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Abstract

During inflammation neutrophils rapidly migrate to the site of tissue damage or infection by
following complex gradients of bacterial peptides and host-derived chemokines. The efficiency
and speed of neutrophil migration is critically dependent upon the ability of neutrophils to
sensenew gradients and utilize only those that provide the most direct path to the damaged or
infected site. Receptor desensitization plays an important role in migration efficiency and is most
commonly studied using bath application of chemotactic factor solutions instead of presenting
cells with gradients analogous to those they would experience /n vivo. Here we describe a new
method for examining gradient-induced neutrophil desensitization using a previously-developed
open-chamber microfluidic gradient generator.

Introduction

During inflammation gradients of different chemotactic factors work together to guide
neutrophils to the site of tissue damage or infection. The response of the neutrophil is
determined by the concentration of each chemotactic factor, the gradient across the cell, and
the unique combination of chemotactic factors to which the cell is exposed and receptivel=3,
Efficient wound healing is critically dependent upon the ability of neutrophils to migrate
rapidly to the infection site. To find the infection site as quickly and efficiently as possible,
neutrophils employ two forms of self-desensitization.

Heterologous desensitization occurs when intracellular signaling induced by one
chemotactic factor interferes with the receptor activity of or number of receptors for
another?. /n vitro studies have shown that neutrophils use heterologous desensitization to
prioritize the chemotactic factor gradients to which they are exposed and respond
preferentially to those that help them find the damaged or infected sites most efficiently. For
example, neutrophils preferentially migrate up gradients of formyl-methionine-leucine-
phenylalanine (fMLF) (a peptide analogous to those found in bacteria) even when presented
with competing gradients of host-derived chemokines such as leukotriene B4 or CXCL8°. In
fact, neutrophil exposure to fMLF above threshold concentrations can completely abolish
responsiveness towards other chemokine gradients®. Prioritization of fMLF over all other
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chemokines allows neutrophils to follow gradients of proteins released directly by bacteria
instead of chemokine gradients released by host cells in response to bacteria.

Homologous desensitization occurs when neutrophils are exposed to the same chemotactic
factor repeatedly or for a prolonged period of time and progressively lose their
responsiveness. For example, repeated or long-term exposure of neutrophils to CXCL8
results in decreased responsiveness’~9 caused by negative feedback that reduces the activity
and number of CXCLS8 receptors at the cell surface* 819, Homologous desensitization
provides a way for neutrophils to maintain their sensitivity to new gradients while actively
migrating in response to others. However, long-term chemotactic factor exposure does not
always induce homologous desensitization. When neutrophils are exposed to chemotactic
factors below threshold concentrations an enhancement in sensitivity and responsiveness to
subsequent exposures of the same signaling molecule can occurll,

In vitro neutrophil desensitization studies have deciphered much of the chemotactic factor
hierarchy obeyed by neutrophils and some of the threshold concentrations at which
desensitization occurs® 7-9-11.12 The primary method used in desensitization studies is to
pre-expose neutrophils to chemotactic factor solutions at known concentrations and measure
the level of activation induced when the neutrophils are subsequently placed in a second
chemotactic factor solution. The degree of neutrophil activation has been assessed by
measuring the magnitude of the respiratory burstl1, the mobilization of intracellular
calcium”- 8 neutrophil transmigration through a monolayer of endothelial cells'2, and
neutrophil adhesion to laminin-coated substrates’.

However, during inflammation neutrophils are exposed to gradients and not uniform
distributions of chemotactic factors. Because most studies utilize homogeneous solutions to
desensitize cells little is known about desensitization in response to gradients, whether
additional complexity is encoded in the spatial or temporal characteristics of the gradient,
and whether the information gleaned from homogeneous bath desensitization studies
accurately reflects the /n vivo response. Two studies have examined the effects of
heterologous desensitization on neutrophil chemotaxis by either exposing neutrophils to
competing chemotactic factor gradients®, or pre-exposing neutrophils to chemotactic factor
solutions and assaying their ability to subsequently respond to chemotactic gradients®. Both
studies utilized the under-agarose chemotaxis assay which cannot be used to correlate
individual neutrophil behavior with specific gradient characteristics (e.g. slope,
concentration range, timing of exposure) due to an inability to track individual neutrophils
as well as create gradients that do not change over space and time. To our knowledge, no
study has addressed gradient-induced homologous desensitization or how it affects the cell’s
ability to respond to other chemotactic factor gradients.

