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The lung extracellular matrix (ECM) maintains the structural integrity of the tissue and regulates the phenotype
and functions of resident fibroblasts. Lung-metastatic breast cancer alters these cell-ECM interactions, promoting
fibroblast activation. There is a need for bio-instructive ECM models that contain the ECM composition and
biomechanics of the lung to study these cell-matrix interactions in vitro. Here, we developed a synthetic, bioactive
hydrogel that mimics the native lung modulus, and includes a representative distribution of the most abundant
ECM peptide motifs responsible for integrin binding and matrix metalloproteinase (MMP)-mediated degradation in
the lung, which promotes quiescence of human lung fibroblasts (HLFs). Stimulation with transforming growth
factor B1 (TGF-B1), metastatic breast cancer conditioned media (CM), or tenascin-C activated these hydrogel-
encapsulated HLFs in a manner reflective of their native in vivo responses. We propose this lung hydrogel platform
as a tunable, synthetic approach to study the independent and combinatorial effects of ECM in regulating fibroblast

quiescence and activation.
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1. Introduction

The lung ECM plays an important role in regulating the
phenotype and function of the resident cells, and in
maintaining healthy tissue homeostasis. Fibroblasts
represent the primary cell type in the lung ECM, and they are
responsible for the deposition of most lung ECM proteins
(predominantly collagens | and lll, elastin, and fibronectin)',
and their turnover via collagenase, stromelysin, gelatinase,
and plasminogen activator. Conversely, fibroblast
phenotype, migration, proliferation, and differentiation are
regulated by biochemical and biophysical cues from the
surrounding lung ECM. This bi-directional fibroblast-ECM
interaction is integral to the regulation of connective tissue
morphogenesis and dynamics during homeostasis and
wound healing®™. For example, during wound healing, the
ECM protein fibrin enables the migration of fibroblasts to
wounds and directs production of collagen to initiate repair®.
Integrin B1 expressed by lung fibroblasts drives fibroblast
migration via focal adhesion kinase (FAK), and subsequent
collagen | deposition and wound repair 8. Perturbations in
this cell-ECM interaction may lead to ECM remodeling and
stiffening, characteristic of fibrosis in lung tissue.

In healthy lung tissue, fibroblasts are quiescent, but become
activated by changes in lung ECM stiffness®'°. Fibroblasts
cultured on high-tension collagen matrices assume a
“synthetic” phenotype, associated with activation and
proliferation?'™="3. Fibroblast activation in response to ECM
stiffening is associated with a myofibroblastic phenotype,
characterized by prominent stress fibers rich in a-smooth
muscle actin (a-SMA)'*-'°. The fate of the ECM is intricately
linked with fibroblast activation. As one example, during
breast cancer metastasis, interactions between the ECM and
fibroblasts establish a “feed-forward” amplification loop in

which myofibroblasts produce matrix, and the matrix
activates signaling pathways that support fibroblast
activation and survival®®?!. Breast cancer metastasis
promotes production of transforming growth factor g1 (TGF-
B1), a pro-fibrotic cytokine, which promotes myofibroblast
differentiation and survival in conjunction with the matrix-
mediated signals??-24. Several in vitro platforms have been
developed to study fibroblast phenotype and activation in stiff
substrates, mimicking fibrotic environments?, largely
decellularized tissue scaffolds?® and collagen gels?52728, We
sought to create a synthetic in vitro lung ECM to study
fibroblast phenotype in the context of lung tropic breast
cancer metastasis. Synthetic hydrogels provide a
tremendous opportunity to design a lung-specific scaffold
with nuanced control over ECM components, which has not
been done to study quiescence and activation of lung
fibroblasts.

To do this, we first characterized the human lung ECM via
mechanical indentation, mass spectrometry, and Protein
Atlas histology?® to incorporate the appropriate modulus and
most prevalent ECM protein composition responsible for
integrin-mediated adhesion and matrix metalloprotease
(MMP)-mediated degradation in the lung. We synthesized
peptides to represent these proteins and combined them with
a modulus-tunable poly(ethylene glycol) (PEG) network to
create a carefully designed, yet very simple synthetic lung
ECM hydrogel. With this hydrogel, we retained primary
human lung fibroblast quiescence in vitro and, achieved
precise control over fibroblast activation in response to TGF-
b1 and metastatic breast cancer. and tenascin-C.

2. Results

2.1 Design of synthetic lung ECM mimic
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We used a previously published approach to identify the key
ECM properties of lung tissue that could be represented in a
synthetic, PEG-based hydrogel (Figure 1)3°31. To identify the
ECM proteins in real lung tissue, we referenced published
information on proteins expressed in the lung from the
Protein Atlas (citation here), as well as our own quantitative
mass spectrometry on human lung samples. We performed
liquid chromatography-mass spectrometry (LC-MS/MS) on
ECM-enriched healthy lung tissue from six different donors
(Figure 1a). This full list of matrisome proteins was then
narrowed to those that mediate cell attachment via integrins
(21) or are susceptible to cleavage by matrix
metalloproteinases (MMPs, 27). Then, we identified the
specific peptide sequences within these ECM proteins that
are either responsible for high-affinity binding to integrins
(Figure 1b)? or are highly susceptible to cleavage by MMPs
a
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enriched fraction

Intensity

m/z

Lung tissue from
healthy human donors

(Figure 1c). The integrin-binding peptides were synthesized
with a single cysteine for covalent immobilization within the
hydrogel (Figure 1b)32-38 and the MMP-degradable peptides
were synthesized with cysteines on each end to act as
crosslinkers (Figure 1c). To determine the relative molar
concentrations for each peptide included in the synthetic lung
hydrogel, we devised a scoring system inspired from scoring
systems previously described in our bone marrow and brain
mimicking hydrogels (Figure 1b, c)3%3",

In our previous work, we quantified the modulus of porcine
lungs via indentation, shear rheology, uniaxial tension, and
cavitation rheology*®. We used this lung modulus (1.4+0.4
kPa) to guide the crosslinking density of our PEG hydrogel.
We compared the compressive modulus of porcine lungs
and the different formulations of our PEG hydrogel (Figure
1d, Supplementary Figure S1a). Upon careful evaluation of
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Figure 1. Design of synthetic 3D lung ECM hydrogel. a) Schematic of characterization of lung ECM using LC-MS/MS on ECM-
enriched lung tissue samples from healthy human donors. b) lllustration of integrin-mediated binding to collagen | and the list of
identified integrin-binding peptide domains with their relative quantities corresponding to ECM proteins. c) lllustration of MMP-
mediated degradation of collagen Il and the list of MMPs responsible for ECM protein degradation along with the list of identified
MMP-degradable peptide domains with their relative quantities corresponding to the different MMPs. d) Schematic of mechanical
characterization of porcine lung using indentation method. e) Schematic of lung ECM hydrogel preparation with encapsulated lung
fibroblasts. f) Young's modulus of lung hydrogel measured using indentation method and its comparison with the lung modulus using

the same method.
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multiple hydrogel parameters that can be used to manipulate
hydrogel modulus, a 10 wt%, 4-arm, 10kDa PEG hydrogel,
with a modulus of 1.5+0.4 kPa was selected to match the
reported modulus of porcine lung tissue (Supplementary
Figure S1b).

