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ABSTRACT

Decellularized lung scaffolds and hydrogels are increasingly being utilized in ex vivo lung bioengineering.
However, the lung is a regionally heterogenous organ with proximal and distal airway and vascular com-
partments of different structures and functions that may be altered as part of disease pathogenesis. We
previously described decellularized normal whole human lung extracellular matrix (ECM) glycosamino-
glycan (GAG) composition and functional ability to bind matrix-associated growth factors. We now de-
termine differential GAG composition and function in airway, vascular, and alveolar-enriched regions of
decellularized lungs obtained from normal, chronic obstructive pulmonary disease (COPD), and idiopathic
pulmonary fibrosis (IPF) patients. Significant differences were observed in heparan sulfate (HS), chon-
droitin sulfate (CS), and hyaluronic acid (HA) content and CS/HS compositions between both different
lung regions and between normal and diseased lungs. Surface plasmon resonance demonstrated that HS
and CS from decellularized normal and COPD lungs similarly bound fibroblast growth factor 2, but that
binding was decreased in decellularized IPF lungs. Binding of transforming growth factor 8 to CS was
similar in all three groups but binding to HS was decreased in IPF compared to normal and COPD lungs.
In addition, cytokines dissociate faster from the IPF GAGs than their counterparts. The differences in cy-
tokine binding features of IPF GAGs may result from different disaccharide compositions. The purified HS
from IPF lung is less sulfated than that from other lungs, and the CS from IPF contains more 6-O-sulfated
disaccharide. These observations provide further information for understanding functional roles of ECM
GAGs in lung function and disease.

Statement of significance

Lung transplantation remains limited due to donor organ availability and need for life-long immunosup-
pressive medication. One solution, the ex vivo bioengineering of lungs via de- and recellularization has
not yet led to a fully functional organ. Notably, the role of glycosaminoglycans (GAGs) remaining in de-
cellularized lung scaffolds is poorly understood despite their important effects on cell behaviors. We have
previously investigated residual GAG content of native and decellularized lungs and their respective func-
tionality, and role during scaffold recellularization. We now present a detailed characterization of GAG
and GAG chain content and function in different anatomical regions of normal diseased human lungs.
These are novel and important observations that further expand knowledge about functional GAG roles
in lung biology and disease.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Decellularized lungs and materials derived from these, includ-
ing hydrogels and bioinks, are increasingly being utilized in stud-
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allow sophisticated study of the influence of the extracellular ma-
trix (ECM) on cell behaviors. Accordingly, it is important to un-
derstand regional and disease-related variation in ECM proteins
as well as glycosaminoglycans (GAGs) and proteoglycans (PGs) re-
maining in the decellularized lungs [1-3]. As demonstrated by
a number of groups, GAGs in particular play important roles in
ECM homeostasis and normal repair processes and help direct ECM
assembly, organization, and remodeling during [4,5]. GAGs fur-
ther facilitate cell-ECM interactions by direct interaction with cell
membrane receptors, sequestration and presentation of bioactive
molecules such as growth factors, and as anchor sites for cells to
recognize or attach to the local ECM architecture [6-10]. Further,
lung ECM GAGs significantly affect behavior and proper function-
ing of the cells seeded directly into the decellularized lungs or into
derivative gels produced from them [11-13].

The lung is a heterogenous organ, with structural and ECM
compositional differences between anatomical regions which criti-
cally contribute to different regional functions. Further, as demon-
strated by us and others, ECM GAG content and distribution can
be significantly altered in lung diseases such as chronic obstruc-
tive pulmonary disease (COPD) and idiopathic pulmonary fibro-
sis (IPF) [2,11,12]. However, the regional GAG content, distribution,
and function in decellularized normal as well as COPD and IPF
lungs remains poorly understood. Better understanding of this will
provide further insights into lung disease pathogenesis and provide
potential new therapeutic approaches.

We have previously systematically assessed GAG content and
function in whole decellularized human lungs obtained from au-
topsy [2]. This included lungs from patients with no history or
clinical evidence of lung disease as well as lungs from patients
with documented COPD. We have also recently profiled the ECM
protein composition in the airways, alveolar-enriched regions, and
vasculature of decellularized normal, COPD, and IPF lungs and have
found notable differences between both regions and between nor-
mal and diseased lungs [14]. We have now analyzed materials ob-
tained from these same lungs to better understand the distribu-
tion of ECM GAGs in different anatomical regions and to further
assess disease-related changes in distribution and function. Signif-
icant differences in content and distribution of major GAGs as well
as in specific disaccharide composition in these classes were ob-
served between different anatomic regions and between normal
and diseased lungs, particularly IPF lungs. Surface plasmon reso-
nance (SPR) demonstrated significant differences in ability of HS
and CS in IPF lungs to bind fibroblast growth factor 2 (FGF2) and
of HS to bind transforming growth factor 8 (TGFS1) compared to
normal and COPD lungs. These data further define the roles of ECM
GAGs in lung biology and disease and offer new mechanistic stud-
ies and potential therapeutic avenues.

2. Materials and methods
2.1. Human lungs

Human lungs were obtained from the University of Vermont
(UVM) autopsy services under appropriate institutional guidelines.
Lungs were categorized into those from lifelong non-smokers, for-
mer or current smokers, patients with clinical and/or radiographic
COPD, or patients with clinical and/or idiopathic pulmonary fi-
brosis based on available medical records. These same lungs have
been previously analyzed by mass spectrometry for determination
of protein composition [14].

