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Abstract

Considering the essential role of chemotaxis of adherent, slow-moving cells in processes
such as tumor metastasis or wound healing, a detailed understanding of the mechanisms
and cues that direct migration of cells through tissues is highly desirable. The state-of-the-
art chemotaxis instruments (e.g. microfluidic-based devices, bridge assays) can generate
well-defined, long-term stable chemical gradients, crucial for quantitative investigation of
chemotaxis in slow-moving cells. However, the majority of chemotaxis tools are designed
for the purpose of an in-depth, but labor-intensive analysis of migratory behavior of single
cells. This is rather inefficient for applications requiring higher experimental throughput, as it
is the case of e.qg. clinical examinations, chemoattractant screening or studies of the chemo-
taxis-related signaling pathways based on subcellular perturbations. Here, we present an
advanced migration assay for accelerated and facilitated evaluation of the chemotactic
response of slow-moving cells. The revised chemotaxis chamber contains a hydrogel
microstructure—the migration arena, designed to enable identification of chemotactic behav-
ior of a cell population in respect to the end-point of the experiment. At the same time, the
assay in form of a microscopy slide enables direct visualization of the cells in either 2D or
3D environment, and provides a stable and linear gradient of chemoattractant. We demon-
strate the correctness of the assay on the model study of HT-1080 chemotaxis in 3D and on
2D surface. Finally, we apply the migration arena chemotaxis assay to screen for a che-
moattractant of primary keratinocytes, cells that play a major role in wound healing, being
responsible for skin re-epithelialization and a successful wound closure. In direction of

new therapeutic strategies to promote wound repair, we identified the chemotactic activity of
the epithelial growth factor receptor (EGFR) ligands EGF and TGFa (transforming growth
factor a).

Introduction

Chemotaxis, cell migration prompted by an extracellular chemical gradient, is an essential bio-
logical process that underlies a wide range of physiological, as well as pathological events, for
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instance development, immune response, cancer metastasis, or wound repair [1-7]. Chemo-
tactic response is directional, up (positive) or down (negative) the concentration gradient of a
chemoattractant, or a chemorepellent, respectively. Intense, long-running research activities
on cell migration and chemotaxis uncovered the basic mechanisms, key signaling proteins and
pathways involved in this complex process [8-14]. However, most of our understanding of
chemotactic response in eukaryotic cells is based on studies of Dictyostelium discoideum and
leukocytes [15, 16], i.e. cells that migrate in an amoeboid-like manner, at a rather high speed
(~ 10 pm/min), referred to as fast-moving cells. In contrast, slow-moving cells employ mesen-
chymal-like, adhesion-dependent migration strategy, typical for fibroblasts, cancer cells, endo-
thelial cells or keratinocytes. Slow-moving cells migrate at a speed rate of approximately one
cell-body length per hour (i.e. <1 pm/min) and their trajectories during chemotaxis are more
diffusive than those of fast-moving cells, which tend to migrate almost directly towards the
source of the chemoattractant [15, 17-19].

Examples of chemotaxis of both fast- and slow-moving cells can be found in the different
phases of the wound healing process. The wound repair is a complex process integrating the
interactions of multiple cellular components, growth factors (GFs), and extracellular matrix
(ECM). The distortion of the skin barrier and the underlaying tissues by an injury initiate
diverse wound-specific signals, including the release of numerous tissue and growth factors
that diffuse into the surrounding areas. Within several minutes, neutrophils and phagocytes
are recruited by gradients of chemokines from the circulation to the site of the wound; and
once there, they move chemotactically in order to cleanse the site from pathogens and dead
cells [20]. The inflammatory phase is a rapid process, established within several hours. In con-
trast, the next steps of wound healing, the proliferative phase, and re-epithelialization, both
characterized by proliferation and migration of slow-moving cells, start within hours after the
trauma, and span over several days to weeks [15, 20]. During the proliferative phase, the
matrix-remodeling cells, fibroblasts, invade the temporary, fibrin-rich wound tissue, being
attracted by the platelet-derived growth factor (PDGF) that is secreted by the coagulating
platelets trapped in the fibrin network [21, 22]. The fibroblasts together with other proliferat-
ing cells are responsible for the formation of a novel ECM, called the granulation tissue, which
fills the wound. In the process known as re-epithelialization, other slow-moving cells, the basal
keratinocytes of the wound margins, migrate over the newly formed tissue of the wound bed
in order to close the gap and restore the integrity of the skin barrier [23]. Keratinocyte motility
is activated within several hours after the injury by multiple wound-initiated signals, including
mechanical stimuli such as loss of contact inhibition at the free edges of the wound margin
[24, 25], multiple tissue factors [26, 27], and growth factors that are secreted by the immune
cells and fibroblasts in the wound [28-30]. Several growth factors and chemokines were
described to be involved in activation of epithelial cells; however, it is yet to be understood in
detail, how exactly the diverse signals control and navigate keratinocyte migration over the
wound bed [29, 31]. Thus, the investigation and comprehensive understanding of the regula-
tion mechanisms of keratinocyte motility could lead to determination of molecular targets
and/or to development of new therapeutic approaches to promote wound closure.

The migration characteristics of slow-moving cells call for experiments with longer obser-
vation time (12-24 h) in order to ensure a reliable and reproducible measurement of chemo-
tactic behavior; challenging the design of chemotaxis assays to maintain a gradient stable over
long time period [32, 33]. However, the seminal instruments for studying chemotaxis were
developed rather with respect to fast-moving cells, generating only temporally stable, less
defined, steep gradients; e.g. pipette assay, agarose assay, or Boyden/transwell assay [1, 34-36].
Such systems furthermore omit direct observation of cell behavior and it is impossible to
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reliably discern between chemokinesis (general increase in migration in all directions) and
directed migration (true chemotaxis) of slow-moving cells.

The need of an in-depth characterization of the chemotactic response on cellular and
molecular level led to the development of chemotaxis assays for direct observation, such as
Zigmond chemotaxis chamber [37] and its derivatives, Dunn [38] and Insall chamber [33], or
ibidi u-Slide Chemotaxis [32, 39] that further improved the control and longevity of the gradi-
ent. These so-called bridge assays enable direct visualization of cells seeded in an observation
area bridging two reservoirs filled with solutions of different chemoattractant concentration.
In the low-volume cross section of the reservoirs and the bridge, the cells are exposed to gradi-
ents that are stable over 24 hours, hence meeting the requirements of studying chemotaxis of
slow-moving cells.

In recent years, the advances in micro-fabrication techniques provided for an expansion of
microfluidic-based migration assays that can mimic complex 3D microenvironments and
expose the cells to well-regulated external cues. The ability to fabricate precise micro-patterns
from bio-compatible materials makes it possible to design elaborate, task-specific chambers
that generate highly controlled gradients [1, 40-42]. However, in most of microfluidic-based
chemotaxis assays, the gradient is formed by diffusion between two fluid streams, hence expos-
ing the cells to a constant shear stress [43]. Moreover, the application of microfluidics is often
challenging for non-specialist users [44].

The most severe drawback of the direct-observation chemotaxis assays is the time-demand-
ing data analysis. Standardly, cell migration inside of the chemotaxis chamber is monitored by
video-microscopy, and the evaluation of the chemotactic response is based on reconstructed
migration tracks of individual cells. Real-time imaging of the cellular response provides
detailed quantitative information on the whole migration process. However, it depends on
specialized equipment, and is labor- and time consuming [45]. This introduces a serious obsta-
cle, particularly for studies covering larger sample sets, typical in clinical and biomedical
research.

In our study, we modified the commercially available bridge assay p-Slide Chemotaxis with
a micro-fabricated migration arena that encloses the cells to a defined area. Chemotactic
response led to accumulation of cells on one side of the migration arena, an effect that could
be easily recognized from the end state of the experiment. Thus, this adaptation enabled evalu-
ation of the chemotactic effect from the end-point of the experiment alone. The end-point
approach dramatically accelerated and simplified the analysis and thus substantially increased
the experimental throughput. At the same time, the original features of the system were not
compromised, making the assay optimal for studying chemotaxis of slow-moving cells by pro-
viding a long-term stable, convection-free linear gradient. Also, the cells were accessible for
direct optical control at any time of the experiment and could be seeded in the chemotaxis
chamber either on a surface (2D), or embedded in a matrix (3D).

We validated the migration arena assay by examining migration of HT-1080 fibrosarcoma
cells in a gradient of fetal bovine serum (FBS), as a well-established model system for chemo-
taxis of slow-moving cells. Furthermore, we used the migration arena assay to study chemo-
taxis of normal human epidermal keratinocytes (nHEK)), for the first time observing migration
of primary keratinocytes in long-term stable gradients over time periods of several hours. The
possibility to rapidly evaluate multiple samples with the migration arena assay enabled us to
screen several growth factors for chemoattractant activity towards nHEK and to study the time
course and concentration-dependency of the cellular response. Among the tested substances,
transforming growth factor o (TGFo) and epithelial growth factor (EGF) were the most potent
factors to induce directed migration of primary keratinocytes.
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Materials and methods
Arena fabrication

PEG-based hydrogel barriers that frame the migration arena were fabricated directly inside a
commercially available chemotaxis chamber, p-Slide Chemotaxis (ibidi GmbH, Munich, Ger-
many), by standard photolithography, utilizing the thiol-norbonene photopolymerization
method [46, 47]. The middle channel of the chemotaxis chamber was filled with phosphate
buffered saline (PBS)-based solution containing PEG monomers (2 mM 4-arm PEG4norb, Mw
20000), a crosslinker (4 mM PEG-dithiol) and a photoinitiator (3 mM lithium phenyl-2,4,6-tri-
methylbenzoylphosphinate; LAP). The slide was placed on a quartz photomask (purchased
from Compugraphics Jena GmbH; Jena, Germany) and aligned with pattern that consisted of
three duplets of rectangles (2 mm x 0.3 mm each, placed 0.4 mm apart). The spacing of the rect-
angle duplets on the photomask responded to the distance between the middle channels of the
three chambers of the p-Slide Chemotaxis (18.5 mm), so that the rectangles of each duplet
framed one of the channels, when aligned. The polymerization was initiated by a 10 s exposure
to UV light (365 nm; 10 mW c¢m™ intensity; LED lamp KSL70/365 was purchased from Rap-
pOpto Electronic GmbH, Hamburg, Germany). The non-polymerized material was rinsed
away with PBS. The chemotaxis chambers with the hydrogel arenas were stored filled with PBS
at 4°C. Before experiments, chambers were equilibrated by overnight incubation at 37° C.

