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ABSTRACT: The dynamics of neutrophil chemotaxis under
competing chemoattractant gradients was studied using a
microfluidic platform. This microfluidic platform, which
establishes a stable and dynamic gradient of chemoattractants
across a cell culture chamber, enabled the investigation of
human neutrophil migration patterns in the presences of four
different chemoattractants (leukotriene B,, chemokine C—X—
C motif ligands 2 and 8, and fMLP) and competing gradients
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of all pairwise combinations. The migration patterns for individual cells were tracked and quantitatively analyzed, and the results
suggest a hierarchy among these chemoattractants of fMLP > CXCL8 > CXCL2 > leukotriene B,. In all conditions, over 60% of
neutrophils exposed to a competing gradient move toward the stronger signal though the weaker chemoattractant still influences
neutrophil motility. These results yield insight about how each chemoattractant contributes to overall neutrophil chemotaxis

within complex physiological environments.

hemotaxis is an important cellular process in immune

response by which cells migrate toward a site of interest,
such as the site of infection,” inflammation,>* injury,5’6 or even
cancer metastasis.” ° In chemotaxis, cells are guided by
signaling molecules called chemoattractants. In unusual circum-
stances, such as inflammation or infection, specific chemo-
attractants are up/down-regulated or newly introduced. Fifty
years of studies on chemotaxis has identified various chemo-
attractants and revealed that each cell type within the immune
system responds to a unique set of chemoattractant
signals.'®"'® However, conventional assay techniques have
limited ability to delineate the relative strength of each
chemoattractant for a given cell type and the way a
chemoattractant influences that cell. Conventional chamber-
based assay platforms, such as the Boyden chamber'”™" or the
Dunn chamber,*®*' rely on diffusion of asymmetrically
introduced molecules to establish a chemical gradient; as
such, the platforms do not allow precise control over
concentrations of the gradient, and the resulting gradient
degrades with time. Also, traditional methods are typically not
quantitative and provide no insight on the cellular behavior at
the single-cell level because they monitor ensemble average
characteristics. While true that cells behave in an ensemble in
vivo, individual cells of the same cell type show heterogeneity in
their response to a stimulus. This heterogeneity may be
important in the biological function of the cells and is clearly
demonstrated by histogram analysis of neutrophil populations
herein. More importantly, experiments using conventional
assays are commonly performed in an oversimplified environ-
ment, such as static buffer conditions or a single-chemo-
attractant gradient,lg_25 which is insufficient to reflect the real
chemotactic environment of the cells in vivo as the chemical
signaling events in the in vivo milieu occur under complex and
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dynamic environments. A few research efforts have endeavored
to take such environmental aspects into account,”> > and these
studies have revealed several characteristics of chemotaxis not
obvious using classical methods, such as the effect of dynamic
gradients on chemotaxis or cellular integration of multiple
chemotactic signals.

To address the challenge of introducing complexity into
chemotaxis studies, this research utilizes microfluidics to form
competing gradients of two chemoattractants while monitoring
the resulting behavior of individual human neutrophils.
Microfluidic platforms enable creation and control of dynamic
microenvironments while providing other advantages, such as
small volume sample requirements, device optical transparency,
and biocompatibility, based on the small device dimensions and
the device media, (poly(dimethylsiloxane) or PDMS in this
research).”**® Using a microfluidic platform, this work
investigates all pairwise combinations of four chemoattractants
to quantitatively analyze neutrophil chemotaxis and reveals a
hierarchical preference of neutrophils among these chemo-
attractants.

Neutrophils are granular leukocytes that play important roles
in the immune system. Several diseases, including lung cancer
and asthma, have shown abnormalities in their neutrophil
populations or the levels of neutrophil chemoattrac-
tants,>**'331735 31 d therefore, understanding their chemotaxis
will enable deeper understanding of the immune response, both
fundamentally and in these diseases. A variety of chemo-
attractants have been shown to induce neutrophil chemotaxis,
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including chemokine C—X—C motif ligands 2 and 8 (CXCL2
and CXCLS), leukotriene B, (LTB,), and formyl-met-leu-phe
(fMLP), the four chemoattractants considered herein. CXCL2
and CXCLS8 are part of a chemokine subfamily produced by
many cell types (including neutrophils, T-cells, endothelial
cells, epithelial cells, and others)1 36 with known roles in
several inflammatory diseases. A major lipid product of several
cell types, LTB,, is reported as an indicator of neutrophil
activation®”*>*” and is known to play a role in cell adhesion,
oxygen metabolite production, and degranulation of immune
cells.”” Lastly, fMLP is believed to originate from bacterial
protein degradation and is known to activate several cell types,
including neutrophils, to produce tissue-destructive oxygen-
derived free radicals in phagocytic cells as well as induce
neutrophil chemotaxis.*® In short, CXCL2, CXCLS, and LTB,
are host-derived chemoattractants while fMLP is a bacterially
derived chemoattractant for neutrophils. The first three are
used in this study to mimic a situation in which only host-
derived signals exist, and fMLP is employed to mimic a
situation in which host- and bacterially derived signals conflict.
While a couple of recent studies have investigated the
chemotaxis of neutrophils in complex environments,>***~*!
situational and hierarchical preference of neutrophils has not
yet been studied. To be noted, as the goal of this research is to
reveal the influence of various types of chemoattractants
(hierarchical preference of neutrophils for chemoattractants),
other contributing characteristics that can also affect neutrophil
chemotaxis, such as mean chemoattractant concentration and
steepness of a chemoattractant gradient, are finely controlled in
this research.