2.2. Reagents

Unsaturated disaccharide standards of CS (AUA-GalNAc; AUA-
GalNAc4S; AUA-GalNAc6S; AUA2S-GalNAc; AUA2S-Gal-NAc4S;
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AUA2S-GalNAc6S; AUA-GalNAc4S6S; AUA2S-GalNAc4S6S), unsat-
urated disaccharide standards of HS (AUA-GIcNAc; AUA-GICNS;
AUA-GIcNAc6S; AUA2S-GIcNAc; AUA2S-GIcNS;  AUA-GICNS6S;
AUA2S-GIcNAC6S; AUA2S-GIcNS6S), and unsaturated disaccharide
standard of HA (AUA-GIcNAc), where AUA is 4-deoxy-o-L-threo-
hex-4-enopyranosyluronic acid, were purchased from Iduron (UK).
Actinase E was obtained from Kaken Biochemicals (Japan). Chon-
droitin lyase ABC from Proteus vulgaris was expressed in our labo-
ratory. Recombinant Flavobacterial heparin lyases I, II, and III were
expressed in our laboratory using Escherichia coli strains provided
by Jian Liu (College of Pharmacy, University of North Carolina). 2-
Aminoacridone (AMAC), sodium cyanoborohydride were obtained
from Sigma-Aldrich (St. Louis, MO, USA). All solvents were HPLC
grade. FGF2, recombinant human TGF 81 were obtained from R&D
Systems, Bio-Techne. Actinase E was obtained from Kaken Bio-
chemicals (Japan). Chondroitin lyase ABC from Proteus vulgaris was
expressed in our laboratory. Recombinant Flavobacterial heparin
lyases 1, II, and Il were expressed in our laboratory using E. coli
strains provided by Jian Liu (College of Pharmacy, University of
North Carolina). Sensor SA chips were from GE Healthcare (Upp-
sala, Sweden).

2.3. Decellularization

Human lungs were decellularized using a combined perfusion
and physical approach we have developed [15,16]. Individual lobes
were separated from one another prior to decellularization. Decel-
lularization fluids were instilled at a flow rate of 2 L/min which we
have determined to maximize instillation of decellularization fluids
and minimize tissue damage [15]. On day 1 of the decellulariza-
tion protocol, the lungs are rinsed with 8 L of de-ionized (DI) wa-
ter containing 500 IU/mL Penicillin/500 ug/mL Streptomycin (5X
pen/strep) (Lonza) through both the lobar main stem bronchus and
the major vascular arterial supplies to each respective lobe. Next,
4L of 0.1% Triton-X (Sigma) and 5X pen/strep in DI water is in-
fused through airway and vascular ports. Lobes are submerged in
Triton-X solution and incubated on a shaker table for 24 h at 4°C.
On day 2, the lungs are removed from Triton-X and rinsed with 8L
of DI water and 5X pen/strep as previously described. Four liters of
2% sodium deoxycholate (SDC, Sigma) and 100 IU/mL Penicillin/100
ug/mL Streptomycin (1X pen/strep) in DI water was then instilled
as previously described for day 1. Lungs are incubated in SDC and
placed on a shaker table for 24 h at 4°C. The next day, lungs are
removed from the SDC solution and rinsed with 8L of DI water and
pen/strep. 4 L of 1 M NaCl (USB) and 5X pen/strep in DI water is
instilled into the lung. The lungs are then incubated in the NaCl
solution and placed on a shaker table for 1 h at room temperature
(~25°C). Lungs are removed from the NaCl solution, rinsed with
8 L of DI water and penstrep, and then instilled with 4 L of 30
pg/mL porcine pancreatic DNase (Sigma), 2 mM CaCl, (Sigma), 1.3
mM MgS0O, (Sigma), and 5X pen/strep in DI water and incubated
on a shaker table for 1 h at room temperature. The lungs are re-
moved from the DNase solution, rinsed with 8 L of DI water and
pen/strep, and then infused with 4 L of 0.1% peracetic acid (Sigma)
in 4% ethanol solution and incubated on a shaker table for 2 h at
room temperature. Finally, lungs are removed from the peracetic
acid solution and rinsed with 12-15 L of a 5X pen/strep, 50 mg/L
gentamicin (Cellgro), 2.5 ug/mL Amphotericin B (Cellgro) in 1X PBS
solution (storage solution) as described for the pen/strep DI water
rinses. Lungs are stored in storage solution at 4°C until needed.

Decellularization efficiency is assessed by measurement of
residual double-stranded DNA (dsDNA) and by hematoxylin and
eosin (H&E) staining, as previously described [14-16]. In brief, na-
tive and decellularized lung fragments (~1 mm?) are excised from
the distal portion of the lung, fixed in 4% paraformaldehyde, and
mounted as 5 pm sections for H&E staining. Quantitative dsDNA



E. Hoffman, Y. Song, F. Zhang et al.

quantification of lyophilized native and decellularized lung samples
is performed using DNeasy Blood & Tissue Kit (Qiagen) and Quan-
tiT PicoGreen dsDNA Assay Kit (Thermo) according to the manu-
facturer’s protocols. Qualitative assessment of any potential resid-
ual dsDNA is performed by gel electrophoresis on an 0.8% agarose
gel labelled with STBR Safe DNA Gel stain (Thermo) [15,16].