One benefit of synthetic hydrogels is that their moduli can be
independently tuned from the concentration of bioactive
peptides included. To ensure this was the case for our
hydrogel, which includes 17 different peptides, we
individually incorporated the peptides into the hydrogel and
tested their effects on modulus. Replacing MMP-degradable
peptide crosslinkers with 1.5 kDa PEG-dithiols up to 25 mol%
did not alter the hydrogel modulus (Supplementary Figure
S1c). Integrin-binding peptides could be incorporated up to a
2 mM total concentration without compromising the bulk
modulus of the hydrogel (Supplementary Figure S1d). In
sum, our final lung-mimicking hydrogel formulation from 4-
arm, 10 kDa PEG-maleimide at 10 wt% in solution,
functionalized with 2 mM integrin-binding peptides and
crosslinked at molar equivalence to available maleimide
groups with a 75:25 (molar ratio) mixture of PEG dithiols and
MMP-degradable peptides, with a modulus of 1.5+0.1 kPa
(Figure 1e, ).

2.2 Functional validation of lung ECM peptides

We adapted a cell attachment assay to validate the
attachment of human lung fibroblasts (HLFs) to peptides at
the molar concentrations used in the lung hydrogel
(Supplementary Figure S2a)*°. We observed a significant
increase in the cell surface area on glass coverslips
functionalized with integrin-binding peptides (Figure 2a,
Supplementary Figure S2b). The extent of cell spreading
was dependent on the concentration of the peptide with the
highest cell attachment observed on the complete integrin-
binding peptide cocktail. We also performed a competitive
cell adhesion assay to further validate binding to integrin
peptides®®. This involved seeding HLFs pre-treated with
individual peptides (soluble in the cell culture medium) onto
surfaces that were covalently coated with the full integrin-
binding peptide cocktail (Supplementary Figure S3a) and
measuring cell size over two hours. When cells were pre-
treated with soluble peptides, we observed a significant
decrease in cell area on the coverslip, which we surmise is
from the peptides in solution competing for integrin receptors
on the cell membrane (Supplementary Figure S3b).

We then further examined the affinity of breast cancer cells
including lung tropic triple-negative breast cancer MDA-MB-
231 LM2 cells, parental MDA-MB-231 cells, and HER2+
BT474 cells toward the lung integrin-binding peptides. While
MDA-MB-231 is a highly aggressive and invasive breast
cancer cell line, BT474 is known to be a non-invasive breast
cancer cell line with very low metastatic potential to the lung.
A significant increase in cell area was observed for MDA-MB-
231 LM2 cells, indicating increased cell attachment to the
integrin-binding peptides compared to the negative control
coverslip without any peptides (Figure 2b, Supplementary
Figure S2c). Although peptide concentration-dependent cell
attachment to the integrin-binding peptides was observed,
MDA-MB-231 LM2 cells attached significantly more to

fibrinogen y (GWTVFQKRLDGS) and elastin (GRKRK)
peptides than other peptides with similar concentration, such
as collagen | (GFOGER) and collagen Ill (GROGER)
peptides, respectively. A similar trend was observed for the
parental MDA-MB-231 cells (Supplementary Figure S2d, e).
However, non-lung tropic BT474 cells did not show
significant attachment to the lung peptides (Supplementary
Figure S2f, g).

HLFs primarily express integrins azf31, asp1, and a3 and
other av and B1 containing heterodimers®8'2, MDA-MB-231
cells, on the other hand, overexpress integrin avBs. Several
ECM proteins including fibrinogen a, fibrinogen v, fibronectin,
and elastin have a high affinity to integrin avs. To tease out
the integrin avs mediated cell attachment to peptides, we
incubated the MDA-MB-231 LM2 cells with cilengitide, a
cyclic RGD peptide that inhibits integrin a.Bs*'. Cilengitide
treatment significantly affected MDA-MB-231 LM2 cell
attachment to RGD, elastin (GRKRK), fibrinogen a (GPR),
fibrinogen y (GWTVFQKRLDGS), and fibronectin (PHSRN-
RGD) compared to untreated cells (Supplementary Figure
S4). To further examine the avBs integrin-mediated cell
attachment to these individual peptides, glass coverslips
were functionalized with individual cilengitide-sensitive
peptides (RGD, GRKRK, GPR, GWTVFQKRLDGS, PHSRN-
RGD), along with the complete integrin-binding peptide
cocktail, and laminin a peptide (LRE) as a negative control.
Cells pre-incubated with cilengitide showed reduced cell
attachment to the individual cilengitide-sensitive peptides
(RGD, GRKRK, GPR, GWTVFQKRLDGS, PHSRN-RGD)
compared to the non-incubated cells (Figure 2c). Cilengitide
incubation did not affect the cell attachment to the laminin a
peptide (LRE) (Figure S4b). RT-PCR results revealed
increased expression of av, Bs and B1 integrins in MDA-MB-
231 LM2 cells compared to HLFs (Figure 2d), supporting the
cell-specific adhesion results to the lung-specific integrin-
binding peptides chosen for the synthetic lung hydrogel.

Incorporated MMP-degradable peptides were validated
using a cell degradation assay with HLFs. HLFs are
characterized by their elongated morphology and long
protrusions, and we expected that gels without MMP-
degradable peptides would yield rounded HLF morphologies
and/or small protrustions. HLFs were encapsulated in
hydrogels containing integrin-binding and MMP-degradable
peptide cocktail at the same molar ratio of thiol to maleimide
(Figure 2e). HLFs were able to extend processes in
hydrogels that incorporated both integrin-binding and MMP-
degradable peptides and remained viable in the lung
hydrogel for 7 days (Figure 2f, g). Further quantification of
HLF process length from the cell center, showed that HLFs
in degradable hydrogels were able to extend their processes
over 7 days, unlike HLFs cultured in hydrogels without
degradable peptides (Figure 2h). To validate that each of the
MMP-degradable peptides was susceptible to degradation
by HLFs, cells were encapsulated in hydrogels containing
individual MMP-degradable peptide crosslinkers or the
complete MMP-degradable peptide cocktail. When
degradable peptides were present, HLFs were able to
branch further into the surrounding network (Figure 2f, h).
Collectively, these results demonstrate that the HLFs can
degrade lung hydrogels containing integrin-binding and
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MMP-degradable peptide cocktails while maintaining healthy
cell morphology for more than a week.

