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Abstract
Neutrophils are always surrounded by/interacting with other components of the immune system;
however, the current mechanistic understanding of neutrophil function is largely based on how
neutrophils respond to a single chemical signal in a simplified environment. Such approaches are
unable to recapitulate the in vivo microenvironment; thus, cell behavior may not fully represent
the physiological behavior. Herein, we exploit a microfluidic model of the complex in vivo milieu
to investigate how cell-cell interactions influence human neutrophil migration and surface marker
expression. Neutrophil migration against a bacterially-derived chemoattractant (formyl-met-leu-
phe, fMLP), with and without pre-activation by interleukins (interleukin-2 or interleukin-6), was
evaluated in the presence and absence of endothelial support cells. Pre-activation by interleukins
or interaction with endothelial cells resulted in altered migration rates compared to naïve
neutrophils, and migration trajectories deviated from the expected movement toward the fMLP
signal. Interestingly, interaction with both interleukins and endothelial cells simultaneously
resulted in a slight compensation in the deviation – on endothelial cells, 34.4% of untreated
neutrophils moved away from the fMLP signal while only 15.2% or 22.2% (IL-2-activated or
IL-6-activated) of pre-activated cells moved away from fMLP. Neutrophils interacting with
interleukins and/or endothelial cells were still capable of prioritizing the fMLP signal over a
competing chemoattractant, leukotriene B4 (LTB4). Fluorescence imaging of individual human
neutrophils revealed that neutrophils treated with endothelial cell-conditioned media showed up-
regulation of the surface adhesion molecules CD11b and CD66b upon stimulation. On the other
hand, CD11b and CD66b down-regulation was observed in untreated neutrophils. These results
leverage single cell analysis to reveal that the interaction between neutrophils and endothelial cells
is involved in surface marker regulation, and thus, chemotaxis of neutrophils. This study brings
new knowledge about neutrophil chemotaxis in the context of cell-to-cell communications,
yielding both fundamental and therapeutically relevant insight.

INTRODUCTION
Because they are the most abundant white blood cell type in the human circulatory system,
abnormal behavior of neutrophils has significant impact on human immune response.
Neutrophils originate from bone marrow and circulate in search of foreign invaders or dead/
dying host cells, playing active roles in both innate and adaptive immunity in humans. When
abnormal events such as infection occur, neutrophils are the first cells that migrate to the
event site through a process called chemotaxis.1–3 Chemotaxis is regulated by concentration
gradients of chemotaxis-inducing chemical mediators; however, in the body, neutrophils co-
exist with a variety of non-chemotaxis inducing chemical mediators and other cell types.4–9
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As such, it is highly likely that such interactions between neutrophils and other immune
system components will have an influence on neutrophil chemotaxis. Unfortunately,
however, conventional experimental methods are frequently incapable of adapting critical
extracellular environmental aspects while monitoring neutrophil chemotaxis; thus, our
understanding of neutrophil chemotaxis is limited to measurements in oversimplified
environments. Animal experiments are another genre of studies frequently used to
investigate chemotaxis- or neutrophil-related pathophysiology; however, these studies are
expensive, slow, labor-intensive, hard to control, and frequently not representative of human
physiological response.

Microfluidics is a powerful approach to overcome such limitations.10–12 Microfluidic
platforms offer advantages for human cell biology studies by enabling creation of stable but
dynamic environments with precise control and small volume sample requirements.10,12–15

Thus, increased experimental complexity, such as multiple chemical signals and/or cell
types, can be easily incorporated using a microfluidic platform. Interestingly, the
microfluidics-supported microenvironment is simply an altered culture condition; as such,
analysis on individual target cells can be done with minimal complication from the added
biological complexity. This is a big analytical strength as many studies have pointed out
heterogeneity in cellular behaviors and the importance of understanding such heterogeneity
in addition to the collective behavior of cells. Our previous study showed disrupted
chemotaxis in neutrophils with decreased p38 mitogen-activated protein kinase activity,
which was apparent based on the strengths of single cell analysis techniques, and as will
become clear below, this microfluidic platform keeps the single cell analysis capability
despite the addition of an endothelial cell component.44–47

Thus, in this study, neutrophil chemotaxis is studied in the context of “interaction” (Figure
1). Neutrophils always interact with endothelial cells, the cells lining blood vessel walls, and
molecules for which they express receptors. Endothelial cells were chosen because they are
ubiquitous in the body and actively interact with neutrophils during neutrophil migration
(Interaction C in Figure 1).16–18, 49–56

