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Abstract

L-selectin on leukocytes is critical in leukocyte tethering and adhesion to inflamed endothelium and
lymphocyte homing to lymphoid organs. The spatial distribution of L-selectin on leukocytes controls
cellular adhesive function in hydrodynamic shear. How L-selectin changes its position on the cell
membrane remains an open question, but a possible candidate is shear stress encountered on the cell
surface. Here we demonstrate shear-induced L-selectin polarization on the membrane during the
process of centrifugation of resting neutrophils via immunofluorescent microscopy. It was found that
randomly distributed L-selectin on neutrophils moves to a polar cap at one end of the cell after
centrifugation (300x g for 2 minutes) without inflammatory stimuli. This L-selectin redistribution
under shear was predicted by Monte Carlo simulations that show how convection dominates over
diffusion, leading to L-selectin cap formation during centrifugation at 280x g or during leukocyte
adhesion to the endothelial wall at 1 dyn/cm?. Those results point to a role for shear stress in the
modulation of L-selectin distribution, and suggest a possible alternate mechanism and
reinterpretation of previous in vitro studies of L-selectin mediated adhesion of neutrophils isolated
via centrifugation.
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Introduction

Leukocyte trafficking to inflamed endothelia and lymphocyte homing to peripheral lymph
nodes involve multistep sequential engagement of adhesion and signaling (Springer, 1994;
Crockett-Torabi, 1998). In the initial step, leukocytes transiently tether and subsequently roll
along the vascular wall under blood flow. L-, P- and E-selectin, which contain a single
carbohydrate recognition domain, mainly mediate the initial process of inflammation by
forming rapidly reversible bonds to sialylated and fucosylated oligosaccharides on the plasma
membrane of leukocytes (Lawrence and Springer, 1991; Moore et al., 1992). In contrast to the
upregulation of P- and E-selectin on endothelium in the presence of various inflammatory
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stimuli (Stenberg et al., 1985; Bevilacqua et al., 1989), L-selectin constitutively expressed on
the tips of microvilli of leukocytes is downregulated during cell activation (Kishimoto et al.,
1989; Kishimoto et al., 1990).

Fluid shear stress, a main driving force for leukocyte migration, modulates mechanical and
biological properties of blood and vascular cells in the circulation. In response of shear force,
adherent leukocytes retract pseudopods (Moazzam et al., 1997) or the expression of surface
receptors on leukocytes (Fukuda and Schmid-Schonbein, 2003; Lee et al., 2007) or endothelia
(Sheikh et al., 2003; Burns and Depaola, 2005) can be altered. Leukocyte recruitment can also
be modulated by cell-cell hydrodynamic interactions (King and Hammer, 2001). Interestingly,
L-selectin is localized to one end of the cell membrane in response to E-selectin engagement
of neutrophils under shear flow in vitro (Green et al., 2004) and in vivo (Hidalgo et al., 2007)
and is then expected to cause the alteration of cell rolling dynamics (King et al., 2005). In
addition, Chiang et al. recently showed via in vivo imaging that PSGL-1 clusters on a migrating
leukocyte were predominately located at the trailing edge of the cell membrane under blood
flow (Chiang et al., 2007). Motivated by this rapid redistribution of the surface receptor and
functional consequence, there is great interest in understanding how shear force applied to the
leukocyte membrane may affect changes in the surface receptor local density or diffusivity.

Here we investigate altered L-selectin distribution that results from shear force applied to the
leukocyte membrane, rather than L-selectin engagement with its ligands. We tested the
hypothesis that L-selectin on the leukocyte membrane moves with the hydrodynamic shear
flow encountering on the membrane. This is a reasonable hypothesis because the decrease in
F-actin level on a resting neutrophil, which acts like a fluid body under low shear (< 150 s™1)
(Chen et al., 2004) would favor the redistribution of L-selectin driven by extracellular shear
force. Using immunofluorescent microscopy, we found that centrifugation of neutrophils
induced the localization of L-selectin into a cap in the absence of inflammatory stimuli. Such
cap formation was predicted by a mathematical model of the surface transport of L-selectin
induced by applied shear force on the membrane during the process of centrifugation. The
Monte Carlo simulation demonstrates that randomly distributed L-selectin on the spherical cell
surface will move to a polar cap at one end of the cell after centrifugation at 280x g for 50
seconds. Taken together, the results suggest that shear acting on the leukocyte surface can
regulate the distribution of L-selectin.