2.3 HLF activation via TGF-B1

As a control, we first quantified the phenotype of lung
fibroblasts on 2D first, we cultured HLFs on tissue culture
polystyrene (TCPS) in serum-free fibroblast basal medium
(FBM). After 6 days, we observed low a-SMA and FAP
staining, indicating low activation of the HLFs (Figure 3a, b,
¢, Supplementary Figure S5a, c, d). Low expression of Ki67
further validated the quiescence of the HLFs on 2D (Figure
3f, Supplementary Figure S5f). Non-activated, quiescent
fibroblasts assume a bipolar spindle-shaped morphology,
which we also observed in HLFs cultured on TCPS
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(Supplementary Figure S5a). We observed the same
quiescent phenotype in the 3D lung hydrogels with similar
spindle-shaped morphology (Figure 3a-f).

TGF-B1 has been shown to activate fibroblasts and
differentiate them into myofibroblasts*?43. TGF-B1 activates
c-Jun-NH2-terminal kinase (JNK), mitogen-activated protein
kinase (MAPK), and extracellular signal-regulated kinase
(Erk) in fibroblasts*4—¢, and TGF-B1 activated JNK regulates
the phenotypic modulation of HLFs to myofibroblasts*2. We
cultured HLFs in serum-free FBM for 6 days on TCPS and
they were incubated with 20ng/mL TGF-B1 for 96 hours.
TGF-B1 induced HLF activation within 96-hour incubation
(Supplementary Figure S5a, c, d). Activated HLFs expressed
significantly higher amounts of the fibroblast activation
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Figure 2. Functional validation of lung integrin-binding and MMP-degradable peptides. a) Cell area fold change 2 hours after
seeding human lung fibroblasts (HLFs) onto glass coverslips functionalized with intergrin-binding peptides relative to a negative
control (glass coverslip treated with silane but no peptides). b) Cell area fold change for lung tropic MDA-MB-231 breast cancer cells
in comparison to negative control. c) Cell area fold change on a subset of the integrin-binding peptides in the presence of cilengitide,
reported in comparison to positive control (no cilengitide). d) Fold change in gene expression, measured via qRT-PCR, for av, 3
and B1 integrins in lung tropic MDA-MB-231 breast cancer cells and HLFs, each gene is normalized to the parental MDA-MB-231
breast cancer cells. e) lllustration of HLFs in 3D hydrogels and measurement of cell protrusions quantification. f) Representive images
of HLFs after 6 days of encapsulation. g) Quantification of HLF populations with different number of protrusions for individual MMP
degradable peptides and lung MMP degradable peptide cocktail. h) HLF protrusion length for individual MMP degradable peptides
and lung MMP degradable peptide cocktail. All data are mean + s.d. Statistical analyses were performed using Prism (GraphPad).
Data in (a), (b), (c), (d), (g) and (h) were analyzed using a one-way analysis of variance followed by a Dunnett’'s multiple comparison
test with 95% confidence interval. *, **, ***, and **** indicate P < 0.05, P < 0.01, P < 0.001, and P < 0.0001.
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markers a-SMA (Supplementary Figure S5c), FAP
(Supplementary Figure S5d), and Ki67 (Supplementary
Figure S5e) compared to HLFs cultured without TGF-1.
Activated HLFs had a higher cell surface area than quiescent
HLFs (Supplementary Figure S5f). We similarly cultured the
HLFs in the 3D lung hydrogels, incubating them with TGF-31
for 96 hours. Like the HLFs cultured on TCPS, HLFs
exhibited an activated phenotype in the lung hydrogels
(Figure 3). These results demonstrated reproducible TGF-1
mediated activation of HLFs on both 2D control surfaces and
in the 3D lung hydrogels.

2.4 HLF activation in 3D lung gels via metastatic breast
cancer cells

The mechanism by which local, healthy lung fibroblasts
remodel the microenvironment to create a favorable soil for
metastasizing breast cancer cells is linked to HLF activation
47_ As a potential application of our synthetic lung hydrogels,
we quantified HLF activation in a metastatic niche with
conditioned media collected from lung tropic MDA-MB-231
LM2 cells, the parental MDA-MB-231, and a non-metastatic
control BT474 cell line. HLFs cultured in metastatic MDA-
MB-231 LM2 CM and parental MDA-MB-231 CM for 6 days
exhibited activated phenotypes and expressed significantly
higher amounts of a-SMA and FAP (Figure 3a-d) and
proliferated more (Figure 3e, f) than HLFs cultured in FBM.
The phenotype of these cells was similar to the ones
incubated with TGF-31, validating the activation of the HLFs.
On the other hand, HLFs cultured in non-metastatic BT474
CM maintained their quiescence, as observed from their
activation marker expression (Figure 3a, b, c). The activated
HLFs were significantly more spread than the non-activated
cells as observed from their cell area (Figure 39).

To test HLF’s migration potential in the metastatic niche we
performed a transwell migration assay with HLFs and MDA-
MB-231 LM2 CM, MDA-MB-231 CM, or BT474 CM. Both
activated (+TGF-b) and quiescent HLFs (-TGF-b) migrated
more towards the lung-tropic MDA-MB-231 CM and parental
MDA-MB-231 CM compared to BT474 CM and FBM, with
migration towards MDA-MB-231 LM2 CM significantly higher
than towards MDA-MB-231 CM (Figure 3i). No significant
difference was seen in HLF migration towards non-
metastatic BT474 CM compared to the control. The activated
HLFs exhibited significantly higher migration towards the
metastatic conditions than the non-activated HLFs, while
both activated and non-activated HLFs had similar invasion
towards the non-metastatic and control conditions.

Conversely, we examined whether CM from HLFs stimulated
increased invasion from metastatic breast cancer cells. We
collected conditioned media from both activated HLF
(activated HLF CM) and healthy non-activated HLF (non-
activated HLF CM) cultures, with normal growth media as a
control. Activated HLF CM induced higher breast cancer cell
invasion than non-activated HLF CM for metastatic breast
cancer cells, while non-activated HLF CM exhibited
suppression of cancer cell invasion compared to the control
medium (Figure 3j). Non-metastatic BT474 cells had similar
responses to all the media treatment groups. Also, the
metastatic MDA-MB-231 LM2 and MDA-MB-231 cells

exhibited significantly higher migration than non-metastatic
BT474 cells across treatments. No significant difference was
seen in migration potential between the parental MDA-MB-
231 cells and the lung tropic MDA-MB-231 LM2 cells.

2.5 TNC regulation of HLF activation in 3D lung gels

Finally, we aspired to demonstrate that the lung environment
created here could be used to study cell-ECM interactions
that are also observed in vivo. Again, we turned to metastatic
breast cancer as a model for such a demonstration. First, we
injected metastatic MDA-MB-231 LM2 CM, BT474 CM, or
PBS into nude BALB/c female mice intraperitoneally for 10
consecutive days and harvested their lungs (Figure 4a). As
expected, given work from Gocheva et al.*®, the metastatic
MDA-MB-231 LM2 CM induced upregulation of TNC
expression in the lung compared to the non-metastatic
BT474 CM and PBS (Figure 4b, c). A higher number of
activated fibroblasts were observed in the lungs of the mice
injected with MDA-MB-231 LM2 CM than those injected with
BT474 CM and PBS, as represented by high fluorescence
intensity of the activation marker a-SMA.