Microfluidic technology has played an increasingly prominent role in shaping our
understanding of neutrophil chemotaxis'3-26. Unlike traditional methods (reviewed in [27]),
microfluidic gradient generators allow researchers to expose cells to reproducible, user-
defined chemical microenvironments and directly quantify individual cell responses. The
newest evolution of gradient generators1®: 28 29 offer researchers significant spatial and
temporal control over the chemical environment leading to entirely new understandings®C of
how neutrophils migrate to sites of inflammation and infection. It is the advent of these
latest devices, which allow dynamic tuning of the shape and/or position of chemical
gradients, that finally allows the many advantages of microfluidic technology to extend to
studies of neutrophil desensitization. Here we describe a novel method for studying
gradient-induced homologous and heterologous neutrophil desensitization using a
previously-described microfluidic gradient generator termed the “Microjets Device” (Fig.

1) 29,
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Materials and Methods

Device Fabrication

The device was fabricated as previously described?®. Briefly, a silicon wafer was coated
with a 1.5 pm-thick layer of SU8-2 (Microchem Corp., Newton, MA). Electron beam
lithography (FEI Sirion SEM) was used to create the molds for the 1.0 um tall x 1.0 ym
wide x 25 uym long Microjets. Two-layer SU8-50 photolithography was then used to create
the molds for the 45 pum tall x 100 um wide gradient fluid manifolds and the 66 um tall x
200 pum wide cell culture reservoir. Poly(dimethyl siloxane) (PDMS) exclusion

molding3L: 32 was used to form a thin replica of the 3-layer SU-8 mold with open windows
corresponding to the tallest features. The thin PDMS replica was bonded to a 60 mm-
diameter glass bottom petri dish using oxygen plasma treatment (200W, 1 torr O,, 20 sec).
Silicone tubing was similarly bonded to the inlets and outlets for the gradient fluid
manifolds and was then caulked with a thin bead of PDMS around the interface to ensure a
water-tight seal.

Human Neutrophils

Heparinized whole blood (20-30 mL) was collected from healthy human donors, layered
over a density gradient (monopoly resolving media, ICN Pharmaceuticals, Costa Mesa, CA)
and spun at 400 x g for 30 min. The neutrophil-rich fraction was removed and if necessary,
red blood cells were lysed with hypotonic saline. The neutrophils were washed twice with
pyrogen-free phosphate buffered saline (PBS) (Sigma, St. Louis, MO) and then resuspended
in 5.0 ml RPMI-1640 without phenol red (BioWhittaker, Walkersville, MD) containing 10%
heat-treated fetal calf serum (RPMI-FCS) (HyClone, Logan, UT).

Device Preparation and Set Up

The device was exposed to oxygen plasma (200 W, 1 torr O,, 20 sec) and immediately filled
with 0.2 ym-filtered water. The glass substrate at the bottom of the open cell culture
reservoir was coated with poly-D-lysine (100 pg/mL, 1hr, at room temperature), rinsed
twice with 0.2 pm-filtered water, coated with fibronectin (10 pg/mL, 90 min, at 37°C) and
rinsed twice more with water. The reservoir was then filled with Hank’s Balanced Salt
Solution (HBSS) with 0.1% v/v bovine serum albumin (BSA) (Invitrogen, Carlsbad, CA).
Human neutrophils were seeded at 10,600 cells/cm? and allowed to settle and attach for 20—
30 minutes in 5% CO, and 37°C. The device was then placed on a Zeiss LSM 510 confocal
microscope (Carl Zeiss Microlmaging, Inc., Thornwood, NY). The media in the Microjet
manifolds was replaced with the appropriate gradient-generating solutions. Fluorescent dyes
of appropriate molecular weight were added to each chemotactic factor solution to act as an
indirect indicator of chemotactic factor concentration. After filling each Microjet manifold
with the appropriate solution, the manifold inlets were connected to independent low-
pressure regulators (0-3 psi, ITT Conoflow, St. George, SC) supplied with 10 psi
compressed nitrogen gas. The confocal microscope was set to capture a 10 ym-thick optical
slice nearest the cell culture substrate. Phase and fluorescence images were acquired every
15 seconds.