Materials and Methods

To exclude the effect of contamination by endotoxin on CXCR1 or L-selectin distribution, all
collecting and centrifugal tubes, pipette tips and buffers were used under sterile conditions.

Neutrophil isolation

Human blood was obtained via venipuncture from healthy adult donors and collected into a
tube containing sodium heparin (BD Biosciences). Neutrophils were then isolated by
centrifugation (480x g for 50 minutes at 23°C) with 1-Step Polymorphs (Accurate Chemical
& Scientific Co.) (Fig. S1A). After the initial centrifugation, isolated neutrophils, including
the neutrophil separation solution and sparse erythrocytes, was diluted by sterile Plasma-Lyte
A (pH 7.4) (Baxter healthcare Co.; 1:12 dilution) at 4°C. The cell suspension was gently mixed
and then centrifuged at 193x g for 5 minutes at 4°C. The supernatant was removed and cell
pellet resuspended and mixed in the same buffer. One more centrifugation step was then
repeated. The hypotonic lysis of red blood cells was not performed to prevent possible
neutrophil activation. The cells were diluted to a final concentration of 107/ml and immediately
labeled with the fluorescent Abs described below.
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Immunofluorescent microscopy

To observe the distribution of CXCR1 or L-selectin on the surface of suspended neutrophils,
isolated cells (107/ml) were labeled with 5 ug/ml preconjugated Alexa Fluor 546-anti-CXCR1
Ab, 5 ng/ml preconjugated Alexa Fluor 488-anti-L-selectin Ab (Fig. S2) or 10 ul/ml pre-
conjugated Qdot605-Leu-8/TQ1 anti-L-selectin Ab for 30 minutes at 4°C (anti-human CXCR1
Ab (R&D Systems), Leu-8/TQ1 anti-human L-selectin Ab (BD Biosciences), Alexa Fluor 488
and 546 mouse 1gG,;, Labeling Kits and Qdot605 Antibody Conjugation Kit (Invitrogen) were
purchased; Pre-conjugated Abs were prepared according to the manufacturer’s instructions;
The Qdot605-Leu-8/TQ1 Ab concentration was 0.4 uM which was estimated by
spectrophotometry.). Note that the anti-CXCR1 or anti-L-selectin Ab was conjugated with
Alexa Fluor 546 or Qdot605 respectively first and neutrophils labeled at 4°C to prevent possible
L-selectin shedding (Palecanda et al., 1992) and minimize L-selectin clustering induced by
physical cross-linking of L-selectin (Green et al., 2003). In addition, before and after labeling
CXCR1 or L-selectin with the fluorescent Ab, neutrophils were neither fixed nor permeabilized
for immunofluorescent microscopy, since the preparative procedures have been reported to
significantly accelerate L-selectin shedding from the cell surface (McCarthy et al.,
1994;Rebuck and Finn, 1994) and would prevent accurate measurement of L-selectin
distribution. The cell suspension was centrifuged at 193x g for 2 minutes at 4°C three times to
remove unlabeled Ab from the solution. The cell suspension was diluted to 1:10 with Plasma-
Lyte A. The 100 pl labeled cell suspension was placed on a pre-cleaned and 1% BSA-coated
(1 h with UV-irradiation) glass microslide and imaged using an Olympus 1X81 fluorescent
microscope (Olympus America Inc.) with an appropriate filter set. The images were taken
immediately after labeling (O hour) and after 1 hour under static conditions at 4°C without or
with a centrifugation step at 300x g for 2 minutes at 4°C. The images were taken with a 40x
(NA = 0.60; Type, Plan Fluorite; Olympus America Inc.) or 60x (NA = 0.70; Type, Plan
Fluorite; Olympus America Inc.) objective using a Cooke SensiCam QE intensified CCD
camera (The Cooke Corporation) mounted on the microscope and IPLab v3.9.4 r3 (BD
Biosciences) image acquisition software and analyzed using ImageJ 1.37m (NIH) and Matlab
7.3.0.267 (R2006b) software (Mathworks).