Gradient characterization

In order to visualize the chemical gradient in the migration arena, the arena was filled with col-
lagen type I matrix (1.5 mg/ml), and the diffusion of fluorescent molecules through the matrix
was observed. To establish the gradient, one of the reservoirs was filled with PBS and the other
with a fluorophore solution. 1 pM Alexa Fluor488 or 0.1 mg/ml FITC-tagged dextran, 40 kDa
(both diluted in PBS) were used in order to represent diffusion of molecules of different sizes.
The fluorescence gradient was detected by time-lapse imaging of the gradient region of the
migration arena by an inverted microscope (Nikon Eclipse Ti, Nikon GmbH, Diisseldorf, Ger-
many) equipped with a motorized stage (TI-SH-W) and FITC filter set (Nikon), 60x oil-objec-
tive (CFI PLAN Apochromat, Nikon), and CCD camera ORCA-Flash 4.0-LT (Hamamatsu
Photonics, Hamamatsu City, Japan). The microscope was controlled by the Micro-Manager
software [48]. Two rows of nine images across the middle part of the chemotaxis chamber,
covering the 400 um wide arena, were taken every 30 minutes, with a step of 50 um between
the frames. The center of the rows was aligned with the center of the arena. The Z-plane was
focused in the middle of the collagen layer, approximately 35 um above the slide surface. Addi-
tional micrographs were taken in the fluorophore-containing reservoir, at the extension of
each row. Fluorescence intensity in a 10 um” area in the center of each frame was measured
using the NIH (National Institute of Health) Image]J software [49, 50]. The measured signal
was normalized to the maximal signal of the fluorophore taken in the reservoir at each time
point. Graphs show the normalized mean signal of the two rows. Control measurement ¢,
(background signal control) was taken in the same chamber before adding the fluorophore to
the reservoirs. Positive control ¢;yg represents the fluorescent signal measured in a chamber
containing 1 uM Alexa Fluor488, or 0.1 mg/ml FITC-tagged dextran in both reservoirs, as well
as in the 3D collagen matrix in the arena.

Cell culture

HT-1080 fibrosarcoma cells (DSMZ, Braunschweig, Germany) were cultured in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
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(FBS; both Sigma-Aldrich, St. Louis, MO, USA). Normal human epithelial keratinocytes
(nHEK; CellSystems, Troisdorf, Germany) were cultured in DermalLife basal medium supple-
mented with DermalLife K LifeFactors kit (both Lifeline Cell Technology, Frederick, MD,
USA), and Penicillin/Streptomycin antibiotics (Gibco, Waltham, MA, USA). The final compo-
nent concentrations in the supplemented (complete) DermalLife medium were 5 pg/ml insulin,
6 mM L-glutamine, 1 pM epinephrine, 5 ug/ml apo-transferrin, 100 ng/ml hydrocortisone
hemisuccinate, 0.4% bovine pituitary extract, 100 U/ml Penicillin, and 100 pg/ml Streptomy-
cin. Only nHEK cells up to passage number 5 were used. The cultures were maintained at 37°
Cand in 5% CO, humidified atmosphere.

Cell viability assay

The viability of cells in the migration arena was determined by differential live and dead stain-
ing with fluorescein diacetate (FDA) and propidium iodide (PI). HT-1080 embedded in 3D
collagen matrix at 10° cells/ml were seeded in the migration arena, or in the standard p-Slide
Chemotaxis (for control). The reservoirs of the chemotaxis chamber were filled with medium
containing 0% or 10% FBS and the chambers were incubated at 37° C and 5% CO,. Fluores-
cent micrographs of the cells were taken initially, and after 24 and 48 hours. The number of all
viable and dead cells (stained green and red, respectively) in the migration arena was deter-
mined using the Cell Counter plugin for the NIH software Image]. Approximately 200 cells
were counted per arena. Cell viability was quantified as the percentage of the viable cells in the
arena.

Chemotaxis assays

p-Slide Chemotaxis assay. A chemotaxis experiment in the standard p-Slide Chemotaxis
(without migration arena) was performed according to the protocol provided by the manufac-
turer, as described previously [51]. For 2D experiments, the narrow channel was first coated
with 1 mg/ml fibronectin for 1 hour at 37° C, before seeding 2x10° cells/ml HT-1080. For a 3D
experiment, HT-1080 cells were mixed with neutralized solution of bovine collagen type I
(PureCol). To yield a final concentration of 10° cells/ml and 1.5 mg/ml collagen, 150 pl colla-
gen I (3 mg/ml) was mixed with 20 pul 10xDMEM, 6 ul 1M NaOH, 14 pl deionized H,O, 10 pl
7.5% NaHCOj; and 50 pl 1xXDMEM (for control samples with uniform 10% FBS, 30 ul of
1xDMEM was replaced by FBS), and 50 pl of 6x concentrated cell suspension was added to the
collagen solution. Cell-containing solution was loaded into the chemotaxis channel; and after
cell adhesion or collagen gelation, the reservoirs of the chemotaxis chamber were filled with
DMEM medium containing 0% or 10% FBS. A phase-contrast video of cell migration at a 4x
magnification was recorded for 24 hours, with 10 minutes time-lapse interval on an Olympus
CKX41 inverted microscope (Olympus Scientific Solutions, Waltham, MA, USA) equipped
with a motoric stage (MW Tango, Marzhauser Wetzlar GmbH, Wetzlar, Germany), 4x UPlan
FLN objective (Olympus), and an on stage incubation system (ibidi GmbH, Munich, Ger-
many). Trajectories of 35-45 cells in the observation area of each image sequence were tracked
manually using the NIH Image] Manual Tracking plugin. The chemotactic effect was evalu-
ated using the ibidi Chemotaxis and Migration Tool, according to the manufacturer’s instruc-
tions. Several values characterizing cell migration and chemotaxis are computed from the
trajectories by the software, such as forward migration indices (FMI), velocity, and directness.
All parameters generated by the software are described in detail in [39]. Briefly, FMI express
the directionality of migration (i.e., the efficiency of a cell to migrate in direction of a given
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chemotactic stimuli), and are computed as follows:

_1 - yi,end
FMI—;Z—

i=1 i, accum

where n denotes number of cells, y; ., coordinates of cell end point, and d; ,.q,m, the length of
the trajectory travelled by cell. Directness expresses the straightness of the cell path, irrespec-
tive to the gradient direction, and is calculated as the ratio of the Euclidian (straight-line) dis-
tance (d;, .,0i4)> and accumulated distance travelled by the cell:

2 2
deuclid = \/(‘xi. end xi. start) + (yi. end yi. start)

n
D= l dL euclid
n

i=1 i, accum

The velocity was computed as the ratio of the accumulated distance of the cell path, and the
time of migration.

Migration arena chemotaxis assay. Before experiments, PBS was carefully removed from
the chemotaxis chamber and the migration arena was coated with fibronectin (1 mg/ml in
PBS, 1 hour at 37° C) for 2D experiments, or with collagen I (0.3 mg/ml PureCol in purified
water for 1 hour at 37° C) for 3D experiments. Afterward, the migration arena was rinsed with
PBS. Cells were trypsinized, re-suspended in complete culture media or in collagen solution at
a cell concentration of 1-2.5x10° cells/ml, and seeded into the migration arena by rinsing
2x10 ul of the cell suspension through the arena channel. To avoid trapping air-bubbles in the
channel, the channel volume was not aspirated between the rinsing steps. After cell adhesion
(1-2 h) or collagen gelation (1 h), the reservoirs were filled with media containing the respec-
tive concentrations of chemoattractant. All filling ports of the chemotaxis chambers were
sealed with plugs, and cells in the arena were imaged with phase-contrast microscopy at 4x
magnification for 24 hours. Spatial positions of all cells in the migration arena were deter-
mined initially and at the end-point of the experiment. The chemotactic effect was then com-
puted as the displacement of the average spatial position of all cells in the gradient direction
(center of mass displacement in gradient direction; COMD).

In a control experiment with inhibited cell proliferation, the medium in the arena channel
was replaced after the cells attached with a complete medium containing 10 pg/ml mitomycin
C (MMC). The cells were treated with MMC for 3 hours at 37 °C. Then, the channel was
washed two times with MMC-free medium, before filling the reservoirs with the chemoattrac-
tant solutions. In the experiments with EGFR (epithelial growth factor receptor) inhibitors
AG-1478 and EGFR antibody 225, the inhibitors were simply added in the medium (both in
the channels and the reservoirs) when the gradient was applied, i.e. with the chemoattractant
solutions.

Statistical analysis

If not indicated otherwise, experiments were performed in at least three independent repli-
cates, and data are presented as mean + standard error (SEM). To test for statistical differences,
one-way, or two-way ANOVA followed by Dunnett’s multiple comparison test was performed,
considering p = 0.05 as the level of significance. Graphs and statistical analysis were made in
the GraphPad Prism 7 software (GraphPad Software, USA). Significantly different results are
indicated in the graphs with stars (* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001).
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Materials

The hydrogel monomers, 4-arm PEG4norb, were purchased from JenKem Technology USA
(Plano, TX, USA). The photoinitiator LAP was synthetized as described previously [52]. The
fluorescent dye Alexa Fluor488 was obtained from Invitrogen (Waltham, MA, USA), and pro-
pidium iodide from Carl Roth GmbH (Karlsruhe, Germany). Trypsinized bovine collagen
type L, PureCol, was obtained from Advanced BioMatrix (Carlsbad, CA, USA), and fibronectin
from Corning GmbH (Wiesbaden, Germany). Purified water was filtered with MilliQ system,
Merck Millipore, Burlington, MA, USA. TGFo, insulin and BPE (bovine pituitary extract)
were supplied as parts of the DermaLife K LifeFactors kit from Lifeline Cell Technology (Fred-
erick, MD, USA). Human recombinant EGF (E. coli-derived) was obtained from PromoCell
(Heidelberg, Germany), and recombinant human TGF-1 (CHO-derived) was purchased
from Peprotech (Hamburg, Germany). EGF receptor monoclonal antibody 225 was obtained
from Life Technologies (Carlsbad, CA, USA). All other reagents; i.e., PEG-dithiol; FITC-dex-
tran, 40 kDa; 10xDMEM; 7.5% NaHCOs; fluorescein diacetate; mitomycin C; and EGFR
inhibitor AG-1478, were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Results and discussion
Migration arena chemotaxis assay development

The migration arena assay is based on the p-Slide Chemotaxis, a microfluidic tool with the size
of a microscopic slide (Fig 1A). The slide carries three independent chemotaxis chambers.