In addition to the impact of neutrophil-endothelial cell interaction in neutrophil chemotaxis,
the effect of chemical mediators in neutrophil chemotaxis is also considered herein, since
chemical mediators are a major cell-cell signaling method. Previous works, including ours,
have focused on comprehensive analyses of various chemotaxis-inducing mediators, known
as chemoattractants, in neutrophil chemotaxis (Interaction B in Figure 1).19,20 Those studies
revealed that neutrophils respond to all present chemoattractants while prioritizing a
particular chemoattractant. In this study, the impact of non-chemotaxis inducing mediators is
considered (Interaction A in Figure 1). Literature precedent indicates active roles for
interleukin-2 and interleukin-6 (IL-2 and IL-6) in neutrophil biology.5,6,8,9,21 Known
impacts of IL-2-induced neutrophil activation include enhanced chemical mediator
production,5 reduced apoptosis,5 enhanced surface Fcγ expression,4 and altered gene
expression.6 On the other hand, IL-6 challenge of neutrophils is known to alter neutrophil
production of mediators such as platelet-activating factor (PAF)22 and reactive oxygen
species.23 Also, challenging IL-6-activated neutrophils with fMLP is known to enhance the
elastase release from neutrophils.6,24 Such IL-2- and IL-6-induced alterations of neutrophil
biology likely have an impact on the entire immune system, and as such, abnormal IL-2 and
IL-6 levels are frequently reported in the context of infections.25–33 Based on the known
IL-2- and IL-6- induced impacts on neutrophil biology, this work explores interleukin-
exposed neutrophil behavior in a concentration gradient of the bacterial chemoattractant
fMLP. While the impact of IL-2, IL-6, or endothelial cells on neutrophil function has been
described by a few studies, there are no comprehensive studies on their contributors to
chemotaxis and surface CD11b and CD66b expression, especially in the context of cell-cell
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interactions. Despite the additional complexities (e.g. endothelial cells and interleukins) in
the experimental platform, neutrophils in each condition were individually monitored and
the impact of the additional complexities was comprehensively analyzed in this study.

EXPERIMENTAL SECTION
1. Neutrophil Preparation

Whole human blood, anti-coagulated with ethylenediaminetetraacetic acid (EDTA), was
obtained from Memorial Blood Center (St. Paul, MN) according to approved IRB protocol
E&I ID#07809. All blood samples were collected on the day of experiments from healthy
donors and were used immediately after the samples were obtained. Each condition has 6
biological replicates (6 different donors). Polymorphprep (Accurate Chemical & Scientific
Corp., Westbury, NY) was used to isolate neutrophils by density gradient centrifugation as
recommended by the manufacturer. Hank’s buffered salt solution (HBSS, Sigma-Aldrich,
St. Louis, MO) was used while washing and resuspending neutrophils during isolation, and
finally, ~5 × 106 isolated neutrophils were resuspended in HBSS containing 2% human
serum albumin (HSA, Sigma-Aldrich, St. Louis, MO). The final cell suspension was kept at
37 °C until use.

2. Device Fabrication
Device fabrication and endothelial cell culture in the device were done using standard soft
lithography techniques and is described in detail in our previous paper.1 A brief description
of the procedure can also be found in the supplemental data.

3. Endothelial Cell Culture in a Microfluidic Channel
A detailed description of how endothelial cells (hy926 human endothelial cell line) were
cultured is given in our previous paper.2 A brief description can also be found in the
supplemental information. To note, the endothelial cell culture media, denoted as DMEM w/
FBS and PS throughout this article, was Dulbecco’s modified eagle medium (DMEM) with
high glucose (formula: 4mM L-glutamine, 4.5g/L L-glucose, and 1.5g/L sodium pyruvate
(Gibco®, Carlsbad, CA)), supplemented with 10% fetal bovine serum and 1% penicillin and
streptomycin (Sigma Aldrich, Milwaukee, WI).

4. Chemicals
Before introducing isolated human neutrophils into a microfluidic device, they were
pretreated with either IL-2 or IL-6 (Sigma Aldrich, St. Louis, MO) in HBSS at the final
concentration of 10 ng/mL. Gradient of chemoattractants, fMLP and LTB4, was 0 – 10 ng/
mL. 10 ng/mL fMLP, IL2, IL-6, and LTB4 are 22.9 nM, 29.7 nM, 0.6 nM, and 0.4 nM
respectively.

5. Sample preparation for fluorescence imaging
Detailed procedure for surface CD11b and CD66b fluorescence imaging can be found in the
supplemental information. For single stimulation conditions, cells were challenged with
IL-2, IL-6, or fMLP for an hour. For co-stimulation conditions with both interleukins and
fMLP, cells were subject to IL-2 or IL-6 for an hour first and then challenged with fMLP for
another hour. For co-stimulation conditions with endothelial cell-conditioned medium and
fMLP, cells were subject to endothelial cell-conditioned medium for an hour first and then
challenged with fMLP for another hour. For co-stimulation conditions with interleukins,
endothelial cell-conditioned medium, and fMLP, cells were subject to interleukins with
endothelial cell-conditioned medium for an hour and then challenged with fMLP for another
hour. After stimulation, cells were washed with HBSS three times and then subject to anti-
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CD11b conjugated with AlexaFluor 700 (Life Technologies, Grand Island, NY) and anti-
CD66b conjugated with AlexaFluor 647 (BD Pharmingen, San Diego, CA) following
instructions from manufacturers, incubated for 1 hour, washed with HBSS three times, and
then surface expression of those adhesion molecules on individual cells were fluorescently
monitored.

