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Abstract

Lewis, Katherine J. R. (Ph.D., Chemical Engineering)
Department of Chemical and Biological Engineering, University of Colorado

Modeling Alveolar Epithelial Cell Behavior in Spatially Designed Hydrogel Microenvironments

Thesis directed by Professor Kristi S. Anseth

The alveolar epithelium consists of two cell phenotypes, elongated alveolar type I cells
(AT1) and rounded alveolar type II cells (ATII), and exists in a complex three-dimensional
environment as a polarized cell layer attached to a thin basement membrane and enclosing a
roughly spherical lumen. Closely surrounding the alveolar cysts are capillary endothelial cells as
well as interstitial pulmonary fibroblasts. Many factors are thought to influence alveolar
epithelial cell differentiation during lung development and wound repair, including physical and
biochemical signals from the extracellular matrix (ECM), and paracrine signals from the
surrounding mesenchyme. In particular, disrupted signaling between the alveolar epithelium and
local fibroblasts has been implicated in the progression of several pulmonary diseases. However,
given the complexity of alveolar tissue architecture and the multitude of signaling pathways
involved, designing appropriate experimental platforms for this biological system has been
difficult. In order to isolate key factors regulating cellular behavior, the researcher ideally should
have control over biophysical properties of the ECM, as well as the ability to organize multiple
cell types within the scaffold.

This thesis aimed to develop a 3D synthetic hydrogel platform to control alveolar
epithelial cyst formation, which could then be used to explore how extracellular cues influence
cell behavior in a tissue-relevant cellular arrangement. To accomplish this, a poly(ethylene

glycol) (PEG) hydrogel network containing enzymatically-degradable crosslinks and bioadhesive
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pendant peptides was employed as a base material for encapsulating primary alveolar epithelial
cells. First, an array of microwells of various cross-sectional shapes was photopatterned into a
PEG gel containing photo-labile crosslinks, and primary ATII cells were seeded into the wells to
examine the role of geometric confinement on differentiation and multicellular arrangement.
Aggregate formation in these microwells motivated us to develop a templating technique to
create hollow cyst-like epithelial structures within PEG hydrogels. Photodegradable
microspheres were used to form spherical epithelial layers, which were then encapsulated in a
PEG hydrogel followed by template erosion with cytocompatible light. With these model alveoli,
we investigated the interplay between the epithelium and mesenchyme by co-encapsulating
healthy and diseased pulmonary fibroblasts with healthy and diseased epithelial cysts and
measuring important cellular behaviors (i.e. proliferation, migration, and protein expression).
This model of alveolar tissue represents a significant advance in culture platforms available to
researchers interested in identifying the mechanisms involved in disease progression and for

testing potential therapeutics in a controlled, tissue-appropriate setting.
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Figures

Figure 1.1 Alveolar epithelial cell phenotype arrangement. A rat lung section illustrates that
cuboidal ATII cells (surfactant protein D, green) localize to points where neighboring alveoli
meet, while ATI cells (Lycopersicon esculentum lectin, red) spread out along the curves of the
alveolus. Scale bar = 20 pm. Adapted from Reference 8. .........cccoeovieiieiiiiiiiniieieeeeeeeeee, 3

Figure 1.2 Schematic of adult mouse alveoli. The epithelium consists of ATI and ATII
phenotype cells attached to a thin basement membrane. Surrounding the epithelium are loosely
distributed fibroblasts as well as capillary endothelial cells. In the ATII cell niche, gaps in the
basement membrane allow for direct contact with fibroblasts. Adapted from Reference 11.......... 4

Figure 1.3 Potential sources of myofibroblasts during idiopathic pulmonary fibrosis
development. Activated alveolar epithelial cells secrete chemotactic and mitogen growth factors,
which induce recruitment of circulating mesenchymal cells (fibrocytes) from the peripheral
blood to the wound site, as well as migration and proliferation of resident fibroblasts. In addition,
factors such as TGFf may stimulate epithelial-to-mesenchymal transition (EMT) of the alveolar
epithelium. Clusters of fibroblasts (foci) differentiate to myofibroblasts, which are more
aggressively profibrotic. Adapted from Reference 2. .........cccoveeiiniiiiniiniiniiceeeeee 5

Figure 1.4 Tumor progression and metastasis formation may depend on epithelial-to-
mesenchymal transition (EMT). During metastasis, single cells detach from the main tumor and
migrate along the extracellular matrix to the blood stream or lymph vessel (BV/LV). Active
research is investigating the contributions of cancer-associated fibroblasts to inducing this event.
An ongoing question is whether the migratory cells arise from cancer stem cells (blue cells) or
somatic epithelial tumor cells that have undergone EMT (red cells). Adapted from Reference 27.

Figure 1.5 Spontaneous cyst formation of human primary ATII cells when cultured in Matrigel
for 5 days. (a) Green immunostaining for surfactant protein C. (b) Red staining for actin with
phalloidin. (c) Merged image of a and b with nuclei stained blue with Hoechst. Scale bar =
10 um. Adapted from Reference 44..........covioiiiiiieiiecie ettt 8

Figure 1.6 Schematic of cells within a native extracellular matrix (ECM). Cells (grey) bind
specific ECM proteins (green) with cell-surface receptors, such as integrins (brown), to form
adhesions important in cell viability, migration, and mechanotransduction. Cell-cell junctions
(purple) in addition to cell-ECM adhesions allow the cell to feel mechanical forces in its
environment through cytoskeletal stress fibers (red). The ECM is also a reservoir for important
soluble cytokines and chemokines (red), which bind to specific cell-surface receptors (orange).
The structural fibers of the ECM (yellow) can be cleaved by proteinases secreted by the cells,
allowing for localized matrix remodeling. Adapted from Reference 51.........ccccocvviiiiiiininninnnn. 10

Figure 1.7 (a) Poly(ethylene glycol) diacrylate (PEGDA), of varying number of repeat units (n),
can be chain polymerized in the presence of a radical initiator (R*) to form a network of
polyacrylate chains (red) crosslinked by PEG (black). Mesh size (&) is a measure of the distance
between crosslinks and inversely related to crosslinking density. (b) Generic plot showing the
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relationship between equilibrium swelling and compressive modulus as a function of
crosslinking density. As crosslinking density increases, compressive modulus of the hydrogel
increases while swelling decreases. (c) Chondrocytes encapsulated within a PEGDA hydrogel,
stained with LIVE/DEAD®. Live cells fluoresce green. In this "blank slate" hydrogel, cells do
not form attachments to the matrix and maintain a rounded morphology. Scale bar = 50 pm.
Adapted from Reference 64. .........ocoiiiiiiiiiiieieeeee ettt ettt et eeae e e e enee s 14

Figure 1.8 (a) Photolabile nitrobenzyl ether acrylic monomer. (b) Poly(ethylene glycol) di-
photodegradable acrylate (PEGdiPDA) macromer, composed of PEG (black), photolabile
moieties (blue), and acrylate end groups (red), polymerizes to form a gel. (c) Irradiation with
specific wavelengths of light cleaves the nitrobenzyl ether moiety, degrading network crosslinks.
(d) Wavelength and intensity of the light controls degradation time, as determined by in situ
rheometry to measure elastic modulus (G') normalized to initial modulus (G',), which is directly
proportional to crosslinking density. (i) 365 nm at 20 mW/cm?, (i) 365 nm at 10 mW/cm?*, and
(iii) 405 nm at 25 mW/cm’. (¢) Degradation only proceeds during exposure to light. (i)
Continuous or (ii) periodic irradiation with 365 nm at 10 mW/cm®. Adapted from Reference 75.

Figure 1.9 Valvular interstitial cell (VIC) activation on gradient and stiff-to-soft gels. (a)
Modulus gradient across a gel created by moving a mask over the surface during irradiation
(left). Modulus (£) measured by atomic force microscopy (blue triangles) and rheometric
measurements (red line) as a function of position. (b) The stiff side of the gel promoted VIC
activation, whereas cells grown on the soft side remained quiescent on day 3. Percentage of
myofibroblasts determined by counting the fraction of cells with a-smooth muscle actin (aSMA)
stress fibers, a classic marker for myofibroblasts. Inset: fluorescent images of VICs on stiff (32
kPa) and soft (7 kPa) sides of the gel on day 3, immunostained for aSMA (green), f-actin (red)
and nuclei (blue). Scale bar = 100 um. (c) By softening stiff gels during culture, VICs can be de-
activated. (i) 32 kPa "stiff gels", (i1) 7 kPa "soft gels", and (iii) 32 kPa - 7 kPa "stiff-to-soft gels".
Adapted from Reference 83. .......c.oooiiiiiiieeiee et ettt 19

Figure 1.10 (a) Structure of the photoreleasable adhesion peptide monomer, arginine-glycine-
aspartic acid-serine (RGDS) in black, photolabile moiety in blue, acrylate in red. (b) RGDS
presentation maintains human mesenchymal stem cell viability within PEG-based gels (inset
table). A chondrogenic marker (glycosaminoglycan, GAG, production) is increased four-fold by
day 21 when the adhesive ligand RGD is photoreleased on day 10. (i) PEG-only gels. (ii)
Persistently presented RGDS. (iii) Photolytic removal of RGDS on day 10. Adapted from
RETEIENICE 75. ..ottt ettt 21

Figure 1.11 (a) Thiol-ene reaction cycle. An initiator abstracts a proton from a thiol (i), forming
a thiyl radical (i), which then reacts with a carbon-carbon double bond (iii). The resulting carbon
radical (iv) abstracts a proton from another thiol, completing the thio-ether bond and
regenerating a thiyl radical. (b) Di-cysteine polypeptide monomer, chemical structure (top) and
amino acid abbreviation (bottom). This sequence, derived from collagen I, is cleavable by cell-
secreted matrix metalloproteinases (MMPs), cleavage site indicated by arrow, and is often used
as a cellularly degradable crosslinker. (¢) PEG-tetranorbornene and di-cysteine peptides react via
the thiol-ene reaction cycle to form a step-growth network. Note: PEG (red), peptide crosslinker
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(blue), pendant peptide (green). (d) Peptide tethering with the thiol-ene reaction. Using
photomasked light or focused laser light, cysteine-containing peptides can be covalently attached
to pendant ene groups on the polymer network exclusively in user-defined regions. Fluorescent
label on pendant peptide is indicated by a star. (¢) Three different fluorescently labeled peptides
(blue, green, and red) are sequentially attached at user-defined locations and times using
photomasks and radical-initiated thiol-ene coupling reactions. Adapted from References 103,
LOT, a0d TO8. ..ottt sttt ettt 23

Figure 1.12 Cells attach, proliferate and migrate in MMP-degradable thiol-ene hydrogels. (a)
human mesenchymal stem cells exhibit a spread morphology that depends on the degradability
and integrin binding motifs in thiol-ene gels. Single cell immunostained for nucleus (blue), actin
(red), and vinculin (green, focal adhesions). Scale bar = 25 um. Image courtesy of Chelsea
Kirschner. (b) Plot of five different cell migration paths of valvular interstitial cells encapsulated
within the same MMP-degradable gel. When the enzymatically-cleavable crosslink is used for
gel formation, cells are able to degrade the surrounding isotropic material and migrate freely in a
random walk. Cells were imaged and tracked on a real-time microscope. Adapted from
REfErenCe 104, ..ottt sttt 25

Figure 1.13 Sequential and orthogonal reactions. (a) Gels can be formed via a strain-promoted
azide-alkyne cycloaddition (SPAAC) between cyclooctyne-functionalized PEGs (blue) and
azide-functionalized peptides (green). (b) Peptide ligands can be patterned into the gel through
the photoinitiated thiol-ene reaction between a cysteine-containing peptide (orange) and a free
carbon-carbon double bond (pink) from the alloc protecting group located on the peptide
crosslinker. (¢) By choosing an enzymatically-cleavable peptide sequence for the di-azide
crosslinker (green), the gel can be locally degraded by cells. (d) User-dictated degradation can be
accomplished by incorporating a photolabile moiety (green) within the crosslinker. (e) In this
synthetic scaffold, the cell (grey) can attach to the PEG matrix (blue) through integrins (brown)
binding to adhesive peptides (orange), which are covalently linked to the network through a
pendant ene functionality (pink) during a post-gelation photoinitiated reaction, enabling spatial
patterning of the peptide. Enzymatically-degradable peptide sequences and/or photolabile groups
form the crosslinks (green), allowing for cellular and/or user remodeling of the
microenvironment. Adapted from Reference 109. ..........cccooiiiiiiiiiiiiiniie e 27

Figure 1.14 (a) Fluorescently-labeled arginine-glycine-aspartic acid-serine-cysteine (RGDSC,
green) was swollen into cell-laden gels along with a photoinitiator and exposed to UV light
through a photolithography mask, causing radical-mediated addition of a thiol across an olefin
and creating stripes of the adhesive ligand in the gel. After swelling in fresh media to remove
unreacted RGDSC, fluorescently-labeled proline-histidine-serine-arginine-asparagine-cysteine
(PHSRNC, red) was similarly patterned in perpendicular stripes, creating an array of four unique
environments in a single cell-laden gel: blank, RGD-only, PHSRN-only, and RGD plus PHSRN.
Cells encapsulated within the gel are labeled orange. Scale bar = 200 um (b) Circle-shaped
columns were degraded to remove cells from a certain environmental niche. Scale bar = 200 um
(c) Those cells were then plated on TCPS and grown to show continued viability.
Immunostained for F-actin (green) and cell nuclei (blue). Scale bar = 50 um (d) Fibroblast
outgrowth is directed by degrading channels in the SPAAC gel and tethering RGD only in the
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desired path by using focused laser light only in the channel enclosed by the dotted line. Scale
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Figure 3.1 Platform fabrication for dynamic control of cell cluster shape and connectivity. (A)
The photolabile, enzyme-labile hydrogel base material was formed on glass cover slips to enable
ease of handling for subsequent patterning or cell seeding. (B) Hydrogel layers 0.5 mm in
thickness were formed to enable the stable creation of a wide range of well depths (50 to 200
um) and shapes with photolithography. (C) These wells were seeded with cells of interest, which
could be used at this point in processing for microwell cultures, and (D) a second hydrogel layer
was added to encapsulate cell clusters within 3D microenvironments that enable
spatiotemporally controlled geometry. (E) Cell response to their geometrically-defined
environments and cell-dictated remodeling was monitored over time with live or static imaging
techniques, and (F) the geometry or connectivity of the local matrix was modified at any position
and time during culture with the application of cytocompatible light. ..........ccccoocevviniininiinnnns 61

Figure 3.2 Hydrogel synthesis and degradation. (A) The hydrogel base material was comprised
of poly(ethylene glycol) tetracycloctyne (M, ~10 kDa, top); photolabile, enzyme-labile, diazide
peptide (middle; enzymatically cleavable sequence in blue, light cleavable moiety in yellow,
cleavage positions noted by arrows); and an azide-functionalized integrin-binding adhesive ECM
mimic (bottom, integrin-binding sequence in green). (B) This combination of chemistries
enabled copper-free ‘click’, bioorthogonal hydrogel formation (C) for subsequent experimenter-
initiated in situ photolytic patterning (cytocompatible UV, visible, and two-photon irradiation),
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Figure 3.3 Culture platform well depth and cell seeding. (A) Micron-scale wells were patterned
into the surface of the hydrogel base and seeded with cells (x—y left; x—z right). (B) Well depth,
measured with profilometry, was controlled predictably with irradiation time (cytocompatible ~9
+ 1 mW cm™ at 365 nm). (C) For cell seeding, a well depth of ~200 pum was utilized, which was
achieved with 20 min of irradiation. The total number of cells applied to each device (model lung
epithelial cells, A549s, labeled with cell tracker green) linearly dictated the initial density of cells
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Figure 3.4 Alveolar-inspired shape wells and lung epithelial cell phenotypes. (A) ATII cells
(green, noted by arrows) and ATI cells (red, noted with arrowhead) comprise the alveolar
epithelium (mouse lung section, blue cell nuclei, and alveolar opening noted with white line).
Scale bar = 100 pm. (B) ATI cells form the barrier between the airways and the capillaries,
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incorporated into the hydrogel network so black areas are where the gel has been degraded.
Given that native alveoli are not spherical, photolithographic masks were designed with an
increasing number of circular lobes and an overall width of 200 um to observe how changes in
curvature affect Cell fate. ..o 66
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Figure 3.5 Lung epithelial cell response to alveolar-inspired geometries and connectivities. (A)
Representative z-projections of the three well shapes fixed on day 1 after encapsulation showing
immunostaining for ATI cell marker (T1a), ATII cell marker (SPC), and cell nuclei (DAPI). (B)
Representative z-projections of the three well shapes fixed on day 7 after encapsulation showing
the same immunostaining as in A. (C) Frequency maps of the three well shapes showing
arrangement in the x—y plane of ATI cells in the left column and of ATII cells in the right column
on day 7. n =30 (D) Frequency maps of a cross section of the circle wells showing arrangement
in the x—z plane of ATI cells on the left and of ATII cells on the right on day 7. n = 30 (E) Bright
field and fluorescent images of channels connecting pairs of wells patterned on day 4 after
encapsulation. Samples were fixed and immunostained on day 7. All scale bars = 100 um. ...... 68

Figure 4.1 Schematic of the overall cyst-forming procedure, cross-sectional view. (i)
Bioadhesive, photodegradable microspheres (orange) were (ii) incubated with epithelial cells
(purple) to coat the surface of the microspheres with cells. The cell-microsphere pre-cyst
structures were (iii) encapsulated in a second bioadhesive hydrogel (blue), followed by (iv)
erosion of the microsphere template with 365 nm light, leaving a hollow epithelial cyst inside the
encapsulating hydro@el. ..........coooiiiiiiiiiee et 79

Figure 4.2 Microsphere synthesis and erosion. (A) The microsphere hydrogel network was
composed of poly(ethylene glycol) tetrathiol (PEG4SH; M, ~ 5 kDa) and poly(ethylene glycol)
di-photodegradable acrylate (PEGdiPDA; M, ~ 4.1 kDa), with the bioadhesive peptide CRGDS
included at 1.5 mM. The monomers were reacted via an inverse suspension polymerization using
a base-catalyzed Michael addition to form the microspheres. (B) Microspheres labeled with a
green fluorescent dye were imaged and analyzed to determine the size distribution. Histogram
shows distribution of micro- sphere diameters, and the black line indicates the cumulative
percentage of the population. Inset shows representative fluorescent image of microspheres used
for diameter measurement. n = 3087 (C) The chemical structure indicates the cleavage of the
nitrobenzyl ether moiety with light. The absorbance spectrum is for the PEGdiPDA crosslinker
(0.8 mM) in phosphate-buffered saline, where the blue line indicates 365 nm. The molar
extinction coefficient at 365 nm for the nitrobenzyl ether moiety was calculated to be ~5000 L
mol™' ¢cm . (D) Microspheres containing entrapped 2 pm diameter polystyrene beads were
encapsulated in a second hydrogel and exposed to 365 nm light at an intensity of ~10 mW cm
for 15 minutes to erode the microspheres. Images are of polystyrene bead tracks over 15 minutes
before and after light exposure illustrating increased Brownian motion after microsphere erosion.
The plot gives the ensemble mean squared displacement for the liquid and solid cases. ............. 88

Figure 4.3 Encapsulating hydrogel formulation. (A) The encapsulating gel was composed of 8-
arm poly(ethylene glycol) functionalized with norbornene end groups (M, ~ 40 kDa) and an
enzymatically-cleavable di-cysteine peptide crosslinker (KCGPQG | IWGQCK), with the
adhesive peptide CRGDS included at 1 mM. The arrow indicates the enzymatic cleavage site.
Thiol groups (red) react with the -ene functionalities on the 8-arm PEG through a radical-
initiated thiol-ene polymerization. (B) Single cell suspension of A549 cells encapsulated in the
thiol-ene gel. The image is a z-projection of a 250 um confocal stack showing healthy actin
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in thiol-ene gels. The images are z-projections of a 500 um confocal stack with live cells stained
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stained on day 1 after encapsulation (93 + 3% live). The second is a representative image of a gel
exposed to 15 minutes of 365 nm light at ~10mWcm > on day 1 after encapsulation and stained 1
hour later (90 + 4% live). The third is a representative image of a gel exposed to 15 minutes of
365 nm light at ~10mWcm > on day 1 after encapsulation and stained 1 day later (90 + 4% live).

Figure 4.4 Schematic illustration of the three conditions that epithelial cells experience during
the cyst-forming procedure, cross-sectional view. (i) First, cells form integrin binding sites with
the CRGDS peptide in the microsphere network. (i) Then, pre-cysts are encapsulated within the
thiol-ene gel and cells form attachments to the CRGDS in the encapsulating gel. (iii) Finally,
microspheres are eroded with light and with fast integrin turnover on the apical side only the
integrins on the outside of the cyst retain their connections to the gel network. ...........cocceeeeie 93

Figure 4.5 A549 cysts. (A) Bright field images of A549 cells progressively covering fibronectin-
loaded microspheres. (B) Cross-section schematic illustrating the hollow cyst that remains in the
hydrogel after erosion of the microsphere template. (C) Bright field image of an encapsulated
A549 cyst after template erosion. (D) Maximum intensity projection of a confocal image stack of
an A549 cyst, fixed 3 days after template erosion. Red is actin; blue is the cell nucleus. (E)
Single confocal image through the center of the same A549 cyst demonstrating the hollow
interior. Red is actin; blue 1S the Cell NUCIEUS. ......ovviviiiiiiiiiiiiiiee e 94

Figure 4.6 Primary cysts. (A) Bright field images of primary cells proliferating to cover the
microspheres. (B) Bright field image of an encapsulated primary cell cyst after template erosion.
(C) Maximum intensity projection of a confocal image stack of a primary cell cyst, fixed 3 days
after template erosion. Green is T1a, a marker of the ATI cell phenotype; blue is the cell nucleus.
(D) Single confocal image through the center of the same primary cell cyst demonstrating the
hollow interior. Green is Tla, a marker of ATI cell phenotype; blue is the cell nucleus. (E)
Maximum intensity projections of three 50 um cryosections, documenting the absence of cells in
the central lumen. Red is SPC, a marker of the ATII cell phenotype; green is Tla, a marker of
the ATI cell phenotype; blue is the cell NUCIEUS. ........ccceeeiiiiiiiiiiiiice e 96

Figure 4.7 Immunostaining of primary cysts. (A) Maximum intensity projections of a confocal
image stack of a primary cell cyst, fixed 3 days after template erosion. Green is f-catenin, a
marker of adherens junctions; red is ZO-1, a marker of tight junctions; blue is the cell nucleus.
(B) Single confocal image through the center of the same primary cell cyst. Colors are the same
as in A. (C) Maximum intensity projections of a confocal image stack of a primary cell cyst,
fixed 6 days after template erosion. Green is Tla, a marker of the ATI cell phenotype; red is
SPC, a marker of the ATII cell phenotype; blue is the cell nucleus. (D) Single confocal image
through the center of the same primary cell cyst. Colors are the same as in C. (E) 3D surface
projection of a 50 um mouse lung tissue section showing multiple cysts, with on average 2 ATII
cells per cyst. Colors are the same as i C. ......ooouiieiiiiiiiiieiecieeee et 97

Figure 5.1 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)
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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 1-7 days before being analyzed for proliferation, migration, or protein
visualization. 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 = TL1o (ATI). oottt et e e e e aa e e eaee e e abeeeeaseeenareeens 119

Figure 5.2 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.
(1) 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 EAU 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, #F¥p < 0.001 oo 121

Figure 5.3 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 pum
confocal stack. (ii) 3D rendering of 200 um 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 ...ooooiiiiiiie e et 124

Figure 5.4 IPF fibroblast migration analysis. Plots show fraction migrating, fraction migrating
toward cyst, migration speed, and directionality (Distance-To-Origin/Total Distance) of
migrating IPF fibroblasts (CCL-134) 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 < 0.01, ***p <0.001 ..126

Figure 5.5 Immunostaining for mesenchymal markers. For all (i) and (i1) samples fixed one day
after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all (i)
and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii) and
(iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section. (A)
Primary epithelial cysts with normal fibroblasts. Green = Cell Tracker (CCL-210). Red =
vimentin. Blue = nuclei. (B) Primary epithelial cysts with IPF fibroblasts. Green = Cell Tracker
(CCL-134). Red = vimentin. Blue = nuclei. (C) Primary epithelial cysts with normal fibroblasts.
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Figure 5.S1 Plots depict percent of nuclei positive for EAU at the two time points comparing
healthy versus diseased cell type, separated by monoculture and co-culture condition. Results are
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presented as means + SEM of three biological replicates of each condition. *p <0.05,
FED < 0.01, FFFD < 0.00T oottt 138

Figure 5.S2 Normal versus IPF fibroblast migration comparison. Plots show fraction migrating,
fraction migrating toward cyst, migration speed, and directionality (Distance-To-Origin/Total
Distance) of both fibroblasts in monoculture and co-culture with both epithelial cell types.
Significance shown for paired comparison of CCL-210 and CCL-134 cells in each
monoculture/co-culture condition. Data in fraction migrating plot represent means + SEM of
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Figure 5.S3 Immunostaining for tight junction marker. For all (i) and (ii) samples fixed one day
after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all (i)
and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii) and
(iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section. (A)
Primary epithelial cysts in monoculture. Red = ZO-1. Blue = nuclei. (B) Primary epithelial cysts
with IPF fibroblasts. Green = Cell Tracker (CCL-134). Red = ZO-1. Blue = nuclei. (C) A549
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and (iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section.
(A) Primary epithelial cysts in monoculture. Red = E-cadherin. Blue = nuclei. (B) Primary
epithelial cysts with IPF fibroblasts. Green = Cell Tracker (CCL-134). Red = E-cadherin. Blue =
nuclei. (C) A549 epithelial cysts in monoculture. Red = E-cadherin. Blue = nuclei. (D) A549
epithelial cysts with normal fibroblasts. Green = Cell Tracker (CCL-210). Red = E-cadherin.
BIUE = NMUCLLL ...ttt e 141

Figure 5.S5 Immunostaining for mesenchymal markers. For all (i) and (ii) samples fixed one day
after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all (i)
and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii) and
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Figure 6.1 Preliminary experiment of primary ATII cells seeded on top of RGD-containing PEG
hydrogels. Cells were fixed one day (A-C) and seven days (D-F) after seeding and
immunostained for phenotype markers. Red = SPC (ATII phenotype). Green = Tla (ATI
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hydrogel containing 1 mM RGD peptide; 3H = PEG hydrogel containing three peptides (RGD,
IKVAV, P15) at 0.33 mM each; 3L = PEG hydrogel containing 0.05 mM RGD, 0.475 mM
IKVAYV, and 0.475 mM P15. Bars represent 100% of imaged nuclei, with red representing the
fraction of cells expressing only SPC (ATII phenotype), blue representing cells expressing both
markers (intermediate phenotype), green representing cells expressing only Tla (ATI
phenotype), and white representing cells expressing neither marker. (A) Cells were cultured with
soluble growth factors (FGF-7 and HGF) and fixed one day after seeding. (B) Cells were
cultured without soluble growth factors and fixed one day after seeding. (C) Cells were cultured
with growth factors and fixed seven days after seeding. (D) Cells were cultured without growth
factors and fixed seven days after SEEdiNg.........cceeveieiiieiiiiiiieie e 147

Figure 6.3 Preliminary droplet-forming microfluidic device design and droplet size results.
(A) Device design with the carrier phase inlet (pink circle) at the top and the disperse phase inlet
(blue circle) below it. Once the droplets are formed, they flow through the resistor to give time
for polymerization before reaching the outlet at the bottom. (B) Detail view of the injection
aperture where the disperse phase (blue) meets the carrier phase (pink) and forms droplets.
(C) Image taken with high-speed camera (1000 fps) of aqueous gel precursor solution flowing as
droplets through the resistor carried by mineral oil. (D) Plot of droplet diameter as a function of
volumetric flow rate ratio (carrier phase/disperse phase; Q./Qq) in a 50 pm aperture device. Qc =
30 uL/min. (E) Plot of droplet diameter as a function of flow rate ratio in a 100 pm aperture
device at two different Q. (50 puL/min and 20 pL/min). *Work done in collaboration with Dr.
Nick Glass and Prof. Justin Cooper-WHhite. ...........ccooiieiiiiiiiiiieieeieeee e 150

Figure 6.4 Photobase-catalyzed Michael addition polymerization. (A) System consists of
catalyst (visible-light-releasable base coumarin-caged tetramethylguanidine), and gel
components PEG-di-photodegradable-acrylate and PEG-tetrathiol. (B) Loss modulus (G") and
storage modulus (G') measured on a parallel-plate rheometer demonstrating gelation over time in
the presence of 400-500 nm light. *Work done in collaboration with Weixian Xi and Prof. Chris
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Figure 6.5 Matrix metalloproteinase (MMP) sensor peptide. (A) Peptide sequence is sensitive to
cleavage by MMP-1, 2, 3, 7, 8, and 9 and includes a cysteine residue on one end to facilitate
thiol-ene addition into the gel network. Fluorescein is incorporated into the cysteine end of the
peptide and a quenching dabcyl moiety is added to the free end. Upon cleavage, the quencher
diffuses away, leaving a fluorescent signal attached to the gel. (B) Gels containing the sensor
peptide are formed in a well plate. With no MMP activity (no cells present), and area scan
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Figure 8.1 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
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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 = TLo (AT woooeeieeieeeeee ettt et e e e e ae e e sae e e e abeeesaseeenareaens 205

Figure 8.2 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.
(1) 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 EAU 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, #F¥p < 0.001 oot 207

Figure 8.3 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 pum
confocal stack. (ii) 3D rendering of 200 um 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. *F*p < 0.001 ..oo.oiiiiiiiii e e e 209

Figure 8.4 (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 ......ccceevrrerrenennnn. 211

Figure 8.5 Click-iT Plus EdU proliferation assay. Plot depicts percent of A549 cell nuclei
positive for EAU 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 uM, 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
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Supplementary Figure 8.1 Plots depict percent of nuclei positive for EAU at the two time points
comparing healthy versus cancer epithelial cells, separated by monoculture and co-culture
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condition. Results are presented as means = SEM of three biological replicates of each condition.
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Supplementary Figure 8.2 MMP activity on days 1 and 2 after encapsulation as measured by an
MMP-sensitive fluorescent sensor peptide normalized to cell count for A549/CCL-210 co-
cultures exposed to either 0.5% DMSO, 10 uM GM6001 or 100 uM GM6001 in the media. ...224

Supplementary Figure 8.3 Click-iT Plus EdU proliferation assay. Plot depicts percent of
fibroblast nuclei positive for EQU on day 4 in monoculture and the A549/CCL-210 co-cultures,
separated by gel and media type. The degradable bars refer to the original experiment in MMP-
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Chapter 1

Introduction and Background

Sections as published in MRS Bulletin, 38, 260-268 (2013)

1.0 Overview

Lung disease and injury affect millions of Americans, many of them with chronic
symptoms, and grouped together they are the number three killer in the United States. Stiffening
and scarring of lung tissue is a common pathological feature in many of these diseases, including
lung cancer and idiopathic pulmonary fibrosis.>> Understanding alveolar morphogenesis and
repair mechanisms, as well as the exchange between the mesenchyme and the epithelium during
these processes, could lead to valuable discoveries of treatment options for such diseases. Of
particular interest to this thesis research is gaining a better understanding of the differentiation
process of type II alveolar epithelial cells (ATII) into type I alveolar epithelial cells (ATI) in
response to matrix cues, how these cell populations reform after wounding, and how cross talk
with fibroblasts during wound repair can lead to diseased phenotypes. Understanding how
alveolar epithelial cells respond to environmental cues in the normal and diseased lung may
provide important clues in the development of potential therapies to reverse disease or even in
the engineering of functional lung tissue.

