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Abstract

Interactions between lung epithelium and interstitial fibroblasts are increasingly recognized as playing a
major role in the progression of several lung pathologies, including cancer. Three-dimensional in vitro
co-culture systems offer tissue-relevant platforms to study the signaling interplay between diseased and
healthy cell types. Such systems provide a controlled environment in which to probe the mechanisms
involved in epithelial-mesenchymal crosstalk. To recapitulate the native alveolar tissue architecture, we
employed a cyst templating technique to culture alveolar epithelial cells on photodegradable
microspheres and subsequently encapsulated the cell-laden spheres within poly(ethylene glycol) (PEG)
hydrogels containing dispersed pulmonary fibroblasts. A fibroblast cell line (CCL-210) was co-cultured
with either healthy mouse alveolar epithelial primary cells or a cancerous alveolar epithelial cell line
(A549) to probe the influence of tumor-stromal interactions on proliferation, migration, and matrix
remodeling. In 3D co-culture, cancerous epithelial cells and fibroblasts had higher proliferation rates.
When examining fibroblast motility, the fibroblasts migrated faster when co-cultured with cancerous
A549 cells. Finally, a fluorescent peptide reporter for matrix metalloproteinase (MMP) activity revealed
increased MMP activity when A549s and fibroblasts were co-cultured. When MMP activity was
inhibited or when cells were cultured in gels with a non-degradable crosslinker, fibroblast migration
was dramatically suppressed, and the increase in cancer cell proliferation in co-culture was abrogated.
Together, this evidence supports the idea that there is an exchange between the alveolar epithelium and
surrounding fibroblasts during cancer progression that depends on MMP activity and points to potential
signaling routes that merit further investigation to determine targets for cancer treatment.
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1. Introduction

Lung cancer kills more people in the U.S. than any other type of cancer underscoring the need for better
treatments. To better understand and effectively treat lung cancer, the complexity of the tumor
microenvironment, needs to be considered. In particular, the influence of the physical cues together with
biochemical cues between cells in the lungs merits further investigation.

Given the three-dimensional architecture of alveolar tissue and tumor masses, more physiologically
relevant models must employ ECM mimics that support the growth and culture of 3D multicellular
tissue structures. While many techniques exist to form dense tumor spheroids (e.g., the hanging drop
method) [1,2], the cyst-like alveolus structure is notoriously difficult to achieve and manipulate in vitro
with primary alveolar epithelial cells, especially in synthetic ECM mimics. Recently, we demonstrated
the use of photolabile microspheres as templates for patterning hollow, spherical model alveoli within
peptide-modified poly(ethylene glycol) (PEG) hydrogels [3]. These hydrogels capture several key
features of the native ECM (e.g., high water content; lung tissue appropriate elasticity; enzymatically
degradable crosslinkers that enable local remodeling by cell-secreted proteases; introduction of integrin
binding sites, such as the fibronectin-derived RGDS sequence), with the added advantage of precise
user control over matrix properties (e.g., elastic modulus, scaffold geometry, tethered biochemical cues)
[4]. To complement this approach, our lab has also developed a PEG crosslinker that cleaves upon
exposure to selected light wavelengths (365-420 nm) under cytocompatible conditions. These materials
have been used to synthesize microspheres of discrete size ranges that are completely degradable upon
exposure to light, and have found applications for templating of multicellular cyst-like structures
(50-200 µm) [3,5,6]. In the work presented here, our cyst templating technique was used to create
model epithelial alveoli that were subsequently encapsulated in a PEG hydrogel laden with pulmonary
fibroblasts.

This approach allowed the culture of two distinct lung cell types in a platform that captures
physiological aspects, such as soft matrix modulus and 3D architecture, of the lung tissue to study the
effects of paracrine signaling. In cancer, paracrine signaling has been shown to be a key regulator in
tumor formation and invasion. As in many carcinomas, there appears to be a reciprocal exchange of
signals between pulmonary fibroblasts and epithelial-derived lung cancer cells. For example, alveolar
epithelium-derived adenocarcinoma cells increase α-SMA and matrix metalloproteinase production in
fibroblasts [7,8]. Fibroblasts also signal to back to epithelial cells. Cancer-associated fibroblasts (CAFs)
increase epithelial tumor proliferation, migration, and drug resistance [9,10]. Although in vitro co-
culture models have proven to be useful tools for studying such crosstalk between cell types, the
intricacies of epithelial-mesenchymal crosstalk during disease progression warrants further
investigation in 3D platforms that better mimic the in vivo physical cues surrounding these cells
[7,11–19].

Here, the results report on two types of epithelial cells: primary mouse alveolar epithelial cells to
represent a healthy epithelium and an adenocarcinoma cell line (A549) to represent lung tumor cellular
structures. These epithelial cells were co-cultured with a pulmonary fibroblast cell line (CCL-210)
using the 3D cyst templating technique. The co-cultured cells were analyzed for signs of disease
progression by measuring for proliferation, migration, and MMP activity. These measurements are
especially relevant in a 3D context in which cells need to interact with and degrade their matrix to
migrate and proliferate. Our goal was to test whether a diseased epithelium would influence the
surrounding fibroblasts by increasing their proliferation and migration, and whether these changes relate
to overall MMP activity. Interestingly, our results suggest a more complex feedback loop between
diseased and healthy cells, in which cancer cell proliferation is increased in the presence of healthy
fibroblasts.
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2. Materials and methods

2.1 Microsphere synthesis

Photodegradable microspheres [6] were formed by inverse suspension polymerization via base-
catalyzed Michael addition of a photodegradable diacrylate (PEGdiPDA; M ~4070 Da) with a
poly(ethylene glycol) tetrathiol (PEG4SH; M ~5000 Da). The PEGdiPDA was synthesized as
previously described [20], and PEG4SH was purchased from JenKem Technology. An aqueous phase
consisting of 6.9 wt% PEGdiPDA, 4.2 wt% PEG4SH, CRGDS peptide (1.5 mM final concentration),
300mM triethanolamine (Sigma-Aldrich) in pH 8.0 phosphate buffered saline (PBS, Sigma-Aldrich)
was pipetted and triturated twice into an organic phase comprised of 3:1 sorbitan monooleate (Span 80,
Sigma-Aldrich) and PEG-sorbitan monooleate (Tween80, Sigma-Aldrich) dissolved at 30 mg surfactant
per mL in hexanes (EMD Millipore). The aqueous droplet suspension was immediately stirred at a rate
of ~200 rpm with a 1cm magnetic stir bar in a 20 mL glass scintillation vial overnight, protected from
light. Polymerized particles were then retrieved via centrifugation and washed consecutively with
hexanes, isopropanol, and sterile phosphate-buffered saline (PBS).