Quantitative Analysis

Fluorescence images were used to estimate the concentration profile of each chemotactic
factor based on the fluorescence intensity of the respective fluorophores. The bilateral
symmetry of the device creates a 1-dimensional gradient between the source and sink
Microjet arrays. The mean fluorescence intensity for each pixel column orthogonal to the
gradient axis was used to calculate the concentration profile at each time point. To determine
the concentration gradient to which each cell was exposed we performed a linear regression
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analysis on the calculated concentration profile using the 6 pixels upstream and downstream
of the cell position for each time point. The 13 pixel range (~12 um) gives the approximate
gradient conditions to which each cell was exposed. Phase contrast images were used to
quantify neutrophil chemotaxis in response to the gradient. Cell tracking was performed
manually using the Object Tracking Module in MetaMorph 5.0 (Molecular Devices,
Downingtown, PA). Quantification of neutrophil behavior and correlation with gradient
characteristics were performed using MATLAB™ with the Image Processing Toolbox (The
Mathworks, Natick, MA). Statistical analyses were performed using GraphPad Software.

Novel Method for Studying Neutrophil Desensitization

The first step is to decide on a desensitization scenario. A wide variety of scenarios are
possible depending upon the chemoattractants or chemorepellants being investigated, the
characteristics of the gradients being applied, the duration of exposure desired for each
gradient, and the incorporation of other factors (e.g. toxins, inhibitors, metabolites, etc.) that
may influence neutrophil desensitization. Once the scenario has been chosen the device is
seeded with neutrophils and loaded with the first set of gradient fluids. All chemotactic
factor solutions should be spiked with a fluorescent dye of comparable molecular weight as
an indirect indicator of concentration. The desired scenario is then executed by exchanging
gradient fluids and modifying the pneumatic pressure delivered to each gradient fluid
manifold to achieve gradients with the appropriate characteristics at the desired times.
Neutrophil behavior can be documented with either phase-contrast or DIC time-lapse
imaging. Fluorescence imaging should be interlaced with phase or DIC imaging to provide
validation that the desired chemotactic factor gradients were created within the cell culture
reservoir.

Using the time-lapse phase-contrast image sequences the position of each neutrophil is
tracked using an object tracking program such as the Object Tracking Module provided with
MetaMorph 5.0 software. The resulting (X,Y) coordinates for each cell in each frame of the
time lapse sequence along with the fluorescence time lapse image sequence are then passed
to the MATLAB program (provided in the supplentary information). Using the fluorescence
time-lapse image sequence the MATLAB program calculates the concentration profile of the
chemotactic factor based on the fluorescence intensity of the corresponding fluorophore.
Due to the bilateral symmetry of the device the program uses the mean fluorescence
intensity for each pixel column orthogonal to the gradient axis to calculate the concentration
profile at each time point. To determine the concentration gradient to which each cell was
exposed the program performs a linear regression analysis on the calculated concentration
profile using a user-defined number of pixels upstream and downstream of the cell position
for each time point. The program prompts the user to define the transition points between
major stages of the desensitization scenario and specify which cells should be included in
the subsequent analyses. Once the transition points and cells have been specified the
program outputs an overlay image of the migration traces for the selected cells during each
stage, a plot of the concentration and gradient slope to which each cell was exposed over the
course of the experiment, a comparison of both the overall cell velocity and the velocity of
the cell along the gradient axis for each stage of the desensitization experiment, and a table
of those velocities for statistical evaluation.

Desensitization Method Demonstration

To demonstrate how the new method can be used to explore gradient-induced
desensitization in human neutrophils we conducted a proof-of-concept experiment in which
neutrophils were exposed to a linear gradient of the chemoattractant CXCL8 and allowed to
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migrate. The CXCLS8 gradient was then shifted to re-expose the neutrophils to the same
gradient through which they had just migrated. To demonstrate the potential for studying
heterologous desensitization after homologous desensitization the fluids in the Microjets
Device manifolds were exchanged to produce a a gradient of f-Met-Leu-Phe (fMLF) in the
opposite orientation as the initial CXCL8 gradients. fMLF has been previously shown to be
at the top of the neutrophil response hierarchy 8:11.12 and should be able to elicit responses
in CXCL8-exposed cells.