Culturing alveolar epithelial cells inherently demands a 3D environment to recreate cyst-
like structures that are physiologically relevant. Ideally, 3D scaffolds for studying alveolar
morphogenesis would allow spatial and temporal control of the matrix structure, as well as the
regulated presentation of growth factors and other biochemical cues. While naturally derived

gels are the most commonly used substrates for lung epithelial studies in vitro, the properties of



these matrices cannot be easily controlled or modified, nor can the identity or amount of proteins
within them be precisely defined by the user. Since several environmental signals are important
for alveoli formation including extracellular matrix (ECM) proteins, growth factors, and matrix
geometry, having precise control over these signals is critical and necessary for understanding
essential developmental and restorative cues.

Our laboratory has previously developed poly(ethylene glycol) (PEG)-based, peptide-
functionalized hydrogels that can undergo light-mediated or cell-initiated degradation, and can
be used to create highly tunable, cytocompatible scaffolds for 3D cell culture. The advantage of
these synthetic mimics of the ECM over natural protein matrices is the ability to control
precisely the presentation of ECM epitopes, growth factors, and topographies/physical
geometries. This thesis employs these photosensitive biomaterials to explore the role of matrix
structure and tissue architecture on alveolar epithelial cell differentiation and behavior, both
alone and in co-culture with fibroblasts. The overall goal of this work is to develop an in vitro
model alveoli system in which environmental signals can be varied to explore key processes
involved in the transition from healthy to diseased tissue. Specifically, this model facilitates
testing of hypotheses about the role of matrix elasticity, composition, and cell-cell signaling on

the differentiation and function of lung cells

1.1 Alveolar biology
1.1.1 Alveolar epithelial cells

Lung architecture follows an increasingly complex network of connected tubes starting
from a single trachea that branches into bronchi, bronchioles, and finally ends in millions of

hollow air sacs called alveoli. The major components of alveolar tissue include the single cell



layer epithelium attached to the basement membrane and surrounded by a fine mesh of
capillaries. There are two types of alveolar epithelial cells: ATI cells, which have an elongated
morphology, form 95% of the alveolar surface area, and facilitate gas exchange between the lung
and the blood stream;® and ATII cells, which exhibit a cuboidal morphology, produce lung

surfactants, and are the progenitor cells for both the ATII and ATI cell populations in the alveoli

9-12

Fig. 1.1).”® There is a fundamental interest in better understanding alveolar homeostasis, the
g g

13-15

interplay between the epithelium and the mesenchyme during lung development and wound

16-20

healing, and how these processes might go awry in diseased states.

Figure 1.1 Alveolar epithelial cell phenotype arrangement. A rat lung section illustrates that
cuboidal ATII cells (surfactant protein D, green) localize to points where neighboring alveoli
meet, while ATI cells (Lycopersicon esculentum lectin, red) spread out along the curves of the
alveolus. Scale bar = 20 pm. Adapted from Reference 8.

Several growth factors and extracellular matrix (ECM) proteins have been implicated in
the proliferation and differentiation process during both lung morphogenesis and repair.
Throughout early embryonic development soluble signals from the mesenchyme determine the
fate of the epithelium with which it is associated, and it was shown that tracheal epithelium can
be reprogrammed to express a distal epithelial phenotype by grafting onto distal mesenchyme

13,14,21

and vice versa. In particular, FGF-7 has been shown to be necessary for ATII proliferation,

as well as differentiation into and maintenance of the ATII phenotype, both in vivo and in

17-19,21,22

vitro. It has also been demonstrated that the specific arrangement of ECM proteins, such



as laminin and collagen IV, determine the sites at which ATI and ATII cells localize and may

23,24

play a role in migration and differentiation. Interestingly, the transition of ATII into ATI has

proved to be reversible in vitro, regulated by culture conditions such as the addition of soluble
factors and changes in substrate adhesion proteins.'**>*°
1.1.2 Epithelial-to-mesenchymal transition (EMT) in the lung

Epithelial cells are typified by close contacts with neighboring cells and polarization of
the epithelial layer through the arrangement of adherens junctions (protein complexes that join
neighboring cells' cytoskeletons, located basally) and tight junctions (similar to adherens
junctions, but their main function is to provide an impermeable barrier between epithelial cells,
located apically). These cells are normally non-migratory and are separated from the surrounding
tissue by a thin layer of basement membrane, which is primarily composed of collagen, elastin,
and laminin. Mesenchymal cells like fibroblasts, on the other hand, are loosely distributed
throughout the 3D ECM bordering the epithelium (Figure 1.2)."" Epithelial-to-mesenchymal
transition (EMT) is the conversion of epithelial cells into a mesenchymal phenotype, which is

characterized by the loss of cell junction-associated proteins (e.g., E-cadherin), addition of

mesenchymal markers (e.g., vimentin), and often increased motility. EMT is an important
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Figure 1.2 Schematic of adult mouse alveoli. The epithelium consists of ATI and ATII
phenotype cells attached to a thin basement membrane. Surrounding the epithelium are loosely
distributed fibroblasts as well as capillary endothelial cells. In the ATII cell niche, gaps in the
basement membrane allow for direct contact with fibroblasts. Adapted from Reference 11.



mechanism in normal organ development and wound repair processes; however, misregulation of
EMT can lead to pathological conditions like tissue fibrosis and cancer metastisis.”’

One prominent disease of alveolar tissue is idiopathic pulmonary fibrosis (IPF), which is
characterized by an increase in activated fibroblasts (i.e., myofibroblasts) that lay down
connective tissue, such as collagen, that results in stiffening of the tissue and destruction of
normal alveolar architecture.” Growing evidence suggests that abnormal communication between
pulmonary fibroblasts and the alveolar epithelium causes this increase in myofibroblasts,
although it is still unknown what percentage of these activated fibroblasts comes from
recruitment of local fibroblasts by the epithelium and how much EMT contributes to this pool
(Figure 1.3).>**® Recent studies have recognized the importance of mesenchymal-epithelial

crosstalk in IPF pathophysiology and have identified alterations in gene expression between
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Figure 1.3 Potential sources of myofibroblasts during idiopathic pulmonary fibrosis
development. Activated alveolar epithelial cells secrete chemotactic and mitogen growth factors,
which induce recruitment of circulating mesenchymal cells (fibrocytes) from the peripheral
blood to the wound site, as well as migration and proliferation of resident fibroblasts. In addition,
factors such as TGFf may stimulate epithelial-to-mesenchymal transition (EMT) of the alveolar
epithelium. Clusters of fibroblasts (foci) differentiate to myofibroblasts, which are more
aggressively profibrotic. Adapted from Reference 2.




EMT also plays a key role in cancer progression, allowing tumor cells to detach from the

main tumor, migrate into the surrounding stroma, and eventually enter the bloodstream leading

27,30

to metastases into other organs (Figure 1.4). The tumor microenvironment has been shown to

be a key regulator in tumor formation and invasion, and several studies have begun to tease out

the signaling pathways between pulmonary fibroblasts and lung cancer cells.**'

For example,
a lung adenocarcinoma cell line, A549, has been shown to increase alpha smooth muscle actin

(a-SMA) expression in normal fibroblasts, indicating activation to the myofibroblast

phenotype.’’ Tumor cells can also cause fibroblasts to increase their matrix metalloproteinase
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Figure 1.4 Tumor progression and metastasis formation may depend on epithelial-to-
mesenchymal transition (EMT). During metastasis, single cells detach from the main tumor and
migrate along the extracellular matrix to the blood stream or lymph vessel (BV/LV). Active
research is investigating the contributions of cancer-associated fibroblasts to inducing this event.
An ongoing question is whether the migratory cells arise from cancer stem cells (blue cells) or
somatic epithelial tumor cells that have undergone EMT (red cells). Adapted from Reference 27.



(MMP) production, which in turn can influence matrix remodeling and tumor invasion.” In
addition, paracrine signaling from cancer-associated fibroblasts can cause an increase in

epithelial tumor proliferation, migration, and even drug resistance.*>

1.2 Previous alveolar in vitro models

Over the last forty years, the development of effective procedures for isolating nearly
pure populations of primary ATII cells®® has led to numerous methods for culturing these cells in
vitro. Much of the in vitro work with alveolar epithelial cells has been done as 2D monolayers
grown on protein-coated substrates that are unphysiologically stiff, such as glass coverslips,**
tissue culture polystyrene (TCPS),* and transwell membranes,’® but in some reports they have
also been seeded on top of soft gels of ECM-derived proteins.'®*>"** While 2D studies have
demonstrated the tendency for ATII cells to differentiate into ATI-like cells within 3-5 days of
culture,” this work has provided valuable information about matrix interactions, such as
important ECM binding peptides.”” Furthermore, 3D tissue structure has been shown to be

important to normal cellular function.” '

Therefore, encapsulating cultured alveolar epithelial
cells within ECM-mimicking scaffolds is required if one wishes to more closely recapitulate the

fully 3D nature of the cyst-like alveolar structure and its environment.

Previous 3D cultures of alveolar epithelial cells have primarily made use of naturally

42,43 13944
2

derived gels, such as type I collagen and Matrige a basement membrane produced by
Engelbreth-Holm-Swarm (EHS) mouse cancer cells. These studies have demonstrated the ability
of cultured ATII cells to spontaneously form alveolus-like structures consisting of a central
hollow cavity (a lumen) surrounded by polarized cells exhibiting microvilli on the cell surface

facing the lumen (apical side), resembling native lung tissue (Figure 1.5).°** The addition of



Figure 1.5 Spontaneous cyst formation of human primary ATII cells when cultured in Matrigel
for 5 days. (a) Green immunostaining for surfactant protein C. (b) Red staining for actin with
phalloidin. (c) Merged image of a and b with nuclei stained blue with Hoechst. Scale bar =
10 um. Adapted from Reference 44.

growth factors (e.g., FGF-7 and FGF-10) to the culture medium induced proliferation,
sacculation, and branching of the alveolus-like epithelial structures within these gels.’>* One
study compared rat ATII cells cultured on human lung alveolar matrix to those cultured on
amniotic basement membrane, and results demonstrated that different basement membranes
provide significantly different signals to cells that direct different phenotype expression.*’ This
finding highlights the primary difficulty when using naturally derived matrices for studying the
effects on ATII cells of growth factors, ECM proteins, and other biochemical cues already
present in these substrates.

Ideally, an in vitro scaffold should provide the user with the ability to modulate the
presentation of biochemical and physical signals in space and time, and this control enables
highly defined experiments to elucidate the effect of each individual cue on cell phenotype and
function. Using a metastatic lung carcinoma cell line, which is genetically quite different from
healthy ATII cells, one group was able to demonstrate spontaneous cyst formation in a
photopolymerized, enzymatically-degradable PEG-acrylate hydrogel.** However, alveolar cyst
formation with primary cells has not been accomplished within synthetic hydrogels, where the

researcher has a high level of control over matrix properties and biochemical signaling. Instead,



the field is left with the natural matrices and ‘watching’ spontaneous evolution of cysts for their
primary cell culture methods.

With this motivation, numerous groups are interested in developing more physiologically
relevant models for culture of alveolar epithelial cells, especially in the context of culture with
other lung cells. In one example, Carterson, et al., employed an interesting technique by growing
A549 cells, a human adenocarcinoma cell line with similarities to the ATII phenotype, on
commercial microcarrier beads in suspension culture in a rotating wall vessel reactor to create a
3D alveolar cyst model.”” While the method is robust, the end result is a cyst that polarizes the
epithelium with the basolateral side facing in towards the sphere and the apical side facing out
towards the medium, thus inverting the typical hollow cyst architecture. While the approach
enables easy access to the apical surface, it limits the researchers ability to modify the matrix
properties of the adhesive surface and does not allow for co-cultures with cell types found on the

basolateral side of the epithelium, such as fibroblasts and endothelial cells.

1.3 Hydrogel scaffolds as models to study cell biology in four dimensions

Hydrogels represent a robust material system for answering fundamental biological
questions relating to three-dimensional cell culture and have been especially effective in
investigating the question: How do cells receive and exchange information with their
extracellular environment? In living tissues, cells are surrounded by an extracellular matrix
(ECM), a network of various protein fibers (e.g., collagen and fibrin) interlaced with
glycosaminoglycan chains that provide support and signaling essential for proper development
and maintenance of the tissue. The native ECM is actively involved in providing cues that

influence cellular processes; for example, adhesion proteins bind to cell-surface receptors that



prevent cell death,* facilitate attachment,”” and influence motility®® in a manner that depends on
their concentration and composition (Figure 1.6).”" In addition, the ECM serves as a reservoir for
important cytokines and chemokines, often sequestering growth factors in both latent and active
forms.>* Rapid proteolytic release and activation of these factors enables localized signaling that
is important in promoting wound healing, dictating development, or even furthering cancer

progression.” >

From a general perspective, the ECM is enzymatically degradable to allow for
local cellular remodeling.’® These proteinaceous matrices have a high water content and resist
mechanical stresses, both of which are properties thought to influence chemical signaling
between and within cells through mechanotransduction and diffusion of paracrine, autocrine, and
hormone signaling molecules.’’

More recent work has focused on de-convoluting the complex roles that mechanical and

chemical signals play in dictating cellular development. Diverse tissues in the body have an

ECM environment with different compositions and different stiffnesses. For example, the
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Figure 1.6 Schematic of cells within a native extracellular matrix (ECM). Cells (grey) bind
specific ECM proteins (green) with cell-surface receptors, such as integrins (brown), to form
adhesions important in cell viability, migration, and mechanotransduction. Cell-cell junctions
(purple) in addition to cell-ECM adhesions allow the cell to feel mechanical forces in its
environment through cytoskeletal stress fibers (red). The ECM is also a reservoir for important
soluble cytokines and chemokines (red), which bind to specific cell-surface receptors (orange).
The structural fibers of the ECM (yellow) can be cleaved by proteinases secreted by the cells,
allowing for localized matrix remodeling. Adapted from Reference 51.
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elasticity of various mammalian tissues ranges from about 10 Pa in soft tissues, such as the brain,
up to hundreds of kPa in cartilage.”® The mechanical properties of the surrounding cellular
environment have been shown to greatly influence cell fate. For example, matrix elasticity is
known to affect cytoskeletal tension, which can translate to intracellular signals and has been
shown to direct stem cell differentiation.” In addition, tumor microenvironments are often
described as much stiffer than healthy tissue, a fact supported by the familiar cancer screening
technique of inspection for a hard mass within a compliant tissue. In a striking example of
mechanical signaling, mammary epithelial cells cultured on substrates with an elastic modulus
comparable to that of malignant breast tissue took on cancer-like traits, whereas soft substrates
promoted normal tissue growth.” Clearly, there is much still to be learned about
mechanotransduction processes and how mechanical and chemical cues work in concert to
regulate cell function and fate, and the design of tunable material culture systems will be
important in advancing the field.

Animal models have provided an important approach to test some of these complex
signals and can illuminate the effects of the introduction of small molecules or macromolecular
signals in the context of the entire body. This approach can be particularly useful, for example, in
the drug development process when potential damage to off-target organs needs to be
discovered. For fundamental research, however, animal models have the obvious drawback of
being complicated systems with countless signaling pathways, redundancies, and environmental
influences that can confound experimental variables. Therefore, many studies in vitro have
aimed to mimic aspects of the native ECM, creating more biologically relevant models, through
the use of natural and synthetic hydrogels.®"*> At the most basic definition, hydrogels are three-

dimensional networks of hydrophilic polymers that are rendered water swellable, but insoluble,
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because of chemical or physical interactions between the polymer chains. The high water content
imparts tissue-like elastic properties and facilitates rapid transport of small molecules, as well as
gradients in cell-secreted growth factors and matrix molecules.®

From the applied perspective, gels used for three-dimensional cell culture in vitro should
allow for cell migration, matrix degradation, and distribution of evolving tissue. However,
numerous challenges with engineering the properties of these hydrogels remain; state-of-the-art
tissue-engineered cartilage is still weak and inferior compared to native cartilage, and
regenerating complex tissues from multiple cell sources continues to be elusive. Beyond basic
structural and mechanical function, it is often challenging to define a minimum functionality for
the encapsulating matrix (i.e., decide what chemical signals to include at relevant doses) and to
work with cells that must perform metabolic functions. As a result, the field has much to learn,
starting with the basic understanding of how cells receive signals from their ECM and
progressing toward strategies to dynamically alter this environment in a cellularly appropriate
manner. Thus, many research groups are revisiting advances in material science and engineering
to develop highly controlled cellular microenvironments to improve our understanding and apply
this knowledge toward the manipulation and engineering of critical cellular functions.

Ideally, an in vitro scaffold should provide the user with the ability to modulate the
presentation of biochemical and physical signals in space and time in order to elucidate the effect
of each individual cue, as well as their synergies, on desired cell fates. The following sections
illustrate some of our perspectives on critical advances and recent progress toward the
development of cytocompatible chemistries and their applications in synthesizing cell-laden

material matrices. In a simplified sense, this might be described as understanding biology in four
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dimensions, where experimenters control the cellular niche in three-dimensional space and the
fourth dimension of time.
1.3.1 PEG hydrogels as ECM mimics for cell culture

From a fundamental perspective, synthetic materials provide a basic platform to engineer
cell culture matrices with defined mechanical properties, transport properties, and even
degradation rates. In such systems, poly(ethylene glycol) or PEG is a frequent choice as the base
material for synthetic hydrogel matrices because of its low level of protein adsorption, which
prevents nonspecific interactions between cells and the network, providing a “blank slate” that
can be easily modified to present chemical and physical cues in a defined manner. For example,
the photoinitiated solution polymerization of PEG-diacrylate (PEGDA) in the presence of cells
creates a cell-laden network of polyacrylate kinetic chains crosslinked by elongated PEG chains
(Figure 1.7a-b).®* Cytocompatible reaction conditions and monomer formulations have been
identified for PEGDA hydrogels, which enable both 2D culture on preformed materials as well
as 3D encapsulation and cell culture within a minimal ECM. %%

While synthetic systems, such as crosslinked PEG, have numerous advantages, a major
limitation of this material chemistry is the lack of biochemical signals that cells recognize. Thus,
encapsulated cells generally adopt a rounded morphology (Figure 1.7¢), and tissue engineering
approaches rely on the ability of cells to rapidly and appropriately remodel their local matrix
environment. Such minimal systems are permissive to cell function and can be suitable for the
long-term culture of cells with low metabolic activities or a natural rounded morphology (e.g.,

64,67

cartilage cells, aka chondrocytes”™") or alternatively when one wishes to promote cell-cell

interactions (e.g., islets®®, neurospheres®). However, a significant drawback of purely synthetic
g P g purely sy
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Figure 1.7 (a) Poly(ethylene glycol) diacrylate (PEGDA), of varying number of repeat units (n),
can be chain polymerized in the presence of a radical initiator (R*) to form a network of
polyacrylate chains (red) crosslinked by PEG (black). Mesh size (&) is a measure of the distance
between crosslinks and inversely related to crosslinking density. (b) Generic plot showing the
relationship between equilibrium swelling and compressive modulus as a function of
crosslinking density. As crosslinking density increases, compressive modulus of the hydrogel
increases while swelling decreases. (c) Chondrocytes encapsulated within a PEGDA hydrogel,
stained with LIVE/DEAD®. Live cells fluoresce green. In this "blank slate" hydrogel, cells do
not form attachments to the matrix and maintain a rounded morphology. Scale bar = 50 um.
Adapted from Reference 64.

and non-degradable extracellular matrix analogs is the inability of cells to spread or migrate,
which can severely limit the broad utility of such a system.

To enable cell motility through these materials, network crosslinks must be cleaved. As a
result, researchers have explored methods to integrate and control degradation in cell-laden

70-72

matrices. These approaches range from pre-engineered hydrolytic degradation to cell-

dictated degradation through secretion of enzymes >

to emerging paradigms in user-dictated
degradation”. Systems that depend on hydrolytic degradation often employ the cleavage of ester

bonds, and the rate at which these materials degrade can be tuned to allow for cell proliferation

and ECM deposition. The degradation kinetics of ester hydrolysis can be controlled by changing
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either the monomer chemistry or the number of cleavable links in the macromolecular
backbone.”® Because of the high water content of hydrogels, the degradation kinetics and mass
loss can be engineered to proceed in a predictable and homogeneous manner (i.e., bulk
degradation).”” However, correctly timing the exchange of newly synthesized ECM with the
degrading synthetic scaffold requires a precise understanding of both the material degradation
kinetics and the rate of tissue deposition, time scales that are not always well-characterized.
Therefore, many researchers have moved to enzymatically degradable hydrogels for 3D cell
culture, where scaffold degradation is caused by cellular activity (i.e., the production of active
proteinases). This localized degradation allows cells to modify and migrate through their
immediate surroundings, which limits the need for a priori knowledge of the appropriate
degradation kinetics. However, in these materials the researcher is a passive observer of cell
function and is often unaware of how the material is being altered locally.

While scaffolds with cell-dictated and pre-engineered degradation have certainly
provided robust solutions to numerous tissue engineering applications, there has also been an
evolution in thought toward the development of material platforms that respond to user-dictated
inputs, which enable systematic and external modification of the cellular environment. Such
systems allow the experimenter to test how cells react to these dynamic and controlled changes
in matrix material properties. These user-controlled techniques are often combined with cell-
dictated degradation mechanisms to both observe and manipulate cell function in a more native-
like culture environment. Through appropriate chemical modifications, researchers can spatially
and temporally vary both biophysical properties (stiffness, shape) and biochemical signals
(adhesive ligands, growth factors) incorporated in cellular matrices, progressing the field toward

a dynamic niche for culturing encapsulated cells.
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1.3.2 User control over environmental signals presented to cells

To provide insight as to how cells respond to specific matricellular cues, researchers have
recently pursued ways to actively manipulate the cellular microenvironment.”® One convenient
and versatile method is to initiate chemical reactions with light. A hallmark advantage of
photochemical reactions is that they provide the user with precise spatial and temporal control
over bond formation and cleavage, allowing for directed network formation and degradation as
well as pendant ligand tethering and release. In photoinitiated processes reaction only occurs
where light is present. Light can be controlled in space by using standard techniques such as
photomasks and focused lasers, and controlled in time by turning the switch on and off. One
specific example of a photolabile functionality employed to create cell culture matrices relies on
a nitrobenzyl ether moiety (Figure 1.8a) that exhibits high photolytic efficiency.”

Acrylated nitrobenzyl ether has been attached to both ends of PEG-bis-amine through a
pendant carboxylic acid, creating a photocleavable crosslinking molecule, PEGdiPDA (PEG di-
photodegradable acrylate, Figure 1.8b). This macromer is readily copolymerized with PEG
monoacrylates or other monomers to create photodegradable hydrogels. Upon irradiation with
single photon light between 365-420 nm or multiphoton light centered at 740 nm, the ester bond
connecting the nitrobenzyl ether to the rest of the network is cleaved, forming a carboxylic acid
and a ketone (Figure 1.8c). As the PEGdiPDA segments are detached from the network, the
overall crosslinking density decreases until complete degradation is achieved. This process is
fully controlled by the intensity and wavelength of light dictated by the photophysical properties
of the linker, giving the user spatio-temporal control over gel modulus and network geometry.
Figure 1.8d illustrates that irradiating with either a lower intensity of the same wavelength of

light or with a different wavelength of light that corresponds to a lower molar absorptivity for
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nitrobenzyl ether will result in a longer degradation time.”>”” Network degradation only occurs
during exposure to light, so the gel modulus can be softened to a specific value, remaining
constant while the light source is shuttered, and then it can be decreased again at a later point in

time (Figure 1.8e).
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Figure 1.8 (a) Photolabile nitrobenzyl ether acrylic monomer. (b) Poly(ethylene glycol) di-
photodegradable acrylate (PEGdiPDA) macromer, composed of PEG (black), photolabile
moieties (blue), and acrylate end groups (red), polymerizes to form a gel. (c) Irradiation with
specific wavelengths of light cleaves the nitrobenzyl ether moiety, degrading network crosslinks.
(d) Wavelength and intensity of the light controls degradation time, as determined by in situ
rheometry to measure elastic modulus (G') normalized to initial modulus (G',), which is directly
proportional to crosslinking density. (i) 365 nm at 20 mW/cm?, (ii) 365 nm at 10 mW/cm®, and
(iii) 405 nm at 25 mW/cm’. (¢) Degradation only proceeds during exposure to light. (i)
Continuous or (ii) periodic irradiation with 365 nm at 10 mW/cm”. Adapted from Reference 75.
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This controlled degradation technique has been used to study the differentiation of the
resident cell population found in heart valves, valvular interstitial cells (VICs), into activated
myofibroblasts, a process that has been shown to be correlated with substrate stiffness.**** VICs
become activated from a quiescent fibroblast phenotype to an active myofibroblast phenotype in
response to injury, and these activated myofibroblasts assist with the process of wound healing
and valve homeostasis. Little is known about the fate of myofibroblasts after healing, but their
persistence is often linked to the progression of fibrotic diseases. Since elasticity of the culture
platform has been shown to influence VIC activation, matrices that allow fine-tuning of the
modulus during culture are uniquely qualified to investigate thresholds and reversibility of
activation in vitro.

Thus, the light-tunable properties of these PEG materials were harnessed to investigate

838 First, it was asked

questions related to the fibroblast-myofibroblast transition in VICs.
whether there was a critical threshold in matrix elasticity above which VIC activation would be
promoted and below which VICs would remain quiescent. By passing a mask over a
photodegradable hydrogel during irradiation, a modulus gradient was achieved, in this case
ranging from ~7-32 kPa for Young’s modulus (Figure 1.9a). VICs were seeded on top of these
gradient gels, and after three days, the number of myofibroblasts at each position on the gel was
counted, as determined by the presence of a-smooth muscle actin (0SMA) organized into stress
fibers (Figure 1.9b). Significantly more cells were activated on the stiff side of the gel than on
the soft side, and the activation threshold was determined to be approximately 15 kPa.

While there are numerous materials and approaches to create hydrogels of varying

elasticity, either through the preparation of discrete gels or the formation of gradient systems,*"

57 photodegradable gels allow unique experiments to be performed where the gels can be
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Figure 1.9 Valvular interstitial cell (VIC) activation on gradient and stiff-to-soft gels. (a)
Modulus gradient across a gel created by moving a mask over the surface during irradiation
(left). Modulus (£) measured by atomic force microscopy (blue triangles) and rheometric
measurements (red line) as a function of position. (b) The stiff side of the gel promoted VIC
activation, whereas cells grown on the soft side remained quiescent on day 3. Percentage of
myofibroblasts determined by counting the fraction of cells with a-smooth muscle actin (aSMA)
stress fibers, a classic marker for myofibroblasts. Inset: fluorescent images of VICs on stiff (32
kPa) and soft (7 kPa) sides of the gel on day 3, immunostained for aSMA (green), f-actin (red)
and nuclei (blue). Scale bar = 100 um. (¢) By softening stiff gels during culture, VICs can be de-
activated. (i) 32 kPa "stiff gels", (i1) 7 kPa "soft gels", and (iii) 32 kPa - 7 kPa "stiff-to-soft gels".
Adapted from Reference 83.
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softened in situ and the influence of this softening on cell fate can be observed. Specifically, the
cytocompatible nature of the photodegradation reaction was exploited to soften gels that were
initially stiff at later time points during culture of VICs to determine if de-activation of the
myofibroblast state is possible. VICs cultured on ~32 kPa gels became activated over three days,
then were exposed to 365 nm light to soften the underlying gel to ~7 kPa and cultured for
another two days (Figure 1.9¢). This temporal change in substrate modulus caused de-activation
of the myofibroblasts, without cell death™, highlighting the importance of substrate stiffness in
tissue engineering applications and informing strategies for potential therapies to treat fibrosis.
The biomechanics of material culture systems are not the only environmental signals that
can be modulated with this user-controlled photodegradable functionality; one can also

89 Typically, the amino acid sequence

dynamically present biochemical ligands to cells.
derived from fibronectin, arginine-glycine-aspartic acid-serine (RGDS), is pendantly
incorporated into synthetic matrices to promote cell adhesion and survival.”" > However,
biochemical signal presentation is not static in vivo, and sometimes a ligand used for one purpose
can inhibit other important functions. In general, there is a complex exchange of signals between
cells and the ECM, and materials-based strategies can be exploited to better understand the
influence of key signals on cellular fates.