For preparing regional anatomic samples, whole decellularized
lung lobes were manually dissected to remove airway and vascula-
ture trees. 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 air-
ways towards the most distal tips of airway trees. As expected, de-
cellularized vascular tissue remained in close proximity to the air-
way regions during the dissection process, yet differed in color and
elasticity, making it simple to identify and remove from the airway.
Airway samples between ~1-5 mm were taken for further process-
ing (~airway generations 2-16) [14]. Alveolar-enriched tissue was
identified as the distal tips of the small branching airways < 1
mm (~airway generations 17-23). Isolated samples were grouped
as whole lung (i.e., non-dissected fractions obtained from the ven-
tral portion of the lung and containing all regions), airways, vas-
culature, 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 des-
ignated bulk (whole) lung ECM (WECM), airway ECM (airECM), vas-
culature ECM (VECM), or alveolar-enriched ECM (aECM) and stored
at -20°C until future use.

2.4. Characterization of specific anionic GAGs and disaccharide
composition in decellularized lungs

Decellularized lung tissue powders were proteolyzed at 55 °C
with 20-mg/mL actinase E (total amount of actinase E: sample
(wf/w) = 0.8:1) for 24 h and followed by actinase E deactiva-
tion at 100 ©C for 30 min. The volume of the above solution was
recorded for each sample, and the amount of solution containing
1 mg of sample was transferred to a 10-kDa molecular weight cut
off (MWCO) spin tube. Equal volume of 4% aqueous CHAPS solu-
tion was added and mixed with the solution in the filter of the
spin tube. The filter unit was washed three times with 400 uL
distilled water and then added with 300-puL digestion buffer (50
mM NH4HCO3 containing 2 mM CaCl, adjusted to pH 7.0). Recom-
binant heparin lyase [, II, IIl (pH optima 7.0—7.5) and recombinant
chondroitin lyase ABC (pH optimum 7.4, 10 mU each) were added
to each filter unit containing sample and mixed well. The samples
were all incubated at 37°C for 24 h. The enzymatic digestion was
terminated by ultrafiltration through the 10-kDa spin tube. The
filtrate was collected, and the filter unit was washed twice with
200 uL distilled water. All the filtrates containing the disaccha-
ride products were combined and dried via freeze dry. The liquid
samples were washed three times with 400 L distilled water in
10-kDa spin tube, and then digested as mentioned above [17,18]
The dried samples were AMAC-labeled by adding 10 uL of 0.1 M
AMAC in dimethyl sulfoxide/acetic acid (17/3, v/v) incubating at
room temperature for 10 min, followed by adding 10 uL of 1 M
aqueous sodium cyanoborohydride and incubating for 1 h at 45°C.
A mixture containing all 17-disaccharide standards prepared at 0.5
ng/uL was similarly AMAC-labeled and used for each run as an
external standard. After the AMAC-labeling reaction, the samples
were centrifuged, and each supernatant was recovered.

Liquid chromatography-mass spectrometry (LC-MS) was per-
formed on an Agilent 1200 LC system at 45°C using an Agilent
Poroshell 120 ECC18 (2.7 um, 3.0 x 50 mm) column. Mobile phase
A (MPA) was 50 mM ammonium acetate aqueous solution, and
the mobile phase B (MPB) was methanol. The mobile phase passed
through the column at a flow rate of 300 pL/min. The gradient was

390

Acta Biomaterialia 168 (2023) 388-399

0-10 min, 5-45% B; 10-10.2 min, 45-100%B; 10.2-14 min, 100% B;
14-22 min, 100-5% B. Injection volume is 5 uL. A triple quadrupole
mass spectrometry system equipped with an ESI source (Thermo
Fisher Scientific, San Jose, CA) was used a detector. The online MS
analysis was at the Multiple Reaction Monitoring (MRM) mode. MS
parameters: negative ionization mode with a spray voltage of 3000
V, a vaporizer temperature of 300°C, and a capillary temperature of
270°C.

2.5. Purification of lung GAGs and binding of representative
matrix-associated growth factors by competitive interaction using SPR

For the SPR analyses, two additional normal and COPD lungs
were processed (Table 1B). HS or CS from normal or COPD sam-
ples was prepared from 250 mg of combined dried tissue powder.
For IPF samples, 350 mg dried tissue powder of the same lungs
utilized for the above studies was used for either HS or CS prepa-
ration. Powder samples were proteolyzed at 55°C with 20-mg/mL
actinase E (total amount of actinase E: sample (w/w) = 0.8:1) for
24 h and followed by actinase E deactivation at 100°C for 30 min
and then centrifuged at 4000 x g for 30 min. The supernatant was
transferred into a 10-kDa molecular weight cut off (MWCO) spin
tube and concentrated through centrifugation. The concentrated
solution was recovered from the filter. Nine times volume of ace-
tone was added to the solution to precipitate the glycans. The pre-
cipitates were further dissolved in H,O and washed through ultra-
filtration using spin filters. For the HS preparation, the recombinant
chondroitin lyase ABC (pH optimum 7.4, 2 U each) were added
to each filter. For the CS preparation, recombinant heparin lyase
I, II, I (pH optima 7.0—7.5, 2 U each) were added to each filter
unit containing sample and mixed well. The samples were all in-
cubated at 37°C for 24 h. The enzymatic digestion was terminated
by ultrafiltration through the 10-kDa spin tube. The crude GAG was
recovered from the filter and lyophilized. The lyophilized samples
were dissolved in 400 pL of a solution of denaturing buffer (8 M
urea containing 2% wt. 3[(3- cholamidopropyl)dimethylammonio]-
1-propanesulfonate (CHAPS)), bound to Vivapure Q Mini H spin
column, washed twice with 400 pL of denaturing buffer and
washed three times with 400 puL of 0.2 M NaCl. The GAG com-
ponents were then eluted from the spin column with three 400
uL volumes of 16% NaCl. The released GAGs are collected by ultra-
filtration through a 10-kDa molecular weight cut off (MWCO) spin
tube. The filter unit was washed twice with 400 L of distilled wa-
ter to remove salt. The GAGs were collected from the filter unit and
lyophilized. The purified HS and CS were subjected to dp2 analysis
as mentioned above.

