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Abstract

Chronic lung diseases, such as chronic obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis (IPF), are characterized by regional extracellular matrix (ECM) remodeling
which contributes to disease progression. Previous proteomic studies on whole decellularized
lungs have provided detailed characterization on the impact of COPD and IPF on total lung ECM
composition. However, such studies are unable to determine the differences in ECM composition
between individual anatomical regions of the lung. Here, we employ a post-decellularization
dissection method to compare the ECM composition of whole decellularized lungs (WECM)

and specific anatomical lung regions, including alveolar-enriched ECM (aECM), airway ECM
(airECM), and vasculature ECM (VECM), between non-diseased (ND), COPD, and IPF human
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lungs. We demonstrate, using mass spectrometry, that individual regions possess a unique ECM
signature characterized primarily by differences in collagen composition and basement-membrane
associated proteins, including ECM glycoproteins. We further demonstrate that both COPD

and IPF lead to alterations in lung ECM composition in a region-specific manner, including
enrichment of type-I11 collagen and fibulin in IPF aECM. Taken together, this study provides
methodology for future studies, including isolation of region-specific lung biomaterials, as well as
a dataset that may be applied for the identification of novel ECM targets for therapeutics.
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Introduction

The lung is a complex organ with distinct anatomical regions that each play a critical

role in respiration. Examples include cartilaginous branching airways that facilitate organ-
wide airflow, and thin basement membranes in the distal lung that allow for efficient

gas exchange between alveolar and vasculature compartments [1,2]. As the structural and
functional needs within these specialized lung regions drastically differ, so too must the
protein composition of the extracellular matrix (ECM). In addition to providing structural
support to tissues, the ECM is now widely recognized as an important regulator of organ
homeostasis, regeneration, and health [3]. Bioactive components, such as proteoglycans,
matrix-associated growth factors, and other secreted factors sequestered within the ECM
provide region-specific cues that drive localized cell functions, including proliferation,
differentiation, and maturation [4-6]. However, dysregulation of the delicate interplay
between the ECM and resident cells often leads to detrimental health effects. Within

the lung, chronic lung diseases, such as chronic obstructive pulmonary disease (COPD)
and idiopathic pulmonary fibrosis (IPF), are hallmarked by spatial abnormalities in ECM
structure and composition, which contribute to aberrant tissue regeneration and disease
progression [3,7-9]. As such, it is critical to understand the structural and bioactive ECM
composition of specific regions within the lung in both normal and disease conditions.

Currently, the majority of studies characterizing the ECM within specific anatomical regions
of the lung have relied on targeted methodologies such as histochemical staining or
immunohistochemistry (IHC) [as reviewed in 1,2,7]. These studies have provided valuable
information including the primary localization of specific principal collagens as well as
select bioactive components, including laminins and TGF-$ [1,10-15]. Additionally, IHC
has been used to assess differences in the lung ECM composition in both COPD and IPF,
including the decrease or deposition of type-1 collagen (COL1) in COPD or IPF, respectively
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[7-10,12-16]. However, as these studies utilize selective and targeted methodologies, they
are unable to provide a complete and unbiased proteomic characterization of the lung ECM.

With advances in proteomic methodologies, global characterization of the ECM composition
of tissues is now possible. With regards to the lung, decellularized lungs from animal or
cadaveric human lungs can be assessed by mass spectrometry to provide semi-quantitative
characterization of the lung ECM [17-21]. Current studies, including our own, have
previously demonstrated that decellularized lungs retain much of the native (i.e. non-
decellularized) ECM matrix composition, including larger structural ECM proteins, such
as Coll and type-IlI collagen (COL3) as well as smaller bioactive ECM proteins, such as
basement membrane associated laminins, proteoglycans, and glycoproteins [17,19,20,22].
As such, decellularized lungs from patients with no history of lung disease (ND) and
patients with end-stage lung diseases (i.e. COPD and IPF) have been directly compared
using semi-quantitative mass spectrometry. Interestingly, while no ECM proteins were
significantly altered in abundance between COPD and ND lungs [17], IPF lungs were
significantly different from ND lungs [23]. In particular, Booth et al. demonstrated that
decellularized IPF lungs displayed an increase in COL3 and microfibirillar-associated
proteins as well as a decrease in basement membrane associated laminins [23].

Despite providing valuable insight into global ECM composition in normal and diseased
lungs, proteomic studies of decellularized lungs have previously utilized whole lung

tissue, and therefore, cannot discriminate the detailed lung ECM composition between
different anatomical regions, notably between airways, alveoli, and vasculature. To advance
current proteomic studies on decellularized lungs, we here employ a post-decellularization
dissection technique prior to mass spectrometric analyses. As such, this work provides novel
characterization of ECM composition from whole lung (WECM), airway (airECM), alveoli
(aECM), and vasculature ECM (VECM) from ND, COPD, and IPF patients.

