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Besides its cooperating effects on stem cell proliferation and survival, Kit ligand (KL) is a potent
chemotactic protein. While transwell assays permit studies of the frequency of migrating cells, the lack
of direct visualization precludes dynamic chemotaxis studies. In response, we utilize microfluidic
chambers that enable direct observation of murine bone marrow-derived mast cells (BMMC) within
stable KL gradients. Using this system, individual Kit+ BMMC were quantitatively analyzed for migration
speed and directionality during KL-induced chemotaxis. Our results indicated a minimum activating
threshold of ~3 ng ml~" for chemoattraction. Analysis of cells at KL concentrations below 3 ng ml™"
revealed a paradoxical chemorepulsion, which has not been described previously. Unlike
chemoattraction, which occurred continuously after an initial time lag, chemorepulsion occurred only
during the first 90 minutes of observation. Both chemoattraction and chemorepulsion required the
Received 1st February 2013, action of G-protein coupled receptors (GPCR), as treatment with pertussis toxin abrogated directed
Accepted 11th June 2013 migration. These results differ from previous studies of GPCR-mediated chemotaxis, where
chemorepulsion occurred at high ligand concentrations. These data indicate that Kit-mediated
chemotaxis is more complex than previously understood, with the involvement of GPCRs in addition to
www.rsc.org/ibiology the Kit receptor tyrosine kinase and the presence of both chemoattractive and chemorepellent phases.
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Insight, innovation, integration

We present a microfluidic device that enabled us to perform a single-cell analysis of the chemotactic response of bone-marrow derived mast cells (BMMCs) to a
linear gradient of Kit ligand (KL). This technological innovation led us to the discovery of a complex time-dependent chemotactic response that involves
chemoattraction at high concentrations of KL and chemorepulsion at low concentrations, which may help explain how mast cells pattern themselves within the
body during maturation. Further experimentation using pertussis toxin revealed that the response observed must involve the tyrosine kinase receptor, c-kit, as
well as a G-protein-couple receptor. These biological insights would not have been possible without integrating a microfluidic device engineered by a materials
science lab and techniques developed in a hematology lab.
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Introduction

Mast cells are important effectors of inflammation, releasing
mediators involved in the response to bacterial and helminthic
infection, as well as in allergic disease.'™ Mast cell progenitors
are derived from hematopoietic stem cells (HSC) and circulate
in the peripheral blood before entry into tissues and differen-
tiation to form tissue-specific mast cell populations.® The
development of mast cells from progenitors is dependent on
proliferative and anti-apoptotic signals mediated by the c-kit
receptor (Kit) and Kit ligand (KL, aka stem cell factor, SCF).>”
Two major subsets of mast cells, connective tissue and mucosal,
have been described with different functional capacities. Con-
nective tissue mast cells in the skin, peritoneum, and perivas-
cular areas have granules containing tryptase and chymase,
while mucosal mast cells in the lungs and intestine express
tryptase but not chymase.® Although they are tissue resident,
mature mast cells undergo migratory redistribution in response
to various stimuli. For example, parasitic infection in mice
causes jejunal mast cells to migrate from the submucosa or
crypt areas to the lamina propria and intraepithelial regions.’
Mast cells are responsive to multiple chemotactic stimuli,
including KL, IgE and IgE-antigen complexes through the FceRI,
CC, CXC, C, and CX3C chemokines, and non-protein mediators
such as sphingosine-1-phosphate, eicosanoids, and adenosine.*®
In addition to its known role in mast cell chemotaxis, Kit
signaling also results in synergistic activation of FceRlI, resulting
in greater degranulation and cytokine release."* Thus, Kit signal-
ing has critical roles in both the development of mast cell
progenitors and the functions of mature mast cells, including
chemotaxis and activation.

