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Abstract

Background: The epithelium is increasingly recognized as a pathologic contributor to
asthma and its phenotypes. Although delayed wound closure by asthmatic epithelial cells
is consistently observed, underlying mechanisms remain poorly understood, partly due to
difficulties in studying dynamic physiologic processes involving polarized multilayered cell
systems. Although Type-2 immunity has been suggested to play a role, the mechanisms
by which repair is diminished are unclear.

Objective: To develop and utilize primary multilayered polarized epithelial cell systems,
derived from asthmatic patients, to evaluate cell migration in response to wounding under
Type-2 and untreated conditions.

Methods: A novel wounding device for multilayered polarized cells, along with time-lapse
live cell/real-time confocal imaging were evaluated under IL-13 and untreated conditions.
The influence of inhibition of the Type-2 enzyme, 15 lipoxygenase (15L01), on the process
was also addressed. Cell migration patterns were analyzed by high dimensional Frequency
Modulated Mobius for statistical comparisons.

Results: IL-13 stimulation negatively impacts wound healing by altering the Total speed,
directionality and acceleration of individual cells. Inhibition 15LO1 partially improved the
wound repair through improving Total speed.

Conclusions: Migration abnormalities contributed to markedly slower wound closure of IL-
13 treated cells, which was modestly reversed by 15LO1 inhibition, suggesting its potential
as an asthma therapeutic target. These novel methodologies offer new ways to dynamically

study cell movements and identify contributing pathologic processes.

Key Messages
IL-13 decreases AECs wound repair by delaying migration patterns. 15LO1 inhibition partially

recovers the delayed wound repair.

Capsule summary

Using cutting-edge real-time confocal technology and advanced statistical methods, this article

3



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

identified marked abnormalities in the wound repair and migratory patterns of asthmatic airway

epithelial cells (AECs) under Type-2/IL-13 immune conditions.

Keywords: asthma; airway epithelial cells; wound repair; cell migration; IL-13, Type-2

Abbreviations:

AECs: Airway epithelial cells

ALI: Air Liquid Interface

AUC: Area under the curve

BH procedure: Benjamini & Hochberg procedure
DMSO: Dimethyl sulfoxide

FeNO: Fraction exhaled NO

FMM model: Frequency Modulated Mdbius model
15L0O1: 15 lipoxygenase 1

15 HpETE: 15 hydroperoxyeicosaetetranoic acid
MMA: Mild-Moderate asthmatic

T2: Type 2

PE: phosphatidylethanolamine

PI3K: phosphatidyl inositol 3 kinase
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Introduction

Asthma is a chronic respiratory disease, affecting more than 300 million people
worldwide'. Epithelial dysfunction is increasingly recognized as relevant to its
pathogenesis, with underlying genetic and genomic epithelial abnormalities
contributing to the consistent observations of delayed wound closure by asthmatic
airway epithelial cells (AECs)?®. Maintaining an intact epithelial barrier in the face of
injury requires at least 2 processes: 1) initial migration, 2) later proliferation. Slower
migration and more random movement was observed in  poorly
differentiated/submerged AECs from asthmatic/wheezy children®’. A role for Type-2
(T2) inflammation in this dysregulation has been suggested, with a recent study
showing that IL-4/-13 treatment also delayed wound healing of undifferentiated AECs®.
This finding is consistent with the slower wound closure observed in asthma patients

with elevations in the T2/IL-13 biomarker, fraction exhaled NO (FeNO)*.

IL-4 and -13 also induce high expression and activity of 15 lipoxygenase 1 (15L01),
an enzyme highly expressed in asthmatic AECs which contributes to mucus production
and secretion®"". 15L01 is linked to cell death pathways, in particular ferroptosis'?> and
compensatory induction of cell survival through mitophagy/autophagy, suggesting a

cell phenotype struggling for survival'3. Yet, its role in wound repair is unknown.

Studies of epithelial wounding in human model systems are challenging. Aimost all
studies are done in submerged monolayers of poorly differentiated cells which do not
mirror the multilayered polarized human columnar airway epithelium. Air Liquid
Interface (ALI) culture reasonably reflects these complex in vivo conditions, but these
multilayered systems with tight cell-cell connections impact the ability to consistently
perform precise wounds, even using novel circular wounding patterns'-'7. Further,

tracking and then interpretation of the complex multi-directional individual cell
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movements in multi-layered systems is challenging.