Materials and Methods

2.1 Human lung decellularization and dissection.

Human lungs were obtained from University of Vermont (UVM) autopsy services, under
appropriate institutional guidelines and HIPAA protections, from twelve patients with either
no history of lung disease (ND) (n=6), COPD/emphysema (n=3), or IPF (n=3). Information
on patient demographics including age, sex, and pulmonary and smoking history are
depicted in Supplemental Table 1. Whole lung lobe decellularization was performed as
previously described by our group [17-19,22]. In brief, single lobes from each patient were
rinsed with phosphate buffered saline (PBS, Corning) and deionized (DI) water six times
to remove excess blood from lungs lobes. Decellularization was performed via perfusion

of airways (i.e.main bronchi) and vasculature (pulmonary arteries) using a peristaltic roller
pump (Stockert Shiley, SOMA Technologies) at a 2 L/min rate. Lobe perfusion included
sequential 2L rinses with 0.1% Triton-X 100 (Sigma), 2% sodium deoxycholate (SDC,
Sigma), 1M sodium chloride (NaCl, Sigma), DNase (Sigma), peracetic acid (Sigma), and a
DI wash.
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Whole decellularized lung lobes were manually dissected to remove airway and vasculature
trees (Figure 1). Surgical scissors and forceps were used to expose the most proximal
regions of the airways, which were subsequently used as a guide to carefully dissect

down the length of the airways towards the most distal tips of airway trees. As expected,
decellularized vascular tissue remained in close proximity to the airway regions during

the dissection process, yet differed in color and elasticity, making it simple to identify

and remove from the airway. Airway samples between ~5-1mm were taken for further
processing (~airway generations 2—16) [24]. Alveolar-enriched tissue was identified as the
distal tips of the small branching airways < 1mm (~airway generations 17-23). Isolated
samples were grouped as whole lung (i.e. non-dissected fractions obtained from the ventral
portion of the lung and containing all regions), airways, vasculature, or alveolar-enriched
regions. Samples from the individual lungs were frozen at —80°C, lyophilized, and liquid
nitrogen milled (Freezer Mill, Spex) to a fine powder. The ECM powders were designated
whole lung ECM (WECM), airway ECM (airECM), vasculature ECM (VECM), or alveolar-
enriched ECM (aECM) and stored at —20°C until future use.

2.2 Validation of human lung decellularization.

Decellularization efficiency was assessed by measurement of residual double-stranded DNA
(dsDNA) and by hematoxylin and eosin (H&E) staining, as previously described [18]. In
brief, native and decellularized lung fragments (~1mm?3) were excised from the distal portion
of the lung, fixed in 4% paraformaldehyde, and mounted as 5um sections for H&E staining.
Quantitative dsDNA of lyophilized native and decellularized lung samples was performed
using DNeasy Blood & Tissue Kit (Qiagen) and QuantiT PicoGreen dsDNA Assay Kit
(Thermo) according to the manufacturer’s protocols. Qualitative assessment of any potential
residual dsDNA was performed by gel electrophoresis on an 0.8% agarose gel labelled with
SYBR Safe DNA Gel stain (Thermo).

2.3 Mass spectrometry analysis of decellularized ECM powder.

Decellularized ECM powder was resuspended in Mild Laemmli Sample Buffer (MLSB; 2%
SDS, 62.5mM Tris-HCI) at a ratio of 1mg/100uL and heated for 30min at 45°C. Samples
were centrifuged at 10,000 RCF and supernatant was collected and quantified using a Pierce
BCA Protein Assay Kit (Thermo) according to the manufacturer’s protocols. To remove
detergent impurities, samples (20-50mg per lane) were run through an SDS-PAGE gel at
80V for 10-15min. Protein bands were excised from the SDS-PAGE gel, fragmented into
small cubes of approximately 1mm3, and subjected to destaining and tryptic in-gel digestion
as previously described [18].

Tryptic digests were subsequently dried using a SpeedVac and resuspended in 6uL of 0.1%
formic acid (FA) in 2.5 % acetonitrile (ACN) (Fisher Chemical). Tryptic peptide samples
(2uL) were loaded onto a fused silica microcapillary liquid chromatography (LC) column
(15cm long x 100um inside diameter) packed in-house with C18 reversed-phase resin
(1.8um 120A, UChrom C18). Peptides were separated by applying a gradient of 0-50%
Solvent B (0.1% FA in 80% ACN) at a flow rate of 300nL/min for 65min. Peptides were
introduced via a nano-electrospray ionization (nano ESI) fitted onto a Thermo Q-Exactive
Plus (QE+) mass spectrometer (Thermo Electron, San Jose, CA) that was operated in
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a Higher-energy C-trap dissociation mode to obtain both MS and tandem MS (MS/MS)
spectra.

Mass spectrometry data were acquired in a data-dependent top-10 acquisition mode, using
a full MS scan from 350-1600 m/z at 70,000 resolution (automatic gain control [AGC]
target, 1e; maximum ion time [max IT], 100ms; profile mode), and the lock mass function
was activated (371.12m/z). Resolution for dd-MS2 spectra was set to 17,500 (AGC target:
1e°) with a maximum ion injection time of 50ms. The normalized collision energy was
27eV. Obtained MS spectra were searched against the Human protein database (UniProt-
proteome_UP000005640_human) using Proteome Discoverer 2.5 (Thermo Electron, San
Jose, CA). The search parameters permitted a 10ppm peptide MS tolerance and a 0.02Da
MS/MS tolerance. Carboxymethylation of cysteines was set as a fixed modification and
oxidation of methionine was set as a dynamic modification. For comparative analysis, in
parallel, hydroxylation of Proline (+15.995 Da) and oxidation of methionine were set as
dynamic modifications. Up to two missed tryptic peptide cleavages were considered, and
three maximum dynamic modifications were allowed per peptide. The Fixed Value PSM
Validator node was included in the workflow to limit the false positive (FP) rates to less than
1% in the dataset.

Result files from PD were consolidated by Scaffold (version Scaffold 5.1.1, Proteome
Software Inc., Portland, OR). Peptide identifications were accepted if they could be
established at greater than 95.0% probability by the Peptide Prophet algorithm with a
Scaffold delta-mass correction [25]. Protein identifications were accepted if established

at greater than 95.0% probability and contained at least one identified peptide. Protein
probabilities were assigned by the Protein Prophet algorithm [26]. Proteins that contained
similar peptides, and could not be differentiated based on MS/MS analysis alone, were
grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence
were grouped into clusters.

