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Shear-Induced Resistance to Neutrophil Activation via the Formyl Peptide
Receptor
Michael J. Mitchell and Michael R. King*
Department of Biomedical Engineering, Cornell University, Ithaca, New York
ABSTRACT The application of fluid shear stress on leukocytes is critical for physiological functions including initial adhesion to
the endothelium, the formation of pseudopods, and migration into tissues. The formyl peptide receptor (FPR) on neutrophils,
which binds to formyl-methionyl-leucyl-phenylalanine (fMLP) and plays a role in neutrophil chemotaxis, has been implicated
as a fluid shear stress sensor that controls pseudopod formation. The role of shear forces on earlier indicators of neutrophil
activation, such as L-selectin shedding and aMb2 integrin activation, remains unclear. Here, human neutrophils exposed to
uniform shear stress (0.1–4.0 dyn/cm2) in a cone-and-plate viscometer for 1–120 min showed a significant reduction in both
aMb2 integrin activation and L-selectin shedding after stimulation with 0.5 nM of fMLP. Neutrophil resistance to activation was
directly linked to fluid shear stress, as the response increased in a shear stress force- and time-dependent manner. Significant
shear-induced loss of FPR surface expression on neutrophils was observed, and high-resolution confocal microscopy revealed
FPR internalized within neutrophils. These results suggest that physiological shear forces alter neutrophil activation via FPR by
reducing L-selectin shedding and aMb2 integrin activation in the presence of soluble ligand.
INTRODUCTION
The adhesion of leukocytes to the luminal surface of the
microvasculature plays an important role in the inflamma-
tory response and lymphocyte homing to lymphatic tis-
sues (1–3). The initial step of the leukocyte adhesion
cascade involves the capture and rolling of leukocytes on
the receptor-bearing endothelial cell layer, with L-selectin
acting as an important mediator on the leukocyte surface
(4). Experiments with L-selectin knockout mice show
severely impaired leukocyte migration into the inflamed
endothelial wall, along with virtually no lymphocyte mig-
ration to lymphatic tissues (5,6). While E-selectin and
P-selectin are cell adhesion molecules expressed on acti-
vated endothelial cells, L-selectin is constitutively ex-
pressed on the microvilli tips of neutrophils. In contrast to
E-selectin and P-selectin, L-selectin is rapidly cleaved
from the neutrophil surface due to inflammatory stimuli
and cellular activation (7). In addition, the firm adhesion
of neutrophils to endothelial cells in the vasculature is medi-
ated via intracellular adhesion molecule-1 (ICAM-1) on
endothelial cells binding to b2 integrins on neutrophils,
such as CD11b/CD18 or Mac-1, and CD11a/CD18 or
LFA-1 (8,9). Together, the downregulation of L-selectin
and the active conformational change of the aM subunit of
aMb2 integrins, leading to increased binding affinity, are
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key indicators of neutrophil activation (10,11). Stimulus
by fMLP, which binds to the formyl peptide receptor
(FPR) on neutrophils, has been shown to lead to b2 integrin
conformational changes and downregulation of L-selectin
(12–15).

FPR, a chemoattractant G-protein coupled receptor
(GPCR), exhibits high constitutive activity in addition to
activity due to agonist binding (16,17). Under static condi-
tions in the absence of fluid shear stress, neutrophils spread
their cytoplasm and are able to migrate on a glass substrate,
in part due to constitutive GPCR activity. In the presence
of fluid shear stress, neutrophils have been shown to rapidly
retract lamellipodia, assume a round resting state, and
decrease GPCR constitutive activity (18–20). In neutrophils
treated with pertussis toxin, a Gi inhibitor, the fluid shear
stress-induced pseudopod retraction response was signifi-
cantly attenuated, demonstrating the role of GPCR activity
changes due to fluid shear stress (19). Transfection of
cDNA for FPR into a cell line with very low levels of FPR
and low pseudopod activity led to the projection of pseudo-
pods, which then retracted after exposure to fluid shear
stress (19). FPR depletion via siRNA delivery in differenti-
ated HL60 cells also significantly reduced fluid shear stress-
induced pseudopod retraction.

Although the ability of activated leukocytes to retract
pseudopods in response to fluid shear stress has been docu-
mented in several studies, a variety of different neutrophil
morphological responses have been obtained. Circulating
leukocytes have been shown to undergo significant shape
change and morphology disruption after exposure to ex-
tended periods of fluid shear stress (21). Leukocytes treated
with dexamethasone or centrifugation have been shown to
reverse their shear stress response and can activate and pro-
ject pseudopods when exposed to fluid shear stress (22,23).
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Leukocytes adhered to a glass substrate that show no active
deformation of pseudopods have been shown to become acti-
vated and extend pseudopods upon sudden application of
fluid shear stress (24). Leukocytes activated specifically by
low concentrations of GPCR ligands such as platelet-
activating factor (PAF) and fMLP have been shown to retract
pseudopods upon application of fluid shear stress (25).

