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a b s t r a c t 

Despite progress in use of decellularized lung scaffolds in ex vivo lung bioengineering schemes, including 

use of gels and other materials derived from the scaffolds, the detailed composition and functional role 

of extracellular matrix (ECM) proteoglycans (PGs) and their glycosaminoglycan (GAG) chains remaining in 

decellularized lungs, is poorly understood. Using a commonly utilized detergent-based decellularization 

approach in human autopsy lungs resulted in disproportionate losses of GAGs with depletion of chon- 

droitin sulfate/dermatan sulfate (CS/DS) > heparan sulfate (HS) > hyaluronic acid (HA). Specific changes 

in disaccharide composition of remaining GAGs were observed with disproportionate loss of NS and NS2S 

for HS groups and of 4S for CS/DS groups. No significant influence of smoking history, sex, time to au- 

topsy, or age was observed in native vs. decellularized lungs. Notably, surface plasmon resonance demon- 

strated that GAGs remaining in decellularized lungs were unable to bind key matrix-associated growth 

factors FGF2, HGF, and TGF β1. Growth of lung epithelial, pulmonary vascular, and stromal cells cultured 

on the surface of or embedded within gels derived from decellularized human lungs was differentially 

and combinatorially enhanced by replenishing specific GAGs and FGF2, HGF, and TGF β1. In summary, 

lung decellularization results in loss and/or dysfunction of specific GAGs or side chains significantly af- 

fecting matrix-associated growth factor binding and lung cell metabolism. GAG and matrix-associated 

growth factor replenishment thus needs to be incorporated into schemes for investigations utilizing gels 

and other materials produced from decellularized human lungs. 

Statement of significance 

Despite progress in use of decellularized lung scaffolds in ex vivo lung bioengineering schemes, including 

use of gels and other materials derived from the scaffolds, the detailed composition and functional role 

of extracellular matrix (ECM) proteoglycans (PGs) and their glycosaminoglycan (GAG) chains remaining in 

decellularized lungs, is poorly understood. In the current studies, we demonstrate that glycosaminogly- 

cans (GAGs) are significantly depleted during decellularization and those that remain are dysfunctional 

and unable to bind matrix-associated growth factors critical for cell growth and differentiation. System- 

atically repleting GAGs and matrix-associated growth factors to gels derived from decellularized human 

lung significantly and differentially affects cell growth. These studies highlight the importance of consid- 

ering GAGs in decellularized lungs and their derivatives. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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1. Introduction 

Decellularized lungs and materials derived from these, includ-

ing gels and bioinks, are increasingly being utilized in studies

of lung regenerative engineering. However, a significant under-

investigated area is the content and function of the remaining gly-

cosaminoglycans (GAGs) in decellularized lung extracellular matrix

(ECM) scaffolds. Most GAGs are cell-associated and removed during

decellularization. However, it is likely that GAGs associated with

the ECM scaffold of the decellularized lungs have critical impact

on the behavior and proper functioning of the cells seeded directly

into the decellularized lungs or into derivative gels produced from

them [1 , 2] . While progress is being made with respect to the role

of different ECM proteins such as collagen, laminins, tenascin C,

and others [3–7] on cell behaviors, the roles of the remaining pro-

teoglycans (PGs) and glycosaminoglycans (GAG) in the decellular-

ized lung ECM scaffolds are less well understood [8 , 9] . 

GAGs in particular are implicated as important directors of

ECM assembly, organization, and remodeling during homeostasis

and normal repair processes [4] . Cell-ECM interactions facilitated

by GAGs can further direct cell behavior by sequestration and

presentation of bioactive molecules such as growth factors, by

direct interaction with cell membrane receptors, and as anchor

sites for cells to recognize or attach to the local ECM architecture.

These properties allow GAGs to play critical roles in cell growth,

differentiation, and function [4 , 7] . However, limited information

exists with respect to the content, structure, and function of

specific GAGs remaining in decellularized lung ECM, particularly

with respect to the different classes of GAG chain modifications

resulting in the different functional groups of major sulfated

GAG classes heparan sulfate (HS), chondroitin sulfate (CS), and

dermatan sulfate (DS) and for hyaluronic acid (HA). This includes

both direct roles of these GAGs on cell behaviors as well as

binding and activation by specific HS, CS, DS, and HA functional

groups of matrix-associated growth factors such as transforming

growth factor beta (TGF β1), fibroblast growth factor 2 (FGF2), and

hepatocyte growth factor (HGF), each of which play significant

roles in cell lung behaviors, [10–12] . Understanding the role of

both matrix-associated growth factor-dependent and -independent

actions of GAGs remaining in decellularized lung materials will

provide critical new information that will increase the likelihood

of successful use of derivative materials such as gels and bioinks

as well as the whole scaffolds themselves in lung bioengineering

schemes. Additionally, better understanding of decellularized ECM

GAGs in diseased lungs, for example in emphysema (chronic

obstructive pulmonary disease, COPD) or idiopathic pulmonary

fibrosis (IPF), will provide further insights in disease pathogenesis

and provide potential novel new therapeutic approaches [1 , 13] . 

We therefore systematically assessed GAG content and func-

tion in decellularized human lungs obtained from autopsy. This

included lungs from patients with no history or clinical evidence

of lung disease as well as lungs from patients with documented

COPD. Notably, differential loss of specific major GAG classes HS,

CS, DS, and HA as well as differential loss of GAG entities with

specific modifications in these classes was observed as was the

ability of GAGs isolated from the decellularized lungs to bind key

matrix-associated growth factors FGF2, HGF, and TGF β1. Func-

tionally, this had significant effects on growth of lung epithelial,

pulmonary vascular, and fibroblast cells grown either in or on

decellularized human lung ECM gels wherein systematic addition

of selected GAGs and matrix-associated growth factors to the gels

had differential and combinatorial effects on cell growth. No-

tably, there were different effects of the GAGs and growth factors

depending on whether the cells were cultured on top of or em-

bedded within the gels. This provides strong and unique evidence

that GAGs are both selectively depleted and functionally altered
n decellularized human lungs and materials derived from them.

urther, the model system utilized can influence the effect of re-

lenishing GAGs and matrix-associated growth factors. Continued

xploration of GAGs and matrix-associated growth factors must be

onsidered for better understanding the biology of decellularized

ung scaffolds and in lung recellularization schemes as well as in

nvestigations of materials produced from decellularized lungs. 

. Materials and methods 

.1. Human lungs 

Human lungs were obtained from the University of Vermont

UVM) autopsy services under appropriate institutional guidelines.

ungs were categorized into those from lifelong non-smokers,

ormer (remote) smokers, or current smokers/patients with

linical/radiographic COPD based on available medical records. 

.2. Decellularization 

Lungs were decellularized using sequential perfusion with

hosphate buffered saline (PBS, Corning), deionized water, Triton-

 100 (Sigma), sodium deoxycholate (Sigma), porcine pancreatic

NAse (Sigma), and peracetic acid (PAA, Sigma) through both the

asculature and airways at a constant flow rate as previously

escribed [14] . A more detailed protocol is available in the ap-

endix to this article. Adequacy of decellularization was assessed

y microscopic examination of Hematoxylin & Eosin (H&E) stained,

ounted, 5 μm thick paraformaldehyde-fixed paraffin sections, and

y measurement of residual double stranded DNA as previously

escribed [13 , 15] . 

.3. Characterization of residual matrix-associated growth factors in 

ecellularized lungs 

Native and decellularized lung tissue, three samples per lung,

ere analyzed by semi-quantitative LC-MS utilizing a QExactive

ass spectrometer (Thermo Fisher Scientific) as previously uti-

ized at the UVM Proteomics Core Facility [13 , 15 , 16] . Spectra were

earched against existing protein sequence databases compiled

rom UniProtKB/Swiss Prot database ( http://www.uniprot.org ) us-

ng the Proteome Discoverer software (version 1.4.1.14; Thermo

lectron, San Jose, CA, USA). Proteins positively identified with two

r more distinct peptide hits were classified according to published

atrisome and proteoglycan lists [17–19] . Identified proteins were

ompared using a Venn diagram (biovenn, http://www.biovenn.nl/

ndex.php ). 