In vivo, differentiating human mesenchymal stem cells (hMSCs) initially secrete high
levels of fibronectin, which is later down regulated between days 7-10 followed by up-regulation
of glycosaminoglycans (GAGs), an early marker for chondrogenesis (i.e. differentiation toward
cartilage-forming cells, chondrocytes).”*”> While RGDS is necessary for cell viability in these

PEG hydrogels during the first week of culture, the question is whether its persistence is

necessary or detrimental after a certain period of time. To provide an illustrative example of
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biochemical control of matricellular signaling, pendant peptides (Figure 1.10a, black) were
tethered to the hydrogel network through the acrylated nitrobenzyl ether group (Figure 1.10a,
blue and red), allowing for removal of the signal at a defined place and time. In this instance,
RGDS was attached to a PEGDA hydrogel and photoreleased to study the influence of dynamic
RGDS presentation on chondrogenesis of encapsulated hMSCs.”” When RGDS was
photoreleased from the gels on day 10 and diffused out of the network, GAG production was
found to increase four-fold over gels persistently presenting RGDS for the full three weeks of
culture, indicating a significant increase in an important chondrogenic marker in the
photoreleasable gels (Figure 1.10b). This example provides one simple demonstration where the
dynamic nature of biochemical signal presentation can be mimicked to influence cellular
functions and hints at the potential need for multiple aspects of control over the cell

microenvironment for in vitro culture systems.
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Figure 1.10 (a) Structure of the photoreleasable adhesion peptide monomer, arginine-glycine-
aspartic acid-serine (RGDS) in black, photolabile moiety in blue, acrylate in red. (b) RGDS
presentation maintains human mesenchymal stem cell viability within PEG-based gels (inset
table). A chondrogenic marker (glycosaminoglycan, GAG, production) is increased four-fold by
day 21 when the adhesive ligand RGD is photoreleased on day 10. (i) PEG-only gels. (ii)
Persistently presented RGDS. (iii) Photolytic removal of RGDS on day 10. Adapted from
Reference 75.
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1.3.3 Cellular remodeling of their environment

While materials with user-controlled properties are beneficial in performing certain types
of experiments, there are many other instances when one may wish to be a passive observer,
watching cells in a more physiologically relevant environment. In this case, materials researchers
have sought to develop methods to formulate hydrogel environments that promote specific
cellular interactions, such as survival cues, degradable sequences, and growth factor binding
functionalities. In the context of PEG hydrogels, one way in which a more advanced synthetic
ECM can be realized is to apply the cytocompatible, photoinitiated, step-growth, thiol-ene
polymerization.”®"” In this example, a multi-arm PEG-norbornene is reacted with dicysteine-
peptide crosslinkers with or without monocysteine-peptide pendant groups (Figure 1.11a-c). This
approach exploits certain aspects of the biochemical properties of peptides, as mimics of their
full protein counterparts, and builds from the pioneering early work of Hubbell ef al. to create
peptide functionalized PEG hydrogels using a complementary type of step-growth
polymerization based on Michael-type addition reactions.”® "'

As with the PEGDA system, the photoinitiation technique provides both spatial and
temporal control over network formation. However, the thiol-ene reaction has the extra
advantages of rapid gelation and ideal network formation, maintaining uniform physical
properties throughout the gel. Moreover, biochemical signals can easily be tethered to the
network through the same thiol-ene reaction between excess PEG-norbornene or other ene
functionalities pendant to the PEG backbone and cysteine-containing proteins or peptides either
during the initial network formation for uniform signal distribution or in a post-gelation step

96,102

allowing for spatial patterning within the gel (Figure 1.11d). For example, the commercially

available protecting group allyloxycarbonyl (alloc) used during peptide synthesis contains a
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Figure 1.11 (a) Thiol-ene reaction cycle. An initiator abstracts a proton from a thiol (i), forming
a thiyl radical (ii), which then reacts with a carbon-carbon double bond (iii). The resulting carbon
radical (iv) abstracts a proton from another thiol, completing the thio-ether bond and
regenerating a thiyl radical. (b) Di-cysteine polypeptide monomer, chemical structure (top) and
amino acid abbreviation (bottom). This sequence, derived from collagen I, is cleavable by cell-
secreted matrix metalloproteinases (MMPs), cleavage site indicated by arrow, and is often used
as a cellularly degradable crosslinker. (¢) PEG-tetranorbornene and di-cysteine peptides react via
the thiol-ene reaction cycle to form a step-growth network. Note: PEG (red), peptide crosslinker
(blue), pendant peptide (green). (d) Peptide tethering with the thiol-ene reaction. Using
photomasked light or focused laser light, cysteine-containing peptides can be covalently attached
to pendant ene groups on the polymer network exclusively in user-defined regions. Fluorescent
label on pendant peptide is indicated by a star. (¢) Three different fluorescently labeled peptides
(blue, green, and red) are sequentially attached at user-defined locations and times using

photomasks and radical-initiated thiol-ene coupling reactions. Adapted from References 103,
107, and 108.
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terminal vinyl group that can be employed as a handle for covalently attaching cysteine-
containing peptides to an existing peptide network crosslink post-gelation. Gels are swollen with
the desired peptide and a photoinitiator, and then exposed to light. Since radicals are only formed
in irradiated areas of the gel, these ligands can be patterned into the gel using a photomask.
Typically, low concentrations of pendant peptides are used, leaving plenty of vinyl handles
available for the addition of other peptides at later times (Figure 1.11e). In this way the
permissive “blank slate” PEG gel becomes a promoting environment, presenting cells with
biologically relevant cues from the native ECM and promoting specific cell functions through
cell-matrix interactions.

These peptide-functionalized PEG hydrogels are readily tuned to permit cellular
remodeling of their surroundings. Specifically, enzymes naturally produced by cultured cells can
be exploited to create a flexible milieu in which network crosslinks are locally cleaved. As part
of many physiologic and pathologic processes, numerous cell types produce matrix
metalloproteinases (MMPs), a family of enzymes that cleave proteins found in the ECM, causing
degradation of the matrix and allowing for cell migration and remodeling of the matrix
composition or geometry. An oligopeptide sequence derived from collagen I (Figure 1.11b) has
been shown to be efficiently cleaved by several MMPs™ and has been incorporated into

hydrogels to facilitate migration of many cell types during 3D cell culture.'”'*

This designer
peptide contains a cysteine on one or both ends to enable thiol-ene reactions with ene-
functionalized PEG monomers and create enzymatically-cleavable pendant groups or crosslinks.

A noteworthy advantage of this thiol-ene reaction is that any cysteine-containing peptide can be

used and requires no post-synthetic modifications.
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Cells encapsulated within these promoting scaffolds are able to form attachments to the
hydrogel network, as integrins found on the cell surface will bind to many peptide sequences.
These cell-material interactions allow the cell to adhere and spread (Figure 1.12a), which is very
different from cells encapsulated in the PEGDA "blank slate" gels. In addition, enzymatically-
cleavable crosslinks allow for local remodeling of the hydrogel matrix, which enables cell
migration through the material. Individual cell paths can be tracked using real-time microscopy,
and such quantitative data allows researchers to better understand how matricellular cues
influence parameters, including cell speed and persistence, both of which are important to fields
such as cancer biology and wound healing (Figure 1.12b). Peptide functionalized gels can
provide a minimal mimic of the extracellular matrix, and thiol-ene chemistry is one easy avenue
to synthesize materials decorated with these biologically functional molecules and represents a

significant advance toward more native-like material platforms for culturing encapsulated cells.
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Figure 1.12 Cells attach, proliferate and migrate in MMP-degradable thiol-ene hydrogels. (a)
human mesenchymal stem cells exhibit a spread morphology that depends on the degradability
and integrin binding motifs in thiol-ene gels. Single cell immunostained for nucleus (blue), actin
(red), and vinculin (green, focal adhesions). Scale bar = 25 um. Image courtesy of Chelsea
Kirschner. (b) Plot of five different cell migration paths of valvular interstitial cells encapsulated
within the same MMP-degradable gel. When the enzymatically-cleavable crosslink is used for
gel formation, cells are able to degrade the surrounding isotropic material and migrate freely in a
random walk. Cells were imaged and tracked on a real-time microscope. Adapted from
Reference 104.
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1.3.4 Sequential and orthogonal reactions create dynamic material niches for 3D cell
culture

When combined into one system, the techniques and reactions described previously
empower the user to design a highly tunable scaffold for 3D cell cultures that can evolve in real
time through both cell- and user-dictated processes (Figure 1.13a-e). Namely, one can envision
strategies where one reaction is used to form a cell-laden gel, while bio-orthogonal reactions are
used to introduce or remove biochemical signals or to erode the matrix. Bio-orthogonal
reactions, which are chemical reactions that do not interfere with native biochemical processes,
are of growing interest in numerous applications. Here, we show one recent example where a
strain-promoted azide-alkyne cycloaddition (SPAAC) between cyclooctyne-functionalized PEGs

and azide-functionalized peptides is used to encapsulate live cells.'*'”

Next, an orthogonal
photoinitiated thiol-ene reaction between a cysteine-containing peptide or protein and a pendant
ene functionality incorporated in the hydrogel backbone is used to pattern cues in a spatially

107-109
defined manner.'"”’

Third, enzymatically-cleavable peptides are incorporated to enable cell
migration or serve as reporters for local cell behavior.'”’ Lastly, the photolabile nitrobenzyl ether
moiety described earlier is included to allow user-directed softening or complete degradation of
the material upon irradiation.'®

To demonstrate the potential for this type of multifunctional and responsive material
system, two different biochemical cues were sequentially patterned within a gel containing
hMSCs to create a three-dimensional culture environment with spatially distinct biochemical

regions (Figure 1.14a-b).'"”

Later, columns of user-defined cross-section were eroded through
the gel with two-photon microscopy to remove cells from selected niches (Figure 1.14c). The

recovered cells were then plated, expanded, and further processed to provide more detailed

molecular characterization, all processes that are difficult to do in typical three-dimensional
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Figure 1.13 Sequential and orthogonal reactions. (a) Gels can be formed via a strain-promoted
azide-alkyne cycloaddition (SPAAC) between cyclooctyne-functionalized PEGs (blue) and
azide-functionalized peptides (green). (b) Peptide ligands can be patterned into the gel through
the photoinitiated thiol-ene reaction between a cysteine-containing peptide (orange) and a free
carbon-carbon double bond (pink) from the alloc protecting group located on the peptide
crosslinker. (¢) By choosing an enzymatically-cleavable peptide sequence for the di-azide
crosslinker (green), the gel can be locally degraded by cells. (d) User-dictated degradation can be
accomplished by incorporating a photolabile moiety (green) within the crosslinker. (e) In this
synthetic scaffold, the cell (grey) can attach to the PEG matrix (blue) through integrins (brown)
binding to adhesive peptides (orange), which are covalently linked to the network through a
pendant ene functionality (pink) during a post-gelation photoinitiated reaction, enabling spatial
patterning of the peptide. Enzymatically-degradable peptide sequences and/or photolabile groups
form the crosslinks (green), allowing for cellular and/or wuser remodeling of the
microenvironment. Adapted from Reference 109.
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culture.'” Alternatively, using the same techniques, channels were degraded within SPAAC gels
and used to direct fibroblasts and their migration down user-directed paths by patterning the
adhesive peptide RGD only in the desired channels (Figure 1.14d).'® Such advanced patterning
in three-dimensions may eventually address technical challenges in guiding formation of

complex tissue structure involving multiple cell types.

Figure 1.14 (a) Fluorescently-labeled arginine-glycine-aspartic acid-serine-cysteine (RGDSC,
green) was swollen into cell-laden gels along with a photoinitiator and exposed to UV light
through a photolithography mask, causing radical-mediated addition of a thiol across an olefin
and creating stripes of the adhesive ligand in the gel. After swelling in fresh media to remove
unreacted RGDSC, fluorescently-labeled proline-histidine-serine-arginine-asparagine-cysteine
(PHSRNC, red) was similarly patterned in perpendicular stripes, creating an array of four unique
environments in a single cell-laden gel: blank, RGD-only, PHSRN-only, and RGD plus PHSRN.
Cells encapsulated within the gel are labeled orange. Scale bar = 200 um (b) Circle-shaped
columns were degraded to remove cells from a certain environmental niche. Scale bar = 200 um
(c) Those cells were then plated on TCPS and grown to show continued viability.
Immunostained for F-actin (green) and cell nuclei (blue). Scale bar = 50 um (d) Fibroblast
outgrowth is directed by degrading channels in the SPAAC gel and tethering RGD only in the
desired path by using focused laser light only in the channel enclosed by the dotted line. Scale
bar = 100 um Adapted from Reference 109.

1.3.5 Adaptability for studying alveolar tissue structures

By designing poly(ethylene glycol) hydrogel systems with the functionalities described,
researchers can easily control and observe cell behavior with precise spatial and temporal
resolution. Cytocompatible photochemistries allow the synthesis of versatile 3D cell culture

material systems in which users can dictate material stiffness, matrix geometry, and biochemical

signal presentation. Employing multiple orthogonal chemistries within a single scaffold greatly
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improves our ability to mimic the biophysical and biochemical cues present in the native ECM
environment and to study and direct cell function. These dynamic environments have been used
to investigate complex biological processes, and are ideally suited to engineering tissue-relevant
multicellular structures. By exploiting the photochemistries described here, spatial patterning of
cells within hydrogels becomes possible, with the added advantage of being able to control
organization of different cell types within the scaffold. This spatial control is especially
important for studying the complex 3D alveolar epithelial microenvironment, in which epithelial
cells form hollow cyst-like structures surrounded by extracellular matrix containing endothelial

and mesenchymal cells.

1.4 Approach of this thesis

The overall goal of this thesis is to develop a physiologically-relevant in vitro model of
the alveolar epithelium, which can be used to explore the effects of extracellular cues on
epithelial cell phenotype and disease progression. Typical in vitro culture platforms for primary
alveolar epithelial cells consist either of flat 2D surfaces, or 3D matrices composed of naturally-
derived protein fibers. The hollow, cyst-like alveolus inherently exists as a three dimensional
object, and we postulate that this complex tissue structure is essential for in vitro studies.
Moreover, maintaining strict control over the cyst structure and the physical and biochemical
components of the supporting matrix enables researchers to probe more precisely which elements
are influencing the cell behavior. In this thesis, we aim to exploit the spatial and temporal control
over the photo-cleavable materials developed in this laboratory to create defined 3D tissue

structures with primary lung epithelial cells to study cellular behavior in response to external
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cues. The global objective, specific hypotheses, and the aims to test these hypotheses are
discussed in detail in Chapter 2.

To explore the influence of matrix geometry on alveolar epithelial cell differentiation,
Chapter 3 describes the process of eroding microwells of defined shapes and sizes into a photo-
cleavable hydrogel scaffold using standard photo-lithography techniques. Primary alveolar
epithelial cells can be seeded into these wells, covered with a second layer of hydrogel to create a
3D environment, and cultured for extended periods of time. Experiments are designed to assess
cell phenotype by immunostaining for phenotype-specific proteins (surfactant protein C, SPC,
for ATII cells; Tla protein for ATI cells) and subsequent image collection with confocal
microscopy. Since the microwell geometry is highly regular, heat maps averaging over multiple
wells can be generated to examine the spatial arrangement of each phenotype marker within the
well. With this method, results revealed that spontaneous hollow cyst formation was not
observed with the microfabricated hydrogel well scaffolds, thereby motivating the methods
described in Chapter 4.

Specifically, a templating procedure was envisioned to study the establishment of
epithelial cysts within a synthetic hydrogel platform. First, photodegradable microspheres are
polymerized in appropriate size ranges for alveoli (50-200 pm) and contain pendant peptides
(RGDS) that allow for epithelial cell attachment to the outer surface. An alveolar epithelial cell
line (A549) is used to test the process: cells are incubated with microspheres on an orbital shaker
and monitored with time until they form a confluent layer on the microsphere surface; next, these
pre-cysts are readily encapsulated in a synthetic hydrogel; finally, the microsphere templates are
eroded with light (15 min of exposure to 10 mW/cm® of 365 nm light), leaving hollow epithelial

cysts suspended in a hydrogel network that are cultured for up to 6 days after template erosion.
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To assess functional properties, primary alveolar epithelial cells isolated from mice are also used
in this process and analyzed for cell phenotype (SPC, Tla) and the presence of cell junction
markers (B-catenin, ZO-1) by immunostaining and confocal microscopy.

Once methods were established for cyst formation, the model was used to test hypotheses
about epithelial-mesenchymal paracrine signaling (Chapter 5). Specifically, co-culture models
enable study of the interactions between pulmonary fibroblasts with epithelial cysts in both
healthy and diseased states. Pulmonary epithelial cysts formed either from healthy cells isolated
from mice or from a cancer cell line (A549) are co-cultured with pulmonary fibroblasts, either
from a healthy cell line (CCL-210) or from an idiopathic pulmonary fibrosis cell line (CCL-134).
The fibroblasts are distributed singly throughout the hydrogel surrounding the epithelial cysts at
1.6 million cells/mL. Signs of epithelial-to-mesenchymal transition (EMT) are assessed by
immunostaining for key EMT protein markers (vimentin, a-SMA, ZO-1 and E-cadherin) and
imaging with confocal microscopy. Proliferation rates of both cell types are analyzed by
incorporation of a fluorescent nucleoside (EdU), followed by image analysis with confocal
microscopy and quantification with automated object detection. Fibroblast motility is assessed
with live cell confocal microscopy and 3D object tracking software to calculate fraction
migrating, speed, and directionality. Finally, Chapter 6 summarizes the major conclusions of this

work and recommends future research directions for this project.
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Chapter 2

Thesis Objectives

Two cell phenotypes reside in the lung alveolar epithelium: alveolar type I (ATI) cells,
which are thin and elongated to facilitate gas exchange with the surrounding capillaries, and
alveolar type II (ATII) cells, which are rounded and secrete surfactant proteins that line the
inside of the hollow, spherical alveolus. These epithelial cells attach to a thin basement
membrane that separates them from the surrounding capillary endothelial cells as well as
interstitial pulmonary fibroblasts, which are especially common in the collagen- and elastin-rich
septa separating the alveolar walls.' The long, thin ATI cells are the most susceptible to injury,
while the ATII cells serve as stem cells for the alveolar epithelium, repopulating and
differentiating after injury to reform the epithelial layer.” The ATII cell niche often contains gaps
in the basement membrane through which epithelial cells can form direct connections to the
resident fibroblasts, indicating an important role for epithelial-mesenchymal communication in
healthy alveolar tissue.’ Crosstalk between the alveolar epithelium and interstitial fibroblasts is
thought to be influential in maintaining alveolar extracellular matrix (ECM) secretion and
composition, survival and differentiation of both epithelial cells and fibroblasts, and the
progression of fibrotic diseases.” Despite their important function, much remains to be
understood and discovered about the extracellular cues necessary for epithelial cell
differentiation and their dysregulation that leads to disease.

In vitro model systems are particularly useful for studying questions related to the lung
alveolus, because these systems give the user control over the individual signals presented to the

cells, such as matrix geometry, and enable the experimenter to co-culture multiple cell types to
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study specific interactions not available to in vivo experimental designs. The cyst-like alveolus is
an inherently three-dimensional tissue structure, and this organization necessitates an appropriate
3D matrix environment for culturing alveolar cells in a similarly complex multicellular
arrangement. One particularly versatile material scaffold for culturing cells in three dimensions
is based on peptide-functionalized poly(ethylene glycol) (PEG) hydrogels, where the PEG
component limits non-specific protein adsorption and the peptide component allows controlled
presentation of matrix signals to the cell.” Both Michael addition and thiol-ene photoclick
reactions have been used to synthesize PEG-peptide matrices, using reaction conditions that are
cytocompatible and enable primary cell encapsulation.®’

By using light-based chemistries to initiate gelation and to incorporate biomolecules into
PEG networks, dynamic niches can be created that facilitate the study of how cells respond to
user-dictated or cell-dictated changes in environmental signals. For example, our group has
demonstrated integration of photo-cleavable moieties into PEG hydrogel crosslinks, as well as
pendant functional groups, to construct gel culture niches with biophysical and biochemical
properties that are spatiotemporally tunable with light.* Complementary to this approach, an
enzymatically cleavable peptide sequence can be introduced within PEG hydrogels through
photoinitiated addition reactions (e.g., the thiol-ene photoclick reaction), such as between thiol-
containing biomacromolecules and ene-containing synthetic polymers.” These types of materials
mimic aspects of the ECM by allowing cells to bind to the matrix through integrins and to locally
remodel their surrounding microenvironment. With such tunable material platforms, researchers
can employ a systematic approach for 3D cell culture experiments, spatially and temporally

modulating physical properties (e.g., stiffness, scaffold geometry), as well as biological signals
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(e.g., adhesive ligands, degradable sequences) to study cell behavior in response to
environmental stimuli.

This thesis research aims to study how extracellular cues influence alveolar epithelial
cells in the context of a biologically relevant cellular arrangement. In particular, the key features
of alveolar tissue that we seek to recapitulate are the curved single layer alveolar epithelium
attached to an ECM-like scaffold surrounding a hollow central lumen. Preferably, the model
system would allow control over the cell-matrix interactions (e.g., matrix composition and
mechanics) while enabling co-culture with other cell types found in the alveolar interstitium at
controlled densities and distances relevant to paracrine signaling. We hypothesize that tissue
geometry, matrix properties, and paracrine signaling from neighboring interstitial cells influence
epithelial cellular behavior, in terms of primary ATII cell differentiation, proliferation,
migration, and epithelial-to-mesenchymal transition (EMT). We posit that the materials
developed and used in this research are robust and versatile for manipulating the multi-cellular
architecture of lung cells, and enable us to study epithelial-matrix and epithelial-mesenchymal
interactions in a model alveolus-like microenvironment in vitro. Specifically, we exploit a
photocleavable crosslinking PEG macromolecule described in the Introduction (Chapter 1), first
to create microwells for confining epithelial cells to a defined shape, and second to template
epithelial cyst structures using photodegradable microspheres. Finally, this new culture platform
allows us to study the exchange between fibroblasts and the epithelium that is thought to
influence the progression of diseases, such as lung fibrosis and cancer, within a complex tissue-
relevant co-culture model. To test the hypothesis listed above, the specific aims of this thesis are

to:
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Aim 1. Examine and quantify the effects of geometric confinement on differentiation and
spatial arrangement of primary lung epithelial cells cultured in 3D matrices.

During lung development, spatially-regulated cues from the mesenchyme determine
branching sites for the emerging lung buds.” In the mature lung, the two alveolar epithelial cell
phenotypes are spatially arranged in specific patterns with the elongated ATI phenotype
stretched out along the curves of the alveolus and the cuboidal ATII phenotype localized to the
points where neighboring alveoli meet.* Given this spatial specificity, we hypothesize that matrix
geometry may play a role in determining differentiation of freshly isolated ATII cells and
branching of cultured tissue structures. A photomask is used to erode wells of varying shapes
(i.e., circles to multi-lobed clusters) within a photodegradable PEG hydrogel, which are
subsequently seeded with mouse ATII cells. After 7 days of culture, cell phenotype is assessed
by immunostaining for cell-specific markers (i.e., Tla membrane protein for ATI cells and
surfactant protein C for ATII cells) and by quantifying the position of each cell type within the
wells through image analysis and generation of heat maps. To demonstrate temporal control over
matrix geometry and potentially influence tissue branching, focused two-photon light is used to

erode channels connecting neighboring microwells midway through the cell culture time.

Aim 2. Develop and test a hydrogel platform to culture alveolar epithelial cells and
characterize their evolution into cyst-like structures.

Typical culture platforms used for studying primary alveolar epithelial cells in vitro rely
on unphysiologically stiff 2D plastic substrates (i.e., > 6 orders of magnitude stiffer than lung
tissue) or on matrices derived from native ECM proteins that can confound experiments studying

the influence of biochemical signals on cell phenotype because of the inherent batch variability

44



of these materials and limited control over their composition and matrix properties. Moreover,
the hollow cyst structure of an alveolus can be difficult to achieve reproducibly in vitro, and
studies to date have primarily relied on spontaneous cyst formation when primary cells are

1% This motivated our efforts to develop a technique

embedded in naturally-derived protein gels.
to form model alveoli in vitro, using a highly tunable synthetic hydrogel scaffold to allow
manipulation of complex epithelial structures in a precisely engineered environment. To
accomplish this goal, cell-adhesive photodegradable microspheres (50-200 pm in diameter) are
used as templates to direct epithelial cyst formation within PEG hydrogels containing pendant
adhesive peptides (i.e., fibronectin-derived, CRGDS) and enzymatically-cleavable crosslinks (i.e.
a collagenase-based target, KCGPQGV IWGQCK). An alveolar epithelial cell line (A549) is used
to develop the templating process, followed by primary ATII cells to characterize the cysts for
structural fidelity by immunostaining for cell junction proteins (i.e., B-catenin, ZO-1) and cell

phenotype markers (i.e., Tla, SPC), as well as imaging by confocal microscopy and analyzing

the geometric arrangement of cells.

Aim 3. Utilize an innovative co-culture model to investigate the complex interplay between
the alveolar epithelium and interstitial pulmonary fibroblasts to better understand the role
of paracrine signaling on cellular properties correlated with disease progression.
Convincing evidence points to the importance of epithelial and mesenchymal interactions
in the progression of lung diseases, such as idiopathic pulmonary fibrosis (IPF) and cancer.'*"
However, human studies are limited to comparisons between normal patients and those already

presenting the diseased state of the alveolar tissue, and this approach precludes examination of

the molecular mechanisms associated with how an injured or mutated epithelium influences the
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surrounding healthy fibroblasts and vice versa. For example, the source of profibrotic
myofibroblasts in IPF has been highly controversial in recent years; whether they originate from
proliferation and activation of local fibroblasts or epithelial-to-mesenchymal transition (EMT) of

an activated epithelium.'*"

We hypothesize that diseased cell types, either epithelial or
mesenchymal, will cause an increase in abnormal processes (e.g., increased proliferation,
motility, expression of activation-associated proteins like a-SMA) in healthy cells when the two
are co-cultured in a physiologically-relevant in vitro model of alveolar tissue. To test this
hypothesis, normal (CCL-210) and diseased (CCL-134, IPF) pulmonary fibroblast cell lines are
co-cultured with cysts formed from normal primary epithelial cells (isolated from wild-type
mice) and a diseased epithelial cell line (A549, cancer). All cells are embedded in a hydrogel
matrix that allows control of the spatial proximity and density of the cells, and also exploits our
cyst templating technique (Aim 2). Cell proliferation is measured by incorporation of a
fluorescent nucleoside into the DNA of dividing cells, and cell-laden gels are subsequently
imaged and counted. Further, cell migration is quantified using live cell microscopy and cell

tracking software, and signs of EMT are characterized by immunostaining for key EMT protein

markers (e.g., vimentin, a-SMA, E-cadherin, and ZO-1) and imaging with confocal microscopy.
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Chapter 3

Responsive culture platform to examine the influence of microenvironmental
geometry on cell function in 3D

As published in Integr. Biol., 4, 1540-1549 (2012)

3.1 Abstract

We describe the development of a well-based cell culture platform that enables
experimenters to control the geometry and connectivity of cellular microenvironments
spatiotemporally. The base material is a hydrogel comprised of photolabile and enzyme-labile
crosslinks and pendant cell adhesion sequences, enabling spatially-specific, in situ patterning
with light and cell-dictated microenvironment remodeling through enzyme secretion. Arrays of
culture wells of varying shape and size were patterned into the hydrogel surface using
photolithography, where well depth was correlated with irradiation dose. The geometry of these
devices can be subsequently modified through sequential patterning, while simultaneously
monitoring changes in cell geometry and connectivity. Towards establishing the utility of these
devices for dynamic evaluation of the influence of physical cues on tissue morphogenesis, the
effect of well shape on lung epithelial cell differentiation (i.e., primary mouse alveolar type II
cells, ATII cells) was assessed. Shapes inspired by alveoli were degraded into hydrogel surfaces.
ATII cells were seeded within the well-based arrays and encapsulated by the addition of a top
hydrogel layer. Cell differentiation in response to these geometries was characterized over 7 days
of culture with immunocytochemistry (surfactant protein C, ATII; Tla protein, alveolar type I
(ATI) differentiated epithelial cells) and confocal image analysis. Individual cell clusters were
further connected by eroding channels between wells during culture via controlled two-photon

irradiation. Collectively, these studies demonstrate the development and utility of responsive
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hydrogel culture devices to study how a range of microenvironment geometries of evolving

shape and connectivity might influence or direct cell function.

3.2 Introduction

Extracellular matrix (ECM) signals, such as elasticity,' growth factor presentation,” and
extracellular matrix protein assembly and binding,’ are increasingly recognized as critical
regulators of progenitor cell function and fate during development and tissue regeneration. For
example, during lung development, spatiotemporally evolving growth factor gradients, basement
membrane production and localized remodeling, and interactions between adjacent cells
responding to the locally thinned and distended basement membrane are all part of the complex
sequence of ECM signals that direct lung epithelium assembly, branching morphogenesis, and
alveoli formation.” In particular, the geometry of the cell microenvironment, which regulates cell
shape and cytoskeletal tension, polarization, receptor binding, and cell-cell communication,**” in
conjunction with biochemical factors, has been observed to direct cell differentiation and
function in both tissue regeneration’ and morphogenesis.” While many studies have
demonstrated the importance of microenvironment geometry in guiding cell function within
these biological processes, the native cell microenvironment contains a complex array of
biophysical and biochemical signals that actively and reciprocally interact with cells.® A culture
platform that more fully captures changes in microenvironment geometry in three dimensions
would be useful to understand the transient role of cell shape in tissue development or
regeneration. Here, we present a new culture platform based on photodegradable materials for

spatiotemporally controlling cell geometry during culture and demonstrate its utility for probing
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the role of shape in influencing progenitor cell fate, specifically alveolar type II (ATII) epithelial
cell differentiation.