A

p-Slide Chemotaxis chemotaxis cells on 2D surface cells in 3D matrix
chamber 1mm 1mm

£ cell-repellent i
g hydrogel =)
~ barriers '5
_— ~_ - e
B
chemoattractant
[ hydrogel barrier ] | hydrogel barrier
&bg ai‘) I3 - @E WW@
< » &
[ hydrogel barrier ] hydrogel barrier ]

Fig 1. p-Slide Chemotaxis with a migration arena. A. p-Slide Chemotaxis was supplemented with a hydrogel migration arena, positioned in
the gradient region of the chemotaxis chamber. Dimensions and volumes are indicated or given in the text. B. Function of the migration arena.
Cell migration was restricted to the area of the migration arena by barriers from cell-repellent hydrogel. Initially, cells were distributed
uniformly in the migration arena. When a gradient was established across the arena, cells migrated in the direction of the chemoattractant and
accumulated at one side of the arena. Thus, chemotaxis could be identified from the end-point micrograph. C. Example of keratinocytes
distribution in the migration arena at the beginning of the experiment and after 20 hours of migration in a gradient of TGFo. The micrographs
are representative examples of the sample set evaluated in Fig 4. Scale bar = 200 um.

https://doi.org/10.1371/journal.pone.0219708.g001
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Each chamber consists of two symmetrical reservoirs of 65 pl volume apiece, bridged by a nar-
row channel of 140 nl. Both reservoirs and the channel have two filling ports that can be inde-
pendently sealed with specially designed plugs. Cells are seeded in the narrow middle channel
(in 2D or embedded in a 3D matrix) and the reservoirs are filled with medium containing dif-
ferent concentrations of chemoattractant. A stable and linear gradient is formed across the
cell-containing bridge area [51]. Since the cells are distributed homogeneously in the observa-
tion area, and they are able to migrate freely in and out from the gradient area to the reservoirs,
it is not possible to detect a chemotactic effect solely from the distribution of the cells at the
end-time of the experiment. Instead, here, a preferred direction of cell migration can be identi-
fied only by time-lapse imaging followed by the time-demanding analysis of the complete cell
trajectories.

In our modification of the assay, we equipped the chemotaxis chamber with hydrogel barri-
ers to separate the middle channel from the reservoirs, thus restricting cell migration to the
defined area of the migration arena (Fig 1A, right). The small mesh size (tens of nanometers;
[53]) of the PEG-based non-adhesive hydrogel prevented cells from migrating into the reser-
voirs, yet did not hinder diffusion of chemoattractants and gradient formation. In case of a
chemotactic effect, the cells migrated towards the increasing concentration of the chemoattrac-
tant and accumulated on one side of the arena. This set-up enabled fast evaluation of the che-
motactic behavior with respect to the end-point of the chemotactic behavior, based on the
change in the cell distribution (Fig 1B and 1C).

We optimized the chemistry and geometry of the micro-structures so that stable barriers
were formed, enclosing a migration arena wide enough to accommodate a sufficient number
of cells for chemotaxis analysis. The rectangular barriers were placed on the border of the
channel and the reservoir, each 300 pm wide, 2 mm long (along the lenght of the cross-section
of the channel and the reservoirs), and filling the height of the channel, i.e. 70 pm. Thus, the
inner width of the migration arena was 400 um. Fabrication of wider arenas that could hold
more cells was problematic, since thin barriers (<200 pm) were unstable and prone to rupture.
The mechanical stability of the arena was also dependent on the stiffness of the hydrogel,
which correlates with the polymer concentration and the ratio of the polymer and the crosslin-
ker in the gel [54]. On the other hand, too concentrated polymer solution (<2 mM PEG4norb)
in the chemotaxis channel inclined to unspecific polymerization of the hydrogel that could
block the channel between the barriers.

Before the experiments, the migration arena surface had to be coated with an adhesive pro-
tein. For 2D experiments cell adhesion had to be enabled. Here, the arena was coated with
fibronectin to ensure optimal attachment and migration of the cells. For 3D experiments with
cells embedded in 3D collagen, the stability of the collagen matrix in the rather thin channel
between the hydrogel barriers had to be improved. In these experiments, the arena was pre-
coated with solubilized collagen that anchored the collagen matrix to the bottom of the slide
and prevented its shrinking.

Characterization of the concentration gradient in the migration arena. Stability and
shape of the gradient formed in the migration arena were verified by fluorescent microscopy.
Signaling compounds that are present in the cell environment vary in size. Motogenic growth
factors are typically small polypeptides with a molecular weight below 30 kDa [55, 56]. Here,
we used AlexaFluor 488 dye (643 Da) and 40 kDa FITC-labelled dextran (FITC-dextran) to
represent the diffusion of molecules of different sizes (the largest growth factor applied in our
experiments was TGFp-1, which has a 24 kDa dimeric precursor form). The results shown in
Fig 2 indicated that a linear gradient was formed across the cell-containing region of the
migration arena, and remained stable over the whole 72 hours observation period. Diffusion
and gradient formation of FITC-dextran was slower in comparison to AlexaFluor 488;
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Fig 2. Visualization of the gradient in the migration arena. Gradients remained stable over 72 hours in the
migration arena. The fluorescence signals of Alexa Fluor 488 (643 Da; left) and FITC-dextran (40 kDa; right) were
measured across the arena to represent the gradients of small and large molecules, respectively. Control measurements
were performed in absence of fluorophore (ctrly), and in a chamber uniformly filled with the maximal concentration of
fluorophore (ctrlyop). Graphs show representative results of at least three experiments; origin of the x-axis represents
the middle of the migration arena.

https://doi.org/10.1371/journal.pone.0219708.9002

however, by 4 hours after start of the experiment, the gradient of the larger molecule also
reached a stable linear state.

Evaluation of chemotactic effect in migration arena assay. Chemotaxis in the migration
arena was evaluated by comparing the cell distribution at the beginning and at the end of the
chemotaxis experiment. It was quantified by the displacement of the center of mass in the
direction of the concentration gradient—COMD. The center of mass is defined here as the
spatial average of all cell positions. Only the component along the gradient (arbitrarily assigned
the y-direction) was considered. Coordinates of all # cells in the arena were determined from
micrographs taken initially (y; sare), and at the end (y;, ena) of the experiment. The y-axis origi-
nates from the edge of the arena. Center of mass displacement (COMD) was then computed as
the difference of the average cell ordinate at the start and at the end-point of the experiment:

1 1
COMD = COMend - COMstart = ;Z(yl end) - ;Z(}jt smrt)
i=1 i=1

If the cells migrate randomly in all directions, the cell distribution in the arena does not
change over time—COM.,q is similar to COMj,,+, resulting in COMD = 0. In contrast, accu-
mulation of the cell mass at one side of the arena as result of directed migration produces
COMD # 0. A value of COMD that exceeds the standard deviation expected for # cells, ran-
domly distributed in the migration arena, indicates chemotactic behavior.

We used the NIH Image]J software and the command ‘Analyze particles’ to determine cell
ordinates. The software automatically recognized individual cell bodies on a binary image and
returned the spatial position of each cell. However, poor image quality, high cell density or
complex matrix (as 3D collagen fibers) thwarted automatic cell recognition in some cases.
There, manual analysis was employed (by using the Image] plugin Cell Counter). Though
the manual analysis was more labor intensive, it was still much faster than the manual cell
tracking through long movies that is usually required to reconstruct cell trajectories in
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standard chemotaxis assays. The migration arena normally contained 100-200 cells, and the
cell position was determined on two micrographs (start and end); therefore, manual determi-
nation of each cell position required approximately 400 mouse-clicks per sample. For compari-
son, migration of HT-1080 cells in the standard p-Slide Chemotaxis assay is typically recorded
for 24 hours with a 10 minutes time-lapse interval [32, 39]; therefore, manual tracking analysis
would require to determine the position of each cell 144 times. To obtain statistically relevant
results, trajectories of at least 30-40 cells are needed, resulting in more than 4000 mouse-clicks.
Usually, the analysis of one sequence by manual tracking takes about 30-45 minutes, while the
end-point analysis is done manually within minutes, and automated within seconds.

If suitable, the end-point analysis can be further simplified by employing fluorescent
microscopy instead of phase-contrast imaging—e.g. by fluorescent labelling of cell nuclei for a
more stable automatic cell detection. Furthermore; if the initial cell distribution in the arena is
reliably homogenous, COMgt,, can be considered constant and the chemotactic effect deter-
mined solely from the end-point cell distribution (COMD = COM,,4). In our experiments,
the COMj,, was stably superimposed with the center of the arena, with a standard deviation
within 3% of the arena width. It should be noted however, that the uniformity of cell seeding
can vary with respect to the cell type, cell density, and type and quality of substrate coating;
and an asymmetrical initial cell distribution in the arena could bias the results, if neglected in
the analysis. Therefore, the seeding uniformity should be verified for every experiment.

HT-1080 chemotaxis towards fetal bovine serum in 2D and 3D

Directed migration of fibrosarcoma cells in a chemical gradient of FBS is a well-established
model of chemotaxis of slow-moving cells [39]. HT-1080 typically migrate at a speed rate of
one cell-body length in one hour (ca. 50 um/h), employing mesenchymal, anchorage-depen-
dent type of migration [57, 58]. To validate the arena assay, we analyzed chemotaxis of HT-
1080 in a migration arena both in 2D and in 3D environment, and compared the results with
data obtained in the standard p-Slide Chemotaxis assay. As control, the directional response
towards 10% FBS was compared to random, un-directional migration of HT-1080 in uniform
environment of medium containing either 0% or 10% FBS (in 3D: Fig 3A; the results of HT-
1080 chemotaxis in 2D environment are shown in Supporting Information, S1 Fig). Time-
lapse videos of HT-1080 migrating in the arenas were recorded for 24 hours, with a time-lapse
interval of 10 minutes. First and last image of the sequence were analyzed applying the end-
point approach. As shown in the graph in Fig 3B, COMD in FBS gradient (51 um) is signifi-
cantly higher than COMD in uniform environment (<2 um), indicating the expected chemo-
tactic effect. The result of the end-point analysis was verified by manual tracking of 30-40 cells
in each arena through the whole recorded sequence (Fig 3B, right). From the trajectories, we
could also compute additional parameters of the cell migration in the arena, as forward migra-
tion indices (FMI, [39, 51]), velocity, or directness (S2 Fig). The experiment was repeated
under the same conditions using the standard p-Slide Chemotaxis assay, and the chemotactic
behavior was analyzed by manual tracking (Fig 3C). The results of both assays show an explicit
trend correctly identifying chemotactic behavior of HT-1080 in a gradient of FBS, which is not
present in the control experiments with uniform environment. It should be noted that the
COMD values generated by the end point analysis describe the integral behavior of all cells in
the migration arena, whereas the manual tracking reflects the migration of a randomly selected
portion of the cell population (30-40 cells). Only complete migration tracks can be included in
the manual tracking analysis; therefore, dead and immotile cells, as well as cells that are lost
and reappear again in the observation field are not considered. In contrast, in the end-point
analysis, all cells of the population contribute to COMD value. Besides, the absolute values of
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Fig 3. Evaluation of HT-1080 chemotaxis in 3D collagen. A. Migration of HT-1080 in 3D collagen in migration arenas was recorded for 24
hours in FBS gradient (0-10%), or in uniform FBS concentration (10% and 0%). B. Mean COMD was determined by end-point, and manual
tracking analysis. For the end-point analysis, positions of all cells (100-150) in the arena were determined initially and after 24 hours. By
manual tracking trajectories of 35-40 cells in each arena were reconstructed. C. For a comparison, the experiment was repeated in the
standard p-Slide Chemotaxis. All bar graphs show mean COMD + SEM (n = 3); * indicate significantly different means (ANOV A analysis
followed by Dunnett’s test; p<0.05).

https://doi.org/10.1371/journal.pone.0219708.9g003

COMD in the migration arena and in the standard chemotaxis slide differ due to the distinct
width of the respective cell-containing area (1 mm in the standard chamber, and 400 pm in the
arena), and the absence of confinement in the standard chemotaxis chamber. Therefore, quan-
titative comparison between the absolute values of COMD retrieved by the different analytical
methods and tools is not possible.