B EXPERIMENTAL SECTION

Cell Preparation. Ethylenediaminetetraacetic acid
(EDTA)-anticoagulated whole human blood samples were
obtained from Memorial Blood Center (St. Paul, MN)
according to approved IRB protocol E&I ID no. 07809. All
blood samples were collected from healthy donors by a skilled
professional at the Memorial Blood Center on the day that
experiments were performed and were used immediately after
the samples were obtained. Neutrophils were isolated from 5
mL of blood by density gradient centrifugation (Solon, OH)
following a previously reported protocol.*” Neutrophils were
resuspended in Hank’s buffered salt solution (HBSS, Sigma-
Aldrich, St. Louis, MO) containing 2% human serum albumin
(HSA, Sigma-Aldrich, St. Louis, MO) that was kept at 37 °C.

Device Fabrication. The microfluidic devices were
fabricated using photolithography techniques. Mask designs
were printed on transparent film (Cad/Art Service Inc,
Bandon, OR) and transferred onto a chrome mask plate with
a positive photoresist (Nanofilm, Westlake Village, CA). The
transferred designs were developed using a developer solution
(351 developer, Rohm and Hass Electronic Materials LLC,
Marlborough, MA) to expose the chrome layer underneath the
photoresist. Finally, the exposed chrome was etched down in a
chrome etchant solution (Cyantek Corporation, Fremont, CA);
the remaining photoresist was removed, and the plate was
washed and dried. To fabricate a device master, a silicon wafer
was cleaned using 1:10 hydrofluoric acid (Avantor Performance
Materials, Phillipsburg, NJ)/DI water solution and spin-coated
with a negative photoresist, SU-8 S0 (Microchem, Newton,
MA). The mixing channel dimensions were 50 ym (W) X 100
um (D) X 2330 um (L) while the cell culture chamber was 450
pum (W) X 100 ym (D) X 2500 um (L). After a baking step,
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the device design was transferred onto the photoresist layer on
a silicon wafer through the previously prepared mask.
Following a second baking step, the device design on the
silicon wafer was developed in SU-8 developer (Microchem,
Newton, MA). Upon completion of the master, a Sylgard 184
elastomer and curing agent mixture (10:1 ratio, Ellsworth
Adhesives, Germantown, WI) was cast onto the master and
cured overnight at 95 °C. After punching inlet and outlet holes,
the PDMS layer was bonded onto a glass coverslip via oxygen
plasma treatment at 100 W for 10 s. The complete device was
then brought into a biosafety cabinet where the device was
exposed to UV light for an hour and kept in the biosafety
cabinet to promote sterility until use.

Device Preparation for Experiments. Before use, the
channels were washed using a 70% v/v ethanol solution in
sterilized Milli-Q water (Millipore, Billerica, MA). After rinsing
the channels with sterilized Milli-Q water, a 250 ug/mL
solution of human fibronectin (Invitrogen, Carlsbad, CA) in
sterilized Milli-Q water was introduced through the channels,
and the device was incubated under 5% CO, at 37 °C for an
hour. Following fibronectin incubation, 50 uL of neutrophil
suspension (1—4 X 10° cells/mL) in HBSS containing 2% HSA
was injected into the cell culture chamber inlet, and the device
was kept in the incubator for another hour to promote
neutrophil adhesion. The device was then connected to a
syringe pump, and HBSS containing 2% HSA was injected
through the channel for 2 min to remove nonadherent
neutrophils. Then, the desired combination of chemoattractants
(e.g,, HBSS containing 2% HSA vs CXCL2 in HBSS containing
2% HSA) was introduced through the two chemical inlets.
CXCL2, CXCL8, and fMLP were purchased from Sigma-
Aldrich (St. Louis, MO), and LTB, was purchased from
Cayman Chemical (Ann Arbor, MI). All chemicals were used as
received.