The demonstration desensitization scenario was divided into five stages (Fig. 2). In Stage |
the right manifold was filled with 10 nM CXCLS8 (8 kDa) (Sigma-Aldrich, St. Louis, MO) +
5 uM Alexa 647-Dextran (10 kDa) (Invitrogen, Carlsbad, CA) in HBSS + 0.1% BSA. The
left manifold was filled with HBSS in 0.1% BSA. Neutrophils were allowed to migrate
randomly for 5 minutes without exposure to any chemoattractant enabled by the lack of
manifold pressurization. This stage serves as a control for migration behavior in the absence
of a chemotactic gradient. In Stage Il a linear gradient of CXCL8 was established in the cell
culture reservoir using a right manifold driving pressure of 3.0 psi and a left manifold
driving pressure of 2.0 psi. The neutrophils were allowed to migrate in response to the
gradient for 20 minutes. During Stage 11 the gradient was shifted towards the CXCL8
source without changing the gradient shape by reducing the source driving pressure to 2.0
psi and increasing the sink driving pressure to 3.0 psi (i.e. equal magnitude pressure offsets).
The neutrophils were allowed to migrate for another 15 minutes. In Stage 1V the fluid in the
right manifold was replaced with the sink fluid (HBSS+0.1% BSA) and the fluid in the left
manifold was replaced with 10 nM fMLF (438 Da) (Sigma-Aldrich, St. Louis, MO) in
deoxygenated RPMI (HyClone, Logan, UT). Alexa 488 (570 Da) (Invitrogen, Carlsbad, CA)
was added to the fMLF solution as an indirect indicator of fMLF concentration. During
Stage V a linear fMLF gradient, oriented in the opposite direction of the CXCLS8 gradients,
was established in the cell culture chamber by applying 3.0 psi to the left manifold and 2.0
psi to the right manifold. Cells were allowed to migrate for 26.5 minutes.

Overlays of the neutrophil migration paths output by the MATLAB program show clear
migratory bias when cells were exposed to the two CXCL8 gradients (Fig. 2a) and the
subsequent fMLF gradient (Fig. 2a). Close examination of the morphology and behavior of
individual cells revealed three distinct migratory behaviors when neutrophils were exposed
to the CXCLS8 gradients. Five of the cells (13%) exhibited no migratory response at all and
were classified as “Sessile” (Fig. 3a). The cells continually altered their shape and were
viable but did not respond in any way to the CXCL8 gradients. Eighteen of the cells (49%)
polarized and migrated up the CXCLS8 gradient with a wide lamellopod forming on the side
of the cell nearest the CXCLS8 source and a narrow uropod forming at the opposite side.
These cells were classified as “Motile” (Fig. 3b and 3d). Six matile cells contacted the cell
culture reservoir wall nearest the CXCL8 source and continued to migrate orthogonal to the
gradient axis along the Microjet outlets. To prevent the migration paths of these cells from
confounding subsequent analyses, we truncated their paths at the first frame of cell-wall
contact.

Interestingly, 14 of the cells (38%) adopted a polarized morphology but failed to make
appreciable progress across the cell culture surface. The lamellopodia and somas of the cells
extended toward the CXCL8 source but their uropods remained tethered to the cells’ initial
positions (Fig. 3c, arrowhead). We classified these cells as “Tethered”. Unlike motile cells
which made progress across the cell culture surface during all three chemotactic gradients,
tethered cells never extended more than ~20 pm from their initial position resulting in an
oscillatory migration path (Fig. 3e).
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During the exchange of gradient fluids the vast majority of neutrophils lost their polarized
morphology. When the fMLF gradient was initiated neutrophils polarized in the opposite
direction. Eighteen of the neutrophils migrated productively towards the fMLF source. One
of the motile cells had previously been sessile and 4 had been tethered cells during CXCL8
gradient exposure. Three of the 5 cells that were sessile under CXCL8 gradients remained
sessile during fMLF with a fourth dying. Of the remaining 10 cells that were tethered during
CXCLS gradients 3 became sessile and 7 reversed their morphological polarity but remained
tethered to the surface. From the 37 cells originally seeded in the cell culture reservoir nine
(24%) responded to all three chemotactic gradients and at no time came in contact with one
of the cell culture reservoir walls.