Analysis of CXCR1 or L-selectin localization

For quantification of CXCR1 or L-selectin topography and localization, a method from the
literature (Green et al., 2003; Green et al., 2004) was modified. A cluster was defined as a
localized region of the membrane in which the pixel intensity is at least 1.5-fold greater than
the average fluorescent intensity over the entire 2-D cell surface. Pixel intensity values are
unitless and range from 0 to 255 on converted 8-bit grayscale images. After thresholding out
background fluorescence, cluster surface area (um?2) and cluster arc angle from the cell centroid
(expressed in degrees) were determined. All analyses of the fluorescence clusters were
performed using lab-developed ImageJ macros to exclude any subjective measurements.

Model Formulation

A theoretical model of cell centrifugation as flow past a liquid drop was formulated, to
determine whether the resulting shear forces are sufficient to result in mobile L-selectin
receptor to be swept to the rear of the cell and lead to cap formation. Major model assumptions
include: (i) The cell can be modeled as a high viscosity liquid drop (Evans and Yeung, 1989;
Needham and Hochmuth, 1990); (ii) No slip between the extracellular and intracellular fluid
phases, and the membrane; (iii) Membrane receptors move with the velocity of the interface.
The translating drop problem for creeping flow (Re < 0.004) can be solved via eigenfunction
expansion, yielding the following solution for the stream function in the outer and inner phases,
respectively (Leal, 1992):
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where n = cos(8), r is the radial spherical coordinate centered at the cell centroid, and 2 is the
ratio of inner-to-outer viscosity (for resting neutrophils, ~ 5500). To model the surface transport
of receptors, we are interested in the velocity ug (r = 1), where u has been nondimensionalized
with the (constant) sedimentation velocity and r has been scaled with the cell radius a:
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Balancing buoyancy force with hydrodynamic drag yields the sedimentation velocity of the
liquid drop (cell), in which the 2/9 factor in the well-known Stokes sedimentation velocity for
solid spheres is replaced by a factor of 3 (A+1)/(2A+2).

To determine the transport of surface L-selectin receptor the convention-diffusion equation
was integrated in spherical coordinates as an initial value problem, which reduces to the
following form, assuming axisymmetry:
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where the L-selectin concentration C is nondimensionalized by the uniform initial receptor
concentration, t has been scaled with a/U, and the nondimensional Peclet number has been
defined as Pe = Ua/D, where D is the lateral diffusivity of L-selectin (recently measured on
resting neutrophils to be D = 3.4 x 10711 cm?/s (Gaborski et al., 2005)). The Peclet number
gauges the relative importance of convection to diffusion. Note that 2(2+1) ~ 11,000, and the
Peclet number at 1x g and 280x g respectively is 4000 or 1 x 10, so that the convective and
diffusive terms are expected to balance each other at 1x g but convection is expected to
dominate at 280x g (centrifugation conditions). Thus, from a simple scaling argument we
expect that cap formation may occur during centrifugation, but molecular diffusivity will
counteract any cap formation during sedimentation at 1x g. Ina computer simulation developed
in Matlab, 28,450 L-selectin surface receptors (Lee et al., 2007) were distributed randomly on
the spherical cell surface, and the governing equations integrated for a 50 seconds
sedimentation through a 5 cm tube length at 280x g, or for 3.9 hours for a 5 cm sedimentation
at 1x g. At each discrete time step of the simulation, the 2-D random walk of each L-selectin
molecule over the cell surface was calculated using a random number generator.