Non-degradable, fluorescently labeled microspheres were used as a control and reference point for cell
tracking calculations in fibroblast migration experiments. Briefly, AlexaFluor-488 C  maleimide (Life
Technologies; <1 mM) was pre-reacted with PEG4SH for ~30 minutes in the dark. Poly(ethylene
glycol) diacrylate (PEGDA; M ~4000) was synthesized as previously described [21]. Fluorescently
tagged microspheres were synthesized as above with an aqueous phase consisting of 6.9 wt% PEGDA,
4.2 wt% AlexaFluor-488-labeled PEG4SH, 300 mM triethanolamine in pH 8.0 PBS.

2.2 Cell culture

A549 human adenocarcinoma cells (CCL-185, ATCC) were cultured in high glucose Dulbecco’s
modified Eagle’s medium (DMEM, Life Technologies); and human normal lung fibroblasts (CCL-210,
ATCC) were cultured in low glucose DMEM. All cell line growth medium was supplemented with 10%
fetal bovine serum (FBS, Life Technologies), 1% penicillin/streptomycin (Life Technologies), and 0.2%
fungizone (Life Technologies). Cells were cultured at 37 °C with 5% CO  and passaged until use in
experiments.

2.3 Primary ATII cell isolation

All procedures and protocols were reviewed and approved by the Animal Care and Use Committee at
the University of Colorado, Boulder. Primary mouse alveolar epithelial type II (ATII) cells were
isolated as previously described [22]. Briefly, FVB/NJ mice (6 weeks old) were obtained from The
Jackson Laboratories, immediately euthanized by CO  asphyxiation and the chest cavity was opened to
expose the heart-lung block. Sterile heparin was injected into the left ventricle and the inferior vena
cava was cut. The pulmonary vasculature was then flushed with 1% heparin in sterile PBS. The heart-
lung block was excised, and lung tissue was carefully dissected from the heart, trachea, and connective
tissue.

Lung tissue was minced and digested in 0.1% Type-1 collagenase (Worthington Biochemical) and 1
mg/mL DNase (Sigma) for 20 minutes at 37°C. Trypsin (Fisher, 0.01% final concentration) was then
added and the solution was incubated for another 20 minutes at 37°C. A solution containing 1mg/mL
trypsin inhibitor (Life Technologies) and 1 mg/mL DNase was added, and this final mixture was filtered
through 100 µm cell strainers and through a Nitex filter with 10 µm pore diameter. The filtered solution
was centrifuged for 5 minutes at 2000 rpm, and the resultant pellet was resuspended in DMEM/F-12
medium (Sigma). This cell suspension was added to tissue culture plates coated with IgG (11 mg/cm )
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2.6.1 Materials

and incubated for 1 hour at 37°C to separate immune cells from epithelial cells. Non-adherent cells
were recovered, centrifuged for 5 minutes at 2000 rpm, resuspended in 1:1 Dulbecco’s Modified Eagle
Medium:Nutrient Mixture F-12 (DEMEM/F12, Corning) supplemented with 10% FBS and 1%
antibiotic/antimitotic (Life Technologies), and counted. Cells were then centrifuged once more at 2000
rpm for 5 minutes and resuspended at 500,000 cells/mL in DMEM/F-12 medium supplemented with
10% FBS, 1% antibiotic/antimitotic, hepatocyte growth factor (HGF; R&D Systems; 50 ng/mL), and
Fibroblast Growth Factor 7 (FGF-7; Sigma; 10 ng/mL). Primary ATII cells were immediately used in
cyst experiments.

2.4 Microsphere seeding

A549 cells at 150,000 cells/mL or primary ATII cells at 500,000 cells/mL in appropriate growth
medium were combined with 40 µL of photodegradable microspheres (approximately 50,000
microspheres/mL) in an ultra-low adhesion 24-well plate (Corning). The seeding ratio was 76
cells/microsphere for the A549s and 253 cells/microsphere for the ATII cells. Plates containing pre-
cysts were incubated at 37°C with 5% CO  on an orbital shaker at 45 rpm. Prior to encapsulation in
hydrogel formulations, A549 pre-cysts were incubated for 18-24 hours and primary pre-cysts were
incubated for 3 days to allow for attachment and optimal microsphere coverage [3].

2.5 Cell labeling

For Click-it Plus EdU assays and co-culture migration experiments, fibroblasts were labeled with Cell
Tracker Green CMFDA (Life Technologies) per manufacturer’s instructions prior to encapsulation in
hydrogels. Fibroblasts were suspended in appropriate serum-free growth medium containing Cell
Tracker Green (10 µM final concentration) and incubated at 37°C for 30 minutes, after which they were
centrifuged and resuspended in PBS at 5 million cells/mL for encapsulation in hydrogels. For
fibroblast-only migration experiments, fibroblasts were labeled with Cell Tracker Red CMPTX (Life
Technologies, 20 µM final concentration) as above.

For co-culture migration experiments epithelial pre-cysts were stained with Cell Tracker Red CMPTX
(Life Technologies). Pre-cysts were carefully removed from 24 well plates after the appropriate
incubation period and allowed to settle by gravity. The supernatant was removed with a pipette.
Appropriate serum-free growth medium containing Cell Tracker Red (20 µM final concentration) was
added, and cells were incubated for 30 minutes at 37°C. Cell Tracker Red medium was removed, and
cysts were resuspended in PBS for encapsulation in hydrogels.