Gradient Confirmation. To ensure that the device was
appropriate to generate the expected chemoattractant gradients,
computational fluid dynamics (CFD) modeling was performed
using COMSOL Multiphysics ver. 4.1. To reduce the time
necessary for modeling, stationary analysis was performed on a
single mixing channel geometry in three dimensions (3-D).
Flow rates used for modeling were 50, 75, and 100 yL/h, and
diffusion coefficients for molecules introduced into the
channels ranged from 1.5 X 107° to 1.0 X 107¢ cm?/s, values
simulating both small-molecule and small-protein diffusion.*>**

Time-Lapse Microscopy. Time-lapse images of neutro-
phils migrating inside the microfluidic cell culture chamber
were obtained using Metamorph ver. 7.7.5 imaging software on
an inverted microscope equipped with a 10X objective (Nikon,
Melville, NY) and a CCD camera (QuantEM, Photometrics,
Tucson, AZ). Images of neutrophils in the chamber were
acquired every 10 s for 30 min.

Analysis of Data. For experiments with a single-chemo-
attractant gradient of CXCL2, CXCLS8, LTB,, or fMLP, 15 or
more neutrophils were randomly chosen from each device and
analyzed. For experiments with competing gradients of
chemoattractants, 10 or more neutrophils were randomly
chosen from both the left and right sides of a channel (total of
20 or more neutrophils per device) and separately analyzed. For
each condition, neutrophils from three different donors were
used (three independent experiments per condition). Meta-
Morph, the imaging software, tracked positions of each cell in
each frame, and the tracked data was further analyzed using
Microsoft Excel. From the obtained data, the migration patterns
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Figure 1. (a) Schematic of the device used in this work (not to scale) and (b) an example result for the mixing process modeled by COMSOL
multiphysics (flow rate of 100 uL/h and a diffusion coefficient of 1.5 X 107 cm?/s, molecule introduced to the right-side inlet with the concentration

of 50 ng/ mL).
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Figure 2. (a) MIs, (b) CIs, and (c) ECIs under the control condition and single-gradient conditions (N = S0 for control, 58 for CXCLS, 55 for
CXCL2, 57 for LTB,, and 60 for fMLP). Results were statistically tested using Kruskal—Wallis test (*, p < 0.1; **, p < 0.01; ***, p < 0.0001).

of neutrophils were described using three numeric parameters:
motility index (MI), chemotactic index (CI), and effective
chemotactic index (ECI). Similar interpretation has been
previously done to describe neutrophil chemotaxis.*® MI
indicates how much of total possible neutrophil movement
was in the overall dominant xy direction and is defined as the
ratio of final displacement (d) and maximum displacement

(dyax) of a neutrophil:
Ml =d/d_,

where d, is defined as the product of the average migration
speed of the tracked neutrophil and the total migration time.

The orientation of neutrophils during migration is quantified
by CI which is defined as

Cl= x/dtotal

where « is the final displacement along the x-axis (the direction
of the gradient) and d,o is the total migration distance.
Finally, ECI (the product of MI and CI) is used to quantify
how effective chemotaxis was in the neutrophil migration. In
this report, movement toward the right side of the channel
results in positive CI and ECI values. These three parameters
for individual cells are plotted as histograms, and averaged
values of these parameters are plotted per condition. ¢ test and
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analysis of variance (ANOVA) without assumption of a
Gaussian distribution (also called Kruskal-Wallis test) are
used for statistical comparison, and the error in all figures in
this manuscript is represented as the standard error of the
mean.

B RESULTS AND DISCUSSION

Building a Gradient Using Microfluidic Mixing
Channels. The microfluidic platform consists of many
serpentine channels and an observation channel (the cell
culture chamber) (Figure la). Chemoattractant-containing
solutions introduced into the series of serpentine channels for
mixing establish a stable gradient of chemoattractant in the
observation channel.*® The key to establishing such a gradient
in the observation channel is a complete mixing process in each
serpentine channel; therefore, a CFD module in COMSOL
multiphysics 4.1 was used to verify that the device operated as
desired (Figure 1b). In the simulations, 1.5 X 10~ and 1.0 X
1078 cm?/s diffusion coefficients were used to model small
molecules and small proteins, respectively, diffusing through the
channels.**** Figure 1b shows an example result for 1.5 X 10~
cm?/s diffusion coefficient and 100 uL/h flow rate, and all other
model results showed a complete mixing process like that
depicted in Figure 1b, confirming that neutrophils will be

dx.doi.org/10.1021/ac3009548 | Anal. Chem. 2012, 84, 6070—6078



Analytical Chemistry

(@)

(b)

100+ 3 towards fMLP
B3 towards CXCLS
g *f
Left *E'
o 604
b=
=
= 404
o
. [=]
Right o 204
r Y v . . o i i
IS N o Right Left Total
() d)
1.04 3 without CXCLS 1.0 3 without IMLP
0.8 B3 with CXCL8 0.8 E3 with fMLP
0.6+ 0.6
0.44 0.4-
0.24 I—‘l'-l [:'l 0.24
0.0 m £ 0.0
-0.24 0.2+
0.4 -0.4-
Mmi Cli ECI Mi Cl ECI

