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Modeling alveolar injury using microfluidic co-
cultures for monitoring bleomycin-induced
epithelial/fibroblastic cross-talk disordert

Jiarui He,® Weixing Chen,® Shijie Deng,© Lan Xie,® Juan Feng,? Jing Geng,®
Dingyuan Jiang,® Huaping Dai*® and Chen Wang { *2d

Epithelial/fibroblastic cross-talk is a significant disorder leading to pulmonary fibrosis, but its pathogenesis
remains unclear because the current in vitro and in vivo models do not allow for optimal visualization of the
complex disease processes at the human lung epithelial—interstitial interface. In this study we aimed to
develop a microfluidic co-culture device that mimics a human disease model of pulmonary fibrosis. Our
microfluidic device consists of two parallel side channels separated by a middle channel, recapitulating
the physiological microenvironment of cell growth and the native microenvironment of the epithelial—
interstitial interface in the human lung. We designed this device to represent bleomycin (BLM)-induced
pulmonary fibrosis in human lungs. We recorded fibroblast and inflammatory cell migration in real-time
and showed that epithelial cells became apoptotic or developed morphological changes in response to
BLM. In summary, we established a co-culture device that models the native microenvironment of the
lung epithelial-interstitial interface. Our data provide evidence of the role of epithelial cells and
fibroblasts in pulmonary fibrosis, suggesting that fibrosis occurs as a result of injury to epithelial cells.
Thus, epithelial injury plays an essential role in the pathogenesis of epithelial/fibroblastic cross-talk disorder.

Introduction

Pulmonary fibrosis, particularly idiopathic pulmonary fibrosis
(IPF) is a significant lung disease that is associated with a high
mortality rate and is increasingly resistant to treatment. It
belongs to a heterogeneous group of lung disorders character-
ized by progressive and irreversible damage to epithelial cells,
cell apoptosis, and disruption of basement membrane and gas
exchange, leading to destruction of lung architecture and,
consequently, death from respiratory failure.® Epithelial/
fibroblastic cross-talk disorder has been hypothesized to be
one of the key mechanisms underlying IPF pathogenesis.>* The
primary events include an initial epithelial cell injury followed
by fibroblast activation due to changes in fibroblast phenotype
(e.g. transform into a-smooth muscle actin - expressing
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myofibroblasts that secrete extracellular matrix (ECM) compo-
nents (e.g. collagen I)), migration and proliferation.** However,
limited animal and cellular models exist to support this
hypothesis. The current animal models do not provide a direct
and real-time evaluation of epithelial/fibroblastic cross-talk,
and the current in vitro cellular models do not convincingly
represent the microenvironment of epithelial cells and fibro-
blasts, resulting in limited understanding of this pathological
process. In other words, no universal experimental model is
available to study epithelial/fibroblastic cross-talk, both
temporally and spatially, mainly due to difficulties in generating
a well characterized and sustained inducer (e.g. drugs or cyto-
kines) gradient in mimicking the in vivo environment while
allowing dynamic cell imaging; moreover, few in vitro lung
models report the inclusion of interstitial cells that are essential
for sensing environmental changes as well as exerting a crucial
role in the pathogenesis of pulmonary.

Development of a meaningful disease model that recapitu-
lates the physiological microenvironment of cell grow is
necessary to better understand tissue-specific functions and
pathological changes arising due to epithelial/fibroblastic cross-
talk disorder. Recently, advancement in microscale engineering
combined with our ability to culture living cells has resulted in
the development of microfluidic devices and biomimetic
microsystems.®® These devices have brought new opportuni-
ties for controlling the cellular microenvironment with high
spatiotemporal precision and studying the complex human
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disease pathogenesis in an organ or tissue-specific context.®**'¢
For example, Huh et al. developed a microdevice containing two
closely apposed microchannels separated by a porous and
flexible membrane made of PDMS, to reconstitute the alveolar
capillary interface of the human lung by culturing human
alveolar epithelial cells and human pulmonary microvascular
endothelial cells on opposite sides of the membrane, and to
further develop this device to be a disease model of pulmonary
edema.” Zhou et al. established a microfluidic device, in which
hepatocytes and stellate cells could be 2D cultured in adjacent
microfluidic compartments divided by a retractable wall, to
recapitulate local concentrations of signaling molecules
produced during liver injury.'®* However, these cell-based co-
culture micro-devices mostly focused on 2D co-cultures, which
fail to maintain cell-ECM interactions. For example, epithelial-
interstitial interface constitutes of a cavity-like, single layer of
epithelium and interstitial cells that are grown within a three-
dimensional (3D) ECM, including cell-cell and cell-matrix
interactions. Therefore, a in vitro co-culture micro-device that
could provide such cavity-like 2D and 3D culture simulta-
neously (2D-3D co-culture), and maintain cell-cell cross talk
and cell-ECM interactions is necessary. Moreover, significant
challenges remain with regards to the fabrication and mainte-
nance of biomimetic tissue-interface models in vitro. For
example, most of in vitro tissue-interface models are the
membrane-embedded co-culture systems,"~>* which is difficult
to fabricate and thus have not been tested for scalable appli-
cations. As such, a co-culture microdevice with simpler design
and fabrication is needed.