2.6 Gel formation/cell encapsulation

8-arm poly(ethylene glycol) norbornene (PEG-Nb M  ~40,000) and photoinitiator
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) were both synthesized as previously
published [23,24]. Briefly, 8-arm PEG-OH was reacted with 5-norbornene-2-carboxylic acid (16 eq. to
PEG-OH), N,N′-diisopropylcarbodiimide (16 eq. to PEG-OH), and 4-dimethylaminopyridine (1 eq. to
PEG-OH) in dichloromethane overnight on ice. The product was precipitated in cold diethyl ether,
dialyzed in deionized water, and lyophilized. An enzymatically-cleavable di-cysteine peptide
(KCGPQG↓IWGQCK) and an integrin-binding peptide (CRGDS) were purchased commercially from
American Peptide Company, Inc. A non-degradable di-cysteine peptide (KCGPQGI WGQCK)
containing the unnatural D isoform of isoleucine was synthesized using solid phase peptide synthesis on
a Tribute Protein Synthesizer (Protein Technologies) with a Rink Amide MBHA resin (Novabiochem),
as previously reported [25]. A quenched MMP-cleavable fluorogenic peptide substrate (Dabcyl-
GGPQG↓IWGQK-Fluorescein-AEEAcC) was synthesized using solid phase peptide synthesis as
described previously [26].
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2.6.2 Proliferation Gels

2.6.3 Migration Gels

2.6.4 MMP Sensor Peptide Gels

For Click-iT Plus EdU assays, 8-arm 40 kDa PEG-Nb (5 wt%) was combined
with dicysteine peptide crosslinker (degradable or non-degradable) (0.85:1 thiol:ene), CRGDS (1mM),
and LAP (0.05 wt%) in sterile PBS and mixed by vortex to form a gel precursor solution. The pH was
adjusted to 6.8-7.2 with sterile 0.1 M sodium hydroxide. A fibroblast cell suspension (final
concentration 1.6 million cells/mL) and/or epithelial cysts were then added to the gel precursor solution
and gently mixed with a pipette. 30 µL drops of this precursor solution were placed on Sigmacote-
treated glass slides and exposed to 365 nm light at ~2 mW/cm  for 3 minutes to initiate the radical-
mediated thiol-ene polymerization reaction. Each polymerized gel was then transferred to an untreated
24-well plate (Corning) with 1 mL of DMEM/F-12 growth medium supplemented with 10% FBS and
1% antibiotic/antimitotic and incubated at 37 °C with 5% CO . For MMP inhibition studies, 10 µM
GM6001 in DMSO (Santa Cruz Biotechnology) or 0.05% DMSO was added to the media.

For migration experiments, each well in a 24-well glass-bottomed plate (Greiner
Bio-One) was washed in 95% ethanol prior to surface functionalization with thiol groups in 0.5% (v/v)
(3-mercaptopropyl)trimethoxysilane in 95% ethanol (pH ~5.5) for 5 minutes. Each well was then
washed in 95% ethanol and allowed to air dry. To make the gel precursor solution, 8-arm 40kDa PEG-
Nb (3 wt%), di-cysteine MMP-degradable crosslinker (0.75:1), CRGDS (1 mM), and LAP (0.05 wt%)
in sterile PBS were combined and mixed by vortex. Sodium hydroxide (0.1 M) was used to adjust the
pH of the pre-cursor solution to 6.8-7.2. A fibroblast cell suspension (final concentration 1 million
cells/mL) and either epithelial cysts or fluorescently-labeled non-degradable microspheres were added
to the gel precursor solution and gently pipetted to mix. A 6 mm diameter circle was cut from square, 1
mm tall rubber gaskets with a biopsy punch. The gaskets were sealed to the bottom of the wells in the
thiolated 24-well glass-bottom plate and subsequently filled with 30 µL drops of the precursor solution.
To initiate the thiol-ene polymerization, the plate was exposed to 365 nm light at ~2 mW/cm  for 4
minutes. After polymerization, the rubber gaskets were carefully removed. To each of the wells,
DMEM/F-12 growth medium supplemented with 10% FBS and 1% antibiotic/antimitotic was added
and incubated at 37 °C with 5% CO . For MMP inhibition studies, 10 µM GM6001 (Santa Cruz
Biotechnology) was added to the media.

To evaluate MMP activity, single cell fibroblasts, epithelial cysts, or
fibroblast/cyst combinations were encapsulated in MMP degradable hydrogels containing a quenched
MMP-cleavable fluorogenic peptide substrate with the same sequence used to crosslink the hydrogels
(Dabcyl-GGPQG↓fWGQK-Fluorescein-AEEAcC), as described previously [26,27]. MMP sensor gels
consisted of 8-arm 40k PEG-Nb (5 wt%), di-cysteine MMP-degradable peptide crosslinker (0.85:1
thiol:ene), fluorogenic MMP sensor peptide (0.25 mM), CRGDS (1 mM), and LAP photoinitiator (0.05
wt%) in sterile PBS. The pH was adjusted to 6.8-7.2 with sterile, 0.1 M sodium hydroxide. A fibroblast
cell suspension (final concentration 1.6 million cells/mL) and/or epithelial cysts were then added to the
gel precursor solution and gently mixed with a pipette. Hydrogels were polymerized on top of thiol-
functionalized glass coverslips (12 mm, Fisher Scientific) to create a covalent linkage between the
hydrogel and the coverslip. Glass coverslips were flame cleaned and functionalized as previously
described via emersion in silane solution (0.5% (3-mercaptopropyl) trimethoxysilane (Sigma Aldrich))
in 95% ethanol/water, pH~5.5), rinsed in 95% ethanol in water, and dried. 50 µL of precursor solution
was pipetted into a rubber gasket with a 6 mm inner diameter centered on a coverslip. Gels were then
polymerized under 365 nm light at an intensity of ~2 mW/cm  for 3 minutes. Rubber gaskets were
removed and gels covalently attached to coverslips were placed into wells of a 24-well plate with 1 mL
DMEM/F-12 growth medium. Media was changed one hour after encapsulation to remove any excess
fluorogenic peptide, and samples were incubated for 22 to 46 hours after encapsulation. For MMP
inhibition studies, 10 or 100 µM GM6001 (Santa Cruz Biotechnology) or 0.5% DMSO was added to the
media.
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2.7 Microparticle template erosion

Gels containing fibroblasts and/or cysts were cultured for one day to allow cell attachment to the
encapsulating hydrogel. Following this 24-hour incubation period, all samples were exposed to 365 nm
light at ~10 mW/cm  for 15 minutes to cleave the photo-labile moiety in the microspheres and fully
erode the cyst templates. Gels were then incubated for ~1 hour at 37°C with 5% CO  before changing
growth medium. Growth medium was then exchanged daily until completion of each experiment
(between 1 and 5 days).