Kit is a type III receptor tyrosine kinase that is expressed by
mast cells at high levels and is also expressed at different levels
by a variety of hematopoietic stem and progenitor cell popula-
tions, including hematopoietic stem cells, erythroid and mye-
loid progenitors, lymphoid progenitors and thymocytes. In
addition, Kit is expressed in non-hematopoietic lineages, nota-
bly embryonic stem cells, germ cells, neural and cardiac
progenitors, and interstitial cells of Cajal."** Kit signaling is
critical for the development and maintenance of such popula-
tions. Mice mutated for Kit have the dominant White spotting
defect (W), while those mutated for KL have the phenotypically
similar Steel (S1) defect."® Both are marked by abnormal melano-
cyte development and migration, resulting in hypopigmentation,
varying degrees of HSC and hematopoietic defects, and impaired
fertility.

Studies of chemotaxis in mast cells have been performed
with a variety of methods, including transwell assays and
measurements of chemotaxis in cells covered by a semisolid
medium."”'® These assays measure net movement of popula-
tions of cells and are limited by the lack of direct observation of
individual cell behavior and by lack of a stable chemokine
gradient. A common challenge in the interpretation of data
from these experiments is the confounding effects of chemokin-
esis (an increase in random motility) and chemotaxis (an increase in
directional migration)."” To address these limitations, we directly
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observed and quantified the chemotactic behavior of individual
murine bone marrow-derived mast cells (BMMC) in microfluidic
chambers containing stable KL gradients. The results revealed
previously undescribed complexities in the mast cell response to
KL, namely a concentration- and temporal-dependent bimodal
movement. KL concentrations greater than a threshold value of
~3 ng ml~ " resulted in chemoattraction following a concentration-
dependent lag time. Unexpectedly, concentrations less than
3 ng mlI™" caused transient mast cell chemorepulsion, ie. move-
ment away from the KL source, followed by a period of random
motility. Both the chemoattractive and chemorepulsive behaviors
were found to require the activity of WASP, a regulator of cytoskel-
etal structure that is a phosphorylation target of activated Kit, as well
as G-protein coupled receptors (GPCR). While GPCR are well known
chemotactic receptors, they have not been previously implicated in
KL-mediated chemotaxis and have not been reported to induce
transient chemorepulsion at low chemokine concentrations.

Materials and methods
BMMC culture and preparation

Murine BMMC cultures were established as previously
described.?® Bone marrow cells from 4-8 week old C57BL6/]
and WASP(—/—) mice*! were cultured for 4-6 weeks in BMMC
medium with 20% Fetal Calf Serum (FCS) in the presence of
murine IL-3 and KL (20 ng ml~* each; BioSource International).
BMMC medium consisted of RPMI-1640 (Gibco), 1 mM sodium
pyruvate (Gibco), 0.1 mM nonessential amino acids (Gibco),
and 50 puM B-mercaptoethanol (Thermo Fisher Scientific). Cells
were factor deprived for 12 hours prior to chemotaxis assays.
For pertussis toxin experiments, 100 ng ml~" of pertussis toxin
(Sigma Aldrich) was added to the factor-depleted medium. After
12 hours of exposure, cells were rinsed in BMMC medium prior
to chemotaxis assays. All animal work performed are approved
by the Administrative Panel on Laboratory Animal Care
(APLAC) at Stanford University.

Transwell assay

Transwell migration assays were conducted using 5 um pore
size Transwell devices (Corning, NY). Various concentrations
(0,1, 2, 4, 8, 10, 20, 30, 100 ng ml~") of recombinant mouse KL
were placed into the bottom chamber of the Transwell device,
and 2.5 x 10° BMMC in 100 pL medium were placed in the top
chamber. After 3 hours of incubation at 37 °C, cells were collected
from the bottom chamber and counted using a hemocytometer.
Three independent trials using BMMC from three mice were
performed.