Cell microenvironment geometry has been controlled in vitro with micropatterned culture
substrates. Both hard and soft materials have been patterned to control cell adhesion and shape
within two-dimensional (2D) culture,” ° where shape has been observed to regulate cell
differentiation and fate.®* '° Culture platforms that mimic native tissue geometry and architecture
in three dimensions can be advantageous for recapturing in vivo-like cell response.'’ To control
microenvironment geometry in three-dimensional (3D) culture, micropatterned well-based
materials have been developed and utilized to examine mammary branching morphogenesis,7b’ 12
the epithelial-mesenchymal transition,”” and MSC differentiation.'* These well-based culture
platforms are created using soft lithography to pattern arrays of wells within collagen
hydrogels:"> a PDMS stamp with 50-100 um tall circular or rectangular posts is typically
embedded within a liquid collagen mixture; the collagen mixture is crosslinked; and the stamp is
removed, generating wells in which cells of interest are seeded. Subsequently, a second layer of
collagen is added to encapsulate the cells within a spatially-defined 3D microenvironment. Cell
function and fate in these micropatterned geometries are assessed using biochemical assays to
quantify cell proliferation, apoptosis, or protein production and immunocytochemistry to
examine cell phenotype, morphology and cytoskeletal organization, or cell-ECM/cell-cell
interactions. In complementary approaches, 3D culture of cell aggregates has been achieved by
using microwells and microengineering'® or using micropatterning and electromagnetic fields to
orient cell aggregates followed by photoencapsulation within a 3D polymer matrix."’

From these seminal contributions, the importance of 3D culture for examining the

complex signaling involved in whole tissue development or regeneration is clearly demonstrated.
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Cytoskeletal tension in conjunction with cell-secreted factors, cell-cell interactions, and cell-
ECM binding has been observed to regulate morphogenesis in ECM-protein-based culture
systems. Further, the relevant size and time scales for a geometrically defined 3D culture system
have been identified, with geometries ranging from 50-250 wm in width for cylinders,
rectangular prisms, and cubes while assessing cell fate decisions from days to weeks.’

A 3D culture platform that enables similar studies with temporally-evolving biophysical
signals would offer further insight into the critical cues and mechanisms that drive tissue
development and repair. The culture platform should afford (i) ease of handling throughout cell
culture, (ii) accessible, facile generation of an array of microenvironment geometries, (iii) in situ
biological assays for spatially-specific assessment of cell response, and (iv) spatiotemporal
property manipulation to elucidate how evolving microenvironment geometry/connectivity
influence cell fate.

In this contribution, we exploit a relatively unique and photodegradable material system
by processing it into a microfabricated culture system and then studying how geometry
temporally regulates lung epithelial cell function and fate. Inspired by prior 3D well-based
culture platforms, we developed an approach for preparing devices with arrays of wells with
varied shape and size and subsequently utilized them for 3D cell culture by seeding,
encapsulation, and assessment of cells within the controlled shapes. A photolabile and
enzymatically-degradable hydrogel was employed as the device foundation, and this base
material was modified with integrin-binding peptides to promote cell adhesion and serve as an
artificial, well-defined ECM. The photolabile functionality uniquely allowed the formation and
later modification of well shapes, while the enzyme cleavage sites allowed cell-based remodeling

of the matrix during long-term culture. Well shape, depth, and connectivity were controlled with
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photolithography or focused two-photon irradiation using a confocal microscope. With this
platform, we examined how geometry influences ATII epithelial cell fate, where ATIIs are the
progenitor cells for both ATII and ATI cell populations in the alveolar epithelium.'® In the native
lung, ATII cells are also responsible for surfactant production and secretion, whereas ATI cells
cover most of the alveolar surface area and promote gas exchange. Alveoli-inspired shapes were
facilely created using photolithography, and cell phenotype in response to these geometries was
characterized with in situ immunocytochemistry and confocal microscopy. The cell-laden wells
were connected with channels by controlled photodegradation during culture to mimic branching
and connectivity. This device system based on dynamically controlled hydrogel materials should
prove useful for probing how many cell types respond to changes in microenvironment geometry
and improve the field’s understanding of the role of physical cues in directing tissue

morphogenesis or regeneration.

3.3 Materials and methods
All reagents were purchased from Sigma Aldrich and used as received unless otherwise noted.
3.3.1 Synthesis of responsive monomers

A photolabile, enzyme-labile peptide functionalized with azides,
N3-RGK(alloc)GPQG | IWGQRK(PL-ester-N3)-NH,, was synthesized according to previously
published methods."” An o-nitrobenzyl ether photolabile group was incorporated to allow
cleavage with externally-applied UV, visible, and two-photon irradiation.”® A synthetic variant of
an enzymatically degradable peptide sequence from collagen I was incorporated to allow
directed degradation by many different cell types with a host of secreted matrix

metalloproteinases (MMPs), including MMPs 1, 2, 3, 8, and 9.>' A multi-arm poly(ethylene
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glycol) (M, ~ 10 kDa, JenKem Technology USA) modified with cyclooctyne end groups was
synthesized according to previously published methods.”> An azide-modified carboxylic acid
was synthesized using previously published techniques® for subsequent attachment to amine-
modified glass, as described in the following section.
3.3.2 Fabrication of hydrogel culture platform

Glass cover slips (#2; 22, or 18 mm diameter; Fisher Scientific) were cleaned with
Piranha (30 min in freshly prepared 3:1 by volume concentrated sulfuric acid to 30% hydrogen
peroxide solution, Fisher Scientific) rinsed with copious amounts of deionized water (DI) water,
using appropriate safety precautions and personal protective equipment. After all Piranha waste
was removed from the fume hood, the clean cover glass was rinsed with acetone and allowed to
dry in the fume hood. This glass was modified with an amino-silane ((3-aminopropyl)-
triethoxysilane, Gelest) based on a modified version of a published protocol.”> Briefly, glass
slides were immersed in 70 mM (3-aminopropyl)-triethoxysilane and 70 mM n-butyl amine in
toluene and allowed to react 90 minutes at room temperature. They were then wiped with a
toluene-wet kimwipe and dried overnight in an 80 °C oven. The amine-functionalized glass was
subsequently reacted with the azide-modified carboxylic acid by immersing in 100 mM azide-
butanoic acid, 100 mM HATU (ester activating agent, AnaSpec), and 100 mM N,N-
diisopropylethylamine in dimethylformamide, reacting for 4" hours, rinsing with acetone and
wiping dry, creating a thin, easy-to-handle base for hydrogel formation, patterning, and
controlled cell culture. These azide-functionalized cover slides were kept at 4 °C in the dark until
their use in hydrogel formation (typically used within 1 month of preparation).

Molds for hydrogel formation were assembled with an azide-functionalized cover slip, a

0.5 mm-thick, ~ I-mm wide silicon rubber gasket on each side of this cover slip, and a cover slip
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treated with an anti-adhesion agent (Rain-X) placed offset by ~ 1 mm on top, creating a ~ 15 mm
x 15 mm area with two open sides for easy addition of the liquid monomer solution.

Monomer stock solutions were prepared under sterile conditions using sterile reagents:
(1) 12.5 mM PEG-tetracyclooctyne in PBS (freshly prepared, containing 50 mM difluorinated
cyclooctyne (DIFO3)), (2) 25 mM azide-RGDS in PBS, and (3) 24 mM bis(azide)-functionalized
peptide (containing 48 mM azide) dissolved first in minimal DMSO and diluted with PBS and
azide-RGDS stock solution for 2 mM RGDS (typically 1:5 to 1:10 DMSO:PBS) (freshly
prepared, containing 50 mM total azide). Note that these molar concentrations (mM) assume that
the contribution of the solid to the solution volume is minimal upon dissolution. The sterile
Dulbecco’s phosphate buffered saline (PBS, Invitrogen) contained antibiotic (50 U/mL penicillin
and 50 pg/mL streptomycin, Invitrogen) and antifungal (I pg/mL amphotericin B, Invitrogen)
agents. The final gel-forming solution was comprised of equal volumes of stock solution 1 and 3
for 6.7 wt% total monomer consisting of four-arm PEG-tetracyclooctyne in PBS, bis(azide)-
functionalized peptide, and 1 mM azide-RGDS (total 25 mM DIFO; and 25 mM azide). For
samples whose patterning would be characterized with confocal imaging, a small amount of
azide-functionalized dye stock solution was added to the gel-forming monomer solution in place
of PBS (Alexa Fluor® 594 Carboxamido-(6-Azidohexanyl), Invitrogen, dissolved per
manufacturer instructions) for a final concentration of 0.1 mM within the hydrogels.

The mixed monomer solution was quickly centrifuged (Mini Centrifuge, Fisher
Scientific) for ~ 15 s to remove air bubbles, and ~ 50 uL of gel-forming solution was pipetted
into each mold. Owing to the fast reactivity of the copper-free click chemistry, no more than ~ 8
samples were prepared in parallel from a single Eppendorf tube, i.e., additional tubes of

monomer solutions could be mixed serially to achieve the desired number of samples for an
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experiment. Hydrogels were allowed to polymerize in the dark for ~ 1 h, a time previously
determined to allow complete polymerization."” Sterile PBS (with antifungal and antibiotic
agents) was injected (26 gauge needle and syringe, BD) within the empty space surrounding the
fully-formed gels, and the molds were fully submerged within a petri dish containing sterile PBS.
The hydrogels were allowed to swell in this solution for 1 h, and the top Rain-X-treated cover
slip was gently and carefully removed using a razor blade. The hydrogels were transferred to
sterile 6-well plates, covered with fresh sterile PBS, sealed with Parafilm®, and stored at 4°C
overnight to allow any unreacted monomer to diffuse out.
3.3.3 Patterning of hydrogel devices

Photomasks were designed in Adobe Illustrator and emulsion printed on Mylar (Advance
Reproductions, North Andover, MA). Shapes consisted of 200 pm diameter circles (Circle), two
connected 100 um diameter circles (Di), and four connected 100 um diameter circles (Quad).
Photomasks were bonded to glass slides (50 mm x 75 mm, Fisher Scientific) with the
photopolymerization of a thin layer of urethane diacrylate and triethylene glycol diacrylate with
1184 as the initiator to create an optically clear adhesive (40 mW/cm® of 320-500 nm irradiation
centered at 365 nm for 15 min, mask aligner with collimated flood exposure source, Optical
Associates, Inc., San Jose, CA).>* Wells were photodegraded into the gels by placing a gasket
around the gel coverslip, covering with sterile PBS, placing the photomask slide on top of the
gasket, and irradiating with collimated 365 nm light at 9 =+ 1 mW/cm?” for up to 30 min (20 min
irradiation used to pattern devices for cell seeding experiments; Omnicure S1000 with 365 nm
filter, liquid filled light guide, and collimating lens, EXFO).**® Patterned gels were placed in
sterile 12-well plates and swollen in sterile PBS containing antibiotics and antifungal overnight

at 37 °C. Depths of the resulting wells were verified with profilometry (Stylus Profiler, Dektak
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6M) and confocal microscopy (Zeiss 710, 10-20x water immersion objectives).” Irradiation
intensities for all experiments were measured with a calibrated radiometer (Model IL1400A,
International Light, Inc., Newburyport, MA).
3.3.4 Modeling of hydrogel patterning

A statistical-kinetic model of photodegradation recently was adapted to predict the depth
of patterned features in these step growth hydrogels as a function of irradiation time.”* *® The
statistical-kinetic model accounted for the attenuation of light in the sample during irradiation,
the kinetics of the photocleavage of the o-nitrobenzyl ether (NBE) moiety, reverse gelation of the
hydrogel network, and diffusion of the degraded products after reverse gelation. Briefly, the
Beer-Lambert Law and a first-order expression of the photocleavage reaction were solved
numerically in 1-D over the space and time of the irradiation during patterning. The probability
that a NBE moiety has been cleaved was solved at each point in space and time, P(zt) = 1 —
[NBE]/[NBE]o. When P(zt) > P, = 0.67, the critical extent of cleavage to induce reverse
gelation based on the Flory-Rehner equation,”’ it was assumed that the gel disassembled into
soluble components that diffused one-dimensionally, removing attenuators of the light from the
light path. By numerically solving this system of equations using finite element methods
(MATLAB, MathWorks®), the erosion depth as a function of time was predicted for this
hydrogel system from t = 0 to 30 min. The diffusion coefficient for the degraded products was
assumed to be 1 X 10 cm?/s based on predicted hydrodynamic radii. The kinetic constant for
photodegradation was taken from a previous analysis of the photolabile azide moiety.'”
3.3.5 Cell isolation and expansion

Adenocarcinomic human alveolar basal epithelial cells (A549, ATCC) were used as a

model lung epithelial cell to characterize cell seeding. A549 cells cultured per standard protocols
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in growth media (Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum
(FBS), 2% penicillin/streptomycin (100 U/mL), 0.4% fungizone (0.5 pg/mL), Invitrogen) at
37 °C with 5% CO; and successively passaged until use in experiments. To characterize cell
seeding within the devices, plated A549s (~ 80% confluent) were labeled with Cell Tracker
Green (CTG, Invitrogen) per the manufacturer’s instructions using a minimal amount of 10 uM
CTG in serum free media for 30 min during the labeling step. CTG labeled A549s were used
immediately in cell seeding experiments.
3.3.6 Alveolar type II cell (AT2) isolation

Mice (6-8 weeks old) were euthanized by CO; asphyxiation. The thorax was opened and
the pulmonary circulation flushed with sterile PBS. The lungs were excised and distal lung tissue
was minced finely and digested in 1% collagenase (Worthington Biochemical, NJ) + 1 mg/ml
DNase (GIBCO BRL, Carlsbad CA) for 30 minutes. An equal volume of 2 mg/ml typsin
inhibitor (GIBCO BRL) + 2 mg/ml DNase was added and cell suspension was filtered through
10 um pore diameter Nitex Filter. Cells were centrifuged at 430xg for 10 minutes at room air
temperature. Cell pellet was washed with DMEM/F12 media and plated on non-tissue culture
plates coated with IgG (6 mg/cm’, Sigma) for one hour at 37°C. Non-adherent cells were
recovered and centrifuged at 430xg for 10 minutes. Cell pellet was resuspended and cultured in
DMEM/F12 + 10% FBS.
3.3.7 Study animals and protocols

All procedures and protocols were reviewed and approved by the Animal Care and Use
Committee at the University of Colorado Denver Anschutz Medical Campus. Mice were

obtained from The Jackson Laboratories and bred in-house.
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3.3.8 Cell seeding and encapsulation within culture platform

To characterize the relationship between cell number and seeding density, CTG-labeled
A549s were trypsinized, centrifuged (1000 rpm for 5 min), and suspended at varying
concentrations in growth medium (0.25 to 2.5 x 10° cells/mL). Cells were seeded per a modified
version of previously published protocols.'** ** Growth medium was added to the patterned gels
(1 gel per well of 12-well plate) and centrifuged at 3200 rpm for 1.5 minutes to force liquid into
the wells. 2 mL of the cell suspension (0.5 to 5 x 10° cells/well) was added to each gel, followed
by centrifugation at 1200 rpm for 2.5 minutes, rotation of the plate, and centrifugation at 1200
rpm for another 2.5 minutes. Plates were placed on an orbital shaker for 2 hours at 35 rpm and
37 °C. Media was changed and the cell-filled gels were incubated overnight.

For lung epithelial differentiation studies, freshly isolated primary adult mouse ATII cells
(98-99% purity) were suspended at 1 x 10° cells/mL in DMEM containing 10% fetal bovine
serum (FBS), antibiotic, and antimitotic. Media was added to the patterned gels and centrifuged
at 3200 rpm for 1.5 minutes to force liquid into the wells. 2 mL of the cell suspension was added
to each gel, followed by centrifugation at 1200 rpm for 2.5 minutes, rotation of the plate, and
centrifugation at 1200 rpm for another 2.5 minutes. Plates were placed on an orbital shaker for 2
hours at 35 rpm and 37 °C. Media was changed, and the cell-filled gels were incubated
overnight.

The next day, a second hydrogel layer was formed on top of the cell-seeded construct to
encapsulate cells within individual wells. Media was removed from each sample. Monomer
solutions were prepared as above. For each device, 25 puL of total monomer solution was mixed
and allowed to react for 1 minute to increase the viscosity before adding it to the top of each cell-

laden gel. In this manner, the infiltration of the top gel down into the wells was reduced creating
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a cell and medium filled microwell in which cells experience matrix interactions at the periphery
and cell-cell interactions within the aggregate. Samples were then allowed to fully polymerize
for 20 minutes at 37 °C. To remove any unreacted monomer, media was added to each sample,
incubated 1 hour, and then replaced with fresh media. This was considered day 0. Encapsulated
cell clusters were cultured within these devices for up to 2 weeks. Culture medium contained
FGF-7 (10 ng/mL) and FGF-10 (50 ng/mL) to promote proliferation and branching,
respectively.”’ Culture medium was replaced daily.

3.3.9 Cell response assessment

Devices were harvested at time points of interest to observe cell morphology and cell
phenotype. The devices were transferred to a new 12-well plate and fixed with 4%
paraformaldehyde (PFA) in PBS for 15 min at room temperature (freshly diluted from 16% PFA
stock, 1 mL per sample, Electron Microscropy Sciences), rinsed with PBS (3x of 2 mL per
sample, gently rocking, 5 min), and stored in fresh PBS at 4 °C until samples for all time points
were ready for staining.

Cells within the devices were labeled using immunocytochemistry for pro-surfactant
protein C (an ATII cell marker in cell cytosol and secreted), T1-alpha protein (an ATI cell
marker in the cell membrane), and DNA. After all samples were collected, fixed cells within
devices were permeabilized in 1% TritonX-100 for 1 hour at room temperature. The samples
were blocked with 40% goat serum (Invitrogen) in PBS overnight. Primary antibodies, rabbit
anti-prosurfactant protein C (SPC, 1:100, Millipore AB3786) and hamster anti-mouse
podoplanin (Tla, 1:100, eBioscience 14-5381-82), were added to samples with 5%
polyvinylpyrrolidone (MW 10,000 g/mol), 0.3% Tween 20, and 10% goat serum in PBS and

rocked overnight. Samples were rinsed, and then incubated with secondary antibodies, goat anti-
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rabbit Alexa594 (1:200, Invitrogen) and goat anti-hamster Alexa488 (1:200, Invitrogen), in 4%
goat serum, 0.1% Tween 20, and 0.1% bovine serum albumin in PBS for 16 hours. Samples were
washed, followed by nuclei staining with DAPI (1:2000, Invitrogen) in PBS for 1 hour. The
samples were washed with PBS twice before imaging.

All samples were imaged on a 710 LSM confocal microscope (Zeiss) with a 20x or 10x
water immersion objective (NA = 1.0, Plan-Apochromat). Individual wells were centered in the
imaging area and imaged from the top of the well down to the last visible cell with a z-stack slice
step of 5 um. Image analysis was done in Image J (NIH).

3.3.10 Frequency map generation

Based on an established protocol," z-stack fluorescent images of each channel for each
well were projected onto one image and converted to binary. These black-and-white images were
added together to create a gray-scale image, and a HeatMap Histogram plugin (Authors: S. Péan
& M. Austenfeld, modified by K. Lewis) was used to convert the gray-scale image to a color-
coded image (n=30 wells for each frequency map).

For side-view frequency maps, ZEN software with 3D rendering was used to slice
through the middle of each well in the xz-plane and create a composite image of half the well.
The same procedure was used to create frequency maps as described above.

3.3.11 In situ microenvironment modification during controlled cell culture

On day 4, rectangular channels were patterned between neighboring wells using two-
photon techniques where a user-defined region within the hydrogel was selectively exposed to
pulsed laser light (A = 740 nm, 5 channels per sample, approximately 400 pm x 80 um x 90 pum).

Degraded monomer was removed by swelling in fresh media. These samples were then

60



incubated until day 7, when they were fixed and immunostained with the static culture,

unmodified samples.

3.4 Results and discussion

We present the development of a culture platform that allows the experimenter to dictate
the cell microenvironment geometry or connectivity and demonstrate its utility for controlled
culture of lung epithelial cells (Figure 3.1). The photolabile and enzyme-labile hydrogel base
material enables the creation of a wide range of well depths (50 to 200" um) and shapes using

standard photolithographic techniques. Cells of interest can be facilely seeded within these wells

and encapsulated to probe their response to a geometrically-defined environment, which is easily

Modify geometry or connectivity
Form and pattern gels Seed and encapsulate cells

Figure 3.1 Platform fabrication for dynamic control of cell cluster shape and connectivity.
(A) The photolabile, enzyme-labile hydrogel base material was formed on glass cover slips to
enable ease of handling for subsequent patterning or cell seeding. (B) Hydrogel layers 0.5 mm in
thickness were formed to enable the stable creation of a wide range of well depths (50 to 200
um) and shapes with photolithography. (C) These wells were seeded with cells of interest, which
could be used at this point in processing for microwell cultures, and (D) a second hydrogel layer
was added to encapsulate cell clusters within 3D microenvironments that enable
spatiotemporally controlled geometry. (E) Cell response to their geometrically-defined
environments and cell-dictated remodeling was monitored over time with live or static imaging
techniques, and (F) the geometry or connectivity of the local matrix was modified at any position
and time during culture with the application of cytocompatible light.
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assessed with imaging-based assays. As the patterning material can be degraded by cell-secreted
proteases, cells can respond to and remodel their surrounding matrix. Further, the user can
initiate changes to microenvironment shape or connectivity of the cell-laden wells through
controlled, cytocompatible irradiation. We demonstrate the utility of these devices by examining
how geometry regulates alveolar type II (ATII) epithelial cell fate. The versatile cell culture
devices presented are a new tool for asking how geometry and connectivity dynamically regulate
cell function and fate.

The base material for these devices is a light and enzyme degradable PEG hydrogel. The
crosslinking monomer is a multi-arm PEG (4 arm, M, ~ 10 kDa) modified with cyclooctyne end
groups (Figure 3.2). A photolabile, enzyme-labile peptide functionalized with azides' was
designed to allow cleavage either by externally-applied UV, visible, and two-photon irradiation

or by cell-secreted matrix metalloproteinases, including MMPs 1, 2, 3, 8, and 9.2! These MMPs
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Figure 3.2 Hydrogel synthesis and degradation. (A) The hydrogel base material was
comprised of poly(ethylene glycol) tetracycloctyne (M, ~ 10 kDa, top); photolabile, enzyme-
labile, diazide peptide (middle; enzymatically cleavable sequence in blue, light cleavable moiety
in yellow, cleavage positions noted by arrows); and an azide-functionalized integrin-binding
adhesive ECM mimic (bottom, integrin-binding sequence in green). (B) This combination of
chemistries enabled copper-free ‘click’, bioorthogonal hydrogel formation (C) for subsequent
experimenter-initiated in situ photolytic patterning (cytocompatible UV, visible, and two-photon
irradiation), and cell-initiated enzymatic remodeling (various MMPs including 1, 2, 3, 8, and 9).
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are secreted or present on the membranes of many cell types,*'® including ATII cells which have
been observed to secrete collagenase (MMP-1), gelatinase A (MMP-2), and gelatinase B (MMP-
9) during in vitro culture.”® Further, this enzymatically-degradable sequence derived from
collagen I has been used within hydrogels for 3D culture of many cell types, including human
dermal fibroblasts,”' mesenchymal stem cells,”” valvular interstitial cells,”® osteoblast progenitor
cells,’® and smooth muscle cells.”” Last, an integrin-binding ECM protein mimic, RGDS,
functionalized on the N-terminus with an azide was added to the gel-forming monomer solution
to promote general cell adhesion to the geometrically-defined synthetic ECM. This combination
of chemistries allows copper-free click hydrogel formation and subsequent orthogonal light-
based degradation and patterning or cell-driven enzymatic remodeling. While not shown here,
the modulus of the base material can be easily manipulated by altering the weight percent of
monomer in the hydrogel,® and biochemical moieties can be spatiotemporally added through
radical-mediated photoaddition reactions of thiol-containing peptides with the allyl-protected
lysine on the crosslinking peptide.*’

One advantage of this system is the simplicity of the hydrogel patterning process,
enabling the creation of wells of varied depth and shape after hydrogel formation. Shapes of
interest on the micron scale can be drawn in a CAD or illustration program and printed onto
transparent films for subsequent transfer with a low-intensity collimated light source. To
demonstrate this practical approach, 200-um circles individually, or in clusters as will be shown
below, were drawn in Adobe Illustrator and the negative printed onto to a transparent film that
was affixed to a microscope slide for patterning via photodegradation. Wells of the drawn shape

were degraded into the hydrogel surface and subsequently seeded with cells (Figure 3.3A). Good
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Figure 3.3 Culture platform well depth and cell seeding. (A) Micron-scale wells were
patterned into the surface of the hydrogel base and seeded with cells (x-y left; x-z right). (B)
Well depth, measured with profilometry, was controlled predictably with irradiation time
(cytocompatible ~ 9 = 1 mW/cm” at 365 nm). (C) For cell seeding, a well depth of ~ 200 um was
utilized, which was achieved with 20 min of irradiation. The total number of cells applied to each
device (model lung epithelial cells, A549s, labeled with cell tracker green) linearly dictated the
initial density of cells per well (measured as total green fluorescence per well). Data points are
mean * one standard deviation.

x-y pattern fidelity was observed, and well depth (= 50 wm) was controlled with irradiation time
with a constant cytocompatible light intensity (9 + | mW/cm” at 365 nm) (Figure 3.3B).

While the well depth did not increase linearly with irradiation time, this non-linear
function was predicted by a statistical-kinetic model of photodegradation (Figure 3.3B). The
complex interplay between the attenuation of light, diffusion of degraded products, and
photodegradation results in a non-linear surface erosion rate. Owing to the attenuation of light in
the hydrogel, the degrading light is initially limited to the near surface region of the gel. This
confines degradation, and ultimately erosion, to the surface. Upon erosion, the degraded products

of the gel become soluble and begin to diffuse out of the path of the light. This exposes

subsequent regions of the gel to irradiation, allowing the erosion process to penetrate through the
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material and generate patterns of increasing depth with irradiation time. Deviations between the
statistical-kinetic model and experiment at later time points (t = 30 min) were likely due to
slower diffusion rates in the experimental set-up than were assumed in the model, which would
lead to a decreased extent of erosion. The pattern formation rate for this ideal network is rapid
and occurs at much lower dosages of light than is required in similar chain polymerized
photodegradable hydrogels. This is advantageous not only for the rapid generation of defined
patterns, but also for subsequent patterning of the gel in the presence of cells.

Cells of interest are seeded within these wells using established techniques, where cells
suspended in medium at a known concentration are applied to each device and centrifuged to
facilitate seeding.”® For a given device geometry and well depth, the total number of cells applied
to each device dictates the initial density of cells per well (Figure 3.3C). These seeding
experiments were performed with a model lung epithelial cell line (A549s labeled with cell
tracker green for ease of imaging and quantification). While there is variation in cell seeding
between individual wells, the overall average number of cells seeded per well is linear with the
number of cells applied when averaged over the entire device (~ 30 wells). With a simple
calibration experiment like this, the experimenter can determine the number of cells to apply to
each device for the desired seeding density per well. Here, 2.75 x 10° cells/device was selected
as a compromise between even well filling (see the inset Figure 3.3A) and total number of cells
required per experiment, which can be limited by the availability of freshly isolated primary
cells. Additionally, the number of cells per device can be scaled with device surface area, where
preliminary experiments were performed with devices in 6-well plates and then scaled down to

the final 12-well plate size and format to conserve cells (data not shown).
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Figure 3.4 Alveolar-inspired shape wells and lung epithelial cell phenotypes. (A) ATII cells
(green, noted by arrows) and ATI cells (red, noted with arrowhead) comprise the alveolar
epithelium (mouse lung section, blue cell nuclei, and alveolar opening noted with white line).
Scale bar = 100 pm. (B) ATI cells form the barrier between the airways and the capillaries,
whereas ATII cells produce lung surfactants and can proliferate and differentiate to replenish
both phenotypes after injury. The volume of an adult human alveolus is estimated to be about 4.2
million pm>* which translates to a spherical diameter of about 200 pm. (C) Fluorescent and DIC
images of the well shapes patterned into the gel. In this case a red fluorescent dye was
incorporated into the hydrogel network so black areas are where the gel has been degraded.
Given that native alveoli are not spherical, photolithographic masks were designed with an
increasing number of circular lobes and an overall width of 200 um to observe how changes in
curvature affect cell fate.

We aimed to demonstrate the utility of these devices for probing the role of geometry in
cell fate and focused on the hierarchically structured alveolar epithelium. Lung architecture
follows an increasingly complex network of connected tubes starting from a single trachea that
branches into bronchi, bronchioles, and finally ends in millions of hollow air sacs called alveoli
(Figure 3.4A). The major components of alveolar tissue include the single cell layer epithelium
attached to the basement membrane and surrounded by a fine mesh of capillaries. There are two
types of alveolar epithelial cells: ATI cells, which have an elongated morphology, form 95% of

the alveolar surface area, and facilitate gas exchange between the lung and the blood stream,®

and ATII cells, which exhibit a cuboidal morphology, produce lung surfactants, and are the
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progenitor cells for both the ATII and ATI cell populations in the alveoli' (Figure 3.4B). ATIIs
are known to self renew and differentiate into ATIs during alveolar development and in response
to injury; however, examining the complex milieu of signals involved in these processes in vitro
can be difficult owing to rapid loss of the ATII phenotype during culture.'® **

The size and shape chosen for the wells was inspired by human alveolar geometry. The
average volume for an adult human alveolus has been measured to be 4.2 million cubic microns,
which corresponds to a spherical diameter of 200 microns.** Alveoli in vivo, however, are not
spherical;***! therefore, well shapes consisting of an increasing number of circular lobes were
designed with an overall diameter of 200 microns (Figure 3.4C). In native tissue, ATII cells are
generally solitary and are found at the corners where neighboring alveoli meet, while ATI cells

42.43
> Based on

are adjacent to other ATI cells and are spread out along the curves of the alveoli.
these observations, it was hypothesized that ATII phenotype cells would localize at the corners
of the micropatterned wells where the curvature changes, while ATI phenotype cells would line
the curved edges of the wells.