Figure 3. Results from CXCL8—fMLP-mediated chemotaxis (***, p < 0.0001 using unpaired ¢ test). (a) ECIs from each side of the channel with
Nie = 31 and Ny, = 36 (positive sign indicates that the chemotaxis was toward fMLP while negative sign indicates that the chemotaxis was toward
CXCLS8). (b) Populations of the cells moved toward a chemoattractant. (c) MI, CI, and ECI comparison to those from fMLP-mediated chemotaxis
(positive sign indicates that the chemotaxis was toward fMLP while negative sign indicates that the chemotaxis was toward CXCL8) and (d) M, CI,
and ECI comparison to those from CXCL8-mediated chemotaxis (positive sign indicates that the chemotaxis was toward CXCL8 while negative sign

indicates that the chemotaxis was toward fMLP).

exposed to the desired concentration gradient of chemo-
attractants as specified below. Final gradients can be further
evaluated using fluorescent dyes with the molecular weight
similar to the chemoattractants of interest in this study; work
done by others®®* has demonstrated gradient instability less
than 10% as long as the flow rate is maintained.”® For the
purpose of this study, the investigation of neutrophil chemo-
taxis in a complex environment, the effect of flow itself was also
evaluated. The shear stress in the main observation channel
generated by the flow conditions was around 0.01 N/m? at the
maximum (calculated using COMSOL multiphysics simulation,
data not shown), which is significantly smaller than the shear
stress levels in in vivo environments (~1—6 N/m?2).*¢
Therefore, it is likely that the effect of the flow itself on
neutrophil chemotaxis is minimized in this research.
Neutrophil Migration under Single Chemoattractant
Gradients. Neutrophil chemotaxis under single gradients of
CXCL2, CXCL8, LTB,, and fMLP was studied using histogram
analysis and three numerical parameters: MI to indicate
motility of neutrophils’ migration, CI to quantify the
orientation of neutrophils during migration, and ECI (the
product of MI and CI) to quantify how effective chemotaxis is
in the neutrophil migration. The receptors for each chemo-
attractant are different (CXCR1 and CXCR2 for CXCL2 and
CXCL8, BLT, and BLT, for LTB,, and FLPRI for
fMLP),"#3>3573%47 5o the expectation from this investigation
was that neutrophils would respond differently to different
gradients. First, control experiments were performed with
media containing no chemoattractant. As shown in Figure 2,
cells showed the smallest effectiveness of chemotaxis (the
smallest ECI) in their movement under this condition. Then,
several gradients of different, individual chemoattractants were
tested to find the maximum concentration in a gradient that
resulted in indistinguishable ECI values for the four individual
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chemoattractants. The goal of this study was to reveal
preference of neutrophils among the considered chemo-
attractants; therefore, using gradients resulting in similar ECI
values eliminates the possible effect on neutrophil chemotaxis
from the gradient itself***® Different gradients for different
chemoattractants were tested, keeping all other conditions the
same. The results from different gradients of the same
chemoattractant (Supporting Information Figure S-1) and the
same gradient of different chemoattractants showed that
neutrophil responses are dependent both on the type and the
concentration of chemoattractants, which is in agreement with
previously reported results.’***7*° Results showed that the
gradient with 10 ng/mL maximum concentration of each
chemoattractant gave indistinguishable ECI values (Figure 2c)
(LTB,, 0.191 + 0.0420; fMLP, 0.136 + 0.0421; CXCLS, 0.159
+ 0.0191; CXCL2, 0.168 + 0.0263; by Kruskal—-Wallis test).
To be noted, MI values for the 10 ng/mL gradient of
chemoattractants are different (Figure 2a). Previous studies
have reported that the phosphatidylinositol 3-kinase (PI3K)
signaling pathway is a critical pathway in neutrophil chemotaxis
against host-derived chemoattractant, while mitogen-activated
protein (MAP) kinase p38 is used in fMLP-induced neutrophil
chemotaxis.”**>*' Considering this and various receptors for
each chemoattractant, it is interesting to note that MI for the
CXCL8 condition was different from the MI values for either
CXCL2 or LTB, conditions. These data confirm that, while
CXCL2 and CXCLS share receptors, and LTB, and CXCL8
use the same signaling cascade (PI3K), the resulting chemotaxis
is not necessarily the same. In addition to MI, CI, and ECI
parameter differences, different chemoattractants resulted in
varied distributions of cells responding to the chemoattractant
(Supporting Information Figure S-2). Interestingly, cells
responding to the LTB, gradient, compared to those of who
were exposed to CXCL8, CXCL2, or fMLP gradients, showed a
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Table 1. Result Summary for All Single and Competing Gradient Conditions

percent of cells moved
toward right (%)“

conditions Nyt left side  right side total MI
CXCL8—fMLP 67 77 68 73 0.447 + 0.0224
CXCL2—fMLP 61 91 69 80 0.713 £ 0.070S
LTB,—fMLP 60 81 93 88 0.606 + 0.0444
LTB,—CXCL8 65 89 38 66 0.631 + 0.0558
CXCL2—-CXCLS8 68 66 78 73 0.456 + 0.0350
CXCL2—-LTB, 61 74 63 69 0.278 + 0.0314
fMLP 60 N/A N/A 84 0.423 + 0.0413
CXCLS8 58 N/A N/A 89 0.430 + 0.0274
LTB, 57 N/A N/A 79 0.599 + 0.0603
CXCL2 SS N/A N/A 82 0.596 + 0.0375

“Indicates the chemoattractants in bold.