Microfluidic device fabrication

Devices were designed using AutoCAD software and fabricated
from polydimethylsiloxane (PDMS) using standard soft litho-
graphy methods.>” The microfluidic device consists of a central
cell chamber that extends 4.0 mm in length, 1.0 mm across,
and 100 pm in depth. The cell chamber is flanked by two rows
of micro-capillaries that are 14 pm wide, 260 um long, and 7 pm
deep and are spaced 16 um apart. These capillaries connect the
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cell chamber and the two outer “source” and ‘““sink” channels,
enabling Fickian diffusion to occur throughout the device while
preventing convective fluid flow into the cell chamber.?*2¢ The
Stanford Microfluidics Foundry fabricated a 4 inch silicon mold
with positive relief features using negative photoresist (SU-8)
and ultraviolet light exposure through a Mylar transparency
mask. After coating with chlorotrimethylsiloxane (Sigma), a
1:10 mixture of silicone elastomer curing agent and base
(Dow Corning Sylgard© 182, Midland, MI) was poured evenly
across the silicon mold. The hardened PDMS devices were
removed from the mold, and inlets and outlets were punched
using a 20 gauge needle. Finally, the devices were irreversibly
bound to glass substrates by exposing both surfaces to oxygen
plasma before placing the device onto the substrate with gentle
pressure.

Microfluidic chemotaxis assays

Two devices were mounted onto a single well within a six-well
plate. Devices were washed with 70% ethanol, rinsed using
Dulbecco’s Phosphate-Buffered Saline (DPBS), and coated over-
night with a 25 ng ml™" solution of bovine fibronectin. BMMCs
were loaded into the cell chamber at a concentration of 1 x 107
cells per ml and allowed to adhere for 30 minutes at 37 °C and
5.0% CO,. Cells that failed to adhere were washed away using
migration medium (BMMC medium with 2% FCS and no KL or
IL-3) and the cell chamber inlets were plugged to prevent flow in
the cell chamber. Migration medium alone was introduced into
the sink channel, while migration medium plus 5 pM FITC-
dextran (20 kD, Sigma) and 20 ng ml~ " murine KL was introduced
into the source channel via tubing connected to 100 ul Hamilton
syringes. The source and sink solutions were introduced into the
device at a flow rate of 0.6 ml h™! using a syringe pump. After
1 hour, stable gradient formation was confirmed by fluorescence
imaging of the FITC-dextran marker. This is defined as time = 0 for
chemotaxis analysis, and the initial positions of all cells were
recorded using phase contrast imaging. Following this, time-lapse
images were collected every 2 minutes over a period of 3 hours
using an inverted confocal microscope (Zeiss LSM510 Meta) with
an environmental control chamber operating at 37 °C and 5% CO,.
Control experiments omitted KL from the sink channel and were
run in parallel with all test conditions. Three independent trials
were performed for each condition, and approximately 120 cell
tracks were recorded per trial.

Image analysis and quantification

To determine the KL concentration, Image J (NIH freeware) was
used to measure the fluorescence intensity of the FITC-dextran
tracer molecule, and the ratio of the intensity at each position in
the cell chamber to the source channel was multiplied by the
known initial concentration. Control experiments confirmed that
the fluorescence intensity was linearly related to FITC-dextran
concentration across the entire concentration range used. Each
phase contrast image of the cell chamber was divided into quad-
rants along the length of the gradient such that quadrants 1 to 4
represent high to low KL concentrations, respectively. Thirty
randomly selected cells from each quadrant were tracked manually
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using MTrack], an Image J plug-in. Cell quadrants were deter-
mined according to the starting position of the cell; thus, a cell
that started in quadrant 1 would still be included in the data for
quadrant 1 even if it traveled into quadrant 2 during the analysis.
Cell tracks were analyzed for average speed and chemotactic index.
The chemotactic index was defined as the distance the cell
migrated in the direction parallel to the gradient divided by the
accumulated distance the cell traveled. Therefore, perfectly random
migration will have a chemotactic index of 0, perfect chemo-
attraction (i.e., migration in a straight line towards higher
concentrations) will have a chemotactic index of 1, and perfect
chemorepulsion (i.e., migration in a straight line towards lower
concentrations) will have a chemotactic index of —1. Speed was
defined as the accumulated distance the cell traveled over time.
Compass plots of cell tracks (with all track starting points
superimposed on the origin) were created with the Chemotaxis
Tool Image J plug-in (Ibidi, Martinsried, Germany).