For this experiment we compared two sets of samples: one set fixed 1 day after
encapsulation, and the other set fixed 7 days after encapsulation. To observe ATII differentiation
within these devices, antibodies for pro-surfactant protein C (SPC, an ATII cell marker localized
in the cell cytosol and potentially secreted) and T1-alpha protein (Tla, an ATI cell marker
residing in the cell membrane) were used to label the two cell populations. Fluorescent images of
the immunostained samples fixed on day 1 (Figure 3.5A) indicate that few cells were producing
Tla, the ATI cell marker, which matches expectations given that 98-99% of the cells seeded into

these wells were ATII phenotypic. After 7 days Tla production was relatively high (Figure

3.5B), with many elongated cells near the tops of the wells staining positive for both SPC and
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AT1 (T1a)

Figure 3.5 Lung epithelial cell response to alveolar-inspired geometries and connectivities.
(A) Representative z-projections of the three well shapes fixed on day 1 after encapsulation
showing immunostaining for ATI cell marker (T1a), ATII cell marker (SPC), and cell nuclei
(DAPI). (B) Representative z-projections of the three well shapes fixed on day 7 after
encapsulation showing the same immunostaining as in A. (C) Frequency maps of the three well
shapes showing arrangement in the x-y plane of ATI cells in the left column and of ATII cells in
the right column on day 7. n=30 (D) Frequency maps of a cross section of the circle wells
showing arrangement in the x-z plane of ATI cells on the left and of ATII cells on the right on
day 7. n = 30 (E) Bright field and fluorescent images of channels connecting pairs of wells
patterned on day 4 after encapsulation. Samples were fixed and immunostained on day 7. All
scale bars = 100 pm.
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Tla, indicating an intermediate phenotype of alveolar epithelial cell that was transitioning from
ATII to ATI In addition, on day 7 most wells contained small, fragmented nuclei staining
positive for SPC or neither marker deeper in the well, which likely maintained the ATII
phenotype or were undergoing programmed cell death (apoptosis).

These initial qualitative observations were confirmed by analysis of frequency maps of
SPC or Tla staining generated from 30 replicate wells of each shape (Figure 3.5C). DAPI
frequency maps demonstrate that cells seeded in these wells initially clustered in the center of the
well during seeding and then presumably proliferated and/or migrated towards the edges to fill
the well by day 7 (data not shown). As seen in Figure 3.5C, after 7 days in culture SPC-positive
cells tended to be located with increased frequency in the center of the well, whereas cells along
the well edges tended to express Tlo. These Tla-positive cells were not yet fully ATI
phenotypic because they also stained positive for SPC, but given more time, they would likely
continue differentiating and stop producing surfactant proteins. While in principle these
experiments can be taken to longer time points, degradation of the synthetic extracellular matrix
after 10 days in culture made handling of the gels during immunostaining and imaging extremely
challenging and difficult to replicate.

The day 7 Quad frequency map is particularly interesting because there may have been
some localization of T1a-positive cells along the inner curves of the shape. This is counter to the
original hypothesis that ATII cells would prefer the corners where the curvature changes, based
on lung histology. However, perhaps cells were localizing at those inner curves because they
were the closest surfaces to the center of the well where the cells were initially seeded, and when
the cells sensed the matrix surface, they spread out and began to differentiate. It may take

additional time in culture for cells to reach the distant outer curves of the Quad shape.
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By taking a cross-section of the circle wells and projecting in the y direction, frequency
maps were generated to reveal the distribution in the x-z plane (Figure 3.5D). Clearly, the
intermediate phenotype cells staining positive for both markers reside mainly near the tops of the
wells, whereas a population of ATII cells (SPC-positive only) resided primarily lower down in
the wells. This observation may be relevant to normal lung tissue in which neighboring alveoli
share a progenitor ATII population at the bottom of the epithelium and present the ATI cells at
the top surface. The retention of the ATII cell phenotype in some cells after 7 days in culture and
the vertical distribution of the differentiating and non-differentiating cell populations are
reminiscent of the in vivo pattern. However, the aggregates in these devices do not match the
exact spatial arrangement of alveolar phenotypes observed in vivo, which could be influenced by
the lack of other lung cell types, such as fibroblasts, macrophages, and endothelial cells in the
culture system. Further work will focus on the effects of the co-culture of these cell types with
alveolar epithelial progenitors and the temporal and spatial effects on their growth, survival and
differentiation.

Channels were successfully eroded between wells using two-photon irradiation on day 4
after encapsulation (Figure 3.5E), demonstrating the ease with which matrix geometry and
connectivity can be altered during cell culture. While 3T3 fibroblast cell migration has been
demonstrated along channels eroded using the same techniques in equivalent gel materials,'
almost no movement of the alveolar epithelial cells down these channels was observed by day 7.
There are a few possible explanations for the absence of alveolar cell migration through these
channels. RGD may be sufficient for alveolar epithelial cells to adhere to the matrix, but may not
be useful for their migration, and a different peptide-based ECM mimic may be necessary for

migration. Moreover, there was likely no impetus for these cells to become motile, as there was
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no chemical signal attracting the cells, such as a growth-factor gradient. For example, FGF-10
has been shown to be a potent chemoattractant for alveolar epithelial cells during development,

and without a gradient of it, there is no lung bud outgrowth.**>

The culture platform offers
facile patterning of wells of varying shape, position, and connectivity at any time during cell
culture, and combined with the presented quantitative imaging techniques, can be used to explore

the dynamic interplay between these parameters in future experiments with alveolar epithelial

cells, as well as other cell types of interest.

3.5 Conclusions

We have developed a dynamic, well-based cell culture platform to control the geometry
and connectivity of the cell microenvironment spatiotemporally in vitro. Photolabile, enzyme-
labile hydrogels were used as the base material, enabling the creation of wells with varied shape
and depth in which primary cells were seeded and encapsulated. The utility of these devices for
culturing ATII epithelial cells in defined geometries was demonstrated. This platform can be
used to understand how static or evolving physical cues influence cell cluster shapes, cell-cell

interactions, and ultimately function and fate in tissue development or regeneration.
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Chapter 4

In vitro model alveoli from photodegradable microsphere templates

As published in Biomater. Sci., 3, 821-832 (2015)

4.1 Abstract

Recreating the 3D cyst-like architecture of the alveolar epithelium in vitro has been
challenging to achieve in a controlled fashion with primary lung epithelial cells. Here, we
demonstrate model alveoli formed within a tunable synthetic biomaterial platform using
photodegradable microspheres as templates to create physiologically relevant, cyst structures.
Poly(ethylene glycol) (PEG)-based hydrogels were polymerized in suspension to form
microspheres on the order of 120 um in diameter. The gel chemistry was designed to allow
erosion of the microspheres with cytocompatible light doses (<15 min exposure to 10 mW/cm®
of 365 nm light) via cleavage of a photolabile nitrobenzyl ether crosslinker. Epithelial cells were
incubated with intact microspheres, modified with adhesive peptide sequences to facilitate
cellular attachment to and proliferation on the surface. A tumor-derived alveolar epithelial cell
line, A549, completely covered the microspheres after only 24 hours, whereas primary mouse
alveolar epithelial type II (ATII) cells took ~3 days. The cell-laden microsphere structures were
embedded within a second hydrogel formulation at user defined densities; the microsphere
templates were subsequently removed with light to render hollow epithelial cysts that were
cultured for an additional 6 days. The resulting primary cysts stained positive for cell-cell
junction proteins (B-catenin and ZO-1), indicating the formation of a functional epithelial layer.
Typically, primary ATII cells differentiated in culture to the alveolar epithelial type 1 (ATI)

phenotype; however, each cyst contained ~1-5 cells that stained positive for an ATII marker
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(surfactant protein C), which is consistent with ATII cell numbers in native mouse alveoli. This
biomaterial-templated alveoli culture system should be useful for future experiments to study
lung development and disease progression, and is ideally suited for co-culture experiments where
pulmonary fibroblasts or endothelial cells could be presented in the hydrogel surrounding the

epithelial cysts.

4.2 Introduction
Epithelial cysts are important tissue structures in the body and recent work has employed

in vitro models to investigate the mechanisms involved in cyst formation and function in many

10-12

of these tissues, such as the lung,'> mammary glands,”” and kidneys. In the lung, hollow

epithelial cysts, or alveoli, are clustered at the distal end of bronchioles. Maturation of alveoli
occurs postnatally, with secondary septa separating the smooth rudimentary alveoli into many

1% The major components of alveolar

open-sided polyhedra that share a common duct space.
tissue include the single cell layer epithelium attached to the basement membrane and
surrounding a hollow central lumen. There are two alveolar epithelial cell phenotypes: ATI cells,
which have an elongated morphology, form 95% of the alveolar surface area, and facilitate gas
exchange between the lung and the blood stream;"> and ATII cells, which exhibit a cuboidal
morphology, produce lung surfactants, and are the progenitor cells for both the ATII and ATI
cell populations in the alveoli.'

Many studies concerning alveoli have been focused on understanding alveolar

17-20

homeostasis and the interplay between the epithelium and the mesenchyme during lung

21-23 24-28

development and wound healing. Much of the in vitro work with alveolar epithelial cells

has been conducted with 2D monolayers grown on protein-coated stiff substrates such as glass
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coverslips,” tissue culture polystyrene (TCPS),*® and transwell membranes®' or seeded on top of

4,26,32
19 >

soft gels of extracellular matrix (ECM) such as Matrige and type I collagen.” Nonetheless,

3D tissue structure is critical to normal cellular function,’***

and therefore, recapitulating the
curved cyst architecture is important when designing an in vitro alveolar model system.
Previously, 3D hollow cysts have been formed from single-cell suspensions of primary alveolar
epithelial cells trapped within ECM gels. For example, ATII cells isolated from juvenile rats and
embedded within type I collagen gels underwent spontaneous cyst formation over the course of a
few weeks in culture.” Similarly, adult human ATII cells encapsulated in Matrigel migrated
towards each other to form polarized cysts within 5 days in culture.! Unfortunately, spontaneous
alveolar cyst formation with primary lung epithelial cells has not been achieved in synthetic
hydrogels, where the researcher has a high level of control over matrix properties and
biochemical signaling. It should be noted that one example of lung epithelial cells spontaneously
forming cysts in a polymer hydrogel has been published,’ but the authors used a metastatic lung
adenocarcinoma cell line, which has significant genetic modifications from a normal, healthy
ATII cell. However, with spontaneous in vitro formation the final cyst size varies with time in
culture, gel composition, and cell seeding density, and reported sizes range from 30 um to 1 mm,
whereas human alveolar size in vivo is believed to be on the order of 200 um in diameter.’® In
order to study the influence of cyst size, matrix mechanics, and matrix signaling on alveolar cell
behavior, a user-defined, tunable culture system can be useful to direct cyst formation and
manipulate the cyst microenvironment.

Carterson et al. employed an interesting technique to create model alveoli by growing

A549 cells, a human adenocarcinoma cell line with similarities to the ATII phenotype, on

commercial microcarrier beads in suspension culture in a rotating wall vessel reactor.”’ This
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approach inverts the typical hollow cyst architecture, polarizing the epithelium with the
basolateral side facing in to the sphere and the apical side facing out to the medium. While it
does allow for facile manipulation of the apical surface, it motivated us to develop a
complementary method that would allow one to modify the matrix properties of the adhesive
surface and allow for co-culture with cell types found on the basolateral side of the epithelium,
such as fibroblasts and endothelial cells.

Synthetic hydrogels, such as those based on a poly(ethylene glycol) (PEG) backbone,
exhibit many of the same biophysical qualities as ECM gels (e.g., high water content, tissue-
relevant modulus range, as well as facile transport of oxygen and other nutrients) and they are
readily modified using several cytocompatible reactions to introduce biochemical signals (i.e.,

38,39

adhesive ligands or growth factors). Previous work from our lab has demonstrated the

versatility of PEG hydrogels for 3D culture of many primary cell types,’* ™

in particular
pioneering the use of the thiol-ene bio-click photoreaction between multi-arm PEGs
functionalized with norbornene and cysteine-containing peptides.”* Using a complementary
photocleavage reaction, we also developed a PEG crosslinker that degrades upon exposure to
single or two photon light, allowing for softening of the gel or its complete erosion on

45,46
demand.™

This photodegradable functionality has been incorporated into cell-sized
microspheres for drug-delivery applications, allowing the user to completely erode the
microspheres with light and release a payload on demand.*’ Building on the microcarrier
concept, we aimed to use these photolabile microspheres in a new way, as templates for cyst
formation.

Here, we demonstrate the formation and stability of in vitro model alveoli using A549

cells or primary ATII cells coated on photodegradable microspheres, serving as sacrificial
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templates for the hollow cyst tissue structure, and encapsulated in a user-defined hydrogel
network. The general procedure is depicted schematically in Figure 4.1. The diameters of the
microspheres were increased to relevant in vivo alveolar sizes, and adhesive molecules were
incorporated to promote cell attachment to the microspheres. A549 cells or primary ATII cells
were incubated with adhesive microspheres to generate cell-coated pre-cysts. The thiol-ene
chemistry established by our lab was then used to embed and stabilize these structures in a
second hydrogel before erosion of the microsphere templates with cell-compatible light. This
process was developed with the A549 cell line, and then expanded to use ATII cells isolated
from wild-type mice as an in vitro model of healthy alveoli. After template erosion, the cysts
maintained their architecture; cells did not infiltrate the central lumen even after 6 days of

culture; and they expressed markers of cell junctions and both alveolar epithelial cell phenotypes.

(i) microsphere (i) incubation  (iii) encapsulation (iv)template erosion
synthesis W|th cells

N Light

Figure 4.1 Schematic of the overall cyst-forming procedure, cross-sectional view. (i)
Bioadhesive, photodegradable microspheres (orange) were (ii) incubated with epithelial cells
(purple) to coat the surface of the microspheres with cells. The cell-microsphere pre-cyst
structures were (iii) encapsulated in a second bioadhesive hydrogel (blue), followed by (iv)
erosion of the microsphere template with 365 nm light, leaving a hollow epithelial cyst inside the
encapsulating hydrogel.

4.3 Materials and methods
4.3.1 Photodegradable microsphere synthesis
Photodegradable crosslinker, poly(ethylene glycol) di-photodegradable acrylate

(PEGdiPDA; M, ~ 4070 Da) was synthesized as previously described.*® Poly(ethylene glycol)
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tetrathiol (PEG4SH; M, ~ 5000 Da) was purchased from JenKem Technology USA.
Microspheres were formed by inverse suspension polymerization as acrylates on PEGdiPDA
underwent a base-catalyzed Michael addition with thiols on PEG4SH in aqueous droplets
suspended in an organic phase, as published earlier.*’ Briefly, the organic phase consisted of
sorbitan monooleate (Span 80, Sigma-Aldrich) and PEG-sorbitan monooleate (Tween 80, Sigma-
Aldrich) in a 3:1 ratio dissolved in hexanes (EMD Millipore), with 30 mg surfactant per mL of
hexanes. The aqueous phase was comprised of 6.9 wt% PEGdiPDA, 4.2 wt% PEG4SH, and 300
mM triethanolamine (Sigma-Aldrich) at pH 8.0 in phosphate buffered saline (PBS; Life
Technologies), plus the desired adhesive ligand. The adhesive ligands selected here were
ultrapure mouse laminin (Corning; 380 nM), fibronectin (BD Biosciences; 450 nM), and
CRGDS peptide (American Peptide Company, Inc.; 1.5 mM). The full proteins were entrapped
during network formation, whereas the peptide was covalently tethered to the network through
the thiol functionality on cysteine. To achieve larger microsphere diameters, the aqueous phase
was pipetted into the organic phase and triturated only twice, instead of vortexing the suspension
as done previously. In addition, the suspension was stirred at a slower rate (~200 rpm vs. ~600
rpm; Thermolyne Cimarec 2 stir plate with 1 cm magnetic stir bar). Following polymerization,
particles were recovered by centrifugation and washed with hexanes, isopropanol, and sterile
PBS.
4.3.2 Microsphere size characterization

Microspheres were fluorescently tagged with AlexaFluor 488 Cs maleimide (Life
Technologies), which was pre-reacted with the PEG4SH before microsphere synthesis as above.
The washed microspheres were diluted in PBS and loaded between a cover slip and a glass slide,

separated by a 1 mm rubber gasket. The equilibrium swollen microspheres were then imaged
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under an epifluorescent microscope (Nikon Eclipse TE2000-S). Images were analyzed using
Image J software (NIH). After thresholding the image, microsphere area was measured using the
Analyze Particles plug-in. Diameters of 3,087 microspheres were calculated and binned using
Excel.
4.3.3 Microsphere photodegradation

A 0.8 mM solution of PEGdiPDA was prepared in PBS. An absorbance spectrum, 220-
748 nm, was taken on a spectrophotometer (NanoDrop 1000; Thermo Scientific) with a path
length of 1 mm. This spectrum matches previously published results for the photolabile
nitrobenzyl ether (NBE) group.”” From this spectrum, the molar absorptivity of a NBE group at
365 nm was calculated using Beer's Law, and subsequently used to estimate the time required to

fully erode the microspheres using the equation published by Tibbitt ez al.*®:

where z. is the critical length scale of erosion, . is the critical time scale of surface erosion, kefr is
the effective kinetic constant of NBE photocleavage, /j is the intensity of the incident light, ¢; is
the molar absorptivity of the NBE group, C; is the concentration of the NBE group in the swollen
gel, and P, is the critical fraction of cleaved NBE species, calculated from the Flory-Stockmayer
equation.

Particle tracking was used as a method to characterize microsphere photodegradation.
Photodegradable microspheres were prepared as above without the adhesive peptide, but
containing 2 pm polystyrene beads (FluoSpheres; Life Technologies; 1:100 volume of beads to
volume of monomer solution). These microspheres were then encapsulated in thiol-ene PEG gels

(described below) and equilibrated in PBS overnight. Bright-field time-lapse images were taken

with a confocal microscope (Zeiss LSM 710; every 30 seconds for 15 minutes) before and after
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exposure of the samples to the 365 nm degrading light at ~10 mW/cm® for 15 minutes.
MetaMorph software (Molecular Devices) was used to track the beads' positions over time (the
solid case had 94 particle trajectories; the liquid case had 74 particle trajectories). These
trajectories were corrected for frame drift and an ensemble mean squared displacement was
calculated for each time interval using MATLAB. From this plot, an estimate of the particle
diffusion coefficient was calculated as previously published, and used to determine the light dose
needed to reach the gel to sol transition.* !
4.3.4 Thiol-ene hydrogel synthesis

8-arm poly(ethylene glycol) norbornene (PEG-Nb; MW ~40,000 Da) was synthesized as
previously described.**** Enzymatically-cleavable di-cysteine peptide (KCGPQGLIWGQCK)
and adhesive peptide (CRGDS) were purchased commercially (American Peptide Company,
Inc.). Photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized as
previously published.”® To form gel precursor solution, PEG-Nb (10 wt%), peptide crosslinker
(0.75 thiol:ene), CRGDS (1 mM), and LAP (0.05 wt%) in sterile PBS were mixed by vortex and
the pH was adjusted to 6.8-7.2 by adding sterile-filtered 0.1 M sodium hydroxide. Pre-cysts or
single-cell suspensions were added to this gel precursor solution and gently mixed with a pipette.
Gels were formed by placing 30 pL of gel precursor solution onto a Sigmacote-treated glass
slide, positioning a 1 mm thick rubber gasket around the droplet, and covering it with a second
Sigmacote-treated glass slide. This mold was then exposed to 365 nm light at ~10 mW/cm® for 3
min to initiate the radical-mediated thiol-ene step-growth polymerization reaction. After gelation,
the glass slides were separated and the free gel was transferred to an untreated 24-well plate with
1 mL appropriate growth medium. Gels were kept at 37 °C with 5% CO, for 1 day before

microsphere template erosion.
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4.3.5 A549 cell culture

A549 human adenocarcinoma cells (ATCC, CCL-185) were cultured in standard growth
medium (Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), 2%
penicillin/streptomycin (100 U/mL), 0.4% fungizone (0.5 pg/mL), Invitrogen) at 37 °C with 5%
CO; and passaged until use in experiments. For viability experiments, cells were trypsinized,
centrifuged, and resuspended at 25 million cells/mL in PBS. For seeding on microspheres, cells
were trypsinized, centrifuged, and resuspended at 1 million cells/mL in growth medium.

4.3.6 Viability experiments

A549 cells were encapsulated at 6.7 million cells/mL in thiol-ene gels as described
above. The day after encapsulation, half the gels were exposed to 365 nm light at ~10 mW/cm®
for 15 min, and half remained in the dark. A Live/Dead cell viability assay (Life Technologies)
was performed an hour later, and one day later. Gels were immediately imaged on a confocal
microscope (Zeiss LSM 710), and image stacks were analyzed for red cell count (dead) and
green cell count (live) with MATLAB.

4.3.7 ATII isolation and culture

All procedures and protocols were reviewed and approved by the Animal Care and Use
Committee at the University of Colorado Denver Anschutz Medical Campus. Mice were
obtained from The Jackson Laboratories and bred in-house.

Primary ATII cells were isolated from FVB/NJ mice (6-8 weeks old) as previously
described.** Briefly, mice were euthanized by CO, asphyxiation, the chest was opened, and
sterile saline was injected into right ventricle to clear the blood from the pulmonary circulation.
The heart lung block was then excised and distal lung tissue was trimmed away from the heart,

trachea and other tissue and finely minced. Lung tissue was digested in 1% collagenase
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(Worthington Biochemical) and 1 mg/mL DNase (Sigma) for 20 minutes at 37 °C. Then, trypsin
(Fisher) was added (final concentration of 0.01%) and incubated for 20 minutes. Next, a solution
of 1 mg/mL trypsin inhibitor and 1 mg/mL DNase was added and the mixture was passed
through a 100 pm cell strainer to remove large undigested lung sections, followed by filtration
through a Nitex Filter (10 um pore diameter). The filtered lung solution was centrifuged for 8
min at 480 g, and the cell pellet was washed with DMEM/F12 media. Immune cells were
separated from epithelial cells by adding the cell suspension to tissue culture plates coated with
IgG (11 mg/em®) and incubating for 1 hour at 37 °C. Non-adherent cells were recovered and
centrifuged at 480 g for 8§ min. Cells were resuspended at 1 million cells/mL in growth medium
supplemented with hepatocyte growth factor (HGF; R&D Systems; 50 ng/mL) and keratinocyte
growth factor (KGF; Sigma; 10 ng/mL) prior to using in cyst experiments.
4.3.8 Cell-microsphere seeding

To seed photodegradable microspheres with cells, either A549 cells at 200,000 cells/mL
or ATII cells at 500,000 cells/mL were placed in an ultra-low adhesion 24-well plate (Corning)
with 40 pL microspheres in sterile PBS. The plate was placed on an orbital shaker at 45 rpm and
incubated at 37 °C with 5% CO, overnight. A549 cells were incubated for 1 day to enable full
coating of the microspheres, whereas ATII cells were incubated for 3 days before encapsulation
in hydrogels. These cell-microsphere structures are referred to here as pre-cysts. Brightfield
images of cell seeding were taken on an inverted epifluorescent microscope (Nikon Eclipse
TE2000-S).
4.3.9 Template erosion

Cell-laden microspheres were encapsulated in thiol-ene gels and cultured for one day to

enable formation of cellular attachments to the encapsulating gel. Gels were exposed to 365 nm
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light at ~10 mW/cm® for 15 minutes to cleave the photodegradable moiety and completely erode
the microsphere templates. The low molecular weight degradation products were allowed to
swell out of the gels for 1 hour before the media was changed. Thereafter, media was changed
daily, with the growth factor-supplemented media prepared fresh every other day for the primary
cysts. Cysts were typically cultured for another 3-6 days after template erosion.
4.3.10 Immunostaining and imaging

At the completion of each experiment, samples were fixed in 4% paraformaldehyde in
PBS for 15 minutes at room temperature and washed 3 times with PBS. Cells were subsequently
permeabilized in 1% TritonX-100, and samples were blocked overnight with 40% goat serum in
PBS. Primary antibodies used in these experiments were rabbit anti-prosurfactant protein C
(SPC; 1:100; Millipore), hamster anti-mouse podoplanin (T1a; 1:100; eBioscience), mouse anti-
B-catenin (1:100; Invitrogen), and rabbit anti-ZO-1 (1:100; Invitrogen). Secondary antibodies
used in these experiments were goat anti-rabbit AlexaFluor 594 (1:200; Life Technologies), goat
anti-hamster AlexaFluor 488 (1:200; Life Technologies), and goat anti-mouse AlexaFluor 488
(1:200; Life Technologies). For the whole mount gels, samples were incubated with primary
antibodies overnight at 4 °C, followed by 3 wash steps (twice for 1 hour, and once overnight).
Samples were then incubated with secondary antibodies overnight at 4 °C, followed by 3 wash
steps (twice for 1 hour, and once overnight). Finally, nuclei were stained with DAPI (1:2000;
Invitrogen) for 1 hour at room temperature, and samples were washed twice for 30 minutes and
once overnight in PBS.

In one experiment, A549 cysts were fixed and permeabilized as before, followed by
staining with DAPI (1:2000; Invitrogen) and TRITC-Phalloidin (1:200; Sigma) for 1 hour at

room temperature to label the nuclei and actin cytoskeleton.
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All samples were imaged on a confocal microscope (Zeiss LSM 710) with a 20x water-
dipping objective (Plan Appochromat; NA=1.0). Image stacks were taken from the top of a cyst
to the bottom (z step = 5 um), and analyzed in ImagelJ software (NIH).

4.3.11 Histological sectioning of cysts

To verify that the cysts' central lumen remained free of cells after template erosion, one
set of primary cysts in gels was fixed as before and then prepared for cryosectioning. Gels were
swollen in HistoPrep (Fisher) overnight at 4 °C, then flash frozen in liquid nitrogen for ~10
seconds. These were transferred to molds containing room temperature HistoPrep and covered
with a small drop of HistoPrep. The molds were then flash frozen in liquid nitrogen and slowly
warmed to -22 °C in a cryostat (Leica CM1850). 50 um sections were cut and mounted onto
microscope slides. These sections were then stained as before for Tla, SPC, and DAPI, and
imaged on a confocal microscope (Zeiss LSM 710).

4.3.12 Histological sectioning of mouse lungs

Mouse lungs were fix inflated with 4% paraformaldehyde. Tissue sections of 75 pum
thickness were prepared using a vibratome. Sections were stained with the following antibodies:
rabbit anti-SPC (1:200; Seven Hills Bioreagents), Syrian hamster anti-Tlalpha (1:100;
Developmental Studies Hybridoma Bank) and goat anti-rabbit Cy3 or goat anti-syrian hamster
FITC (1:200; Jackson ImmunoResearch Laboratories).

Labeled cells were observed with a confocal laser scanning microscope LSM 510 (Carl
Zeiss, Germany) equipped with an argon laser (excitation 488 nm) and a DPS laser (excitation
561 nm). Serial optical sections were captured over a total depth of 50 um with a 0.5 um z-step.

Three-dimensional reconstructions and rotating movies were generated using IMARIS analysis
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software (Bitplane, Switzerland). Three-dimensional surface projections were shown for

visualization of lung architecture.

4.4 Results and discussion

Alveoli in the native lung are roughly spherical, with an approximate diameter of 200 um
in human lungs.”® The alveolar epithelium consists of flattened ATI cells interspersed with
rounded ATII cells, typically found where neighboring alveoli meet.”* To maintain a barrier
between the airway and the vasculature, these epithelial cells form tight junctions and adherens
junctions, as evidenced by expression of ZO-1 and P—catenin, respectively. To model this
spherical epithelial arrangement in vitro, we developed a templating procedure with hydrogels,
exploiting the photochemistry previously developed in our laboratory to create sacrificial
spherical molds for the epithelial cells to adhere to. The general procedure is to form bioadhesive
photodegradable microspheres, seed these microspheres with epithelial cells, encapsulate the
cell-microsphere structures (referred to from here on as pre-cysts) inside a second hydrogel, and
erode the microsphere template with light, leaving a hollow epithelial cyst attached to the
surrounding hydrogel (Figure 4.1).
4.4.1 Microsphere synthesis and characterization

The microsphere template consisted of an 11.1 wt% PEG macromer solution formed as
aqueous droplets suspended in an organic phase to make spherical particles. The polymer
network was formed via spontaneous base-catalyzed Michael addition between the thiol groups
on PEG4SH and the acrylate groups on PEGdiPDA (Fig. 4.2A). A small, commonly used
peptide (CRGDS; Fig. 4.2A) that binds to integrin receptors on the cell surface was covalently

tethered to the polymer network through the thiol group on the n-terminal cysteine. Many types
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Figure 4.2 Microsphere synthesis and erosion. (A) The microsphere hydrogel network was
composed of poly(ethylene glycol) tetrathiol (PEG4SH; M, ~5 kDa) and poly(ethylene glycol)
di-photodegradable acrylate (PEGdiPDA; Mn ~4.1 kDa), with the bioadhesive peptide CRGDS
included at 1.5 mM. The monomers were reacted via an inverse suspension polymerization using
a base-catalyzed Michael addition to form the microspheres. (B) Microspheres labeled with a
green fluorescent dye were imaged and analyzed to determine the size distribution. Histogram
shows distribution of microsphere diameters, and the black line indicates the cumulative
percentage of the population. Inset shows representative fluorescent image of microspheres used
for diameter measurement. n = 3087 (C) The chemical structure indicates the cleavage of the
nitrobenzyl ether moiety with light. The absorbance spectrum is for the PEGdiPDA crosslinker
(0.8 mM) in phosphate-buffered saline, where the blue line indicates 365 nm. The molar
extinction coefficient at 365 nm for the nitrobenzyl ether moiety was calculated to be ~5,000 L
mol’ cm™. (D) Microspheres containing entrapped 2 pm diameter polystyrene beads were
encapsulated in a second hydrogel and exposed to 365 nm light at an intensity of ~10 mW/cm®
for 15 minutes to erode the microspheres. Images are of polystyrene bead tracks over 15 minutes
before and after light exposure illustrating increased Brownian motion after microsphere erosion.
The plot gives the ensemble mean squared displacement for the liquid and solid cases.
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of adhesive ligands could be included in these microspheres, and early work with A549 cells
presented here used full proteins (laminin or fibronectin) physically entrapped in the gel network
during polymerization. Proteins larger than ~25 kDa are readily entrapped in the network and
other thiol-containing peptides or thiolated proteins can be reacted into the polymer network, as
desired.

