) YFMI versus shear

stress. Green circles correspond to the average YFMI of all cells at a given

shear stress, and violet circles indicate the average YFMI of the remaining

migrating cells only. Number of cells analyzed ranged between 171 in static

conditions and 16 at highest shear stress. Data are mean 5 SE. (C) Cumu-

lative distance versus time of individual cells (each color corresponds to

a different unique cell) with a shear stress of 40 dyn.cm�2 between 0 and

500 s, and no flow between 500 and 1000 s. (D) Average speed of individual

cells as a function of the total force F exerted by the flow, where F is esti-

mated as the product of the projected cell area Sp of individual cells and the

applied shear stress s, F ¼ Spxs.
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2 dyn.cm�2 remained attached at 60 dyn.cm�2. Interest-
ingly, at low shear stress, the proportion of adherent but
nonmotile cells was negligible, whereas these same nonmo-
tile cells accounted for a significant proportion of the total
population as shear stresses increased, reaching 40% at 60
dyn.cm�2. This observation suggests that nonmotile cells
are immobile due to a particularly high adhesion, whereas
motile cells are less strongly adhered and more sensitive
to the detaching effect of flow. Because this finding revealed
that the cell populations in a given experiment were signif-
icantly different at low and high shear stress, we adapted the
data analysis accordingly. For cell migration orientation at
high shear stress, we first identified the cells that were
nonmotile under low shear stress and discarded those cells
from the analysis of high-shear-stress data. The data in
Fig. 5 B reveal the complete dependence of YFMI versus
shear stress. YFMI decreases strongly for shear stress lower
than 20 dyn.cm�2 and more weakly for larger shear stress,
up to a minimum value of �0.9 at 60 dyn.cm�2 (see Movie
S1). Concerning our analysis of cell migration speed versus
shear stress, the difference in cell populations at low and
high shear stress, combined with the large distribution of
cell speed in a population, makes it difficult to precisely
detect a potential effect on data that have been averaged
over a population. We therefore examined the behavior of
individual cells, tracking their trajectories for 500 s at s ¼
40 dyn.cm�2 and then for an additional 500 s at s ¼
0 dyn.cm�2. In Fig. 5 C, we report the total distance covered
by single cells versus time. There is no detectable change of
slope when the shear stress is cut, which clearly shows that
shear stresses up to 40 dyn.cm�2 have no influence on
migration speed. Finally, cells within a given population
have different surface areas and therefore experience
different degrees of force for a given applied shear stress.
Using the projected area of individual cells, Sp, we report
in Fig. 5 D the speed of individual cells versus the effective
force, F¼ Spxs, experienced by cells for a shear stress range
s ¼ 0–60 dyn.cm�2. We find the range of force experienced
by cells to be between 0 and 0.6 nN. It is interesting to note
that the more-rapid cells, with speeds in the range of 20–35
mm.mn�1, are only present at low force because they corre-
spond to cells that detach first when the shear stress is
Biophysical Journal 104(2) 322–331
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increased. This further supports the idea that cell speed in
our experiments is anticorrelated with adhesion strength.
However, the majority of cells with speeds in the range of
15–20 mm.mn�1 remain attached under shear and keep
a constant speed throughout the whole range of forces
applied (0–0.6 nN).
The directional influence of shear stress is rapid,
reversible, and robust

Having established that human leukocytes had individual
responses to shear stress, we wished to characterize the
kinetics and reversibility of the phenomenon. We applied
a series of sequential cycles of 16 min with and without
an applied shear stress of 8 dyn.cm�2 to effector T lympho-
cytes (see Movie S2). Images were collected every 10 s, and
the average YFMI and average speed of the population of
cells in each image were calculated over 10 images and
plotted against time. The transitions between randommigra-
tion during the periods without flow (YFMI close to zero)
and highly directed motion during application of flow
(YFMI ~ �0.6) occurred in ~30 s (Fig. 6 A). The behavior
of cells in a given population showed little change between
the five consecutive cycles of an experiment.

Concerning the average cell speed, we found only a minor
modulation of speed when the shear stress conditions
were alternated with no shear, and a slight increase in cell
speed against the flow during periods of applied shear stress
(Fig. 6 B). These results clearly demonstrate that lympho-
cytes orient their migration rapidly and reversibly as a
response to shear stress modulations without a change in
speed.
DISCUSSION

In the study reported here, we performed a systematic anal-
ysis of the migration of primary and effector human T
lymphocytes, a leukemic T lymphocyte cell line, and
neutrophils on the LFA-1 integrin ligand ICAM-1 with
and without minimal essential chemokines and in the pres-
ence of a wide range of physiological rates of shear stress,
Biophysical Journal 104(2) 322–331
such as might be encountered in the circulation. Our goal
was to determine which aspect of the migrational process
(i.e., speed, directionality, or orientation with respect to fluid
flow) is most influenced by changes in local shear stress, and
thereby clarify how leukocytes react to their hydrodynamic
environment.