Examples of the concentration and gradient slope histories output by the MATLAB program
are shown in Fig. 4 for one of the motile cells from the demonstration study. Because the
method described here allows gradient characteristics to be correlated with individual
neutrophil responses we can see that the cell position for this cell changes little until the first
CXCLS8 gradient is turned on at t = 5 min. The CXCL8 concentration and gradient slope to
which the cell is exposed increases greatly and after a short delay the cell begins to migrate
up the gradient towards the CXCLS8 source. At t = 25 min the cell experiences a significant
drop in gradient concentration (Fig. 4a) as it transitions from Stage Il to 11l with little to no
variation in the gradient slope (Fig. 4b) due to the linearity of the gradient. The cell
continues to migrate towards the CXCLS8 source in the shifted gradient until t = 40 min
when the gradient fluids are exchanged. When the fMLF gradient is initiated at t = 42.5 min
the cell migrates in the opposite direction towards the fMLF source.

Examples of the neutrophil velocity comparisons output by the MATLAB program are
shown in Fig. 5. For our demonstration study overall cell velocities were greater during
gradient exposure, regardless of the chemotactic agent, than in the absence of a chemotactic
gradient (Fig. 5a). However, no individual chemotactic gradient induced higher overall cell
velocities than any other.

When we compared the x-velocities of motile cells (i.e. velocity along the gradient axis)
during the different desensitization assay stages (Fig. 5b) we discovered that the cell
velocities during the initial and shifted CXCL8 gradients were significantly greater than the
cell velocities measured when there was no gradient or when the cells were exposed to
fMLF. However, a statistical analysis performed on the tabulated velocities output by the
MATLAB program showed no statistically significant difference in the x-velocities between
the two CXCLS8 gradients (Stage Il vs. Stage I11). The x-velocities during fMLF gradient
exposure were also not significantly different from those measured in the absence of any
chemotactic gradient despite the clear migratory bias shown in Fig. 2c.

Discussion

Here we have described a new method for studying gradient-induced neutrophil
desensitization using a microfluidic gradient generator capable of dynamic gradient tuning
in combination with a MATLAB cell analysis program. Using the described method one can
recreate a wide variety of desensitizing scenarios and obtain direct, quantitative information
for both individual cells as well as selected subpopulations. In a demonstration study we
showed how the new method could be used to correlate individual neutrophil responses with
specific gradient characteristics when cells were exposed homologous desensitizion
environments (CXCLS8) followed by heterologous desensitization environments (fMLF).

Although only used to demonstrate one way in which the new method could be used, the
wide variability in cell responses during the demonstration study hints at the challenges of
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studying neutrophil desensitization and the need for tools that can provide more chemically-
complex and physiologically-relevant in vitro environments. The unexpected presence of
“tethered cells” and the fact that many cells responded to the second CXCL8 and/or fMLF
gradients but not the first CXCLS8 gradient provides evidence that neutrophils indeed have
initial activation states, and long-term chemical sensitivities that differ dramatically. The
population-based approaches and analyses provided by traditional methods are simply
ineffective at parsing out how specific complements of chemotactic factor receptors and
their relative activation states influence neutrophil migratory behavior when presented with
specific sets or sequences of chemotactic factor gradients.

One could easily extend the demonstration study described here to further characterize the
nature of any desensitization by varying the time neutrophils were exposed to each gradient,
or altering the slope and concentration range of the secondary gradients to see if equivalent
levels of chemotaxis can be elicited by steeper gradients and/or higher concentrations of the
respective factors. Using molecular biology tools one could influence the expression levels
of different receptors and co-factors to explore how they influence the desensitization
response. Although the exchange of manifold fluids to create gradients in the opposite
orientation were used here to demonstrate the possibility of conducting heterologous
desensitization studies, they could equally be applied to examining receptor turnover and
neutrophil repolarization using a CXCL8 gradient oriented in the opposite direction as the
first.