.4. Characterization of specific anionic GAGs and disaccharide chains

n decellularized lungs 

Decellularized lung tissue was first digested with pronase and

enzonase and GAGs isolated by anion exchange chromatogra-

hy [9 , 20] . This was followed by digestion of these polysaccha-

ides with GAG lyases that specifically degrade HS: heparinase I, II

nd III; CS/DS and HA: chondroitinase ABC; or DS: chondroitinase

. The disaccharides were then labeled with the fluorophore, 2-

minoacridone (AMAC), and analyzed with fluorescence-HPLC [21] .

uantification of each disaccharide was done by comparison with

nown amounts of disaccharide standards [20 , 21] . Three locations

f each lung were evaluated and averaged. Principal component

nalysis (PCA) was utilized to compare the effect of tissue origin

native vs. decellularized), smoking status, disease state, age, gen-

er, and time to autopsy before tissue curation and subsequent de-

elluarization and was conducted using R ( https://www.r-project.

rg/ ). 

http://www.uniprot.org
http://www.biovenn.nl/index.php
https://www.r-project.org/
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.5. Staining of GAGs 

Immunohistochemistry was done as previously described [9] .

riefly, 10 μm cryosections of lung tissue from patients before or

fter decellularization were air-dried and rehydrated. To verify

he specificity of the staining, tissue sections were pre-treated 1 h

t 37 °C with lyases. For HS; pretreatment was conducted with

 combination of heparinase II (at 15 mU/section) and hepari-

ase III (at 6 mU/section) (overexpressed in E. coli , a kind gift

rom Jian Liu, University of North Carolina at Chapel Hill) in an

nzyme buffer made up of HEPES (20 mM), NaCl (50 mM), CaCl 2 
4 mM), and BSA (0.01%) (pH 7.2) and for CS with chondroiti-

ase ABC (chondroitin ABC lyase, C3667, Sigma-Aldrich, St. Louis,

O, USA) (5 mU/section) in 50 mM NH 4 OAc and 0.1 mg/mL BSA.

his was followed by endogenous peroxidase activity blocking

n 3% hydrogen peroxide for 10 min., followed by blocking in 1%

SA in PBS-Tween-20 (0.05%) for 20 min. Tissue sections were

ncubated with primary antibodies overnight at 4 °C: anti-HS,

0E4 epitope (Amsbio, Abingdon, UK) at 1:300 and anti-CS, clone

S-56 (Sigma-Aldrich, St. Louis, MO, USA) at 1:400. After wash-

ng, the Envision + Dual Link system (Agilent, Santa Clara, CA,

S) was used to visualize the staining with a 30 min incubation

ith HRP-labeled polymers followed by development with DAB

nd counterstaining with Mayer’s haematoxylin (Sigma-Aldrich,

t. Louis, MO, USA). Sections were dehydrated, mounted with

ertex mounting medium (Histolab, Gothenburg, Sweden) and

hotographed using a TE20 0 0-E microscope (Nikon, Tokyo, Japan)

quipped with a DXM1200C camera (Nikon, Tokyo, Japan). 

.6. Binding of representative matrix-associated growth factors by 

ompetitive interaction using surface plasmon resonance (SPR) 

The binding of the matrix-associated growth factors FGF2

Amgen), TGF β1 (R&D systems, Minneapolis, MN), and HGF (Gibco

ife Technology, Gaithersburg, MD) to heparin and to GAGs iso-

ated from native and decellularized lung tissue was analyzed

sing Sensor streptavidin (SA) chips (GE Healthcare Life Sciences,

ittsburgh, PA) [22] . All of these matrix-associated growth factors

ave significant effects on lung development and repair from

njury [4 , 7] . To isolate the GAGs, native and decellularized lung

amples were treated with 10 mL acetone for 30 min and digested

y Actinase E (Kaken Pharmaceutical, Tokyo, Japan, 10 mg/mL) at

5 °C until all the tissue was dissolved (about 36 h). Total GAGs

ere purified using Maxi Q spin columns (Sartorius Stedim North

merica, Bohemia, NY). Recombinant heparin lyases I, II, III (pH

ptima 7.0 − 7.5) were used to isolate CS/DS from total GAGs and

ecombinant chondroitin lyase ABC (10 mU each, pH optimum 7.4)

as used to isolate HS from total GAGs. Porcine intestinal heparin

16 kDa, Celsus Laboratories, Cincinnati, OH, USA), HS, or CS/DS

each 2 mg), and amine-PEG3-Biotin (2 mg, Pierce, Rockford, IL,

SA) were dissolved in 8 M sodium cyanoborohydride (NaCNBH 3 ,

igma) and incubated at 70 °C for 24 h. By addition of NaCNBH 3 the

oncentration was increased to 16 M and the solution incubated

or another 24 h at 70 °C. After cooling to room temperature, the

ixture was desalted using spin columns (3,0 0 0 MWCO, Millipore

Burlington, MA). Biotinylated GAGs were collected, freeze-dried,

nd immobilized to Sensor SA chips based on the manufacturer’s

rotocol. In brief, 20 μL solution of the HS-biotin and CS/DS-biotin

onjugate (0.1 mg/mL) in HBS-EP running buffer (0.01 M HEPES,

.15 M NaCl, 3 mM EDTA, 0.005% surfactant P20, pH 7.4) was

njected over flow cell 2 (FC2) and 3 (FC3) of the SA chip at a

ow rate of 10 μL/min, respectively. The successful immobilization

f GAGs was confirmed by the observation of a ∼200 to 400

esonance unit (RU) increase in the sensor chip. Flow cell 4 (FC4)

as immobilized with biotinylated heparin as positive control.

he control flow cell (FC1) was prepared by 1 min injection with
aturated biotin as negative. The matrix-associated growth factor

amples were diluted in HBS-EP buffer (0.01 M HEPES, 0.15 M NaCl,

 mM EDTA, 0.005% surfactant P20, pH 7.4). Different dilutions of

atrix-associated growth factor samples were injected at a flow

ate of 40 μL/min. At the end of the sample injection, the same

uffer was flowed over the sensor surface to facilitate dissociation.

fter a 3 min dissociation time, the sensor surface was regenerated

y injecting with 40 μL of 2 M NaCl to fully regenerate the surface.

he response was monitored as a function of time (sensorgram)

t 25 °C on a BIAcore 30 0 0 (using BIAcore 30 0 0 control and

IAevaluation software, version 4.0.1). 

.7. Cell culture 

Cells were routinely cultured in cell-specific culture medium

n tissue-culture-treated plastic in an incubator at 37 °C and 5%

O 2 . Human bronchial epithelial cells (HBE-135-E6E7, ATCC, CRL-

741) were cultivated in keratinocyte-serum free medium (Gibco)

ith 5 ng/mL human recombinant epidermal growth factor (EGF,

ibco), 0.05 mg/mL bovine pituitary extract (Gibco), 0.005 mg/mL

nsulin (Sigma), 500 ng/mL hydrocortisone (Sigma), and 1% Peni-

illin, Streptomycin (Gibco) and not used past passage 15. Pri-

ary human pulmonary vascular endothelial cells (CBF, courtesy of

r. Mervin Yoder, Indiana University) were cultivated in endothe-

ial medium (VascuLife® VEGF Endothelial Medium Complete Kit,

ifeline Cell Technology) and expanded on collagen type I coated

lates. Plates were pre-coated with sterile 50-μg/mL rat tail col-

agen type I (Corning) in 0.02 M acetic acid (Sigma) in an incu-

ator for at least 1 h. Plates were washed with 1X PBS before

ell seeding and CBF cells were not used past passage 15. Human

ung fibroblasts (HLF, CCD-19Lu, ATCC) were cultivated in Eagle’s

inimum Essential Medium (Gibco), supplemented with 10% fetal

ovine serum (FBS, Hyclone) and 100 IU/mL penicillin/100 mg/mL

treptomycin (Corning) and not used past passage 10. 