The pulmonary fibrosis hypothesis supposes that fibroblasts
migration in 3D ECM is an essential process involved with
fibrosis formation. Presently, cell migration assay based on 2D
substrate has been allowed by various microfluidic devices.”***
These devices can precisely configure chemoattractant gradi-
ents and allow quantitative cell analysis.”® However, these
approaches are not applicable to the migration analysis of
interstitial cells (e.g. fibroblasts and macrophages) migration in
3D substrate. Also some researchers focused on the cell
migration assay by fabricating a sandwich chip in vertical
direction,*®?® which might bring some challenges caused by
gravity during the verification process of the migration paths
and the fabrication of the micro-devices. In order to capture the
whole migration path, the micro-device must be fabricated thin
enough. Whereas for the thin micro-device, the mechanic
strength of PDMS might not be strong enough to hold the entire
channel, and the top of the channel may collapse to reach the
bottom of the channel. Thus, the aim of the present work is to
develop a novel microfluidic-based chip that allows real-time
observation of interstitial cells horizontally migrating across
the 3D ECM without the interference of gravitational force.

In this study, we constructed a simple microfluidic co-
culture device that replicates the microstructure and microen-
vironment of an epithelial-interstitial interface of the human
lung and investigated the dynamic changes of cellular pheno-
types and behaviors during epithelial/fibroblastic cross-talk
disorder. Our in vitro epithelial-interstitial interface is
designed in such a way that epithelial cells grow on the surface

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

of the basement membrane to form a 3D epithelial cell-lined
cavity-like structure (left channel), more precisely mimic the
lining of the alveolar air space, and fibroblasts and macrophage
grow within an extracellular matrix (ECM) (right channel),
mimic pulmonary mesenchyme. An interface in the middle
channel was used to link the left and right channels to monitor
cell migration in real time. Therefore, the microfluidic co-
culture device consists of three interconnected channels.
Bleomycin (BLM) can cause fatal pulmonary toxicity leading
to lung fibrosis, and thus is extensively used to induce fibro-
genesis for purposes of studying human pulmonary fibrosis.>”-**
We used BLM to induce epithelial injury and then examined the
changes of epithelial cells in phenotype expression, viability
and properties. We also assess the activation of interstitial cells
under pathological conditions by quantifying the number of cell
migration and the expression of activation-relative biomarkers
(-SMA and collagen I). And on this basis, we discussed the role
of epithelial cells, fibroblasts, and macrophages in BLM-
induced epithelial/fibroblastic cross-talk disorder. Our data
strongly demonstrate the feasibility of our microfluidic co-
culture model to study the pathogenesis of pulmonary fibrosis.

Materials and methods
Design and fabrication of microfluidic co-culture device

The microfluidic co-culture device is illustrated in Fig. 1A. This
device was fabricated using polydimethylsiloxane (PDMS, Syl-
gard 184, Dow Corning, U.S.A.) based on standard soft lithog-
raphy methods.?* PDMS and a curing agent were mixed at
a weight ratio of 10:1. Each channel includes an inlet

A /[nlcts
> J
| [ .
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Left Side Middle Right Side
Channel Channel Channel
Outlets
B Without plugs With plugs

10 mm

Fig. 1 Design and fabrication of microfluidic co-culture device. (A)
Illustration of our triple channel design. (B) A typical microfluidic co-
culture device after treatment with plasma to allow bonding with
a glass-bottom Petri dish (¢ = 35 mm) with or without plugs. Notes:
scale bar represents 10 mm (B).
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(® = 1.5 mm) and an outlet (¢ = 2.0 mm). The two side chan-
nels, containing either epithelial cells or interstitial cells,
respectively, were designed to be 2000 pm long, 1500 um wide,
and 1000 pm high. The interface (2000 x 1000 x 200 pm)
enables cell communication and migration between the two
side channels. The device was treated with oxygen plasma to
allow the PDMS to bind to the glass surface (inside of a glass-
bottom Petri dish; MatTek, Ashland, ME, USA) with or without
the plugs, and the thickness of the PDMS device is 5-7 mm
(Fig. 1B).

Propagation of epithelial cells and fibroblasts

All materials were purchased from Gibco, USA, unless stated
otherwise. The epithelial (A549) and fibroblast (MRC-5) cell
lines (ATCC, USA) were routinely cultured at 37 °C and 5% CO,
in RPMI 1640 medium or MEM media, respectively. Both
culture media were supplemented with fetal calf serum (FCS)
(10% (v/v)), and an antibiotic solution (1% v/v) comprised of
penicillin (10 000 units per mL) and streptomycin sulfate
(100 mg mL ).

