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RESEARCH ARTICLE

Age-associated differences in the human lung extracellular matrix

Maunick Lefin Koloko Ngassie,1,2 Maaike De Vries,2,3 Theo Borghuis,1 Wim Timens,1,2 Don D. Sin,4

David Nickle,5 Philippe Joubert,6 Peter Horvatovich,7 Gy€orgy Marko-Varga,8 Jacob J. Teske,9
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Molecular Pharmacology, University of Groningen, Groningen, Netherlands

Abstract

Extracellular matrix (ECM) remodeling has been associated with chronic lung diseases. However, information about specific age-
associated differences in lung ECM is currently limited. In this study, we aimed to identify and localize age-associated ECM dif-
ferences in human lungs using comprehensive transcriptomic, proteomic, and immunohistochemical analyses. Our previously
identified age-associated gene expression signature of the lung was re-analyzed limiting it to an aging signature based on 270
control patients (37–80 years) and focused on the Matrisome core geneset using geneset enrichment analysis. To validate the
age-associated transcriptomic differences on protein level, we compared the age-associated ECM genes (false discovery rate,
FDR < 0.05) with a profile of age-associated proteins identified from a lung tissue proteomics dataset from nine control patients
(49–76 years) (FDR < 0.05). Extensive immunohistochemical analysis was used to localize and semi-quantify the age-associated
ECM differences in lung tissues from 62 control patients (18–82 years). Comparative analysis of transcriptomic and proteomic
data identified seven ECM proteins with higher expression with age at both gene and protein levels: COL1A1, COL6A1, COL6A2,
COL14A1, FBLN2, LTBP4, and LUM. With immunohistochemistry, we demonstrated higher protein levels with age for COL6A2 in
whole tissue, parenchyma, airway wall, and blood vessel, for COL14A1 and LUM in bronchial epithelium, and COL1A1 in lung pa-
renchyma. Our study revealed that higher age is associated with lung ECM remodeling, with specific differences occurring in
defined regions within the lung. These differences may affect lung structure and physiology with aging and as such may
increase susceptibility to developing chronic lung diseases.

NEW & NOTEWORTHY We identified seven age-associated extracellular matrix (ECM) proteins, i.e., COL1A1, COL6A1, COL6A2
COL14A1, FBLN2, LTBP4, and LUM with higher transcript and protein levels in human lung tissue with age. Extensive immunohis-
tochemical analysis revealed significant age-associated differences for COL6A2 in whole tissue, parenchyma, airway wall, and
vessel, for COL14A1 and LUM in bronchial epithelium, and COL1A1 in parenchyma. Our findings lay a new foundation for the
investigation of ECM differences in age-associated chronic lung diseases.

aging; airway wall; extracellular matrix; lung; parenchyma

INTRODUCTION

Aging is a natural phenomenon that affects molecular and
biological processes and subsequently also the structure and
function of tissues and organs including the lung, contribut-
ing to the impairment of the tissue and organ homeostasis

(1). Lung aging is characterized by structural and physiologi-
cal differences including the larger size of alveoli, less elas-
ticity, thickening of the small airway wall, worse lung
function, and remodeling of the extracellular matrix (ECM)
(2–4). Significant changes such as decreased elastin and
increased collagen deposition have been observed in lung
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ECM from old mice (5, 6). Several features of aging have
been found to be more pronounced in chronic lung diseases
including chronic obstructive pulmonary disease (COPD)
with a high prevalence in the elderly (2, 7).

Given its role as a provider of the architectural structure,
mechanical support, and regulator of several biological proc-
esses (8), the ECM plays an important role in organ homeosta-
sis. The molecular composition, biological, and mechanical
properties of the ECM are tissue specific (8). The lung ECM is
composed of a complex combination of elastin, collagens,
glycosaminoglycans, proteoglycans, and glycoproteins.
Components of the ECM have specific functions in organs;
accordingly, elastin provides the lung its extension and
recoil properties (9), collagens provide tensile strength
and regulate cellular migration and adhesion, glycosami-
noglycans regulate growth factor activity and lung viscoe-
lasticity through their hydration properties(8). In our
previous study, a gene set enrichment analysis (GSEA)
revealed a significant negative enrichment of the ECM-re-
ceptor interaction pathway with age in COPD compared
with non-COPD tissue, indicating that ECM genes change
differently with increasing age in COPD patients compared
with controls (10). In addition, a recent publication high-
lighted the positive enrichment of genes of the ECM pathway
with age in human lungs (11). Altogether, these studies sug-
gest age-related alterations in lung ECM proteins; however,
detailed knowledge is still scarce and information on regional
differences within the lung is lacking.

In this study we examined the age-associated differences
in ECM proteins at both transcriptional and protein levels in
human lung tissue derived from patients with normal lung
function and no history of chronic lung disease. In addition,
we performed immunohistochemistry to assess age-associ-
ated ECM differences in specific lung compartments, i.e.,
whole lung tissue, lung parenchyma, airway wall, bronchial
epithelium, and blood vessels.