Given the number of factors known to induce chemotaxis in human neutrophils and the
number of receptors and co-factors involved in transducing the gradient signal, one can
clearly see that a nearly limitless number of permutable desensitization scenarios are
possible, each of which yielding significant insight into our understanding of neutrophil
chemotaxis.

Conclusions

Capitalizing on the dynamic gradient tuning capabilities of a previously reported
microfluidic gradient generator we have demonstrated a method for studying gradient-
induced desensitization of human neutrophils. The method we have described presents
neutrophils with chemical environments more similar to those they may encounter in vivo
allowing a more thorough and quantitative examination of the specific cues and mechanisms
neutrophils use to navigate to a site of tissue damage or infection. Neutrophils /n vivo are
constantly sensing and responding to a milieu of different chemotactic factor gradients,
prioritizing them to find invading pathogens as rapidly as possible. At no time are they
exposed to homogeneous concentrations of factors and then exposed to a gradient. Using the
described method neutrophils can be exposed to a wide variety of desensitization scenarios.
The use of time-lapse phase-contrast and fluorescence microscopy in combination with
MATLAB-based software allows correlation of cell behavior data with specific gradient
characteristics to provide detailed, quantitative information about individual neutrophil
migration in response to each imposed chemotactic factor gradient. Although the method
was developed for human neutrophils, it could be more broadly applied to a wide variety of
gradient-responsive cell types including other immune cells, neurons, embryonic stem cells,
and bacteria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Open-chamber “Microjets’ device

(a) 3D schematic of the device showing the open architecture of the cell culture/gradient
chamber. (b) Top-view phase contrast image of human neutrophils within the device with a
fluorescence image overlay of an Alexa 488 gradient. Adjusting the driving pressure
delivered to each gradient fluid manifold (P, PR) causes the concentration profile (solid
line) to shift in position with no change in gradient slope (dashed line).
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Figure 2.

(a) The demonstration desensitization scenario was conducted in 5 stages. Cells were first
allowed to migrate without CXCL8 exposure for 5 minutes. A gradient was then applied for

20 minutes. The gradient was then shifted towards the CXCLS8 source and cells were
allowed to migrate in the new gradient for 15 minutes. The gradient fluids were then

exchanged to expose cells to an fMLF gradient in the opposite orientation for 26.5 minutes.
(b—c) Overlayed migration paths show clear migration bias to the CXCLS8 gradients (Stage Il

and I11) and the subsequent fMLF gradient (Stage V).
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Figure 3. Different Types of Neutrophil Migration Behaviors
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(a) “Sessile” neutrophils failed to polarize and did not migrate up the chemotactic gradient.
(b) “Motile” neutrophils polarized and made appreciable progress across the cell culture
surface. (c) “Tethered” neutrophils polarized but failed to move from their initial positions
seemingly tethered by their uropod (white arrowhead). (d) Position traces for two motile
cells show processive migration during the CXCLS8 gradients (Stage 11-blue, Stage I11-red)
and the fMLF gradient (green). (e) Similar position traces for two tethered cells shows their
oscillatory migration paths that never exceed 20 um from the original cell position.
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Figure 4. Correlating Migration Behavior with Gradient History

(a) Concentration history of a neutrophil that responded to all three chemotactic gradients
showing the chemotactic factor concentration to which the cell was exposed at each time
point (solid black line) and the cell’s x-position in the cell culture reservoir (dashed green
line). Dotted lines indicate transitions between different desensitization scenario stages. (b)
Gradient slope history of the same neutrophil showing the slope of the gradient to which the
cell was exposed at each time point (solid black line) and the cell’s x-position in the cell
culture reservoir (dashed green line).
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Figure5. Neutrophil Velocity Analysis

(a) A comparison of the average overall velocities during each stage for neutrophils
responsive to all three gradients. (b) A comparison of the average X-velocity (along gradient
axis) during each stage for neutrophils responsive to all three gradients.
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