The effect of fluid shear stress on earlier indicators
of neutrophil activation, such as L-selectin shedding and
aMb2 integrin activation induced by low concentrations of
fMLP, has not yet been addressed. In this study, we exam-
ined the quantitative dynamics of the shear stress-dependent
response of fMLP-induced L-selectin shedding and aMb2
integrin activation in neutrophils.
MATERIALS AND METHODS

A detailed description of the materials and methods used in this study

can be found in the Supporting Material. Briefly, neutrophils were isolated

from human peripheral blood by centrifugation at 480 � g for 50 min at

23�C in a Marathon 8K centrifuge (Fisher Scientific, Pittsburgh, PA) using

1-Step Polymorphs (Accurate Chemical & Scientific, Westbury, NY).

Neutrophils were resuspended at a concentration of 0.5 � 106 cells/mL

in HBSS containing 0.5% HSA, 2 mM Ca2þ, 1 mM Mg2þ, and 10 mM

HEPES (Invitrogen, Carlsbad, CA), buffered to pH 7.4. Neutrophils were

incubated with 25 mM GM6001, 5 mM 1,10-phenanthroline (1,10-Ph), or

35 mM TAPI-0 for 30 min for protease inhibition studies. Neutrophils

were then exposed to fluid shear stress using a cone-and-plate viscometer

consisting of a stationary plate beneath a rotating cone maintained at

23�C or 37�C by a circulating water bath (Brookfield, Middleboro, MA).

The cone-and-plate viscometer design allows for a uniform shear rate to

be applied to the entire sample. The shear rate, G, does not depend on

the distance from the cone center, and is given by

G ¼ u

tan q
;

where u is the angular velocity of the cone (rad/s) and q is the angle of the

cone (rad). A laminar flow field is expected for all experimental conditions.

Under these conditions for a Newtonian fluid, the shear stress, t, is pro-

portional to the shear rate being applied:

t ¼ mG;

where m is the viscosity of the medium. Before the experiments, the

stationary plate and rotating cone were incubated with 5% BSA at room

temperature for 1 h. Neutrophil suspensions of 500 mL were placed on

the plate and allowed to equilibrate before the onset of shear stress. To

determine the shear stress threshold required for neutrophil resistance,

neutrophils were exposed to shear stresses ranging from 0.1 to 4.0 dyn/cm2

over 2 h. To determine the shear stress duration threshold and time depen-

dence of the shear stress response, neutrophils were exposed to a shear

stress of 4.0 dyn/cm2 for increasing time intervals of 1–120 min in duration.

To maintain a constant shear rate while increasing the shear stress, the

medium viscosity was increased by adding dextran polymer to the suspen-

sion. After shearing, aliquots of neutrophils were immediately exposed to

fMLP, IL-8, or no chemoattractant for a period of 10 min. The combination

of fluid shear stress followed by chemotactic stimulation is a situation

encountered by neutrophils in the microvasculature in vivo. Sheared and

nonsheared neutrophils were immediately labeled with fluorescent anti-

bodies to quantify L-selectin, activated CD11b subunits of b2 integrins,

FPR, CXCR1, and CXCR2 expression using an Accuri C6 flow cytometer

(Accuri Cytometers, Ann Arbor, MI). The average number of FPR,
CXCR1, and CXCR2 receptors on the surface of neutrophils was deter-

mined via flow cytometry using fluorescent beads with defined numbers

of antigen-binding capacities (ABCs) to generate a fluorescence calibration

curve.

Sheared and nonsheared neutrophil suspensions were fixed with parafor-

maldehyde and analyzed for morphological characteristics and receptor

internalization using brightfield and confocal microscopy, respectively.

Outlines of neutrophils were created from thresholded brightfield images

using edge-detection functions in Metamorph (Universal Imaging, West

Chester, PA). Changes in neutrophil shape were determined using the

‘‘shape factor’’ program in Metamorph, where the shape factor is given by

Shape Factor ¼ 4pA

P2
;

where P is the perimeter and A is the area of the object (neutrophil). Shape

factor values close to 1 represent a perfect circle, whereas values <1 repre-

sent elongated or ruffled shapes.