6. Analysis of migration data
From each experiment, individual neutrophils were randomly chosen and individually
tracked using Metamorph Ver. 7.7.5 software. Once the imaging software extracted the
trajectory information for individual cells from the collected image stack (SI Fig. 1), these
raw data were imported into Microsoft Excel and further processed to calculate two unitless
numeric parameters: motility index (MI) and chemotactic index (CI) as previously
described.1,10 Briefly, MI is the ratio of migration displacement (d) and theoretical
migration displacement (dmax) of a neutrophil:

where dmax is defined as the average migration speed times the total migration time. As
such, this MI is an indicator of how active/mobile individual cells are.

CI quantifies the cells’ orientations:

where x is the final displacement along the direction of the gradient and dtotal is the total
migration distance. Thus, this CI is an indicator of how directional individual cells’
migration is.

In this report, movement toward the right side of the observation channel, toward a higher
concentration of fMLP, results in positive CI. In addition to these parameters, % population
was calculated simply by taking the number of cells with negative CI values divided by the
total number of cells. Thus, this % population represents cells with overall migration
opposite to the direction of the fMLP gradient. Also, the angular displacement of individual
cells were digitized by giving a score of “+1” to cells in each frame that moved with − 90° <
angle < 90°, and giving a score of “−1” to cells in each frame moved with angle > 90° or
with angle < −90°. The angle value was obtained with respect to the x-axis (parallel to the
gradient direction); thus, this parameter is descriptive of how much deviation from the
parallel to the fMLP gradient occurred during migration. An angle distribution value of “+1”
would indicate that the cell moved straight toward the fMLP signal in every collected image.
To assess individual neutrophils’ response in a time-resolved manner, this angle parameter
was calculated for the first 1, 4, and 7 minutes, and for the entire duration of the experiment.
All angle distribution plots provided in this manuscript contain data for the first 4 minutes
and for the entire duration. T-tests were used for statistical comparison, and errors are
reported as +/− standard error of mean, SEM, throughout the manuscript.

RESULTS
Neutrophil migration against the fMLP gradient – the impact of the presence of endothelial
cells

To investigate the impact of cell-cell interactions between neutrophils and endothelial cells,
chemotaxis of neutrophils was assessed when the human cells were introduced onto a layer
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of endothelial cells (B&C in Figure 1). Figure 2 shows representative trajectories of 20
neutrophils on fibronectin- and endothelial cell-coated devices. The representative
trajectories indicate that neutrophils on endothelial cells are not as directed toward the fMLP
signal as neutrophils on a simplified fibronectin-coated surface, and their migration patterns
are analyzed more in detail using numerical parameters defined in experimental section in
the supporting information. As shown in Figure 3, mobility and directionality in neutrophil
migration toward the fMLP signal (MI and CI) were significantly lower in neutrophils on
endothelial cells (0.44 ± 0.04 and 0.16 ± 0.06 compared to 0.64 ± 0.03 (p < 0.0001) and 0.40
± 0.03 (p < 0.0001), respectively). Interestingly, rather than diminishing migration speed,
the reduced MI and CI seemed to be caused by deviation in migration direction. The average
velocity of individual cells on endothelial cells was similar to that on fibronectin (0.26 ±
0.03 compared to 0.25 ± 0.01, p = 0.67, Figure 3-c) while the angular distribution data
showed more deviated migration on endothelial cells (0.23 ± 0.07 compared to 0.61 ± 0.06
for the first 4 minutes (p < 0.0001), and 0.25 ± 0.08 compared to 0.47 ± 0.06 for the entire
30 minute duration of the experiment (p = 0.03), Figure 3-b). Again, this angle distribution
represents the level of deviation from the gradient direction for individual cells during
migration, and a value close to “+1” indicates that the neutrophil moved straight toward the
fMLP signal in every collected image. The deviation in migration angle for neutrophils on
endothelial cells is also linked to the higher % population data; 34.4% neutrophils moved
away from the fMLP signal on endothelial cells while only 10.9% cells moved away from
the fMLP signal on a fibronectin-coated surface (Figure S-2).