In the arena, the distance travelled was limited by the hydrogel barriers, and with increasing
time also by the cell mass accumulating along the barrier. Once a cell reached the barrier, it
stalled; whereas in the standard chamber, cells could leave the gradient region, and indeed
migrated into the reservoirs. For similar reasons, trajectories of cells in the arenas were
deformed along the direction of barriers (x-axis). Cells that were migrating towards the che-
moattractant and reached the hydrogel barrier normally underwent one of the following sce-
narios: 1) arrest of migration; the cell stayed close to the barrier; 2) change of direction;
migration back towards the center until chemotactic stimuli prevailed and the cell turned back
toward the barrier; 3) attempt to persist in forward migration, resulting in sliding movement
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along the hydrogel barrier (see S1 and S2 Videos; ESI). Nevertheless, for the purpose of cor-
rectly identifying chemotactic behavior, migration perpendicular to the gradient could be
safely ignored.

The standard assay allowing unconfined cell migration in all directions is an optimal
approach for studying migration of single cells, generating parameters that are computed from
complete trajectories of individual cells (such as directness or velocity). However, we have veri-
fied that for correct identification and reliable quantification of chemotaxis, the laborious anal-
ysis based on manual tracking is not required, and can be replaced by the arena assay and the
much faster end-point analysis.

Chemotaxis of keratinocytes

One of the physiological processes where migration of slow-migrating cells plays a crucial role
is skin reepithelization. In 1988, Martinet et al. [59] observed that keratinocyte migration is
stimulated by fibroblasts and smooth muscle cells conditioned media, and rat wound fluid. By
present days, a motogenic effect of several distinct GFs and chemokines on these cells was
identified, as reviewed in [31, 60, 61]. However, by now, keratinocyte migration has only been
studied in experiments where the chemical agent was applied either non-directionally, or in a
non-specified, non-linear and short-term gradient (i.e., Boyden/transwell assay [59, 62-66]).
Here, we exposed primary keratinocytes for the first time to long-term stable and spatially
well-defined gradients of GFs, and analyzed the migratory response quantitatively in order to
identify optimal conditions that stimulate directional migration of these cells. We have selected
five agents that were previously reported to affect keratinocyte migration: EGF, TGF-1,
TGFa, insulin, and BPE (bovine pituitary extract) [63, 66-71].

Keratinocytes migrate over the wound along the basal membrane-i.e., in 2D-like condi-
tions. Therefore, the cells were seeded in fibronectin-coated arenas in 2D, and the reservoirs
were filled with blank background medium or solution of the chemotactic agent, respectively.
For each chemical agent, three gradients of increasing steepness were tested, using either basal
(BM) or complete (CM) keratinocyte culture medium as background solution (Fig 4A). Com-
plete medium, standardly used for cultivation of nHEKSs, contains bovine pituitary extract; i.e.
a source of unspecified mixture of growth factors, that might affect the migratory behavior of
cells in an unspecific manner. Previous studies with other cell types showed that using a
defined, serum-free medium could increase the sensitivity of chemotaxis assays [51]. There-
fore, we were interested whether a similar effect is observed in the chemotactic behavior of
nHEK cells in the migration arena assay. First, we determined the optimal time span of the
experiment. Migration in gradients was recorded for 24 hours with 1 hour time-lapse interval.
COMD of all 24 frames of the sequence was computed by automated cell recognition (54 Fig).
If chemotaxis was observed, COMD peaked 10-15 hours after start of the experiment, and
kept stable from there on. Therefore, we selected 20 hours as an optimal end-point time of our
analysis.

Micrographs in Fig 4B show the cell distribution in the arena after 20 hours migration in
selected gradients. The results clearly indicated chemotactic activity of EGF and TGFa. The
nHEK cells were also attracted to 20% BPE in CM; however, BPE in lower concentrations did
not induce directed migration. TGFp and insulin exhibited no chemotactic activity, apart from
an unexpected negative peak of 100 ng/ml TGFp in CM. We verified by reconstructing the cell
trajectories that this accumulation of cells in the distant part of the migration arena (relative to
the TGFP source) indeed resulted from directed migration in the opposite direction of the gra-
dient (S7 Fig). There are conflicting pieces of evidence on the effect of TGFp signaling in epi-
thelial cells, in respect to the character of the cellular response, spanning from terminal
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Fig 4. EGF, TGFa and BPE induce directed migration of nHEK. A. nHEK cells were seeded in migration arenas
coated with fibronectin. Gradients of EGF, TGFa, TGFB, insulin, and BPE were established in the chemotaxis
chamber, and the effect on cell migration was evaluated after 20 hours. The maximal concentration of each gradient is
indicated in the graph. All gradients start from zero, with the exception of insulin and BPE, which were contained
already at low concentrations in complete medium (0.4% BPE, 5 ug/ml insulin). In basal medium, the gradients of
these factors also started from zero. Mean COMD + SEM (n = 4); * indicate means significantly different from control
(ANOVA followed by Dunnett’s test; p<0.05). Mean COMD + SEM is also listed in a table in S5 Fig. B. Micrographs
show cell distribution in the arenas at the end-point of the experiment (scale bars = 200 pm).

https://doi.org/10.1371/journal.pone.0219708.9004
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Fig 5. Effect of combined growth factors on nHEK chemotaxis. Chemotaxis of nHEK in gradients of combined
motogenes in basal medium was evaluated after 20 hours of migration. Experiments were performed in basal medium,
maximal concentrations of the GFs gradients were 10 ng/ml EGF, TGFo and TGFR, 5 pg/ml insulin, 4% BPE; the
concentration range of all gradients starting from zero. The combined substances were applied in gradients of the same
direction. ‘All’ represents gradient of solution containing all GFs. Mean COMD =+ SEM (n = 4); * indicate means
significantly different from control (ANOVA followed by Dunnett’s test; p<0.05).

https://doi.org/10.1371/journal.pone.0219708.9005

differentiation to increase in motility (reviewed in [72, 73]). However, to our knowledge there
is no data that would explain negative chemotaxis in response to TGF.

Control experiments showed no significant difference between COMD of normally prolif-
erating cells and cells treated with a proliferation inhibitor (56 Fig), verifying that the observed
changes of cell distribution in the migration arena resulted from chemotaxis, i.e. directed
migration, and not from increased GF-stimulated cell growth close to the barrier. From these
results we concluded that the different outcomes in basal and complete medium (compare
COMD in BM and CM; Fig 4A) did not arise from different growth rates in the different
media. Instead, our results suggest the presence of some factors in the medium that interfered
with the chemotactic effect, e.g. BPE or insulin. We also tested the chemotactic activity of two
and more GFs applied simultaneously (Fig 5). In those experiments we observed that insulin
significantly decreased EGF-stimulated chemotaxis. Thus, this chemical that is also present in
CM might indeed have such an interfering effect. Previously, insulin has been reported as a
potent promotor of keratinocyte migration and proliferation [31, 69, 74]. It is possible, that
increased random migration (chemokinesis) caused by insulin interfered with directed motion
in the arena assay. Chemotactic response to EGF was also reduced by TGF. Surprisingly,
while neither TGFP nor insulin showed chemotactic activity in BM on itself, a gradient of both
of these factors mixed together resulted in a negative chemotactic effect, similar as observed by
TGFB gradient in CM. On the other hand, the chemotactic activity of TGFo,, which induced
chemotaxis in both media (Fig 4A), was stable and unaffected by addition of other GFs. All
together, these results demonstrated that executing chemotaxis experiments in basal medium,
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transferred into the cell by EGFR. Cells chemotaxing in gradients of EGF (0-10 ng/ml, in BM), TGFa: (0-10 ng/ml, in
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COMD + SEM (n = 4); * indicate means significantly different from control (ANOVA followed by Dunnett’s test;
p<0.05).

https://doi.org/10.1371/journal.pone.0219708.g006

-
S
o

COMD [pum]
o

not supplemented with serum or GF-containing additives, can improve the sensitivity of the
assay.

EGF- and TGFa-induced chemotaxis of nHEK is EGFR-dependent. The structurally
similar molecules TGFo and EGF are both ligands of epithelial growth factor receptor (EGFR)
[75-77]. Ligand binding leads to dimerization of the receptor and activation of its intracellular
tyrosine-kinase (TK) activity. Signal transduction pathways triggered by EGFR are responsible
for coordinating several important cellular processes, including cell proliferation and cell
motility [78]. In order to verify the specificity of the detected chemotaxis response to EGF and
TGFa, we studied GF-induced chemotaxis in presence of EGFR inhibitors (Fig 6). Inhibiting
the EGEFR tyrosine receptor kinase with the intracellular inhibitor (tyrphostin AG-1478) led to
a decrease in EGF- and TGFo-stimulated chemotaxis. In contrast, blocking ligand binding to
the receptor by an EGFR-specific antibody only affected chemotactic response to TGFo.. These
different outcomes argue for binding of EGF and TGFa: to the receptor with a different affin-
ity, and functional selectivity of the ligands, which was already described before [79-81]. We
also detected a chemotactic activity of BPE, which is an unspecified mix of growth factors, pre-
sumably containing also EGFR ligands. Therefore, we hypothesized that BPE-induced chemo-
taxis could be also at least partially mediated by EGFR. However, while there seems to be a
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similar trend in the results when compared to EGF-induced chemotaxis, the differences in
COMD were not statistically significant.