To test our hypothesis, we applied a centrifugation step on isolated neutrophils to determine
whether it causes L-selectin localization on the surface. As a control, CXCR1 (IL-8 RA),a G
protein-coupled receptor for chemokine CXCL8 (IL-8) was observed under the same condition.
Directly conjugated fluorescent antibody (Ab) to CXCRL1 or L-selectin did not exhibit
significant localization on neutrophils left under static conditions for 1 h at 4°C (Fig.
1A,B,D,E). In contrast, with the addition of a centrifugation step at 300x g for 2 minutes at 4°
C, most neutrophils exhibited large clusters along the cell periphery, indicating localization of
fluorescent anti-L-selectin (Fig. 1F). However, the distribution of CXCR1 was not significantly
altered after applying the same centrifugation step (Fig. 1C). Image analysis of populations of
neutrophils showed that the distribution of neutrophil populations having at least one L-selectin
cluster was shifted from positively skewed to distinctively bimodal, indicating an increase in
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the L-selectin “cluster arc angle” after centrifugation (Fig 2). Specifically, neutrophil
populations exhibiting an L-selectin cluster arc angle greater than 50° increased from 33% to
51% after centrifugation (Fig. 2E,F). Additionally, the number of L-selectin clusters and the
average L-selectin cluster area on a cell significantly increased compared to neutrophils that
did not undergo centrifugation (Fig. 2A,B). As a control, neutrophil isolation from whole blood
using centrifugation in dense medium (p=1.113 g/ml)with centrifugation steps interspersed
with rest periods did not induce significant clustering of CXCR1 or L-selectin (Fig. 1A,D and
2A,D). We found that there was no contamination of isolated neutrophils with platelets (Fig.
S1B,C) indicating that P-selectin binding to PSGL-1 on neutrophils did not induce the observed
L-selectin clustering on neutrophils. In addition, a different fluorophore did not affect the L-
selectin localization induced by centrifugation (Fig. S2) and the localization of L-selectin
seemed to depend on the centrifugation time applied (Fig. S3). Taken together, these results
suggest that the cap formation of L-selectin induced by shear force on the surface does indeed
occur during routine centrifugation, such as used by most researchers who isolate human
neutrophils for in vitro flow experiments.

Theoretical Model

Fig. 3A shows the fluid streamlines inside and outside of a neutrophil sedimenting during
centrifugation, according to the translating drop model. Note that there is little flow predicted
in the central region of the cell, indicating that the surface flow solution used in the Monte
Carlo simulations should be insensitive to the presence of the cell nucleus. Interestingly, the
fluid streamlines are not a function of the viscosity ratio 4, although the magnitude of the surface
velocity scales as 1/. Fig. 3C,D shows the final L-selectin surface distribution predicted from
the Monte Carlo simulation after sedimentation at 280x g or 1x g, respectively. Note that a
polar cap of L-selectin is clearly evident in the 280x g (centrifugation) simulation, but not in
the simulation of sedimentation at 1x g. Thus, in the much slower flow field induced by
sedimentation at 1x g, the random lateral diffusion of L-selectin molecule is enough to disperse
and mostly eliminate any cap formation induced by the external flow. These simulation results
are entirely consistent with the experimental measurements obtained in the current study, and
while many simplifying assumptions have been made in formulating this approximate
theoretical model, it nonetheless demonstrates that the two competing effects of convection
and diffusion are of sufficient magnitude to explain the capping phenomenon occurring during
centrifugation.

Discussion

In this study, we have presented experimental evidence and mathematical modeling of L-
selectin localization to one end of the neutrophil surface in response to fluid shear stress during
the process of centrifugation. Our analysis suggests that fluid shear on the leukocyte surface
is an important mechanism facilitating L-selectin redistribution in the absence of inflammatory
stimuli or cross-linking of the receptor.