CI ECI ECI (CI) toward preferred species
0.133 + 0.0251 0.060 + 0.0131 fMLP fMLP
0.176 + 0.0355 0.137 £+ 0.0352 fMLP fMLP
0.313 + 0.0402 0.209 + 0.0327 fMLP fMLP
0.130 + 0.0415 0.112 + 0.050S CXCL8 CXCL8
0.116 + 0.0282 0.087 + 0.0241 CXCL8 CXCL8
0.106 + 0.0208 0.053 + 0.0181 LTB, LTB,
0.204 + 0.0406 0.136 + 0.0421 fMLP N/A
0.301 + 0.0277 0.159 + 0.0191 CXCL8 N/A
0.237 + 0.0418 0.191 + 0.0420 LTB, N/A
0.234 + 0.0347 0.168 + 0.0263 CXCL2 N/A

wider population distribution in the MI histogram (0.51 vs
0.23, 0.28, or 0.31 standard deviation). Cells responding to
LTB, or fMLP showed a wider distribution in their ECI
histogram than cells exposed to CXCL8 or CXCL2 (0.3S, 0.32
vs 0.16, 0.20 standard deviation). These distributions indicate
that the mechanism of neutrophil response to different
chemoattractants is different and results in distinctive character-
istics in their migration patterns.

Neutrophil Migration under fMLP-Containing Com-
peting Gradients. Neutrophils were exposed to CXCL8—
fMLP (Figure 3), CXCL2—fMLP (Supporting Information
Figure S-2), or LTB,—fMLP (Supporting Information Figure S-
3) competing gradients, and their chemotaxis was monitored
(Table 1). As mentioned, in each device, 10 or more cells from
the left side of the culture chamber were chosen and analyzed
separately from 10 or more cells randomly chosen from the
right side of the culture chamber. In all cases, overall migration
of the cells exposed to the three pairwise competing gradients
was toward fMLP, indicating that fMLP is the strongest
chemoattractant among the four chemoattractants (Table 1).
For example, under the CXCL8—fMLP competing gradient
condition in which a 10 ng/mL CXCL8 solution was
introduced from the left-side inlet while a 10 ng/mL fMLP
solution was introduced from the right-side inlet, the overall
trend for migration from both sides of the channel was toward
fMLP (Figure 3a). Precisely 77% of cells from the left side of
the channel and 68% of cells from the right side of the channel
moved toward a higher concentration of fMLP (Figure 3b).
The population of cells moving away from fMLP was 27%,
which was different from 16% observed during single-gradient
fMLP-mediated chemotaxis, indicating that the cells sensed and
responded to both CXCL8 and fMLP simultaneously.
Ultimately, however, fMLP-induced chemotaxis overwhelmed
the CXCLS8, and 73% of cells in the entire channel moved
toward fMLP. Similar trends were observed in all fMLP-
containing competing gradient conditions (Figure 3b).
Considering that the gradient for each chemoattractant (10
ng/mL maximum concentration in a gradient) and the
effectiveness of chemotaxis under the single-gradient condition
for each chemoattractant (Figure 2c) were kept the same, these
data reveal that there is a hierarchy among the chemoattractants
considered herein, with the strongest neutrophil response to
fMLP. This is in agreement with previous reports that showed
that activation of the p38 MAP kinase pathway overwhelms the
PI3K pathway, and the chemotaxis of neutrophils in the system
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is dominated by 538 MAP kinase pathway (activated by fMLP
in this research).***