Based on this background, we developed a novel in vitro wounding system applicable
to highly differentiated primary human AECs. Using this system, we hypothesized that
T2-inflammation, would reduce wound closure in asthmatic well differentiated,
polarized AECs as compared to untreated cells. This delayed closure would be driven
primarily by abnormally slow cell migration. We further hypothesized that inhibition of
15LO1 would improve the IL-13-driven poor wound closure. Our approach involved
innovative approaches to measure and analyze single cell migration in multi-layered

systems recorded in real-time under T2 and non-T2 (untreated) conditions.
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Methods

Participants and Bronchoscopy

Participants were recruited as part of the Immune Mechanisms of Severe Asthma
program (P01 Al106684). AECs were obtained by bronchoscopic brushing of Mild-
Moderate asthmatic (MMA) subjects as previously described'®. All 12 donor cell lines
were maintained separately. The results reflect the data for 12 individual/distinct
human donors. The study was approved by the Institutional Review Board of the
University of Pittsburgh and all participants provided informed consent. For details, see

the Methods section in the Online Repository.

ALI culture
AECs were cultured as previously described':'°, For details, see the Methods section

in the Online Repository.

Wounding method

Traditional models of physical wounding of AECs using pipette tips or other devices
often form irregular shaped wounds, particularly in the less stable transwell membrane
system. We designed a novel device (see Fig. E1 in the Online Repository) specific for

ALI cultured AECs. For details, see the Methods section in the Online Repository.

Measurement of Wound Repair

After wounding, the healing process was observed under live cell microscopy (Nikon
A1), with the percentage remaining monitored using high resolution, large area
(2x10mm) time-lapse imaging over a 48-hr period. Fixed images were taken every 8
hrs. After each 8 hr time point, cells were re-incubated in 5% CO2 at 37 (. Percent of
wound closure was calculated as: (the area of original wound - wound

remaining)/original wound.
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Measurement of Migration
Real-time live imaging of migration of primary cells in ALI was developed by Dr. Simon
Watkins, Center for Biological Imaging, University of Pittsburgh. We measured the

single cell migration by speed (Total speed), directionality (X-axis speed) and acceleration.

Total speed: Total distance of cells moved per unit time without accounting for direction.
The speed of the cells was represented as the average speed of all tracked AECs

(~1,000 cells) in a given condition.

Acceleration: Acceleration was measured by the formula (Total speed; -Total speed:.

3hrs) / (3 hrS)

X-axis speed: Unlike Total speed, this measurement accounted for only the distance
of movement towards the wound (X-axis) and measured as distance moved toward
the X-axis per unit time. When cells moved away from the wound (or opposite to the
wound center), a negative value was obtained. The total X-axis speed of the cells was

calculated by averaging X-axis speed of all tracked AECs.

For details, see the Methods section in the Online Repository.

Western Blots
AECs were cultured as previously described'°. AECs at ALI day 7 were collected for
analysis of protein expression. For details, see the Methods section in the Online

Repository.

Statistical Methods
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The comparison of area under the curve (AUC) for matched pair data (wound closure)
between experimental groups was performed using standard paired t-tests of the AUCs
and then by individual 8 hr time points. For cell migration experiments, we developed
a parametric model to describe the temporal speed of motion of cells in each group
using the Frequency Modulated Mdbius (FMM)?° model. Both Total speed as well as the
X-axis speed were modeled using the FMM model. From the FMM model we derived
five biologically relevant parameters for this study, namely, (i) intercept, the initial speed,
(i) amplitude or maximum speed from the initial speed, (iii) time to amplitude, (iv)
skewness or how slowly the curve decays (close to zero would correspond to slowly
decaying curve and close to -1 corresponds to a symmetric and quickly decaying
curve), and (v) peakedness, which measures how sharp or blunted the peak is (the
larger the value the sharper the peak). Description of skewness and peakedness is
shown in Figure E2 in the Online Repository. Using the methodology developed in?,
we estimated the above parameters for each experimental group and constructed 95%
confidence intervals for differences between experimental groups. If overall
significance in these parameters was established, then paired analysis of each time
point was performed, correcting for multiple comparisons using the Benjamini &
Hochberg (BH) procedure. We used single parameter t-tests to test if acceleration is 0

um/hr2. As there were 8 time points, multiple testing was adjusted by BH procedure.
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Results