Proteins were assigned manually assigned to protein identifications groups (ECM,
cytoplasm, cytoskeletal, nuclear, membrane-associated, or secreted) in accordance with
previously defined lists published by Naba et al. [27]. ECM proteins were further classified
as “matrisome” sub-groups (collagens, ECM glycoproteins, ECM regulators, ECM-affiliated
proteins, proteoglycans, or secreted factors) [27]. ECM proteins were additionally defined as
basement membrane associated proteins in accordance with Jayadev et al. [28].

2.4 Statistics.

Semi-quantitative analysis of individual ECM proteins was performed by normalizing the
relative abundance of spectral hits for each individual ECM protein (%) to total spectral hits
of ECM proteins within each respective sample. Similarly, ECM protein type (i.e. collagens,
ECM glycoproteins, etc.) was normalized as the relative abundance of spectral hits for each
respective ECM protein type to total spectral hits of ECM proteins within each respective
sample. Due to the non-normal distribution of the results obtained from mass spectrometry,
and as the assumptions of one-way ANOVA test were not met, conditions were compared
using a non-parametric Wilcoxon/Kruskal-Wallis rank sums test and were considered
significant at p<0.05. Following Kruskal-Wallis, multiple pairwise comparisons were made
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using Dunn’s method for joint ranking. All statistical analyses were performed using JMP
Pro 15.0.0. Principle component analysis (PCA) of each respective conditions normalized
individual ECM protein quantifications were created using R 4.1.3. Heatmaps depicting
the most abundant normalized ECM proteins across respective samples and pie charts
depicting relative abundance of ECM protein types were generated using GraphPad Prism
9.4. Non-quantitative analysis was additionally utilized to assess qualitative differences
between samples. Venn diagrams produced using BioVenn were generated by pooling all
identified ECM proteins from respective conditions [29].

3.1 Isolating specific anatomical regions of decellularized lungs.

Consistent with our previous studies, decellularized ND lungs retained much of the
histological appearance of native (i.e. non-decellularized) lungs, while decellularized COPD
lungs presented with similar spatially heterogeneous emphysematous changes as seen in
native COPD lungs (Figure 1a, Supplemental Figure 1a) [17]. Comparably, decellularized
IPF lungs maintained distinct fibrotic and non-fibrotic regions following decellularization
(Figure 1a, Supplemental Figure 1a). Minimal residual DNA (<50ng/mg) was observed
both quantitatively and qualitatively for all lungs following decellularization (Supplemental
Figures 1a,c). Additionally, mass spectrometry analysis of native (i.e. non-decellularized)
and decellularized lungs demonstrated overall preservation of matrisome proteins, apart
from elastin, but significant loss of other non-matrisomal proteins with decellularization
(Supplemental Figure2 2).To isolate anatomically specific regions, each decellularized
whole lung lobe was subsequently dissected from the proximal regions of the large airways
to the distal-most tips capable of extraction (Figure 1b—e). As lung vasculature parallels the
airways in both the proximal and distal regions, we were able to simultaneously dissect

out both airway and vasculature trees, providing materials for subsequent assessments

of both airway and vasculature ECM (airECM and VECM, respectively) from the same

lobe (Figure 1d—€). The distal-most tips of the airway trees, measuring under Imm in
diameter (correlating with generation 17-23 of the airway and alveoli), were further
isolated to provide alveolar-enriched ECM (aECM) consisting of a mix of alveolar and
pulmonary microcapillary ECM. Isolated regions, as well as non-dissected whole lung ECM
(WECM), were subsequently lyophilized and liquid nitrogen milled into an ECM powder for
subsequent proteomic analyses (Figure 1f).

3.2 ECM compaosition of non-diseased decellularized human lungs differs in a region-
specific manner.

ND samples were initially assessed to determine respective ECM compositions within
WECM as compared to isolated aECM, airECM, and VECM regions (Figure 2a). Mass
spectrometry analyses demonstrated a range of proteins in the decellularized lungs (the
full list with defined abbreviations is depicted in Supplemental Table 2). Principle
component analyses (PCA) demonstrated that samples derived from individual ND lungs
demonstrated remarkable regional-specific similarity in proteomic composition (Figure
2b). Similar to previous proteomic studies from our group and others characterizing
ECM composition from whole ND human lungs, the most abundant proteins detected
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across all regions were basement membrane-associated proteins including type-V1 collagen
6 (COLS6), heparan sulfate proteoglycan-2/perlecan (HSPG2), fibronectin (FN1), and a
variety of laminins (Figure 2c¢) [17,30,31]. Further analyses of the relative proportion

and composition of basement membrane-associated proteins extracted from each region,
using a defined basement-membrane protein database [28], demonstrated that WECM,
aECM, and VECM were each enriched for total basement membrane-associated proteins