Generation of macrophages

Macrophages were generated from human monocyte line, m
cells. Briefly, human monocyte line THP-1 cells (ATCC) were
maintained at 2 x 10° cells per mL in RPMI 1640 medium
supplemented with 10% FCS and 2 mmol L™ " t-glutamine. THP-
1 cells (2 x 10° cells per mL) were differentiated using 200 nM
phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) for
3d. Differentiation of PMA treated cells was enhanced after the
initial 3d stimulus by removing the PMA containing media then
incubating the cells in fresh RPMI 1640 (10% FCS, 1% r-gluta-
mine) for a further 5d.*

Construction of epithelial-interstitial cells co-cultures

The microfluidic device was sterilized under UV light for 30 min
before use. To facilitate adhesion of the epithelial cells to the
channel walls, the insides of the channels were coated with
100 mg mL " fibronection (FN) and subsequently removed after
incubating the microfluidic device at room temperature for
60 min. Then a hydrogel containing ECM proteins was prepared
at a final concentration of 25% Matrigel (BD Biosciences, Bed-
ford, MA, USA) and 75% RPMI 1640 medium. The hydrogel was
then loaded into the middle channel through an inlet, keeping
the two side channels closed, and the microfluidic device was
incubated at 37 °C for 10 min to allow for complete polymeri-
zation of the hydrogel. Subsequently, keeping the left channel
closed, a solution consisting of 7.5 puL Matrigel, 7.5 nL RPMI
1640 medium, 7.5 pL. MRC-5 cells (3 x 10° cells per mL), and
7.5 uL macrophages cells (2 x 10° cells per mL) was loaded into
the right channel and maintained at 37 °C for 15 min until
gelation. An epithelial cell solution at 2 x 10° cells per mL was
prepared and 30 pL of this solution was added to the left
channel coated with FN followed by incubation for 30 min at
37 °C to allow the epithelial cells to attach to the bottom wall of
the channel. The cell solution (30 pL) was slowly added to the
channel with a pipette followed by rotating the microfluidic
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device to 90°, incubation for 30 min at 37 °C to allow the
epithelial cells to attach to the side wall of the channel, and then
perfused with fresh media to wash away unattached cells
(Fig. 2). Between cell seeding steps, the cell solution was
preserved on ice. Subsequently, the device was righted, incu-
bated for 96 h (37 °C, 5% CO,). The cell culture media compo-
sition remained as a 50 : 50 mixture of A549 and MRC-5 cell
media.

Immunofluorescence staining

All antibodies were purchased from Abcam, USA. E-Cadherin,
a-smooth muscle actin (a-SMA), and collagen I expression
levels in A549 and MRC-5 cells were measured by immuno-
fluorescence assays. After 96 h of BLM treatment, the cells
were fixed in phosphate buffered saline (PBS) supplemented
with 4% paraformaldehyde and 0.3% Triton-X100 for 15 min
and incubated in 1% bovine serum albumin for 1 h to prevent
nonspecific binding. Subsequently, the cells were rinsed with
PBS and incubated overnight along with the following primary
antibodies: mouse anti-human E-cadherin (no. ab1416), rabbit
anti-a-SMA (no. ab5694), and rabbit anti-collagen I (no.
ab34710), each at a 1 : 200 dilution. On the following day, the
cells were rinsed with PBS (3 x 5 min) and incubated with an
appropriate IgG matched secondary antibody at a dilution of
1:200 for 1 h. Immunofluorescence images were acquired
using an A1RSi confocal microscope (Nikon Instruments,
Tokyo, Japan).

Cell apoptosis assay

After staining with DAPI (Roche Reinach, Switzerland), nuclei
size was measured to determine cell apoptosis.**** After treat-
ment with BLM for 48 and 96 h, A549 cells were washed three
times with PBS and fixed in 4% paraformaldehyde for 15 min at
room temperature. Subsequently, the cells were incubated with
DAPI for 15 min at room temperature and photographed using
an A1RSi confocal microscope.

;/x ;

The Microfluidic Device

Fig. 2 Generation of an alveolar cavity-like structure and culturing of
fibroblasts and macrophages within a 3D ECM: (1) plug a, ¢, d, f, fill the
middle channel; (2) open ¢, f, fill the right channel (the interstitial
channel); (3) plug c, f, open a, d, and then fill the left channel (the
epithelial channel); (4) rotate the device to 90°, remain the left channel
on the up, and line the channel with cells. Notes: a—c and d-f
represent the inlets and outlets of the microfluidic device, respectively.
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Migration assay

Before using the epithelial channel in our experiments, we first
performed a diffusion study with FITC-dextran (10 kDa) (Sigma,
St. Louis, MO, USA). Fluorescence microscopy indicated that
FITC-dextran gradually diffused into the hydrogel, spreading
toward the right channel after 1 h and forming a stable
concentration gradient (ESI Fig. S17), confirming a stimulus
mediated directional cell response towards chemoattractant
gradients in the hydrogel.

Experiments were performed using cultured cells under
normal conditions for 24 h. A gradient was formed by adding
20 ug mL~ " BLM (NIPPON KAYAKU Co, Japan) to the epithelial
channel and maintained for a total of 96 h. Under different
conditions, MRC-5/macrophages migration were observed by
time-lapse microscopy and quantified by cell tracking based on
image analysis techniques.