Results
Threshold and range of chemotactic KL concentrations

To determine the range of KL concentrations to test in the micro-
fluidic chambers, standard transwell assays were used to establish
the dose-response relationships in BMMC (Fig. 1). A range of KL
concentrations from 0-100 ng ml ™' was tested. There was a
concentration-dependent increase in chemotaxis until maximal
chemotaxis was observed at KL 8-10 ng ml~". A decrease in
chemotaxis was observed at higher concentrations. As a negative
control, BMMC derived from mice deficient for WASP were simulta-
neously tested. WASP, the gene which is mutated in Wiskott-Aldrich
syndrome, is downstream of Kit signaling, regulates cytoskeletal
rearrangements, and is necessary for blood cell chemotaxis.”® In
WASP-negative BMMC, there was significantly less chemotaxis than
in wild-type cells (10-20% of wild-type, data not shown). As for
normal BMMC, maximal chemotaxis was observed at 10 ng ml ™.

Chemotaxis in microfluidic chambers

Based on the transwell results, BMMC chemotaxis was assessed in
microfluidic chambers that generated a range of KL concentrations
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Fig. 1 Maximal mast cell chemotaxis in transwells occurs at 8-10 ng ml~".
Transwell assays were employed to determine the optimal KL concentration for
induction of mast cell chemotaxis. Cells were subjected to a concentration range
between 0-100 ng mI~" KL, and cells that migrated towards the source of KL
were quantified using a hemocytometer. Error bars indicate standard deviation
from the mean; n = 3; * indicates statistical significance compared to 0 ng ml~!
KL, p < 0.05.
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from 0 to 12 ng ml~". The capillaries create a diffusion-enabled
gradient across the chamber as the ligand moves from a source
channel, which delivers KL, across the chamber to a sink
channel, which contains medium alone and removes KL
(Fig. 2A). To determine the cellular responses to different average
concentrations of KL, images of the chambers were divided into
quadrants prior to analyzing cell migration (Fig. 2B and C). The
same syringe pump simultaneously drove flow into the KL
gradient device as well as flow into a control device containing
media alone in both the source and sink channels. With equal
flow rates of the source and sink channels, no shear forces are
generated within the cell chambers,>* which was confirmed by
the random movement of cells observed in the control chambers
(Fig. 3A).

To measure chemotaxis in response to KL, BMMC were
randomly distributed in a fibronectin-coated microfluidic chamber
and then placed in an incubator at 37 °C and 5.0% CO, for
approximately 30 minutes to allow cells to adhere before
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initiating flow in the source and sink channels to generate
the KL gradient. A stable KL gradient was established within
one hour and was confirmed by fluorescence imaging of a FITC-
dextran tracer molecule (Fig. S1, ESIf). After gradient verifica-
tion and quantification, the initial cell positions were recorded
using phase contrast microscopy (designated as time = 0)
and further monitored every 2 minutes for the duration of
the experiment. As previously confirmed by fluorescence
imaging of tracer molecules, the concentration gradient
within the cell chamber remains constant once it has reached
equilibrium.>*?*”