Conclusions

Most state-of-the-art chemotaxis assays designed for slowly moving cells concentrate on com-
prehensive low-throughput analysis of cell migratory behavior. However, for some scientific
questions a high experimental throughput may be more important than depth of detail. Unfor-
tunately, chemotactic tools developed specifically for high throughput applications were pri-
marily designed for fast-moving cells, typically neutrophils [82-85]. The presented migration
arena chemotaxis assay is a suitable platform for studying slow cell migration in both 2D and
3D. In contrast to other end-point chemotaxis assays, it provides a flow-free linear gradient
that remains stable for more than 48 hours. The defined gradient, as well as the possibility of
direct imaging of the cell distribution in the symmetrical chemotaxis chamber at the end of the
experiment make it possible to distinguish between chemokinesis, and genuine chemotaxis,
i.e. directional migratory response induced by the chemoattractant. By replacing the lengthy
real-time analysis of single cell trajectories required by the standard bridge chemotaxis assays
with the evaluation based on the end-point of the experiment, the migration arena increases
the experimental throughput substantially. For illustration, for this manuscript we evaluated
two experimental data sets, one on HT-1080 chemotaxis in 2D and 3D, and the other on
nHEK migration in gradients of GFs. HT-1080 chemotaxis set consisted of six samples in
three biological replicates each. Due to the complex morphology of HT-1080 cells and collagen
background in the 3D experiments, the initial and end-point cell positions were analyzed man-
ually. The end-point analysis of such dataset could be easily processed in less than two hours.
Similar dataset was generated by the standard chemotaxis assay in a control experiment. Typi-
cally, manual tracking of 6-8 time-lapse sequences is manageable in one working day; thus,
the analysis of this dataset took 2-3 days, with approximately 12 hours of continuous tracking.
Within the nHEK experiments, we evaluated more than 60 different samples in 3-4 biological
replicates. Using the automated end-point analysis, the data could be evaluated in several days;
therefore, the limiting factor for the study duration is the time-scale of the experimental proce-
dure. Data analysis of similar datasets by tracking through time-lapse videos would take several
months. The end-point approach therefore considerably facilitates experiments that handle a
large number of samples, such as screenings for chemoattractants, as well as for micro-envi-
ronmental cues (protein coating, etc.), genetic mutations, or inhibitors that affect directed
migration of slow-moving cells. Such experiments can help to comprehend and mimic a spe-
cific microenvironment and external cues that distinct cell types sense and respond to, and
consequently to develop therapeutics that would affect chemotactic cell behavior in case of
pathology (e.g., neutralizing tumor cell invasion by inhibiting the ability of the cells to sense
chemical gradients; impairing tumor vascularization; or accelerating skin reepithelization by
activating skin cells and luring them into the wounded area.) However, end-point migration
tools are often mistrusted, since they evaluate the migratory behavior of the cell population as
a whole, and usually do not provide a possibility to control the state of the cells during the
experiment [37, 44, 86]. In any cell population, a variability in the migratory response has to
be taken in account, caused for example by dead or immotile cells. If the fraction of such cells
is very high, the results of the end-point experiment could be considerably biased. The migra-
tion arena, though, enables optical control at any time of the experimental procedure, as the
cells are seeded in an observation area accessible for inverted microscopes. Therefore, the
homogeneity of the cell population can be easily verified, and it is also possible to record cell
migration in the arena for follow-up detailed analysis of chemotactic behavior, as illustrated in
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S2 and S7 Figs. The end-point approach can be with benefit applied to identify substances with
chemotactic potency from a large set of candidates, and select those of interest for a more
detailed analysis of migratory behavior on single-cell level by manual tracking.

We demonstrated some of the possible applications of the migration arena while studying
chemotaxis of primary keratinocytes. Although these cells employ the mesenchymal strategy
of migration and their response to extracellular stimuli is not immediate, chemotaxis tools that
are not optimal for slow-moving cells, such as the Boyden chamber/transwell assay, have been
widely applied to study migration of these cells [59, 62-64, 66, 87]. Results of these experi-
ments can clarify which GFs affect keratinocyte migration; however, since it is not possible to
correctly recognize proper chemotaxis (i.e., a directional migratory response towards the GF)
from chemokinesis (increased migration in random direction) in this type of migration assays,
no conclusion can be drawn on the chemotactic potency of the studied GFs based on their
results. Employing the migration arena assay, we were able to evaluate the chemotactic activity
in a range of chemical conditions. From the tested GFs, EGFR ligands EGF and TGFo. were
the strongest chemoattractants of nHEK cells. EGFR signaling is crucial for effective reepitheli-
zation, and inhibition of EGFR kinase activity in vivo leads to significant delay in wound heal-
ing [88, 89]. It is therefore not surprising that its ligands are potent chemokinetic factors of
epithelial cells [62, 66, 71]. Our results show that the cell migratory response to these factors in
vitro is indeed directional; thus, GFs of the EGF family could efficiently navigate keratinocytes
by inducing chemotaxis, in absence of other directional chemical or mechanical cues. Further-
more, a quantitative analysis of the chemotactic effect enabled us to optimize the experimental
parameters to yield the best-readable response, and thus establish a chemotaxis model that can
be further utilized to study the mechanisms of GF-induced directed migration of primary ker-
atinocytes and similar cells.

Supporting information

S1 Fig. Evaluation of HT-1080 chemotaxis in 2D. A. Migration of HT-1080 in 2D in fibro-
nectin-coated migration arenas was recorded for 24 hours in a FBS gradient (0-10%), or in
uniform FBS concentration (10% and 0%). B. Mean COMD determined by end-point and
manual tracking analysis. For the end-point analysis, the positions of all cells (100-150) in the
arena were determined initially, and after 24 hours. By manual tracking, trajectories of 35-40
cells in each arena were reconstructed. Only complete trajectories of cells can be included in
the statistical analysis. Therefore, the manual tracking statistics is biased by the selection of
cells that are alive and motile during the whole time of the experiment. C. For comparison, the
experiment was repeated in the standard p-Slide Chemotaxis. All bar graphs show mean
COMD =+ SEM (n = 3); * indicate significantly different means (ANOV A analysis followed by
Dunnett’s test; p<0.05).

(TIF)

S2 Fig. Migration trajectories of HT-1080 in 3D and 2D arena. Trajectories of cells migrating
in migration arena in 3D (A) and 2D (B) were reconstructed by manual tracking, and analyzed
with the Migration and Chemotaxis software. Forward migration indices (FMI), velocity and
directness were computed. FMI express the efficiency of migration toward the chemoattractant
and are computed as the ratio of the distance travelled by the cell in the gradient direction, and
the complete (accumulated) length of the travelled path. All bar graphs show mean COMD +
SEM (n = 3); * indicate significantly different means (ANOVA analysis followed by Dunnett’s
test; p<0.05). Red crosses in trajectories plots indicate COMD of the end-points of the tracks.
(TIF)
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S3 Fig. Cell viability is not affected in the migration arenas. A. HT-1080 embedded in 3D
collagen were cultivated in migration arenas or standard p-Slide Chemotaxis (ctrl), in gradient
or constant concentration of FBS. The viability was evaluated by live/dead staining with fluo-
rescein diacetate (FDA) and propidium iodide (PI). Bars represent mean rate of viable cells in
the arenas + SD (n = 3). The viability in arenas is not significantly different from the control
(ANOVA analysis). B. Live/dead staining of HT-1080 cells in migration arena in gradient of
10% FBS (concentration increases upwards). Cells are stained with FDA (viable cells, green)
and PI (dead, red). In average, 200 cells were counted per arena. Scale bar = 100 um.

(TIF)

$4 Fig. Time-lapse analysis of nHEK chemotaxis. Time-lapse videos of nHEK cells migrating
in fibronectin coated arenas in gradients of several motogenes in basal (BM; black bars) or
complete medium (CM; grey bars) were recorded for 24 hours with an 1 hour time-lapse inter-
val. COMD was determined by end-point analysis after each hour in order to select the time of
best response. Bar graphs show mean COMD + SEM (n = 4) determined by the analysis of cell
positions in each frame; all graphs are scaled identically. Maximal concentrations of gradients
are stated in the graphs. Data were analyzed with ANOVA test followed by Dunnett’s multiple
comparisons test (t vs. t,); * indicate means significantly different from t,.

(TIF)

S5 Fig. GF-stimulated chemotaxis of nHEK cells. COMD [um] of nHEK cells migrating for
20 hours in gradients of GFs in basal (BM) and complete medium (CM) are listed in the table.
Data are as well presented in the form of graph in Fig 4A.

(TIF)

S6 Fig. Proliferation control. Cell proliferation was inhibited with mitomycin C (MMC) in

a control chemotaxis experiment in order to verify that the uneven cell distribution in migra-
tion arena is caused by directed migration (true chemotaxis), and is not dependent on cell
growth. In order to probe whether increased proliferation of cells in complete medium masked
chemotaxis, we used MMC on those samples that gave different results in basal and complete
medium (gradients of EGF, BPE). However, no significant differences between MMC-treated
and normally proliferating cells were found. Bars show mean COMD + SEM (4 arenas were
analyzed for each condition; each arena contained 150-200 cells). COMD of MMC-treated
and untreated cells was compared with multiple t-test; p<0.05).

(TIF)

S7 Fig. Chemorepellent effect of TGFf. Experiments on nHEK cells (Fig 4) showed a surpris-
ing negative chemotaxis effect of a 0-100 ng/ml TGFp gradient in complete medium. In order
to verify that the accumulation of the cells at the distant barrier of the migration arena (in
respect to the highest TGFp concentration) was indeed caused by a chemorepellent effect, we
analyzed cell trajectories by manual tracking in the time-lapse sequences acquired during this
experiment. The hairplot graph shows the complete trajectories of cells that migrated in the
migration arena for 24 hours in the gradient of TGFf (0-100 ng/ml in complete medium).
Cell migration was recorded with time-lapse microscopy with an interval of 10 min, and the
trajectories of 35-40 randomly selected cells in each arena were reconstructed by manual
tracking. The trajectories were analyzed with the Chemotaxis and migration tool software. Val-
ues of chemotactic parameters, such as forward migration indices along the gradient direction
(EMIy = -0.09 % 0.05 [a.u.]; n = 3), or center of mass displacement along the gradient direction
(COMy = -73 um # 18 pm; n = 3) indicate negative chemotaxis. Shown is a representative
result of three independent experiments. The direction of the TGFp gradient is indicated by
the arrow. The end-points of the tracked cells are indicated in the plot by the black dots, and
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the red cross represents the center of mass displacement. The evaluated raw data were acquired
in the same experiment that was shown in Fig 4 and S5 Fig.
(TIF)

S$1 Video. Chemotaxis of nHEK cells in a gradient of TGFa. in the migration arena. nHEK
cells were seeded in a fibronectin coated arena, and a gradient of TGFa. was established. The
concentration of TGFa increased from 0 ng/ml to 10 ng/ml in the direction indicated by the
arrow. Cell migration was recorded for 24 hours with a time-lapse interval of 10 minutes. Scale
bar =200 pum.