Enzyme linked immunosorbent assay (ELISA)

Tumor growth factor-B1 (TGF-B1) ELISA kits were purchased
from Abcam, USA (no. ab100647). All reagents, samples, and
standards were prepared by strictly following the manufac-
turer's instructions. Briefly, the supernatant collected from
channels were added to each well. Following incubation, the
plate was washed and biotin-conjugated anti-TGF-Bf1 antibody
was added to the appropriate wells. The plate was again incu-
bated and washed followed by the addition of streptavidin HRP
conjugated to the appropriate wells. The plate was incubated at
room temperature and then washed. The tetramethylbenzidine
(TMB) substrate was then added to each well. Finally, a stop
solution was added to each well and the plates were immedi-
ately read at 450 nm by Microplate Reader (Thermo Scientific,
USA).

Statistical analysis

All data are expressed as mean =+ standard deviation (SD). For
immunofluorescence and migration analyses, quantitation was
performed using Imaris 8.0 software (Bitplane, Zurich, Swit-
zerland). Statistical data analysis was performed based on
Student's ¢ test and ANOVA analysis using SPSS 13.0 software
(SPSS, Chicago, IL, USA). A P value < 0.05 was considered
statistically significant.

.
ECM “Oy MRC-5 cells
< AS549 cells “ Macrophages
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Results
Construction of a 3D co-culture microfluidic device

We designed a microfluidic device consisting of three channels.
A549 cells, MRC-5 cells, and macrophages were loaded into the
left and right channels while the interface was filled with ECM
as described earlier (Fig. 2). Interestingly, the A549 cells grew
into a 3D cavity and the device facilitated the formation of
a cavity-like structure from multiple cells. The right channel,
consisting of fibroblasts (MRC-5) and macrophages, recapitu-
lated the in vivo pulmonary interstitium microenvironment.
After culturing the three types of cells in the device for 48 hour
analysis demonstrated evidence of cell growth within the
microfluidic device (Fig. 3).

Morphology and apoptosis of A549 cells

We observed pathological changes to epithelial cells in the co-
culture after treatment with BLM. Treatment with 20 pg mL ™"
BLM for 4 days caused time-dependent morphological changes
in A549 cells, whereas a control group of A549 cells maintained
the classic cobblestone morphology and growth pattern
(Fig. 4A). Table 1 reports the changes in area (um?) and
roundness of A549 cells. In agreement with the morphological
data, our immunofluorescence results showed an increased
expression of a-SMA and a decreased expression of E-cadherin
in the BLM-treated group (Fig. 4B-C). Specifically, the
apoptosis rate of A549 cells treated with BLM (20 pg mL )
significantly increased in a time-dependent manner (Fig. 5).

Activation of fibroblasts

We next investigated if BLM induces fibroblast activation in
vitro. We added 20 ug mL~"' BLM into the microfluidic co-
culture system to obtain a stable concentration gradient.
Fibroblasts (MRC-5) and macrophages responses were recorded
using an inverted confocal microscope over a period of 96 h
(Fig. 6A). We observed that both MRC-5 and macrophages
moved toward the epithelial channel where the concentration of
BLM was the highest (Fig. 6B-C; ESI Video S17). This migratory
behavior was significant after 48 h treatment with BLM. Inter-
estingly, BLM treatment of the A549/MRC-5 co-culture (without
macrophages), significantly increased MRC-5 migration, but

300 um

Fig.3 Construction of epithelial—interstitial cell co-cultures. (A) [llustration of epithelial—interstitial cell co-cultures (B) visualization of cells in the
co-culture in the microfluidic device after seeding for 48 h, as evidenced after staining with CellTracker Green CMFDA (A549), CellTracker Red
CMTPX (MRC-5), and CellTracker Deep Red Dye (Macrophages). Note: scale bar represents 300 um. The coronal section of the microfluidic
device (A and B). Abbreviations 3D, three-dimensional; ECM, extracellular matrix.
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Fig. 4 BLM-induced morphological changes in epithelial cells. (A) Incubation of co-cultures with 20 pg mL™! BLM at different time points. (B)
Expression of E-cadherin and a-SMA in A549 cells treated with BLM for 96 h. (C) Quantification of fluorescence intensity is shown for the two
proteins. Notes: magnification, 100, scale bar represents 30 um (A); green: E-cadherin, red: a.-SMA, blue: cell nuclei, scale bar represents 200
um (B); data are plotted as average + SD from three separate experiments (C). Abbreviations: BLM, bleomycin.

did not significantly affect migratory behavior in the MRC-5/
macrophages co-culture (without A549) after treatment with
BLM (Fig. 6B-C). Consistent with our migratory data, our
immunofluorescence staining of activation-related markers of
fibroblasts showed an increased expression of myofibroblast

Table 1 Morphological changes in A549 cells after incubation with
BLM (20 pg mL™?) for 24, 48 or 96 h®

Sample Time, h  Area (um?) Roundness
Control 24 116.90 + 23.15 0.61 £ 0.13
48 109.60 + 25.92 0.61 £ 0.13
96 94.30 £ 27.07 0.64 £ 0.14
BLM (20 pgmL™Y) 24 192.50 + 25.79% 0.50 + 0.11%
48 283.00 + 24.22%* 0.40 + 0.08**
96 303.00 £ 21.93*** 0.25 £+ 0.12%**

“ Notes: Imaris software was used to randomly read ~20 cells per image.
Mean values + SD are presented. (*P < 0.05, **P < 0.01, ***P < 0.001).