in comparison to airECM (Figure 2d, Supplemental Figure 5a). Further, WECM and aECM
contained an increased proportion of basement-membrane-associated collagens and laminins
as compared to airECM and VECM, while airECM contained increased proteoglycans, and
VECM contained increased FN1 (Supplemental Fig 5b, Figure 2e). Assessing the relative
abundance of individual proteins, airECM was enriched with cartilage-associated collagens
(COL2, COLY9, COL10), ECM glycoproteins (aggrecan: ACAN), and proteoglycans
(chondroadherin: CHAD) while vVECM showed increased enrichment for blood vessel-
associated ECM proteins and secreted factors, including Fnl, versican (VCAN), and various
complement proteins (C1QA, C1QB) (Figure 2e—f). Notably, previous studies have shown
that adding an additional database search with proline hydroxylation (Hyp), a common
post-translational modification (PTM) within ECM fibrillar collagens, results in a significant
increase in spectra identifications of fibrillar collagens (COL1, COL2, COL3) [32]. As such,
parallel analyses of WECM, aECM, VECM, and airECM from ND lungs was performed with
the addition of Hyp modification for comparison (Supplemental Figure 3). As expected, this
evidenced an increase in the relative abundance (%) of fibrillar collagens (COL1, COL3,
and COL2 (in airECM)) detected within the ECM composition of each sample as compared
to analysis without Hyp modification data set(Supplemental Figure 3a). While detection of
most other ECM proteins were unaffected his increase in spectral identifications of fibrillar
collagens subsequently resulted in a relative decrease in abundance of several other highly
identified ECM proteins (COL6, HSPG2, and ACAN in airECM), (Supplemental Figure
3a). tThe Hyp search also resulted in higher interpatient variability in the fibrillar collagens,
notably within COL1A1 abundance, not previously observed (Supplemental Figure 3b;
Figure 2¢). Further, PCA analysis of complete ECM composition of ND regions using

Hyp search resulted in loss of region-specific clusters, suggesting that the addition of these
modifications obscured differences of less abundant ECM proteins between different lung
regions (Supplemental Figure 3c; Figure 2b). As such, analysis of mass spectral data in the
absence of Hyp modification search were utilized for the remainder of this study.

3.3 Region-specific ECM composition in diseased lungs.

Unlike ND lungs, PCA analysis of regional ECM protein composition between separate
COPD patient lungs did not cluster strongly, suggesting heterogeneity between individual
COPD patient lung regions (Figure 3a—b). In particular, WECM and aECM clusters were
indistinguishable from one another, suggesting significant similarities in ECM composition
between the regions (Figure 3b). Strikingly, the most highly detected ECM proteins amongst
all COPD regions were largely consistent with proteins isolated from ND lungs, with the
exception of cathepsin G (CTSG), a serine protease involved in elastin degradation which
was increased in COPD lungs (Figure 3c) [33]. Further analysis demonstrated that WECM
and aECM were both enriched for total amount of basement membrane-associated proteins
(Supplemental Figure 5c¢), showing increased amounts of basement membrane-associated
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collagens as compared to airECM and VECM (Supplemental Figure 5d, Figure 3d). Similar
to ND lungs, airECM demonstrated an enrichment of proteoglycans, including ACAN

and fibromodulin (FMOD) (Supplemental Figure 5d, Figure 3e), as well as enrichment in
cartilage-associated collagens (COL2, COL9, COL10) (Figure 3e—f). Further, vVECM regions
were the only regions to express VCAN, a blood vessel-associated proteoglycan, as well as
ABI3BP, an ECM glycoprotein associated with COPD severity Figure 3f [34].

Similar to COPD lung regions, PCA of regional ECM protein composition of IPF patient
lungs did not form strong clusters within individual regions (Figure 4a—b). Additionally,
WECM, aECM, and VECM all clustered together indistinguishably, suggesting similarities
in total ECM composition in these different compartments (Figure 4b). Further, the most
abundant ECM proteins from IPF lungs across regions were similar to those of ND and
COPD lungs, with the exception of alpha-2-macroglobulin (A2M) and milk fat globule-EGF
factor 8 (MFGES), both of which have been implicated in the emergence and severity

of pulmonary fibrosis (Figure 4c) [35,36]. Notably, no differences were observed in total
basement membrane-associated proteins between WECM, aECM, and VECM, despite aECM
containing significantly more basement-associated proteins than airECM (Supplemental
Figure 5e). However, aECM did possess the highest amount of basement-membrane-
associated collagens and laminins (Supplemental Figure 5f, Figure 4d). Additionally,
consistent with ND and COPD lungs, IPF airECM was enriched with basement-membrane
associated proteoglycans, most notably ACAN and FMOD (Supplemental Figure 5f, Figure
4d-e). However, due to the small sample size (n=3) and the expected heterogeneity of IPF
samples, only few individual proteins were found to be significant altered in abundance
between wECM, aECM, and VECM at the (Figure 4d-e). Notably, aECM was the only
region to express MFAP2, a TGF-B binding ECM glycoprotein that has previously been
shown to be upregulated in decellularized IPF ECM (Figure 4f) [23].

3.4 Region-specific differences between ND and diseased lungs.

PCA demonstrated that WECM composition from ND and IPF lungs formed distinctly
separate clusters while WECM from one COPD patient lung, COPD1, clustered more
similarly to the ND population (Figure 5a,b; Supplementary Figure 5b). Of particular note,
COPD1 wECM was obtained from a patient who quit smoking 36 years prior to death,
while COPD2 and COPD3 quit 2 years prior to death or did not quit smoking at all,
respectively (Supplementary Table 1). Analysis of the relative abundance of specific total
ECM protein types demonstrated an enrichment of overall collagen content in WECM in
COPD lungs and of ECM glycoproteins in IPF lungs, respectively (Figure 5c). While no
individual collagen peptides were significantly increased in COPD wECM, subunits of
Col6 (COL6AL, COL6A2, COL6A3) in COPD WECM showed a trend of enrichment, as
demonstrated via IHC in human COPD patient lungs (Figure 5d) [37]. Further, despite

a decrease in overall collagen content in IPF wECM compared to ND wECM, COL3A1
was increased, consistent with previous studies of IPF lung ECM composition, as well as
a single-cell RNA sequencing study of fibroblasts during severe IPF [23,38]. Within the
enrichment of total ECM glycoproteins in IPF wECM, several individual proteins, including
nephronectin (NPNT) and tenascin XB (TNXB), were increased, as well as a trending
increase in fibrillin-1 (FBN1), as previously demonstrated through mass spectrometry of
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decellularized IPF lungs (NPNT, FBN1) and IHC of fibrotic human lungs (tenascin),
respectively (Figure 5d) [23,39]. Notably, an increase in the matrix metallopeptidase 19
(MMP19), a key regulator of pulmonary fibrosis, was observed in IPF wECM Figure 5d
[40]. Interestingly, no ECM proteins were expressed exclusively in COPD wECM, while
IPF WECM expressed 16 unique ECM proteins, including secreted factors CXCL12 and
CXCL13, which have been implicated in pulmonary fibrosis (Figure 5e) [41,42].