For internalization studies, neutrophil samples were distributed onto

slides using a Shandon CytoSpin III centrifuge (Shandon, Pittsburgh,

PA). Samples were permeabilized in 0.2% Triton X-100 for 5 min and

then incubated in 1% BSA for 1 h. After incubation in primary anti-human

FPR for 12 h, slides were incubated with a secondary IgG-fluorescein

isothiocyanate (FITC) antibody for 30 min at 4�C and then mounted onto

coverslips. Samples were examined with a Zeiss 710 Spectral Confocal

Microscope System (Carl Zeiss MicroImaging, Jena, Germany) at 65�
magnification with an FITC filter. Metamorph software was used to

examine FPR internalization and fluorescence intensities within neutro-

phils. To measure fluorescence intensity within the cell, the cell membrane

was thresholded using edge-detection functions to exclude the fluorescent

membrane from calculations.
RESULTS

Fluid shear stress reduces fMLP-induced
L-selectin shedding and aMb2 integrin activation
in neutrophils

We initially studied the fluid shear stress response of neutro-
phils to L-selectin shedding and aMb2 integrin activation
after exposure to a low concentration of fMLP. Neutrophil
suspensions were exposed to static conditions or to 4.0
dyn/cm2 of fluid shear stress in a cone-and-plate viscometer
for 2 h at 23�C and then stimulated with or without 0.5 nM
fMLP for 10 min. Stimulus from fMLP, an inflammatory
mediator, is known to lead to downregulation of L-selectin
and conformational change in the aM subunit of aMb2 integ-
rins (12–14). Neutrophils exposed to static conditions
(Fig. 1 A) and 4.0 dyn/cm2 (Fig. 1 B) of fluid shear stress
in the absence of fMLP did not show appreciable differences
in L-selectin shedding and aMb2 integrin activation, as ex-
pected. However, neutrophils exposed to fMLP after fluid
shear stress (Fig. 1 D) showed a measurable reduction in
L-selectin shedding and aMb2 integrin activation compared
to neutrophils exposed to fMLP after exposure to static
conditions (Fig. 1 C). No significant difference in L-selectin
shedding and aMb2 integrin activation was found between
sheared and nonsheared neutrophils, whereas a significant
reduction in fMLP-induced L-selectin shedding (Fig. 1 G)
and aMb2 integrin activation (Fig. 1H) was found in sheared
Biophysical Journal 102(8) 1804–1814
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FIGURE 1 Fluid shear stress alters neutrophil resistance to L-selectin

shedding and aMb2 integrin activation. Neutrophils were exposed to static

conditions (A) or 4.0 dyn/cm2 of shear (B) for 2 h, and were then immedi-

ately exposed to 0.5 nM of fMLP (C and D) or IL-8 (E and F) for

10 min. All conditions were repeated with n ¼ 5 donors for L-selectin

shedding (G) and aMb2 integrin activation (H). The upper two quadrants
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neutrophils compared to neutrophils under static conditions.
Experiments were also conducted at 37�C to compare to
23�C experiments, and similar differences were seen
between neutrophils under shear and static conditions in
terms of L-selectin shedding and aMb2 integrin activation
(Fig. S2). Experiments at 37�C were performed for 20 min
rather than 2 h to minimize sample evaporation.
Fluid shear stress does not affect IL-8-induced
L-selectin shedding and aMb2 integrin activation

To assess whether fluid shear stress alters L-selectin shed-
ding and aMb2 integrin activation via other major neutrophil
chemoattractant GPCRs, neutrophils were exposed to static
conditions or to 4.0 dyn/cm2 of fluid shear stress in a cone-
and-plate viscometer for 2 h at 23�C, followed by stimulation
either with or without 5 nM of IL-8. IL-8, a chemoattractant
found on the surface of endothelial cells (26–28), binds to
GPCRs CXCR1 and CXCR2, which are believed to have
lower constitutive activity in comparison to FPR (29–32).
Neutrophils exposed to static conditions (Fig. 1 E) or 4.0
dyn/cm2 (Fig. 1 F) of fluid shear stress followed by IL-8
treatment did not show significant differences in L-selectin
shedding (Fig. 1 G) or aMb2 integrin activation (Fig. 1 H).
fMLP-induced L-selectin shedding and aMb2
integrin activation in neutrophils is dose-
dependent in fluid shear stress magnitude