42742 | RSC Adv., 2017, 7, 42738-42749

markers (o-SMA) and collagen I in BLM-treated A549/MRC-5/
macrophages co-culture compared to the BLM-treated MRC-5/
macrophages co-culture. Of note, the collagen I deposition
was significantly closer to the left channel where epithelial cells
were injured (Fig. 7).

TGF-B1 levels in BLM-treated co-culture

BLM treatment of A549/MRC-5/macrophages, A549/MRC-5 co-
culture and A549 supernatants for 96 h significantly increased
the TGF-B1 concentration compared to the control (P < 0.001)
as determined by ELISA analysis. However, TGF-B1 levels did
not increase in the BLM-treated MRC-5/macrophages co-culture
compared to normal co-cultures (Fig. 8).

Discussion

Epithelial/fibroblastic cross-talk disorder is highly correlated
with the development of pulmonary fibrosis, which is

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 BLM-induced apoptosis in A549 cells. (A) A549 cells were
incubated with 20 pg mL~! BLM at different time points. Representa-
tive images of DAPI-stained nuclei are shown. (B) Quantification of
apoptosis in BLM-treated A549 cells. Notes: magnification, 200x, and
scale bar represents 30 um (A); data are plotted as average + SD from
three separate experiments, **P < 0.01, ***P < 0.001 vs. 0 h group (B).
Abbreviations: BLM, bleomycin.

characterized by successive events: insults and stimulation
provoke epithelial damage. Injured epithelial cells release
factors inducing fibroblasts activated, they transform into
myofibroblasts that secrete extracellular matrix (ECM) compo-
nents (e.g. collagen I) and migration/proliferation toward the
injured epithelium through the ECM in an attempt to repair the
damaged epithelium instead of appropriate re-epithelialization.
However, no model exists that can visualize the process. For
example (1) the use of commercially available two-dimensional
(2D) platforms (e.g. Transwell) upon which epithelial cells can
be cultured at the bottom, and fibroblasts can be cultured on
the top is widely practiced. Although information regarding
epithelial-interstitial cellular interaction can be identified
using these methods, the 2D platforms fail to represent the
cellular microenvironment seen in vivo (e.g. fibroblasts should
be thrive within the 3D environment of ECM), and also in which
inflammatory/immune cells could not be included; (2)
improved tissue organization can be promoted by growing cells
in three dimensional ECM gels to provide more in vivo-like cell
morphology, function and intercellular interactions enabling
greater resemblance to physiological conditions.**** However,
they do not to construct efficient tissue interface models that
recapitulates the specific structural and cellular architecture of
tissue-tissue interface between the epithelium and neighboring
interstitial tissues (e.g. encapsulating epithelial cells whose
primary function is monolayer barrier formation could be
counterintuitive), nor do they permit observation of dynamic
pathologic changes (e.g. migration of cells) that are required for
the development of meaningful models for effectively mimic

This journal is © The Royal Society of Chemistry 2017
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complex disease processes and drug responses. Thus we
developed a microfluidic cell co-culture device that simulates
the epithelial/interstitial environment and mimics the patho-
genesis of BLM-induced pulmonary fibrosis.

First, we developed a 3D epithelial-interstitial tissue inter-
face in a microfluidic device (Fig. 1-3). This device is small-
scale, convenient, and significantly enhances the physiological
relevance of in vitro tissue microenvironment, allowing for the
incorporation of different cell types in vivo. Epithelial cells,
fibroblasts, and macrophages were cultured in parallel chan-
nels to mimic the in vivo epithelial-interstitial tissue interface
of the lung. The middle channel was filled with ECM and it
linked the two side channels to allow easy visualization of cell
migration without interference of gravitational force. As shown
in Fig. 1D, epithelial cells formed an intact monolayer lining the
fibronectin-coated channel, representing the alveolar space and
alveolar wall (left channel); fibroblasts and macrophages
cultured within the 3D ECM mimicked the microenvironment
of the lung interstitium (right channel). Culture medium
treated with BLM flowed from the left channel to the right
channel, which induced paracrine communication between the
cell types. Thus, our disease model demonstrated that BLM
induces epithelial injury and phenotype changes, as well as
migration of fibroblasts and macrophages with a significantly
higher expression of a-SMA and deposition of ECM (collagen I).