(MP4)

$2 Video. Chemotaxis of HT-1080 in 3D matrix in the migration arena. HT-1080 cells
embedded in 3D collagen I matrix migrated in a gradient of FBS. The concentration of FBS
increased from zero to 10% in the direction indicated by the arrow. Cell migration was
recorded for 24 hours with a time-lapse interval of 10 minutes. Scale bar = 100 pm.

(AVD)

Acknowledgments

L.T. thanks Miriam Balles for LAP synthesis and her help with the 3D hydrogel micro-struc-
turing; Nadieh Kuijpers and Reinhard Windoffer for useful consultations about the nHEK
cells; and Roman Zantl, Jan Schwarz, and the members of the InCeM consortium for fruitful
discussions.

Author Contributions

Conceptualization: Lea Tomasova, Zeno Guttenberg, Rudolf Merkel.
Investigation: Lea Tomasova.

Methodology: Lea Tomasova, Zeno Guttenberg.

Project administration: Lea Tomasova, Zeno Guttenberg.
Supervision: Zeno Guttenberg, Bernd Hoffmann, Rudolf Merkel.
Writing - original draft: Lea Tomasova.

Writing - review & editing: Zeno Guttenberg, Bernd Hoffmann, Rudolf Merkel.

References

1. Keenan TM, Folch A (2007) Biomolecular gradients in cell culture systems. Lab Chip 8:34-57 hitps://
doi.org/10.1039/b711887b PMID: 18094760

2. Zigmond SH (1974) Mechanisms of sensing chemical gradients by polymorphonuclear leukocytes.
Nature 249:450-452 https://doi.org/10.1038/249450a0 PMID: 4834231

3. Moser B, Willimann K (2004) Chemokines: Role in inflammation and immune surveillance. Ann Rheum
Dis 63:ii84—ii89 https://doi.org/10.1136/ard.2004.028316 PMID: 15479880

4. Haugh JM (2006) Deterministic model of dermal wound invasion incorporating receptor-mediated signal
transduction and spatial gradient sensing. Biophys J 90:2297-2308 https://doi.org/10.1529/biophys;.
105.077610 PMID: 16415056

5. Grinnell F (1992) Wound repair, keratinocyte activation and integrin modulation. J Cell Sci 101:1-5
PMID: 1569118

6. Zernecke A, Shagdarsuren E, Weber C (2008) Chemokines in atherosclerosis—an update. Arterioscler
Thromb Vasc Biol 28:1897—-1908 https://doi.org/10.1161/ATVBAHA.107.161174 PMID: 18566299

7. Roussos ET, Condeelis JS, Patsialou A (2011) Chemotaxis in cancer. Nat Rev Cancer 11:573-587
https://doi.org/10.1038/nrc3078 PMID: 21779009

PLOS ONE | https://doi.org/10.1371/journal.pone.0219708 July 17,2019 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219708.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0219708.s009
https://doi.org/10.1039/b711887b
https://doi.org/10.1039/b711887b
http://www.ncbi.nlm.nih.gov/pubmed/18094760
https://doi.org/10.1038/249450a0
http://www.ncbi.nlm.nih.gov/pubmed/4834231
https://doi.org/10.1136/ard.2004.028316
http://www.ncbi.nlm.nih.gov/pubmed/15479880
https://doi.org/10.1529/biophysj.105.077610
https://doi.org/10.1529/biophysj.105.077610
http://www.ncbi.nlm.nih.gov/pubmed/16415056
http://www.ncbi.nlm.nih.gov/pubmed/1569118
https://doi.org/10.1161/ATVBAHA.107.161174
http://www.ncbi.nlm.nih.gov/pubmed/18566299
https://doi.org/10.1038/nrc3078
http://www.ncbi.nlm.nih.gov/pubmed/21779009
https://doi.org/10.1371/journal.pone.0219708

@ PLOS|ONE

Advanced chemotaxis assay for slow-moving cells

10.

1.

12
13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Bagorda A, Parent CA (2008) Eukaryotic chemotaxis at a glance. J Cell Sci 121:2621-2624 hitps://doi.
org/10.1242/jcs.018077 PMID: 18685153

Wang Y, Chen CL, lijima M (2011) Signaling mechanisms for chemotaxis. Dev Growth Differ 53:495—
502 https://doi.org/10.1111/j.1440-169X.2011.01265.x PMID: 21585354

Jin T (2013) Gradient sensing during chemotaxis. Curr Opin Cell Biol 25:532-537 https://doi.org/10.
1016/j.ceb.2013.06.007 PMID: 23880435

Garcia GL, Parent CA (2008) Signal relay during chemotaxis. J Microsc 231:529-534 https://doi.org/
10.1111/j.1365-2818.2008.02066.x PMID: 18755009

Thomas MA, Kleist AB, Volkman BF (2018) Decoding the chemotactic signal. J Leukoc Biol 1-16

lijima M, Huang YE, Devreotes P (2002) Temporal and spatial regulation of chemotaxis. Dev Cell
3:469-478 PMID: 12408799

Devreotes P, Janetopoulos C (2003) Eukaryotic chemotaxis: Distinctions between directional sensing
and polarization. J Biol Chem 278:20445-20448 https://doi.org/10.1074/jbc.R300010200 PMID:
12672811

Bear JE, Haugh JM (2014) Directed migration of mesenchymal cells: where signaling and the
cytoskeleton meet. Curr Opin Cell Biol 30:74—82 https://doi.org/10.1016/j.ceb.2014.06.005 PMID:
24999834

Van Haastert PJM, Devreotes PN (2004) Chemotaxis: signalling the way forward. Nat Rev Mol Cell Biol
5:626—634 https://doi.org/10.1038/nrm1435 PMID: 15366706

Friedl P, Brocker EB (2000) The biology of cell locomotion within three-dimensional extracellular matrix.
Cell Mol Life Sci 57:41-64 https://doi.org/10.1007/s000180050498 PMID: 10949580

Friedl P, Wolf K (2010) Plasticity of cell migration: A multiscale tuning model. J Cell Biol 188:11-19
https://doi.org/10.1083/jcb.200909003 PMID: 19951899

Gail MH, Boone CW (1970) The Locomotion of Mouse Fibroblasts in Tissue Culture. Biophys J
10:980-993 https://doi.org/10.1016/S0006-3495(70)86347-0 PMID: 5531614

Singer AJ, Clark RAF (1999) Cutaneous Wound Healing. N Engl J Med 341:738-746 https://doi.org/
10.1056/NEJM199909023411006 PMID: 10471461

Seppa H, Grotendorst G, Seppa S, Schiffmann E, Martin GR (1982) Platelet-derived growth factor is
chemotactic for fibroblasts. J Cell Biol 92:584—-588 https://doi.org/10.1083/jcb.92.2.584 PMID:
7061598

Deuel TF, Kawahara RS, Mustoe TA, Pierce aF (1991) Growth factors and wound healing: platelet-
derived growth factor as a model cytokine. Annu Rev Med 42:567-584 https://doi.org/10.1146/
annurev.me.42.020191.003031 PMID: 2035994

Pastar I, Stojadinovic O, Yin NC, Ramirez H, Nusbaum AG, Sawaya A, Patel SB, Khalid L, Isseroff RR,
Tomic-Canic M (2014) Epithelialization in Wound Healing: A Comprehensive Review. Adv Wound Care
3:445-464

Klarlund JK, Block ER (2011) Free edges in epithelia as cues for motility. Cell Adh Migr 5:106—-110
https://doi.org/10.4161/cam.5.2.13728 PMID: 20953155

Block ER, Tolino MA, Lozano JS, Lathrop KL, Sullenberger RS, Mazie AR, Klarlund JK (2010) Free
edges in epithelial cell sheets stimulate epidermal growth factor receptor signaling. Mol Biol Cell
21:2172-2181 https://doi.org/10.1091/mbc.E09-12-1026 PMID: 20462956

Clark RAF, Lanigan JM, DellaPelle P, Manseau E, Dvorak HF, Colvin RB (1982) Fibronectin and fibrin
provide a provisional matrix for epidermal cell migration during wound reepithelialization. J Invest Der-
matol 79:264—-269 PMID: 6752288

Kirfel G, Rigort A, Borm B, Schulte C, Herzog V (2003) Structural and compositional analysis of the ker-
atinocyte migration track. Cell Motil Cytoskeleton 55:1-13 https://doi.org/10.1002/cm.10106 PMID:
12673594

Clark RA (1991) Growth factors and wound repair. J Cell Biochem 46:1-2

Kirfel G, Herzog V (2004) Migration of epidermal keratinocytes: Mechanisms, regulation, and biological
significance. Protoplasma 223:67—78 https://doi.org/10.1007/s00709-003-0031-5 PMID: 15221512

Martin P, Nunan R (2015) Cellular and molecular mechanisms of repair in acute and chronic wound
healing. Br J Dermatol 173:370-378 https://doi.org/10.1111/bjd.13954 PMID: 26175283

Seeger MA, Paller AS (2015) The Roles of Growth Factors in Keratinocyte Migration. Adv Wound Care
4:213-224

Zantl R, Horn E (2011) Chemotaxis of slow migrating mammalian cells analysed by video microscopy.
Methods Mol Biol 769:191-2083 https://doi.org/10.1007/978-1-61779-207-6_13 PMID: 21748677

PLOS ONE | https://doi.org/10.1371/journal.pone.0219708 July 17,2019 20/23


https://doi.org/10.1242/jcs.018077
https://doi.org/10.1242/jcs.018077
http://www.ncbi.nlm.nih.gov/pubmed/18685153
https://doi.org/10.1111/j.1440-169X.2011.01265.x
http://www.ncbi.nlm.nih.gov/pubmed/21585354
https://doi.org/10.1016/j.ceb.2013.06.007
https://doi.org/10.1016/j.ceb.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23880435
https://doi.org/10.1111/j.1365-2818.2008.02066.x
https://doi.org/10.1111/j.1365-2818.2008.02066.x
http://www.ncbi.nlm.nih.gov/pubmed/18755009
http://www.ncbi.nlm.nih.gov/pubmed/12408799
https://doi.org/10.1074/jbc.R300010200
http://www.ncbi.nlm.nih.gov/pubmed/12672811
https://doi.org/10.1016/j.ceb.2014.06.005
http://www.ncbi.nlm.nih.gov/pubmed/24999834
https://doi.org/10.1038/nrm1435
http://www.ncbi.nlm.nih.gov/pubmed/15366706
https://doi.org/10.1007/s000180050498
http://www.ncbi.nlm.nih.gov/pubmed/10949580
https://doi.org/10.1083/jcb.200909003
http://www.ncbi.nlm.nih.gov/pubmed/19951899
https://doi.org/10.1016/S0006-3495(70)86347-0
http://www.ncbi.nlm.nih.gov/pubmed/5531614
https://doi.org/10.1056/NEJM199909023411006
https://doi.org/10.1056/NEJM199909023411006
http://www.ncbi.nlm.nih.gov/pubmed/10471461
https://doi.org/10.1083/jcb.92.2.584
http://www.ncbi.nlm.nih.gov/pubmed/7061598
https://doi.org/10.1146/annurev.me.42.020191.003031
https://doi.org/10.1146/annurev.me.42.020191.003031
http://www.ncbi.nlm.nih.gov/pubmed/2035994
https://doi.org/10.4161/cam.5.2.13728
http://www.ncbi.nlm.nih.gov/pubmed/20953155
https://doi.org/10.1091/mbc.E09-12-1026
http://www.ncbi.nlm.nih.gov/pubmed/20462956
http://www.ncbi.nlm.nih.gov/pubmed/6752288
https://doi.org/10.1002/cm.10106
http://www.ncbi.nlm.nih.gov/pubmed/12673594
https://doi.org/10.1007/s00709-003-0031-5
http://www.ncbi.nlm.nih.gov/pubmed/15221512
https://doi.org/10.1111/bjd.13954
http://www.ncbi.nlm.nih.gov/pubmed/26175283
https://doi.org/10.1007/978-1-61779-207-6_13
http://www.ncbi.nlm.nih.gov/pubmed/21748677
https://doi.org/10.1371/journal.pone.0219708