We then used this in vivo finding to alter the lung hydrogel
ECM design. We quantified the ECM of metastatic lung
tissue by combining the healthy ECM composition presented
earlier and the metastatic lung ECM quantification by
Gocheva et al*® We added representative peptide
sequences for TNC to our peptide cocktails to mimic the
metastatic ECM composition. The relative amounts of the
integrin-binding and MMP-degradable peptides in the
metastatic lung ECM mimetic MMP-degradable and integrin-
binding peptide cocktails are presented in Supplementary
Figure S6. We incorporated these metastatic peptide
cocktails in our PEG-MAL gels to create a metastatic lung
hydrogel platform.

We then encapsulated HLFs in the 3D metastatic lung
hydrogels (TNC-containing) and cultured them in normal
growth medium FBM for 6 days (Figure 4d). We cultured
HLFs in healthy lung hydrogels with serum-free FBM and
TGF-B1 for 96 hours as a positive control and with only FBM
as a negative control. HLFs cultured in metastatic (TNC-
containing) lung hydrogel exhibited an activated phenotype,
with significantly higher amounts of a-SMA and FAP than
HLFs cultured in healthy lung hydrogel (Figure 4e-g). The
phenotype of these TNC-treated cells was similar to the cells
incubated with TGF-B1, which confirmed the activation of the
HLFs in the metastatic lung hydrogels. However, no
significant difference in cell proliferation was observed for the
HLFs cultured in TNC-containing metastatic lung hydrogels
compared to the HLFs cultured in healthy lung hydrogels as
observed from the fold-change in the number of cells and
Ki67 expression (Figure 4h, i). Also, the morphology of TNC-
activated cells was not significantly different compared to the
quiescent cells in the healthy lung hydrogels as seen from
their cell area and circularity (Figure 4j, k). Overall, this work
demonstrates that our lung hydrogels support HLF
quiescence, can be used to study HLF activation via known
stimulation routes such as TGF-b, support HLF activation
and motility from metastatic breast cancer cells, and have
ECM plug-and-play capability to study how individual ECM
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Figure 3. Fibroblast phenotype and activation in lung hydrogels in breast cancer conditioned media. a) Representative
fluorescent images of HLFs cultured in 3D lung hydrogels with breast cancer conditioned media showing a-SMA (orange), and FAP
(green) expressions along with merged HLF images with nuclei staining with DAPI (blue). Scale bar: 100 ym. b) Quantification of o-
SMA expression from HLFs cultured in lung gels with breast cancer conditioned media MDA-MB-231 CM, MDA-MB-231 LM2 CM
and BT474 CM along with controls. c) Quantification of FAP expression from HLFs cultured in lung gels with the different media
conditions. d) Correlation between a-SMA and FAP expressions from HLFs cultured in lung gels with the different media. e) Fold
change in cell count for HLFs cultured in lung gels with the different media conditions. f) Percentage of proliferative Ki67+ cells in
HLFs cultured in lung gels with the different media conditions. g) Cell area for HLFs cultured in lung gels the different media conditions.
h) Cell circularity for HLFs cultured in lung gels with the different media conditions. i) Quantification of number of non-activated and
activated cells migrated towards breast cancer conditioned media in trans-well cell migration assay. j) Quantification of number of
breast cancer cells migrated towards non-activated and activated HLF conditioned media. All data are mean + s.d. Statistical analyses
were performed using Prism (GraphPad). Data in (b), (c), (e), (f), (g), (h), (i) and (j) were analyzed using a one-way analysis of
variance followed by a Dunnett's multiple comparison test with 95% confidence interval. *, **, *** and **** indicate P < 0.05, P < 0.01,

P <0.001, and P < 0.0001.
components drive cell behaviors.

Discussion

While cancer-ECM interactions are instrumental in the
progression of cancer metastasis, the role of altered lung
microenvironment on breast cancer cell survival and growth
remains unclear. Scherzer et al. demonstrated that
decellularized human fibroblast-derived ECM promoted the
growth of lung adenocarcinoma cells*°. Reports have shown
that breast cancer cells that infiltrate the lungs can support
the survival and growth of pulmonary micrometastases by
expressing the ECM protein tenascin C (TNC)%®. TNC has
also been associated with poor metastasis-free survival in
patients. Tumor cells prepare their own metastatic niche by
producing ECM components and inducing activation of lung
fibroblasts®'. TNC has been identified as a promoter of both
lung cancer progression and pulmonary metastasis
formation®%-5253, However, very few studies have studied the
effect of such a niche on the phenotype of the resident cells.
Incorporation of the TNC integrin-binding peptide into our
lung hydrogel induces HLF activation, further validating the
involvement of TNC in facilitating breast-to-lung metastasis.
We foresee the use of this synthetic lung hydrogel to
understand extracellular mechanisms of fibroblast activation,
as well as to identify individual contributions of quiescent and
activated fibroblasts in healthy and diseased lung tissues
respectively.

Studies have investigated breast cancer cell behavior in lung
fibroblast-derived matrices, which recapitulates the in vivo
proteomic landscape®. Multiple studies have explored the
roles of cancer-associated fibroblasts (CAFs) and
metastasis-associated fibroblasts (MAFs) on the migration of
breast cancer cells. Compared with CAFs within primary
tumors, MAFs have a stronger ability to enhance the
proliferation, migration, and invasion potential of breast
cancer cells®®%. MAFs facilitate the metastatic cancer cell
invasive phenotype possibly via TGF-B1%.Studies have
shown that fibroblasts are activated in stiffened, fibrotic, or
metastatic microenvironments'®#’.  Fibroblast activation
often leads to differentiation into myofibroblasts,
characterized by prominent stress fiber formation containing
a-SMA™-'® and high expression of FAP%, TGF-B1 aids in
tissue remodeling and matrix stiffening by inducing increased
production of ECM proteins, particularly fibronectin mediated
by TGF-B1 activated JNK%*8°, Conte et al. demonstrated that
pirfenidone, an orally active small molecule that has been
shown to inhibit the progression of fibrosis in idiopathic

pulmonary fibrosis patients, reduces HLF proliferation and
TGF-B mediated differentiation into myofibroblasts by
attenuating key TGF-B induced signaling pathways®".

When activated via TGF-f31, fibroblasts show a characteristic
biphasic response, with the peak migration velocities
observed at nanomolar concentrations®?. In the human body,
activated fibroblasts show high migration potential at short
time scales as prompt fibroblast migration is required for
wound-healing purposes. Studies have reported increased
fibroblast migration when cultured with TGF-81 for a short
time (6 hours), however, this migration potential was
significantly reduced when fibroblasts were cultured with
TGF-B1 for a longer period (6 days)®. Here we show that
HLF activation in our lung hydrogel is induced by the pro-
fibrotic cytokine TGF-B1 or by metastatic breast cancer
conditioned media. We also show that injecting metastatic
breast cancer conditioned media into nude BALB/c female
mice promotes TNC deposition in the mouse lungs, which
has been shown to aid in survival and outgrowth of
pulmonary micrometastases.