The purified HS and CS from different kinds of lung sam-
ples was biotinylated by conjugating to amine-PEG3-Biotin (Pierce,
Rockford, IL). In brief, 0.5 mg of HS/CS and amine-PEG3-Biotin (0.5
mg, Pierce, Rockford, IL) were dissolved in 100 pL H,0, 2.5 mg
NaCNBH3; was added. The reaction mixture was heated at 70°C
for 24 h, after that a further 2.5 mg NaCNBH3; was added, and
the reaction was heated at 70°C for another 24 h. After cooling to
room temperature, the mixture was desalted with the spin column
(3,000 MWCO). Biotinylated GAGs were collected, freeze-dried, and
used for SA chip preparation. The biotinylated GAGs were immobi-
lized to streptavidin (SA) chip based on the manufacturer’s pro-
tocol. The successful immobilization of heparin was confirmed by
the observation of a >200 resonance unit (RU) increase on the sen-
sor chip. The control flow cell (FC1) was prepared by 1 min injec-
tion with saturated biotin. The commercial heparin was biotiny-
lated and immobilized in the same way as HS and CS and serve as
reference.

Protein samples were diluted in HBS-EP buffer (0.01 M 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.15 M
NaCl, 3 mM ethylenediaminetetraacetic acid (EDTA), 0.005% sur-
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Table 1A

Lungs utilized for GAG compositional analyses.

Acta Biomaterialia 168 (2023) 388-399

Patient ID Lung Designation Age  Sex  Pulmonary History Smoking History
ND1 Non-diseased 42 M None Ex-smoker, quit 4 years prior to death
ND2 Non-diseased 73 M None Ex-smoker, quit 49 years prior to death
ND3 Non-diseased 80 M None Ex-smoker, quit 36 years prior to death
ND4 Non-diseased 64 F None Ex-smoker, quit 20 years prior to death
ND5 Non-diseased 60 F None Lifelong non-smoker
ND6 Non-diseased 84 F Acute lobar pneumonia at time of death Lifelong non-smoker
(non-involved lobe used)
COPD1 COPD 75 M Centroacinar emphysema Ex-smoker, quit 36 years prior to death
COPD2 COPD 61 M Respiratory bronchiolitis on chest CT Ex-smoker, quit 2 years prior to death
COPD3 COPD 57 M Centroacinar emphysema Current smoker, 1 pack per day
IPF1 IPF 79 M Acute IPF exacerbation; Unclassified interstitial Ex-smoker, quit 27 years prior to death
fibrosis; Areas of honeycombing
IPF2 IPF 84 M Acute IPF exacerbation; Usual interstitial Lifelong non-smoker
pneumonia (UIP) and honeycombing
IPF3 IPF 67 M Hypoxic respiratory failure; Usual interstitial Ex-smoker, quit 49 years prior to death
pneumonia and honeycombing
IPF4 IPF 652 F Usual interstitial pneumonia (UIP) Ex-smoker, quit 33 years prior to death
Patient Condition Mean Age St. Dev. Age
Non-Diseased/Remote Smoker 62.25 16.21948
COPD 60 12.08305
IPF 73.75 9.215024

factant P20, pH 7.4,) to measure interaction between GAGs and cy-
tokine using SPR [2,19]. Different dilutions of protein samples were
injected at a flow rate of 30 pL/min. At the end of the sample
injection, the same buffer was flowed over the sensor surface to
facilitate dissociation. After a 3 min dissociation time, the sensor
surface was regenerated by injecting with 30 pL of 2 M NaCl to
get a fully regenerated surface. The response was monitored as a
function of time (sensorgram) at 25°C. The kinetics was calculated
using Biacore T200 Evaluation Software 3.2.

2.6. Statistical analyses

Data is displayed as mean + standard deviation (SD) or box
plots with whiskers (Tukey). GAG quantification data is shown as
paired plots matching native and decellularized tissue from each
lung. The analytical variability for GAG disaccharide analysis is <3%
[17,18]. Comparison between control and experimental conditions
was done by one sample t-test against a fixed value, Students’ t-
test, or Two-way ANOVA with post-hoc Tukey’s multiple compar-
isons test. Results were considered significant at p<0.05.

3. Results

For the lungs obtained at autopsy, individual patient demo-
graphics are depicted in Table 1. Data from Table 1A has been pre-
viously presented as supplemental information in a manuscript de-
scribing proteomic analyses of these same lungs [14]. IPF patients
were older than either those with normal/remote smoking patients
or those with COPD (74 + 9, 62 £+ 16 and 60 + 12, respectively).
The normal/remote smoking group was 62.5% female with COPD
and IPF groups at 100% and 75% male, respectively.

3.1. GAG composition varies between anatomic region and by disease
state

A schematic detailing the experimental procedures and desig-
nation of the lung anatomical region studies is depicted in Fig. 1.
Confirmation of adequate decellularization is shown in Supplemen-
tal Fig. 1A and has also been presented in a previous manuscript
[14]. For subsequent analyses of GAG content and function, non-
smokers with no history of lung disease and remote smokers were
combined into a single group. The total GAG content segregated
by region and disease process is depicted in Fig. 2 with raw data
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shown in Supplemental Tables 1-3. These results demonstrate sim-
ilar amounts of total GAGs in bulk lung for all three conditions.
However, significantly lower amount of total GAGs was observed
in the airway compartment of IPF lungs and a trend towards lower
amounts was noted in the distal airway/alveolar-enriched and vas-
cular compartments of lungs from COPD and IPF patients com-
pared to those with normal lungs. Comparisons between regions
in each group demonstrated that total GAG amountswere higher
in airways compared to other compartments, regardless whether
lungs were normal or from patients with either COPD or IPF.