The three numerical parameters, MI, CI, and ECI, were used
to quantitatively analyze neutrophil migration patterns in detail
(Table 1). MI, CI, and ECI values from competing gradient
conditions were statistically compared to those from the single-
gradient experiments. In the CXCL8—fMLP competing
gradient condition, for example, MI, CI, and ECI values
obtained from CXCL8—fMLP competing gradient experiments
(0447 + 0.0224, 0.133 + 0.0251, and 0.0602 + 0.0131,
respectively) were compared to the values from both the fMLP
single-gradient condition (0.423 + 0.0413, 0.204 + 0.0406, and
0.136 + 0.0421, respectively, Figure 3c) and the CXCLS single-
gradient condition (0.430 + 0.0274, 0.301 + 0.0277, and 0.159
+ 0.0191, respectively, Figure 3d). A general trend was found
from the three fMLP-containing competing gradient con-
ditions; the numerical indices from the competing gradient
experiments were comparable to those from the stronger
chemoattractant (fMLP in this case) single-gradient experi-
ments (Figure 3, parts ¢ and d). MI, CI, and ECI values from all
fMLP-containing gradient conditions, except the MIs under the
CXCL2—{MLP condition and LTB,—fMLP condition, were
statistically indistinguishable from those of the fMLP single-
gradient conditions (parts c and d for Figure 3 and Supporting
Information Figures S-3 and S-4). These results reveal that
chemotaxis under the fMLP-containing competing gradient
conditions are dominated by the fMLP-induced chemotaxis
behavior. While the existence of a dominant signal has been
shown from all competing gradient conditions above based on
the direction of overall chemotaxis (both population and sign of
CI and ECI values, Table 1), the same trend can also be found
based on overall population of cells moving away from the
stronger signal source. Here, 27%, 20%, and 12% of cells moved
away from fMLP under CXCL8—fMLP, CXCL2—fMLP, and
fMLP—LTB, experiments, respectively, and this results in the
same fMLP > CXCL8 > CXCL2 > LTB, hierarchical order.
Again, this order reflects that fact that the p38 MAP kinase-
dependent signaling pathway (for the fMLP signal) overwhelms
PI3K-dependent signaling pathway (for the host-derived
chemoattractants).24 However, the results also indicate that,
while PI3K pathway is overwhelmed, it still influences
neutrophil chemotaxis, and a stronger signal opposite fMLP
interferes more with chemotaxis toward the dominant signal.
Evidence showing that neutrophils use a hierarchy to prioritize
certain chemical signals is accumulating in the literature,>**!
and the results in this study also suggest that the cells in a
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Figure 4. Results from LTB,—CXCL8-mediated chemotaxis (**, p < 0.01, and ***, p < 0.0001, using unpaired ¢ test). (a) ECIs from each side of
the channel with Ny = 32 and Ny, = 33 (positive sign indicates that the chemotaxis was toward CXCL8 while negative sign indicates that the
chemotaxis was toward LTB,). (b) Populations of the cells moving toward a chemoattractant. (c) MI, CI, and ECI comparison to those from
CXCL8-mediated chemotaxis (positive sign indicates that the chemotaxis was toward CXCL8 while negative sign indicates that the chemotaxis was
toward LTB,) and (d) MJ, CI, and ECI comparison to those from LTB,-mediated chemotaxis (positive sign indicates that the chemotaxis was
toward LTB, while negative sign indicates that the chemotaxis was toward CXCL8).

complex environment use a hierarchy to prioritize particular
signals from the surrounding environment while every signal
present in the environment contributes to their chemotaxis.
The MI results from CXCL2—fMLP and LTB,—fMLP
conditions that do not match the MI values from the dominant
signal gradient experiments (fMLP in this case) will be further
explored in the Discussion section.

Neutrophil Migration under a Competing Gradient of
Host-Derived Chemoattractants. Neutrophils were also
exposed to competing gradients that are combinations of only
host-derived chemoattractants (LTB,—CXCL8, CXCL2—
CXCLS8, and CXCL2—LTB,). This investigates the hierarchy
of chemoattractants that, whether they share receptors or not,
trigger the same chemical signaling cascades (PI3K-depend-
ent).">! In LTB,—CXCL8 and CXCL2—CXCL8 conditions, it
was common for the cells to migrate preferentially toward
CXCL8 (Table 1). For example, under the LTB,—CXCLS8
competing gradient condition (a 10 ng/mL LTB, solution on
the left side and a 10 ng/mL CXCLS8 solution on the right
side), overall chemotaxis of the cells was toward the right side
of the chamber (toward CXCLS, Figure 4a), with 38% of cells
in the right side of the channel and 89% of cells in the left side
of the channel moving toward CXCL8 (Figure 4b); a total of
66% of cells in the entire channel moved toward CXCLS.
These results suggest that CXCL8 is the most potent
chemoattractant among the three host-derived chemoattrac-
tants (CXCL8, CXCL2, and LTB,), and, even though the
chemoattractant shares either receptor or signaling pathway
with another, each chemoattractant possesses its own strength
for induction of neutrophil chemotaxis.

The three numerical parameters, MI, CI, and ECI, were used
to quantitatively analyze the neutrophil migration patterns
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(Table 1). MI, CI, and ECI values from competing gradient
conditions were statistically compared to those from single-
gradient experiments (Figure 4 and Supporting Information
Figure S-S). In the LTB,—CXCL8 competing gradient
condition (Figure 4) as an example, the obtained MI, CI, and
ECI values were compared to the values from both the CXCL8
single-gradient condition (Figure 4c) and the LTB, single-
gradient condition (Figure 4d). CIs and ECIs under the two
competing gradient conditions were significantly lower than the
CIs and ECIs obtained under single-gradient conditions (c and
d for Figure 4 and Supporting Information Figure S-S). This
indicates that neutrophil chemotaxis under host-derived chemo-
attractant only competing gradient conditions cannot be
represented as the stronger chemoattractant (CXCL8 in this
case) mediated chemotaxis.