To study the effect of shear stress magnitude on fMLP-
induced activation, neutrophils were exposed to varying
shear stresses of 0.1–4.0 dyn/cm2 for 2 h. These shear stress
magnitudes are values typically found in the microcircula-
tion (33). At low shear stresses of 0.10 and 0.25 dyn/cm2,
no significant difference in L-selectin shedding (Fig. 2 A)
or aMb2 integrin activation (Fig. 2 B) was observed between
cells exposed to shear followed by fMLP stimulation and
cells exposed to no shear followed by fMLP stimulation.
However, a shear stress of 0.75 dyn/cm2 yielded a significant
reduction in L-selectin shedding (Fig. 2 A) and aMb2 integ-
rin activation (Fig. 2 B) after exposure to fMLP. Shear stress
exposures of 2.5 and 4.0 dyn/cm2 showed an even greater
reduction of L-selectin shedding (Fig. 2 A) and aMb2 integ-
rin activation (Fig. 2 B).
of each flow cytometry plot represent positive CBRM1/5 staining, whereas

the lower two signify little to no CBRM1/5 staining. The two righthand

quadrants of each plot represent positive L-selectin staining and the two

lefthand quadrants represent the absence of L-selectin staining. Quadrants

were determined by labeling neutrophils with isotype antibodies corre-

sponding to L-selectin and CBRM1/5 antibodies, which label for all

nonspecific binding sites on the neutrophil surface. Low L-selectin repre-

sents fluorescence values no greater than isotype values. PE, R-Phycoery-

thrin fluorescence channel; FITC, fluorescein isothiocyanate fluorescence

channel. Error bars represent 95% confidence intervals. *P < 0.05 for all

measurements; NS, nonsignificant difference.
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FIGURE 2 Increasing fluid shear stress reduces fMLP-induced L-selec-

tin shedding (A) and aMb2 integrin activation (B) of neutrophils. Shear

stress magnitude was varied in separate experiments from 0.1 to 4.0 dyn/

cm2 for 2 h at 23�C, followed by stimulation with 0.5 nM of fMLP for

10 min. n ¼ 5 donors for each shear stress value. Error bars represent

95% confidence intervals. *P < 0.05 for all measurements.

A

B

FIGURE 3 Neutrophil resistance to activation increases with increasing

fluid shear stress duration. The time dependence of the mechanical response

of neutrophils to fMLP-induced L-selectin shedding (A) and aMb2 integrin

activation (B) was determined by increasing the shear stress exposure time

from 1 to 120 min at a uniform shear stress of 4.0 dyn/cm2 at 23�C. n ¼ 3

donors for each time point. Error bars represent 95% confidence intervals.

*P < 0.05 for all measurements.
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fMLP-induced L-selectin shedding and aMb2

integrin activation in neutrophils is dependent on
shear stress exposure time

To assess the kinetics of the FPR mechanosensing phenom-
enon, neutrophils were exposed to a constant shear stress of
4.0 dyn/cm2 at 23�C, with the fluid shear stress exposure
time increasing from 1 to 120 min, after which they were
stimulated with 0.5 nM fMLP. The exposure time was
increased to determine a threshold where the shear-induced
resistance begins to develop. No significant difference in
fMLP-induced L-selectin shedding in neutrophils was found
over a shear stress exposure time period of 1–10 min
(Fig. 3 A). However, a significant decrease in fMLP-induced
L-selectin shedding was found at a threshold shear stress
exposure time of 20 min, and the amount of L-selectin shed-
ding was found to be significantly less than that for neu-
trophils in static conditions for the range 20–120 min.
% Resistance ¼ ð% Neutrophils without shearÞ � ð% Neutrophils with shearÞ
ð% Neutrophils without shearÞ � 100%:
fMLP-induced aMb2 integrin activation in neutrophils
showed no significant difference between neutrophils ex-
posed to shear and static conditions for 1 to 30 min
(Fig. 3 B). A threshold exposure time of 60 min was required
to produce a significant difference in aMb2 integrin activa-
tion between neutrophils exposed to shear and static con-
ditions, and this response was significant over a range of
60–120 min.
Neutrophils develop a resistance to fMLP-
induced L-selectin shedding and aMb2 integrin
activation with increasing shear stress magnitude
and shear stress exposure time

Due to the variability in response experienced with primary
neutrophils, neutrophils exposed to both shear and static
conditions from each donor were directly compared over
varying shear stress magnitudes and shear stress exposure
durations. Neutrophil resistance responses to L-selectin
shedding and aMb2 integrin activation were directly com-
pared using the equation
The resistance equation applies to neutrophils labeled
for both L-selectin shedding and aMb2 integrin activa-
tion for varying shear stress magnitudes and shear stress
durations.
Biophysical Journal 102(8) 1804–1814