The total content and relative percent composition of the ma-
jor GAG classes, HS, CS, and HA segregated by region and disease
process is depicted in Fig. 3 with raw data shown in Supplemental
Tables 1-3. Total HS was significantly lower in the bulk and vas-
culature groups of IPF lungs compared to normal or COPD lungs
with a trend towards lower amounts in airway and alveolar re-
gions (Fig. 3A,B). There was a trend towards lower total HS in all
regions of COPD lung compared to normal lungs. Comparisons be-
tween regions demonstrated significantly lower total HS in airways
of normal and COPD lungs and a trend towards lower amounts in
IPF lungs compared to the other regions. The percent HS declined
in airways in all groups compared to other regions and vascula-
ture HS percents were lower compared to bulk in normal lungs.
In contrast, total CS was higher in the airways compartment com-
pared to bulk and the other compartments in normal lungs with a
trend towards decrease in COPD and IPF lungs (Fig. 3C). However,
there was more variability of total CS in airways compared to the
other compartments. Comparisons between regions in each group
demonstrated that the percent CS was similarly higher in airways
in normal and COPD lungs as well as in IPF lungs (Fig. 3D). Total
HA was comparably higher in the airways of normal, COPD, and IPF
lungs compared to other regions. The airways compartment of IPF
has the highest HA percent compared to that of normal and COPD
lungs (Fig. 3E,F).

3.2. HS and CS disaccharide composition varies between anatomic
regions

The comparative and relative HS and CS disaccharide compo-
sitions classified by region are depicted in Fig. 4. The acronyms
associated with each HS and CS composition are defined in Sup-
plemental Table 4 and raw data for each individual specimen is
displayed in Supplemental Tables 5-10. The t-test statistics were
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Non-Diseased
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Decell

Region-Enriched Fractions

Fig. 1. Schematic of decellularization and lung dissection. (A) H&E staining of representative native (non-decellularized) and decellularized sections from patients with
non/remote smokers with no history of lung disease (non-diseased), COPD, or IPF. Scale bar = 10um. (B-F) Stepwise procedure of dissecting decellularized lungs to obtain
ECM powder from each anatomical lung region. Whole decellularized lungs (B,C) were dissected to isolate airway and vasculature trees (D,E) and alveolar-enriched regions
were obtained from the distal tips of the airway trees (D, green boxes). Isolated lungs regions were subsequently lyophilized and milled into a fine powder for downstream
analysis (F). WECM = whole lung ECM, aECM = alveolar-enriched ECM, airECM = airway ECM, VECM = vascular ECM.

performed by using the average values of the specimens from
the same region and disease state. A significant lower amount
of the HS-associated non-sulfated disaccharide, AUA-GIcNAc (0S),
was observed in airways when compared to the other regions, as
shown in Fig. 4C. Conversely, both the HS and CS were associated
with higher amounts of 6-sulfated disaccharides, while the CS-
associated 4-sulfated disaccharide, AUA-GaINAc-4S (4S), was lower
in airways. Additionally, the average percentage of HS TriS disac-
charides was increased in IPF lungs when the average values from
the four regions were included in the t-test (not shown in the fig-
ure).

3.3. Disaccharide composition of purified HS and CS for SPR chip
preparation

The disaccharide composition of the purified HS and CS used in
the SPR assay was analyzed and depicted in Fig. 5. In bulk lungs,
the proportion of highly sulfated HS building blocks (TriS, NS6S,
NS2S) followed a pattern of normal > COPD > IPF. Conversely, the
proportion of non-sulfated HS followed a pattern of IPF > COPD
> normal lung. Additionally, IPF lungs had a higher proportion of
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6-O-sulfated CS compared to both normal and COPD lungs. The
sulfation level of the purified HS from various disease-state lungs
exhibited a different pattern compared to that seen in the origi-
nal, unprocessed specimens. The purified HS from IPF lungs had a
lower proportion of sulfated dp2, which will be further discussed
in the discussion section.

3.4. Decellularized IPF lung ECM GAGs are less able to bind
matrix-associated growth factor binding compared to normal or
COPD lungs

Matrix-associated growth factor binding to and activation by
GAGs is dependent on the GAG chain disaccharide composition. We
have previously found that decellularization decreases the ability
of GAGs remaining in the ECM to bind matrix-associated growth
factors FGF2 and TGFpB [2]. As specific GAGs were decreased and/or
proportionally changed depending on anatomical region or on dis-
ease state, it was important to further determine whether their
ability to bind matrix-associated growth factors was altered, par-
ticularly in disease. Comparative SPR studies were therefore per-
formed in lungs obtained from normal/former smoker, COPD, and
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Table 1B
Additional lungs utilized for SPR analyses.