.8. Effect of soluble GAGs and matrix-associated growth factors on 

ell metabolic activity 

CBF and HLF cells were seeded at 2,0 0 0 cells per 96-well,

BE cells were seeded at 5,0 0 0 cells per 96-well and attached

vernight (about 17 h). Growth media were subsequently changed

o media containing either HS (from porcine intestinal mucosa,

elsus Laboratories (Cincinnati, OH)), CSA (from bovine trachea,

igma, St. Louis, MO) as representative for chondroitin sulfates,

r DS (isolated from pig skin at Lund University) with or without

he addition of different matrix-associated growth factors: TGF β1

R&D Systems), FGF2 (Gibco), and HGF (Gibco) at a concentration

f 5 ng/mL for TGF and FGF2 and 25 ng/mL for HGF. Matrix-

ssociated growth factor concentrations utilized were based on

iterature references for effective amounts needed to affect cell

rowth [23] . GAGs were added at concentrations ranging from

.001–10 μM. Calculation of the concentration was based on the

verage molecular weight of each GAG. 10% Triton X-100 served as

egative control, pure cultivation medium as positive control. Cell

henotype was assessed using bright field imaging. Assessment of

etabolic activity utilizing Alamar Blue was used as a surrogate

easure of cell growth as per manufacturer’s instructions. After

ultivation for 1, 3, 5, or 7 days cells were incubated with 200 μL

edium containing 100 μL/mL Alamar Blue (Thermo Scientific)

or 1–3 h accounting for the different cell numbers and metabolic

ctivities on each day of cultivation. 150 μL of supernatant was

ransferred into a new 96-well plate and fluorescence measured

t 530/25 nm excitation and 590/35 nm emission with subtraction

f background fluorescence of Alamar Blue containing medium

ithout cells. Data was displayed as fluorescence relative to

uorescence of cells in the control medium without GAGs. 4–5
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wells per condition were evaluated in each of at least 3 replicate

experiments. Media was changed every other day with fresh

matrix-associated growth factor added to the media change. 

2.9. Preparation of ECM gels for cell experiments 

Two different types of gels were prepared from a pre-gel solu-

tion to test the effect of GAGs on cell viability and proliferation:

a) pure collagen I gels (Col1) and b) decellularized human lung

ECM/type I collagen reinforced gels (Col1/ECM). Pure collagen

gels were prepared using commercially available rat-tail collagen

I (Corning), shipped at 3.54 – 3.90 mg/mL in 20 mM acetic acid.

For creating gels from decellularized human lung ECM the PAA

step and storage solution were not utilized as this was found

to negatively affect the gelation capabilities of the decellularized

human ECM. Soluble lung derived ECM was prepared as previously

described [26] , briefly decellularized human lungs were dissected,

frozen, lyophilized, and processed into a fine powder using a

liquid nitrogen mill (Freezer Mill, Spex). Human lung-ECM pow-

der was suspended at 10 mg/mL in enzymatic digestion solution

(1 mg/mL pepsin in 0.01 M HCl), and solubilized for 72 h at room

temperature, under constant agitation. 

Undigested powder and insoluble particles were removed

via centrifugation (10,0 0 0 RCF, 20 min) and the soluble human

lung ECM supernatant was collected, neutralized to a pH of 7.0

(using sterile 0.1 M NaOH), frozen at −80 °C, and lyophilized.

Pre-solubilized ECM lyophilate was re-suspended in sterile-filtered

20 mM acetic acid on ice to a final concentration of 15 mg/mL.

ECM/ type I collagen solutions were prepared by mixing the

soluble human lung ECM (15 mg/mL) with type I collagen (3.54 –

3.9 mg/mL in 20 mM acetic acid) at a 1:3 ratio on-ice. To prepare

the pre-gel solution, pure type I collagen (a) and human lung

ECM/type I collagen solutions (b) were neutralized on ice with

ice-cold 0.1 M NaOH and ice-cold 10X PBS, to reach pH 7.4. The

pure type I collagen pre-gel solution (a), had a final concentra-

tion of 2.6–2.9-mg/mL, and the human lung ECM/type I collagen

hybrid gels had a final concentration of 2.8 mg/mL soluble ECM

and 2.2 mg/mL type I collagen. Both of these neutralized pre-gel

solutions formed robust gels if incubated at 37 °C for at least 1 h. 

2.10. Assessing the effect of GAGs and matrix-associated growth 

factors on cell growth and metabolic activity when seeded onto, or 

encapsulated within, a type I collagen or hybrid decellularized 

human ECM/type I collagen gel 

All gel experiments were conducted in 96-well tissue culture

plates with 50 μL pre-gel solution per well. To prepare gels con-

taining GAGs, 1 μM soluble GAG stocks (HS, CSA, or DS) were

diluted in pre-gel solution at 4 °C to a final concentration of 0.1,

1, or 5 μM. For all experiments assessing the effect of GAG and

matrix-associated growth factors on cell growth and metabolic

activity, GAGs were diluted to a final concentration of 5 μM. When

preparing gels to assess cells grown on top of the gels, the GAG

pre-gel solution was first incubated to induce gelation and then

the surface of the gels was treated with a growth factor solution

overnight (5 ng/mL for TGF β1 and FGF2, 25 ng/mL for HGF). Imme-

diately prior to starting the experiment, the growth factor solution

was aspirated, and the gels washed once with cultivation medium.

2,0 0 0 CBF, 2,0 0 0 HLF, or 5,0 0 0 HBE cells per well were seeded

and incubated on top of the gels in 150 μL media per well. When

preparing gels for cell encapsulation experiments the growth fac-

tors were added to the pre-gel solution along with the GAGs to the

desired final concentration (5 ng/mL for TGF β1 and FGF2, 25 ng/mL

for HGF). Cells were counted, centrifuged, and re-suspended in

the premixed pre-gel solutions, so that the resulting gels would

contain 2,0 0 0 CBF, 2,0 0 0 HLF, or 5,0 0 0 HBE cells per well
50 μL gel-cell solution/well). Each gel was incubated for 1 h to

nduce gelation and then 150 μL of cell media was added to each

ell. 

For each experiment, media was changed every other day with-

ut addition of fresh matrix-associated growth factors in order to

urely investigate the effect of the bound matrix-associated growth

actors. The Alamar Blue assay was used to determine metabolic

ctivity, as a surrogate for cell growth, on days 3, 5, and 7. Cell

iability and phenotype was additionally assessed using live-dead

taining (Molecular Probes) according to the manufacturer’s in-

tructions and fluorescent imaging on day 8 of culture. Four gels

ere seeded per experiment for each condition in three individual

xperiments each for either collagen-only or mixed decellularized

uman lung ECM/type I collagen gels. 

.11. Statistical analyses 

Data is displayed as mean ± standard deviation (SD) or box

lots with whiskers (Tukey). GAG quantification data is shown as

aired plots matching native and decellularized tissue from each

ung. The analytical variability for GAG disaccharide analysis is < 3%

20 , 21] . Comparison between control and experimental conditions

as done by one sample t -test against a fixed value, Students’

 -test, and One- or Two-way ANOVA. Results were considered

ignificant at p < 0.05 [13 , 16 , 21] . 

. Results 

For the lungs obtained at autopsy, patient demographics are

epicted in Table 1 with a more summarized overview shown

n Table 2 . The mean age of non-COPD and COPD patients was

omparable while there was a non-significant trend towards lower

ime to autopsy in the ex-smokers and COPD patients compared to

he non-smokers. The COPD and ex-smokers were predominantly

ale while the non-smokers were predominantly female. Two of

he COPD patients were current smokers at the time of death. Ap-

endix Table 1 shows the different studies for which each lung was

tilized. 

.1. The matrisome composition of decellularized non-COPD and 

OPD human lung ECM is not significantly different 

Semi-quantitative mass spectrometry was used to initially as-

ess differences in GAGs and other matrisomal proteins in native

s. decellularized lungs. We also were interested utilizing this ap-

roach for COPD as well as non-COPD lungs as work from our

roups and others have shown differences in cellular growth on

ung scaffolds and its ECM based on origin (e.g. species) and dis-

ase state, notably decreased growth and increased apoptosis of

ifferent lung cells cultured in decellularized human COPD lungs

5 , 13 , 24 , 25] . Although some data exists analyzing the matrisome

omposition of native and decellularized lung tissue, diseased hu-

an tissue has not been studied in detail yet [1 , 5 , 8 , 14–16 , 24–33] .

s we have previously observed for other classes of proteins [13] ,

he matrisome composition of native and decellularized lungs var-

ed only slightly with no significant differences observed in the

umber of individual proteins detected between different lungs

ncluding those from non-COPD and COPD patients (Appendix

igure 1). In detail, the overall detection of matrisome proteins (by

umber of individual proteins detected) was slightly increased in

he decellularized lungs (native: 192 proteins for non-COPD pa-

ients, 187 for COPD; decellularized: 224 for non-COPD, 217 for

OPD, Appendix Figure 1A). A relative proportional increase in

ecreted factors, glycoproteins, and proteoglycans was observed

hile ECM regulators and ECM affiliated proteins were proportion-

lly decreased in the decellularized tissues. The relative percentage
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Table 1 

Patient demographics for the lungs utilized in this study. Smoking, clinical, and radiographic history obtained as available from post-mortem chart review. M: male, F: female, 

Pky: pack years, CT: computer tomography. 