In the first set of experiments, we studied the changes in
alveolar epithelium after BLM treatment. Our results showed
that BLM induced morphological changes in A549 cells in
a time-dependent manner, evidenced by the presence of
cuboidal cells and reactive large and elongated epithelial cells.
Consistent with this morphological data, immunofluorescence
studies showed that BLM treatment increased o-SMA expres-
sion and decreased E-cadherin expression in A549 cells, sug-
gesting that epithelial properties (e.g. cellular morphology and
adhesiveness) were changed (Fig. 4). Moreover, we observed
BLM-induced apoptosis in epithelial cells (Fig. 5), which is
characteristic of the changes in the alveolar epithelium under
IPF.*® Activation of fibroblasts is a central wound-healing
response in the lung. In addition, fibroblast activation is asso-
ciated with an accelerated clinical course, since fibroblast che-
moattractant activity in the air space of individuals with IPF has
been previously reported.””?® Although the activation of inter-
stitial cells has been extensively studied, several issues,
including the migratory behavior of fibroblasts and the rela-
tionship between migration and epithelial injury, remain
unclear. The present study has constructed a microfluidic co-
culture device that simulates the -cavity-like structure of
pulmonary alveoli and the interstitial environment and also
facilitates a real-time observation of the migratory behavior of
fibroblasts (MRC-5) and macrophages, both spatially and
temporarily. Quantification of cellular migration after treat-
ment of co-cultures with BLM for 96 h showed that fibroblasts
moved through the ECM toward the epithelial channel, caused
by epithelial injury (Fig. 6) as evidenced by increased expression
a-SMA and continued ECM production (collagen I) compared to
healthy co-cultures (Fig. 7). These findings confirm that fibro-
blasts are activated in response to epithelial injury. A similar
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migratory behavior was also observed in macrophages (Fig. 6C),
suggesting that inflammation and fibroblast activation occurs
following the initial lung injury. Interestingly, fibroblast
migration and activation also occured in the absence of
macrophages (A549/MRC-5 co-culture), suggesting that fibrotic
changes could occur both in the presence and the absence of
inflammatory cells, indicating that a fibrotic response is
possible without inflammation. Therefore, fibrosis may not be
driven by inflammation alone. Research has also suggested that
an active inflammatory response is not a strict prerequisite for
IPF,”” which is supported by the fact that most patients with IPF
do not respond to anti-inflammatory drugs."*® However, fibro-
blast and inflammatory cells (MRC-5/macrophages) in our co-

42744 | RSC Aadv., 2017, 7, 42738-42749

culture system treated with BLM did not undergo migration
(Fig. 6C), confirming our hypothesis that migration occurs
primarily in response to epithelial injury, which partly explains
the pathogenesis of most interstitial lung diseases.

To further study this pathological process, we performed
ELISA to measure TGF-B1, a key driver of cell differentiation,
apoptosis, and ECM production in pulmonary fibrosis.>® In
agreement with our data related to fibroblast activation, TGF-B1
levels significantly increased level in the BLM-treated co-
cultures with or without inflammatory cells compared to
healthy co-cultures. However, the level of TGF-f1 in BLM-
treated co-cultures without epithelial cells was similar to that
of healthy co-cultures (Fig. 8), suggesting that type II alveolar

This journal is © The Royal Society of Chemistry 2017
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epithelial cells might be the primary source of TGF-B1 synthesis.
Khalil et al. reported similar findings.**** Two important
interpretations can be derived from our study: first, alveolar
epithelial injury appears to be responsible for the release of
TGF-B1, and second, fibroblasts might be activated in response
to the release of TGF-B1 from injured epithelial cells. Therefore,
we conclude that, the release of TGF-f1 promotes alveolar
epithelial/fibroblastic cell cross-talk disorder.

A potential limitation of our study is that the pulmonary
alveolar epithelial (A549) cells used in our experiments were
isolated from a lung tumor, and therefore these cells might not
fully recapitulate the critical characteristics of a healthy alveolar
epithelium in vivo. Addressing this challenge directly would
require reproducing these experiments with primary human
alveolar epithelial cells, but long-term culturing of these
primary cells while maintaining physiological functions and
proliferative capacity in vitro is not yet possible.

In conclusion, our co-culture system recapitulates the critical
pathological changes characteristic of pulmonary fibrosis,
including injury and morphological changes of epithelial cells,
activation of interstitial cells, and up-regulation of TGF-B1
production, underscoring the utility of our microfluidic co-

RSC Adv., 2017, 7, 42738-42749 | 42745
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culture device as a useful model for studying BLM-induced
fibrosis. This study strongly suggests that the fibrotic process
is orchestrated by a complex exchange of paracrine signals
among various cell types involved in the wound healing
response. However, a more refined understanding of this cross-
talk phenomenon is necessary to extend the scope of this plat-
form into the future. For example, the device could include
more cell types involved with pulmonary fibrosis. Moreover, our
device presents the potentiality for the tests for screening of
fibrogenic agents, disease modeling, and academic and phar-
maceutical research within the fields of lung biology.