1808 Mitchell and King
By varying the shear stress magnitude, it is apparent that
shear stress does not confer resistance in neutrophils to
fMLP-induced L-selectin shedding (Fig. 4 A) and aMb2
integrin activation (Fig. 4 C) at lower shear stress values
of 0.10 and 0.25 dyn/cm2. Resistance to L-selectin
shedding and aMb2 integrin activation is achieved at 0.75
dyn/cm2, and maximum shear stress response is conferred
at 2.5 dyn/cm2. No additional increase in response is ob-
served at a higher shear stress of 4.0 dyn/cm2. No measur-
able resistance to L-selectin shedding (Fig. 4 A) or aMb2
integrin activation (Fig. 4 C) was observed in neutrophils
without fMLP stimulation. By varying the duration of
shear stress exposure, it is apparent that the shear-induced
resistance to fMLP-induced L-selectin shedding (Fig. 4 B)
and aMb2 integrin activation (Fig. 4 D) increases with
increasing shear stress exposure time. Resistance to acti-
vation after 1–120 min of fluid shear exposure was not
observed in the absence of fMLP.
Neutrophils acquire a shear-induced resistance
to fMLP-induced morphological changes

To assess how fluid shear stress alters neutrophil mor-
phology after fMLP stimulation, neutrophils exposed to
4.0 dyn/cm2 shear stress or to static conditions for 2 h at
23�C were fixed with 4% paraformaldehyde and examined
for morphological characteristics. Activated neutrophils
project pseudopods after exposure to chemoattractants
such as fMLP, PAF, C5a anaphylotoxin, leukotriene B4,
and IL-8 (34). To quantify this, neutrophil morphology
was evaluated using Metamorph by calculating the shape
A B

C D
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factor of each cell. The shape factor approaches 1 for round,
unactivated neutrophils and decreases for more extended,
dendritic shapes.

No significant difference in the shape factor was found
between neutrophils exposed to shear and static conditions
without exposure to fMLP (Fig. 5 A). Neutrophils stimulated
with 0.5 nM fMLP showed an average shape factor signifi-
cantly less than 1. Interestingly, a significant difference in
shape factor was found between sheared and unsheared
neutrophils after exposure to 0.5 nM fMLP, with the sheared
neutrophils exhibiting a shape factor close to unity. Neu-
trophils assumed a round morphology in the absence of
fMLP (Fig. 5, B and C), whereas unsheared neutrophils
developed a more extended morphology than did sheared
neutrophils in the presence of fMLP (Fig. 5, D and E).
Fluid shear stress reduces FPR surface
expression

To investigate the mechanotransduction effects on FPR
surface expression, neutrophils were exposed to shear stress
(4.0 dyn/cm2) and static conditions at 23�C for 2 h and
immediately labeled with anti-FPR antibodies to be ana-
lyzed via flow cytometry. Sheared neutrophils displayed
a reduction in FPR expression (Fig. 6 A) compared to non-
sheared samples. QSC bead analysis indicated a significant
difference in FPR receptor count, as sheared neutrophils
averaged 14,600 receptors/cell, whereas nonsheared sam-
ples averaged 20,100 receptors/cell (Fig. 6 D). Sheared
neutrophils did not show a reduction in the expression of
the two IL-8 receptors, CXCR1 (Fig. 6 B) and CXCR2
FIGURE 4 Neutrophils develop resistance to

fMLP-induced L-selectin shedding and aMb2
integrin activation with increasing shear stress

magnitude (A and C) and shear stress duration

(B and D). Resistance is plotted as a function of

the log10 of shear stress (dyn/cm
2) or time (min).

n ¼ 5 donors for each shear stress point, and n ¼ 3

donors for each time point. Error bars represent

95% confidence intervals.



FIGURE 5 Fluid shear stress alters fMLP-induced neutrophil mor-

phology changes. (A) Shape factor measurements of neutrophils exposed

to shear stress or static conditions without and with 0.5 nM fMLP stimula-

tion. (B–E) Brightfield images of neutrophils exposed to shear stress or

static conditions without fMLP (B and C, respectively), and neutrophils

exposed to shear stress or static conditions with 0.5 nM fMLP (D and E,

respectively). All scale bars ¼ 50 mm. n ¼ 3 donors, with 300 neutrophils

analyzed for shape factor for each donor condition. Error bars represent

95% confidence intervals. *P < 0.05 for all measurements.
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(Fig. 6 C), in comparison to nonsheared neutrophils.
CXCR1 and CXCR2 receptor counts using QSC beads
showed no significant differences between sheared and non-
sheared neutrophils.
FPR expression levels are unaltered in the
presence of protease inhibitors