Lung # Age Sex Smoking history Pulmonary history 

Non-COPD 

1 72 M lifelong non-smoker none 

2 93 F lifelong non-smoker acute pulmonary embolism at time of death 

3 82 F lifelong non-smoker None 

4 58 M ex-smoker acute pulmonary embolism at time of death 

5 59 M ex-smoker, 25Pky none 

6 83 F lifelong non-smoker none 

7 83 F ex-smoker, quit 47 years prior to death none 

8 65 M lifelong non-smoker none 

9 77 F lifelong non-smoker none 

10 73 M ex-smoker, quit 49 years prior to death none 

11 80 M ex-smoker, quit 36 years prior to death none 

12 64 F ex-smoker, 28Pky, quit 20 years prior to death none 

13 60 F lifelong non-smoker none 

14 84 F lifelong non-smoker acute lobar pneumonia at time of death (non-involved lobe used) 

15 61 M ex-smoker quit 2 years prior to death respiratory bronchiolitis on chest CT 

16 65 M lifelong non-smoker none 

17 42 M ex-smoker 1 PPD quit 4 years prior to death none 

COPD 

1A, 1B (2 lobes) 74 M ex-smoker, 50Pky, quit 17 years prior to death clinical diagnosis of COPD 

2 72 M current smoker centroacinar emphysema 

3 75 M ex-smoker, 22Pky, quit 36 years prior to death centroacinar emphysema 

4 57 M current smoker, 1pack per day centroacinar emphysema 

Table 2 

Summarized patient demographics for the lungs utilized in this study. M: male, F: female. 

Disease state Age Sex M/F Time to autopsy [h] Smoking history never/ex/current 

Non-smokers 75.7 ± 10.9 3/6 61.1 ± 18.7 9/0/0 

Ex-smokers 65.0 ± 13.3 6/2 37.3 ± 32.8 0/8/0 

COPD 69.5 ± 8.4 5/0 29.6 ± 18.9 0/3/2 
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f collagens was comparable between native and decellularized

on-COPD and COPD lungs. Proportionally a higher number of dif-

erent glycoproteins, proteoglycans, and secreted factors were iden-

ified in the decellularized tissues as percent of total proteins de-

ected. The percentage of matrisome-associated proteins as pro-

ortion of the total number of proteins identified was compara-

le around 90% for all four groups (native: 85.4 ± 4.7% non-COPD,

7.0 ± 2.5% COPD; decellularized: 89.5 ± 0.8% non-COPD, 89.8 ± 1.9%

OPD). A detailed overview of the proteins identified is depicted in

ppendix Figure 1B. We specifically did not find a notable differ-

nce in the number of proteoglycans detected in non-COPD and

OPD lungs in native as well as decellularized tissue ( Fig. 1 ). The

ain proteoglycans found in the lung were comparably detected in

oth non-COPD and COPD tissues with only a few proteoglycans of

nknown function in the lung differentially found in either native

r decellularized non-COPD vs. COPD lungs. 

.2. Decellularization reduces the total amount of GAGs but 

ifferentially reduces specific GAG classes 

Total lung GAG content is well recognized to decrease with

ecellularization as assessed predominantly in qualitative fashion

y histologic staining with Alcian blue or general quantification

f sulfated GAGs [13 , 15 , 34 , 35] . Exploring this further with specific

uantitative approaches for the major GAG classes HS, CS/DS, and

A demonstrated that decellularization significantly reduced to-

al GAGs from 951 ± 608 ng/mg to 100 ± 89 ng/mg in lungs from

on-smokers, from 1060 ± 437 ng/mg to 249 ± 186 ng/mg in lungs

rom ex-smokers, and from 1002 ± 455 ng/mg to 186 ± 79 ng/mg in

ungs from COPD patients ( Fig. 2 A). HS and CS/DS were signif-

cantly reduced, and although a trend was observed, decellular-

zation did not lead to a statistically significant decrease in abso-

ute HA content ( Fig. 2 B–D). No statistically significant differences
ere observed comparing the total amount of GAGs, HS, CS/DS, or

A in native or decellularized tissue comparing non-smokers, ex-

mokers, and COPD patients. Using PCA, a clear distinction of na-

ive vs. decellularized tissue was found reinforcing that the GAG

ontent and composition is significantly impacted by the decellu-

arization process ( Fig. 2 E). These differences were predominantly

een in PC1, which accounted for 63.6% of the statistical separation

f the total variance between native and decellularized samples.

o influence of smoking status, disease state, age, gender, and time

o autopsy before tissue curation and subsequent decellularization

as observed (Appendix Figure 2). 

.3. Immunohistochemical staining demonstrates qualitative absence 

f HS and CS/DS in decellularized lungs 

Previous histologic studies utilizing Alcian blue to assess total

AGs have not discriminated between different major GAG classes.

tilizing antibodies specific for HS or CS/DS, widespread distri-

ution of immunostaining was observed throughout airways, vas-

ulature, and parenchyma in representative native non-COPD and

OPD lungs, as had previously been observed in a parallel study

f GAGs in native normal and IPF lungs [9] ( Fig. 3 ). For HS the

0E4 antibody utilized recognizes HS epitopes with N -sulfated glu-

osamine residues and binds to a broad spectrum of HS polymers.

n order to differentiate positive staining from background consec-

tive tissue sections were pretreated with a mixture of heparinase

I and III that has been shown to degrade the epitope recognized

y the antibody [9 , 36] . In native tissue HS was mainly identified in

asement membranes of small airways, blood vessels, and capil-

aries but also in smooth muscle cells in airways and blood vessels

 Fig. 3 ). There was however some residual background staining

hat was not abolished by the enzyme pretreatment. In decellu-

arized tissue considerably less staining was observed in similar
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Fig. 1. The detection of proteoglycans is comparable in native and decellularized non-COPD and COPD human lungs. Overlap of proteoglycan proteins in native and decel- 

lularized tissue from non-COPD and COPD patients. Data reflects one each of native non-COPD or COPD and pooled data from 3 decellularized COPD and 8 decellularized 

non-COPD lungs. 
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overall distributions. Most of this was removed by the enzyme pre-

treatment but the background staining remained at similar levels.

This suggests that the decellularization process removed a major

part of HS present in native tissue. No significant qualitative differ-

ences were observed in non-COPD vs. COPD lungs although only a

limited number of decellularized lungs have been analyzed to date.

For CS/DS the CS56 antibody utilized has been shown to recog-

nize epitopes with 4 or 6-sulfated GalNAc followed by glucuronic

acid residues but not iduronic acid [37] . Relative presence of

iduronic acid is important for binding of matrix-associated growth

factors such as HGF to its receptor c-MET as the binding affinity

increases with increasing sulfate density of the GAG chains with

higher amounts of iduronic acid, i.e., DS and HS rather than CS

[49] . However, it cannot be excluded that the antibody can also

bind to dermatan sulfate as iduronic acid residues can be inter-

spersed between stretches of disaccharides with glucuronic acid.

In native tissue, CS56-bound epitopes were located in basement

membranes of small airways and blood vessels of varying size, in

small airway epithelium, and in the submucosa of small airways

and blood vessels ( Fig. 3 ). Pretreatment with chondroitinase ABC,

which degrades these epitopes abolished most staining with only a

small amount of residual background staining remaining. In decel-

lularized tissue there was only minimal staining that was similarly

removed by the enzyme pretreatment leaving similar levels of

residual background staining. No significant qualitative differences

were observed in non-COPD vs. COPD lungs although, as with HS

staining, only a limited number of decellularized lungs have been

analyzed to date. These results along with those observed for HS

staining support the quantitative data ( Fig. 2 ) showing that the

majority of HS and of CS/DS is lost during the decellularization

process and that there are no significant differences in loss of

GAGs between non-COPD and COPD lungs. 