Bimodal chemotactic response of BMMC to KL

To analyze the dose-response relationship between chemotaxis
and KL concentration, the cells were divided into quadrants
according to the KL concentration they were initially located in,
e.g., for a gradient of 0-12 ng ml~', quadrant 1 (Q1) contained
cells initially in a KL gradient of 9-12 ng ml™", Q2 contained
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Fig. 2 Schematic of microfluidic device designed to administer a stable linear KL gradient. (A) Stable linear gradients of KL were created within devices by delivering
KL containing medium through a source channel to a cell chamber containing the BMMC, while an opposite sink channel delivered medium without KL. (B) Phase
contrast image of BMMCs loaded into the cell chamber. (C) Following chemotaxis assays, images of the cell chamber were partitioned into quadrants for migration
analysis. Individual cell tracks were grouped into one of the quadrants based on their initial position. Quadrant 1 (Q1) represents cells that began at the highest KL
concentration (9-12 ng ml~"), followed by quadrants 2 (Q2, 6-9 ng ml~') and 3 (Q3, 3-6 ng ml~"). Quadrant 4 (Q4) represents cells that began at the lowest KL
concentration (0-3 ng ml™"). Fluorescent images of the distribution of a FITC-dextran tracer molecule were used to determine the average concentrations in each
quadrant.
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Fig. 3 BMMC cells exhibit a bimodal chemotactic response to Kit ligand (KL) gradients. (A) The tracks of individual BMMC with initial positions located in Q1-Q4 in
the presence (+KL) or absence (—KL) of a KL gradient. Individual cell tracks were plotted with the starting position of each cell at the graph origin. Cell tracks that
possessed a positive net displacement towards the source channel are plotted in black, while absolute movement away from the source are in red. The total number of
observed cells with net movement towards or away from the source is given in black and red fonts, respectively. A yellow star indicates the center of mass of all tracks.
(B) Chemotactic indices of each individual cell (black dots) and population averages (red line) for cells in Q1-Q4 with (top) or without (bottom) exposure to a KL
gradient. (C) Individual cell speeds (black dots) and population averages (red line) for each condition. Three individual trials were run; n > 143 cells for each +KL
quadrant, and n > 60 for each —KL quadrant.
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those at 6-9 ng ml~", Q3 contained those at 3-6 ng ml~", and
Q4 contained those at 0-3 ng ml~". The dose-response analyses
showed that there were two distinct chemotactic patterns of
KL-induced chemotaxis, which were concentration dependent.
At KL concentrations greater than 3 ng ml~" (Q1-Q3) cells moved
towards the source channel in a dose dependent manner
(Fig. 3A). Within these quadrants, the chemotactic index, ie.,
directionality of migration, was related to the KL concentration,
while speed of cell migration was not significantly affected
(Fig. 3B and C). Unexpectedly, cells initially in the lowest KL
concentrations of 0-3 ng ml~" (Q4) underwent chemorepulsion
away from the KL source channel (Fig. 3A). Accordingly, the
average chemotactic index for Q4 was negative, indicating
chemorepulsion at low KL concentrations (Fig. 3B). The average
cell speed in Q4 was similar to that in other quadrants,
although the population distribution was altered (Fig. 3C).
The control chambers lacking KL showed neither forward nor
reverse movements (Fig. 3A-C), indicating that there were no
shear or other mechanical forces causing the observed move-
ment in the KL chambers. Thus, the microfluidic chambers
revealed a chemorepulsive response at low concentrations of
KL, which has not been described previously.

Different durations of Kit mediated chemoattraction and
chemorepulsion

We analyzed cell movements of BMMC at multiple time points
from 0-150 minutes in each quadrant of KL concentration to
determine if chemoattraction and chemorepulsion were
equally persistent (Fig. 4A). Within Q1-Q3, after a lag phase
of random migration, Kit-mediated chemoattraction persisted
over the entire period of observation a total of 150 min. The
duration of the lag phase appeared to be KL concentration
dependent, with random migration taking place for 30 min in
Q1, 60 min in Q2, and 90 min in Q3 as evidenced by both the
individual cell tracks (Fig. 4A) and the population averaged
chemotactic index (Fig. 4B). In contrast, cells in the lowest
quadrant of KL concentration experienced no lag phase and
displayed chemorepulsion at the earliest time points. This
chemorepulsion persisted for a limited period of time, 90 min,
after which further migration exhibited random directionality
(Fig. 4). Consequently, the net movement of cells away from the
source channel only increased for the first 90 minutes, after
which minimal chemorepulsive movement was observed. The
cells in control wells lacking a KL gradient underwent no
directional chemotaxis during the entire 120 minute observation
(Fig. 5). Thus, the time-dependence of Kit-mediated chemo-
attraction and chemorepulsion differed.