A maleimide-conjugated AlexaFluor 488 dye was reacted into the microsphere network
to measure the size distribution of the microspheres by image analysis (Fig. 4.2B; n = 3087
particles). The microspheres had an average diameter of 120 £ 70 um with a polydispersity of
1.4, and 90% of the particles were <200 pum in diameter. This size range is relevant to
mammalian alveoli in vivo, with human alveoli diameters on the order of 200 pm and mouse
alveoli diameters on the order of 50 pum.”

The nitrobenzyl ether (NBE) groups in the PEGdiPDA crosslinker (yellow in Fig. 4.2A)
are susceptible to cleavage by light, as depicted in Fig. 4.2C. The absorbance spectrum (Fig.
4.2C) of the crosslinker shows that the NBE moieties strongly absorb light between 300-400 nm,
as has been previously reported.” *’ Light at 365 nm was chosen for erosion of the microspheres
because it has been shown many times to be cytocompatible and light sources are readily
available. Beer's Law was used to calculate the molar absorptivity of the NBE moiety at 365 nm
(365 = 5,000 L mol' cm™). Since the microspheres are optically thick (A > 0.1), erosion is
limited to the top surface of the gel until the degradation products diffuse out of the light path
and allow more light to reach deeper sections of the gel. Using the models published by Tibbitt et
al., a rate at which erosion progresses through the microspheres can be calculated with Equation
1.*® Briefly, this rate depends on the effective rate of photocleavage of the NBE group, the

intensity of the incident light, the molar absorptivity of the NBE group, the concentration of
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NBE in the gel, and the critical fraction of cleaved NBE groups to reach reverse gelation. For
this step growth network, reverse gelation occurs when 42% of the crosslinks have been cleaved.
Using the calculated erosion rate (13.5 pm/min with 365 nm light at 10 mW/cm?), we estimated
that a 100 pm diameter microsphere would take 7.4 minutes to fully erode and a 200 pm
diameter microsphere would take 15 minutes to fully erode.

To confirm these estimates and directly measure erosion, we characterized the gel to sol
transition by entrapping 2 um beads inside the hydrogel microspheres, encapsulating them inside
thiol-ene hydrogels, and using time-lapse microscopy to look for Brownian motion of the beads
(Fig. 4.2D). Before erosion of the microspheres, but after experiencing the 3-minute thiol-ene gel
polymerization with 365 nm light, the beads were stationary, indicating the microspheres were
still solid gels. After exposure to another 15 minutes of 365 nm light at ~10 mW/cm®, the beads
moved randomly through the space where the microsphere had been, indicating the microsphere
had eroded to a liquid. By tracking bead position over time, the ensemble mean squared
displacement curve was calculated for 94 beads in the solid case and 74 beads in the liquid case.
From this plot, the diffusion coefficient was estimated to be 0.050 pm?/min for the solid case and
0.94 um*/min for the liquid case. This corresponds to a viscosity of 0.13 Paes for the solid case
and 0.0069 Paes for the liquid case. Since the eroded microspheres had a viscosity that is two
orders of magnitude lower than that of the microspheres before exposure to light, we conclude
that the gel network is completely degraded and no solid gel or surface remains to promote cell
attachment. Further evidence that the microsphere network erodes with this light dose came from
the observation that A549 cell layers attached to microspheres would swell as polymer crosslinks

were cleaved and then collapse when the network reached reverse gelation (ESI Video 1).
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Encapsulation in a second hydrogel was necessary to stabilize the cysts during and after template
erosion (ESI Video 2).
4.4.2 Encapsulation of lung epithelial cells in thiol-ene hydrogels

Before encapsulating pre-cyst structures in the thiol-ene gels, the compatibility of the gel
for permitting high survival of single cells was studied. The encapsulating hydrogel consisted of
a norbornene-functionalized 8-arm PEG and a di-cysteine peptide crosslinker
(KCGPQGYIWGQCK) derived from a sequence known to be cleavable by cell-secreted matrix
metalloproteinases (Fig. 4.3A).>° The norbornene and thiol groups undergo photoinitiated radical
polymerization to form a step-growth network.** Again, the adhesive peptide CRGDS was
covalently bound to the network through the thiol on the cysteine. Here, too, the adhesive ligand
can be varied easily with different cysteine-containing peptides, if desired. While not shown in
this work, the elastic modulus of the encapsulating gel is also tunable by varying the weight
percent of the PEG macromer or by changing the stoichiometric ratio of the thiol groups on the
peptide crosslinker to the ene groups on the PEG.*"*”**7 For the specific formulation studied
here, the elastic modulus was ~20 kPa, which is within the reported range of moduli for healthy
lung tissue (i.e., 5-30 kPa).”*>’

This hydrogel system was shown to be cytocompatible by encapsulating a single-cell
suspension of A549 cells, staining for the actin cytoskeleton to show typical rounded cell
morphology (Fig. 4.3B), and performing a cell viability assay (Fig. 4.3C). Cell survival was high
with 93 + 3% cells staining positive with the live marker one day after encapsulation. To further
probe cell viability during the cyst-making process, encapsulated A549 cells were exposed to 15

minutes of 365 nm light at ~10 mW/cm?, the same light dose used to erode the microsphere
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templates. Viability one hour and one day after light exposure were both 90 + 4% live, which is

not statistically different from the cells left in the dark.
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Figure 4.3 Encapsulating hydrogel formulation. (A) The encapsulating gel was composed of 8-
arm poly(ethylene glycol) functionalized with norbornene end groups (M, ~40 kDa) and an
enzymatically-cleavable di-cysteine peptide crosslinker (KCGPQGVIWGQCK), with the
adhesive peptide CRGDS included at 1 mM. The arrow indicates the enzymatic cleavage site.
Thiol groups (red) react with the -ene functionalities on the 8-arm PEG through a radical-
initiated thiol-ene polymerization. (B) Single cell suspension of A549 cells encapsulated in the
thiol-ene gel. The image is a z-projection of a 250 um confocal stack showing healthy actin
cytoskeleton (red) and cell nuclei (blue). (C) Single cell suspension of A549 cells encapsulated
in thiol-ene gels. The images are z-projections of a 500 pm confocal stack with live cells stained
green and dead cells stained red. The first is a representative image of a gel left in the dark and
stained on day 1 after encapsulation (93 + 3% live). The second is a representative image of a gel
exposed to 15 minutes of 365 nm light at ~10 mW/cm” on day 1 after encapsulation and stained
1 hour later (90 + 4% live). The third is a representative image of a gel exposed to 15 minutes of
365 nm light at ~10 mW/cm” on day 1 after encapsulation and stained 1 day later (90 + 4% live).
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4.4.3 Testing the procedure with A549 cells

Cyst-like structures were formed using the characterized, photodegradable microspheres
and the cytocompatible, thiol-ene hydrogels. During the cyst-forming process, the cells
experience three distinct matrix situations (Fig. 4.4). First, the cells attach to the RGD in the
microsphere template and spread and proliferate to form a complete epithelial layer on the carrier
hydrogel. Next, the pre-cysts are encapsulated in the thiol-ene hydrogel and the cells form
additional attachments to the RGD in the second gel. Finally, the microsphere templates are
eroded, leaving only the encapsulating gel for the cells to adhere to and a hollow central lumen
where the microsphere had been. While polymer degradation products including CRGDS
peptides are initially present after template erosion, fast integrin turnover and diffusion of small-
molecule products through gaps in the epithelium contribute to the lack of ECM signaling inside

the cyst lumen in the hours and days following erosion.

Figure 4.4 Schematic illustration of the three conditions that epithelial cells experience during
the cyst-forming procedure, cross-sectional view. (i) First, cells form integrin binding sites with
the CRGDS peptide in the microsphere network. (i) Then, pre-cysts are encapsulated within the
thiol-ene gel and cells form attachments to the CRGDS in the encapsulating gel. (iii) Finally,
microspheres are eroded with light and with fast integrin turnover on the apical side only the
integrins on the outside of the cyst retain their connections to the gel network.

93



First, the A549 cell line was employed to test the cyst templating procedure, because of
its ease of culture, rapid proliferation, and previous use in the literature as a model cell line for

the ATII phenotype.***"

To coat the microsphere templates with cells, A549s and fibronectin-
loaded microspheres were combined in an ultra-low adhesion 24-well plate and incubated on an
orbital shaker. The wells were monitored by bright field microscopy, and cells were shown to
completely cover the microspheres within 24 hours (Fig. 4.5A). Interestingly, this coating time
did not significantly change with several different adhesive proteins (laminin, fibronectin) or
peptide adhesive ligands (RGD) that were examined (data not shown). After 24 hours of coating,
the pre-cysts were encapsulated in the thiol-ene gel as described above and allowed to form
attachments to this new substrate for another 24 hours. Next, the microsphere template was

eroded with 365 nm light at ~10 mW/cm?® for 15 minutes (Fig. 4.5B,C), as determined earlier.

The cysts were cultured three more days after template erosion before being fixed and stained for
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Figure 4.5 A549 cysts. (A) Bright field images of A549 cells progressively covering fibronectin-
loaded microspheres. (B) Cross-section schematic illustrating the hollow cyst that remains in the
hydrogel after erosion of the microsphere template. (C) Bright field image of an encapsulated
A549 cyst after template erosion. (D) Maximum intensity projection of a confocal image stack of
an A549 cyst, fixed 3 days after template erosion. Red is actin; blue is the cell nucleus. (E)
Single confocal image through the center of the same A549 cyst demonstrating the hollow
interior. Red is actin; blue is the cell nucleus.
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the actin cytoskeleton and the cell nucleus (Fig. 4.5D,E). The A549 cysts remained roughly
spherical in culture, and the confocal slice demonstrates that the central lumen remained free of
cells after erosion of the microsphere template. The A549 cell line is limited in its use due to the
rapid proliferation of this adenocarcinoma cell line and the lack of appropriate apical-basal
polarity. Cysts formed utilizing this cell line have multiple cell layers and display rough edges,
which is atypical of a healthy alveolus. However, the A549 cysts may be useful in studying
cancer progression of the alveolar epithelium.
4.4.4 Primary alveolar epithelial cell cysts

ATII cells isolated from healthy mice were used in the same cyst templating procedure
described above. In contrast with the highly proliferative A549 cell line, these primary cells took
three days to spread and cover the microspheres completely (Fig. 4.6A). As before, the pre-cysts
were encapsulated and the microsphere templates were eroded one day after encapsulation (Fig.
4.6B). The cysts were cultured another 3-6 days (7-10 days after isolation from the mice) and
fixed and stained for cell phenotype markers (Fig. 4.6C,D). The primary cysts also remained
spherical with empty central lumens. To confirm that no cells infiltrated the lumen and prove that
imaging with the confocal microscope does not suffer from complete light attenuation in the
center of these cysts, gels containing primary cysts were cryosectioned into 50 um sections and
stained and imaged as before (Fig. 4.6E). Sections of one half of a cyst are presented here to
demonstrate that the cyst interior remained devoid of cells. The primary cysts were noticeably
smoother than the A549 cysts and displayed an epithelium that was typically only one or two
cells thick, which is more in keeping with the native alveolar architecture. Primary cysts had an

average diameter of 180 + 80 pum, which is in the size range relevant to human alveoli (~200
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Figure 4.6 Primary cysts. (A) Bright field images of primary cells proliferating to cover the
microspheres. (B) Bright field image of an encapsulated primary cell cyst after template erosion.
(C) Maximum intensity projection of a confocal image stack of a primary cell cyst, fixed 3 days
after template erosion. Green is T1a, a marker of the ATI cell phenotype; blue is the cell nucleus.
(D) Single confocal image through the center of the same primary cell cyst demonstrating the
hollow interior. Green is Tla, a marker of ATI cell phenotype; blue is the cell nucleus. (E)
Maximum intensity projections of three 50 um cryosections, documenting the absence of cells in
the central lumen. Red is SPC, a marker of the ATII cell phenotype; green is Tla, a marker of
the ATI cell phenotype; blue is the cell nucleus.
um). The average cyst diameter was larger than that of the original microspheres, but that may
have been caused by sampling bias when selecting cysts to image, or the smaller pre-cysts may
have preferentially adhered to the well plate and been left behind when the pre-cysts were
transferred to the gel precursor solution. One intriguing possibility for the increased luminal
volume is that ATII cells may have secreted surfactant lipids and proteins into the central lumen,
although we have not yet explored this option.

Hallmarks of any epithelial layer are the formation of adherens junctions to connect the
cytoskeletons of neighboring cells and tight junctions between the cells to provide a barrier

against passive solute diffusion. To further characterize the primary cysts, we stained for the cell

junction proteins B-catenin (adherens junctions) and ZO-1 (tight junctions) (Fig. 4.7A,B). B-
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Figure 4.7 Immunostaining of Primary Cysts. (A) Maximum intensity projections of a confocal
image stack of a primary cell cyst, fixed 3 days after template erosion. Green is f-catenin, a
marker of adherens junctions; red is ZO-1, a marker of tight junctions; blue is the cell nucleus.
(B) Single confocal image through the center of the same primary cell cyst. Colors are the same
as in A. (C) Maximum intensity projections of a confocal image stack of a primary cell cyst,
fixed 6 days after template erosion. Green is Tla, a marker of the ATI cell phenotype; red is
SPC, a marker of the ATII cell phenotype; blue is the cell nucleus. (D) Single confocal image
through the center of the same primary cell cyst. Colors are the same as in C. (E) 3D surface
projection of a 50 um mouse lung tissue section showing multiple cysts, with on average 2 ATII
cells per cyst. Colors are the same as in C.

catenin was bright along the cell membranes throughout the cyst, indicating mature adherens
junction formation between these epithelial cells. ZO-1 was less widely distributed, but it did
appear in many of the cells, demonstrating at least partial formation of tight junctions in the cyst.

Further development of these junctions may require more time in culture.

97



Finally, primary cysts were stained and analyzed for cell phenotype (Fig. 4.7C,D).
Surfactant protein C (SPC) is produced by ATII cells and stored in the cell cytosol and is
commonly used as a marker of ATII cell phenotype. Tla is located in the cell membrane of ATI
cells and is a marker of the ATI cell phenotype. As is typically seen in culture in vitro,*”°' the
freshly isolated ATII cells quickly differentiated on the microspheres into ATI-like cells with an
elongated morphology, positive staining for T1a, and almost no staining for SPC. The number of
cells per cyst positive for SPC was very small (3 = 2 per cyst). However, this number may be
relevant to native alveoli, because the 3D surface reconstruction of a 50-micron section of mouse
lung tissue shown in Figure 4.7E suggests that each mouse alveolus only contains 1 or 2 ATII
cells (to view this reconstruction from multiple angles see ESI Video 3). When compared to the
mouse cysts in the lung tissue section, the engineered cysts recreate the approximate size scale
and small numbers of ATII cells, although the total number of cells in the engineered cysts is
much higher. Collectively, the evidence presented indicates that the epithelial cysts developed
here capture many aspects of the structure and cellular arrangement found in alveoli in vivo, and

may be useful as in vitro models of the distal airway epithelium for future experiments.

4.5 Conclusions

We have developed an in vitro 3D model of the alveolar epithelium using
photodegradable microspheres as sacrificial templates to form spherical multi-cellular structures
with hollow interiors, cultured within a tunable hydrogel scaffold. This procedure was
demonstrated with a tumor-derived alveolar epithelial cell line as well as primary mouse ATII
cells, the majority of which differentiated into ATI-like cells. Given the size range, cellular

arrangement, cell junction protein and phenotype marker expression demonstrated here, these
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model alveoli captured several of the same biological aspects of alveoli in vivo. Recapitulating
the native alveolar tissue architecture within an easily modifiable synthetic platform provides an
avenue for numerous experiments previously unattainable in vitro. For instance, bulk matrix
properties can be systematically varied to determine their influence on cell phenotype or cellular
response to external signals such as inflammatory cytokines. Moreover, this model is particularly
suited for co-culture experiments with epithelial cysts surrounded by a second cell type such as
pulmonary fibroblasts or endothelial cells, both of which play key roles during lung development
and disease progression. We believe that this cyst model will be a valuable tool for those
studying the biology of the lung epithelium, as well as screening potential therapeutics for

treating diseases, such as lung fibrosis.
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Chapter 5

Epithelial-mesenchymal crosstalk influences cellular behavior in a 3D
alveolus-fibroblast model system

5.1 Abstract

Interactions between lung epithelium and interstitial fibroblasts are increasingly
recognized as playing a major role in the progression of several lung pathologies, including
idiopathic pulmonary fibrosis (IPF) and cancer. Three-dimensional in vitro co-culture systems
offer tissue-relevant platforms that spatially position cells at physiologically relevant distances
for studying 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 encapsulate the spheres within poly(ethylene glycol) (PEG) hydrogels
containing dispersed pulmonary fibroblasts. Normal and IPF fibroblast cell lines were cultured
with normal mouse alveolar epithelial primary cells and a cancerous alveolar epithelial cell line
to probe the influence of diseased cell phenotypes on healthy cells and vice versa. Using this 3D
co-culture model, cancerous epithelial cells and normal fibroblasts had significantly higher
proliferation rates when co-cultured together (45% and 12%, respectively) compared to any other
cell combination, indicating a potential reciprocal relationship between their signaling pathways.
When examining fibroblast motility, IPF fibroblast migration was significantly faster when co-
cultured with primary epithelial cysts (15 um/h) compared to monoculture (7 pm/h), and their
speed in this combination was also greater than the normal fibroblasts in co-culture with primary

cysts (10 pm/h). Conversely, the normal fibroblasts migrated significantly faster when co-
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cultured with cancerous A549 cells (15 um/h). Finally, immunohistochemistry revealed a
potential marker for epithelial-to-mesenchymal transition (EMT) in primary epithelial cells when
co-cultured with fibroblasts, namely expression of alpha smooth muscle actin (a-SMA), a
hallmark of the activated myofibroblast phenotype. Together, this evidence supports the idea that
there is an exchange between the alveolar epithelium and surrounding fibroblasts during disease
progression and points to particular cell combinations and potential signaling routes that merit

further inspection to discover potential targets for therapeutic development.

5.2 Introduction

In the lungs, hollow, cyst-like alveoli consist of a polarized epithelial layer attached to a
thin basement membrane and surrounded by capillaries and interstitial stromal cells, in particular
a population of alveolar fibroblasts commonly found in the collagen- and elastin-rich septa
dividing neighboring alveoli."” Gaps in the basement membrane allow for direct communication
between the epithelium and these alveolar fibroblasts.’ Normal epithelial-mesenchymal signaling
is essential during lung development and is thought to play a role in adult alveolar
homeostasis."* For example, during repair of the wounded alveolar epithelium, interstitial
fibroblasts secrete extracellular matrix (ECM) proteins to enable migration of proliferating and
differentiating epithelial cells, followed by matrix degradation and apoptosis of activated
fibroblasts (i.e., myofibroblasts).” However, disruption of this signaling has been implicated in
the progression lung diseases, such as idiopathic pulmonary fibrosis (IPF) and cancer.®’

IPF is characterized by clusters of myofibroblasts that deposit an excessively collagen-
rich ECM that stiffens the tissue and destroys normal alveolar tissue architecture.” A growing

body of evidence suggests that disrupted signaling within the alveolar epithelium may lead to

106



altered gene expression seen in IPF fibroblasts. For example, hepatocyte growth factor (HGF)
secretion by fibroblasts is thought to protect the epithelium from fibrosis, but HGF production is
reduced in IPF fibroblasts versus normal fibroblasts.® This decrease may be linked to reduced
interstitial prostaglandin E-2 (PGE2), which is an anti-fibrotic signal normally secreted by
alveolar epithelial cells that suppresses migration, proliferation, and collagen production of
fibroblasts.” The source of the clustered myofibroblasts characteristic of IPF continues to be
debated in the literature. One hypothesis is that activated epithelial cells undergo epithelial-to-
mesenchymal transition (EMT), which is identified by loss of epithelial cell junction markers
(e.g., E-cadherin, ZO-1) and rise of fibroblast and myofibroblast markers (e.g., vimentin, alpha
smooth muscle actin; a-SMA) as well as increased motility.’ In one study, clearly labeled
epithelial cells appeared in the alveolar interstitium producing myofibroblast markers.'" In direct
contradiction, another lineage-tracing study showed no evidence of EMT; instead,
myofibroblasts arose from other stromal cell populations. "'

EMT is also thought to play a role in tumor metastasis, allowing separation and migration

of epithelial-derived cancer cells away from the primary tumor.”'?

In addition to influencing
EMT in cancer, the local microenvironment has also been shown to be a key regulator in tumor
formation and invasion, especially mesenchymal cells and the ECM proteins and cytokines that
they secrete.” As in IPF, there appears to be a reciprocal exchange of signals between
pulmonary fibroblasts and epithelial-derived lung cancer cells. On one hand, an alveolar
epithelium-derived adenocarcinoma cell line (A549) has been shown to increase a-SMA
production in normal fibroblasts and increase matrix metalloproteinase (MMP) production in

fibroblasts, influencing matrix remodeling and tumor invasion.'*"> On the other hand, an

increase in paracrine signals secreted by cancer-associated fibroblasts has been shown to increase
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epithelial tumor proliferation (HGF), migration (transforming growth factor ; TGFp), and drug
resistance (HGF).">'°

Much still remains to be discovered about the intricacies of epithelial-mesenchymal
crosstalk during disease progression, and in vitro co-culture models have been proven to be
useful tools for studying such questions.'*'"** One advantage of these systems is the researcher's
ability to control the density and spatial proximity of healthy cell types in co-culture with
diseased cell types to probe the influence of one on the other and propose mechanisms by which
injury or mutations in one type may lead to progression of disease in the overall tissue. 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.,

23,24

the hanging drop method),” ™ 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, our lab demonstrated the use of photolabile microspheres as templates for
patterning hollow, spherical model alveoli within peptide-modified poly(ethylene glycol) (PEG)
hydrogels.”> 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).”® 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
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degradable upon exposure to light, and have found applications as depots for drug delivery (10-
50 pm), as well as for templating of multicellular cyst-like structures (50-200 pm).*>>"*

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 physiologically-
relevant geometry where the density and distance of the cell types were readily controlled to test
hypotheses related to paracrine signaling. 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 two different pulmonary fibroblast cell lines: normal fibroblasts (CCL-210), and
IPF fibroblasts (CCL-134). The co-cultured cells were analyzed for signs of disease progression
and EMT by measuring for proliferation, migration, and immunostaining for key protein
markers. Our goal was to test whether a diseased epithelium would influence the surrounding
fibroblasts by increasing their proliferation and migration, and whether diseased fibroblasts
would cause an increase in epithelial proliferation and expression of mesenchymal protein
markers. Interestingly, our results suggest a feedback loop between diseased and healthy cells, in

which cancer cell proliferation is increased in the presence of healthy fibroblasts and IPF

fibroblast migration is increased in co-culture with normal epithelial cysts.

5.3 Materials and methods
5.3.1 Microsphere synthesis
Photodegradable microspheres™ were formed by inverse suspension polymerization via

base-catalyzed Michael addition of a photodegradable diacrylate (PEGdiPDA; M,~4070 Da)
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with a poly(ethylene glycol) tetrathiol (PEG4SH; M;~5000 Da). The PEGdiPDA was
synthesized as previously described,” 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).

As a control and reference point for cell tracking calculations, non-degradable,
fluorescently labeled microspheres were used in fibroblast migration experiments. Briefly,
AlexaFluor-488 Cs 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.”® 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.

5.3.2 Cell culture

A549 human adenocarcinoma cells (CCL-185, ATCC) were cultured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies); human normal lung
fibroblasts (CCL-210, ATCC) were cultured in low glucose DMEM; and human idiopathic

pulmonary fibrosis lung fibroblasts (CCL-134, ATCC) were cultured in Kaighn’s modification
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of Ham’s F-12 medium (F-12K, Life Technologies). 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.

5.3.3 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.”’ 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. Next, trypsin (Fisher, 0.01%
final concentration) was added and the solution was incubated for another 20 minutes at 37°C. A
solution containing Img/mL trypsin inhibitor (Life Technologies) and 1 mg/mL DNase was
added, and this final mixture was filtered through 100 um cell strainers and through a Nitex filter
with 10 um pore diameter. The filtered solution was then 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?) 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
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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.
5.3.4 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 puL of photodegradable microspheres in an ultra-low
adhesion 24-well plate (Corning). 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.”
5.3.5 Cell labeling

For Click-it Plus EdU assays, immunohistochemistry experiments, 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 resuspended in appropriate serum-free growth medium containing Cell Tracker Green (10
uM 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 uM final concentration) as above.
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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, allowed to settle by gravity, and the supernatant was removed
with a pipet. Appropriate serum-free growth medium containing Cell Tracker Red (20 uM 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.

5.3.6 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.’**® An enzymatically-cleavable di-cysteine peptide (KCGPQG|IWGQCK) and an
integrin-binding peptide (CRGDS) were purchased commercially from American Peptide
Company, Inc.

For Click-iT Plus EdU assays and immunohistochemistry experiments, 8-arm 40 kDa
PEG-ND (5 wt%) was combined with di-cysteine peptide crosslinker (0.85:1 thiol:ene), CRGDS
(ImM), 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 uL drops of this precursor solution
were placed on a Sigmacote-treated glass slide 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% COs.
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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. Square 1 mm tall rubber gaskets, with a 6 mm diameter circle cut out
from the center with a biopsy punch, were sealed to the bottom of the wells in the thiolated
24-well glass-bottom plate and filled with 30 uL 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,.
5.3.7 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 7 days).
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5.3.8 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. EQU was added to growth media at a final concentration of 10 uM on day
1 or day 4 after cell/cyst 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 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 with 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 20x 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 um, average stack size
~500 pum).

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
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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).
5.3.9 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 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 3x3 square in the center of the well. 400 um z-stacks beginning at a height of 25 um
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% COs.
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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 wm greater than the object. This radius
was chosen to limit ROI overlap between neighboring cysts/microspheres, which were spaced
about 250 um 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, meandering indices,
and the percent of cells that were migrating. 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.>* 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 um) at any point during the 24 hour period, a criterion used in previous migration studies.’*
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).
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5.3.10 Immunohistochemistry

Primary antibodies used in these experiments included: hamster anti-mouse podoplanin
(T1a; 1:100; eBioscience), rabbit anti-prosurfactant protein C (SPC; 1:100; Millipore), mouse
anti vimentin (1:200; Abcam), mouse anti alpha smooth muscle actin (a-SMA; 1:200, Abcam),
rabbit anti E-cadherin (E-cad; 1:100; Abcam) and rabbit anti-ZO-1 (1:100; Life Technologies).
Secondary antibodies included: goat anti-mouse AlexaFluor 594 (1:200; Life Technologies),
goat anti-rabbit AlexaFluor 594 (1:200; Life Technologies), and goat anti-hamster AlexaFluor
647 (1:200; Life Technologies).

Samples were cultured for 1, 4, or 7 days before fixing and staining. At the completion of
each experiment, samples that would be stained for phenotype (SPC, Tla) or mesenchymal
markers (a-SMA, Vimentin) were fixed with 4% PFA in PBS at room temperature for 15
minutes, rinsed in PBS, permeabilized for 1 hour in TritonX-100 at room temperature and
washed in PBS. Samples intended for cell junction staining (E-cad, ZO-1) were fixed with 1:1
methanol:acetone on ice for 40 minutes and washed with PBS; these samples were not
permeabilized. All samples were then blocked overnight (>16 h) in 40% goat serum in PBS at
4°C. Samples were incubated with primary antibodies overnight, followed by three wash steps.
Samples were then incubated with secondary antibody overnight, followed by three wash steps.
Finally, samples stained for phenotype or mesenchymal markers were stained with DAPI
(1:2000, Life Technologies) for one hour and washed in PBS. Samples stained for cell junction
markers were incubated in Hoechst (1:2,000; Life Technologies) for 1 hour at room temperature
to stain nuclei, and then washed in PBS. All samples were imaged on a Zeiss LSM 710 confocal

microscope with a 20x water-dipping objective (Plan Appochromat; NA = 1.0). Image stacks
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were taken from top to bottom of individual cysts, or in the center of the gel for fibroblast-only

conditions, and analyzed in ImageJ software (NIH).

5.4 Results

Using a previously developed cyst-forming technique,” a physiologically-relevant 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. 5.1). This
in vitro culture system enabled us to probe cellular behavior in response to co-culture with a
diseased cell type in an attempt to elucidate the role of epithelial-mesenchymal crosstalk in
disease progression. To accomplish this goal, four cell types were used: normal alveolar
epithelial cells (primary mouse cells), lung tumor epithelial cells (A549 cell line), normal

pulmonary fibroblasts (CCL-210 cell line), and IPF fibroblasts (CCL-134 cell line). While the

(i) incubation of (ii) encapsulation (iii) template erosion (iv) cell behavior analysis
epithelial cells with fibroblasts

with microspheres \ / \

S —_— oy e

Figure 5.1 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 1-7 days before being analyzed for proliferation, migration, or protein
visualization. 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 = Tla (ATI).
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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

. . 14,21,23,35
literature make use of tumor spheroids. "

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
adjacent to and far from the epithelial surface.
5.4.1 Proliferation

An increase in proliferation in either epithelial cells or fibroblasts would indicate
abnormal behavior potentially leading toward disease progression.”’ Here, we used a
commercially available fluorescent EQU assay to measure the proliferation of each cell type after
a 17-hour incubation period initiated on days 1 and 4 post-encapsulation. Automated analysis of
confocal image slices (Fig. 5.2A) was performed to quantify the percent of nuclei positive for
EdU.