Neutrophil migration against fMLP gradient – the impact of cytokines
To explore the effect of non-chemotaxis-inducing cytokines on neutrophil chemotaxis,
neutrophils were pre-incubated with either 0.6 nM interleukin-2 (IL-2) or 0.4 nM
interleukin-6 (IL-6), and then exposed to an fMLP gradient (A&B in figure 1). Challenging
neutrophils with 0.6 nM IL-2 or 0.4 nM IL-6 has been shown to be effective in activating
neutrophils, but also, few nM level elevation of these interleukins are frequently found in
individuals with abnormal immune response.23,33–38 In this section, comparison is
performed between neutrophils that were not activated (denoted as “control”) and that were
pre-activated by IL-2 or IL-6 (denoted as “IL-2-activated” or “IL-6-activated”). The results
indicate that neutrophils move faster when they are pre-incubated with interleukins (0.29 ±
0.02 for IL-2 (p = 0.06) and 0.34 ± 0.02 for IL-6 (p < 0.0001) compared to 0.25 ± 0.01 for
control, Figure 4-c) even though MI and CI were the largest in control neutrophils.
Remembering that MI and CI have a speed term (multiplied by the time) in the denominator
by definition, this indicates that interleukin-exposed cells do not reflect their increased
migration speed into the actual motility and directionality.

Specifically, IL-2-activated neutrophils had decreased MI (0.55 ± 0.03 for IL-2-activated
compared to 0.64 ± 0.03 for control, p = 0.04, Figure 4-a), and IL-6 pre-activation led to the
down-regulation of both motility and directionality (0.51 ± 0.05 and 0.18 ± 0.05 for IL-6-
activated compared to 0.64 ± 0.03 (p = 0.012) and 0.40 ± 0.03 (p = 0.01) for control, Figure
4-a). The angle distribution shows that, in both pre-activated conditions, more cells deviated
from the fMLP signal during migration (0.23 ± 0.06 (p = 0.01) for IL-2-activated and 0.32 ±
0.07 (p = 0.09) for IL-6-activated compared to 0.47 ± 0.06 for control). % population data
also supported this deviated migration pattern: 18.2% IL-2-activated cells and 21.1% IL-6-
activated cells moved away from the fMLP signal while only 11% of control cells moved
away from the fMLP signal (Figure S-2). The first 4 minutes of movement was especially
influenced, with significantly more pre-activated neutrophils moving away from the fMLP
signal (0.21 ± 0.07 (p < 0.0001) for IL-2-activated and 0.30 ± 0.07 (p < 0.0001) for IL-6-
activated compared to 0.61 ± 0.06 for control, Figure 4-b). Consistent with the neutrophils in

Kim and Haynes Page 5

Anal Chem. Author manuscript; available in PMC 2014 November 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contact with endothelial cells, these data indicate that increased neutrophil migration speed
was compensated by deviated migration from the direction of fMLP signal.

Neutrophil migration – the synergistic impact of cytokines and endothelial cells
As the microfluidic platform allowed separate study of cytokine impact (A&B in Figure 1)
and endothelial cell impact (B&C in Figure 1) on neutrophil chemotaxis (B in Figure 1), we
also considered the simultaneous impact of both cytokines and endothelial cells on
neutrophil chemotaxis (A&B&C in Figure 1). Comparison in this section was between
neutrophils on endothelial cells, and the neutrophils were either unactivated (control), pre-
activated with IL-2 (IL-2-activated), or pre-activated with IL-6 (IL-6-activated). Only the
MI in IL-2-activated neutrophils on endothelial cells was altered when compared to control
neutrophils on endothelial cells (0.59 ± 0.03 compared to 0.44 ± 0.04, p = 0.01, Figure 5-a).
The average migration rates for IL-2- and IL-6-activated conditions were not significantly
different from the control condition on endothelial cells, although IL-6 pre-incubation
resulted in a slightly faster migration rate than IL-2 pre-incubation (0.30 ± 0.04 for IL-6-
activated compared to 0.24 ± 0.02 for IL-2-activated, p = 0.1, Figure 5-c). While angle
distribution data showed no significant differences among conditions by mean ± SEM
comparison, the distribution patterns were noticeably different. The distribution was most
focused toward the fMLP signal in IL-2-activated neutrophils on endothelial cells (Figure 5-
b). The % population data also supported this deviated migration: on endothelial cells, 15%
IL-2-activated cells and 22% IL-6-activated cells moved away from the fMLP signal while
34% control cells moved away from the fMLP signal (Figure S-2).