Bioengineers have designed several in vitro lung ECM
mimetic models®-%. However, there is a lack of tunable
synthetic in vitro models that can mimic and independently
control the mechanical and biochemical features of the lung
ECM. Here, we combined proteomics, bioinformatics, and
biomechanics to make a lung-mimetic PEG hydrogel.
Integrins are the largest class of cell adhesion receptors that
mediate attachment to the ECM and activate intracellular
signaling®”, and collectively the MMP family can degrade
most proteins in the ECM®8. Besides mimicking the lung
modulus, this lung ECM hydrogel includes 17 different
peptides to capture the diverse integrin-binding and MMP-
sensitive domains of the lung ECM proteins. Having our
synthetic, PEG-based hydrogel match the lung modulus is
important because the modulus of the ECM regulates cell
behavior and functions®. This work, along with our recent
works to mimic brain and bone marrow®*3!, demonstrates a
novel and improved approach to biomimetic hydrogel design.
The bi-directional interactions between lung ECM and
resident fibroblasts, wherein the ECM provides biochemical
and mechanical cues to maintain fibroblast phenotype and
functions while fibroblasts deposit much of the ECM, play a
major role in maintaining tissue homeostasis and tissue
functions'. Using our 3D lung hydrogel, we can maintain
quiescence of human lung fibroblasts (HLFs). Future studies
investigating the effects of the cell-ECM interactions in
driving tissue fate and disease progression using our lung
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ECM hydrogel will allow us to understand the complex Cell culture

signaling mechanisms underlying these interactions. This All cell culture supplies were purchased from Thermo Fisher

lung hydrogel can also be used as a high throughput platform Scientific (Waltham, MA, USA) unless otherwise noted.

for screening potential drug targets for various lung diseases. Human lung fibroblast (HLF) cells were purchased from
American Type Culture Collection (ATCC) (Manassas, VA,

Materials and methods USA) and cultured in Fibroblast basal medium (FBM) (Lonza,
Quakertown, PA, USA) supplemented with 2% fetal bovine
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Figure 4. Fibroblast phenotype and activation in lung hydrogels with TNC peptide. a) Schematic of harvesting the lung
tissues from nude BALB/c female mice injected with breast cancer conditioned media or PBS (control) for 10 days. b)
Representative fluorescent images of lung sections with MDA-MB-231 LM2 CM, BT474 CM and PBS (control) showing DAPI
staining for nuclei (blue), a-SMA (orange), and TNC (red) expressions along with merged images. Scale bar: 50 ym. c)
Quantification of area coverage by TNC within the lung sections from mice injected with breast cancer conditioned media or
PBS. d) Schematic of lung hydrogel design with TNC peptide. e) Representative fluorescent images of HLFs cultured in 3D
lung hydrogels with TNC peptide showing a-SMA (orange), and FAP (green) expressions along with merged HLF images with
nuclei staining with DAPI (blue). Scale bar: 50 uym. f) Quantification of a-SMA expression from HLFs cultured in lung gels with
TNC peptide along with controls. g) Quantification of FAP expression from HLFs cultured in lung gels with TNC peptide along
with controls. h) Percentage of proliferative ki67+ cells in HLFs cultured in lung gels with TNC peptide along with controls. i)
Fold change in cell count for HLFs cultured in lung gels with TNC peptide, along with HLFs cultured in growth media with or
without TGF-B1 as controls. j) Cell area for HLFs cultured in lung gels with TNC peptide along with controls. k) Cell circularity
for HLFs cultured in lung gels with TNC peptide along with controls.tide cocktail. All data are mean + s.d. Statistical analyses
were performed using Prism (GraphPad). Data in (a), (b), (c), (d), (g) and (h) were analyzed using a one-way analysis of
variance followed by a Dunnett’'s multiple comparison test with 95% confidence interval. *, **, ***, and **** indicate P < 0.05, P
<0.01, P <0.001, and P < 0.0001.
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serum (FBS), 0.1% insulin, 0.1% r-human fibroblast growth
factor (rhFGF) and 0.1% Gentamicin sulfate amphotericin-B
(GA-1000) (Lonza, Quakertown, PA, USA). HLFs were used
from passages 1 to 10. Human breast cancer cell line MDA-
MB-231 was provided by Dr. Shannon Hughes. Lung tropic
MDA-MB-231 LM2 and MDA-MB-231 cell lines were cultured
in Dulbecco’s modified eagle’s medium (DMEM),
supplemented with 1% penicillin-streptomycin, and 10%
FBS. BT474 cell line was cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium, supplemented with 1%
penicillin-streptomycin, and 10% FBS.

Liquid chromatography-mass spectrometry (LC-MS/MS)

Six biological replicates were analyzed for human lung tissue
samples. The ECM-rich pellet remaining from the CNCMS kit
was solubilized and reduced in 8 M urea, 100 mM of
ammonium bicarbonate, and 10 mM dithiothreitol (DTT) for
30 minutes at pH 8 and 37°C. Samples were alkylated with
25 mM iodoacetamide (Sigma-Aldrich) in the dark at room
temperature for 30 minutes before the solution was
quenched with 5 mM DTT. Before cleavage, the solution was
diluted to 2 M urea with 100 mM ammonium bicarbonate at
pH 8. Proteins were cleaved via trypsin and Lys-C
endoproteinase (Promega, Madison, WI), at a ratio of 1:50
enzyme to protein overnight (12-16 hours) at 37°C. Samples
were cleaned and concentrated using a C18 column. A
reverse phase LC gradient was used to separate peptides
before mass analysis. Mass spectrometry analysis was
performed in an Orbitrap Fusion Tribrid. Peptides were
aligned against the Matrisome using the Thermo Proteome
Discoverer 1.41.147°. Parameters used: trypsin as a
protease, with 4 missed cleavage per peptide, a precursor
mass tolerance of 10 ppm, and fragment tolerance of 0.6 Da.

Identifying integrin-binding and MMP-degradable proteins in
lung

The lung ECM composition was assessed via histology-
based bioinformatics and proteomics datasets. Histology
data from the Human Protein Atlas was used to identify lung
proteins, their expression, and local distribution. A scoring
system was based on the number of unique peptides, and
peptide spectrum matches (PSM) obtained from the LC-
MS/MS data and relative protein detection level (not detected
or ND, low, medium, or high) to quantify and screen the lung
ECM proteins. From this list of ECM proteins, those with
integrin-binding capabilities and susceptibility to matrix
metalloproteinase (MMP) were chosen to be incorporated
into the hydrogel to allow for cell adhesion and synthetic
matrix degradation. Bioactive motifs of the selected proteins
previously identified in the literature were synthesized and
incorporated into the hydrogel to mimic the proteomic
landscape of the lung ECM. The scoring system was also
used to determine the relative amounts of each integrin-
binding peptide and MMP-degradable crosslinker.