Results and discussions

Epithelial/fibroblastic cross-talk disorder is highly correlated
with the development of pulmonary fibrosis, which is charac-
terized by successive events: insults and stimulation provoke
epithelial damage. Injured epithelial cells release factors
inducing fibroblasts activated, activated fibroblasts transform
into myofibroblasts that secrete extracellular matrix (ECM)
components (e.g. collagen I) and migration/proliferation toward
the injured epithelium through the ECM in an attempt to repair
the damaged epithelium instead of appropriate re-
epithelialization. However, no model exists that can visualize
the process. For example (1) the commercially available two-
dimensional (2D) platforms (e.g. Transwell) fail to represent
the cellular microenvironment seen in vivo (e.g. fibroblasts
should be thrive within the 3D environment of ECM), and also
in which inflammatory/immune cells could not be included; (2)
traditional 3D culture by growing cells in three dimensional
ECM gels*** could not to construct efficient tissue interface
models that recapitulates the specific structural and cellular
architecture of epithelial-interstitial interface (e.g. encapsu-
lating epithelial cells whose primary function is monolayer
barrier formation could be counterintuitive), nor do they permit
observation of pathologic changes (e.g. migration of cells) that
are required for the development of meaningful models for
effectively mimic complex disease processes and drug
responses. Thus we developed a microfluidic cell co-culture
device that simulates the epithelial/interstitial environment
and mimics the pathogenesis of BLM-induced pulmonary
fibrosis.

Mimicking the human epithelial-interstitial interface on
a chip

In vivo, the human epithelial-interstitial interface consists of
epithelium and interstitial cells separated by the ECM. Thus, we
designed a microfluidic device consisting of three channels
(Fig. 1A-B). A549 cells, MRC-5 cells and macrophages were
loaded into the left and right channels while the middle
channel was filled with ECM as described previously, and it
linked the two side channels to allow easy visualization of cell
migration without interfering of gravitational force (Fig. 2).
Interestingly, epithelial cells formed an intact monolayer lining
the fibronectin-coated channel in the left channel, representing
the alveolar space and alveolar wall. It is noted that the device
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View Article Online

Paper

also facilitated the formation of a cavity-like structure from
multiple cells with this simple manipulations. The right
channel, consisting of fibroblasts and macrophages cultured
within the 3D ECM, mimicked the microenvironment of the
lung interstitium (Fig. 3A). Culture medium flowed from the left
channel to the right channel, which induced paracrine
communication between the cell types. After culturing the three
types of cells in the device for 48 hours, the analysis provided
evidence of cell growth within the microfluidic device (Fig. 3B).
This device is small-scale, convenient, and significantly
enhances the physiological relevance of in vitro tissue micro-
environment, allowing for the incorporation of different cell
types in vivo.

Pathological changes to epithelial-interstitial interface under
bleomycin treatment

1. Morphology and apoptosis of A549 cells. In the first set
of experiments, we studied the changes in alveolar epithelium
after BLM treatment. We found that treatment with 20 pg mL ™"
BLM for 4 days caused time-dependent morphological changes
in A549 cells, whereas a control group of A549 cells maintained
the classic cobblestone morphology and growth pattern
(Fig. 4A). Table 1 reports the changes in area (um?) and
roundness of A549 cells. In agreement with the morphological
data, our immunofluorescence results showed an increased
expression of a-SMA and a decreased expression of E-cadherin
in the BLM-treated group (Fig. 4B-C), suggesting that epithe-
lial properties (e.g. cellular morphology and adhesiveness) have
been changed. Moreover, we observed BLM-induced apoptosis
in epithelial cells by staining cell nucleus with DAPI. As
shown in Fig. 5, the apoptosis rate of A549 cells treated with
BLM (20 pg mL ') significantly increased in a time-dependent
manner, which is characteristic of the changes in the alveolar
epithelium under IPF.*® These results showed that the BLM
treatment could induce epithelial injury (apoptosis) and might
potentially affect the epithelial functions.

2. Activation of fibroblasts. Activation of fibroblasts is
a central wound-healing response in the lung. In addition,
fibroblast activation is associated with an accelerated clinical
course, since fibroblast chemoattractant activity in the air space
of individuals with IPF has been previously reported.’”?®
Although the activation of interstitial cells has been extensively
studied, several issues including the migratory behavior of
fibroblasts and the relationship between migration and
epithelial injury, remain unclear. Thus, we next investigated
whether BLM induces fibroblast activation in vitro by the
microfluidic co-culture device. We added 20 ug mL ™" BLM into
the microfluidic co-culture system to obtain a stable concen-
tration gradient. Fibroblasts (MRC-5) and macrophages
responses were recorded, both spatially and temporarily, using
an inverted confocal microscope over a period of 96 h (Fig. 6A).
We observed that in the A549/MRC-5/macrophages co-culture,
MRC-5 moved towards the epithelial channel where the
concentration of BLM were the highest (Fig. 6B-C; ESI Video
S1t), caused by epithelial injury as evidenced by increased
expression of fibroblast activation-related markers («-SMA) and