2.8 Click-iT EdU assay and quantifying proliferation

Three biological replicates of each cell combination were studied, and images of the proliferating nuclei
were quantified using MATLAB. Cell proliferation was detected using a Click-iT Plus EdU
AlexaFluor-594 imaging kit (Life Technologies). A copper-catalyzed covalent “click reaction” between
a picolyl azide on an AlexaFluor dye and an alkyne on the thymidine nucleoside analog, 5-ethynyl-
2′-deoxyuridine (EdU), allowed for fluorescent staining of proliferating nuclei. EdU was added to
growth media at a final concentration of 10 µM on day 1 (24 hours post encapsulation) or day 4 (96
hours post encapsulation). Samples were then incubated for 17 hours at 37°C with 5% CO  to allow for
EdU incorporation into DNA during active DNA synthesis, per manufacturer instructions. Samples
were then fixed with 4% paraformaldehyde in PBS on day 2 and day 5 for 15 minutes at room
temperature and washed in 3% bovine serum albumin (BSA) in PBS. Cells were permeabilized in 1%
TritonX-100 for one hour and washed with 3% BSA in PBS. Click-it Plus reaction cocktail containing
the AlexaFluor 594 dye was prepared as per manufacturer instructions, added to each sample, and
incubated for 3 hours at room temperature, rocking. Samples were then washed with 3% BSA in PBS.
Finally, nuclei were stained with DAPI (1:2000, Life Technologies) for one hour and washed in PBS.
All samples were imaged on a confocal microscope (Zeiss LSM 710) with a 20* water-dipping
objective (Plan Appochromat; NA = 1.0). Image stacks (10 per condition) were taken from the top to
bottom of individual cysts, or in the center of the gel for fibroblast-only conditions (z step = 10 µm,
average stack size ~500 µm).

For quantification, four categories of cell nuclei were counted using MATLAB: fibroblast nuclei,
epithelial nuclei, proliferating fibroblast nuclei, and proliferating epithelial nuclei. TIFF images of each
z-slice in each of three channels: DAPI, AF-594, and Cell Tracker Green, were created in Image-J and
processed in MATLAB. Separate masks were made of objects (nuclei) in the DAPI channel and
AlexaFluor 594 channels, and objects were dilated by two pixels with a Disk Structuring Element. The
mean intensity within each dilated object in the Cell Tracker Green channel was evaluated. Objects with
a mean intensity above a given threshold were counted as fibroblasts; if the mean intensity fell below
this threshold, the object was counted as an epithelial cell. Cell nuclei centroids were tracked and
checked for their appearance in successive slices to account for double counted nuclei. Double counts
were subtracted to give final cell counts and the percent of proliferating cells. Object counts were
pooled from all ten image stacks, and the mean percent positive for EdU was calculated from three
biological replicates. Statistical analysis was performed using two-way ANOVA followed by
Bonferroni posttests. All error bars represent standard error of the mean (SEM).

2.9 Tracking cell migration

The 3D migration of fibroblasts in co-culture hydrogels was observed with an Operetta High Content
Imaging System (Perkin Elmer) using Harmony High Content Imaging and Analysis software (Perkin
Elmer) for automated image collection in real-time. As mentioned previously, co-culture hydrogels
were formed and allowed to swell for 24 hours before cyst templates were eroded and fresh growth
medium was introduced. During each experiment, the 10x long WD objective was used with the optical
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model set to confocal. Two channels, AlexaFluor 594 and AlexaFluor 488, were selected and exposure
times were adjusted for each experiment. The layout selection for the images taken in each well was
defined as nine fields of view in a 3×3 square in the center of the well. 400 µm z-stacks beginning at a
height of 25 µm from the glass surface were collected for each image. Images were taken at 30-minute
intervals for 24 hours. A live cell chamber was used to maintain the temperature at 37 °C and 5% CO .

Fibroblast migration in 3D was analyzed with Volocity 3D Image Analysis Software (Perkin Elmer).
The protocol tracked the fibroblasts in the appropriate channel (AlexaFluor 488 for cyst co-cultures,
AlexaFluor 594 for fibroblast-only gels) within a spherical region of interest (ROI) around a cyst or
microsphere with a radius of 125 µm greater than the object. This radius was chosen to limit ROI
overlap between neighboring cysts/microspheres, which were spaced about 250 µm apart, on average.
Either the epithelial cyst in the AlexaFluor 594 channel or the microsphere in the AlexaFluor 488
channel was tracked as a single object to be used as a reference point. The centroids of the tracked
reference point and fibroblasts were exported for subsequent analysis in MATLAB to determine cell
speeds, displacements, directionality, and the percent of migrating cells. To compensate for drift in each
ROI analyzed, the fibroblast centroid data was normalized to the corresponding tracked reference point.
Fibroblast speeds were calculated as the average of the individual speeds between subsequent time
points on the cell path. Displacement (distance between start and end points) was used to determine if a
fibroblast was migrating towards or away from a cyst, where a positive displacement was traveling
towards a cyst and negative displacement was traveling away from a cyst relative to the centroid of the
cyst. The directionality (displacement/total distance traveled) was a measure of the straightness of a cell
path analogous to persistence time, with values close to 1 indicating a perfectly linear path [28]. The
fraction of migrating cells was defined as the number of fibroblasts migrating divided by the total
number of fibroblasts tracked, where a cell was deemed migrating if the maximum distance away from
the starting position was greater than one cell body length (15 µm) at any point during the 24 hour
period, a criterion used in previous migration studies [28]. Statistical analysis was performed using the
Kruskal-Wallis test followed by Dunn’s Multiple Comparison test. All error bars represent standard
error of the mean (SEM).