Solid-phase peptide synthesis

All peptides were synthesized on a CEM Liberty Blue
automated solid phase peptide synthesizer (CEM, Mathews,
NC) using Fmoc protected amino acids (Iris Biotech GMBH,
Germany). The peptide was cleaved from the resin by
sparging-nitrogen gas through a solution of peptide-resin and
trifluoroacetic acid (TFA), triisopropylsilane, water, and 2,2'-

(Ethylenedioxy)diethanethiol at a ratio of 92.5:2.5:2.5:2.5 %
by volume, respectively (Sigma-Aldrich, St. Louis, MO) for 3
hours at room temperature in a peptide synthesis vessel
(ChemGilass, Vineland, NJ). The peptide solution was filtered
to remove the resin and the peptide was precipitated out
using diethyl ether at -80°C. Molecular mass was validated
using a MicroFlex MALDI-TOF (Bruker, Billerica, MA) using
a-cyano-4-hydroxycinnamic acid as the matrix (Sigma-
Aldrich). Peptides were purified to 295% on a VYDAC
reversed-phase ¢18 column attached to a Waters 2487 dual
A adsorbable detector and 1525 binary HPLC pump (Waters,
Milford, MA).

The following sequences were synthesized: GCGFYFDLR,

GCGRKRK, GPRGGC, GCGWTVFQKRLDGS,
CGPHSRNGGGGGGRGDS, CSRARKQAASIKVAVADR,
GCKQLREQ, GCRDVPMSMRGGDRCG,
GCRDSGESPAYYTADRCG, GCRDRPFSMIMGDRCG,
GCRDVPLSLTMGDRCG, GCRDVPLSLYSGDRCG,

GCRDGPLGLWARDRCG, and GCRDIPESLRAGDRCG.

The following sequences were purchased from GenScript
(Piscataway, NJ, USA) at 295% purity:
CGP(GPP)5GFOGER(GPP)5,
CGP(GPP)5GFOGER(GPP)5, GRGDSPCG.

Synthesis of 3D lung hydrogels

10 mM of 10 kDa 4-arm PEG-maleimide (Jenkem
Technology, Plano, TX) was reacted with 2mM of the lung
integrin-binding peptide cocktail for 10 minutes in 0.5X PBS
at pH 7.4. This solution was crosslinked at a 1:1 molar ratio
of thiol to maleimide in 0.5X PBS at pH 7.4, yielding 10 wt%
of polymer and peptide in the synthesis mixture, and the
crosslinker cocktail was composed of 75 molar% of 1.5 kDa
linear PEG-dithiol (Jenkem) and 25 molar% of the MMP-
degradable cocktail. Gels were polymerized in 10 pL
volumes with 5,000 cells/uL, and cell culture medium was
added after 5 minutes to swell the material for at least 18
hours before use.

Hydrogel mechanical and structural characterization

The effective Young’s modulus was measured using
indentation testing on 10 pL volumes of the 3D hydrogels. A
custom-built instrument was used as previously described”".
Lung mechanical data was taken from Polio et al.*® For this
application, a flat punch probe with a radius of 0.5 mm was
applied to samples at a fixed displacement rate of 10 uym/s,
for a maximum displacement of 300 pm. The first 10% of the
linear region of the force-indentation curves was analyzed
using a Hertzian model modified by Hutchens et al. to
account for dimensional confinement described by the ratio
between the contact radius (a) and the sample height (h)
(0.5<a/h<2)’?2. The force (F) and displacement (o)
measurements were recorded with a custom LabVIEW
program (National Instruments, Austin, TX, USA). The
material compliance (C) was measured over the linear region
after contacting the surface using the following equation:

ds
C=aF

The deflection of the cantilever was addressed by
subtracting the deflection required to produce the given force
from the displacement indicated. Measurements were
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conducted at 2 or 3 different locations per sample away from
the edge of the sample. The Young’s modulus (E) was
calculated using the following equation after taking the height
of the sample (h), the Poisson’s ratio of 0.42 (v), and the
radius of the circular indenter (a) into account, assuming the

material is elastic, according to Shull et al.136.
3

-1

075  2.8(1-2v)
a a3 a
it (®) h

Cell attachment assay

Glass coverslips were prepared with 1 ug/cm? of the lung
peptide coupled to the surface using silane chemistry
described by Barney et al*?. Cells were seeded at 3,000
cells/cm? on functionalized glass coverslip surfaces
containing individual integrin-binding peptides at the same
molar concentrations as in the lung integrin-binding peptide
cocktail or the entire lung integrin-binding peptide cocktail at
1 ug/cm? concentration. The HLFs were seeded in serum-
free FBM (Lonza, Quakertown, PA, USA), and MDA-MB-231
LM2 cells were seeded in serum-free DMEM. The cells were
imaged in an environment-controlled Zeiss Axio Observer Z1
microscope (Carl Zeiss, Oberkochen, Germany) using an
AxioCam MRm camera and an EC Plan-Neofluar 20X 0.4 NA
air objective. Images were taken every five minutes for an
incubation period of 2 hours. Cells were traced and cell area
was assessed over time in ImageJ (NIH, Bethesda, MD,
USA).

8C(1 + )1

Competitive binding assay

Glass coverslips were prepared with 1 ug/cm? of the lung
peptide coupled to the surface using silane chemistry
described by Barney et al*?. Cells were seeded at 3,000
cells/cm2 in their normal growth medium without serum after
30 minutes of pre-treatment with individual peptides or the
complete lung integrin-binding peptide cocktail. Lung
integrin-binding peptide cocktail was dosed at a molar
amount of 400 nmol/mL of medium and the molar amount
dosed for each individual peptide was as follows:
GRGDSPCG at 164 nmol/mL, GCGWTVFQKRLDGS at 52
nmol/mL, GPRGGC at 44 nmol/mL,
CGP(GPP)5GFOGER(GPP)5 and GCKQLREQ at 32
nmol/mL, CGPHSRNGGGGGGRGDS at 24 nmol/mL,
GCGFYFDLR at 20 nmol/mL, and GCGRKRK,
CGP(GPP)5GROGER(GPP)5, and
CSRARKQAASIKVAVADR at 12 nmol/mL. The cells were
imaged in an environment-controlled Zeiss Axio Observer Z1
microscope (Carl Zeiss, Oberkochen, Germany) using an
AxioCam MRm camera and an EC Plan-Neofluar 20X 0.4 NA
air objective. Images were taken every five minutes for an
incubation period of 2 hours. Cells were traced and cell area
was assessed over time in ImageJ (NIH, Bethesda, MD,
USA).