Patient ID Lung Designation Age Sex Pulmonary History Smoking History

ND7 Non-diseased 54 M None Ex-smoker, quit 34 years prior to death
ND8 Non-diseased 41 M None Lifelong non-smoker

COPD4 COPD 42 M COPD Ex-smoker, quit 4 years prior to death
COPD5 COPD 65 M Centrilobular and distal emphysema Current smoker

IPF patients to assess whether binding of these growth factors dif-
fered by disease. For these studies, only bulk lung samples (in-
formation of the normal and COPD specimens was provided in
Table 1B, IPF group used the bulk specimens from Table 1 A) were
utilized as the amount of available regional materials was limiting.
Sensorgrams of cytokine-GAG interaction are shown in Fig. 6. A 1:1
binding model was applied to fitting the curves and the kinetics of
cytokine-GAG interaction are shown in Table 2A, B. Heparin was
used as reference for both FGF2 and TGFA1 binding.

In summary, the HS has a higher affinity for FGF2 than for TGF-
B1, which aligns with the characteristics of heparin (as seen in
Table 2 A, B). Kinetic analysis of FGF2 interactions with IPF GAGs
showed that IPF HS and CS have a lower affinity (k,) but a higher
rate of dissociation (k) and overall dissociation constant (Kp) com-
pared to HS and CS from normal and COPD lungs. This suggests
that compared to HS and CS from normal and COPD lungs, HS and
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CS from IPF lungs bind to FGF2 more slowly but disassociate faster,
leading to a weaker overall interaction.

Top of Form

In contrast to the FGF2 interactions, the overall affinity between
TGF-B1 and lung HS is weaker than that between TGF-81 and lung
CS. The binding of TGF-B1 to HS was increased in IPF lungs com-
pared to normal and COPD lungs, while binding to CS was com-
parable across all three groups. Although the IPF CS demonstrated
a higher rate of dissociation (kq) in TGF-81 binding compared to
the other two groups, the overall dissociation constant (Kp) did not
show a significant increase due to the increased affinity (k,) value.

Overall, the kinetic data shows that CS from IPF lungs has a
faster rate of dissociation from both FGF2 and TGF-B1 compared
to normal or COPD lungs. This means that the interaction time be-
tween IPF CS and cytokines is short. The differences in GAG com-
position between normal and diseased lungs may play a signifi-



E. Hoffman, Y. Song, F. Zhang et al.

A Total HS

* * %k kK
2000

1600

Total HS (ng/mg)
5] 3
g8 8

W
&~ &
o B

B = Non-smoker

Acta Biomaterialia 168 (2023) 388-399

Percent HS

80

Percent HS (%)
» (2]
o o

N
o

S
W
&

[ = COPD/Smoker O =PF

Percent HS COPD/Smoker

& &

Ny
’b"oo
X'

Percent HS IPF

Total HS Non-smoker  Total HS COPD/Smoker Total HS IPF Percent HS Non-smoker
S0 = _ 1500- _ 600: %
? H £ £ =6
£ 150 2 1000 2 00 - Lo 2
2 = = g b L
@ 100 2 2 2 Z 30 H
S 600 S 200 E £ 8
= s s 2 g 20
g 500 e ° g Ew &
0 o 0
S o F A S e
& & S o 4 o S @ &
K &y PO
& <o 0\,0“ < K
C TotalCS D PercentCS s
Kk Kk *
20000 Kk 100 T |
_ ~ 80
g 15000: g
@ 10000 £
o g 40
g 5000 g 20
0 0
s & o @ S &S o @
& o & & < « & &y“’
Na oS N
> R\g N
& &
Total CS Non-smoker Total CS COPD/Smoker Total CS IPF Percent CS Non-smoker  Percent G5 GOPD/Smoker Percent CS IPF
— - 600
5 20 _ 20000 H
5 p
£ 15000 £ 15000 2 00 o S g
£ £ -4 g w g
g 10000- lé) 10000- % 200 g P 2
5000 B 500 §
L L . H i
M < o
% M S
F oS v o . ,\f‘:,f s
> & Py
Total HA F Percent HA
*k
1500
60 * %
g
% 1000: 2
£ <
< -
= 500 g
2 g 20
k= o
g o
N ) & @ 7
@ & & \'i@ 0&* é"b* Oo\‘b ‘9@
M N & + 5 Ky
\?”
o\o}? 3 \9@* «F
Q
“Total HA'Non:emoker: Total HA COPD/Smoker Total HA IPF Percent HA Non-smoker Percent HA COPD/Smoker Percent HA IPF
= . 1500 \ . 20- 60-
500 S E‘ e 5 g 1 g
ix s 3o
3 Z H 5 5
I 400 - I 2 20
3 0 2 E £ & &
H & H
o D o o
S e & SN & @ & o &S © & ° &S @
o ’J»‘" & \s.;‘ &S & Wj o & ?"‘,\‘“Oﬁ) S @e‘i\* -
K & \‘@* 3 o W 4 O
< o & &F ¢
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Table 2A

Kinetic data of FGF2- lung GAG interactions (1:1 binding model)*.
Interaction ka (1/MS) kq (1/S) Kp (M)
FGF2-HS normal 2.9x10% (£5.0x10?) 1.9x 1073 (£3.9x1079) 6.7x10°8
FGF2-HS COPD 2.3x10% (£3.9x10?) 7.2x 107 (£3.8x107°) 3.2x10°8
FGF2-HS IPF 6.7x103 (£1.2x102) 3.5x 1073 (£4.1x1075) 5.2x1077
FGF2-CS normal 9.7x10% (£1.1x10?%) 5.8x 1073 (£3.5x1077) 6.0x1077
FGF2-CS COPD 9.7x103% (£0.6x10?) 6.4x 1073 (£2.0x107°) 6.6x107
FGF2-CS IPF 3.1x10% (£0.5x10?) 1.2x 1072 (£7.0x107°) 3.7x10°¢
FGF2-heparin 9.9x105 (£ 2.7x10%) 8.2x 1075 (+ 1.9x10-6) 8.3x10-11