3.4. Decellularization differentially alters the disaccharide 

composition of HS and CS/DS in non-COPD and COPD lungs 

Matrix-associated growth factor binding to and activation by

GAGs is dependent on the GAG side chains and sulfation patterns.
owever, there is no available information on effects of decel-

ularization on specific GAG side chains, including any potential

ifferences between non-diseased (non-COPD) vs. diseased COPD

ungs. We found that decellularization differentially reduced the

mount of HS and CS/DS with specific side chains with the same

rend in all three groups analyzed (non-smoker, ex-smoker, COPD)

 Fig. 4 A, Appendix Figure 3). In detail, for HS, this involved sig-

ificant reduction of the non-sulfated disaccharide UA-GlcNAc (0S)

or ex-smokers and COPD patients, a significant reduction the of

-sulfated disaccharide UA-GlcNAc-6S (6S) for COPD patients, and

 significant reduction the N -sulfated disaccharides UA-GlcNS (NS)

nd UA-2S-GlcNS (NS2S) and in CS/DS the 4-sulfated disaccharide

A-GalNAc-4S (4S) CS/DS for all patient groups. This resulted in

 significant relative increase in the N -sulfated disaccharide UA-

lcNS (NS) in HS for all patient groups, a significant relative in-

rease in UA-GlcNAc (0S) for non-smokers and ex-smokers, and a

ignificant relative decrease of UA-2S-GlcNS (NS2S) for ex-smokers

Appendix Figure 3 ) . For CS/DS, the relative amounts of the disac-

harides UA-GalNAc (0S) and UA-GalNAc-6S (6S) were significantly

ncreased for non-smokers and ex-smokers while UA-GalNAc-4S

4S) was significantly decreased in all patient groups (Appendix

igure 3). No significant difference in specific sulfation composi-

ion was observed between non-smokers, ex-smokers, and COPD

atients. PCA showed a clear distinction of native vs. decellular-

zed tissue for the specific GAG composition (HS, CS/DS) ( Fig. 4 B).

hese differences were predominantly seen in PC1 for both HS and

S/DS, which accounted for 48.3% (HS) and 54.3% (CS/DS) of the

tatistical separation of the total variance between native and de-

ellularized samples. No influence of smoking status, disease state,

ge, gender, and time to autopsy before tissue curation and decel-

ularization was observed (Appendix Figure 4). 

.5. Decellularization abolishes matrix-associated growth factor 

inding by GAGs isolated from decellularized non-COPD human lung 

CM 

As specific GAGs were decreased and/or proportionally changed

ollowing decellularization, it is important to further determine
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Fig. 2. Paired comparison of glycosaminoglycan (GAG) amount in native and decellularized tissue from non-smokers, ex-smokers, and COPD patients shows no significant 

difference between the three different groups. Total amount of GAGs (A), heparan sulfate (HS) (B), chondroitin sulfate/dermatan sulfate (CS/DS) (C), and hyaluronic acid (HA) 

(D). E) Principal component analysis of GAG content demonstrates segregation between native and decellularized human lungs. Results from 5 non-smoker, 7 ex-smoker, and 

3 COPD lungs are depicted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

w  

l  

t  

r  

h  

T  

a  

a  

f  

l  

d  

a  

s  

C  

b  

t  

b  

i  

c

3

m

c

 

t  

i  

a  

l  

t  

r  

e  

(  

u  

(  

A  

n  

d  

H  
hether function of the GAGs remaining in the decellularized

ungs has been altered, specifically ability of the remaining GAGs

o bind matrix-associated growth factors. Using surface plasmon

esonance, HS and CS/DS isolated from native non-COPD lung ECM

omogenates were found to be capable of binding FGF2, HGF, and

GF β1 ( Fig. 5 ). In general HS exhibited a slightly higher binding

ffinity than CS. Binding affinity to HGF was higher than for FGF2

nd TGF β1. In contrast, none of these matrix-associated growth

actors were able to bind to HS or CS/DS isolated from decellu-

arized non-COPD lung ECM homogenates ( Fig. 5 ). These results

emonstrate that in addition to depletion of and/or proportion-

te change in total GAGs, specific GAG classes, and/or specific

ide chains, the GAGs remaining in decellularized non-COPD (non-

OPD) human lungs were dysfunctional. Concentration-dependent

inding kinetics of the matrix-associated growth factors to native

issue are depicted in Appendix Figure 5 and Appendix Table 2. No

inding of growth factors to HS or CS/DS isolated from decellular-

zed non-COPD lung ECM homogenates was detected at any of the

oncentrations tested (data not shown). 
.6. Combinatorial replenishment of HS, CS, or DS with and without 

atrix-associated growth factors significantly effects growth of lung 

ells in standard tissue culture 

As HS, CS, and DS are depleted in decellularized lungs and fur-

her unable to bind TGF β1, HGF, or FGF2, we hypothesized that

t might be necessary to replenish these GAGs and/or matrix-

ssociated growth factors to optimize cell growth during recellu-

arization. To initially evaluate this, the dose- (0.001 – 10 μM) and

ime- (1–5 days) dependent effects of HS, CS, or DS on growth of

epresentative differentiated lung cells, including human bronchial

pithelial cells (HBE), human pulmonary vascular endothelial cells

CBF), and human lung fibroblasts (HLF), were initially assessed

tilizing cells plated on the surface of standard tissue culture wells

Appendix Figure 6). Using metabolic activity, as assessed with the

lamar Blue assay, as a surrogate for cell growth, overall there was

o significant difference in metabolic activity of CBF cells at the

ifferent concentrations and time points. The metabolic activity of

BE cells was comparable at lower GAG concentrations but higher
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Fig. 3. HS and CS/DS are absent in decellularized lungs. Immunohistochemical staining of heparan sulfate (HS) (A-D) and of chondroitin sulfate/dermatan sulfate (CS/DS) 

(E-H) in native and decellularized lungs from a non-COPD patient. For HS the 10E4 antibody was used and to control the specificity of the staining sequential sections 

were pretreated with heparinase II and III (B, D) that abolish the HS epitopes. Solid arrowheads show heparinase-sensitive staining while open arrowheads show unspecific 

heparinase-insensitive staining. For CS/DS the CS-56 antibody was used and in this case chondroitinase ABC pretreatment (F, H) was used to control the staining specificity. 

Solid arrowheads show chondroitinase ABC-sensitive staining while open arrowheads show unspecific chondroitinase ABC-insensitive staining. Scale bars = 100 μm. 
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concentrations of 5 and 10 μM led to a reduction in activity with

each of the different GAGs added. HLF cells exhibited differential

effects depending on time point and GAG added from which no

clear conclusion could be drawn. In general, a higher concentration

of 5–10 μM seemed to increase metabolic activity in those cells on

day 3 but this effect was gone on day 5. 

This model system was also utilized to analyze the effect of

the matrix-associated growth factors, FGF2, HGF, TGF β1 added at

representative relevant concentrations in combination with GAGs

to the cultivation medium. A single representative concentration

of 1 μM was chosen for the GAGs as the highest concentration

that did not positively or negatively influence cell metabolic ac-

tivity (Appendix Figure 6). A concentration of 5 μM was utilized in

the 3D cell culture model since it is in the biologically relevant

range in native tissue. In the 2D studies, assessing effects of sol-

uble GAGs, concentrations of 5 and 10 μM decreased cell viability

and we therefore used a lower concentration of 1 μM (Appendix

Figure 6). As with addition of the GAGs alone, addition of growth

factors had differential time- and combination-dependent effects

on metabolic activity of the different cell types (day 5 time point

depicted in Fig. 6 A, day 3 depicted in Appendix Figure 7). The data

presented in Fig. 6 A represents metabolic activity of the combina-

tion treatments normalized to the respective GAG without addition

of growth factor. Parallel data normalized to the respective growth

factor without addition of GAG is shown in Appendix Figure 7. 