The reversible adhesion via L-selectin is essential for initial steps of the leukocyte recruitment
cascade. The topographic positioning of L-selectin (Li et al., 1998) on the cell membrane as
well as the induced conformational change of individual L-selectin molecules (Lou et al.,
2006; Phan et al., 2006) are reported to influence the cellular adhesiveness. However, how the
leukocyte modulates the adhesion receptor location is not known. L-selectin on leukocytes is
preferentially located at the tips of microvilli, and is almost entirely absent from the membrane
of the cell body (Erlandsen et al., 1993). This spatial preference of L-selectin on the membrane
folds is reported to be critical for effective leukocyte tethering in shear flow (von Andrian et
al., 1995; lvetic et al., 2004). Interestingly, on neutrophils treated with cytochalasin B (Finger
et al., 1996) and lymphocytes with transfected L-selectin mutants defective for ezrin, radixin,
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moesin binding proteins (Ivetic et al., 2004), L-selectin is randomly redistributed on the planar
cell membrane, suggesting that L-selectin diffusion strongly relies on cytoskeletal association.
In addition, the fact that leukocytes modulate pseudopod formation in response to fluid shear
stress (= 1 dyn/cm?) on their membrane (Moazzam et al., 1997; Coughlin and Schmid-
Schonbein, 2004) suggests that L-selectin redistribution induced by shear stress may be
associated with alteration of the cytoskeleton. The cytoplasmic tail of L-selectin constitutively
associates with a-actinin, providing a link to the actin cytoskeleton (Pavalko et al., 1995).
Interestingly, F-actin polymerization in inactivated neutrophils follows a biphasic response to
shear, that is, F-actin located at the cell membrane boundary is initially broken down at low
shear (< 150 s1) and then increases its polymerization as shear on the cell membrane increases
(Chen et al., 2004). Therefore, a possible mechanism is that the decrease in F-actin level
induced by shear may cause cytoskeletal release of L-selectin to enable L-selectin to passively
move with the external fluid shear. Another, less likely possibility, that the cortical actin
cytoskeleton associated with L-selectin was partially redistributed during centrifugation,
cannot be ruled out. Future work could address this issue by looking for variation in the
expression of a-actinin and F-actin during shear-induced L-selectin capping in vitro. However,
we have previously shown that shear stress on neutrophils did not induce L-selectin shedding
(Lee et al., 2007), implying the L-selectin localization induced by shear did not simply result
from local L-selectin dissociation on other regions of the cell surface.

There are several possible mechanisms for the valency regulation of surface adhesion
molecules on leukocytes, including “ligand-induced redistribution” which has been suggested
by others (Carman and Springer, 2003). The ligand-induced redistribution of L-selectin can be
categorized into several types: (i) L-selectin engagement (by binding its physiological ligands),
(i) ligation (by adding primary anti-L-selectin Ab alone), and (iii) cross-linking (by
subsequently adding secondary Ab on ligated L-selectins or chemical cross-linkers). These
induced physical contacts of L-selectin on neutrophils result in various cell responses including
L-selectin clustering (Simon et al., 1999; Green et al., 2004; Chen et al., 2006) as mentioned
above and then an increase in avidity and stability on its ligands (L.i et al., 1998; Dwir et al.,
2002), activation (Simon et al., 1995) and colocalization (Simon et al., 1999) of B, integrins,
L-selectin and PSGL-1 copolarization under shear (Green et al., 2004), rapid induction of F-
actin polymerization (Simon et al., 1999), or colocalization F-actin and c-Abl, a nonreceptor
tyrosine kinase, with L-selectin (Chen et al., 2006). However, as a control, these previous
studies have applied the same procedures to label L-selectin on neutrophils using primary and
fluorescent secondary Abs at 4°C instead of 37°C, showing evenly distributed L-selectin over
the surface in resting neutrophils. This suggests that temperature change under physical cross-
linking of L-selectin would be more important for inducing the L-selectin localization than
cross-linking alone. To exclude this possible adverse effect, we have maintained the
temperature at 4°C during the entire process including labeling procedures with pre-conjugated
fluorescent anti-L-selectin Ab and the application of centrifugal force. A slight increase in
temperature is unlikely to induce significant L-selectin localization after centrifugation since
we applied the same procedures to all samples including controls. We also repeated the L-
selectin labeling with a smaller sized fluorophore (Alexa Fluor 488; ~5 nm), which was found
to not affect the L-selectin localization induced by centrifugation. This indicates that our
observation of L-selectin capping through centrifugation is not an artifact of L-sele2ectin cross-
linking by the relatively larger size of Quantum dot nanocrystals (Qdot605; 16 nm). However,
we cannot exclude the possibility that homotypic cell-cell collision (or adhesion) during
centrifugation could induce L-selectin redistribution partially. Fluid shear stress might also
affect E-selectin engaged localization of L-selectin at the trailing edge of neutrophils during
rolling studied as previously by others (Green et al., 2004). When flowing neutrophils are close
enough to tether a reactive substrate, relatively long-lived adhesive interactions of E-selectin
with PSGL-1 on a neutrophil may result in the cell pause (Fig. 4). As shear force is applied on
the tethered cell, randomly distributed L-selectin on the cell membrane would be expected to
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shift toward the leading edge of the cell, as suggested by the current centrifugation modeling
results. The E-selectin tether with PSGL-1 could then spontaneously dissociate due to
hydrodynamic force, followed by rapid rotation of the cell. The rotating motion provides an
opportunity for new multiple and then firm interactions between the concentrated L-selectin
and E-selectin to replace those that were disrupted. This shear-induced L-selectin cap formation
at the trailing edge of neutrophils is a possible explanation of the little known mechanism of
L-selectin localization on neutrophils during rolling, as an alternative to the interpretation of
Simon and colleagues (Green et al., 2004).