Unlike pre-activated neutrophils on a fibronectin-coated surface (Figure 4), directionality of
pre-activated neutrophils migrating on endothelial cells seems to be independent of pre-
activation (no significant differences in CIs or angle distributions, Figure 5). As such, we
further studied chemotaxis of pre-activated neutrophils on endothelial cells by incorporating
a competing gradient of chemoattractants. In our previous study,19 we showed that the
microfluidic platform allows incorporation of multiple chemoattractant gradients and that
neutrophils prioritize a fMLP signal over a LTB4 signal. Herein, we adapted the same
competing gradient approach from the previous study into the microfluidic platform and
exposed neutrophils on endothelial cells to a competing gradient of LTB4 and fMLP (LTB4-
fMLP). A LTB4-fMLP gradient is established by introducing 0.4 nM LTB4 and 22.9 nM
fMLP into the left and right inlet, respectively (Figure 2). This achieves a 0.4 – 0 nM LTB4
gradient superimposed on a 0 – 22.9 nM fMLP gradient within the observation channel. The
gradient of each chemoattractant was chosen based on previous study; in this concentration
gradient, neutrophils exposed to the LTB4 gradient performed a similar chemotaxis level
when compared to neutrophils exposed to the fMLP gradient.19 Thus, chemotaxis
investigation within such a competing gradient reveals the hierarchy of neutrophil response
among the molecular signals. In previous work, it was demonstrated that neutrophils
prioritize fMLP over leukotriene B4 (LTB4) on a fibronectin-coated surface; however, we
were concerned that other cells or the activation state of neutrophils would influence the
neutrophil behavior. Herein, neutrophils were exposed to the LTB4-fMLP competing
gradient on endothelial cells. Neutrophils were either unactivated (control), pre-activated by
IL-2 (IL-2-activated), or pre-activated by IL-6 (IL-6-activated). Most importantly, the results
demonstrate that the major population of neutrophils moved toward fMLP in all conditions
(Figure 6). This indicates that neutrophils still prioritized fMLP signal over LTB4 signal,
and that the neutrophil interaction with non-chemotaxis inducing contributors (IL-2, IL-6,
and endothelial cells) did not change the hierarchy of neutrophil response to these molecular
signals. Also, while no noticeable variation was observed from the angle distribution data,
the results indicate that IL-6 is the most potent contributor in these conditions: MI, average
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migration rate, and % population were noticeably different from all other conditions in IL-6
pre-incubated neutrophils on endothelial cells (Figure 6).

Surface expression of adhesion molecules – the individual and synergistic impact of
cytokines and endothelial cells

As shown above, the microfluidic platform employed herein allowed detailed investigation
of neutrophil chemotaxis and its relation to surrounding cytokines and different cell types
that do not directly induce neutrophil chemotaxis, and revealed the impact of each of these
contributors on the outcome chemotaxis. To broaden the mechanistic understanding of the
IL-2, IL-6, and endothelial cell impacts on neutrophil chemotaxis, surface expression of the
adhesion molecules CD11b and CD66b were fluorescently monitored. Adhesion of
neutrophils is the initial step for chemotaxis and CD66b and CD11b are well-known key
surface markers for neutrophil adhesion to endothelial cells. To mimic neutrophils migrating
on endothelial cells, neutrophils were treated with endothelial cell-conditioned medium
(denoted as “EC-treated”). As such, comparison in this section is between two populations
of cells, untreated vs. EC-treated, either with no stimulation (control), activation with IL-2
(IL-2-activated), activation with IL-6 (IL-6-activated), stimulation with fMLP (denoted as
“fMLP-stimulated”), or activation with IL-2 or IL-6 followed by fMLP stimulation (denoted
as “IL-2-fMLP” and “IL-6-fMLP”); all statistical comparisons are shown in Table 1. The
CD11b levels in untreated neutrophils had a general trend of down-regulation upon
stimulation (Figure 7-a and Figure 8-a). Interestingly, co-stimulation resulted in higher
expression of CD11b than individual stimulation. Compared to activation with IL-2 or IL-6
and fMLP stimulation, the CD11b expression was higher in IL-2-fMLP and IL-6-fMLP
conditions (Figure 7 and Figure 8, Table 1). CD66b levels in untreated cells had a similar
trend; cells expressed less CD66b when stimulated (Figure 7 and Figure 8, Table 1). Unlike
CD11b expression, the synergistic impact of interleukins and the chemoattractant fMLP on
the CD66b expression was only clear in the IL-6-fMLP condition (Figure 7 and Figure 8,
Table 1). On the other hand, both surface CD11b and CD66b expression was significantly
different in EC-treated cells (Figure 7 and Figure 8). While stimulation of untreated cells
resulted in down-regulation of CD11b, stimulation of EC-treated cells resulted in up-
regulation of CD11b (Figure 7 and Figure 8, Table 1). Also, while stimulation of untreated
cells resulted in a decreasing trend in surface CD66b expression, stimulation of EC-treated
cells resulted in an increasing trend in surface CD66b expression (Figure 7 and Figure 8,
Table 1). Only IL-2-activated EC-treated cells resulted in down-regulation of CD11b
(Figure 7-b, Table 1) and CD66b (Figure 8-b, Table 1).