Similar to WECM, analysis of aECM composition by PCA demonstrated distinct clustering
of ECM composition of IPF aECM, while a single COPD sample, COPD1 aECM, clustered
more similarly to the ND population (Figure 6a—b; Supplementary Figure 5b). Also
comparable with WECM results, COPD aECM showed an increase in collagen content
compared to ND aECM, while IPF aECM showed a decrease in collagen content (Figure
6¢). Additionally, no individual collagen peptides were significantly increased in COPD
aECM, despite a trending increase in COL6A1, COL6A2, and COL6A3 (Figure 6d). IPF
aECM showed an increase in COL10A1, a cartilage-associated collagen that has been
shown to correlate with increased IPF severity, that was not present in either non-diseased
aECM or COPD aECM (Figure 6d—e) [43]. Further, COPD aECM showed a decrease

in total ECM glycoproteins (Figure 6¢), while IPF aECM contained significantly more
fibulin-2 (FBLNZ2), as has previously been described by mass spectrometry of decellularized
IPF lungs (Figure 6d) [23]. Interestingly, IPF aECM also possessed increased amounts of
several proteoglycans, including hyaluronan and proteoglycan link protein-1 (HAPLN1),
proteoglycan-2 (PRG2), and VCAN, similar to observations in studies analyzing the fibrotic
foci of IPF lungs (Figure 6d) [23,44]. Similar to analysis of WECM, IPF aECM was the only
aECM tissue to contain COL10A1, CXCL12, and CXCL13 (Figure 6e). In addition, aECM
from COPD lungs were the only aECM tissues to contain von Willebrand factor (Vwf), a
biomarker of COPD (Figure 6e) [45].

PCA of airECM composition from ND, COPD, and IPF patients demonstrated

large interpatient variability, particularly within COPD and IPF airECM, suggesting
heterogeneous ECM composition within and between the different samples (Figure 7a—b).
Interestingly, no significant changes were seen with regards to the abundance of any major
ECM protein types (Figure 7¢). However, several differences were observed between ND,
COPD, and IPF airECM at the individual protein level (Figure 7d). In particular, basement
membrane associated collagen (COL6A6), ECM glycoproteins (LAMCL, nidogen-1: NID1),
and proteoglycan (HSPG2) were all significantly less abundant in IPF airECM, in
concordance with the dysregulation of the basement membrane in IPF lungs (Figure 7d)
[46]. Further, proteases MMP12 and MMP19 were only present in IPF airECM (Figure

7e). Additionally, vitronectin (VTN), a multi-functional glycoprotein located at the bronchial
surface was significantly less abundant in COPD airECM [47], while a secreted marker of
severe COPD, S100B, was significantly more abundant (Figure 7d) [48].

PCA of vECM composition from ND, COPD, and IPF revealed heterogeneous clustering
between individual samples, particularly in COPD and IPF (Figure 8a—b). However, samples
did cluster together in accordance with disease condition (Figure 8b). Interestingly, similar
to airECM, VECM did not show differences in abundance between ECM protein categories
(Figure 8c). However, at the individual protein level, collagens COL3A1 and COL8AL,
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ECM glycoprotein dermatopontin (DPT), and ECM regulators MMP12 and MMP19 were
all enriched in IPF VECM, in accordance with previous single-cell RNA sequencing studies
of fibroblasts in IPF patients (Figure 8d—e) [38,40]. Interestingly, COPD vECM was
significantly enriched in decorin (DCN), a proteoglycan involved in fibrillogenesis, that
has previously been shown to be downregulated in COPD airways (Figure 8d) [49].

Discussion

Defining features of several chronic lung diseases, such as COPD and IPF, are irreversible
compositional and spatial abnormalities within the lung ECM that propagate disease
pathology. Prior studies characterizing the lung ECM in normal lungs, and following
chronic lung disease, have largely relied on: (1) targeted IHC that can only characterize
select ECM proteins or (2) mass spectrometry approaches that do not discern between
different anatomical regions with the lung. Within this study, we have developed a post-
decellularization dissection method to strictly characterize the global ECM composition of
individual anatomical lung regions (aECM, airECM, and vECM) from both non-diseased
and diseased (i.e. COPD and IPF) decellularized human lungs. Further, the region and
disease-specific ECM characterized within this study may additionally serve as novel
biomaterials for future tissue engineering and ex vivo modeling applications for determining
key cell-ECM interactions that contribute to pathological cellular phenotypes.