In the course of our experiments, we found that the speed
of migration of all four cell types examined was largely
independent of the applied shear stress, which is consistent
with the observations of Rainger et al. (19). This conclusion
was valid regardless of whether the cells migrated with or
against the direction of fluid flow. In models of integrin-
dependent cell migration, the cell speed has been shown
to depend on three variables: integrin levels, ligand levels,
and integrin-ligand affinity (31). In our experiments on
ICAM-1-coated surfaces, the types and levels of ligands
were fixed. The integrin expression levels differed from
one type of cell to the other but remained constant for
each cell type during the course of an experiment. Among
the three variables of this model, only the integrin-ligand
affinity may change for a given cell type and hence modu-
late the cell speed. The fact that cell speed is independent
of shear stress suggests either that there is no modulation
of integrin-ligand affinity, which is not consistent with
some other studies (8), or that speed regulation is not driven
only by integrin-ligand affinity modulations, at least in our
experimental conditions. The question remains open as to
why shear flow has little or no influence on the speed of
crawling cells. An explanation may be found in a compar-
ison of the force applied by the flow to the cell with the force
developed by the cell motility machinery. In our experi-
ments, the maximum force experienced by individual cells
was estimated at ~0.6 nN, which corresponds to a shear
stress s ¼ 60 dyn.cm�2 exerted on a typical cell surface
Sp ¼ 100 mm2. On the other hand, the force that drives
cell movement is produced by the advancing lamellipodium
under the action of actin network polymerization, which
pushes the lamellipodium front parallel to the surface.
Abraham et al. (32) combined the density of growing actin
filaments at the lamellipodium margin and the maximum
force obtained via actin assembly to estimate the total force
FIGURE 6 Effector T lymphocyte response to

a periodic square wave shear stress. (A and B)

YFMI (A) and speed (B) are reported (circles) versus

the time in response to a periodic square wave of

length 33 min and of shear stress intensity of 8

dyn.cm�2 (bars). The speed and YFMI of 10 frames

were calculated (100 s).
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exerted by the lamellipodium of a moving fibroblast to be on
the order of a few nanonewtons. Marcy et al. (33) obtained
direct force measurements in vitro on actin tails pushing
2 mm diameter beads, and found that the stall force was
~5 nN, confirming that actin can produce forces in the
range of nanonewtons (33). These estimates clearly show
that the force imposed by fluid flow is at least one order
of magnitude lower than the lamellipodium growing force,
which could explain why no passive acceleration or
deceleration of cell movement was detected in our experi-
ments. Taken together, our results suggest that the cell
movement, once initiated, is powered by a strong motor
(actin polymerization) and mediated via weakly adhesive
bonds coupling cell-bound LFA-1 with ICAM-1. The fluid
flow cannot reduce cell speed, which is imposed by the
powerful cytoskeletal machinery, but it can detach weakly
adhered cells.

In contrast to the speed of migration, it is clear that the
direction of migration of each cell type tested under its
particular migratory condition is influenced dramatically
by shear stress. Moreover, two distinct and diametrically
opposed responses were observed with respect to the direc-
tion of the fluid flow. The primary and effector T lympho-
cytes migrated against the direction of fluid flow, whereas
the leukemic HSB2 cells and neutrophils migrated with
the direction of fluid flow. In studies of both T lymphocytes
and neutrophils, the shear stress-directed migration required
specific integrin-ligand interactions. Murine effector CD4þ
T lymphocytes oriented their migration on ICAM-1, but
not on ICAM-2 and VCAM-1, which are expressed on
murine blood-brain endothelial monolayers, suggesting
a specific role of signaling events supported or initiated by
LFA-1 binding to ICAM-1 (22). By the same token, early
work on neutrophil migration suggested that although b2
integrins are necessary for firm neutrophil adhesion and
motility, directed motility requires an additional contribu-
tion from either integrin avb3 or homophilic binding to
PECAM-1 (19). However, our work and that of Smith
et al. (20) demonstrate that neutrophils can migrate and
orient their migration in the direction of fluid flow on
uniform surfaces of ICAM-1, implying that the binding of
either b2 integrin, LFA-1, or MAC-1 to ICAM-1 is sufficient
to induce shear-stress-oriented migration. Our results from
blocking-antibody experiments support this hypothesis for
neutrophils.