To assess whether FPR is enzymatically cleaved by pro-
teases derived from the neutrophil upon exposure to
fluid shear stress, neutrophils were treated with 25 mM
GM6001, 5 mM 1,10-Ph, or 35 mM TAPI-0 for 30 min
before fluid shear stress exposure. Neutrophils exposed to
fluid shear stress (4.0 dyn/cm2) and static conditions at
23�C for 2 h were then labeled with anti-FPR antibodies
to be analyzed via flow cytometry, followed by surface-
receptor quantification. No significant differences were ob-
served in FPR surface expression for neutrophils treated
with protease inhibitors compared to untreated neutrophils
exposed to shear (Fig. 7), indicating that loss of FPR expres-
sion is not due to cleavage by neutrophil proteases under
fluid shear.
Neutrophils experience FPR internalization under
fluid shear

To examine potential FPR internalization as a possible cause
for FPR surface-expression decrease after fluid shear stress
exposure, neutrophils were exposed to either fluid shear
stress (4.0 dyn/cm2) or static conditions for 2 h, permeabi-
lized, and then labeled with anti-FPR antibodies for exami-
nation via confocal microscopy. Images were thresholded
(Fig. 8 C) to exclude the cell membrane from fluorescence
measurements. Immunostaining revealed FPR to be clearly
localized within the cell in sheared samples (Fig. 8 A),
whereas minimal FPR was shown within neutrophils ex-
posed to static conditions (Fig. 8 B). The average pixel
intensities calculated from within neutrophils showed a
significant increase in fluorescence intensity in sheared neu-
trophils, compared to neutrophils exposed to static condi-
tions (Fig. 8 D).
DISCUSSION

The aim of this study was to quantify the shear stress
dependent responses of fMLP-induced L-selectin shedding
and aMb2 integrin activation in neutrophils via the FPR.
Resistance was acquired by neutrophils during exposure to
physiological levels of shear stress in a force- and time-
dependent manner, directly implicating fluid shear stress
in this response. Interestingly, we found this resistance
to be first manifest at a shear stress magnitude of
0.75 dyn/cm2; this value is close to the 0.5 dyn/cm2 mini-
mum level of shear stress found by Schmid-Schonbein
and colleagues to induce pseudopod retraction, which is
also believed to act through the FPR (18). In addition, a shear
stress of>0.4 dyn/cm2 is required for L-selectin adhesion to
CD34 on vascular tissue (35). The kinetic studies of shear-
induced fMLP resistance showed that measurable effects
began in the 5 min range for both L-selectin shedding
and aM integrin conformational change, consistent to what
was observed in pseudopod retraction experiments (20).

Although neutrophils acquired a resistance to both fMLP-
induced L-selectin shedding and aMb2 integrin activation,
the number of cells that were resistant to both effects varied.
The fact that fewer cells developed a resistance to aMb2
Biophysical Journal 102(8) 1804–1814



FIGURE 6 Fluid shear stress induces a loss of

FPR surface expression. (A–C) Flow cytometry

plots show FPR expression at 4.0 dyn/cm2 for 2 h

(A) in sheared compared to nonsheared samples,

along with expression of IL-8 receptors CXCR1

(B) and CXCR2 (C) expression in sheared and non-

sheared neutrophils. (D) Receptor quantification

using QSC beads was used to determine the surface

receptor count of FPR, CXCR1, and CXCR2 on

neutrophils. n ¼ 3 donors. Error bars represent

95% confidence intervals. *P < 0.05 for all

measurements.
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integrin activation than to L-selectin shedding could be due
to the fact that the extracellular domain of CD18 can be
cleaved at physiological shear stresses (36). Cleavage of
CD18 on cells due to fluid shear stress may distort the
true number of cells that are positive or negative for aMb2
integrin activation, whereas L-selectin has only been found
to be cleaved due to fluid shear stress when rolling on carbo-
hydrate ligand-coated surfaces (37).
FIGURE 7 Protease inhibition does not affect FPR surface expression

upon neutrophil exposure to fluid shear stress. Untreated neutrophils and

neutrophils treated with GM6001, 1,10-Ph, or TAPI-0 were exposed to

static conditions and 4.0 dyn/cm2 of shear stress for 2 h. Samples were

analyzed for FPR surface expression via flow cytometry. All conditions

were repeated for significance with n ¼ 3 donors. Error bars represent

95% confidence intervals. NS, not significant.
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In addition to the variations in fMLP-induced L-selectin
shedding and aMb2 integrin activation in neutrophils, it is
also apparent that a subset does not acquire any resistance
due to fluid shear stress. There is evidence that fluid shear
stress on the neutrophil membrane can be nonuniform;
variations in the shear stress distribution on the surface of
a neutrophil have been found, due to the geometric shape
of the membrane (38). Although spherical in shape, neu-
trophils have a villous membrane made up of numerous
fine foldings (39) that may alter the shear stress exerted
on cell-surface receptors. Despite these two factors, it is
notable that a measurable population of neutrophils devel-
oped a resistance to fMLP-induced activation. The ranges
of the neutrophils being examined might also explain the
differences in their response to fluid shear stress. Recent
studies suggest that neutrophil lifespans might be much
longer than previously believed, with neutrophils having
a circulatory lifespan of up to 5.4 days, compared to the
previously generally accepted short lifespan of less than
one day (40).