IL-13 markedly impairs epithelial wound closure

AECs from 12 different MMA patients were utilized for all the wound repair studies in
this report (See Table E1 in the Online Repository for patient characteristics). We
previously reported that wound repair was delayed in asthmatic AECs compared to
those from healthy participants particularly in those with elevated FeNO levels, a
known biomarker of T2 inflammation*. To better understand the cellular processes and
mechanisms behind the diminished wound repair, we developed an in vitro model
utilizing 1L-13 10 ng/ml stimulation (for 7 days) of ALI-cultured asthmatic AECs in a
novel scratch wound model, which improved the consistency of the wounded area and
depth (see Fig. E1 in the Online Repository). IL-13 decreased the overall wound repair,
as depicted by the differences in the AUC compared to untreated AECs, during the 48
hrs post wounding (Fig. 1 A, B) (n=6, p=0.028) (Fig. 1 C). We then compared individual
8 hr incremental time points (Fig. 1 C). At 8 and 16 hrs, the wound area under IL-13
conditions was greater than that under untreated conditions (n=6, p=0.017 for both).
There were no differences at later time points (24, 32, 40 and 48 hrs). There were no
differences in initial wound area under untreated or IL-13 conditions as shown in Figure

E3 in the Online Repository.

IL-13 alters AEC migratory patterns following wounding as compared to
untreated cells

To better identify cells and their movement in real-time, AEC nuclei were dyed with
Hoechst 33324 (Fig. 2 A, B). Matching phase-contrast images of wound closure are
shown in Figure E4 in the Online Repository. See Movie E2 in the Online Repository
for dynamic imaging. Two parameters were identified to describe cell movement (see
Fig. E5 in the Online Repository): Total speed (regardless of direction) and X-axis

speed [as the net speed towards the wound center (directionality)].

10
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Given the complex nature of these cell migration patterns, we applied the flexible FMM
model?® to characterize various parameters of speed, as described in Methods.
Evaluating overall speed patterns, untreated cells displayed higher initial Total speed
and had a later time to peak speed as compared to IL-13 treated cells, with significant
differences in both by FMM parameters (Fig. 3 A and Table 1). As anticipated from the
movies, X-axis (directional) speed patterns were substantially different between
untreated and IL-13 treated cells (Fig. 3 B and Table 2). Although there were no
differences in their initial X-axis speeds, untreated cells had almost twice the amplitude
increase in X-axis speed compared to the IL-13 cells, indicative of a higher peak speed
in the targeted X-axis direction in untreated. This greater X-axis amplitude was
accompanied by a longer time to peak X-axis speed for the untreated cells, suggesting
a more prolonged directed X-axis movement [8.95 hrs versus 7.06 hrs (P < 0.05)].
Furthermore, the FMM curve for the untreated cells decayed more rapidly than the IL-
13 treated cells leading to significant differences in skewness between the two [-0.81
versus 0.09 (P < 0.05)] (Fig. 3 C, D). These differences exemplify the higher prolonged
X-axis speed of untreated AECs at ~10 hrs (prior to wound closure), but not surprisingly,
their near complete loss of directionality by 22 hrs once the wound closed. In contrast,
IL-13 treated cells continued migrating slowly in the direction of the wound (X-axis)

long after the untreated cells.

With confirmation of these overall differences by FMM, individual data points for Total
(Fig. 3 C) and X-axis speed (Fig. 3 D) were then compared between IL-13 treated and

untreated cells.

Speed: By paired testing, the initial Total Speed of the IL-13 treated cells (16.5+2.3

pm/h at 20 min) was slower than the untreated group (28.4+2.2 ym/h) (p=0.043).

11
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Differences in Total speed persisted at 51 of the 72 (20 min) time points measured over
the first 24 hrs and 72 of 72 timepoints from 24-48 hrs. All paired T-tests were corrected
for multiple comparisons using BH correction (Fig. 3 C and Tables E2 and E3 in the

Online Repository).

For X-axis speed, after BH correction, there were no differences in any of the 72
measurements between untreated and IL-13 treated cells over the first 24 hrs.
However, during the second 24 hr period, 43 out the 72 time points had lower X-axis
speed in the untreated compared to the IL-13 treated group (Fig. 3 D and Table E4 and

E5 in the Online Repository).