Notably, the combination of HS and CSA with FGF2 signifi-

cantly reduced metabolic activity of CBF cells. Addition of FGF2

alone and in combination with either HS or CSA increased HBE

metabolic activity at all time points ( Fig. 6 A). In contrast, addition

HGF resulted in decreased metabolic activity independent of its
dministration alone or in combination with any of the GAGs.

imilarly the addition of TGF β1 in combination with HS and CSA

esulted in decreased metabolic activity in HBE cells. HLFs showed

educed metabolic activity with the addition of TGF β1 alone,

hen FGF2 was added in combination CSA and DS and for HGF in

ombination with the addition of DS. 

.7. Replenishment of HS, CS, or DS into type I collagen gels 

ignificantly effects growth of lung cells in a dose and 

ime-dependent manner 

The above tissue culture studies demonstrated that combinato-

ial addition of soluble GAGs and matrix-associated growth factors

ad significant yet differential effects on growth of the represen-

ative lung cell types as recognized in the previous studies [27] .

s GAGs are generally bound to their core proteins in the ECM, it

as important to next examine their effects under a more relevant

hysiologic condition, notably combinatorial effects on cell growth

f GAGs incorporated into decellularized human lung ECM gels

oated with different matrix-associated growth factors. To evaluate

his, GAGs at different concentrations from a low range (0.1 μM) to

ore biologically relevant concentrations (1 and 5 μM) were ini-

ially incorporated into type I collagen gels. As depicted in Ap-

endix Figure 8, the observed effects differed depending on cell

ype, GAG type, GAG concentration, and days in culture. For CBFs,

 significant dose-dependent increase in metabolic activity was ob-

erved with CSA in general, with HS on day 3, and with DS on

ay 7. HLFs demonstrated a significant dose-dependent increase in

etabolic activity with DS in general and with CSA and HS on day

. HBEs did not demonstrate a significant dose-dependent change
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Fig. 4. Quantification of heparan sulfate (HS) and chondroitin sulfate/dermatan sulfate (CS/DS) composition in native and decellularized non-COPD and COPD tissue. A) 

Total amount of HS and CS/DS side chains. B) Principal component analysis of HS and CS/DS composition demonstrates segregation between native and decellularized 

(decelled) human lungs. Results from 5 non-smokers, 7 ex-smokers, and 3 COPD lungs are depicted. Abbreviations HS graphs: UA-GlcNAc, 0-sulfated (S) = nonsulfated dis- 

accharide, where UA is deoxy- α-L–threo–hex-4-enopyranosyluronic acid and GlcNAc is N-acetylglucosamine; UA2S-GlcNAc, 2S = 2-sulfated disaccharide; UA-GlcNS, NS = N - 

sulfated disaccharide; UA-GlcNAc6S, 6S = 6-sulfated disaccharide; UA2S-GlcNAc6S, 2S6S = 2, 6-disulfated disaccharide; UA-GlcNS6S, NS6S = N -sulfated, 6-sulfated disaccharide; 

UA2S-GlcNS, NS2S = N -sulfated 2-sulfated disaccharide; UA2S-GlcNS6S, TriS = trisulfated disaccharide. Abbreviations CS/DS graphs: UA-GalNAc, 0-sulfated (S) = nonsulfated 

disaccharide, where UA is deoxy- α-L–threo–hex-4-enopyranosyluronic acid and GalNAc is N-acetylgalactosamine; UA2S-GalNAc, 2S = 2-sulfated disaccharide; UA-GalNAc4S, 

4S = 4-sulfated disaccharide; UA-GalNAc6S, 6S = 6-sulfated disaccharide; UA-GalNAc4S,6S, 4S6S = 4, 6-disulfated disaccharide; UA2S-GalNAc4S, 2S4S = 2, 4-disulfated disac- 

charide; UA2S-GalNAc6S, 2S6S = 2, 6-disulfated disaccharide; UA2S-GalNAc4S6S, TriS = trisulfated disaccharide. 
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n metabolic activity. When comparing the addition of different

AGs, DS led to a significant increase in metabolic activity of HLF

ells compared to HS and CSA especially at a concentration of 5 μM

nd at the later time points. In CBFs, a decrease in metabolic ac-

ivity with DS in comparison to HS and CSA was observed only
n day 3 and only for a concentration of 5 μM in contrast to re-

ults observed when the GAGs were added in solution where no

ignificant difference was observed ( Fig. 6 A). Besides the signifi-

ant increase in metabolic activity in HBE cells on day 7 with 5 μM

S in comparison to HS and CSA, no other significant effects were
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Fig. 5. Key matrix-associated growth factors (fibroblast growth factor (FGF2), hepatocyte growth factor (HGF), and transforming growth factor beta (TGF β1)) do not bind to 

glycosaminoglycans (GAGs) isolated from decellularized non-COPD human lung extracellular matrix (ECM) homogenates. Surface plasmon resonance analysis of the binding 

of 100 nM FGF2, HGF, and TGF β1 was assessed in heparan sulfate (HS) and chondroitin sulfate/dermatan sulfate (CS/DS) isolated from 3 native and 3 decellularized non-COPD 

lung tissues. Representative graphs are shown from an individual lung. Heparin served as positive control for binding. 
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observed. Overall the results with the CBFs and HLFs were more

consistent over repeat experiments and had less variation in com-

parison to the results observed with the HBEs. 

3.8. Combinatorial replenishment of HS, CS, or DS with and without 

matrix-associated growth factors significantly affects metabolic 

activity of lung cells cultured in or on hybrid decellularized human 

lung ECM/type I collagen ECM gels 

The combinatorial effects on cell metabolic activity of GAGs in-

corporated into decellularized human lung ECM gels with or with-

out addition of representative matrix-associated growth factors

was next evaluated. As the mechanical properties of the ECM gels

might differ with materials from different individual decellularized

human lungs, the ECM gels were reinforced with type 1 collagen

to create a hybrid decellularized human lung ECM/type I collagen

gel. GAGs were incorporated at a representative biologically rele-

vant concentration (5 μM) into the gels, incubated overnight with

the different matrix-associated growth factor solutions to achieve

coating, and cells subsequently seeded onto the matrix-associated
rowth factor-coated gel. No significant difference had previously

een observed between individual decellularized human lung ECM

els obtained from either non-COPD (non-smoker/ex-smoker) or

OPD patients (data not shown) and therefore the experiments

ere conducted with decellularized ECM from one representative

on-COPD lung. The data presented in Fig. 6 B and C represents

etabolic activity of the combination treatments normalized to the

espective GAG without addition of growth factor. Parallel data nor-

alized to the respective growth factor without addition of GAG is

hown in Appendix Figures 10 and 11. 

Addition of HS and CSA reduced metabolic activity of CBF cells

hen they were grown on top of type I collagen gels and when

ncorporated into human lung ECM/type 1 collagen gels. HBE cells

howed a reduction in metabolic activity when DS was added to

he human lung ECM/type I collagen gels and cells were grown on

op. When HBE cells were incorporated into type 1 collagen gels

n combination with any of the GAGs their metabolic activity was

educed. HLF cells had reduced metabolic activity when CSA was

dded to either of the gels and cells were grown on top but not

hen incorporated ( Fig. 6 B and C). 
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Coating of the different matrix-associated growth factors onto

ype I collagen gels affected the different cell types in rela-

ively comparable ways ( Fig. 6 B and C). Overall, coating with

GF β1 generally led to a decrease in metabolic activity indepen-

ent of the GAG incorporated and the duration of culture time.

etabolic activity of the cells on TGF β1 coated gels was consis-

ently lower than for the coating of HGF and FGF onto the gels

data for the 5 day time points are depicted in Fig. 6 B and C,

ata for earlier and later time points are depicted in Appendix

igure 9). 