The results for both epithelial cell types demonstrated a significant decrease in
proliferation between day 1 and day 4, whether alone or in co-culture with fibroblasts (Fig.
5.2B). The primary epithelial cells had no difference in proliferation between the co-culture

conditions and monoculture on either day, with ~28% positive on day 1 and ~15% positive on

day 4. However, the A549 cancer cells showed a trend of slightly decreased proliferation on
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Figure 5.2 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.
(1) 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 EAU 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
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day 1 when co-cultured with either fibroblast cell line (55% and 46%) versus monoculture
(61%), although this trend was not statistically significant in the present study due to variability
between replicates. Interestingly, the A549 cells did exhibit significantly increased proliferation
on day 4 when co-cultured with the normal fibroblasts (CCL-210, 45%) compared with
monoculture (19%) and co-culture with IPF fibroblasts (CCL-134, 24%). When comparing
primary epithelial cell proliferation to A549 proliferation, A549 cells had significantly higher
percentages of EdU-positive nuclei on day 1 for monoculture and both co-culture conditions
(Fig. 5.S1). On day 4, however, A549 proliferation was significantly higher only when co-
cultured with normal fibroblasts (CCL-210).

The fibroblasts had a much lower proliferation rate than either epithelial cell type, and
this rate did not appear to change over time (Fig. 5.2B). While the IPF fibroblast (CCL-134)
proliferation (~6%) did not appear to be influenced by co-culture with epithelial cells, the normal
fibroblasts (CCL-210) had a significantly higher percentage of EdU-positive nuclei when co-
cultured with A549 cells on both days (~12%) compared to monoculture (~3%), and on day 4
when compared to co-culture with primary cysts (7%). When comparing the two fibroblast cell
lines (Fig. 5.S1), the only significant difference in their proliferation was on day 4 when co-
cultured with A549 cells, where the normal fibroblasts (CCL-210) had a higher percentage of
EdU-positive nuclei (14%) compared with the IPF fibroblasts (CCL-134, 6%).

5.4.2 Fibroblast migration
Increased motility of both fibroblasts and epithelial cells has been used as an indicator of

disease progression.'>*¢*

In the healthy adult lung, both cell populations remain quiescent until
an injury occurs. Normal wound healing involves migration of interstitial fibroblasts to the

wound site where they contribute to deposition of a provisional ECM.” ATII progenitor cells
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339 In the case

then migrate along this provisional matrix to repopulate the wounded epithelium.
of IPF, it is debated whether the characteristic myofibroblast foci arise from recruitment of
nearby fibroblasts or migration of transformed epithelial cells away from the alveolar
epithelium.'" In cancer metastasis, it is thought that tumor cells undergo EMT, detach from the
main tumor, and migrate through the surrounding matrix to reach the blood stream.” Therefore,
an increase in fibroblast migration measurements would suggest activation of the wound repair
response, which is overstimulated in diseases such as IPF, while epithelial migration would
indicate either wound repair or EMT.

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. 5.3A). 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.

The normal fibroblasts (CCL-210, Fig. 5.3B) had no statistically significant difference in
cells migrating 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
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Figure 5.3 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 um
confocal stack. (ii) 3D rendering of 200 um 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
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average speed of the migrating CCL-210 cells in monoculture was ~6 um/h, while their speed in
co-culture with either epithelial cell type was significantly faster (10 um/h with primary cysts
and 15 um/h with A549 cells). These speeds are much slower than previously reported values for
human dermal fibroblasts in similar hydrogels (~40 um/h),** but fall in the same range reported
for human mesenchymal stem cells (~5-20 pm/h, depending on RGD concentration and
crosslinking density).*” 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
persistent motion (0.07) than in monoculture (0.26) or in co-culture with primary cysts (0.17).

The IPF fibroblasts (CCL-134, Fig. 5.4) also had no statistically significant difference in
cells migrating per cyst in any condition, although the fraction migrating appeared to be higher
when co-cultured with primary cysts (70%) compared to monoculture (42%) and co-culture with
A549 cells (40%). None of the CCL-134 conditions showed a directional preference either
toward or away from the reference cyst, indicating isotropic migration. Interestingly, the average
migration speed of the IPF fibroblasts when co-cultured with primary cysts (15 um/h) was
significantly faster than when co-cultured with A549 cells (10 pm/h), and both were significantly
higher than in monoculture (7 um/h). Again, the IPF fibroblasts displayed relatively random
migration, with directionality values around 0.19 in all conditions.

When comparing each measurement between paired CCL-210 and CCL-134 culture
conditions (i.e., monoculture, co-culture with primary cysts, and co-culture with A549 cells; Fig.
5.S2), only a few statistically significant differences were found. First, in co-culture with primary
cysts, the IPF fibroblasts moved significantly faster than the normal fibroblasts (15 pm/h vs. 10

um/h). This finding was reversed in co-culture with A549 cells, where the IPF fibroblasts moved
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Figure 5.4 IPF fibroblast migration analysis. Plots show fraction migrating, fraction migrating

toward cyst, migration speed, and directionality (Distance-To-Origin/Total Distance) of
migrating IPF fibroblasts (CCL-134) 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 < 0.01, ***p < 0.001
significantly slower than the normal fibroblasts (10 pum/h vs. 15 pum/h). In the same A549 co-
culture condition, the normal fibroblasts displayed less persistent migration than the IPF
fibroblasts (directionality 0.07 vs. 0.18).

5.4.3 Epithelial-to-mesenchymal transition (EMT) markers

Hallmarks of EMT are the loss of cell junctions and onset of mesenchymal protein

expression, both of which can be observed by immunostaining for key cell junction markers
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(E-cadherin, ZO-1) and myofibroblast markers (vimentin, a-SMA).”'**** In this study, we
cultured primary cysts or A549 cancer cell cysts/clumps either alone or in co-culture with
fibroblasts (normal or IPF) for 1, 4, and 7 days and stained for the four key proteins listed above.
While the cell junction stains were inconclusive (Figure 5.S3 and Figure 5.S4), staining for the
mesenchymal markers led to some unexpected observations.

As expected, primary cysts cultured alone did not express any vimentin (Fig. 5.S5A),

while the cancerous A549 cells'**

showed strong vimentin expression at all time points (Fig.
5.S5B). In co-culture with normal fibroblasts (CCL-210; Fig. 5.5A) and with IPF fibroblasts
(CCL-134; Fig. 5.5B), the primary cysts did not produce vimentin over the course of seven days,
while the A549 cells appeared to have a slight decrease in vimentin expression in co-culture (Fig.
5.S5C,D). The latter result would indicate no EMT in the primary cells, and perhaps a slight
EMT reversal in the A549 cells. On the other hand, the myofibroblast marker, a-SMA, was
clearly expressed as stress fibers in some of the primary epithelial cells when co-cultured with
both normal and IPF fibroblasts, beginning as early as one day after encapsulation and lasting

through seven days in culture (Fig. 5.5C,D). A549 cells, however, did not express a-SMA at any

time either in monoculture or in co-culture (data not shown).

5.5 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 epithelium and interstitial fibroblasts may lead to disease progression in

6-9,13,15

multiple pathologies. To study these interactions, in vitro co-culture systems have been

valuable tools for controlling the cell types present and their proximity to one another, with the
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Figure 5.5 Immunostaining for mesenchymal markers. For all (i) and (ii) samples fixed one day
after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all (i)
and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii) and
(iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section. (A)
Primary epithelial cysts with normal fibroblasts. Green = Cell Tracker (CCL-210). Red =
vimentin. Blue = nuclei. (B) Primary epithelial cysts with IPF fibroblasts. Green = Cell Tracker
(CCL-134). Red = vimentin. Blue = nuclei. (C) Primary epithelial cysts with normal fibroblasts.
Green = Cell Tracker (CCL-210). Red = a-SMA. Blue = nuclei. (D) Primary epithelial cysts with
IPF fibroblasts. Green = Cell Tracker (CCL-134). Red = a-SMA. Blue = nuclei.
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ability to mix healthy with diseased cells."*'**!

In the 3D model system presented here, alveolar
epithelial cysts surrounded by pulmonary fibroblasts in an encapsulating hydrogel matrix
recapitulate aspects of the basic tissue architecture of the distal lung. Compliant 3D culture
networks have been shown to more closely represent cell behavior i vivo than a traditional flat,

44,45
h 5

stiff surface, especially in the areas of contact-inhibited growt and migration

. 46,4
mechanisms,***’

relevant to this work. Advantageously, the spatial arrangement of cells in this
platform better recapitulates the in vivo tissue structure, but this also limits the types of analysis
that can be performed on individual cell populations. Assessments such as RT-PCR and western
blots would give global mRNA and protein levels from all the cells in the gel, and any spatial
information would be lost. Therefore, we chose imaging-based measurements to visualize and
quantify individual cell type proliferation, migration, and protein expression.

In the healthy adult lung alveolar epithelial cell, turnover is slow compared to many other
tissues, reported to be approximately 1 month."*** During wound healing, proliferation
increases dramatically to repopulate the epithelium in a few days, followed by cell cycle arrest

L4930 Tumor cells, on the other hand, exhibit unchecked

and apoptosis of undifferentiated cells.
proliferation, and the ATCC reports that the adenocarcinoma cell line A549 has a doubling time
of 22 hours. Therefore, it is not surprising that in our culture system the percent of nuclei
positive for EAU 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*>!

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),°%>* their expression by these cells appears to be low, and limited

outgrowth into the surrounding hydrogel is observed. The fibroblasts exhibit very low levels of
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proliferation, which does not change over time or in the presence of epithelial cells, matching the
normally quiescent phenotype seen in vivo.'*"

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, platelet-derived growth factor PDGF, TGFB, etc.)>*>* may be
one cause of this immediate increase in fibroblast proliferation. The increase in fibroblast cell
numbers could then lead to increased protease levels in the gel, which would allow for network
degradation and A549 outgrowth and increased proliferation on day 4. In addition, it has been
shown that A549 co-culture with CCL-210 fibroblasts causes an increase in protease production
by the CCL-210 cells, including MMP-2, 9, and 11, supporting the hypothesis that increased gel
degradation may contribute to the increase in A549 proliferation.”> Alternatively, the normal
fibroblasts may be producing the paracrine signal HGF, which has been shown to be a potent
stimulator of epithelial proliferation and whose production is greatly reduced in IPF fibroblasts,
accounting for the continued decrease in A549 proliferation on day 4 with CCL-134 cells.*
However, this effect is not seen in the primary epithelial cysts. Further investigation of the
signaling mechanisms involved in the A549/CCL-210 co-culture condition would clearly be
valuable to form a better understanding of tumor cell influence on the surrounding fibroblast
population.

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.” Conversely, in IPF the production of profibrotic signals,

such as osteopontin, PDGF, TGFf, tumor necrosis factor-alpha TNFa, and connective tissue
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growth factor CTGF, is upregulated in the alveolar epithelium, and these signals are thought to
contribute to increased fibroblast migration, proliferation, and collagen production seen in IPF

patients.>*>*

In the migration studies presented here, the most significant differences were seen
with the primary epithelial cyst/CCL-134 co-culture and the A549/CCL-210 co-culture. The IPF
fibroblasts migrated faster than normal fibroblasts in culture with primary cysts and faster than
they moved in monoculture or co-culture with tumor-derived epithelial cells, and potentially a
higher fraction of IPF fibroblasts migrated per primary cyst than in the other conditions.
Conversely, the normal fibroblasts migrated faster than IPF fibroblasts in culture with A549 cells
and faster than they moved in monoculture, although this faster motion was significantly less
persistent than in the other conditions. As with the increased proliferation seen in the A549/CCL-
210 condition, increased protease activity may contribute to faster migration of fibroblasts, due
to local degradation of the matrix. It is also possible that some unidentified signal from the IPF
fibroblasts caused an increase in production in one or many of the profibrotic signals listed above
by the primary epithelial cells and/or a decrease in production of the quiescent signal PGE2.
Similarly, the cancerous A549 cells may already be producing these profibrotic signals or
secreting less PGE2. More in-depth exploration of pertinent signaling molecules is required to
elucidate the mechanism responsible for this increased migration speed.

Finally, epithelial-to mesenchymal transition (EMT) is thought to be a major contributor
to both pulmonary fibrosis and lung tumor invasion.®’ Initiation of EMT is potentially regulated
by paracrine signals from interstitial fibroblasts or the ECM microenvironment composition,

which is produced by those fibroblasts.'®*

In one study, in vitro culture of mouse alveolar
epithelial primary cells on a fibronectin-coated surface was enough to induce production of

myofibroblast markers (N-cadherin, a-SMA) and reduction in epithelial cell markers (surfactant
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protein C), a phenomenon not observed in the same cells cultured on collagen- and laminin-rich
Matrigel surfaces.'” TGFp is a potent stimulator of EMT both in vivo and in vitro, and has been
shown to quickly stimulate production of mesenchymal markers (e.g., a-SMA) by epithelial

lineage cells.'**"*

In our co-culture system, primary epithelial cysts demonstrated clear a-SMA
stress fiber formation in a few cells when in co-culture with either normal or IPF fibroblasts. The
a-SMA-positive cells could be a sign of EMT initiation, although without other positive
confirmations of EMT (vimentin expression, loss of cell junction proteins such as E-cadherin and
Z0-1) it is difficult to determine what the a-SMA expression represents. As discussed, the
appearance of a-SMA in the epithelial cysts may be caused by TGFp signaling from the co-
encapsulated fibroblasts, or by ECM signaling from the fibronectin-derived RGDS peptide
incorporated into the hydrogel to facilitate cell adhesion. While our immunostaining results were
inconclusive in demonstrating EMT of the primary epithelial cysts, the mechanism causing

a-SMA expression and the implications for alveolar epithelial cell differentiation in this culture

platform would be interesting studies to pursue.

5.6 Conclusions

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
expression of protein markers. Future investigation into the signals contributing to the

differences in cell behavior discovered here would provide needed insight into possible pathways
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conducive to drug development. In the A549/CCL-210 co-culture condition, for example,
potential targets could be found for therapeutics to reduce tumor growth by focusing on signals
produced by the fibroblasts. With the primary/CCL-134 condition, one could look for signaling
molecules that could be targeted to reduce the contribution of recruitment of local fibroblasts to
the myofibroblast foci in IPF by limiting their migration speed. 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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Figure 5.S1 Plots depict percent of nuclei positive for EAU at the two time points comparing
healthy versus diseased cell type, separated by monoculture and co-culture condition. Results are
presented as means = SEM of three biological replicates of each condition. *p <0.05,
*#p < 0.01, ¥**p <0.001
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Figure 5.S2 Normal versus IPF fibroblast migration comparison. Plots show fraction migrating,
fraction migrating toward cyst, migration speed, and directionality (Distance-To-Origin/Total
Distance) of both fibroblasts in monoculture and co-culture with both epithelial cell types.
Significance shown for paired comparison of CCL-210 and CCL-134 cells in each
monoculture/co-culture condition. 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 <0.05, ***p <0.001
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Figure 5.S3 Immunostaining for tight junction marker. For all (i) and (ii) samples fixed one day
after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all (i)
and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii) and
(iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section. (A)
Primary epithelial cysts in monoculture. Red = ZO-1. Blue = nuclei. (B) Primary epithelial cysts
with IPF fibroblasts. Green = Cell Tracker (CCL-134). Red = ZO-1. Blue = nuclei. (C) A549
epithelial cysts in monoculture. Red = ZO-1. Blue = nuclei. (D) A549 epithelial cysts with
normal fibroblasts. Green = Cell Tracker (CCL-210). Red = ZO-1. Blue = nuclei.
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Figure 5.S4 Immunostaining for adherens junction marker. For all (i) and (ii) samples fixed one
day after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all
(1) and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii)
and (iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section.
(A) Primary epithelial cysts in monoculture. Red = E-cadherin. Blue = nuclei. (B) Primary
epithelial cysts with IPF fibroblasts. Green = Cell Tracker (CCL-134). Red = E-cadherin. Blue =
nuclei. (C) A549 epithelial cysts in monoculture. Red = E-cadherin. Blue = nuclei. (D) A549
epithelial cysts with normal fibroblasts. Green = Cell Tracker (CCL-210). Red = E-cadherin.
Blue = nuclei.
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Figure 5.S5 Immunostaining for mesenchymal markers. For all (i) and (ii) samples fixed one day
after encapsulation. For all (iii) and (iv) samples fixed seven days after encapsulation. For all (i)
and (iii) 20x objective, max z-projection of confocal image stack of whole cyst. For all (ii) and
(iv) 20x objective with 4x zoom, max z-projection of confocal image stack of cyst section. (A)
Primary epithelial cysts in monoculture. Red = vimentin. Blue = nuclei. (B) A549 epithelial cysts
in monoculture. Red = vimentin. Blue = nuclei. (C) A549 epithelial cysts with normal
fibroblasts. Green = Cell Tracker (CCL-210). Red = vimentin. Blue = nuclei. (D) A549 epithelial
cysts with IPF fibroblasts. Green = Cell Tracker (CCL-134). Red = vimentin. Blue = nuclei.
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Chapter 6

Conclusions and Future Directions

Cells in the alveolar epithelium reside in a complex three-dimensional tissue architecture,
where they receive a multitude of signals from the extracellular matrix (ECM), as well as from
surrounding cell populations.'™ Disruptions in these signaling pathways can lead to diseased
pathologies in alveolar tissue. In particular, abnormal communication between epithelial cells
and pulmonary fibroblasts may be responsible for progression of fibrosis and tumorigenesis in
the distal lung.”® One hypothesis is that mutations or injury in one cell population may alter their
response to normal signals from the microenvironment and/or change the signals sent to the other
cell population, causing transformed cellular behavior in both.*® The mechanisms involved in
epithelial repair and the breakdown of normal communication pathways are complex and still
largely unknown. While animal models and clinical studies are critical to this understanding,
they do not allow for detailed hypothesis testing of signaling mechanisms. Therefore,
development of physiologically relevant and controlled 3D culture platforms are complementary
and provide critical information related to alveolar epithelial cell differentiation and epithelial-
mesenchymal interactions leading to disease. Throughout this thesis, advanced polymer materials
with bio-responsive peptides incorporating photosensitive addition and cleavage reactions were
employed to mimic the native alveolar architecture to enable investigation of the dynamic effects
of extracellular cues on cellular behavior.

In Chapter 3, a hydrogel network consisting of a poly(ethylene glycol) (PEG) backbone
with enzymatically and photolytically cleavable crosslinks was utilized to study the influence of

geometric confinement on differentiation and multicellular assembly of primary mouse alveolar
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epithelial type II (ATII) cells. The photolabile crosslinks enabled us to erode an array of
microwells of varying curvature into the base gel using standard photolithography techniques.
The primary ATII cells were then seeded into the wells and covered with a top layer of hydrogel
to fully encapsulate them in three-dimensional, geometrically-defined cavities. The cells were
cultured in these microwells for either one or seven days, followed by fixing and
immunostaining for cell phenotype markers: surfactant protein C (SPC) for ATII cells, and T1-
alpha protein (Tla) for alveolar epithelial type I (ATI) cells. Spatial arrangement of the
phenotypic markers within each well shape was visualized with frequency maps in both the x-y
and x-z planes, using 30 wells per shape. Clustering of the nuclei was observed in the center of
the wells on day 1 and near-complete filling of the wells by day 7, which was attributed either to
proliferation or migration of the cells over time. Future work could readily test this hypothesis
through real time tracking of cells cultured with these devices.

With regards to differentiation, limited Tla expression was observed on day 1, which
was consistent with our assumption that 98-99% of the primary cells seeded into the wells were
ATII-phenotypic. However, by day 7, most cells near the tops of the wells were elongated and
expressed both SPC and Tla, indicating an intermediate phenotype of ATII cells in the process
of differentiating to ATI-phenotype cells. There was also a population of aggregated cells deeper
in the wells that were mostly SPC-positive. Interestingly, the Tla stain appeared to localize to
the gel periphery, along the tops and sides of the wells, whereas the SPC was found more often
near the center of the wells. This observation may suggest that cell-ECM interactions promote
ATII differentiation in vitro. Finally, the dynamics of cell structure branching within the
hydrogel platform was explored by locally eroding channels to connect neighboring wells. This

was achieved by using two-photon focused light introduced at the mid-point of the culture time.
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For the time course of these experiments, no migration of the primary cells was observed down
these channels, and this result was attributed to the general fact that epithelial cells are typically
non-migratory and no signal was added to promote motility other than the topographical channel
in the gel network. These initial results with a dynamically-tunable culture system for lung
epithelial cells suggested that the platform could be useful for studying evolving geometric cues
critical during lung development and repair, and motivated several follow-up studies.

Although the primary cells successfully filled the microwells over time in this hydrogel
platform, they formed aggregates, contrary to typical hollow alveolar tissue structures. This
observation motivated us to pursue a cyst-templating technique described in Chapter 4 to create a
more physiologically-relevant culture model. However, several phenomena detected in this
platform may be interesting to explore further. First, the mechanism through which the cells
filled the wells over time could be examined using techniques utilized in Chapter 5 to determine
if proliferation or migration was the cause. For studying branching morphogenesis with the
erosion of channels in the hydrogel, an attractive experiment would be to investigate the effect of
the local presentation of chemotactic signals at different concentrations on migration of epithelial
cells down the channels. As one example, FGF-10 has been shown to be a driving force for lung
bud outgrowth during lung development,”® and a gradient of this factor down the channel would
be interesting to test with this system.

Of particular importance for future hydrogel development and their use with primary
ATII cells, high throughput experiments are needed to understand how matrix signals (e.g.,
integrin-binding epitopes, matrix elasticity) promote ATII differentiation toward the ATI
phenotype on the gel surfaces. Ideally, an in vitro model of the alveolar epithelium would

include both ATI and ATII phenotypic cells; however, as has been observed many times in the
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literature, most primary ATII cells in culture will differentiate toward the ATI phenotype within

4-7 days without the addition of soluble factors or specific ECM components.'” "'

In particular,
studies have shown that keratinocyte growth factor (FGF-7) and laminin-5 are essential for
maintaining the ATII phenotype in culture past one week.'*'?

An interesting future study would be to compare phenotype marker expression of ATII
cells cultured on 2D hydrogel surfaces containing different peptide sequences or full proteins,
with and without soluble growth factors in the media (Figure 6.1). In preliminary work that
compared collagen-coated glass, RGD-containing gels, and gels modified with three adhesive
peptides (RGD, a fibronectin mimic; IKVAV, a laminin mimic; and P15, a collagen mimic”) all

at equal levels or with a low level of RGD, results revealed that the three-peptide combination

gels in conjunction with soluble FGF-7 and hepatocyte growth factor (HGF) showed the most

PEG gel with only RGD (without soluble growth factors)

SPC Tla Merged with DAPI

Day 1

Day 7

Figure 6.1 Preliminary experiment of primary ATII cells seeded on top of RGD-containing PEG
hydrogels. Cells were fixed one day (A-C) and seven days (D-F) after seeding and
immunostained for phenotype markers. Red = SPC (ATII phenotype). Green = Tla (ATI
phenotype). Blue = DAPI (nuclei). Scale bar = 100 um.
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promise for maintaining a higher percentage of ATII phenotype cells (Figure 6.2). To confirm
this result, more biological replicates would need to be performed. In addition, more peptide
sequences in varying combinations, along with entrapment or conjugation of full proteins, should
be tested. For example, YIGSR (also derived from laminin) has been shown to influence cell
structure formation differently from IKVAV, and another laminin-specific peptide SINNR has

been shown to induce cyst-like structure formation of ATII cells in culture.'*"> To further

With Soluble Growth Factors Without Soluble Growth Factors
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Figure 6.2 Preliminary results comparing cell phenotype marker expression over time of ATII
cells seeded on top of various surfaces. Collagen = glass coated with collagen I; RGD = PEG
hydrogel containing 1 mM RGD peptide; 3H = PEG hydrogel containing three peptides (RGD,
IKVAYV, P15) at 0.33 mM each; 3L = PEG hydrogel containing 0.05 mM RGD, 0.475 mM
IKVAYV, and 0.475 mM P15. Bars represent 100% of imaged nuclei, with red representing the
fraction of cells expressing only SPC (ATII phenotype), blue representing cells expressing both
markers (intermediate phenotype), green representing cells expressing only Tla (ATI
phenotype), and white representing cells expressing neither marker. (A) Cells were cultured with
soluble growth factors (FGF-7 and HGF) and fixed one day after seeding. (B) Cells were
cultured without soluble growth factors and fixed one day after seeding. (C) Cells were cultured
with growth factors and fixed seven days after seeding. (D) Cells were cultured without growth
factors and fixed seven days after seeding.
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expand the experimental space, hydrogel elastic modulus could be systematically altered to
explore whether substrate stiffness influences ATII differentiation. To facilitate such a large
screening process, a high-throughput setup with a liquid-handling robotic system to form the gel
compositions followed by imaging and automated analysis with a high content microscope
would be essential. Such a setup has been developed in our laboratory,'® and would be simple to
implement.

Chapter 4 introduced an innovative method for creating cyst-like model alveoli in a PEG
hydrogel by exploiting photodegradable microspheres as templates to pattern primary ATII cells
as single cell-layers cultured on the spheres. Specifically, microspheres of selected sizes (50-200
um diameter) were polymerized as aqueous droplets in an organic phase, employing a Michael-
type addition reaction between a PEG-tetrathiol macromer and a PEG-di-photodegradable-
acrylate crosslinker. The microspheres were modified with a pendant CRGDS peptide to
promote cellular attachment to the surface during incubation on an orbital shaker. After full
microsphere coverage (24 hours for the cancer cell line A549, 3 days for the primary ATII cells),
the pre-cysts were encapsulated in a second PEG hydrogel. The encapsulating hydrogel was
composed of an 8-arm PEG-norbornene, which underwent photo-initiated, radical-mediated
thiol-ene polymerization with a di-cysteine enzymatically-degradable peptide crosslinker
(KCGPQG|IWGQCK). Cells were cultured for one day to allow attachments to the surrounding
hydrogel matrix, and then the microsphere templates were fully eroded by exposure to
cytocompatible 365 nm light at ~10 mW/cm?® for 15 minutes. The cysts were cultured for up to 7
days after encapsulation and subsequently fixed and immunostained for cell junction proteins or
phenotype markers. Adherens junctions were fully formed by 4 days after encapsulation,

indicated by bright B-catenin staining along the cell membranes. Tight junctions were less
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pronounced on day 4, although ZO-1 was expressed in several cells. As observed in Chapter 3,
the primary ATII cells mostly differentiated into ATI cells on the RGDS-functionalized
microsphere surfaces, with only 2 or 3 cells per cyst staining positive for SPC on day 4.
Collectively, the cyst attributes presented in Chapter 4 (size, hollow lumen, cell-cell junctions,
small number of ATII cells) demonstrate that these model alveoli capture many aspects of the
native alveolar epithelium and may be useful in future in vitro studies of this complex tissue.
While this cyst-templating technique represents a significant advancement in tunable
culture platforms for studying the alveolar epithelium, there are a few aspects of the procedure
that are worthy of future development. First, the microspheres formed by inverse suspension
exhibit a fairly wide distribution of diameters (50-200 um), whereas alveoli in vivo have roughly
equivalent volumes.'” To create uniform diameter microspheres, droplet-forming microfluidic
devices were explored; specifically, the aqueous pre-polymer solution (disperse phase) was
injected into a larger stream of mineral oil (carrier phase) to create droplets of constant size
(Figure 6.3A-C). The droplet diameter was tuned by changing the injection aperture width or the
carrier phase flow rate, and our preliminary results indicate that droplet sizes of 200 + 5 pm were
readily achieved with a 100 um wide aperture device and 50 pL/min flow rate, and ~50 = 5 pm
diameter droplets with a 50 um aperture device and 30 pL/min flow rate (Figure 6.3D,E). These
droplet sizes correspond to the average alveolar diameter in humans and mice, respectively.'”'®
However, the difficulty when transferring to this method of microsphere formation and
polymerization is in tuning the reaction rate to achieve gelation in the resistor before the droplets
leave the device without premature gelation in the disperse phase inlet area, which would clog
the device. While visible-light photoinitiated systems can readily polymerize in short times with

spatiotemporal specificity, the challenge has been finding such a system that leads to networks
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Figure 6.3 Preliminary droplet-forming microfluidic device design and droplet size results.
(A) Device design with the carrier phase inlet (pink circle) at the top and the disperse phase inlet
(blue circle) below it. Once the droplets are formed, they flow through the resistor to give time
for polymerization before reaching the outlet at the bottom. (B) Detail view of the injection
aperture where the disperse phase (blue) meets the carrier phase (pink) and forms droplets.
(C) Image taken with high-speed camera (1000 fps) of aqueous gel precursor solution flowing as
droplets through the resistor carried by mineral oil. (D) Plot of droplet diameter as a function of
volumetric flow rate ratio (carrier phase/disperse phase; Q./Qq) in a 50 pm aperture device. Qc =
30 pL/min. (E) Plot of droplet diameter as a function of flow rate ratio in a 100 um aperture
device at two different Q. (50 puL/min and 20 pL/min). *Work done in collaboration with Dr.
Nick Glass and Prof. Justin Cooper-White.

compatible with fast UV-degradation of the photocleavable crosslinker resulting in complete
microsphere erosion on time scales appropriate for use with cells. However, we have seen
promising results with a coumarin-caged tetramethylguanidine,"” which can be cleaved with

visible light to form a strong base that can catalyze the Michael-type addition of the same thiol-

and acrylate-containing macromers used for microsphere polymerization in Chapter 4 (Figure
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6.4A). Our preliminary results show that this system will polymerize in less than 5 minutes when
exposed to 400-500 nm light, which is compatible with the time spent in the microfluidic device
resistor (Figure 6.4B). Unfortunately, these macromers slowly and spontaneously react upon
mixing to clog the inlet of the microfluidic device in approximately one hour, which necessitates
the redesign of the device to include two aqueous phase inlet streams that mix within the device
before reaching the droplet-forming aperture. This should be readily achievable, and then the
resistor section of the device could be exposed to visible light to release the photobase and
catalyze the Michael addition. Such microfluidic techniques for the formation of uniform
photodegradable microspheres should prove useful for the fabrication of particles with diameters
of desired sizes, allowing for the comparison of cell behavior in cysts of human versus mouse

size.
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Figure 6.4 Photobase-catalyzed Michael addition polymerization. (A) System consists of
catalyst (visible-light-releasable base coumarin-caged tetramethylguanidine), and gel
components PEG-di-photodegradable-acrylate and PEG-tetrathiol. (B) Loss modulus (G") and
storage modulus (G') measured on a parallel-plate rheometer demonstrating gelation over time in
the presence of 400-500 nm light. *Work done in collaboration with Weixian Xi and Prof. Chris
Bowman.
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Another major improvement to the cyst templating method would be to select for fully
covered microspheres before encapsulation to reduce the number of single cells, cell aggregates,
and blank microspheres co-encapsulated with the desired pre-cysts. One technique that might be
employed would be to remove the preferred pre-cysts from the wells under a dissection
microscope with careful pipetting. This approach is routinely used for selecting cell aggregates
of defined sizes (e.g., islets). An added advantage to this method would be control over the
number of cysts encapsulated per gel, which is lacking in the current approach.