Dependence of chemoattraction and chemorepulsion on WASP
signaling

We have previously demonstrated that WASP, a regulator of
cytoskeletal structure, is a phosphorylation target of activated
Kit and is essential for Kit-mediated cytoskeletal changes, Ca*"
flux, and gene expression.”® Therefore, we investigated whether
WASP was also necessary for both Kit-mediated chemoattrac-
tion and chemorepulsion. Observation of WASP-deficient
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BMMCs exposed to a KL gradient revealed that WASP-deficient
cells exhibited migration that was statistically random, with
chemotactic index averages close to zero (Fig. 6A). The lack of a
both chemoattraction and chemorepulsion in WASP-deficient
cells was similar to that observed for WT cells in the absence of
KL gradient. Thus, it can be concluded that the bimodal
chemotactic behavior of BMMCs, i.e., both chemoattraction
and chemorepulsion, involves active processes that are depen-
dent upon Kit-WASP signaling for cytoskeletal changes and
consequent migration. To further probe the mechanism behind
Kit-mediated chemotaxis, we also studied the behavior of WT
BMMCs treated with pertussis toxin (PTx) in the presence of a
KL gradient. Previous studies have shown that PTx can block
chemotaxis through the inhibition of G-protein coupled recep-
tors (GPCR), which would normally interact with the chemo-
kines driving directed migration.”® PTx inhibited Kit-mediated
chemotaxis of WT BMMCs in the presence of a KL gradient, and
cells exhibited non-directional, random movement similar to
that observed with control, WT BMMCs in absence of KL
gradient, and WASP-deficient experiments (Fig. 6B). These
results indicate that Kit-mediated chemotaxis is dependent
upon GPCRs, which has not been reported previously.

The presence of KL induces the formation of filopodia in
wild-type BMMCs (Fig. 7). However, loss of WASP signaling
inhibits filopodia formation (Fig. 7C).

Discussion

Our results reveal that Kit signaling generates a uniquely
complex chemotactic response featuring both dose-dependent
chemoattraction and chemorepulsion. Previous experiments
using conventional transwell assays permitted observations of
the chemoattractive response to Kit signaling, similar to those
shown in Fig. 1, but they were not able to capture the chemo-
repulsive response. The use of a microfluidic device, which
allowed direct surveillance of individual cell movements within a
stable KL gradient ranging in concentration from 0-12 ng ml™*,
allowed observation of a previously unseen chemorepulsion at
KL concentrations less than 3 ng ml~". As shown by its abroga-
tion in WASP-negative cells, the observed chemorepulsion was
an active process, dependent upon the rearrangement of the
actin cytoskeleton. The limited duration of Kit mediated chemo-
repulsion may be due either to an intrinsic signal refractory
period after low dose stimulation or to the cumulative effect of
chemorepulsion moving the cells to regions of the chamber
where the KL concentration was below a minimal threshold for
any chemotaxis, either forward or backwards.

Previous studies of chemokine-induced chemotaxis have
demonstrated both chemoattraction and chemorepulsion, but
the dose-response in these cases is the converse of what we
observed with Kit-mediated chemotaxis. Poznansky, et al.?®
reported induction of chemorepulsion of CXCR4(+) cells, e.g.,
T lymphocytes, at high concentrations and chemoattraction at
low concentrations of SDF1/CXCL12. Other chemorepulsive
effects that depend upon a high concentration of ligand have
been shown for chemokine/receptor pairs CXCR2/IL-8 (CXCLS),

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Kit-mediated BMMC chemoattraction and chemorepulsion is dependent on both time and average KL concentration. (A) Time dependence of mast cell
chemotaxis in the presence of a KL gradient was evaluated by analyzing cell migration over discrete 30 min time intervals. Thus, the first row displays the individual cell
tracks, chemotactic indices, and cell speeds during the first 30 min, and the second row shows data for the next 30 min, etc. Individual cell tracks are presented as in
Fig. 3. During the first 30 minutes, chemorepulsion is observed in Q4 and Q1-Q3 exhibit random migration. Conversely, chemoattraction is observed in Q1-Q3, while
Q4 exhibits random migration during the last 30 min interval (120-150 min). (B) The chemotactic index of BMMC in each quadrant of the KL gradient is plotted with
respect to time. An initial lag time was observed before the onset of chemoattraction in Q1-Q3. The length of the lag time was related to KL concentration, with higher
concentrations (e.g., Q1) resulting in shorter lag times. Once chemoattraction was initiated, it persisted for the remaining duration of the 150 min experiment.
Conversely in Q4, no lag time was detected, and transient chemorepulsion was observed from 0-90 min before the onset of random migration.