Addition of the matrix-associated growth factors into

els resulted in generally comparable effects for both hybrid
ig. 6. (A) Glycosaminoglycans (GAGs) in combination with matrix-associated growth fact

ulmonary vascular endothelial cells (CBF), human bronchial epithelial cells (HBE), and hu

or 5 days on tissue culture plastic (TCP) with addition of GAGs (1 μM) in combination wit

edium. Combined data from 3 experiments with n = 3–4 replicates each. (B) Metabolic a

ung ECM/type I collagen hybrid gels (Col1/ECM), prepared with addition of GAGs (HS, C

nd (C) Metabolic activity of the same cell lines encapsulated within collagen 1 or Col1/

he gels. The data from the addition of GAGs only and growth factors only ( + HS, + CSA, +
rowth factor addition). Metabolic activity of the combination treatments (GAG + GF) was

dotted line, one-sample t -test). ∗: significant within group (One-way ANOVA). $$$, ∗∗∗=
ith n = 4 replicates each. The dotted line represents pure gels without addition of GAGs

n this figure legend, the reader is referred to the web version of this article.) 
ecellularized human lung ECM/type I collagen gels and the type

 collagen control gels. In particular, reduced overall metabolic

ctivity was observed with addition of TGF β1 independent of GAG,

ell type, or culture duration. However, addition of either FGF2 or

GF, either to type I collagen control gels alone or in combination

ith each GAG, promoted more notable relative metabolic activity

specially for HBE cells ( Fig. 6 , Appendix Figure 9). The largest ef-

ect was seen by combination of FGF2 with DS or CSA. A summary

f the differential effects of GAG and/or growth factor addition is

hown in Tables 3 and 4 . 

Representative low and high power magnification fluorescent

mages taken at the end of these studies capture colonization
ors and method of cultivation differentially influences metabolic activity of human 

man lung fibroblasts (HLF). A) Metabolic activity of CBF, HBE, and HLF cells grown 

h different matrix-associated growth factors (TGF β1, HGF, FGF2) into the cultivation 

ctivity of CBF, HBE, and HLF cells cultured on top of type I collagen (Col1) or human 

SA, or DS @ 5 μM) and/or surface treated with growth factors (TGF β1, HGF, FGF2); 

ECM gels, with GAGs (HS, CSA, or DS @ 5 μM) and/or growth factors added within 

 DS, + TGF, + HGF, + FGF) was normalized to the control ( = medium without GAG or 

 normalized to the respective GAG without addition of GF. $: significant to control 

 p < 0.001, $$, ∗∗= p < 0.01, $, ∗= p < 0.05. Combined data from gels from 3 experiments 

 or matrix-associated growth factors. (For interpretation of the references to colour 
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Fig. 6. Continued 

Table 3 

Summary of the differential effects of glycosaminoglycans (GAGs) and/or growth factor addition on metabolic activity of human 

pulmonary vascular endothelial cells (CBF), human lung epithelial cells (HBE), and human lung fibroblasts (HLF) at different culture 

conditions when normalizing the data to the respective GAG without addition of growth factor. TCP: Tissue culture plastic, Col 1: 

type 1 collagen, Col1/ECM: human lung ECM/type 1 collagen. 
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patterns and phenotype of the CBF, HBE, and HLF cells grown on

type I collagen or decellularized human lung ECM/type I collagen

gels with or without encapsulated GAGs and/or coated growth

factors (Appendix Figure 12). HBE cells grown on either type I

collagen or decellularized human lung ECM/type I collagen gels

generally formed compact discrete colonies that tended to be

equally distributed across the gels. Qualitatively denser colony

formation was observed with addition of either HS or CSA. HLF

cells tended to grow robustly across all the different gels with no
bvious qualitative difference in growth patterns regardless of gel

ype, added GAG, or matrix-associated growth factor coating. 

. Discussion 

Decellularized lungs and materials derived from them are in-

reasingly utilized in lung regenerative medicine and engineering

pplications. However, there is growing evidence that the ECM,

CM-associated proteins, and other substances remaining after
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Table 4 

Summary of the differential effects of glycosaminoglycans (GAGs) and/or growth factor addition on metabolic activity of human 

pulmonary vascular endothelial cells (CBF), human lung epithelial cells (HBE), and human lung fibroblasts (HLF) at different culture 

conditions when normalizing the data to the respective growth factor without addition of GAG. TCP: Tissue culture plastic, Col 1: 

type 1 collagen, Col1/ECM: human lung ECM/type 1 collagen. 
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ecellularization may be more fundamentally altered than pre-

iously appreciated and not capable of sustaining diverse and

ong-term cell growth [2 , 38–40] . This may particularly be the case

ollowing detergent-based decellularization protocols in which the

etergent utilized can potentially denature or otherwise degrade

ifferent ECM com ponents and/or activate destructive enzymes

uch as matrix metalloproteinases [47] . While total GAGs have

ong been recognized to decrease after decellularization, detailed

ssessment of individual GAG depletion and potential functional

ffects have not yet been extensively addressed [41 , 42] . Individual

AG depletion is important to ascertain as ECM proteoglycans and

heir GAG chains play critical roles in cellular growth, differentia-

ion, and function [7 , 10] . Understanding the effects of the decellu-

arization procedure on the GAG composition of the retained ECM

nd its capability to bind and retain matrix associated growth

actors and added GAGs will be important for the interpretation of

esults generated from decellularized lung-derived materials such

s (hydro-) gels and bioinks as well as for the recellularization of

ntact scaffolds. It is of further interest to evaluate this in diseased

ungs wherein it is known that the remaining scaffold in decellu-

arized COPD as well as IPF lungs differently affects behavior of in-

culated cells compared to decellularized non-COPD lung matrices

13] but the reason for those effects still needs to be deciphered. 

We therefore assessed human lungs obtained from autopsy for

ffects of a commonly utilized detergent-based decellularization

rotocol on content and function of major GAGs and GAG chains

emaining in the decellularized lungs. Initial focus for this study

as in lungs from patients with either no significant discernible

ung disease (non-COPD) or from those with COPD. The lungs

tilized tended to be from older individuals as reflective of the

emographics of lungs available through the University of Vermont

utopsy service. Classification of the lungs into populations of non-

OPD (non-smoker or ex-smoker with no diagnosed lung disease)

r COPD (with or without active smoking at time of death) was

ased on available clinical information. We acknowledge this is

n imperfect categorization and larger scale studies with larger

umbers of lungs and more rigorous clinical classifications will be

ecessary to confirm and further explore the observed results. 

Acknowledging these caveats, the current study provides new

ypothesis-generating information on content, composition, and
unction of major GAG groups following decellularization of

on-COPD and COPD lungs. Notably HS, CS, and DS are depleted

hile HA is proportionally increased compared to these other

AGs following decellularization. This was not a surprising finding

s much of the total lung GAG content is cell-associated and

herefore will be accordingly depleted upon cell removal. No

ignificant difference was observed in the depletion of GAGs in

ecellularized scaffolds from different disease status (COPD vs.

on-COPD) and smoking status (non-smoker vs. ex-smoker). These

ndings are paralleled by no overall significant difference in matri-

omal proteins, particularly proteoglycans, between non-COPD and

OPD lungs, as we had previously observed with other proteins

roups retained in decellularized non-COPD vs. COPD lungs [16] .

e acknowledge that the mass spectrometry techniques utilized

esult in semi-quantitative information and that other techniques

an result in more quantitative data that could potentially show

ignificant differences in specific proteins or protein groups [31] .

n addition, low abundance proteins can be missed although these

re generally more detectable following decellularization which

ikely accounts for the higher number of matrisomal proteins

etected in decellularized vs. native tissues. Little is otherwise

nown about GAG composition of COPD lungs although parallel

tudies from our group suggest alterations in both HS and in CS/DS

n different stages of COPD (Hallgren et al., unpublished data). 