DISCUSSION
Neutrophil Chemotaxis: Cytokines and Endothelial Cells

Neutrophils circulate in the human body seeking abnormalities on the endothelial cells
lining the inner wall of blood vessels. They make a contact with endothelium repeatedly,
and once they confront an abnormality, they stay in contact with endothelium and seek the
exact site of the abnormality. As such, neutrophils inevitably interact with endothelial cells
while performing their critical roles in the immune system. Also, neutrophils express surface
receptors for IL-2 and IL-6 which are frequently up- regulated in the human body in various
abnormal circumstances. Thus, it is highly likely that neutrophils utilize IL-2 and IL-6
before/during migration as a way to communicate with other components of the immune
system; however, there have been no comprehensive studies of such interactions due to
technical difficulties. Herein, we exploit a simple microfluidic platform to introduce such
biological complexity into experimental investigations. The interactions among non-
chemotaxis inducing mediators (A in Figure 1), chemoattractants (B in Figure 1), and other
cell types (C in Figure 1), that are the critical in generating immune response, are accounted
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for in our microfluidic platform. While maintaining high fidelity analysis of individual
neutrophil behavior, our platform provides mechanistic insight in a resolved manner for each
of contributing complexities (endothelial cells and chemical mediators). To assist
understanding, discussion below will utilize Figure 1 when necessary, and results described
in bar charts above are summarized in Table 2 and Table 3. Again, pre-incubation with IL-2
or IL-6 represents interaction A, fMLP, or LTB4-fMLP gradient exposure represents
interaction B (chemotaxis), and added endothelial cell represents interaction C in Figure 1.
The neutrophil chemotaxis was significantly disturbed on endothelial cells compared to that
on a simple fibronectin coating, which proves that neutrophils behave differently when they
interact with endothelial cells (B&C in Figure 1). The interaction of neutrophils with
endothelial cells does not seem to significantly impact migration speed. However, neutrophil
migration on endothelial cells was not as directed as that on fibronectin. It may be, in part,
because in vivo neutrophils migrate through the junctions between endothelial cells rather
than over the endothelial cells, which will cause a slight disturbance in the directional
movements.39,40 Directional deviation from the chemoattractant gradient direction was also
observed from IL-2-activated and IL-6-activated neutrophils (A&B in Figure 1, Table 2).
All of these demonstrate that, while IL-2, IL-6, and endothelial cells do not directly induce
chemotaxis, they play a role in neutrophil chemotaxis by adjusting both direction and
movement of neutrophils.

To be noted, neutrophils on endothelial cells respond to the interleukins differently than
those on fibronectin (All interactions in Figure 1 together, Table 2). As mentioned, IL-2- and
IL-6-activated neutrophils on a fibronectin-coated surface had decreased motility and
chemotactic indices (MI and CI) and altered migration patterns (angle distribution and %
population) despite increased migration rate when compared to control, un-activated,
neutrophils. On the other hand, when compared to control neutrophils on endothelial cells,
IL-2-activated neutrophils on endothelial cells had an increased MI and more directed
migration toward the fMLP signal (focused angle distribution and lower % population). The
migration rate of IL-2-activated neutrophils was not significantly different from control
neutrophils when they were on endothelial cells. IL-6-activated neutrophils on endothelial
cells had similar MI and CI and showed more directed migration toward the fMLP signal
(similar angle distribution but lower % population). The migration rate of IL-6-activated
neutrophils on endothelial cells was higher than that of control neutrophils on endothelial
cells. From these results, it is obvious that IL-2 or IL-6 cooperatively contribute with
endothelial cells to neutrophil chemotaxis. It was previously found that neutrophils
simultaneously respond to all present chemoattractants,19 and this study demonstrates that
non-chemotaxis inducing mediators also make their own individual/synergistic
contributions. In this study, neutrophils, whether pre-activated by interleukins or not,
exposed to the competing chemoattractant gradients (LTB4-fMLP) prioritize fMLP over
LTB4 on endothelial cells, which is consistent with our previous finding from neutrophils on
a fibronectin surface. Our results demonstrate that indirect contributors to chemotoxis alter
the capability of neutrophils to follow a signal rather than their prioritization of a particular
signal.

Neutrophil Surface Marker Expression: Cytokines and Endothelial Cells
Once neutrophils sense a chemical signal, they adhere to the endothelium and start
migrating; thus, adhesion is an important component of chemotaxis. To correlate this
phenomenon with the measured chemotaxis, individual human neutrophils were analyzed
for expression of the surface adhesion molecules CD11b and CD66b via fluorescence
imaging. Again, two populations of cells, untreated or EC-treated, were activated/stimulated
by IL-2 (IL-2-activated), IL-6 (IL-6-activated), fMLP (fMLP-stimulated), IL-2 followed by
fMLP (IL-2-fMLP), or IL-6 followed by fMLP (IL-6-fMLP), and surface expression of
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CD11b and CD66b of those cells were compared to those from un-stimulated cells (control).
All measured results demonstrate that IL-2, IL-6, and endothelial cells influence the
expression of neutrophil CD11b and CD66b (Figure 7, Figure 8, Table 3).