2.10 Quantification of MMP activity and metabolic activity

After 22 or 46 hours post-encapsulation, 10% PrestoBlue (Invitrogen) was added to each well to detect
metabolic activity. Two hours later, fluorescence intensity readings were conducted using a Synergy H1
microplate reader (BioTek) at 560 nm excitation/590 nm emission for PrestoBlue, and 494 nm
excitation/521 nm emission for the fluorogenic peptide. After fluorescence readings, cells were
immediately fixed with 4% PFA for 15 minutes and washed thrice with PBS. Cells were then stained
with Hoechst (1:1000, ThermoScientific) for 1 hour and subsequently washed with PBS.

Gels were imaged using an Operetta High Content Imaging System (Perkin Elmer) using Harmony
High Content Imaging software, with the 10X long WD objective in confocal mode. 300 µm z-stack
images were taken (31 images 20µm apart) in 9 fields of view for each gel. Harmony Analysis software
was then used to count cell nuclei. Fluorogenic peptide signal (MMP activity) and PrestoBlue signal
(metabolic activity) were each normalized to cell number. Statistical analysis was preformed using two-
way ANOVA with Bonferroni posttests. Error bars represent standard error of the mean (SEM).

3. Results

Using a previously developed cyst-forming technique [3], a 3D co-culture system for lung cells was
created with alveolar epithelial cysts embedded in a synthetic polymer hydrogel and surrounded by low-
density pulmonary fibroblasts (Fig. 1). This in vitro culture system enabled us to probe cellular behavior
in response to co-culture with a diseased cell type in the appropriate structural context in an attempt to
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elucidate the role of epithelial-mesenchymal crosstalk in disease progression. To accomplish this goal,
three cell types were used: healthy alveolar epithelial cells (primary mouse cells), lung tumor epithelial
cells (A549 cell line), and pulmonary fibroblasts (CCL-210 cell line). While the primary epithelial cells
attached and spread to form single-cell layers on the microsphere templates, the cancerous A549 cells
tended to form multilayered structures either on the microspheres or as detached aggregates, both of
which were embedded in the encapsulating hydrogel. Therefore, the A549 results presented here
include both the cyst-like structures, as well as the higher density aggregates, with no significant
differences found between the two structure types in the assays studied here. We believe that this
phenomenon is relevant to the tumor structures found in cancer progression, and many of the 3D model
systems presented in the literature make use of tumor spheroids [1,7,15,29]. The advantage with the
presented co-culture system is that we can study both normal alveolar epithelial cells in their native
tissue structure, as well as tumor aggregates, and how they respond in the presence of fibroblasts
distributed around the epithelial surface.

Fig. 1

Cross-sectional schematic of the co-culture set-up. (i) Epithelial cells (red) were incubated on an orbital
shaker with photodegradable microspheres (orange) containing RGDS peptides to allow for cellular
attachment to the surface of the microsphere. (ii) Pre-cysts were co-encapsulated with a single cell
suspension of fibroblasts (green) in a poly(ethylene glycol) (PEG) hydrogel (blue) containing pendant
RGDS for cell adhesion and an enzymatically-degradable peptide crosslinker to allow for local matrix
remodeling. (iii) One day after encapsulation, cytocompatible 365 nm light at ~10 mW/cm  for 15 minutes
was applied to completely erode the microsphere templates, leaving a shell of epithelial cells surrounding a
liquid-filled lumen. (iv) Cells were cultured for 1-5 days before being analyzed for proliferation, migration,
or protease activity. In this confocal image slice, normal fibroblasts labeled with Cell Tracker Green were
co-cultured with primary epithelial cells, which were subsequently stained for an alveolar epithelial type 1
(ATI) phenotype marker. Green = Cell Tracker (fibroblasts), Blue = DAPI (nuclei), Red = T1α (ATI).

3.1 Proliferation

Since cancer is characterized by unchecked cell division, we aimed to determine changes in cell
proliferation using our co-culture model. Here, we used a commercially available fluorescent EdU assay
to measure the proliferation of each cell type after a 17-hour incubation period initiated on days 1 and 4
post-encapsulation. Days 1 and 4 were both measured to account for changes in proliferation over time.
Automated analysis of confocal image slices (Fig. 2A) was performed to quantify the percent of nuclei
positive for EdU.

2
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Fig. 2

Click-iT Plus EdU proliferation assay. (A) Example confocal image slices used for automated nuclei
counts. Each object found in the blue and red channels was measured for mean intensity in the green
channel, and objects above a certain threshold were counted as fibroblasts. (i) Blue = DAPI (all nuclei). (ii)
Red = EdU (proliferating nuclei). (iii) Green = Cell Tracker (fibroblasts). (iv) Merged image of previous
three channels. (B) Plots depict percent of nuclei positive for EdU at the two time points in monoculture
and both co-cultures, separated by cell type. Results are presented as means ± SEM of three biological
replicates of each condition. *p < 0.05, **p < 0.01, ***p < 0.001

The results for both healthy and cancerous epithelial cell types demonstrated a significant decrease in
proliferation between day 1 and day 4, whether alone or in co-culture with fibroblasts (Fig. 2B). This
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could be a result of increased cell number causing increased cell-cell contact thereby preventing further
proliferation. The primary epithelial cells had no difference in proliferation between co-culture and
monoculture on either day indicating that paracrine signaling between between the healthy epithelial
cells and fibroblasts does not affect healthy epithelial cell proliferation. In cancer cells, however, co-
culture caused changes in proliferation. On day 1, the A549 cancer cells also showed no difference
between monoculture and co-culture with fibroblasts but, on day 4 when A549 cells were co-cultured
with the fibroblasts the epithelial cells showed increased proliferation compared with monoculture.
Signaling between the cancerous epithelial cells and fibroblasts appeared to take longer than 1 day to
affect proliferation. When comparing primary healthy epithelial cell proliferation to A549 proliferation,
as expected, A549 cells had significantly higher percentages of EdU-positive nuclei on day 1 for
monoculture and both co-culture conditions (Supplementary Fig. 1). On day 4, however, A549
proliferation was significantly higher only when co-cultured with normal fibroblasts, contrary to the
hypothesis that signaling from healthy fibroblasts prevents cancer cell growth.