Cell attachment assay with cilengitide

Glass coverslips were prepared with 1 ug/cm? of the lung
peptide coupled to the surface using silane chemistry
described by Barney et al*?. Cells were seeded at 3,000
cells/cm? in their normal growth medium without serum after
30 minutes of pre-treatment with cilengitide (Apex

Biotechnology, Houston, TX, USA). Cilengitide was dosed at
a molar concentration of 100 nmol/mL. The cells were
imaged in an environment-controlled Zeiss Axio Observer Z1
microscope (Carl Zeiss, Oberkochen, Germany) using an
AxioCam MRm camera and an EC Plan-Neofluar 20X 0.4 NA
air objective. Images were taken every five minutes for an
incubation period of 2 hours. Cells were traced and cell area
was assessed over time in ImageJ (NIH, Bethesda, MD,
USA).

Quantitative reverse transcription polymerase chain reaction
(QRT-PCR)

Cells were seeded at 250,000 cells per well in a 6-well plate
and allowed to grow to form a uniform monolayer. Cells were
then washed with PBS and lysed. Total RNA was extracted
using the Genelute Mammalian Total RNA kit (Sigma-
Aldrich) followed by cDNA synthesis using the RevertAid
reverse transcriptase protocol, with the exception of using
RNasin 40 U/mL (Promega, Madison, WI) as the RNase
inhibitor. cDNA was then amplified using specific primers and
the Maxima Sybr green master mix (Thermo Fisher
Scientific) on a Rotor-Gene Q thermocycler (Qiagen,
Valencia, CA) for 45 cycles Both B-actin and ribosomal
protein S13 were included as reference genes to permit gene
expression analysis using the 2-ddCt method.

Conditioned media collection

Breast cancer conditioned media were collected from
metastatic breast cancer cells, parental MDA-MB-231 and
lung tropic MDA-MB-231 LM2, and non-metastatic breast
cancer cells BT474. Fibroblast-conditioned media were
collected from healthy HLFs and activated HLFs. Breast
cancer cells were cultured in their respective growth media
in T75 cell culture flasks until cells were 70-75% confluent.
The cells were then cultured in serum-free media and the
media were subsequently collected after 48 hours. HLFs
were similarly cultured in FBM until 75-80% confluence.
HLFs were then cultured in serum-free FBM for 48 hours and
the medium was collected. For culturing activated HLFs,
cells were cultured in serum-free FBM, supplemented with
TGF-B1 (Fisher Scientific, Hampton, NH, USA) at a final
concentration of 20 ng/mL. The activated conditioned
medium was collected when the cells are 80-85% confluent.
The conditioned medium was filtered through a 0.45 pm
syringe filter and stored at -80°C until use.

HLF activation assay

HLF activation assays were performed both on 2D and 3D.
For the 2D HLF activation assay, 5,000 cells were seeded
per well in glass bottom 24 well plate serum-free FBM. HLFs
were incubated with solubilized TGF-f1 at a final
concentration of 20 ng/mL for 96 hours to induce activation
of the HLFs. The cells were then fixed and stained for a-SMA,
FAP, Ki67, and DAPI. The stained cells were subsequently
imaged on the Zeiss Spinning Disc Observer Z1 microscope
(Carl Zeiss, Oberkochen, Germany).

For the 3D HLF activation assay, 5,000 cells were
encapsulated in each lung hydrogel, which was an optimized
HLF cell density in the lung hydrogel to prevent cell clustering
over long culture periods. HLFs were cultured in SFM
incubated with solubilized TGF-1 at a final concentration of
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20 ng/mL or in breast cancer conditioned media
supplemented with FBS for 96 hours to induce activation of
the HLFs. The cells were then fixed and stained for a-SMA,
FAP, and Ki67. The stained cells were subsequently imaged
on the Zeiss Spinning Disc Observer Z1 microscope (Carl
Zeiss).

Cell migration/invasion assay

HLFs and activated HLFs were seeded into the top of a
Boyden chamber in serum-free FBM, at a density of 50,000
cells/well. The bottom chamber was filled with breast cancer
conditioned media or normal growth media, both
supplemented with FBS. Cells were allowed to invade
through 8 pm pores for 48 hours. Then the cells on top of the
Boyden chamber were removed. The bottom of the Boyden
chamber and the bottom chamber i.e., the well were washed
with 1X PBS and fixed in 4% formaldehyde. Cell nuclei were
stained with DAPI, and the well and the bottom side of the
Boyden chamber were imaged on the Zeiss Spinning Disc
Observer Z1 microscope (Carl Zeiss) for manual
quantification of invading cells.

Breast cancer cells (MDA-MB-231, MDA-MB-231 LM2, and
BT474) were seeded into the top of a Boyden chamber in
serum-free media, at a density of 100,000 cells/well. The
bottom chamber was filled with HLF CM, activated HLF CM,
or normal growth media, each supplemented with FBS. Cells
were allowed to invade through 8 pym pores for 48 hours.
Then the cells on top of the Boyden chamber were removed.
The bottom of the Boyden chamber and the bottom chamber
(i.e., the well) were washed with 1X PBS and fixed in 4%
formaldehyde. Cell nuclei were stained with DAPI, and the
well and the bottom side of the Boyden chamber were
imaged on the Zeiss Spinning Disc Observer Z1 microscope
(Carl Zeiss) for manual quantification of invading cells.

Immunofiluorescent staining

Cells were fixed at 6 days after seeding in 4% formaldehyde.
Cells were then permeabilized in Tris-Buffered Saline (TBS)
with 0.25% Triton-X for 10 minutes and washed 3 times in
TBS with 0.1% Triton-X (TBS-T). Blocking was done for 30
minutes at room temperature in AbDil or TBS-T + 2 wiv%
Bovine serum albumin (BSA, Sigma Aldrich) for 2D and in
TBS-T + 5 w/v% BSA for 3D. Cells were then incubated
overnight in primary antibody in the blocking solution at 4°C
using 1 or more of the following antibodies: a-SMA antibody
(ab7817, 1:500, Abcam, Cambridge, MA, USA), FAP
antibody (ab53066, 1:500, Abcam), Ki67 antibody
(ab156956, 1:1000, Abcam. Cells were then washed 3 times
in TBS-T and subsequently incubated in secondary antibody
in AbDil for 1 hour for 2D and 2 hours for 3D at room
temperature using the following antibodies: goat anti-mouse
555 (A21422, 1:200, Thermo Fisher Scientific), goat anti-
rabbit 488 (A11070, 1:500, Thermo Fisher Scientific), or goat
anti-rat 647 (A21247, 1:200, Thermo Fisher Scientific). Cells
were again washed 3 times in TBS-T. Cells were then treated
with DAPI (Vector Labs) at a 1:5,000 dilution for 5 minutes
and washed in PBS 3 times. Cells were then imaged on the
Zeiss Spinning Disc Observer Z1 microscope (Carl Zeiss).