@ PLOS|ONE

Advanced chemotaxis assay for slow-moving cells

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Muinonen-Martin AJ, Veltman DM, Kalna G, Insall RH (2010) An improved chamber for direct visualisa-
tion of chemotaxis. PLoS One 5:e15309 https://doi.org/10.1371/journal.pone.0015309 PMID:
21179457

Pujic Z, Mortimer D, Feldner J, Goodhill GJ (2009) Assays for Eukaryotic Cell Chemotaxis. Comb Chem
High Throughput Screen 12:580-588 PMID: 19601755

Toetsch S, Olwell P, Prina-Mello A, Volkov Y (2009) The evolution of chemotaxis assays from static
models to physiologically relevant platforms. Integr Biol (Camb) 1:170-181

Kim BJ, Wu M (2012) Microfluidics for mammalian cell chemotaxis. Ann Biomed Eng 40:1316-1327
https://doi.org/10.1007/s10439-011-0489-9 PMID: 22189490

Zigmond SH (1977) Ability of polymorphonuclear leukocytes to orient in gradients of chemotactic fac-
tors. J Cell Biol 75:606—616 https://doi.org/10.1083/jcb.75.2.606 PMID: 264125

Zicha D, Dunn GA, Brown AF (1991) A new direct-viewing chemotaxis chamber. J Cell Sci 99:769-775
PMID: 1770004

Zengel P, Nguyen-Hoang A, Schildhammer C, Zantl R, Kahl V, Horn E (2011) p-Slide Chemotaxis: a
new chamber for long-term chemotaxis studies. BMC Cell Biol 12:1-14

Wu J, Wu X, Lin F (2013) Recent developments in microfluidics-based chemotaxis studies. Lab Chip
13:2484—-2499 https://doi.org/10.1039/c3Ic50415h PMID: 23712326

Beta C, Bodenschatz E (2011) Microfluidic tools for quantitative studies of eukaryotic chemotaxis. Eur J
Cell Biol 90:811-816 https://doi.org/10.1016/j.ejcb.2011.05.006 PMID: 21783273

Kim S, Kim HJ, Jeon NL (2010) Biological applications of microfluidic gradient devices. Integr Biol
2:584-603

Walker GM, Sai J, Richmond A, Stremler M, Chun CY, Wikswo JP (2005) Effects of flow and diffusion
on chemotaxis studies in a microfabricated gradient generator. Lab Chip 5:611-618 https://doi.org/10.
1039/b417245k PMID: 15915253

Sackmann EK, Fulton AL, Beebe DJ (2014) The present and future role of microfluidics in biomedical
research. Nature 507:181-189 https://doi.org/10.1038/nature13118 PMID: 24622198

Meijering E, Smal |, Danuser G (2006) Tracking in molecular bioimaging. IEEE Signal Process Mag
23:46-53

Fairbanks BD, Schwartz MP, Halevi AE, Nuttelman CR, Bowman CN, Anseth KS (2009) A Versatile
Synthetic Extracellular Matrix Mimic via Thiol-Norbornene Photopolymerization. Adv Mater 21:5005—
5010 https://doi.org/10.1002/adma.200901808 PMID: 25377720

Fairbanks BD, Schwartz MP, Bowman CN, Anseth KS (2009) Photoinitiated polymerization of PEG-dia-
crylate with lithium phenyl-2,4,6-trimethylbenzoylphosphinate: polymerization rate and cytocompatibil-
ity. Biomaterials 30:6702—-6707 https://doi.org/10.1016/j.biomaterials.2009.08.055 PMID: 19783300

Stuurman N, Edelstein A, Amodaj N, Hoover K, Vale R (2010) Computer control of microscopes using
manager. Curr Protoc Mol Biol Chapter 14:Unit14.20

Schindelin J, Arganda-Carreras |, Frise E, et al (2012) Fiji: An open-source platform for biological-image
analysis. Nat Methods 9:676-682 https://doi.org/10.1038/nmeth.2019 PMID: 22743772

Schindelin J, Rueden CT, Hiner MC, Eliceiri KW (2015) The Imaged ecosystem: An open platform for
biomedical image analysis. Mol Reprod Dev 82:518-529 https://doi.org/10.1002/mrd.22489 PMID:
26153368

Biswenger V, Baumann N, Jurschick J, Hackl M, Battle C, Schwarz J, Horn E, Zantl R (2018) Character-
ization of EGF-guided MDA-MB-231 cell chemotaxis in vitro using a physiological and highly sensitive
assay system. PLoS One 13:€0203040 https://doi.org/10.1371/journal.pone.0203040 PMID:
30212492

Majima T, Schnabel W, Weber W (1991) Phenyl-2,4,6-trimethylbenzoylphosphinates as water-soluble
photoinitiators. Generation and reactivity of O = P(C6H5)(O-) radical anions. Macromol Chem Phys
192:2307-2315

Schwartz MP, Fairbanks BD, Rogers RE, Rangarajan R, Zaman MH, Anseth KS (2010) A synthetic
strategy for mimicking the extracellular matrix provides new insight about tumor cell migration. Integr
Biol (Camb) 2:32-40

Dietrich M, Le Roy H, Briickner DB, Engelke H, Zantl R, Radler JO, Broedersz CP (2018) Guiding 3D
cell migration in deformed synthetic hydrogel microstructures. Soft Matter 14:2816-2826 https://doi.
org/10.1039/c8sm00018b PMID: 29595213

Stoker M, Gherardi E (1991) Regulation of cell movement: the motogenic cytokines. BBA—Rev Cancer
1072:81-102

Grazul-Bilska AT, Johnson ML, Bilski JJ, Redmer DA, Reynolds LP, Abdullah A, Abdullah KM (2003)
Wound healing: The role of growth factors. Drugs of Today 39:787-800 PMID: 14668934

PLOS ONE | https://doi.org/10.1371/journal.pone.0219708 July 17,2019 21/23


https://doi.org/10.1371/journal.pone.0015309
http://www.ncbi.nlm.nih.gov/pubmed/21179457
http://www.ncbi.nlm.nih.gov/pubmed/19601755
https://doi.org/10.1007/s10439-011-0489-9
http://www.ncbi.nlm.nih.gov/pubmed/22189490
https://doi.org/10.1083/jcb.75.2.606
http://www.ncbi.nlm.nih.gov/pubmed/264125
http://www.ncbi.nlm.nih.gov/pubmed/1770004
https://doi.org/10.1039/c3lc50415h
http://www.ncbi.nlm.nih.gov/pubmed/23712326
https://doi.org/10.1016/j.ejcb.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21783273
https://doi.org/10.1039/b417245k
https://doi.org/10.1039/b417245k
http://www.ncbi.nlm.nih.gov/pubmed/15915253
https://doi.org/10.1038/nature13118
http://www.ncbi.nlm.nih.gov/pubmed/24622198
https://doi.org/10.1002/adma.200901808
http://www.ncbi.nlm.nih.gov/pubmed/25377720
https://doi.org/10.1016/j.biomaterials.2009.08.055
http://www.ncbi.nlm.nih.gov/pubmed/19783300
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1002/mrd.22489
http://www.ncbi.nlm.nih.gov/pubmed/26153368
https://doi.org/10.1371/journal.pone.0203040
http://www.ncbi.nlm.nih.gov/pubmed/30212492
https://doi.org/10.1039/c8sm00018b
https://doi.org/10.1039/c8sm00018b
http://www.ncbi.nlm.nih.gov/pubmed/29595213
http://www.ncbi.nlm.nih.gov/pubmed/14668934
https://doi.org/10.1371/journal.pone.0219708

@ PLOS|ONE

Advanced chemotaxis assay for slow-moving cells

57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

Wolf K, Mazo |, Leung H, Engelke K, von Andrian UH, Deryugina El, Strongin AY, Brocker E-B, Friedl P
(2003) Compensation mechanism in tumor cell migration: mesenchymal-amoeboid transition after
blocking of pericellular proteolysis. J Cell Biol 160:267—277 https://doi.org/10.1083/jcb.200209006
PMID: 12527751

Schwartz MP, Rogers RE, Singh SP, et al (2013) A quantitative comparison of human HT-1080 fibrosar-
coma cells and primary human dermal fibroblasts identifies a 3D migration mechanism with properties
unique to the transformed phenotype. PLoS One 8:81689 https://doi.org/10.1371/journal.pone.
0081689 PMID: 24349113

Martinet N, Harne LA, Grotendorst GR (1988) Identification and Characterization of Chemoattractants
for Epidermal Cells. J Invest Dermatol 90:122-126 PMID: 3257513

Grone A (2002) Keratinocytes and cytokines. Vet Immunol Immunopathol 88:1—12 PMID: 12088639

Navsaria HA, Myers SR, Leigh IM, McKay IA (1995) Culturing skin in vitro for wound therapy. Trends
Biotechnol 13:91-100 https://doi.org/10.1016/S0167-7799(00)88913-1 PMID: 7766223

Andresen JL, Ehlers N (1998) Chemotaxis of human keratocytes is increased by platelet-derived growth
factor-BB, epidermal growth factor, transforming growth factor-alpha, acidic fibroblast growth factor,
insulin-like growth factor-I, and transforming growth factor-beta. CurrEye Res 17:79-87

Gyulai R, Hunyadi J, Kenderessy-Szabo A, Kemeny L, Dobozy A (1994) Chemotaxis of freshly sepa-
rated and cultured human keratinocytes. Clin Exp Dermatol 19:309-311 PMID: 7955471