The fibroblasts had a much lower proliferation rate than either epithelial cell type, and this rate did not
appear to change over time (Fig. 2B). Interestingly, the fibroblasts had a significantly higher percentage
of EdU-positive nuclei when co-cultured with A549 cells on both days compared to monoculture, and
on day 4 when compared to co-culture with primary cysts. This indicates that epithelial cells signal back
to fibroblasts to increase fibroblast proliferation.

3.2 Fibroblast migration

Increased motility of both fibroblasts and epithelial cells has been used as an indicator of disease
progression since motility enables cancer metastasis [30–33]. In cancer metastasis, it has been proposed
that tumor cells detach from the main tumor and migrate through the surrounding matrix to reach the
blood stream [34]. In addition, tumors are thought to recruit and transform local fibroblasts into
activated fibroblasts that promote tumor growth [35,36]. These cancer-associated fibroblasts (CAFs)
have been shown to facilitate tumor cell invasion by creating tracks through the ECM, along which
cancer cells can migrate [35,37,38]. Key parameters of migration including speed and directionality
have been shown to be better indicators of malignant potential than endpoint migration assays [39]. We
thus measured the effect of co-culturing on a variety of motility parameters such as speed,
directionality, and fraction of cells migrating to determine whether crosstalk between epithelial and
mesenchymal cells could influence cancer progression through changes in migration.

In this study, we fluorescently labeled each cell type and used live cell microscopy to record confocal
image stacks every 30 minutes for 24 hours, starting one-day post encapsulation (Fig. 3A). Using
automated software and analysis codes, we tracked cell position in three dimensions over time and
calculated key migration measurements, namely the fraction of cells migrating per analyzed cyst, the
fraction of cells migrating toward the reference cyst, the speed, and the directionality. While no
significant movement was detected in the epithelial cells, we did observe fibroblast migration in these
gels. Cells that traveled at least one cell body length away from their starting position at any point
during the 24-hour experiment were considered to be migrating. All other measurements were
calculated for the migrating cells only. Cells considered to be moving toward their reference cyst had
final positions closer to the cyst than their starting positions.
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Fig. 3

Normal fibroblast migration analysis. (A) Example images of fibroblasts (green) in co-culture with
epithelial cysts (red) used in cell tracking. (i) Max z-projection of 400 µm confocal stack. (ii) 3D rendering
of 200 µm confocal stack using Volocity (Perkin Elmer). (B) Plots show fraction migrating, fraction
migrating toward cyst, migration speed, and directionality (Distance-To-Origin/Total Distance) of
migrating normal fibroblasts (CCL-210) in monoculture and co-culture with both epithelial cell types. Data
in fraction migrating plot represent means ± SEM of cells migrating per cyst. Data in the remaining plots
represent means ± SEM of all migrating cells. ***p < 0.001

The normal fibroblasts (CCL-210, Fig. 3B) had no statistically significant difference in cells migrating
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per cyst when co-cultured with either A549 cancer cells (44%) or primary cysts (52%) compared to
monoculture (37%). Likewise, in all conditions the normal fibroblasts showed no directional preference
toward or away from the reference cyst. Interestingly, the average speed of the migrating CCL-210 cells
in monoculture was ~6 µm/h, while their speed in co-culture with either epithelial cell type was
significantly faster (10 µm/h with primary cysts and 15 µm/h with A549 cells). With regards to
directionality (distance to origin/total distance), where a value of 1 represents a completely straight
path, the normal fibroblasts in all conditions exhibited relatively random migration. However, co-
culture with A549 cells resulted in significantly less directed motion (0.07) than in monoculture (0.26)
or in co-culture with primary cysts (0.17).

3.3 Matrix metalloproteinase (MMP) activity

Increased protease activity is associated with cancer progression, enabling tumor outgrowth and
angiogenesis [40]. To measure global MMP activity in our gels, a recently developed fluorogenic
MMP-sensitive peptide (Dabcyl-GGPQG↓fWGQK-Fluorescein-AEEAcC) was covalently tethered to
the hydrogel network enabling fast and in situ measurement of MMP activity by taking a fluorescence
area scan of the gel using a standard plate reader [26,27]. Overall metabolic activity was measured
concurrently by adding a resazurin-based assay to each well. The fluorescence signals from the MMP
sensor peptide and from the metabolic activity assay were both normalized to cell count as estimated by
imaging cell nuclei across the bulk of each gel.

In both co-cultures, primary epithelial cells with the normal fibroblasts and cancer epithelial cells with
the normal fibroblasts, on both days overall metabolic activity appeared to be synergistically increased
over the calculated weighted average of the two cell types cultured alone (Fig. 4A). The weighted
average is the level expected in the co-culture if there were no crosstalk between the cell types
influencing metabolism or MMP expression. The primary cell co-cultures had an average normalized
metabolic activity on both days of 0.20 compared to a weighted average of 0.13 on both days. The
cancer cell co-cultures had an average normalized metabolic activity of 0.25 and 0.27 on days 1 and 2,
respectively, compared with weighted averages of 0.17 and 0.20.
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Fig. 4

(A) Metabolic activity on days 1 and 2 after encapsulation as measured by resorufin fluorescence
normalized to cell count for each cell type cultured alone and in co-culture. (B) MMP activity on days 1
and 2 after encapsulation as measured by an MMP-sensitive fluorescent sensor peptide normalized to cell
count for each cell type cultured alone and in co-culture. Dotted lines represent the weighted average of the
two cell types cultured alone, which would be the expected value for the co-culture barring any crosstalk.
Data represents means ± SEM for 3 biological replicates of each condition. *p < 0.05, **p < 0.01, ***p <
0.001

In contrast, only the cancer cell co-cultures demonstrated a synergistic increase in MMP activity on
both days (Fig. 4B). The primary cell co-cultures had an average normalized MMP activity of 0.08 and
0.11 on days 1 and 2, respectively, compared with weighted averages of 0.07 and 0.10. However, the
cancer cell co-cultures had day 1 and day 2 MMP activities of 0.05 and 0.07, respectively, versus
weighted averages of 0.03 and 0.04.