We demonstrate that isolated anatomical lung regions (airECM, aECM, VECM) present
unique proteomic signatures as compared to WECM derived from ND patients (Figure 2).
Between regions, airECM exhibited the most distinct ECM prolife from wECM, aECM, and
VECM, due to the inclusion of cartilaginous tissue from the upper airways, as indicated by
the enrichment of COL2A1, the primary collagen associated with cartilaginous tissues, as
well as an array of cartilage-associated proteoglycans, including ACAN, FMOD, and CHAD
(Figure 2c—f) [11,50,51]. Further, aECM displayed the most similar ECM composition
profile to WECM (Figure 2c—f), which is likely explained by the majority of the lung
surface area being occupied by alveolar space and because WECM samples were taken

from distal regions of the decellularized lung lobe [52]. Specifically, both aECM and
WECM were enriched in key basement membrane proteins, including COL4, HSPG2, NID1,
AGRN, and a range of laminins, as compared to airECM and VECM. While vVECM was

also composed of an increased proportion of basement-membrane associated proteins in
comparison to airECM (Supplemental Figure 5a), vECM was also characterized by an
increase proportion of blood vessel-associated proteins, including an increased amount of
FN1 and the proteoglycan VCAN, confirming successful isolation of vasculature regions
[53,54]. Taken together, post-decellularization dissection methods of ND lungs provided
reproducible and biologically relevant global proteomic ECM signatures for both wECM
and distinct anatomical regions. Notably, however, region specific ECM signatures did not
persist in either COPD and IPF conditions, with the exception of airECM, which was

still defined by an increased proportion of cartilage-associated collagens and proteoglycans
(Figure 3c—f, Figure 4c—f). The lack of diversity between WECM, aECM, and VECM may
in part be due to the spatial heterogeneity typical of both COPD and IPF pathology, where
only select areas within specific regions of patient lungs display emphysema or fibrosis,
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respectively. Additionally, analysis of diseased lungs for both COPD and IPF conditions in
this study were limited by the amount of available donor human samples.

As observed in previous proteomic studies of decellularized human lungs, we found

that the primary subunits of COL6 (COL6A1, COL6A2, COL6A3) were consistently
amongst the most abundant ECM proteins identified across all samples independent of
lung condition (Figure 2—-4) [17,23,30,31,55]. The abundance of COL6 subunits identified
by mass spectrometry may be in part due to binding of COL6 to COL1 as well as a variety
of elastin-interacting proteins [56-58]. However, despite the acknowledged prevalence of
COLS6 in the lung, its role in lung development, function, and pathology remains poorly
understood [37,59-61]. COLSG is known to be present within both the basement membrane
and interstitial matrix of the lung and has been demonstrated to connect these matrices as
well as interact directly with resident cells [55,62-64]. Further, COL6 deficiency has been
shown to lead to aberrant lung physiology and cellular homeostasis while also demonstrated
to be upregulated in COPD [37,65,66]. Therefore, the findings of this study corroborate
previous findings indicating the importance of further evaluating the role of COL6 in lung
physiology and disease progression

This study further sought to compare the differences in ND ECM composition to both
disease conditions, COPD and IPF, within wECM and individual anatomical regions
(aECM, airECM, VECM). We found, similar to previous proteomic studies of whole
decellularized COPD and IPF lungs, that there were far greater differences between ND
and IPF lungs than between ND and COPD lungs at the individual ECM protein level
independent of anatomical region [17,23]. Additionally, WECM and aECM regions had
the largest differences in ECM composition between ND and COPD or IPF lungs. We
observed, in both wECM and aECM, an increase in total collagen between ND and COPD
lungs (Figure 5c, Figure 6¢). Interestingly, an increase in total collagen in COPD lungs has
previously been shown in a proteomic study of native human lungs, where total collagen
accounted for 60% of the total ECM composition in COPD and IPF lungs as compared to
47% of the ND control group [67]. However, we also observed a decrease in total collagen
in IPF compared to ND lungs in both wECM and aECM (Figure 5c, Figure 6¢). As collagen
deposition, particularly within the alveolar space, is a hallmark trait of IPF, we expected

to see an increase in total collagen within IPF wECM and aECM samples. The lack of
enrichment of collagen in IPF samples may, in part, be due to incomplete solubilization of
dense fibrotic regions of the IPF lungs or due to collagen crosslinking preventing detection
via mass spectrometry.

However, despite the decrease in overall collagen in IPF lungs, we observed an increase

in COL3A1 in wECM and VECM (Figure 5d, Figure 8d). Previously, COL3A1 has

been identified as upregulated in IPF as demonstrated using proteomics of decellularized
whole IPF lungs, single-cell RNA sequencing showing an upregulation of COL3A1 by
myofibroblasts during IPF disease progression, and even recently as a potential serum
biomarker for progressive disease phenotypes in IPF patients [23,38,68]. As such, this study
corroborates the potential importance of COL3AL in IPF and, as such, further studies should
be performed on the impact of COL3AL1 in disease progression.
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The proportion of ECM glycoproteins within total ECM composition was also altered
between ND and disease groups, decreasing between ND and COPD lungs in wECM and
aECM, and increasing between ND and IPF in wECM. As ECM glycoproteins provide

a vast array of biochemical cues, through attaching glycosaminoglycans and directly
binding to cells, the alterations in ECM glycoproteins within disease conditions likely
has a significant impact on cell behavior and disease progression [19]. Within the ECM
glycoprotein category, we demonstrate an increase in fibulins (FBLN2 and FBLN3) in
IPF aECM, similar to previous studies demonstrating increased fibulin gene expression in
fibroblasts during progression of IPF.

While this study demonstrates novel characterization of region-specific lung ECM
composition in ND and diseases lungs, we acknowledge that the data presented is
dependent on several factors including the methods of decellularization, dissection, and
mass spectrometry analysis. In particular, we followed our group’s published Triton/SDC
decellularization protocol [18]. Similar to other methods, Triton/SDC decellularization has
previously been shown to lead to a decrease in lung elastin, which may in part account

for the minimal elastin identifications within our dataset [17,69]. In addition, we employed
an SDS-solubilization method for ECM proteins prior to mass spectrometry analysis, as
previously reported by our group and others [17,18,70,71]. Other methods, such as cyanogen
bromide (CNBr) digestion of insoluble proteins following our initial SDS digestion, may
have lead to an increase in the solubilization of some (COL1A1, COL1A2, FBN1), but not
all (elastin), larger insoluble ECM proteins as previously demonstrated [72]. However, given
the coverage of ECM proteins identified using our current protocols we are confident with
the methods utilized within this study.