Finally, confirmation of epithelial cell polarization is important to establish true
reproduction of the native alveolar tissue. Typically, spontaneously formed alveolus-like
structures in vitro consist of small numbers of cuboidal ATII phenotype cells, and
immunostaining for basolateral markers (B-catenin, a6-integrin) and apical markers (ZO-1, actin)
is easily identified on the exterior and interior surfaces of the cysts, respectively.”*' More
thorough examination by electron microscopy reveals microvilli on the apical surface.”?' >
However, with the elongated and differentiated ATI-like cells in our model alveoli, apical-basal
orientation of immunostaining markers (ZO-1 and B-catenin) was not clear. While the method
requires meticulous sample preparation, electron microscopy methods for imaging cell structure
are now routine and could confirm the presence of microvilli on the apical surface of the cysts.
This would likely be the best method to demonstrate polarity of cells in the cyst model.

In Chapter 5, the model alveoli method developed in Chapter 4 was utilized to
create co-cultures of pulmonary fibroblasts encapsulated with epithelial cysts to investigate the
interplay between the two cell types in a spatially relevant context. It is important to culture cells
in 3D and control their density, diffusion distances, and spatial proximity when studying

hypotheses related to lung disease progression. Both normal and idiopathic fibrosis (IPF)
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fibroblast cell lines (CCL-210 and CCL-134, respectively) were cultured with normal and tumor-
derived alveolar epithelial cells (primary mouse ATII cells and A549 cell line, respectively), and
key cellular actions were measured for signs of increased activation or epithelial-to-
mesenchymal transition (EMT). First, proliferation of each cell type was quantified for selected
time periods (day 1 and day 4 after encapsulation) with a fluorescent EdU kit, followed by
confocal imaging. The cancerous and highly proliferative epithelial cell line A549 had a
significantly higher percentage of EdU-positive nuclei one day after encapsulation compared
with the normally quiescent primary epithelial cells in all conditions. Interestingly, both
epithelial cell types exhibited a marked decrease in proliferation by day 4, which was mainly
attributed to contact inhibition within the hydrogel scaffold. Both types of fibroblasts embedded
in the hydrogel system had consistently low levels of proliferation on both days, indicating a
quiescent phenotype. The exception to these observations was the A549/CCL-210 co-culture
condition, in which the normal fibroblasts showed increased proliferation on day 1 over
monoculture and both the fibroblasts and the cancerous epithelial cells had significantly
increased proliferation on day 4 over the other conditions. We hypothesized that this increase in
proliferation might be due to increased protease activity or an increase in pro-mitotic signaling
molecules from one or both cell types. Next, we analyzed fibroblast migration through the
hydrogel scaffold using a fluorescent live-cell tracking technique. In this 24-hour experiment,
normal fibroblasts (CCL-210) were observed to migrate faster when co-cultured with either
epithelial cell type (compared to monoculture), but the fibroblasts moved with less directionality
when co-cultured with A549 cells. The IPF fibroblasts (CCL-134) also migrated faster when co-

cultured with the A549 cells, but their speed was even higher when co-cultured with primary
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epithelial cysts. We hypothesized that the increased migration in co-culture may also be related
to increased protease activity or an increase in pro-migratory signals from the epithelial cells.

Finally, immunostaining of key EMT-related proteins was performed to visualize
differences in their expression between the co-culture systems. While the mesenchymal marker
vimentin did not appear in any of the primary cysts in co-culture with fibroblasts, surprisingly,
the myofibroblast marker a-SMA was expressed by a subset of primary epithelial cells in both
co-cultures, as early as one day after encapsulation. The expression of a-SMA in the epithelial
cells may be a result of TGF-f signaling from the fibroblasts or caused by ECM interactions with
the fibronectin-derived RGD peptide in the hydrogel scaffold, since fibronectin-coated surfaces
have been shown to cause expression of a-SMA in cultured primary ATII cells, in direct contrast
with collagen and laminin surfaces.”* While the mechanisms causing the differences in cell
behavior seen in these experiments remain unknown, these phenomenological observations
provide key results for future hypothesis testing. In summary, the co-culture model utilized in
Chapter 5 provides compelling evidence that supports the role of epithelial-mesenchymal
crosstalk in disease progression and identifies particular combinations of cell co-culture
conditions that warrant more detailed study.

As explained in Chapter 5, there are several potential signaling mechanisms revealed by
these experiments that motivate additional exploration to better understand how the epithelium
interacts with the surrounding fibroblasts. First, increased protease activity may be involved in

the increased proliferation and migration seen in co-cultures.”>°

To test this hypothesis, a
fluorescent sensor peptide sensitive to matrix metalloproteinase (MMP) cleavage (Figure 6.5A)

could be used to measure an increase in MMP activity when epithelial cells and fibroblasts are

co-encapsulated.””*® The sensor peptide can be tethered to the gel network, and simple area scans
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Figure 6.5 Matrix metalloproteinase (MMP) sensor peptide. (A) Peptide sequence is sensitive to
cleavage by MMP-1, 2, 3, 7, 8, and 9 and includes a cysteine residue on one end to facilitate
thiol-ene addition into the gel network. Fluorescein is incorporated into the cysteine end of the
peptide and a quenching dabcyl moiety is added to the free end. Upon cleavage, the quencher
diffuses away, leaving a fluorescent signal attached to the gel. (B) Gels containing the sensor
peptide are formed in a well plate. With no MMP activity (no cells present), and area scan
reveals a low fluorescence signal localized to the gel. With increased MMP activity (cells
encapsulated in gels), the fluorescence signal increases in intensity and is spread more evenly
throughout the well as the sensor peptide is cleaved and gel components are eroded through
enzymatic degradation.

on a plate reader measure the relative intensity of the fluorescence signal in the well (Figure
6.5B). In addition, several commercially-available fluorometric assays are available that measure
global protease activity in tissue supernatant (e.g., Pierce, Sigma-Aldrich, Abcam). Alternatively,
the proliferation and migration increases may be due to an increase in pro-mitotic and pro-

migratory signaling molecules from either the fibroblasts or the epithelium.”* 2

For example,
CCL-210 cells could be cultured in the presence of conditioned media from A549 cells and then
observed for increased proliferation and migration. If a soluble signal appears to influence the
CCL-210 cells, potential mediators such as platelet-derived growth factor (PDGF) or

5,29

osteopontin™” could be added to normal co-culture media, and CCL-210 proliferation and

migration could be checked for similar increases. Similar experiments could be conducted with
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the other fibroblast/epithelial cell co-culture conditions, which all showed increased migration
over the culture of single fibroblast populations.

To explore the influence of paracrine signaling on the increase in A549 proliferation with
CCL-210 cells, conditioned media from CCL-210 cells could be used with A549 cells and
proliferation on day 4 checked for a similar increase over monoculture. If a soluble signal is
implicated in this result, then the potential regulator HGF* could be added to the media and
A549 proliferation measured again. Finally, the appearance of a-SMA in the primary cysts co-
cultured with both fibroblast cell lines is particularly intriguing, especially without concurrent
expression of vimentin. To test if this expression is related to ECM signaling from the hydrogel,
primary cysts should be cultured alone and immunostained for a-SMA. If it appears without the
fibroblasts, then other adhesive peptide mimics or matrix elasticities could be tested to probe
which matrix properties might be involved in causing stress fiber formation in these epithelial
cells. If a-SMA is absent in the primary cyst monoculture, then that would implicate signaling
from the co-cultured fibroblasts. One potential signal known to induce a-SMA expression in
primary ATII cells is TGF-B,>*** so that could be added to the media or covalently tethered to the
hydrogel’* and primary cysts could be checked for a-SMA expression by immunostaining.

Examining each potential soluble cue one-by-one would prove to be tedious; therefore,
longer-term studies could delve further into the signaling pathways involved in epithelial-
fibroblast crosstalk by examining the composition of conditioned media. In addition to the
growth factors mentioned previously, components associated with microsomes may be
influential in disease progression as well. Microsomes are 80-120 nm vesicles that contain
membrane-associated enzymes such as microsomal prostaglandin E synthase-1, which has been

shown to be involved in both IPF and lung cancer progression.””>* Growth factors could be
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separated from microsomes through differential ultracentrifugation and the resulting fractions
could be used with cells to inspect resulting cell behavior.”> To follow up, ELISA assays for
specific proteins could be performed to identify key factors present in conditioned media.”
Continuing with the study of fibrogenesis and tumorigenesis, normal disease progression starts
with only a few transformed cells, either from age-related mutations or repeated injury, and
entire cell populations do not become diseased at once. To mimic this in our co-culture model,
healthy and diseased fibroblasts and/or epithelial cysts could be mixed at different ratios to
determine if there is a critical point at which the number of transformed cells leads to altered cell
behavior in the entire system. In related studies, the density of fibroblasts with respect to
epithelial cysts could be varied to establish whether the number and proximity of fibroblasts
matters during the development of these diseases. Given the large experimental space defined
here, a high-throughput system like the one described earlier with a liquid-handling robot and
high-content microscope, along with reporter cell lines for key proteins such as a-SMA, could be
useful in screening many conditions and identifying the most interesting combinations.

Moving beyond the epithelial-mesenchymal co-culture model, other cell types are
important in alveolar tissue during lung development and disease, including immune cells and
capillary endothelial cells.* Similar to the fibroblasts studied in Chapter 5, immune cells or
endothelial cells could be co-encapsulated with epithelial cysts to study the interactions of these
cell types in the context of disease-related soluble cues or diseased cell lines. For example, injury
to the apical surface of model alveoli could be accomplished by entrapping a commonly used

inflammatory stimulant lipopolysaccharide (LPS)*"*’

in the microsphere templates, which could
then be released upon template erosion and interact with the interior surface of the epithelial

layer. Epithelial response to this stimulant, especially with immune cells and/or fibroblasts

157



present in the model, would be interesting to measure. Culturing structurally-relevant vasculature
in synthetic hydrogels has been notoriously difficult, although recent advances in
micropatterning of endothelial cell cords surrounding a collagen core have generated excitement
in the tissue engineering field.*' An intriguing extension of the cyst templating model described
in Chapter 4 would be to create photodegradable fibers of the appropriate size (5-10 pum
diameter),” seed them with endothelial cells and co-encapsulate them with epithelial cysts.
Erosion of the templates with light would leave hollow lumen reminiscent of native vasculature.
Combining multiple cell types in the alveolar model system would complicate analysis of
cellular behavior, but it might better recapitulate the tissue microenvironment for complex
interaction studies or as a first step for drug screening trials.

In summary, we exploited photo-cleavable crosslinking molecules in PEG hydrogel
networks to create spatially-relevant, tunable in vitro culture platforms for studying primary
alveolar epithelial cell differentiation and communication with neighboring mesenchymal cells.
In photopatterned microwells, we found that primary ATII cells differentiate into ATI-like cells
on gel surfaces, but form unnatural aggregates in the wells. Consequently, we developed a cy-
templating method using photodegradable microspheres, which created stable, physiologically-
relevant model alveoli embedded in a tunable PEG hydrogel scaffold. This cyst model was
expanded to introduce pulmonary fibroblasts in co-culture with epithelial cysts using
combinations of healthy and diseased cell types to study the interplay between the epithelium
and mesenchyme during disease progression. We found that signaling between the two cell types
led to increased proliferation and migration when cancerous epithelial cells were combined with
normal fibroblasts, primary epithelial cysts also encouraged increased migration of both healthy

and IPF fibroblasts, and an as yet unidentified signal induced a-SMA expression in a subset of
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primary epithelial cysts when co-cultured with fibroblasts. We believe the techniques developed

in this thesis represent a significant advancement in alveolar tissue-specific in vitro platforms

available to study the signaling mechanisms involved in lung development and disease, both

from the ECM and from intercellular communication. Beyond lung epithelial cysts, the methods

presented here to control spatial location of cells within synthetic hydrogels may prove useful for

many other tissue applications requiring 3D resolution of cultured cell populations.
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Chapter 8

Appendix: Epithelial-mesenchymal crosstalk influences cellular behavior in a
3D alveolus-fibroblast model system

As submitted to Biomaterials, 2016

8.1 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 that
spatially position cells at physiologically relevant distances for studying 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 normal fibroblast cell line was co-cultured with either normal mouse alveolar
epithelial primary cells or a cancerous alveolar epithelial cell line to probe the influence of
tumor-stromal proximity on cell behavior. Using this 3D co-culture model, cancerous epithelial
cells and normal fibroblasts had significantly higher proliferation rates in co-culture (45% and
12%, respectively) compared to single cells or any other cell combination, indicating a potential
reciprocal relationship between their signaling pathways. When examining fibroblast motility,
the normal fibroblasts migrated significantly faster when co-cultured with cancerous A549 cells
(15 pm/h) compared to monoculture (7 pm/h). Finally, a fluorescent peptide reporter for matrix

metalloproteinase (MMP) activity revealed a synergistic increase when epithelial tumor cells and
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normal fibroblasts were co-cultured in this model. When MMP activity was reduced by a
chemical inhibitor 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 and
points to potential signaling routes that merit further inspection to discover potential targets for

therapeutic development.

8.2 Introduction

In the lungs, hollow, cyst-like alveoli consist of a polarized epithelial layer attached to a
thin basement membrane and surrounded by capillaries and interstitial stromal cells, in particular
a population of alveolar fibroblasts commonly found in the collagen- and elastin-rich septa
dividing neighboring alveoli."” Gaps in the basement membrane allow for direct communication
between the epithelium and these alveolar fibroblasts.’ Normal epithelial-mesenchymal signaling
is essential during lung development and is thought to play a role in adult alveolar
homeostasis."* For example, during repair of the wounded alveolar epithelium, interstitial
fibroblasts secrete extracellular matrix (ECM) proteins that enable migration of proliferating and
differentiating epithelial cells, followed by matrix degradation and apoptosis of activated
fibroblasts (i.e., myofibroblasts).” However, disruption of this signaling has been implicated in
the progression of lung diseases, such as idiopathic pulmonary fibrosis (IPF) and cancer.®’

In cancer, the local microenvironment has been shown to be a key regulator in tumor
formation and invasion, especially mesenchymal cells and the ECM proteins and cytokines that

8-10 . . . .
they secrete.” =~ As in many carcinomas, there appears to be a reciprocal exchange of signals
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between pulmonary fibroblasts and epithelial-derived lung cancer cells. On one hand, an alveolar
epithelium-derived adenocarcinoma cell line (A549) has been shown to increase a-SMA
production in normal fibroblasts and increase their matrix metalloproteinase (MMP) production,
influencing matrix remodeling and tumor invasion.'"'> On the other hand, an increase in
paracrine signals secreted by cancer-associated fibroblasts (CAFs) has been shown to increase
epithelial tumor proliferation, migration, and drug resistance.®'> These CAFs are heterogeneous
in phenotype and arise from a variety of sources, including circulating bone-marrow derived

%10 The resident normal

cells, tissue-resident mesenchymal stem cells, and local fibroblasts.
fibroblasts are the first to respond to the tumor wound site, activating into myofibroblasts.
Tumor-secreted factors, such as TGFPB, PDGF, and IL-1, lead to further transformation of the

%10 Matrix destruction caused

myofibroblasts into perpetually activated, tumor-promoting CAFs.
by an imbalance between MMPs and tissue inhibitors of metalloproteinases (TIMPs) produced
by both tumor and stromal cells in lung tissue is associated with cancer progression, and MMP
inhibitors are being explored as potential therapeutics, although there is still a need for MMP-
specific knowledge and targeted delivery options.'*

Much still remains to be discovered about the intricacies of epithelial-mesenchymal
crosstalk during disease progression, and in vitro co-culture models have proven to be useful
tools for studying such questions.'"> One advantage of these systems is the researcher's
ability to control the density and spatial proximity of healthy cell types in co-culture with
diseased cell types to probe the influence of one on the other and propose mechanisms by which
injury or mutations in one type may lead to progression of disease in the overall tissue. 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
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multicellular tissue structures. While many techniques exist to form dense tumor spheroids (e.g.,

24,25

the hanging drop method), ™ 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, our lab demonstrated the use of photolabile microspheres as templates for
patterning hollow, spherical model alveoli within peptide-modified poly(ethylene glycol) (PEG)
hydrogels.”® 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).”” 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 as depots for drug delivery (10-
50 pm), as well as for templating of multicellular cyst-like structures (50-200 pm).**>*%

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 physiologically-
relevant geometry where the density and distance of the cell types were readily controlled to test
hypotheses related to paracrine signaling. 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 normal pulmonary fibroblast cell line (CCL-210). The co-cultured cells were
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analyzed for signs of disease progression by measuring for proliferation, migration, and MMP
activity. Our goal was to test whether a diseased epithelium would influence the surrounding
fibroblasts by increasing their proliferation and migration, and whether these changes might be
related to overall protease activity. Interestingly, our results suggest a feedback loop between
diseased and healthy cells, in which cancer cell proliferation is increased in the presence of

healthy fibroblasts.

8.3 Materials and methods
8.3.1 Microsphere synthesis

Photodegradable microspheres™ 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,”® 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).
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Non-degradable, fluorescently labeled microspheres were used as a control and reference
point for cell tracking calculations in fibroblast migration experiments. Briefly, AlexaFluor-488
Cs 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.” 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.

8.3.2 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.

8.3.3 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.’” 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.
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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 Img/mL trypsin inhibitor (Life Technologies) and 1 mg/mL DNase was
added, and this final mixture was filtered through 100 wm cell strainers and through a Nitex filter
with 10 um 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?) 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.

8.3.4 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 puL of photodegradable microspheres in an ultra-low
adhesion 24-well plate (Corning). 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.
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8.3.5 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 uM 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 uM 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 pipet. Appropriate serum-free growth medium containing Cell Tracker Red (20 uM 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.
8.3.6 Gel formation/cell encapsulation
8.3.6.1 Materials

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

33,34
d.”>

publishe 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
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purchased commercially from American Peptide Company, Inc. A non-degradable di-cysteine
peptide (KCGPQGIdWGQCK) 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.”” A quenched MMP-
cleavable fluorogenic peptide substrate (Dabcyl-GGPQG|IWGQK-Fluorescein-AEEAcC) was
synthesized using solid phase peptide synthesis as described previously.*
8.3.6.2 Proliferation Gels

For Click-iT Plus EdU assays, 8-arm 40 kDa PEG-Nb (5 wt%) was combined with di-
cysteine 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 uL 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 uM GM6001 in DMSO (Santa Cruz Biotechnology) or 0.05%
DMSO was added to the media.
8.3.6.3 Migration Gels

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
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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 uL 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 uM GM6001 (Santa
Cruz Biotechnology) was added to the media.
8.3.6.4 MMP Sensor Peptide Gels

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 | IWGQK-Fluorescein-AEEAcC), as described previously.**”’” 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
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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 uL 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 uM GM6001 (Santa Cruz Biotechnology) or 0.5% DMSO
was added to the media.
8.3.7 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).
8.3.8 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
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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. EQU was added to growth media at a final concentration of 10 uM on day
1 or day 4 after cell/cyst 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 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 20x 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 um, average stack size
~500 pm).

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
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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 EAU 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).
8.3.9 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 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 3x3 square in the center of the well. 400 um z-stacks beginning at a height of 25 um
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% COs,.

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
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(ROI) around a cyst or microsphere with a radius of 125 wm greater than the object. This radius
was chosen to limit ROI overlap between neighboring cysts/microspheres, which were spaced
about 250 um 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.”® 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 um) at any
point during the 24 hour period, a criterion used in previous migration studies.” 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).
8.3.10 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
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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 wm z-stack images were taken (31 images 20um 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).

8.4 Results

Using a previously developed cyst-forming technique,”® a physiologically-relevant 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. 8.1). This
in vitro culture system enabled us to probe cellular behavior in response to co-culture with a
diseased cell type in the appropriate spatial context in an attempt to elucidate the role of
epithelial-mesenchymal crosstalk in disease progression. To accomplish this goal, three cell
types were used: normal alveolar epithelial cells (primary mouse cells), lung tumor epithelial
cells (A549 cell line), and normal pulmonary fibroblasts (CCL-210 cell line). While the primary

epithelial cells attached and spread to form single-cell layers on the microsphere templates, the
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(i) incubation of (i) encapsulation (iii) template erosion (iv) cell behavior analysis
epithelial cells with fibroblasts
with microspheres

O- /@ = /Q

Figure 8.1 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 = Tla (ATI).

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

. 11,19,24,39
spheroids.” > "

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 adjacent to and far from the epithelial

surface.
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8.4.1 Proliferation

An increase in proliferation in either epithelial cells or fibroblasts would indicate
abnormal behavior potentially leading toward disease progression.”” Here, we used a
commercially available fluorescent EQU assay to measure the proliferation of each cell type after
a 17-hour incubation period initiated on days 1 and 4 post-encapsulation. Automated analysis of
confocal image slices (Fig. 8.2A) was performed to quantify the percent of nuclei positive for
EdU.

The results for both epithelial cell types demonstrated a significant decrease in
proliferation between day 1 and day 4, whether alone or in co-culture with fibroblasts (Fig.
8.2B). The primary epithelial cells had no difference in proliferation between co-culture and
monoculture on either day, with ~28% positive on day 1 and ~15% positive on day 4. On day 1,
the A549 cancer cells also showed no difference between monoculture (61%) and co-culture
(55%). Remarkably, the A549 cells did exhibit significantly increased proliferation on day 4
when co-cultured with the normal fibroblasts (45%) compared with monoculture (19%). When
comparing primary epithelial cell proliferation to A549 proliferation, A549 cells had
significantly higher percentages of EdU-positive nuclei on day 1 for monoculture and both co-
culture conditions (Supplementary Fig. 8.1). On day 4, however, A549 proliferation was
significantly higher only when co-cultured with normal fibroblasts.

The fibroblasts had a much lower proliferation rate than either epithelial cell type, and
this rate did not appear to change over time (Fig. 8.2B). Interestingly, the normal fibroblasts had
a significantly higher percentage of EdU-positive nuclei when co-cultured with A549 cells on
both days (~12%) compared to monoculture (~3%), and on day 4 when compared to co-culture

with primary cysts (7%).
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Figure 8.2 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.
(1) 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 EAU 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
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8.4.2 Fibroblast migration
Increased motility of both fibroblasts and epithelial cells has been used as an indicator of

. : 40-43
disease progression.

In the healthy adult lung, both cell populations remain quiescent until an
injury occurs. Normal wound healing involves migration of interstitial fibroblasts to the wound
site where they contribute to deposition of a provisional ECM.> ATII progenitor cells then
migrate along this provisional matrix to repopulate the wounded epithelium.>* In cancer
metastasis, it has been proposed that tumor cells undergo an epithelial-to-mesenchymal transition
(EMT), detach from the main tumor, and migrate through the surrounding matrix to reach the
blood stream.” In addition, tumors are thought to recruit and transform local normal fibroblasts
into activated fibroblasts that promote tumor growth.”'® These cancer-associated fibroblasts
(CAFs) have been shown to facilitate tumor cell invasion by creating tracks through the ECM,

#454% Therefore, an increase in fibroblast migration

along which cancer cells can migrate.
measurements would suggest activation of the wound repair response, which is over stimulated
in lung cancer, while epithelial migration would indicate either wound repair or tumor
metastasis.

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. 8.3A). 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
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Figure 8.3 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 pum
confocal stack. (ii) 3D rendering of 200 um 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

209



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.

The normal fibroblasts (CCL-210, Fig. 8.3B) had no statistically significant difference in
cells migrating 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 um/h, while their speed in
co-culture with either epithelial cell type was significantly faster (10 um/h with primary cysts
and 15 um/h with A549 cells). These speeds are much slower than previously reported values for
human dermal fibroblasts in similar hydrogels (~40 um/h),*® although migration speed is highly
dependent on network properties and our gels were more highly crosslinked than these gels,
which could explain the slower speeds. In addition, our migration speeds fall in the same range
reported for human mesenchymal stem cells (~5-20 pm/h, depending on RGD concentration and
crosslinking density).*” 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

persistent motion (0.07) than in monoculture (0.26) or in co-culture with primary cysts (0.17).

8.4.3 Matrix metalloproteinase (MMP) activity
Increased protease activity is associated with cancer progression, enabling tumor
outgrowth and angiogenesis.'* To measure global MMP activity in our gels, a recently developed

fluorogenic MMP-sensitive peptide (Dabcyl-GGPQG|IWGQK-Fluorescein-AEEAcC) was

210



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.’®” 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
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Figure 8.4 (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
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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. 8.4A). 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.

In contrast, only the cancer cell co-cultures demonstrated a synergistic increase in MMP
activity on both days (Fig. 8.4B). 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.

8.4.4 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
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active site on MMPs and has been shown to inhibit the bioactivity of MMPs 1, 2, 3, 8, and 9,

among others.'***

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.’**"* To confirm the effectiveness of GM6001
with our co-culture model, we repeated the MMP activity assay with 10 uM 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. 8.2).

We repeated the proliferation assay with cancer cells alone and in co-culture with normal
fibroblasts and added 10 puM GM6001 to the media, comparing it to a DMSO control group as
well as our original data (Fig. 8.5). 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.” 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.

The corresponding fibroblast proliferation results (Supplementary Fig. 8.3) 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%).
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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.

A549 Proliferation Day 4

100%1 ] Nondegradable
GM6001 Degradable
80%- B DMSO Degradable

[l Degradable

60% |

40%-

20%

Percent of nuclei positive for EAU

0%-
Alone Co-culture

Figure 8.5 Click-iT Plus EdU proliferation assay. Plot depicts percent of A549 cell nuclei
positive for EAU 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 uM, 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

8.5 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 epithelium and interstitial fibroblasts may lead to disease progression in

6-8,12,50,51

multiple pathologies. To study these interactions, in vitro co-culture systems, and
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particularly biomaterial matrices, have evolved to serve as valuable tools for controlling the cell
types present and their proximity to one another, with the ability to mix healthy with diseased

11,16-19
cells.” ™

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

3435 relevant to

influential in the areas of contact-inhibited growth’>>> and migration mechanisms
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. Assessments such as RT-PCR and western blots give
global mRNA and protein levels from all the cells in the gel, and any spatial information is lost.
Therefore, we chose imaging-based measurements to visualize and quantify individual cell type
proliferation and migration.

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.'”®” During wound
healing, proliferation increases dramatically to repopulate the epithelium in a few days, followed

Y3738 Tumor cells, on the other hand,

by cell cycle arrest and apoptosis of undifferentiated cells.
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 EQU one day after encapsulation was significantly higher for A549
cysts than primary cysts. Both epithelial cell types demonstrated a dramatic decrease in

53,59

proliferation over time, which we attribute to contact inhibition™>" and physical constraint by the
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encapsulating hydrogel. While the gel network is degradable by various matrix-
metalloproteinases (MMPs; including 1, 2, 3, 8, and 9),°*°' 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.'*"!

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, TGFB, etc.)™*** 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.” 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,
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proliferation, and ECM-production.”® Conversely, in cancer the malignant epithelium produces a
multitude of profibrotic and pro-inflammatory signals, such as PDGF, TGFp, and IL-1, and these
signals are thought to contribute to increased fibroblast migration, proliferation, and secretion of

. . . . 8-10
tumor-promoting signals seen in lung cancer patients.

In the migration studies presented here,
the normal fibroblasts migrated faster in culture with A549 cells than they moved 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.

Protease activity is important for normal ECM turnover and matrix remodeling after
wound closure.™'* However, an imbalance in MMP and TIMP levels favoring matrix destruction
has been associated with tumor invasiveness, angiogenesis, and metastasis.*'* 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.'? Interestingly, this synergistic increase in MMP activity is not seen in the
gly ynerg y
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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 TGF.

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. /n sifu 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.
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8.6 Conclusions

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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Supplementary Figure 8.1 Plots depict percent of nuclei positive for EAU at the two time points
comparing healthy versus cancer epithelial cells, separated by monoculture and co-culture

condition. Results are presented as means + SEM of three biological replicates of each condition.
*H%p <0.001
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Supplementary Figure 8.2 MMP activity on days 1 and 2 after encapsulation as measured by an
MMP-sensitive fluorescent sensor peptide normalized to cell count for A549/CCL-210 co-
cultures exposed to either 0.5% DMSO, 10 uM GM6001 or 100 uM GM6001 in the media.
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Supplementary Figure 8.3 Click-iT Plus EdU proliferation assay. Plot depicts percent of
fibroblast nuclei positive for EQU on day 4 in monoculture and the A549/CCL-210 co-cultures,
separated by gel and media type. The degradable bars refer to the original experiment in MMP-
degradable gels with regular growth media. GM6001 was added at 10 uM, and the DMSO
control media contained 0.05% DMSO. The nondegradable gels contained a peptide crosslinker
insensitive to MMP cleavage. Results are presented as means £+ SEM of three biological
replicates of each condition. *p < 0.05, NS = not significant
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