Acceleration. We then tested if total acceleration was different from 0 ym/h?, at
individual incremental time points over 3 hr intervals (BH correction for multiple t-tests).
Even with higher starting speeds, cells in the untreated group accelerate up to 9 hrs
with an acceleration of 2.2 ym/h? (p = 0.01). As they approach the opposite wound
edge, they cease to accelerate (p > 0.05). Interestingly, the IL-13 treated cells have a
more rapid acceleration during the first 3 hrs with an estimated acceleration of 3.5

um/h? (p < 0.001) but ceased to accelerate after only 6 hrs (p > 0.05) (Fig. 3 E).

Abnormal wound closure under IL-13 conditions is partially dependent on 15LO1
pathway activity

Consistent with previous studies'®, 15LO1 expression was markedly upregulated by
IL-13 (Fig. 4 A). BLX2477 is a selective and specific 15LO1 inhibitor'®, which markedly
inhibits formation of 15 hydroperoxyeicosaetetranoic acid (15 HpETE), which in IL-13
treated AECs is primarily conjugated with phosphatidylethanolamine (PE)'*'2. Wound
closure was compared between Dimethyl sulfoxide (DMSO) and BLX2477/DMSO

under IL-13 conditions by AUC (Fig.4 B, C). BLX2477 increased the AUC compared to

12
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DMSO (BLX 68.82% DMSO 62.27%, p=0.034), consistent with improved wound
closure in the presence of 15LO1 inhibition (Fig. 4 D). Comparing the individual time
points, BLX2477 improved wound closure at 16 hrs (n=6, p=0.042) and marginally at
8 hrs (n=6, p=0.090) (Fig. 4 D). There were no differences at other time points. There
were no differences in starting wound area and DMSO alone did not alter the effect of

IL-13 alone on wound closure (Fig. E6 in the Online Repository).

15LO1 inhibition increases Total Speed, but does not modify directionality as
compared to IL-13

Movies E3 and E4 in the Online Repository demonstrate the complex cell movement
patterns of DMSO and BLX2477/DMSO under IL-13 conditions, with Figures 5 A, B
showing representative low and high magnification still images from 0-48 hrs, following
wound closure. Matching phase-contrast images of the wound are shown in Figure E7

in the Online Repository.

Similar to total speed vs IL-13 treated cells, an FMM model was applied to compare
Total and X-axis speed (Fig. 6 A, B and Table 2). By FMM, DMSO alone did not impact
IL-13 induced migration (see Fig. E8, Table E6 and E7 in the Online Repository). In
contrast, using FMM, the initial Total speed was higher in the IL-13+BLX group as
compared to IL-13+DMSO, suggesting 15LO1 inhibition under IL-13 conditions
increased the initial speed back towards that of untreated cells. Skewness was also
significantly different between the two treatment groups, suggesting 15LO1 inhibition
caused a more rapid decay in the original peak (Fig. 6 A and Table E8 in the Online

Repository).

In contrast to IL-13 treated vs untreated, there were no differences in X-axis speed by

FMM parameters between BLX2477 and DMSO treated cells (Fig. 6 B, and Table E9

13
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in the Online Repository).

As FMM supported differences in Total speed under 15LO1 inhibition conditions,
differences in Total speed at individual 20 min time points were compared (Fig. 6 C).
Although there was a significant difference in the speed at the initial time point between
IL-13+BLX group compared to the IL-13+DMSO by paired t-test (p = 0.0148),
consistent with the results reported by FMM; after adjusting for multiple testing this
result was not significant. More generally, when adjusted for multiple testing, there
were no differences in Total speed during any of the first 24 hr time points. In contrast,
in the second 24 hr period, Total speed was significantly higher in the IL-13+BLX group
compared to the IL-13+DMSO group at all 72 time points measured even when

correcting for multiple comparisons (See Table E10 and E11 in the Online Repository).

Since there were no differences in FMM analysis of X-axis speed (Fig. 6 D and Table
E9 in the Online Repository), Acceleration comparisons between IL-13+BLX vs IL-
13+DMSO were also not significant after BH correction (See Fig. E9 and Table E14 in

the Online Repository).
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Discussion

The ability of surface cells, such as AECs, to rapidly heal wounds is critical for
maintenance of an organ’s barrier function and overall health?'-?*, Indeed, the human
asthmatic epithelium is markedly abnormal, associated with increased goblet cell
differentiation, loss of cilia, junction proteins and altered wound repair?'41521.2526 The
studies presented here identify the negative overall impact of a mediator known to be
critical to asthma, IL-13, on epithelial wound repair, while dissecting its specific impact
on migration. These studies were done using a highly novel real-time/time-lapse
confocal microscopic system to evaluate the speed, acceleration and direction of
movement of individual IL-13 treated polarized asthmatic cells compared to untreated
cells. The complex multi-directional migration patterns were analyzed using novel
statistical analyses to broadly and specifically describe the profound impact of I1L-13
on speed and direction of migration. Finally, the studies provide preliminary data to
suggest that the ferroptosis related 15L01 pathway contributes to some of these IL-

13-driven effects.