CXCL9/CXCR3, and CXCL10/CXCR3.”° It has been proposed
that these chemorepulsive movements could impact how the
responsive cells distribute themselves in relation to the ligand
source; in other words, these chemorepulsive signals could
help to pattern cell localization in vivo. One effect of these
chemorepulsive movements is that areas of high ligand concen-
tration may be depleted of cells expressing the cognate receptor.
For example, melanoma cells that overexpress SDF1/CXCL12

This journal is © The Royal Society of Chemistry 2013

escape from immune control by repulsion of tumor-specific
T lymphocytes.* Similarly, chemorepulsion induced by high
levels of intrathymic SDF1 contribute to the emigration of
thymocytes from the fetal thymus.***" Our results indicate that
a converse process occurs during Kit-mediated signaling in mast
cells, ie., low levels of KL induce chemorepulsion. Such a
process could be important for regulating the distribution of
mast cells in the tissue such that they are more likely to be
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Fig. 5 BMMCGs do not exhibit chemoattraction or chemorepulsion in the absence of a KL gradient. Individual cell tracks, chemotactic indices, and cell speeds for
BMMCs cultured in control devices with no KL gradient and observed in parallel with devices from Fig. 4. The BMMCs exhibited random non-biased migration

regardless of time or position within the devices.
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Fig. 6 Kit-mediated chemotaxis is inhibited by loss of WASP signaling or treatment with pertussis toxin. (A) Individual cell tracks, chemotactic indices, and cell speeds
presented as in Fig. 3 for BMMC isolated from WASP~/~ mice (top panel, n > 60 for each quadrant) and (B) BMMC treated with pertussis toxin (PTx, bottom panel,
n > 100 for each quadrant) and exposed to a KL gradient. Both groups of cells exhibited random motility at all KL concentrations.

recruited to areas of high KL concentration and less likely to be
present in areas of low KL expression. Thus, chemorepulsion of
mast cells from areas of low KL expression may have anti-
inflammatory effects. Xenotransplantation experiments have
shown that both mucosal and connective tissue mast cells are
derived from transplanted HSC, but with different kinetics of
reconstitution and distribution in different tissues and anato-
mical regions.*> The bimodal response to KL signal intensity
might be a mechanism to explain such differences: tissues
expressing low level Kit ligand may actively repel mast cell
progenitors.

In addition to the KL gradient concentration profile, the
intensity of Kit signaling might also be modulated by receptor
density. For example, Kit expression in BMMC is uniformly
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high,?® but much greater variation is observed among hemato-
poietic progenitors.*® Experiments with other Kit-expressing cell
types will be important in determining whether the bimodal
chemoattractive and chemorepellent responses observed in
BMMC are generalizable and how KL concentration affects
cells with differing receptor density.

The mechanisms by which different concentrations of
chemotactic molecules can result in differential chemoattractive
and repulsive signals are not well understood. In SDF1-
mediated axonal guidance, the direction of axonal outgrowth
is controlled by differential contributions of secondary signals
downstream of phospholipase C (PLC).>* Activation of protein
kinase C (PKC) results in repulsion of the axonal growth cone,
while activation of the inositol triphosphate (InsP3) receptor

This journal is © The Royal Society of Chemistry 2013
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Fig. 7 Filopodia formation is induced by the presence of KL and inhibited by loss of WASP signaling. (A) Phalloidin-stained wild-type BMMCs in the absence of KL
exhibit a rounded morphology and lack filopodia. (B) Wild-type BMMCs in the presence of KL exhibit active spreading and filopodia formation in all quadrants. White
arrows indicate filopodia. (C) BMMC isolated from WASP~'~ mice lack the ability to form filopodia in the presence of KL.