Smith et al. (20) proposed a mechanism to explain the
directionality of neutrophils under flow, where nascent la-
mellipodia reorient in the direction of fluid flow in the brief
periods during which protrusions are not attached. Within
this model, directed movement of neutrophils under flow
takes place passively without a mechanosensing mecha-
nism. Although a passive alignment of protruding lamelli-
podia with fluid flow is a plausible explanation for
neutrophils, it is difficult to reconcile with the upstream
migration orientation of T lymphocytes. This point raises
the possibility that another mechanism may be involved in
the migration orientation of lymphocytes. Other findings
in the literature support the existence of an active mechano-
transduction mechanism for orientation of leukocytes under
flow. Phillipson et al. (16) reported that in the absence of
expression of Vav1, murine neutrophils showed an exagger-
ated orientation in the direction of fluid flow when migrating
on a mixed integrin-ligand surface. Because Vav1 is a
guanine exchange factor for Rho family GTPases known
to link integrins to Rac activities, this finding suggests that
integrin-mediated signaling may regulate shear flow orien-
tation (16). However, one might argue that in the absence
of Vav-1, the adhesion strength of neutrophils is lessened
and the action of flow induces a more efficient (albeit
passive) drift of cells in the direction of flow. Hence, the
findings of Phillipson et al. do not definitely demonstrate
the existence of a mechanotransduction signaling process
for regulating directionality. Like T lymphocytes,
Dictyostelium cells migrate with an amoeboid behavior
against fluid flow. Dalous et al. (34) examined actin-myosin
reorganization during cell polarity reversal in Dictyostelium
cells under both mechanical and chemical stimulation.
Interestingly, they found similar patterns of front-to-tail
interconversion upon reversion of either chemoattractant
gradients or shear stress direction. This finding suggests
that the mechanical response, like the chemical response,
involves active detection and transduction processes. In
addition, they found a characteristic time of polarity reversal
of ~30 s for Dictyostelium cells, which is very similar to the
characteristic response time to changes in flow direction that
we found for T lymphocytes. Taken together, these results
support the possible existence of a mechanotransduction
mechanism. There are also recent examples of cells moving
in opposition to a force that was applied locally on indi-
vidual cells with magnetic (35) or optical (36) tweezers.
Weber et al. (36) demonstrated that force applied on one
side of a Xenopusmesendodermal cell caused the generation
of actin-based protrusions opposite to and away from the
direction of pulling on the other side of the cell. The mech-
anisms underlying this phenomenon have not been fully
elucidated, but the authors demonstrated that the sites of
force application were coupled by keratin intermediate fila-
ments. It is tempting to speculate that shear stress experi-
enced by the T lymphocyte may also trigger signals to or
changes in the direction of the cytoskeletal machinery in
the opposite direction of the experienced force.

Our findings regarding the influence of fluid flow on
leukocyte migration demonstrate that the speed of migration
is not affected by shear flow, which may be explained by the
fact that the overall shear stress force exerted on the cell is
negligible compared with the force generated by the
advancing lamellipodium. However, the direction of migra-
tion of both primary and effector T lymphocytes is rapidly
and reversibly modified. Furthermore, primary and effector
human T lymphocytes, migrating with or without the
Biophysical Journal 104(2) 322–331
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presence of SDF-1a, respectively, respond to hydrodynamic
stress in a manner distinct from that of neutrophils and the
leukemic T lymphocyte line HSB2, by preferentially orient-
ing themselves against rather than with the direction of fluid
flow. Although it is not yet possible to conclude whether this
behavior is a passive response to hydrodynamic forces or
involves a specific mechanotransduction process, which
may or may not require additional input from chemokines
in some cases, these results raise fundamental questions
about the role of the hemodynamic environment during
directed intraluminal leukocyte migration. Future studies
of the mechanisms involved in the lymphocyte response
to shear stress will be influenced by published works
describing the effect of shear stress on the vascular endo-
thelium, which involves other membrane-bound protein
activities such as stretch-activated calcium channels,
expression of growth factor receptors, and nitric oxide syn-
thase (7). Also relevant is endothelial wound healing, in
which fluid flow has been shown to induce an asymmetric
inhibition of Rac activity that leads to preferential protru-
sion in the direction of flow (37). Finally, it is of interest
to know whether the altered directional response to shear
stress observed for the leukemic HSB2 cells also applies
to other malignant T lymphocyte populations. In conclu-
sion, numerous pathologies involve abnormal vascular
architectures, notably in the neovascularization of solid
tumors or tissues specific to certain autoimmune disorders,
which in turn give rise to atypical local hemodynamic
properties (38). Understanding how T lymphocytes are
influenced by both their hemodynamic and biochemical
environments will shed light on how these important players
in the immune system negotiate pathological vascular
modifications.
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and Aix-Marseille Université, and grants from the Association pour la

Recherche contre le Cancer (A.L.); the Fondation de Recherche Medicale

(A.G.); the CNRS programme Prise de Risques (M.P.); the region Pro-
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