In addition, this study employed dissection of decellularized lungs for the enrichment of
region-specific ECM at a macroscopic level in order to obtain samples for both proteomic
compositional characterization as well as the collection of biomaterials for future tissue
engineering the ex vivo culture applications. As such, follow-up studies that possess

greater spatial resolution at the microscopic level, notably laser capture microdissection
coupled mass spectrometry (LCM-MS), may provide additional information on region and
disease specific ECM composition [44,73]. Further, as both COPD and IPF are spatially
heterogenous lungs diseases, we acknowledge the limitation of patient samples (n=3 for both
COPD and IPF) within this study. While we did find that analysis of mass spectra using a
Hyp modification search parameter led to increased interpatient variability amongst fibrillar
collagens (particularly COL1, COL2, and COL3), we demonstrate that our standard analysis
(without Hyp modification search parameters) possessed minimal interpatient variability and
thus find our methods were suitable for this study. In summary, the methodology presented
within this study provide a novel and simple method for isolating specific decellularized
lung regions for advanced proteomics of the human lung ECM in non-diseased and

diseased lung conditions. We demonstrate that individual lung regions contain specific

ECM signatures at both the structural and biochemical ECM protein level. Further, we
demonstrate proteomic ECM differences between independent anatomical regions of ND,
COPD, and IPF lungs which could provide novel biotherapeutic targets as well as provide

a proteomic index for future studies. In addition, ECM powders acquired during the
processing of individual samples utilized in this study are amenable to future biomaterials
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studies, including the formation of region specific ECM-based 3D hydrogels for cell culture
[74,75].
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A ND

Ventral Airway Tree

Region-Enriched Fractions

Figure 1. Schematic of decellularized lung processing for mass spectrometry.
(A) H&E staining of native (non-decellularized) human patient lungs showing lung

morphology, including emphysematous regions in COPD patient lung and fibrotic regions
in IPF patient lungs. Representative image of decellularized normal lung on ventral (B)
and dorsal (C) side. Representative image of isolated airway (D) and vascular (E) trees.
(F) Liquid nitrogen milled ECM powders of whole decellularized lung ECM (WECM), as
well as ECM from alveolar-enriched (aECM), airway-enriched (airECM), and vasculature-
enriched (VECM) regions.
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Figure 2. Regional ND Human Lung ECM Composition.
WECM, airECM, aECM, and VECM samples were obtained from six individual ND

human lungs for proteomic analysis (n=6). (A) Schematic depicting samples utilized for
proteomic analysis. (B) PCA plot demonstrating similarity of ECM protein composition
amongst region-specific samples. Each data point represents the relative abundance (%)
of all individual ECM proteins (hormalized to abundance of total ECM composition
within each respective sample). (C) Heatmap of top 25 normalized ECM proteins across
all decellularized lung regions.(D) Ratio of mean basement membrane composition from
decellularized lung specific regions. (E) Comparison of normalized individual ECM
proteins across lung regions. Bars indicate mean +/— SEM, n=6 biological replicates;
*p<0.05, **p<0.01 using Dunn’s method. Statistical trends are identified if 0.05<p<0.1.
(F) Qualitative Venn diagram depicting differences in region-specific ECM composition of
pooled samples.
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Figure 3. Regional COPD Human Lung ECM Composition.
WECM, airECM, aECM, and VECM samples were obtained from three individual COPD

human lungs for proteomic analysis (n=3). (A) Schematic depicting samples utilized for
proteomic analysis. (B) PCA plot demonstrating similarity of ECM protein composition

amongst region-specific samples. Each data point represents the relative abundance (%)
of all individual ECM proteins (normalized to abundance of total ECM composition
within each respective sample).(C) Heatmap of top 25 normalized ECM proteins across
all decellularized lung regions. (D) Ratio of mean basement membrane composition
from decellularized lung specific regions. (E) Comparison of normalized individual ECM
proteins across lung regions. Bars indicate mean +/— SEM, n=3 biological replicates;
*p<0.05, **p<0.01 using Dunn’s method. Statistical trends are identified if 0.05<p<0.1.

(F) Qualitative Venn diagram depicting differences in region-specific ECM composition of

pooled samples.

Biomaterials. Author manuscript; available in PMC 2024 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hoffman et al.
IPF
Decellularized VECM
WwECM

;Ef aECM

=7 M 8
aireCM
7N

C Top 25 Matrisome Proteins
by Region

WECM VECM aECM airECM (%)

coLsa3

coLsat 5%
HSPG2
FN1
coL1a1
coLsaz
FBN1

ACAN 15
LAMAS
HAPLN1
coLanz
BGN
POSTN

coL1a2 10
LAMB2
TINAGL1
coLaat
ASPN
ToM2

oPT 5
LAMCt
aom
MFGES
0GN
DeN
0

21

aECM

aireCM

w

PC2 (19.38%)

D

PC1 (53.