Table 2B

Kinetic data of TGF-#1 - lung GAG interactions (1:1 binding model)*.
Interaction ka (1/MS) kq (1/S) Kp (M)
TGF-B1 -HS normal 43x103 (£ 2.0x102) 0.10 (£1.2x10-3) 2.4x1075
TGF-$1 -HS COPD 3.4x103 (+ 1.2x102) 8.5x1072 (£ 7.5x1074) 2.5x1075
TGF-f$1 -HS IPF 1.8x10% (£ 1.4x10%) 0.14 (£9.5x1073) 8.0x10°6
TGF-$1 -CS normal 8.5x10% (+ 2.0x10?) 6.7x1072 (+ 1.5x107%) 7.9x1077
TGF-$1 -CS COPD 1.4x10% (+ 2.5x10%) 5.8x1072 (4 3.3x107%) 4.1x1077
TGF-$1 -CS IPF 3.0x10° (+ 1.9x10%) 0.16 (£7.4x1073) 5.4x1077
TGF-B1 -heparin 1.9x106 (£2.6x10%) 32x 1072 (£3.2x1074) 1.7x10-8

*The data with (&) in parentheses are the standard deviations (SD) from fitting of five to seven different concentration

of FGF2 or TGF-f1 injections.

cant role in affecting their cytokine binding properties. It's worth
noting that the purified HS from IPF lungs has a lower sulfation
level, while the CS has a higher sulfation level at the 6-O position,
which may contribute to the faster dissociation of cytokines from
IPF GAGs.

4. Discussion

GAGs are increasingly recognized to play important roles in nor-
mal lung homeostasis and in lung disease pathogenesis (2,3,11-13).
However, there remains only limited knowledge about the func-
tional roles of individual GAGs and their disaccharide compositions
in specific lung diseases (11-13). Further available data has mostly
evaluated GAG composition in intact lungs in which cell-associated
GAGs can obscure the roles and functions of ECM-associated GAGs.
To better understand the role of ECM in lung homeostasis and dis-
ease, decellularized lungs and materials derived from them are in-
creasingly utilized in lung regenerative medicine and engineering
applications. However, while total GAGs have long been recognized
to decrease after decellularization, to date there is only limited as-
sessment of individual GAG composition and potential correlative
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functional effects in the decellularized scaffolds [2]. Further, anal-
yses to date have been done utilizing whole lung samples and po-
tential differences between GAG composition in anatomic compart-
ments such as airways, vascular, and alveoli are less well character-
ized. This also includes limited assessment in diseased lungs where
it has been previously been demonstrated that decellularized COPD
as well as IPF lungs scaffolds differently affects behavior of inocu-
lated cells compared to decellularized non-diseased lung matrices
[16,21-23]. However, the mechanisms for those effects still need to
be elucidated.

Qualitative decrease in total lung GAG content with decellular-
ization has previously been demonstrated utilizing Alcian blue his-
tologic staining or by quantification of sulfated GAGs in decellu-
larized lung homogenates [15,16,20]. We had further demonstrated
quantitative decreases in the in total GAGs, the major GAG classes
HS, CS/DS, and HA, and in selected GAG disaccharides and sulfation
patterns following decellularization of whole (bulk) normal and
COPD lungs [2]. No influence of smoking status, disease state, age,
gender, or time to autopsy before tissue curation and subsequent
decellularization was observed in that study although the number
of samples was limited. Further, GAGs isolated from the decellu-
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larized normal whole lungs were less able to bind key matrix-
associated growth factors, TGFB1, FGF2, and hepatocyte growth
factor (HGF), each of which plays significant roles in cell lung be-
haviors, [9,10,24-28]. This provided strong and unique evidence
that GAGs are both selectively depleted and functionally altered in
decellularized human lungs and materials derived from them.

We have now found differential GAG content between anatomic
compartments in both normal and diseased decellularized lungs
and also in the different compartments when compared between
normal and diseased lungs. Notably, major differences were noted
in the airways compared to the other compartments with in-
creased total and percent GAGs, increased CS, and decreased HS. In
part this may reflects the cartilaginous components of the airways
samples studied as cartilage is relatively enriched in CS [29,30]. We
did not distinguish between large and medium-sized airways and
suspect that more detailed analysis of non-cartilaginous medium-
sized and smaller airways may have changed the total amount and
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relative GAG proportions. A further observation is that total HS
was reduced in both the bulk and vascular compartments of IPF
lungs. This observation contrasts with that of Westergren-Thorsson
and colleagues who found that the total amount of HS, CS/DS and
HA was increased in distal (sub-pleural) regions of IPF lungs [12].
However, these were intact rather than decellularized lungs and
contain contributions from cell-associated GAGs.

We had previously observed disproportionate changes in HS
and CS disaccharide composition following decellularization of
bulk normal and COPD lungs [2] and now have further found dif-
ferences both between regions and between normal and diseased
lungs. Significant reduction of HS-associated non-sulfated disac-
charide AUA-GIcNAc (0S) was observed in airways compared to
the other regions. Conversely, both HS and CS associated 6-sulfated
disaccharide increased whereas the CS associated 4-sulfated disac-
charide AUA-GalNAc-4S (4S) was decreased compared to the other
regions (Fig. 4). The IPF specimen showed a general increased HS
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TriS percentage compared to normal and COPD lungs. In com-
parison to our findings in decellularized IPF lungs, Westergren-
Thorsson and colleagues had found a relative increase in total sul-
fation of HS due to increment of 2-O, 6-O and N-sulfation and a
higher proportion of sulfation in CS/DS in intact IPF lungs [12].
Interestingly, immunohistologic analyses demonstrated that highly
sulfated HS was located in the border zone between denser areas
and more normal looking alveolar parenchyma in basement mem-
branes of blood vessels and airways. However, these reflected both
ECM and cell-associated changes in GAG content.