(InsP3R) resulted in attractive turning. In neutrophils, the
balance of levels of InsP3 generated by phosphoinositol-3
kinase (PI3K) vs. phosphatidic acid generated by catalysis of
InsP3 by phospholipase D (PLD), controls the direction of
neutrophil signaling in response to bacterial chemoattrac-
tants.>® PLC-gamma and PLD are prominent targets of Kit
signaling, and both PKC activation and InsP3 generation are
known to occur after Kit stimulation."®*%3” The mechanism, by
which the intensity of Kit signals could cause differential levels
of activation of PKC, PLC-gamma, or PLD, is not known. We
have previously described topological changes in the distribu-
tion of Kit, the PI3K p85 regulatory subunit, and the phospha-
tase and tensin homologue (PTEN) after Kit stimulation.*®
These experiments were performed with cells suspended in
high concentrations of KL, which were chosen to maximize Kit
responses. Lower intensity of Kit signaling, e.g., those occurring
at the chemorepulsive concentrations described in this paper,
may alter the relative activation of PI3K, PTEN, PKC, PLC-
gamma or PLD, and thereby alter the balance of phospholipids
that regulate the direction of chemotaxis.

In addition to the discovery of dose-dependent chemoattrac-
tion and chemorepulsion, we have also established that both
chemorepulsion and chemoattraction depend on activation of a

This journal is © The Royal Society of Chemistry 2013

heterotrimeric G-protein dependent pathway, since pre-treating
cells with PTx blocked any directed migration. Although pre-
vious studies of Kit-mediated chemotaxis have shown depen-
dence on Fyn phosphorylation, PTEN, and Jak-Stat signaling,'®
they have never before shown dependence on a G-protein.
Activation of a G-protein might occur directly downstream of
either Kit tyrosine kinase activity or via a secondary mediator,
such as Src or Jak-Stat proteins. Previous evidence has shown
that cross-receptor interactions between Kit and type I cytokine
receptors, e.g., the Epo or interleukin-7 receptors (EpoR, IL-7R)
are essential downstream effectors of Kit signaling;*>*° the type I
cytokine receptor is tyrosine phosphorylated and activated by
Kit in these interactions. For example, Kit-mediated support of
erythroid differentiation is dependent on the expression of the
Epo receptor. An alternative mechanism for the dependence of
Kit chemotaxis on a G-protein pathway could be analogous
cross-receptor interaction of Kit with a chemokine receptor,
which in turn acts as a guanine exchange factor for a hetero-
trimeric G-protein. Such a mechanism would be the converse of
a previously described interaction in which a leukotriene
receptor activates Kit.*!

The studies described here emphasize the importance of
direct observation at the cellular level for cells undergoing
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chemotaxis within a chemical gradient. Standard transwell
assays, e.g., those shown in Fig. 1, and similar assays that are
based on counting the total number of cells that have reached a
designated target produce a binary output, i.e. either the cells
have moved to the target or they have not. These assays do not
provide sufficient information to detect complex chemotactic
responses, such as those described here. In a transwell assay
the chemo-repelled cells at the lower ligand concentrations
would have simply been scored as unresponsive to the chemo-
attractant. In contrast, the microfluidic device described for
these experiments provides a trove of information including
migration speed, directionality, and persistence of individual
cells over a range of concentrations as a function of time.
In addition, the microfluidic device can maintain a stable
linear chemical gradient for long periods of time (well over
12 hours),”” contrary to transwell assays, which create a time-
dependent gradient. This enables exact specification and
quantification of the chemokine gradient profile to identify
concentration-dependent effects. The ability to directly observe
cells over time in these microfluidic devices will prove an
invaluable asset to the discovery and deconstruction of these
complex chemotactic responses of BMMC and other Kit+ cell
types, e.g. hematopoietic progenitor cells.

Conclusion

In conclusion, the microfluidic chambers used for these experi-
ments allowed single-cell analysis of cell migration in response
to a KL gradient. These experiments lead to the discovery of a
complex chemotactic response that involves both chemoattrac-
tion and chemorepulsion. The novelty of the response observed
lies in both its dose response, that chemorepulsion occurs
at low KL concentrations and attraction at high concentra-
tions, as well as its dependence on G-proteins, which had not
been previously reported in Kit signaling. These observations
would not have been possible using traditional chemotaxis
assays, such as transwells, indicating the need for single-
cell analysis techniques to study the complexities of cell
migration.
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