In the CXCL2—LTB, condition (Supporting Information
Figure S-6), the results suggested that LTB, was more potent
than CXCL2, and it was observed that the MI, CI, and ECI
values were significantly reduced compared to those from either
single CXCL2 or LTB, single-gradient conditions. This
indicates that neutrophil chemotaxis under the CXCL2—
LTB, competing gradient condition cannot be represented by
neutrophil chemotaxis under the more potent chemoattractant
(LTB,); however, as stated, it was found that there was still a
hierarchy that neutrophils use to prioritize the L'TB, signal.

The results under competing gradients of only host-derived
chemoattractants indicate a hierarchy of CXCL8 > LTB, >
CXCL2 and support the conclusion that neutrophil migration
patterns in complex environments cannot be explained by
simple vector addition; there is a dominant signal in each pair
of conditions. Like the results from fMLP-containing
competing gradient conditions, neutrophils appear to integrate
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Figure S. MJ, CI, and ECI comparison summary: (a) comparison of Mls, Cls, and ECIs from fMLP-containing conditions, (b) comparison of MIs,
CIs, and ECIs from CXCL8-containing conditions, (c) comparison of MIs, Cls, and ECIs from LTB,-containing conditions, and (d) comparison of
MiIs, CIs, and ECIs from CXCL2-containing conditions. MIs, CIs, and ECIs from competing gradient conditions were statistically tested using
unpaired ¢ test against MI, CI, and ECI from single-gradient conditions (¥, p < 0.1; **, p < 0.01; ***, p < 0.0001).

signals from each chemoattractant with a hierarchy to prioritize
a certain signal.

B DISCUSSION

Neutrophil Chemotaxis: Against both Bacterially
Derived and Host-Derived Chemoattractants. The results
demonstrate a hierarchy among the employed chemoattractants
in which neutrophils prioritize fMLP > CXCL8 > LTB, >
CXCL2 (Table 1 and Figure 5). More details about chemotaxis
can be gained using the measure of MI to indicate motility of
neutrophil migration, CI to quantify the orientation of
neutrophils during migration, and ECI (the product of MI
and CI) to quantify how effective chemotaxis is in the
neutrophil migration.

An in vivo study reported that the PI3K-dependent pathway
is not required for fMLP-induced chemotaxis but that it
accelerates fMLP-induced chemotaxis.** Comparison to this in
vivo study reveals whether or not the results obtained using this
in vitro platform mimic the in vivo milieu, while also providing
some biophysical insight into neutrophil behavior. The results
show that host-derived chemoattractant signals superimposed
with fMLP signals result in no change in cellular orientation
trend compared to the orientation trend achieved under the
fMLP single-gradient condition. While cells orient toward
fMLP in complex conditions, the MIs, or motilities under the
varied competing gradients, are not dominated by fMLP in the
same way (Figure Sa). That is, the MIs under CXCL2—fMLP
and LTB,—fMLP conditions are 0.713 + 0.070S and 0.606 +
0.0444, significantly different from the MI for fMLP-mediated
chemotaxis (0.423 + 0.0413). Higher motilities (higher MIs)
indicate that neutrophils move, regardless of direction, better
and faster, which can result in accelerated chemotaxis. Under
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most competing gradient conditions, the MI values measured
are 1.5—2 times larger than those measured from fMLP single-
gradient conditions Further, the analyses show that the
competing gradient MI values are actually comparable to
those measured from single-gradient CXCL2-, LTB,-, and
CXCL8-mediated chemotaxis, 0.596 + 0.0375 (p = 0.1792),
0.599 + 0.0603 (p = 0.9285), and 0.447 + 0.0224 (p = 0.7875),
respectively (Figure Sb—d). These results suggest that while
overall chemotaxis is dominated by one signal, the minor
chemoattractant contributes to the character of chemotaxis,
resulting in the accelerated fMLP-induced chemotaxis
previously reported.”* MIs under fMLP-containing competing
gradient conditions seem to originate from the secondary
chemoattractant while CI values under the same conditions
seem to originate from the dominant chemoattractant (Figure
5). Under these conditions, the dominant chemoattractant is
fMLP, and therefore, overall orientation is toward fMLP while
the MIs are comparable to the MIs from the weaker
chemoattractant (CXCL8, CXCL2, or LTB,), as demonstrated
by the trends found in Figure 4. MI histograms of CXCL8—
fMLP, CXCL2—fMLP, and LTB,—fMLP conditions are more
similar to MI histograms of CXCL8, CXCL2, and LTB, than
the histogram for fMLP-mediated chemotaxis (Supporting
Information Figures S-7—S-10). Combined, these data suggest
that neutrophils prioritize a certain signal while they integrate
multiple signals, and both the dominant and the secondary
chemoattractants contribute to the cellular migration behavior
(orientation and motility).