Sauder DN, Orr FW, Matic S., Stetsko D., Parker KP, Chizzonite R, Kilian PL (1989) Human interleukin-
1 alpha is chemotactic for normal human keratinocytes. Immunol Lett 22:123-127 PMID: 2528505

Chernyavsky Al, Arredondo J, Marubio LM, Grando SA (2004) Differential regulation of keratinocyte
chemokinesis and chemotaxis through distinct nicotinic receptor subtypes. J Cell Sci 117:5665-5679
https://doi.org/10.1242/jcs.01492 PMID: 15494367

Ho E, Dagnino L (2012) Epidermal growth factor induction of front-rear polarity and migration in kerati-
nocytes is mediated by integrin-linked kinase and ELMO2. Mol Biol Cell 23:492-502 https://doi.org/10.
1091/mbc.E11-07-0596 PMID: 22160594

Barrandon Y, Green H (1987) Cell migration is essential for sustained growth of keratinocyte colonies:
the roles of TGF-a and EGF. Cell 50:1131-1137

Wikner NE, Persichitte KA, Baskin JB, Nielsen LD, Clark RA (1988) Transforming Growth Factor-3
Stimulates the Expression of Fibronectin by Human Keratinocytes. J Invest Dermatol 91:207-212
PMID: 2457630

LiY, Fan J, Chen M, Li W, Woodley DT (2006) Transforming Growth Factor-Alpha: A Major Human
Serum Factor that Promotes Human Keratinocyte Migration. J Invest Dermatol 126:2096—2105 https://
doi.org/10.1038/sj.jid.5700350 PMID: 16691197

Li W, Henry G, Fan J, Bandyopadhyay B, Pang K, Garner W, Chen M, Woodley DT (2004) Signals that
initiate, augment, and provide directionality for human keratinocyte motility. J Invest Dermatol
123:622—-633 https://doi.org/10.1111/1.0022-202X.2004.23416.x PMID: 15373765

Cha D, O’Brien P, O'Toole EA, Woodley DT, Hudson LG (1996) Enhanced modulation of keratinocyte
motility by transforming growth factor-a (TGF-a) relative to epidermal growth factor (EGF). J Invest Der-
matol 106:590-597 PMID: 8617990

Li W, Fan J, Chen M, Woodley DT (2004) Mechanisms of human skin cell motility. Histol Histopathol
19:1311-1324 https://doi.org/10.14670/HH-19.1311 PMID: 15375774

Cordeiro MF (2002) Beyond mitomycin: TGF- and wound healing. Prog Retin Eye Res 21:75-89
PMID: 11906812

Liu Y, Petreaca M, Martins-Green M (2009) Cell and molecular mechanisms of insulin-induced angio-
genesis. J Cell Mol Med 13:4492-4504 https://doi.org/10.1111/].1582-4934.2008.00555.x PMID:
19602055

Zeng F, Harris RC (2014) Epidermal growth factor, from gene organization to bedside. Semin Cell Dev
Biol 28:2—11 https://doi.org/10.1016/j.semcdb.2014.01.011 PMID: 24513230

Singh B, Coffey RJ (2014) From wavy hair to naked proteins: The role of transforming growth factor
alpha in health and disease. Semin Cell Dev Biol 28:12-21 https://doi.org/10.1016/j.semcdb.2014.03.
003 PMID: 24631356

Schneider MR, Wolf E (2009) The epidermal growth factor receptor ligands at a glance. J Cell Physiol
218:460-466 https://doi.org/10.1002/jcp.21635 PMID: 19006176

Wells A (1999) EGF receptor. Int J Biochem Cell Biol 31:637—-643 PMID: 10404636

French AR, Tadaki DK, Niyogi SK, Lauffenburger DA (1995) Intracellular trafficking of epidermal growth
factor family ligands is directly influenced by the pH sensitivity of the receptor/ligand interaction. J Biol
Chem 270:4334-4340 https://doi.org/10.1074/jbc.270.9.4334 PMID: 7876195

PLOS ONE | https://doi.org/10.1371/journal.pone.0219708 July 17,2019 22/23


https://doi.org/10.1083/jcb.200209006
http://www.ncbi.nlm.nih.gov/pubmed/12527751
https://doi.org/10.1371/journal.pone.0081689
https://doi.org/10.1371/journal.pone.0081689
http://www.ncbi.nlm.nih.gov/pubmed/24349113
http://www.ncbi.nlm.nih.gov/pubmed/3257513
http://www.ncbi.nlm.nih.gov/pubmed/12088639
https://doi.org/10.1016/S0167-7799(00)88913-1
http://www.ncbi.nlm.nih.gov/pubmed/7766223
http://www.ncbi.nlm.nih.gov/pubmed/7955471
http://www.ncbi.nlm.nih.gov/pubmed/2528505
https://doi.org/10.1242/jcs.01492
http://www.ncbi.nlm.nih.gov/pubmed/15494367
https://doi.org/10.1091/mbc.E11-07-0596
https://doi.org/10.1091/mbc.E11-07-0596
http://www.ncbi.nlm.nih.gov/pubmed/22160594
http://www.ncbi.nlm.nih.gov/pubmed/2457630
https://doi.org/10.1038/sj.jid.5700350
https://doi.org/10.1038/sj.jid.5700350
http://www.ncbi.nlm.nih.gov/pubmed/16691197
https://doi.org/10.1111/j.0022-202X.2004.23416.x
http://www.ncbi.nlm.nih.gov/pubmed/15373765
http://www.ncbi.nlm.nih.gov/pubmed/8617990
https://doi.org/10.14670/HH-19.1311
http://www.ncbi.nlm.nih.gov/pubmed/15375774
http://www.ncbi.nlm.nih.gov/pubmed/11906812
https://doi.org/10.1111/j.1582-4934.2008.00555.x
http://www.ncbi.nlm.nih.gov/pubmed/19602055
https://doi.org/10.1016/j.semcdb.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24513230
https://doi.org/10.1016/j.semcdb.2014.03.003
https://doi.org/10.1016/j.semcdb.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24631356
https://doi.org/10.1002/jcp.21635
http://www.ncbi.nlm.nih.gov/pubmed/19006176
http://www.ncbi.nlm.nih.gov/pubmed/10404636
https://doi.org/10.1074/jbc.270.9.4334
http://www.ncbi.nlm.nih.gov/pubmed/7876195
https://doi.org/10.1371/journal.pone.0219708

@ PLOS|ONE

Advanced chemotaxis assay for slow-moving cells

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Macdonald-Obermann JL, Pike LJ (2014) Different epidermal growth factor (EGF) receptor ligands
show distinct kinetics and biased or partial agonism for homodimer and heterodimer formation. J Biol
Chem 289:26178-26188 https://doi.org/10.1074/jbc.M114.586826 PMID: 25086039

Ronan T, Macdonald-Obermann JL, Huelsmann L, Bessman NJ, Naegle KM, Pike LJ (2016) Different
Epidermal Growth Factor Receptor (EGFR) agonists produce unique signatures for the recruitment of
downstream signaling proteins. J Biol Chem 291:5528-5540 https://doi.org/10.1074/jbc.M115.710087
PMID: 26786109

Berthier E, Surfus J, Verbsky J, Huttenlocher A, Beebe D (2010) An arrayed high-content chemotaxis
assay for patient diagnosis. Integr Biol 2:630-638

Collins SR, Yang HW, Bonger KM, Guignet EG, Wandless TJ, Meyer T (2015) Using light to shape
chemical gradients for parallel and automated analysis of chemotaxis. Mol Syst Biol 11:1-13

Ott TR, Pahuja A, Lio FM, Mistry MS, Gross M, Hudson SC, Wade WS, Simpson PB, Struthers RS,
Alleva DG (2005) A high-throughput chemotaxis assay for pharmacological characterization of chemo-
kine receptors: Utilization of U937 monocytic cells. J Pharmacol Toxicol Methods 51:105—114 https://
doi.org/10.1016/j.vascn.2004.10.001 PMID: 15767203

Liao XH, Meena NP, Southall N, Liu L, Swaroop M, Zhang AL, Xiang JJ, Parent CA, Zheng W, Kimmel
AR (2016) A High-Throughput, Multi-Cell Phenotype Assay for the Identification of Novel Inhibitors of
Chemotaxis/Migration. Sci Rep 6:22273 https://doi.org/10.1038/srep22273 PMID: 26956526

Friedl P, Noble PB, Zénker KS (1993) Lymphocyte locomotion in three-dimensional collagen gels com-
parison of three quantitative methods for analysing cell trajectories. J Immunol Methods 165:157-165
PMID: 7901283

Brennan EP, Tang X-H, Stewart-Akers AM, Gudas LJ, Badylak SF (2008) Chemoattractant activity of
degradation products of fetal and adult skin extracellular matrix for keratinocyte progenitor cells. J Tis-
sue Eng Regen Med 2:491-498 https://doi.org/10.1002/term.123 PMID: 18956412

Nakamura Y, Sotozono C, Kinoshita S (2001) The epidermal growth factor receptor (EGFR): Role in
corneal wound healing and homeostasis. Exp Eye Res 72:511-517 https://doi.org/10.1006/exer.2000.
0979 PMID: 11311043

Repertinger SK, Campagnaro E, Fuhrman J, El-Abaseri T, Yuspa SH, Hansen LA (2004) EGFR
enhances early healing after cutaneous incisional wounding. J Invest Dermatol 123:982-989 https://
doi.org/10.1111/j.0022-202X.2004.23478.x PMID: 15482488

PLOS ONE | https://doi.org/10.1371/journal.pone.0219708 July 17,2019 23/23


https://doi.org/10.1074/jbc.M114.586826
http://www.ncbi.nlm.nih.gov/pubmed/25086039
https://doi.org/10.1074/jbc.M115.710087
http://www.ncbi.nlm.nih.gov/pubmed/26786109
https://doi.org/10.1016/j.vascn.2004.10.001
https://doi.org/10.1016/j.vascn.2004.10.001
http://www.ncbi.nlm.nih.gov/pubmed/15767203
https://doi.org/10.1038/srep22273
http://www.ncbi.nlm.nih.gov/pubmed/26956526
http://www.ncbi.nlm.nih.gov/pubmed/7901283
https://doi.org/10.1002/term.123
http://www.ncbi.nlm.nih.gov/pubmed/18956412
https://doi.org/10.1006/exer.2000.0979
https://doi.org/10.1006/exer.2000.0979
http://www.ncbi.nlm.nih.gov/pubmed/11311043
https://doi.org/10.1111/j.0022-202X.2004.23478.x
https://doi.org/10.1111/j.0022-202X.2004.23478.x
http://www.ncbi.nlm.nih.gov/pubmed/15482488
https://doi.org/10.1371/journal.pone.0219708