Detailed evaluation of single epithelial cell migratory patterns has previously been
reported in monolayer culture systems’. However, evaluation of wound healing and
associated migratory patterns of epithelial cells under the polarized conditions which
most closely mimic in vivo airway conditions, has remained problematic. Cells form an
intact plane and borders are difficult to identify’®. In addition, time-lapse evaluation
requires that the cells remain under the microscope objective, in an ALl state, for up to
48 hrs. Finally, these multilayered systems have been difficult to evenly wound using
a manual scrape system, often leading to considerable tearing and folding of the
epithelial systems. Our approach began by utilizing a novel, semi-automated device to
consistently and reproducibly “wound” these complex epithelial cultures. Using nuclear

identification, we then located the precise position of AECs under ALI conditions and

15
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tracked the migration of single cells over 48 hrs.

Modeling nonlinear patterns for complex biological systems is a nontrivial
problem. This is particularly true of modeling the temporal migratory patterns of cells
considered in this paper. The FMM model is a parsimonious parametric model that was
originally devised for describing rhythmic data. However, as demonstrated in Rueda et

al?°, the model is very flexible to describe nonlinear and nonrhythmic patterns.

Using more traditional approaches, we recently reported abnormally slow wound repair
of polarized asthmatic as compared to healthy AECs*. This abnormal repair was linked
to higher FeNO, a typical T2/IL-13 biomarker (in vivo). Yet, the underlying mechanisms,
particularly in relation to T2 inflammation remained poorly understood?%?’. To further
address this, we utilized the novel wounding system described here to target the effect
of IL-13 differentiation on the wound repair process. Not surprisingly, we observed a
profound effect of IL-13 to delay repair of polarized asthmatic AECs over 48 hrs. We
then employed real-time confocal imaging and FMM analyses to determine the impact
of IL-13 on the astonishingly complex migratory patterns we observed (See

Supplementary Movies in the Online Repository).

Under IL-13 conditions, the Total cellular speed was initially slower and never reached
the migratory speeds of untreated cells. They more briefly accelerated and then rapidly
plateaued and remained at a generally constant acceleration compared to 0 um/h?,
while untreated cells dynamically accelerated and then decelerated over wide ranges.
X-axis directionality of IL-13 treated cells was maintained for a longer period given the
slower wound closure, but changes in X-axis speed/directionality were never as high
as untreated cells. These measures all support a more “sluggish” overall nature of the

IL-13 treated cell movement as compared to the considerably more dynamic

16



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

movement of untreated cells.

Our findings are generally consistent with those of Losifidis et al, who reported
submerged/single layer AECs from wheezing young children migrated more slowly and
with less directionality than AECs from non-wheezing children?. Based on lower
expression levels identified ex vivo, these abnormalities were linked to lower activation
of the phosphatidyl inositol 3 kinase (PI3K) pathway in the asthmatic cells, a pathway
intimately tied to the IL-4 receptor alpha®®2°. This slow migration observed in AECs
from pre-asthmatic children, and now in adult asthmatic AECs treated with IL-13, is
also consistent with abnormal jamming/unjamming, as proposed by Park et al, in which
AECs from asthma participants have delayed jamming, potentially due to AEC shape
changes and force interactions, but independent of epithelial-mesenchymal transition
30-32 It is important to point out that all cells studied here were asthmatic cells, given
their known baseline differences from healthy cells. No comparison to healthy cells
was performed. Thus, the impact of IL-13 on these already abnormal asthmatic AECs

could serve to only magnify the basal differences from healthy cells.