3.4 Matrix metalloproteinase (MMP) inhibition

To investigate whether the observed increase in MMP activity in the cancer cell co-culture might be
influencing the increased cancer cell proliferation and fibroblast migration speed seen earlier, we tested
the influence of a broad spectrum small molecule MMP inhibitor (GM6001) on proliferation and
migration in our co-culture model. GM6001 binds with the zinc active site on MMPs and has been
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shown to inhibit the bioactivity of MMPs 1, 2, 3, 8, and 9, among others [40,41]. Furthermore, this
inhibitor has previously been used with A549 cells to effectively block invasion into a 3D matrix and
has been shown to reduce the fluorescence signal from the MMP sensor peptide used in this work
[26,27,42]. To confirm the effectiveness of GM6001 with our co-culture model, we repeated the MMP
activity assay with 10 µM GM6001 in the media and observed a reduction by half in the normalized
signal on both days compared with the DMSO control group (Supplementary Fig. 2).

We repeated the proliferation assay with cancer cells alone and in co-culture with normal fibroblasts
and added 10 µM GM6001 to the media, comparing it to a DMSO control group as well as our original
data (Fig. 5). In addition we performed the same assay in non-degradable gels, which contained a
crosslinker with the same di-cysteine peptide sequence as before except the isoleucine at the cleavage
site was switched to the unnatural D isoform, rendering it insensitive to MMP cleavage [25]. In all
conditions, the cancer cells alone demonstrated statistically similar levels of proliferation on day 4,
around 22%. For the co-cultures, both the original degradable gel and the DMSO control had
statistically higher proliferation levels on day 4 than the cancer cells alone, around 43%. Both the
MMP-inhibited and non-degradable gel co-cultures exhibited a reduction in proliferation on day 4 that
was statistically lower than the co-culture controls and statistically similar to the cancer cells alone,
24% and 29% respectively.
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Fig. 5

Click-iT Plus EdU proliferation assay. Plot depicts percent of A549 cell nuclei positive for EdU on day 4 in
monoculture and the A549/CCL-210 co-cultures, separated by gel and media type. The nondegradable gels
contained a peptide crosslinker insensitive to MMP cleavage. GM6001 was added at 10 µM, and the
DMSO control media contained 0.05% DMSO. The degradable bars refer to the original experiment in
MMP-degradable gels with regular growth media. Results are presented as means ± SEM of three
biological replicates of each condition. *p < 0.05

The corresponding fibroblast proliferation results (Supplementary Fig. 3) on day 4 in the MMP-
inhibited and DMSO control co-cultures showed no change from the original (14%) and were
significantly higher than the fibroblasts alone (4%). The fibroblasts in the non-degradable gel co-
cultures were not statistically different from either group (10%).

We also repeated the migration assay with MMP inhibitor in the media for both the fibroblasts alone
and the fibroblasts in co-culture with the cancer epithelial cells. In both cases, the inhibitor completely
blocked migration, so we were unable to calculate migration speed or directionality.

4. Discussion

Epithelial-mesenchymal crosstalk is a key regulator during lung development and normal wound
healing processes, and growing evidence suggests that altered paracrine signaling between the alveolar
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epithelium and interstitial fibroblasts may lead to disease progression in multiple pathologies
[8,9,34,43–45]. To study these interactions, in vitro co-culture systems, and particularly biomaterial
matrices, have evolved to serve as valuable tools for controlling the cell types present, and their
physical cues from the surrounding matrix, with the ability to mix healthy with diseased cells [7,12–15].
In the 3D model system presented here, alveolar epithelial cysts were surrounded by pulmonary
fibroblasts in an encapsulating hydrogel matrix that recapitulates aspects of the basic tissue architecture
of the distal lung. Compliant 3D culture networks have been shown to more closely represent cell
behavior in vivo than traditional flat and typically stiff surfaces (e.g., tissue culture plastic ware is ~6
orders of magnitude stiffer than lung tissue), and are especially influential in the areas of contact-
inhibited growth [46,47] and migration mechanisms [48,49] relevant to this work. Advantageously, the
spatial arrangement of cells in this platform better reflects many aspects of the in vivo lung structure,
but this also limits the types of analysis that can be performed on individual cell populations. Other
platforms, like transwell inserts, are better for maintaining cell separation to use downstream
applications such as RT-qPCR and western blots, but with a transwell system, spatial and temporal
information is lost. Therefore, imaging-based measurements were used to visualize specific cell
populations and to quantify cell behavior in 3D over time.

In the healthy adult lung, alveolar epithelial cell turnover is slow compared to many other tissues; the
replacement time is reported to be approximately one month [50–52]. During wound healing,
proliferation increases dramatically to repopulate the epithelium in a few days, followed by cell cycle
arrest and apoptosis of undifferentiated cells [50,52,53]. Tumor cells, on the other hand, exhibit
unchecked proliferation, and the ATCC reports that the adenocarcinoma cell line A549 has a doubling
time of just 22 hours. Therefore, it is not surprising that in our culture system the percent of nuclei
positive for EdU one day after encapsulation was significantly higher for A549 cysts than primary
cysts. Both epithelial cell types demonstrated a dramatic decrease in proliferation over time, which we
attribute to contact inhibition [47,54] and physical constraint by the encapsulating hydrogel. While the
gel network is degradable by various matrix-metalloproteinases (MMPs; including 1, 2, 3, 8, and 9)
[55,56], their expression by these cells appears to be low, especially for the cancer cells, and limited
outgrowth into the surrounding hydrogel is observed. The fibroblasts exhibit very low levels of
proliferation, which does not change over time or in the presence of healthy epithelial cells, matching
the normally quiescent phenotype seen in vivo [45,50,57].