wECM vECM

46%)

aECM

E Basement Membrane-Associated

% Matrisome

% Matrisome
aanN
oL O

oo
5

4
3

mmﬁiirﬁ ﬁ

> N & @

15

Page 22

Region
° @ =wECM

O =VvECM
@ =aECM
@ =airECM

Collagens
Laminins

Fibriling

=1 Fibronectin

3 ECMRegulators
B Proteogyicans

B ECM Glycoproteins
B Secreted Factors

COL4A1 LAMA3

artilage-Associated

007
007 20

o 15
10.
5

ol
COL2A1 ACAN

Blood Vessel-Associated and S

FMOD

il

PSS

Am CHAD

ecreted Factors

aECM Only

COL4A4, COL5A1, COL7A1, LAMA3,
LAMB1, LAMC2, MFAP2, MMP28

airECM Only

COL5A2, COLSAL, COL11A1, CLEC3A,

CLEC11A, HAPLN3, DMBT1

8 - 20 2.0¢ 1.0- 2.5
) M ) 1.5) o8| . 20
[ PO M
= 28 I 5. 1, o5 ﬂ it I:LI
; | 1R i 5
FN1 VCAN MFAP4 c10a c1a8
O =wECM O =VvECM QO =aECM @ =airECM
( .
VvECM Only VECM and airECM
C1QA, LOXL1, SERPINA3 COL2A1, CHAD, FMOD, ITIH6,
L SERPINE2, LUM
=

VECM and aECM
SFTPB

aECM and airECM
COL10A1, CXCL12, GDF10, LAGALS3,
SBSPON, SERPIND1

Figure 4. Regional IPF Human Lung ECM Composition.
WECM, airECM, aECM, and VECM samples were obtained from three individual IPF

human lungs for proteomic analysis (n=3). (A) Schematic depicting samples utilized for
proteomic analysis. (B) PCA plot demonstrating similarity of ECM protein composition
amongst region-specific samples. Each data point represents the relative abundance (%)

of all individual ECM proteins (normalized to abundance of total ECM composition
within each respective sample). (C) Heatmap of top 25 normalized ECM proteins across
all decellularized lung regions. (D) Ratio of mean basement membrane composition

from decellularized lung specific regions. (E) Comparison of normalized individual ECM
proteins across lung regions. Bars indicate mean +/— SEM, n=3 biological replicates;
*p<0.05, **p<0.01 using Dunn’s method. Statistical trends are identified if 0.05<p<0.1.
(F) Qualitative Venn diagram depicting differences in region-specific ECM composition of

pooled samples.
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Figure 5. ND vs. Diseased WECM Lung ECM Composition.
Proteomic analysis of WECM samples obtained from ND (n=6), COPD (n=3), and IPF (n=3)

decellularized patient lung lobes. (A) Schematic depicting samples utilized for proteomic
analysis. (B) PCA plot demonstrating similarity of WECM protein composition across lung
conditions. Each data point represents the relative abundance (%) of all individual WECM
proteins (normalized to abundance of total WECM composition) within each respective
sample.(C) Relative abundance (%) of wECM protein type (normalized to total WECM
composition within each respective sample) within each respective sample). (D) Comparison
of normalized individual WECM proteins across lung conditions. Bars in (C,D) indicate
mean +/— SEM; *p<0.05, **p<0.01 using Dunn’s method. Statistical trends are identified

if 0.05<p<0.1. (E) Qualitative Venn diagram depicting differences in WECM proteins of

pooled samples by condition.
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Figure 6. ND vs. Diseased aECM Lung ECM Composition.
Proteomic analysis of aECM samples obtained from ND (n=6), COPD (n=3), and IPF (n=3)

decellularized patient lung lobes. (A) Schematic depicting samples utilized for proteomic
analysis. (B) PCA plot demonstrating similarity of aECM protein composition across lung
conditions. Each data point represents the relative abundance (%) of all individual aECM
proteins (normalized to abundance of total aBECM composition) within each respective
sample.(C) Relative abundance (%) of aECM protein type (normalized to total aECM
composition within each respective sample) within each respective sample). (D) Comparison
of normalized individual aECM proteins across lung conditions. Bars in (C,D) indicate
mean +/— SEM; *p<0.05, **p<0.01 using Dunn’s method. Statistical trends are identified if
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0.05<p<0.1. (E) Qualitative Venn diagram depicting differences in aECM proteins of pooled
samples by condition.
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Figure 7. ND vs. Diseased airECM Lung ECM Composition.
Proteomic analysis of airECM samples obtained from ND (n=6), COPD (n=3), and IPF

(n=3) decellularized patient lung lobes. (A) Schematic depicting samples utilized for
proteomic analysis. (B) PCA plot demonstrating similarity of airECM protein composition
across lung conditions. Each data point represents the relative abundance (%) of all
individual airECM proteins (normalized to abundance of total airECM composition) within
each respective sample.(C) Relative abundance (%) of airECM protein type (normalized to
total airECM composition within each respective sample) within each respective sample).
(D) Comparison of normalized individual airECM proteins across lung conditions. Bars in
(C,D) indicate mean +/- SEM; *p<0.05, **p<0.01 using Dunn’s method. Statistical trends
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are identified if 0.05<p<0.1. (E) Qualitative Venn diagram depicting differences in airECM
proteins of pooled samples by condition.
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Figure 8. ND vs. Diseased VECM Lung ECM Composition.
Proteomic analysis of vECM samples obtained from ND (n=6), COPD (n=3), and IPF (n=3)

decellularized patient lung lobes. (A) Schematic depicting samples utilized for proteomic
analysis. (B) PCA plot demonstrating similarity of vVECM protein composition across lung
conditions. Each data point represents the relative abundance (%) of all individual vVECM
proteins (normalized to abundance of total VECM composition) within each respective
sample.(C) Relative abundance (%) of vVECM protein type (normalized to total VECM
composition within each respective sample) within each respective sample). (D) Comparison
of normalized individual vVECM proteins across lung conditions. Bars in (C,D) indicate
mean +/— SEM; *p<0.05, **p<0.01 using Dunn’s method. Statistical trends are identified if
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0.05<p<0.1. (E) Venn diagram depicting differences in vECM proteins of pooled samples by
condition.
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