This journal is © The Royal Society of Chemistry 2017
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lasting ECM production (collagen I) compared to healthy co-
cultures (Fig. 7). These findings confirm that fibroblasts are
activated in response to epithelial injury. A similar migratory
behavior was also observed in macrophages (Fig. 6C), suggest-
ing that inflammation also occurs following the initial lung
injury. Interestingly, BLM treatment of the A549/MRC-5 co-
culture (without macrophages) also significantly increased
MRC-5 migration, but did not significantly affect migratory
behavior in the MRC-5/macrophages co-culture (without A549)
after treatment with BLM (Fig. 6B-C). Consistent with our
migratory data, our immunofluorescence staining results
showed an increased expression of a-SMA and collagen I in
BLM-treated A549/MRC-5/macrophages or A549/MRC-5 co-
culture compared to the BLM-treated MRC-5/macrophages co-
culture. It can be noted that the collagen I deposition was
significantly closer to the left channel nearby epithelial cells
were injured (Fig. 7). We could learn two points from above
findings: (1) fibroblast migration and activation also occured in
the absence of macrophages (A549/MRC-5 co-culture), sug-
gesting that fibrotic changes could occur both in the presence
and the absence of inflammatory cells, indicating that a fibrotic
response is possible without inflammation. Therefore, fibrosis
may not be driven by inflammation alone. Research has also
suggested that an active inflammatory response is not a strict
prerequisite for IPF,*” which is supported by the fact that most
patients with IPF do not respond to anti-inflammatory drugs."**
(2) Fibroblast and inflammatory cells (MRC-5/macrophages) in
our co-culture system treated with BLM did not undergo
migration (Fig. 6C), confirming our hypothesis that migration
occurs primarily in response to epithelial injury, which partly
explains the pathogenesis of most interstitial lung diseases.

3. TGF-B1 levels in BLM-treated co-culture. To further
study this pathological process, we performed ELISA to measure
TGF-B1, a key driver of cell differentiation, apoptosis, and ECM
production in pulmonary fibrosis.** In agreement with our data
related to fibroblast activation, after 96 h treatment, BLM
treatment of A549/MRC-5/macrophages, A549/MRC-5 co-culture
and A549 supernatants for 96 h significantly increased the TGF-
B1 concentration compared to the control (P =< 0.001). However,
TGF-B1 levels did not increase in the BLM-treated MRC-5/
macrophages co-culture compared to normal co-cultures
(Fig. 8). In other words, TGF-B1 levels significantly increased
in the BLM-treated co-cultures with or without inflammatory
cells and BLM-treated A549 alone compared to healthy
co-cultures. However, the level of TGF-f1 in BLM-treated
co-cultures without epithelial cells was similar to that of
healthy co-cultures, suggesting that type II alveolar epithelial
cells might be the primary source of TGF-B1 synthesis. Khalil
et al. reported similar findings.*>** Two important interpreta-
tions can be derived from our study: first, alveolar epithelial
injury appears to be responsible for the release of TGF-B1.
Secondly, fibroblasts might be activated in response to the
release of TGF-B1 from injured epithelial cells. Therefore, we
conclude that, the release of TGF-f1 promotes alveolar
epithelial/fibroblastic cell cross-talk disorder.

A potential limitation of our study is that the pulmonary
alveolar epithelial (A549) cells used in our experiments were
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isolated from a lung tumor, and therefore these cells might not
fully recapitulate the critical characteristics of a healthy alveolar
epithelium in vivo. Addressing this challenge directly would
require reproducing these experiments with primary human
alveolar epithelial cells, but long-term culturing of these
primary cells while maintaining physiological functions and
proliferative capacity in vitro is not yet possible.

In conclusion, our co-culture system recapitulates the critical
pathological changes of pulmonary fibrosis, including injury
and morphological changes of epithelial cells, activation of
interstitial cells, and up-regulation of TGF-f1 production,
underscoring the utility of our microfluidic co-culture device as
a useful model for studying BLM-induced fibrosis. This study
strongly suggests that the fibrotic process is orchestrated by
a complex exchange of paracrine signals among various cell
types involved in the wound healing response. However, a more
refined understanding of this cross-talk phenomenon is
necessary to extend the scope of this platform in the future. For
example, the device could include much more cell types
involved with pulmonary fibrosis. Moreover, our device presents
the potentiality for the tests for screening of fibrogenic agents,
disease modeling, academic and pharmaceutical research
within the fields of lung biology.

Conclusion

In this study, we developed a microfluidic co-culture device to
monitor the fibrotic process via investigating epithelial-inter-
stitial cell communication. We observed cell apoptosis and
phenotypic changes in A549 cells accompanied by abnormal
levels of protein expression in the injury response. Our data
indicate that the epithelium sends paracrine signals to activate
interstitial cells, resulting in the migration of fibroblast and
inflammatory cells with a subsequent increase in ECM (collagen
I) deposition. Our device provides new insights into the complex
and dynamic interactions between epithelial and fibroblastic
cells. Our study confirms that epithelial injury is a source of
epithelial/fibroblastic cross-talk during BLM-induced fibrosis.
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