The exception to these trends is seen in the A549/CCL-210 co-culture condition, which shows
significantly higher proliferation of both cell types four days after encapsulation, as well as higher
proliferation of the normal fibroblasts on day 1. Profibrotic factors secreted from the A549 epithelial
cells (osteopontin, PDGF, TGFβ, etc.) [43,58,59] may be one cause of this immediate increase in
fibroblast proliferation. Enhanced proliferation is one marker used to distinguish CAFs from normal
fibroblasts in the tumor stroma [35]. Therefore, these results may indicate the onset of fibroblast
transformation by the cancer cells in our co-culture model. While the cancer cells alone show a decrease
in proliferation over time in our gels, co-culture with normal fibroblasts enables the cancer cells to
maintain a high level of proliferation on day 4. One possible explanation is that the increased MMP
activity observed in the cancer cell-fibroblast co-culture leads to increased local matrix degradation,
which reduces contact inhibition and allows more space for the cancer cells to continue proliferating.
This hypothesis is supported by the fact that switching to an MMP-insensitive peptide crosslinker, as
well as blocking global MMP activity with a broad-spectrum small molecule MMP inhibitor, abrogates
the enhanced proliferation seen on day 4 in co-culture.

Normally, the alveolar epithelium produces paracrine signals, such as prostaglandin E-2 (PGE2), that
keep the interstitial fibroblasts in a quiescent state, suppressing migration, proliferation, and ECM-
production [44]. Conversely, in cancer the malignant epithelium produces a multitude of profibrotic and
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pro-inflammatory signals, such as PDGF, TGFβ, and IL-1, and these signals are thought to contribute to
increased fibroblast migration, proliferation, and secretion of tumor-promoting signals seen in lung
cancer patients [9,35,36]. In the migration studies presented here, the observed speeds are much slower
than previously reported values for human dermal fibroblasts in similar hydrogels (~40 µm/h) [28], but
this may be due to the higher crosslinking density of our hydrogels. Regardless, the normal fibroblasts
migrated faster in culture with A549 cells than they migrated in monoculture, although this faster
motion was significantly less directed than in the other conditions. As with the increased proliferation
seen in this same co-culture condition, increased protease activity may contribute to faster migration of
fibroblasts, due to local degradation of the matrix. Alternatively, the cancerous A549 cells may already
be producing one or many of the profibrotic signals listed above or secreting less of the quiescent signal
PGE2. Reduction of MMP activity by a broad-spectrum inhibitor was enough to prevent any migration
of fibroblasts through these gels, likely due to the need for local network degradation to create space for
the cells to migrate through. However, it is still unclear what influence MMPs have on fibroblast
migration speed and directionality in this co-culture model. Alternative peptide crosslinkers in the gel
network susceptible to cleavage by specific MMPs may enable more investigation into this mechanism
Further, we did not observe any invasion of the A549 cells into the surrounding matrix despite the
increase in local matrix degradation. A recent study showed that healthy lung fibroblasts may decrease
the metastatic potential of lung cancer cells through an undefined secreted factor [60]. Therefore, we
may be observing a similar protective effect.

Protease activity is important for normal ECM turnover and matrix remodeling after wound closure
[40,58]. However, an imbalance in MMP and TIMP levels favoring matrix destruction has been
associated with tumor invasiveness, angiogenesis, and metastasis [9,40]. Fromigué, et al. found an
increase in RNA expression and protein levels of specific MMPs (2, 9, and 11) in the conditioned media
from direct co-cultures of A549 cancer cells and CCL-210 pulmonary fibroblasts, which matches our
observation of increased general MMP activity for co-cultures of the same cell lines [8]. Interestingly,
this synergistic increase in MMP activity is not seen in the healthy primary cell co-culture, suggesting
that paracrine signaling from the cancer cells may be causing this increase in MMP production through
pro-inflammatory signals such as TGFβ.

While the results presented here point to an increase in MMP activity as being influential in tumor-
promoting cell behavior (e.g. increased fibroblast migration and cancer cell proliferation), the complex
signaling pathways involved in this epithelial-mesenchymal crosstalk remain elusive. Targeted MMP
inhibitors are actively being developed as anti-cancer drugs based on tumor cell expression profiles;
however, this evidence suggests the need to probe further into the source of these MMPs (e.g. tumor-
adjacent stromal cells) as well as the upstream signaling cues causing the increase in MMP production.
In situ hybridization might be used in this co-culture system to determine specific MMP gene
expression profiles for the two cell types and discover the origin of this upregulation in MMPs in co-
culture versus monoculture. Since protease activity is essential for normal tissue homeostasis and
wound healing throughout the body, further investigation of the tumor-stromal signaling pathways
leading to this increase in MMPs could reveal potential targets for the development of novel
therapeutics, limiting the deleterious side effects seen with current broad-spectrum MMP-inhibiting
drugs. Cellular outcomes pertinent to anti-cancer drugs, such as matrix remodeling and 3D migration,
inherently necessitate the engineering of 3D, adaptable environments for co-culture of multiple cell
types and testing the efficacy of drugs. Therefore, once therapeutics have been identified, this unique
co-culture model could provide a spatially-organized, alveolar tissue-relevant platform for screening
before attempting to use more expensive and complex mouse models.

5. Conclusions
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The 3D in vitro co-culture system used in this study provided an innovative platform for studying the
interactions between alveolar epithelial cysts and dispersed pulmonary fibroblasts and investigating cell
functions related to disease progression. The results presented here support the growing body of
evidence in the literature that crosstalk between the alveolar epithelium and interstitial fibroblasts
influences their behavior in terms of proliferation, migration, and protease activity. Co-culture of tumor-
derived epithelial cells with normal pulmonary fibroblasts led to an increase in MMP activity, cancer
cell and fibroblast proliferation, and fibroblast migration speed. Future investigation into the signals
contributing to the differences in cell behavior discovered here would provide needed insight into
possible pathways conducive to drug development. For example, MMP activity appears to be influential
in fibroblast motility and proliferation of tumor cells, furthering the importance of developing targeted
MMP inhibitors for anti-cancer therapy. Moreover, this spatially-relevant co-culture model could be a
useful starting point for drug screening trials by capturing key geometric aspects of cell behavior in
alveolar tissue before moving to more complex in vivo models.
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