Neutrophil Chemotaxis under Competing Gradient
Conditions: Against Only Host-Derived Chemoattrac-
tants. Experiments under the CXCL2—CXCL8, CXCL2—
LTB,, and LTB,—CXCLS8 investigate how neutrophils respond
to signals that trigger the same signaling cascade (in this case,
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the PI3K-dependent pathway). CXCL2 and CXCLS8 interact
with neutrophils via CXCR1 and CXCR2 receptors while LTB,
interacts with neutrophils via BLT, and BLT, receptors.'™ '
Competing gradients of chemoattractants that initiate signaling
cascades via either CXCR receptors or BLT receptors (or both)
generally suppressed chemotaxis toward the competing signal.
For example, an LTB, signal (via BLT receptors) suppressed
CXCL2-induced chemotaxis (via CXCR receptors), resulting in
significantly lower MI, CI, and ECI values than those from
CXCL2-mediated chemotaxis (Supporting Information Figure
§-6). CXCL2 (via CXCR receptors) also suppressed the
effectiveness of CXCL8-induced chemotaxis (Supporting
Information Figure S-S). The only exceptions to this trend
were the LTB, signal boosting motility of neutrophils during
CXCL8-mediated chemotaxis and the CXCL2 signal resulting
in no change in the motility of neutrophils during CXCL8-
mediated chemotaxis (Figure 4, Supporting Information Figure
S-S). These results suggest that, even when competing
chemoattractants trigger the same signaling cascade, there is
still a dominant signal mediating neutrophil chemotaxis and
both signals contribute to the migration characteristics.

Interestingly, depending on whether or not the p38 MAP
kinase-dependent pathway is triggered with PI3K pathway, a
different hierarchy among the three host-derived chemo-
attractants is obtained (Table 1). When only the PI3K pathway
is triggered (host-derived chemoattractants only), CXCLS is
the strongest among the three host-derived chemoattractants,
and LTB, showed stronger effects on neutrophil chemotaxis
when it is introduced in competition with CXCL2. The overall
population of cells that moved toward LTB, under the LTB,—
CXCL8 gradient was more than those that moved toward
CXCL2 under the CXCL2—CXCL8 condition. Experiments
under the CXCL2—LTB, condition confirmed the hierarchy of
CXCL8 > LTB, > CXCL2 (Figure 4, Supporting Information
Figures S-S and S-6). However, under fMLP-containing
competing gradient conditions, when the PI3K pathway is
triggered along with the p38 MAP kinase-dependent pathway,
the hierarchy was fMLP > CXCL8 > CXCL2 > LTB,, showing
stronger effects of CXCL2 than LTB,. This alteration in the
hierarchy might be caused by the p38 MAP kinase-dependent
pathway triggered with PI3K pathway. Alternatively, the
alteration might be caused by saturation/desensitization of
surface receptors for a certain chemoattractant under the
conditions used in this study (10 ng/mL concentration), which
likely result in suppressed chemotaxis toward the overdosed
chemoattractant.

Considering all results, it can be concluded that neutrophils
(1) sense and integrate multiple signals during chemotaxis and
(2) use a hierarchy to prioritize among signals. With regards to
the order of a chemoattractant in the hierarchy, the results
suggest that, of the few considered here, CXCL8 is the most
potent, LTB, is second, and CXCL2 is the least potent among
the host-derived chemoattractants; if a bacterially derived
chemoattractant (fMLP) is introduced, it acts as the most
potent chemoattractant and CXCL8, CXCL2, and LTB, follow
(CXCL2 becomes stronger than LTB,).

B CONCLUSIONS

This work provides detailed information about neutrophil
chemotaxis under single and competing gradients of multiple
chemoattractants (fMLP, CXCL8, CXCL2, and LTB,). The
microfluidic platform successfully incorporates two chemo-
attractants simultaneously to which the cells sense and respond.
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The single-gradient experiments confirmed that the type of
chemoattractants, mean concentration, and gradient itself are
important aspects to be considered when studying neutrophil
chemotaxis, and the proper gradient for each chemoattractant
was selected for competing gradient studies. Through
competing gradient experiments, we found that neutrophils
respond to multiple chemoattractants by integrating and
prioritizing the signals. A hierarchy of chemoattractants is
found, and the hierarchy among the chemoattractants (fMLP >
CXCL8 > CXCL2 > LTB,) is dynamic depending on which
signaling cascades are triggered. Importantly, this research
reveals that a dynamic in vitro platform can provide results that
correspond well with in vivo studies; specifically herein, each
chemoattractant signal contributes to the cellular migration
(motility from the weaker chemoattractant and orientation
from the dominant chemoattractant). The distinct behavior of
each chemoattractant within the heterogeneous population of
primary culture neutrophils is confirmed by histogram analysis
of the MI, CI, and ECI parameters (see the Supporting
Information). This tool for screening neutrophil response to a
variety of chemoattractants will lend significant insight into
clinical research on neutrophil-related diseases such as asthma,
chronic obstructive pulmonary disease, or chronic granulocytic
leukemia, ! 479323435
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