For the purified GAGs used to prepare SPR chips, the disaccha-
ride composition was found to have different patterns, with the HS
from IPF lungs being less sulfated compared to normal and COPD
lungs. This difference could be due to a potential loss of highly
sulfated HS during the acetone precipitation and anion exchange
purification procedure. Our research found that cytokines exhibit
a higher affinity for HS with a higher proportion of sulfated dis-
accharides. Thus, it is possible that the IPF specimens may have
originally contained some highly sulfated HS that could compen-
sate for the reduced affinity of cytokines with the less-sulfated HS
found in the ECM.

Despite these possible limitations, the observations from the
SPR assays have potential functional ramifications as the differ-
ent side chains have different roles in binding matrix-associated
growth factors. For instance, binding of members of FGF ligand
family to their receptors, including FGF1 and FGF2 to FGFR1 and
FGFR2, has previously been shown to require N-, 2-O, and 6-0
sulfated HS [8,9]. The bioactivity of TGFB1 has also been demon-
strated to be dependent on the degree of sulfation of HS polymers
but it is not known if this interaction is specific or rather a mat-
ter of non-specific electrostatic interactions [10]. Accordingly, we
found that compared to HS and CS from normal and COPD lungs,
HS and CS from IPF lungs bound to FGF2 more slowly but disasso-
ciated faster indicating a lower overall strength of the interaction.
We also observed that CS from IPF lungs disassociated faster from
both FGF2 and TGFA1 than from normal or COPD lungs. This in-
dicates that the interaction-existing time is short for IPF CS when
binding to cytokines. Notably, the purified HS from IPF lungs is less
sulfated and the CS is more sulfated at 6-O position, which may be
the reason for the cytokines to disassociate faster from IPF GAGs.
Overall, this data supports the concept that differences in GAG
composition between decellularized normal and diseased lungs is
a major factor in affecting their cytokine binding features [2,5,13].

It is important to note that dermatan sulfate (DS), also known
as chondroitin sulfate B or CS-B, is another glycosaminoglycan
found in lung tissue that cannot be differentiated from chondroitin
sulfate (CS) using disaccharide analysis. Therefore, it is possible
that the CS component tested in our study contained some DS.
Although CS is not considered a key regulator of FGF2 activity, it
demonstrated notable binding to FGF2 in our SPR assay. This bind-
ing may have been contributed by the presence of dermatan sul-
fate. Nonetheless, our hypothesis is that the binding of CS (or DS)
and FGF2 is mainly due to unspecified electrostatic interaction.

As indicated by the disaccharide composition analysis, HS has
over 60% of nonsulfated disaccharides, whereas CS has less than
3% of nonsulfated disaccharides. Consequently, CS may more eas-
ily attract proteins due to its higher negatively charged property.
However, the SPR data showed that the binding of CS to FGF2 had
lower k, (slow association) and higher ky (fast dissociation) com-
pared to their HS counterpart. The binding strength of CS to FGF2,
as reflected by Kp, was 7-20 times lower than that of their HS
counterpart. Based on these results, we hypothesize that CS (may
contain DS) interacts with FGF2 in an unspecific binding manner,
caused by electrostatic interaction.

There are several caveats to the current observations. The re-
sults obtained are specific for the TritonX-100, and sodium deoxy-
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cholate detergent-based decellularization protocol utilized. Other
protocols with different detergents or physical methods such as
freeze-thawing may yield different results. Different concentrations
of or incubation times with the same detergents might also re-
sult in different results. We agree that a comprehensive study of
the methodology of decellularization is crucial for advancing the
field of organ transplantation. Future studies should include a time
course analysis and comparative studies with different methods.
We also acknowledge the limitations in clinical and pathologic
characterizations of the lungs utilized as well as batch-to-batch
and individual variations among different samples although these
tended to be small within each clinical category. We acknowledge
that classification of the lungs into populations of normal (non-
smoker or ex-smoker with no diagnosed lung disease), COPD (with
or without active smoking at time of death), or IPF. is an imperfect
categorization as both normal and diseased lungs can exhibit het-
erogeneity in both structure and function. Larger scale studies will
be necessary to confirm and further explore the observed results.
Nonetheless, there was good overall correlation between findings
in each study group with generally small variability in the study
outcomes. Further, the lungs utilized tended to be from older indi-
viduals as reflective of the demographics of lungs available through
the University of Vermont autopsy service. AsSGAG content and sul-
fation patterns can change with age [31,32], future studies will also
further explore lungs from younger individuals. With respect to the
anatomic compartments assessed, we did not separate pulmonary
arterial and venous tissues and future studies will need to assess
these individually as well to further assess GAG compositions in
large vs medium-sized vs smaller airways and vascular regions.

5. Conclusion

Our results demonstrate that the composition and function of
GAGs remaining in decellularized lungs varies between different
anatomic compartments of the lung as well as differing in diseased
lungs. There is a potential correlation between the HS and CS dis-
accharide composition and their ability to bind and release FGF2
and TGFg that is particularly altered in IPF lungs. These obser-
vations provide further information for understanding functional
roles of ECM GAGs in lung function and disease.
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