To expand on biologic mechanism, and based on our published work with 15L0O1, we
hypothesized that the enzyme 15LO1, highly induced by IL-13 in AECs, could be
playing a role in this dysfunction. Our previous studies showed that 15LO1 pathway
activity is critical for inducing goblet cell differentiation, as well as ferroptotic and
autophagic processes in human AECs'*'3. Activation of 15LO1 consumes large
quantities of reduced glutathione to “metabolize” ferroptotic phospholipids, including
15 HpETE-PE. As a further defense against cell death, AECs stimulated with IL-13
activate autophagy, indicative of stressed cells'®. To investigate the role of the 15LO1
pathway further, we employed the 15LO1 inhibitor, BLX2477, which  specifically

inhibits 15LO1 activity''2. In fact, we observed small but significant improvements in
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wound closure under IL-13 conditions in the presence of this inhibitor (Fig. 4). By FMM
analysis, differences in Total speed and skewness were observed between the
BLX2477 treated and DMSO treated cells, consistent with the improvement in Total

speed by paired T-testing from 24-48 hrs.

Studies of wound repair in primary human asthmatic AECs are not without limitation.
Each of our samples (total n=12) came from different individual MMA patients, to
control for differences in wound repair between asthmatic and healthy cells. However,
obtaining these cells requires bronchoscopy of consenting adults and nearly a month
of culture time before studies can be performed. These rigorous requirements limit the
numbers of samples available. However, the methodologies employed here allowed
us to detect physiologic and biologic differences despite these small sample sizes.
Comparison of healthy and asthmatic cells treated with IL-13 are also needed to
determine whether the IL-13 effect occurs additively or synergistically with baseline

differences between asthmatic and healthy AECs.

In conclusion, we report a novel wound repair system for polarized AECs which utilizes
a highly innovative confocal microscopic approach combined with cutting-edge
biostatistics to quantify the movement of individual cells. Using this methodology, we
identified substantial abnormalities in the migration patterns of asthmatic AECs
additionally treated with IL-13 compared to untreated cells. These factors contributed
to markedly slower wound closure of IL-13 treated cells, which was modestly reversed
by a 15LO1 inhibitor, suggesting its potential as an asthma therapeutic. The systems
and approaches used here offer novel ways to dynamically monitor complex cell

movements, even in multilayered systems over time and under wounded conditions.
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Figure Legends

FIG 1. IL-13 stimulation decreases wound closure compared to untreated cells.
2mmx10mm images were compared between untreated and IL-13 treated AECs. A,
Representative images (10X objective) of IL-13 (10ng/ml) treated or untreated ALI cells. B,
Higher magnification images from (A). C, IL-13 stimulation decreased overall wound
closure compared to untreated cells by paired-AUC testing (p=0.028, n=6). At both 8 and
16 hrs, the area of the wound under IL-13 conditions was larger than that of the untreated
cells (p=0.017, p=0.017 separately, n=6). There were no statistical differences at other time
points.

FIG 2. AEC migration speed and patterns are altered by IL-13 as compared to untreated
cells. A, AEC migration was tracked from the same culture regions as shown in Figure E4
in the Online Repository. Nuclei were automatically detected using IMARIS software.
Colored lines represent the migration paths of AEC nuclei over the previous 3 hrs. Colors
of lines identify specific time intervals after wounding. Blue represents 5-8 hrs; Light blue
represents 13-16 hrs; Green represents 21-24 hrs; Light green represents 29-32 hrs;
Yellow represents 37-40 hrs; Red represents 45-48 hrs. B, Higher magnification migration
images (3 times magnified, 0.7mmx0.7mm) of (A).

FIG 3. Statistical analyses identify specific differences in the complex migratory patterns of
IL-13 stimulated AECs after wounding as compared to untreated cells. (See also Tables 1
and 2). A, FMM for Total speed of untreated vs IL-13 treated AECs. The fitted FMM curve
for untreated AECs is shown as the solid blue line. The fitted FMM curve for IL-13 treated
AECs is shown as the solid red line. B, FMM for X-axis speed of untreated vs IL-13 treated
AECs. The fitted FMM curve for untreated AECs is shown as the solid blue line. The fitted
FMM curve for IL-13 treated AECs is shown as the solid red line. C, Total migratory speed
(mean with SEM scale bars) D, X-axis migratory speed [net speed toward wound (mean
with SEM scale bars)]. E, Acceleration curves for untreated and IL-13 treated AECs in 24
hrs. The acceleration of IL-13 treated AECs rapidly decreased to ~0 pm/h? by 6 hrs,
whereas untreated AECs maintained acceleration until 9 hrs before decelerating. After 12
hrs, untreated AECs decelerated rapidly at first and then went back from lowest negative
value at 15 hrs to ~0 um/h? at 21-24 hrs. IL-13 treated AECs continued decelerating even
after 12 hrs. Statistically significant differences are shown on the figure, where the
acceleration is higher or lower than 0 um/h?2,