Neutrophils have the ability to enzymatically cleave their
surface receptors with proteases derived from within the cell
upon exposure to fluid shear, including adhesion receptors
such as L-selectin (37) and CD18 (36). Cleavage of FPRs
by matrix metalloproteinases (MMPs) has been shown by
others to alter the fluid-shear response of neutrophils
(41). However, when neutrophils were treated with MMP



FIGURE 8 Fluid shear stress induces FPR internalization in neutrophils.

(A and B) Neutrophils were exposed to 4.0 dyn/cm2 of fluid shear stress (A)

or to static conditions (B) for 2 h. All samples were permeabilized, labeled

with FPR antibodies, and examined via confocal microscopy. (C) Images

were then thresholded to exclude the cell membrane from measurements.

(D) Quantification of the average fluorescence intensity of the inner portion

of sheared and nonsheared cells. All scale bars¼ 5 mm. All conditions were

repeated for significance with n¼ 3 donors. Error bars represent 95% confi-

dence intervals. *P < 0.05 for all measurements.
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inhibitors in this study, no significant changes in FPR sur-
face expression were observed compared to untreated
samples exposed to fluid shear. This indicates that the loss
of FPR surface expression is not due to enzymatic cleavage
via proteases derived from the neutrophil due to the onset of
shear. Cleavage of FPR observed by other groups was due to
the elevated levels of MMPs within the blood of the sponta-
neously hypertensive rat (41), whereas the neutrophils used
in this study were taken from normal human donors.

Our studies show that FPR surface expression downregu-
lation could be due to the observed internalization of FPR by
neutrophils upon exposure to fluid shear stress. FPR inter-
nalization is typically associated with desensitization of
the receptor upon exposure to fMLP (42). When FPR is acti-
vated due to fMLP, the receptor becomes phosphorylated by
GPCR kinases, which increases FPR affinity for the cyto-
solic protein arrestin (43). Arrestin binding to GPCRs
prevents the receptors from additional association with
G-proteins, making arrestins a major component in GPCR
desensitization. FPR desensitization has also been shown
to occur as a form of cross-desensitization among chemoat-
tractant receptors. HEK293 cells coexpressing fMLP and
C5a receptors have shown that activation of C5a receptors
resulted in cross-desensitization of Ca2þ mobilization stim-
ulated by FPR, and vice versa (44). Neutrophils expressing
combinations of chemoattractant receptors have shown that
peptide chemoattractants such as fMLP, C5a, and IL-8
desensitized Ca2þ mobilization to one another and to PAF
(45,46). Recently, exposure to fluid shear stress has also
been shown to cause FPR on leukocytes to be internalized
into perinuclear compartments (47), and similar internaliza-
tion responses due to shear stress have been observed in
other cell types (48). Based on the loss of FPR expression on
neutrophils after the application of fluid shear stress, FPR
internalization due to shear forces may also cause another
form of desensitization, and thus attenuate the effects of
fMLP on L-selectin shedding and aM integrin conforma-
tional change. Since fMLP is known to induce L-selectin
shedding and aM integrin conformational change (12–15)
and FPR was internalized upon exposure to shear stress in
this study, a downregulation of FPR on the surface available
for receptor-ligand binding will contribute to the neutrophil
response to activation. Although FPR internalization could
play a major role in the downregulation of FPR on the cell
surface, other causes for FPR downregulation could also
be contributors. For example, it has been suggested that
fluid shear may change the conformation in the seven-
transmembrane-domain region of FPR, which may also
cause FPR inactivation (20).