In conclusion, we have shown by in vitro experiments and Monte Carlo simulations that shear
stress applied by centrifugation induces L-selectin localization at one end of neutrophil
membrane. Many previous in vitro studies of L-selectin-mediated neutrophil adhesion, with
neutrophils normally isolated by centrifugation, may potentially contain experimental artifacts
due to L-selectin cap formation, since L-selectin capping can significantly alter the dynamics
of rolling adhesion (King et al., 2005).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2. Centrifugation induces L-selectin localization on neutrophils

Maximal CXCR1 or L-selectin cluster arc angle on each neutrophil at each condition was
measured and represented in a histogram. (A,D) tr=0 h; (B,E) t; = 1 h static; (C,F) t;=1h
with a centrifugation. Three (A-C) or four (D-F) independent experiments were performed and
each bar is expressed with a weighted mean + standard error of the weighted mean. The number
of clusters (G) and the cluster area (H) on a cell were calculated and are expressed with mean
+s.e.m. *, P <0.05 in unpaired and two-tailed student t-tests.
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Figure 3. Monte Carlo simulation of L-selectin surface transport predicts cap formation during
centrifugation

(A) Fluid streamlines inside and outside of the neutrophil (modeled as a viscous fluid drop)
during sedimentation. (B) 3-D plot showing the initial random distribution of L-selectin
receptor in the Monte Carlo simulation of cell sedimentation. (C) Final surface distribution of
L-selectin receptor after 50 seconds of sedimentation down 5 cm of test tube length at 280x
g. (D) Final surface distribution of L-selectin receptor after 3.9 hours of sedimentation down
5 cm of test tube length at 1x g. Cell sedimentation is directed from top-to-bottom, producing
an external flow directed from bottom-to-top when observed from a coordinate system moving
with the cell center.
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Figure 4. Proposed shear-induced L-selectin cap formation model for E-selectin mediated
neutrophil rolling under flow

The E-selectin tether with PSGL-1 is represented as a blue line and the E-selectin tether with
L-selectin is represented as a red line. The green shades indicate L-selectin distribution on a
cell and the yellow arrows indicate possible sequences of events. In the top diagram, a long-
lived E-selectin:PSGL-1 tether results in a cell pause. During the cell pause, shear applied on
the cell membrane induces L-selectin cap formation. As the applied shear force continues, the
E-selectin:PSGL-1 tether dissociates, followed by rotation of the cell. Rotation allows new
multiple adhesive interactions of E-selectin with the concentrated L-selectin cap to firmly arrest
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the cell. Eventually, localized L-selectin is observed upstream in neutrophil rolling experiments
on E-selectin (bottom row).
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