Intraperitoneal (IP) injections in BALB/c nude mice

The mice used for this study were 6 to 20 weeks old
immunodeficient BALB/c nude (CAnN.Cg-Foxn1nu/Crl)
female mice, ordered from Charles River Laboratories
(Wilmington, MA, USA). Each mouse was weighed before
injection. Breast cancer conditioned media MDA-MB-231
LM2 CM, BT474 CM, or 1X PBS were injected into the mice
for 10 days. 5-6 mice were used for each of the media
conditions. 150 yL of the pre-warmed media were injected
into the animal’s lower right quadrant of the abdomen, to
avoid damage to the urinary bladder, cecum, and other
abdominal organs. The mice were sacrificed on day 11 and
the brain, lungs, liver, and bones were harvested and fixed
in 4% formaldehyde and embedded in paraffin before slicing
them into 7 pym sections for immunohistochemistry. The
protocol was approved by the Institutional Animal Care and
Use Committee (IACUC).

Immunohistochemistry

Immunohistochemistry was performed on the formalin fixed
paraffin embedded (FFPE) mouse lung sections. Tissue
sections were deparaffinized in xylenes with 2 washes for 10
minutes each (Fisher Scientific), rehydrated in ethanol with
sequential two 10-minute washes with 100% ethanol (Fisher
Scientific), one 5-minute wash with 95% ethanol (Fisher
Scientific), one 5-minute wash with 70% ethanol and one 5-
minute wash with 50% ethanol. The sections were then
rinsed with deionized water and washed with 1X PBS for 10
minutes. Antigen retrieval was performed at 90°C for 15
minutes in Tris/EDTA buffer (pH 9.0), and then samples were
cooled to room temperature for 30 minutes. The samples
were then washed twice with TBS + 0.025% Triton X-100 for
5 minutes each. Non-specific protein absorption was blocked
using two 1-hour incubations with Intercept Blocking
Solution. Then the samples were incubated with primary
TNC antibody (ab66045, 1:100, Abcam) and o-SMA
antibody (ab7817, 1:500, Abcam) overnight at 4°C. Samples
were then rinsed 3 times for 10 minutes each in 1X PBS, and
incubated with the following antibodies for 1 hour at room
temperature: goat anti-mouse 555 (A21422, 1:200, Thermo
Fisher Scientific), or goat anti-rabbit 647 (A21244, 1:200,
Thermo Fisher Scientific). The samples were then rinsed 3
times for 10 minutes each with PBS and were subsequently
treated with DAPI (Vector Labs) at a 1:5,000 dilution for 5
minutes and washed in PBS 3 times. The samples were then
mounted with GelVatol mounting medium (prepared in-
house), and coverslips sealed with clear nail polish. Tissue
sections were then imaged on the Zeiss Spinning Disc
Observer Z1 microscope (Carl Zeiss).

Statistical Analysis

Statistical analysis was performed with GraphPad Prism
(9.0a) (GraphPad Software, Inc., La Jolla, CA, USA). Data
are reported as the mean + standard error. Unless otherwise
noted, statistical significance was evaluated using a one-way
analysis of variance (ANOVA). For the analysis, p-values
<0.05 are considered significant, where p < 0.05 is denoted
with *, < 0.01 with **, < 0.001 with ***, and < 0.0001 with ****,
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Supplementary Figure 1. Mechanical characterization of lung hydrogels using micro-indentation method. a)
Representative image of lung hydrogel after 24 hours of swelling in 1X PBS. Modulus of the hydrogel was measured using
micro-indentation method with a 1 mm diameter flat probe. b) Effective modulus of 10 wt% 4-arm PEG-maleimide hydrogel
without bioactive peptide ligands using micro-indentation replicated the lung modulus measured using the same method.
c) Effective modulus of 10 wit% 4-arm PEG-maleimide hydrogel containing different molar concentrations of MMP-
degradable peptide crosslinkers using micro-indentation method. The tested peptide crosslinker molar concentrations
were 0%, 13% and 25%. d) Effective modulus of 10 wt% 4-arm PEG-maleimide hydrogel containing different molar
concentrations of integrin-binding peptide moieties using micro-indentation method. The tested peptide molar
concentrations were 0 mM, 1 mM, 2 mM, 4 mM, and 6 mM.
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Supplementary Figure 2. Functional validation of lung integrin-binding peptides. a) Schematics of the cell attachment
assay where cells were seeded on glass coverslips functionalized with lung integrin-binding peptides and the cells were
imaged for 2 hours. b) Representative images of HLFs at time t = 0 and t = 2 hours. ¢) Representative images of MDA-
MB-231 LM2 cells at time t = 0 and t = 2 hours. d) Cell area fold change for MDA-MB-231 cells in compared to negative
control. e) Representative images of MDA-MB-231 cells at time t = 0 and t = 2 hours. f) Cell area fold change for BT474
cells in compared to negative control. g) Representative images of BT474 cells attimet=0and t = 2 hours.
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Supplementary Figure 3. Competitive cell attachment assay on lung integrin-binding peptides using HLFs. a) Schematics
of the competitive cell binding assay where HLFs pre-incubated with individual lung integrin-binding peptides were seeded
on glass coverslips functionalized with lung integrin-binding peptide cocktail and the cells were imaged for 2 hours. b)
Representative images of HLFs (pre-incubated with individual binding peptides) at time t = 0 and t = 2 hours.
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Supplementary Figure 4. Integrin-specific cell attachment with lung integrin-binding peptides. a) Schematics of the
competitive cell binding assay where HLFs pre-incubated with cilengitide were seeded on glass coverslips functionalized
with lung integrin-binding peptide cocktail and the cells were imaged for 2 hours. b) Cell area fold change 2 hours after
seeding HLFs (pre-incubated with cilengitide) onto glass coverslips functionalized with integrin-binding peptide cocktail
relative to a negative control (cells not pre-incubated with cilengitide).
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Supplementary Figure 5. Fibroblast phenotype and activation on TCPS. (a) Representative fluorescent images of HLFs
cultured on TCPS with or without pro-fibrotic cytokine, TGF-B1 showing a-SMA (orange), and FAP (green) expressions
along with merged HLF images with nuclei staining with DAPI (blue). (b) Fold change in cell count for non-activated
(cultured without TGF-B1) and activated (cultured with TGF-B1) HLFs on TCPS representing cell proliferation
characteristics. (¢) Quantification of a-SMA expression from non-activated and activated HLFs cultured on TCPS. (d)
Quantification of FAP expression from non-activated and activated HLFs cultured on TCPS. (e) Percentage of proliferative
ki67+ cells in non-activated and activated HLF cultures on TCPS. (f) Cell area for non-activated and activated HLFs
cultured on TCPS. (g) Cell circularity for non-activated and activated HLFs cultured on TCPS.
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Supplementary Figure 6. List and quantities of metastatic lung-specific integrin-binding and MMP-degradable peptides. a) Schematic of
identification of metastatic lung ECM-specific integrin-binding and MMP-degradable peptides. b) List of identified integrin-binding peptide domains
with their relative quantities corresponding to metastatic lung ECM proteins. ¢) List of identified MMP-degradable peptide domains with their relative
quantities corresponding to the different MMPs.
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