FIG 4. Chemical inhibition of 15LO1 under IL-13 conditions improves wound closure
compared to IL-13 alone. A, Confirmation of 15LO1 protein increases by IL-13 in ALI-
cultured AECs. B, Representative images (10x objective) of wound closure between IL-
13+DMSO vs IL-13+BLX treated AECs. C, Magnified 2mmx2mm images of those in (B).
D, 15LO1 inhibition with BLX2477 improved wound closure as compared to IL-13+DMSO
AECs by paired-AUC testing (p=0.034, n=6). At 16 hrs, the area of the wound was smaller
under IL-13+BLX treated conditions, as compared to IL-13+DMSO conditions was larger
than that of the untreated cells (p=0.042, n=6). There were no statistical differences at
other time points.

FIG 5. 15L01 inhibition marginally improves AEC migratory patterns under IL-13 conditions
towards that of IL-13+DMSO AECs. A, AECs migration was tracked from the same culture
regions as those shown in Figure E7 in the Online Repository. Nuclei were automatically
detected using IMARIS software. Colored lines represent the migration paths of AEC nuclei
over the previous 3 hrs. Colors of lines identify specific time intervals after wounding. Blue
represents 5-8 hrs; Light blue represents 13-16 hrs; Green represents 21-24 hrs; Light
green represents 29-32 hrs; Yellow represents 37-40 hrs; Red represents 45-48 hrs. B,
Higher magnification migration images (3 times magnified, 0.7mmx0.7mm) of (A).

FIG 6. Statistical analyses identify specific differences in the complex migratory patterns
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of IL-13 stimulated AECs after wounding as compared to IL-13 stimulated cells in the
presence of 15L01 inhibition (See also Tables E8 and E9 in the Online Repository). A,
FMM for Total speed of IL-13+BLX vs IL-13+DMSO treated AECs. The fitted FMM curve
for IL-13+BLX treated AECs is shown as the solid green line. The fitted FMM curve for IL-
13+DMSO treated AECs is shown as the solid brown line. B, FMM for X-axis speed of IL-
13+BLX vs IL-13+DMSO treated AECs. The fitted FMM curve for IL-13+BLX treated AECs
is shown as the solid green line. The fitted FMM curve for IL-13+DMSO treated AECs is
shown as the solid brown line. C, Total migratory speed (mean with SEM scale bars). D,
X-axis migratory speed [net speed toward wound (mean with SEM scale bars)]
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635 Tables

Table 1. FMM analysis of Total speed (Untreated vs IL-13 treated AECs) with
the different components

Untreated IL13 Difference
FMM parameters Estimate (SE) Estimate (SE) Difference (95%Cl)
Initial speed 35.06 (9.43) 14.63 (2.94) 20.43 (11.45,29.42)*
Amplitude 11.66 (3.76) 12.98 (5.58) -1.31(-8.21,5.58)
Skewness -0.04 (0.67) 0.01 (0.54) -0.04 (-0.82,0.74)
Peakedness 0.26 (0.13) 0.33 (0.12) -0.07 (-0.24,0.09)
Peak Time (hours) 10.16 (0.97) 6.0 (0.75) 4.16 (3.04,5.27)*
636 Significant p-values are labeled with asterisk *, P < 0.05.
637
Table 2. FMM analysis of X-axis speed (Untreated vs IL-13 treated AECs)
with the different components
Untreated group  IL13 group Difference
FMM parameters Estimate (SE) Estimate (SE) Difference (95%ClI)
Initial speed 8.31 (4.61) 8.99 (3.45) -0.68 (-5.92,4.56)
Amplitude 24.83 (3.87) 13.34 (7.38) 11.49 (3.92,19.07)*
Skewness -0.81 (0.21) 0.09 (0.58) -0.89 (-1.45,-0.34)*
Peakedness 0.47 (0.12) 0.36 (0.15) 0.11 (-0.06,0.28)
Peak Time (hours) 8.95 (0.87) 7.06 (0.87) 1.89 (0.77,3.02)*
638  Significant p-values are labeled with asterisk *, P < 0.05.
639
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