FPR has been implicated as a sensor for fluid shear stress,
but other chemoattractant GPCRs, such as CXCR1 and
CXCR2, did not display unique properties while exposed
to shear stress in this study. Differences in their response
to fluid shear stress could involve differences in their
signaling pathways, as neutrophil chemotaxis in response
to either fMLP or IL-8 is known to display different proper-
ties. Chemotaxis assays have shown neutrophil migration to
IL-8 to be dependent on PI3K, but FPR signaling drastically
differs, as treatment with Pan-PI3K inhibitors only delays
initial neutrophil migration to fMLP (49–53). Physiologi-
cally, FPR surface expression on neutrophils might alter
under shear, but not that of CXCR1 and CXCR2, because
of the differences in fMLP and IL-8 presentation in tissue
compared to in the bloodstream. There is extremely low
fMLP concentration present in the bloodstream, as fMLP
is derived from bacterial protein degradation or from mito-
chondrial proteins upon tissue damage. While under higher
shear stresses within the bloodstream, FPR might remain
internalized due to low fMLP concentrations, but once it
is under much lower shear stress conditions from interstitial
flow within the tissue, FPR could present along the surface
of the neutrophil membrane to enhance migration along the
chemotactic gradient. Conversely, the differences in IL-8
concentration are not as pronounced. Significant amounts
of IL-8 are known to line venular endothelial cells in the
bloodstream while also occurring within the tissue during
inflammatory conditions (26), necessitating that CXCR1
and CXCR2 levels remain similar under both shear and non-
shear conditions.

To investigate the importance of FPR internalization in
the shear-induced resistance to activation, one may attempt
Biophysical Journal 102(8) 1804–1814
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to match the number of receptor-ligand complexes at equi-
librium for sheared and nonsheared neutrophils by in-
creasing the fMLP concentration used to stimulate sheared
neutrophils. If simple monovalent receptor-ligand binding
is assumed, a monovalent ligand L binds reversibly to a
monovalent receptor R to form a receptor-ligand complex
C (54). Neglecting ligand depletion in the neutrophil
suspension, and assuming the ligand concentration remains
constant at its initial value, L0, yields an estimate for the
number of receptor-ligand complexes at equilibrium, Ceq,
from the equation Ceq ¼ RTL0/KD þ L0, where KD is the
equilibrium dissociation constant (nM) of the receptor-
ligand interactions and RT is the number of receptors present
on the cell surface (number/cell).

FPR on neutrophils displays a KD in the range 0.5–1.0 nM
(55,56). With the FPR receptor count for sheared neutro-
phils determined in this study, one can estimate the L0 value
necessary to reach the same Ceq found in nonsheared neutro-
phils. Using KD ¼ 1.0 nM, we predicted the fMLP concen-
tration needed to elicit the same Ceq in sheared neutrophils
as in nonsheared neutrophils to be L0 ¼ 0.8 nM. Equal
responses of L-selectin shedding and aMb2 integrin activa-
tion in sheared neutrophils exposed to 0.8 nM fMLP com-
pared to nonsheared ones exposed to 0.5 nM fMLP would
suggest that FPR internalization is responsible for the
shear-induced resistance. Conversely, a lower degree of
L-selectin shedding and aMb2 integrin activation in the
sheared neutrophils would suggest that FPR internaliza-
tion combines with other factors to contribute to the resis-
tance response. Here, sheared neutrophils stimulated with
0.8 nM fMLP showed a reduction in selectin shedding and
integrin activation compared to nonsheared neutrophils
stimulated with 0.5 nM fMLP, but they exhibited greater
selectin shedding and integrin activation than did sheared
neutrophils stimulated with 0.5 nM fMLP (Fig. S3). This
analysis suggests that FPR internalization, along with other
factors, contribute to shear-induced resistance to activation
in the neutrophil. However, it should be noted that we
have neglected receptor dynamics that occur during the
10-min stimulation with fMLP. Taking into account the
synthesis, intracellular sorting, and differential endocytosis
of FPRs (57) could help to further evaluate the impact of
the effects of FPR downregulation in the neutrophil shear-
induced resistance to activation.
CONCLUSION

The results from this study suggest that fluid shear stress has
a significant effect on the activation of circulating neu-
trophils. Neutrophils acquired a fluid shear stress-induced
resistance to activation via FPRs. The resistance was shown
to be dependent on shear stress magnitude, as the re-
sistance response increased with increasing shear stress.
The mechanical response was also shown to be dependent
on shear stress duration, as neutrophils increased their resis-
Biophysical Journal 102(8) 1804–1814
tance with increased shear stress exposure time. A decrease
in FPR surface expression was observed under fluid shear
stress, and high-resolution confocal microscopy revealed
that FPR was internalized within cells. Although other
studies on mechanotransduction in neutrophils have mostly
focused on morphological changes, this study focused on
earlier indicators of activation, specifically fMLP-induced
L-selectin shedding and aMb2 integrin activation. The com-
plete signaling pathways of these receptors deserve further
study, as do the molecules that mediate GPCR internaliza-
tion. Other receptors that have shown high constitutive
activity should be investigated to understand their contri-
butions to the mechanosensing responses of cells within
the vascular microenvironment.
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