The most noteworthy trend in CD11b and CD66b expression was a down-regulation in
untreated cells but an up-regulation in EC-treated cells. In untreated neutrophils, exposure to
IL-2, IL-6, and fMLP resulted in down-regulation of CD11b and CD66b and this down-
regulation may have contributed to the faster migration rate in neutrophils upon stimulation.
On the other hand, in EC-treated cells, IL-6 activation and fMLP stimulation resulted in an
up-regulation of CD11b and CD66b. To be noted, both untreated and EC-treated neutrophils
show a decreased CD11b and CD66b expression when activated by IL-2. This indicates that
IL-2 down-regulates surface CD11b and CD66b expression in neutrophils, and its impact is
more potent than the neutrophil-endothelial cell interaction. In addition, in general, the
impact of individual IL-2, IL-6, or fMLP on CD11b and CD66b expression was different
than the cooperative impact of IL-2-fMLP or IL-6-fMLP, indicating a synergistic effect for
the interleukins and fMLP.

An interesting aspect in this research is the CD11b and CD66b down-regulation upon
neutrophil stimulation. The same trend, down-regulation of these adhesion molecules, was
found in our previous study where neutrophils were stimulated by CXC-motif chemokine 8
(CXCL8);20 however, as multiple literature precedents also reported up-regulation of those
molecules from neutrophils after stimulation,41–43 this unexpected down-regulation was
unexplained in the previous study. Upon close examination of precedent work done in co-
culture,41–43 we see that CD11b and CD66b expressions were up-regulated in EC-treated
cells. As such, it was hypothesized that the neutrophil-endothelial cell interaction initiates a
signaling cascade that converts a down-regulation of CD11b and CD66b upon stimulation to
an up-regulation. As the EC-treated condition contained a step that exposes neutrophils to a
different medium, the impact of the medium in CD11b and CD66b expression was analyzed
to assess this hypothesis. The endothelial cell culture medium was, as described in
experimental section, DMEM w/ FBS and PS (DMEM with high glucose supplemented with
10% fetal bovine serum and 1 % penicillin and streptomycin), while the base medium for
neutrophil handling was Hank’s balanced salt solution (HBSS). Thus, while keeping all
other conditions the same, neutrophils were treated with DMEM with high glucose, and
DMEM w/ FBS and PS and then respective stimuli, and the CD11b and CD66b expression
was assessed. (Figure S-3) Again, the control condition in each cell population was the un-
activated cells. As shown in Figure S-3, both IL-2 and IL-6 stimulation of neutrophils with
DMEM with high glucose or DMEM w/ FBS and PS resulted in down-regulated CD11b and
CD66b expression when compared to controls. Only the fMLP showed a possible interaction
with DMEM with high glucose or DMEM w/ FBS and PS. This demonstrates that our
results of CD11b and CD66b up-regulation in EC-treated cells are not attributed to the
medium, and thus, neutrophil-endothelial cell interaction plays a role in regulating surface
CD11b and CD66b in neutrophils. It will be of particular interest in the near future to profile
neutrophil- and endothelial cell-expressed mediators and find out what signaling cascade is
responsible for this process.