The disproportionate changes in specific GAG side chains fol-

owing decellularization is a previously novel unknown observa-

ion that has potential functional ramifications as the different side

hains have different roles in binding matrix-associated growth

actors. For instance, binding of members of FGF ligand family to

heir receptors, including FGF1 and FGF2 to FGFR1 and FGFR2, has

reviously been shown to require N -, 2 -O , and 6 -O sulfated HS

43 , 44] . In our experiments we did not observe this dependency

ased on the finding that the metabolic activity of HBEs was in-

reased by FGF not only in the presence of HS but also CS and DS

n human lung ECM/type I collagen gels. The bioactivity of TGF β1

as also been demonstrated to be dependent on the degree of sul-

ation of HS polymers but it is not known if this interaction is

pecific or rather a matter of non-specific electrostatic interactions

45] . In accordance with TGF β1, the binding of HGF to its recep-

or c-MET is dependent on electrostatic interactions with GAGs,
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as the binding affinity increase with increasing sulfate density of

the GAG chains [46] . However, it has also been suggested that this

interaction is favored by GAGs with higher amounts of iduronic

acid i.e. DS and HS rather than CS. Analysis of the iduronic con-

tent of the GAGs utilized in the cell culture experiments demon-

strated low amounts in CSA but about 20% in HS and 85% in

DS (Appendix Table 3). However, HGF significantly increased the

metabolic activity of HBE cells in the presence of CS and DS but

not HS, suggesting that the iduronic acid content played a minor

role in the type I collagen and the mixed decellularized human

lung ECM/type I collagen gel culture systems. HGF is also specif-

ically important to epithelial spreading and phenotypic mainte-

nance and thus may be particularly germane to lung regeneration

effort s [47 , 48] . 

Qualitative assessments of specific HS and CS/DS localization via

immunostaining before and after decellularization demonstrated

that, as previously observed, these GAGs are widespread through-

out native lung, presumably much of which is cell-associated

[9] . Both HS and CS/DS appeared to be qualitatively decreased

after decellularization, which correlates with the quantitative data

demonstrating decrease in each GAG following decellularization.

However, at present it is not clear if the residual staining reflects

actual HS or CS/DS staining or rather non-specific antibody stain-

ing to debris. Intriguingly, it raises the possibility that epitopes,

recognized by the antibodies, have been altered in the decellu-

larization process. No obvious differences were observed between

non-COPD and COPD lungs although we acknowledge that only a

small number of lungs were assessed. A broader evaluation of an

increased number of lungs across the spectrum of COPD will need

to be done prior to making any more detailed analyses. 

Notably, HS, CS, and DS isolated from decellularized human

lungs are no longer able to bind key matrix-associated growth fac-

tors FGF2, HGF, or TGF β1. Whether this reflects loss of specific side

chains and corresponding matrix-associated growth factor bind-

ing capacities remains to be determined. Nonetheless, this is a

heretofore-unrecognized aspect of lung decellularization that has

significant potential ramifications on growth and function of cells

inoculated into decellularized scaffolds or materials derived from

them. FGF2 is critically involved in lung development and repair

and the most abundant FGF in the lung [49] . TGF β1 has critical

roles in cell growth and differentiation as well as in the regulation

of lung inflammatory processes. HGF plays a role in lung develop-

ment, inflammation, repair, and regeneration and has recently been

discussed as potential treatment target for pulmonary fibrosis [50] .

As such, inability of decellularized scaffolds or derivative materials

to properly utilize any of these matrix-associated growth factors

may have significant deleterious effects on cell growth and differ-

entiation during recellularization. Some limited recent data sug-

gest that HS is critical for supporting growth and differentiation of

lung progenitor cells seeded into decellularized rat lung ECM scaf-

folds [3] . However, it is unclear whether this is a direct effect of

HS or of matrix-associated growth factors binding to HS. A related

study demonstrated increased proliferation and decreased senes-

cence of basal epithelial stem cells (BESCs) isolated from adult hu-

man lung tissue when cultivated on collagen IV-coated tissue cul-

ture plates supplemented with two other glycoproteins (Fibrillin

2 and Tenascin C) [5] showing the importance of GAGs in recel-

lularization schemes. However, here as well, the role of matrix-

associated growth factor interaction with the glycoproteins had not

yet been elucidated. 

To further explore this, we assessed effects of combinatorial ad-

dition of HS, CS, or DS with FGF2, HGF, or TGF β1 on growth of a

spectrum of representative lung cells using gels derived from the

decellularized lungs as a model system. Initial proof of concept

studies with addition of either GAG or matrix-associated growth

factor in soluble form to routine tissue culture plates demonstrated
ifferential effects on cell growth by type and concentration of

AG, specific matrix-associated growth factor, and duration of cell

ulture. Subsequently using two gel models, type 1 collagen and

ybrid decellularized human lung ECM/type 1 collagen, in which

he different lung cells were cultured either on top of or embed-

ed within the gels, demonstrated differential effects of the type

f gel, type and concentration of GAG, matrix-associated growth

actor addition, and duration of culture on cell metabolic activity.

verall, there was often a more robust effect by the combination

f GAGs with matrix-associated growth factors compared to ei-

her GAGs or matrix-associated growth factors alone although this

iffered with the cell type. This suggests both matrix-associated

rowth factor-dependent and –independent GAG effects and in par-

llel GAG-dependent and –independent matrix-associated growth

actor effects. 

Further, differences in GAG/matrix-associated growth factors

etween cells-on-gels vs. cells-in-gels suggest that orientation of

he GAGs and growth factors can modulate the magnitude of the

ffect on cell growth. The morphology of HBE and CBF cells grown

ithin type I collagen and decellularized human lung ECM/type

 collagen hybrid gels was significantly altered in comparison to

heir counterparts grown on top of the gels. CBFs were able to

roliferate and colonize gel conditions when grown on the sur-

ace, often organizing into tube-like networks.CBFs encapsulated

ithin type I collagen or decellularized human lung ECM/type I

ollagen gels remain viable and proliferate slowly, however they

id not demonstrate the same colonizing or self-organizing poten-

ial within the 3D cultures. Unlike CBFs, both the HBE and HLF cell

ines showed similar proliferative potential when comparing cells

rown on the surface to those encapsulated within the gels. How-

ver, HBEs were found to have differential morphology in the two

ulture systems. On the surface of type I collagen or decellular-

zed human lung ECM/type I collagen gels, the HBEs spread out

nd mostly adopted a mono-layer like epithelial phenotype. How-

ver, when encapsulated within the gels they self-organized into

oose clusters. While they did not form complete spheroids within

he short time scale studied, the behavior suggests that the 3D

ulture format of cells within gels increases cell-cell interactions

hen compared to the 2D format of cells grown on top of gels.

verall, as the cells encapsulated within the 3D gels were more

horoughly exposed to the GAGs and growth factors this may ex-

lain the increased effect observed in case of the CBF and HLFs

ells, as compared to more limited interaction of cells on top of

he gel surfaces. 

It is important to reinforce that the results obtained are specific

or the decellularization protocol utilized. Other protocols with dif-

erent detergents or physical methods such as freeze-thawing may

ield different results. Different concentrations of or incubation

imes with the same detergents utilized, TritonX-100, and sodium

eoxycholate, might also result in different results. As GAG con-

ent and sulfation patterns are increasingly recognized to change

ith age and disease [51 , 52] , future studies will also explore fur-

her variables such as age and other diseases, particularly IPF. We

urther acknowledge that only a single concentration of growth

actors was investigated and different concentration-dependent re-

ults may otherwise be observed. Additionally, GAGs contribute to

ocal lung viscoelastic behavior, for regulation of water diffusion,

nd water stabilization properties of GAGs in the interstitial spaces

re critical for normal barrier function and prevention of edema.

hese will be critical aspects to further assess as techniques are de-

eloped to effectively replenish GAGs in decellularized lungs in or-

er to optimize recellularization schemes. However, this will need

o be further balanced against potential production of GAGs and

atrix-associated growth factors by the cells seeded into decel-

ularized whole lungs or into gels or bioinks produced from the

ecellularized lungs. We are currently investigating this as well as
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AG-matrix associated growth factor interactions in other systems

ncluding precision cut lung slices. 

. Conclusion 

Our results demonstrate that specific GAG types and/or the

AG disaccharide composition are lost during a commonly utilized

etergent-based decellularization process. Decellularized lungs and

els derived from them are significantly impaired in their ability to

ind critical matrix-associated growth factors and to support cell

etabolism. Systematically adding back selected GAGs and matrix-

ssociated growth factors has differential effects on growth of rep-

esentative lung epithelial, stromal, and pulmonary vascular en-

othelial cells in several model culture systems including one uti-

izing decellularized human lung ECM as a culture substrate. Fu-

ure studies will probe in more detail the relationship of each GAG

ype, side chains, and matrix-associated growth factor on growth

f lung cells in gel models derived from both normal and abnormal

ecellularized human lungs and use to develop informed schemes

or enhancing recellularization of intact decellularized whole lung

caffolds. 
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