CONCLUSIONS
This work provides detailed information about neutrophil chemotaxis upon interaction with
non-chemotaxis inducing components of the immune system. The microfluidic platform
successfully incorporates neutrophils and endothelial cells, enabling the investigation of
neutrophil chemotaxis on a layer of endothelial cells. All of various parameters above that
describe neutrophil migration and surface marker expressions, each critical in defining
neutrophil biology, are obtained at significantly reduced amount of cost, labor, time, and
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consumption of samples and chemicals, when compared to conventional assays. Moreover,
the insight gleaned from the single cell analysis approach is not easily available with
conventional assays, proving that this microfluidic approach will provide opportunities to
broaden our understanding beyond the traditional level. Our findings also demonstrate the
strength of the microfluidic approach by revealing the contribution of chemical and cellular
mediators in neutrophil chemotaxis. Specifically, our results show that indirect chemotaxis-
inducing mediators (interleukins and endothelial cells) have an active role in the regulation
of neutrophil chemotaxis, and the role is, in part, mediated through adjustment of surface
adhesion molecule expression. IL-2 and IL-6 have their own individual and synergistic
impact on neutrophil chemotaxis, but this impact does not alter the neutrophils’ ability to
respond to an fMLP chemoattractant signal. The most noteworthy finding is that, in all
conditions, the presence of endothelial cells or endothelial cell-expressed mediators altered
neutrophil response to both cytokines and chemoattractants. Every single immune response
is managed by cell-to-cell communications; as such, our finding may form the basis for
chemotaxis studies in the context of cell-cell communications. It will be of particular interest
in the future to profile neutrophil/endothelial cell-expressed mediators to delineate their
interaction in more detail, leading to a more complete understanding of pathophysiology of
neutrophil-mediated diseases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Neutrophil-involved interactions in vivo - neutrophils interacting with chemical mediators
that do not directly induce chemotaxis (A), neutrophils interacting with chemoattractants
(B), neutrophils interacting with other cell types (C).
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Figure 2.
(a) Microfluidic device schematic. Solutions introduced into the two inlets are mixed while
traversing the serpentine channels to establish a stable concentration gradient across the
observation channel. While a gradient of fMLP is established by introducing media into the
inlet 1 and fMLP solution into the inlet 2, a competing gradient of LTB4-fMLP is
established by introducing LTB4 solution into the inlet 1 and fMLP solution into the inlet 2.
(b) Neutrophils on a fibronectin-coated surface in the observation channel. (c) Trajectories
of 20 representative control neutrophils (unactivated) within the fMLP gradient. (d)
Neutrophils on an endothelial cell-coated surface in the observation channel. (e) Trajectories
of 20 representative control neutrophils (unactivated) within the fMLP gradient.
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Figure 3.
Neutrophil chemotaxis within the fMLP gradient on fibronectin and on endothelial cells. (a)
Motility index (MI) and chemotactic index (CI) of neutrophils on fibronectin (green) and on
endothelial cells (blue). (b) Angular distribution of neutrophil movement on fibronectin
(circles) and on endothelial cells (triangles) with a value of 1 indicating migration of a cell
straight toward fMLP. Each point represents the angular displacement of an individual
neutrophil, and the solid bar indicates the average. (c) Average rate of neutrophil migration
on fibronectin (green) and on endothelial cells (blue).
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Figure 4.
Neutrophil chemotaxis within the fMLP gradient: unactivated (control), IL-2-activated, and
IL-6-activated neutrophils on fibronectin. (a) Motility index (MI) and chemotactic index
(CI) of neutrophils. (b) Angle distribution of neutrophils, with a value of 1 indicating
migration of a cell straight toward fMLP. Each point represents the angular displacement of
a cell, and the solid bar indicates the average. (c) Average migration rate of neutrophils.
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Figure 5.
Neutrophil chemotaxis within the fMLP gradient: unactivated (control), IL-2-activated, and
IL-6-activated neutrophils on endothelial cells, (a) Motility index (MI) and chemotactic
index (CI) of neutrophils. (b) Angle distribution of neutrophils, with a value of 1 indicating
migration of a cell straight toward fMLP. Each point represents the angular displacement of
a cell, and the solid bar indicates the average. (c) Average migration rate of neutrophils.
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Figure 6.
Neutrophil chemotaxis within the competing gradient of LTB4-fMLP: unactivated (control),
IL-2-activated, and IL-6-activated neutrophils on endothelial cells. (a) Motility index (MI)
and chemotactic index (CI) of neutrophils. (b) Average migration rate of neutrophils. (c) %
population of neutrophils moved away from the fMLP signal.
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Figure 7.
Individual and cooperative impact of IL-2 with endothelial cells on surface CD11b and
CD66b expression of neutrophils: un-activated (control), IL-2-activated, fMLP-stimulated,
and IL-2-fMLP co-stimulated neutrophils. (a) CD11b expression of untreated (green) and
EC-treated (blue) neutrophils. (b) CD66b expression of untreated (green) and EC-treated
(blue) neutrophils.
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Figure 8.
Individual and cooperative impact of IL-6 with endothelial cells on surface CD11b and
CD66b expression of neutrophils: unactivated (control), IL-6-activated, fMLP-stimulated,
and IL-6-fMLP co-stimulated neutrophils. (a) CD11b expression of untreated (green) and
EC-treated (blue) neutrophils. (b) CD66b expression of untreated (green) and EC-treated
(blue) neutrophils.
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Table 2

Summary of neutrophil chemotaxis under the fMLP gradient - C: Control (unactivated), IL-2: IL-2-activated,
and IL-6: IL-6-activated.

On fibronectin-coated surface On endothelial cell-coated surface

MI Control > IL-2 > IL-6 IL-2 > Control = IL-6

CI Control = IL-2 > IL-6 Control = IL-2 = IL-6

Angle distribution Control > IL-2 = IL-6 Control = IL-2 = IL-6

Migration rate IL-6 > IL-2 > Control Control = IL-2 = IL-6
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Table 3

Summary of surface CD11b and CD66b expressions – Control: unactivated, IL-2: IL-2-activated, IL-6: IL-6-
activated, fMLP: fMLP-stimulated, IL-2-fMLP: IL-2-activated and fMLP-stimulated, IL-6-fMLP: IL-6-
activated and fMLP- stimulated, EC-treated: endothelial cell culture medium-treated.

CD11b CD66b

Untreated
Control > IL-2-fMLP > IL-2 > fMLP fMLP > Control > IL-2-fMLP > IL-2

Control > IL-6-fMLP > IL-6 > fMLP fMLP > IL-6 > Control = IL-6-fMLP

EC-treated
fMLP > Control > IL-2-fMLP > IL-2 fMLP > Control = IL-2-fMLP > IL-2

fMLP > IL-6 > Control = IL-6-fMLP fMLP > IL-6 > IL-6-fMLP > Control
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