MATERIALS AND METHODS

Ethics Statements

The study protocol was consistent with the Research Code
of the University Medical Center Groningen [research code
UMCG (umcgresearch.org)] and national ethical and profes-
sional guidelines [Code of conduct for Health Research (only
in Dutch): Gedragscode-Gezondheidsonderzoek-2022.pdf
(coreon.org)]. Lung tissues used in this study were derived
from leftover lung material after lung surgery from
archival materials that are exempt from consent in compli-
ance with applicable laws and regulations [Dutch laws:
Medical Treatment Agreement Act (WGBO) art 458/GDPR art
9/UAVG art 24]. This material was not subject to the Medical
Research Human Subjects Act in the Netherlands, and, there-
fore, an ethics waiver was provided by the Medical Ethical
Committee of the University Medical Center Groningen. All
samples and clinical information were coded before experi-
ments were performed, blinding all directly identifying infor-
mation to the investigators.

Prior to the collection of lung tissue samples at St. Mary’s
Hospital, Mayo Clinic Rochester, MN, our study was approved
by Mayo Clinic Institutional Review Boards. Patient informed

consent (written or video/verbal) was obtained during
clinic visits before surgical decisions. Upon acquisition of
lung tissues, relevant clinical data were recorded, and the
lung tissue samples were given unique numbers to provide
anonymization.

Procurement of Lung Tissues

The transcriptomic (microarray) and proteomic data
were derived from two previous studies described by De
Vries et al. and Brandsma et al. (10, 12) and were obtained
from lung tissues from control patients with normal lung
function and no history of chronic lung disease. The lung tis-
sues used for immunohistochemistry were derived from
patients undergoing therapeutic lung resection surgery for can-
cer at the University Medical Center Groningen (Groningen,
The Netherlands), which were part of the HOLLAND
(HistopathOLogy of Lung Aging aNd COPD) project, or the
Mayo Clinic (Rochester, MN). The HOLLAND project is a large
immunohistochemistry study performed at the Department of
Pathology andMedical Biology of the UMCG aiming to identify
and correlate differences in several ECM, inflammatory, epi-
thelial, and senescence markers in serial sections from the
same lung in relation to chronic lung disease (i.e., COPD and
IPF) and aging. All samples were obtained from non-involved
peripheral lung tissue remaining after the diagnostic procedure
as left-over material that can be used for medical research
when no objection is made by the patient. Lung tissue sam-
ples used for transcriptomic, proteomic, and immunohisto-
chemical analyses were collected in agreement with the
ethical guidelines at the different collection sites (transcrip-
tomic: Groningen, Vancouver, and Quebec, proteomic:
Groningen) and were described in previous publications
(13, 14). Macroscopically normal lung tissues were taken
distant from the tumor. These tissues were fixed in forma-
lin and embedded in paraffin. Then, histologically exam-
ined for abnormalities using standard hematoxylin and
eosin (H&E) staining. The control patients from Groningen
all had normal lung function, i.e., FEV1/FVC > 70%, no lung
function data were available for the patients from Mayo
Clinic. Patients were nonsmokers, ex-smokers, or current
smokers, with an age range between 18 and 82 yr.

Transcriptomic Analyses

We re-analyzed our previously identified age-associated
gene expression signature of the lung, limiting it to an aging
signature based solely on the 270 nondisease control patients
(10). In short, linear regression analysis adjusted for the
potential confounders sex, smoking status (ex or current
smokers), and technical variation using principal compo-
nents explaining >1% of the variation was performed using
R software. The three cohorts Groningen, Laval, and Quebec
were analyzed separately and combined by a meta-analysis.
To correct for multiple testing, the Benjamini–Hochberg
false discovery rate (FDR) was applied. Next, we determined
the enrichment of ECM-associated genes using Gene Set
Enrichment Analysis (GSEA 4.1.0), including all genes pres-
ent in the Matrisome geneset (NABA_Matrisome; M5889,
Molecular Signatures Database v7.4). All Matrisome genes
with a significant enrichment score were defined as our age-
associated ECM genes.
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Proteomic Analyses

We assessed the association between age and protein
expression in nine nondisease control patients for which the

data was derived from our previously published lung tissue
proteomics data set (12). The edge R package version 4.1.0
was used for linear regression of the data following a nega-
tive binomial distribution and using edgeR. For this analysis

Human lung tissue
- From lung resection
- 62 control patients
- Age: 18-82 years
- Non-asthmatic, non-
COPD and non-IPF

A Tissue processing and immunohistochemistry staining

1

COL6A2

2

LUM

3

COL6A1

4

FBLN2

5

LTPB4

6

COL1A1

7

COL14A1

I

Series of sections
One staining was performed at one time for all tissues
e.g. we started with COL6A2 staining, then the rest as
indicated below.

III

Immunohistochemical staining of
the serial sections for each

protein

IV

Slide scanningV

Paraffin embedded
tissue

II

Whole tissue

Parenchyma

Blood
vessel
extract

Airway extract

Blood vessel

Airway wall

Epithelium

B Selection of lung compartments to be analyzed using Adobe Photoshop software

Adobe Photoshop
software

C Image Analysis

Fiji/imageJ software

Whole tissue

Parenchyma

Blood vessel

Epithelium

Airway wall

Data analysisIII

R software

Haematoxylin-image NovaRed-image
Colour deconvolutionI

Macro runningII

Fiji/ImageJ software
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only age was added as a factor in the regression analysis.
FDR P< 0.05 was considered significant.

Immunohistochemical Staining

To localize the expression of the age-associated ECM pro-
teins and to validate the transcriptomic and proteomic find-
ings, immunohistochemical staining was performed in lung
tissues derived from 62 control patients. The lung tissues
were embedded in paraffin and cut into 6-lm thick sections.
For the staining of the seven identified age-associated ECM
proteins, for each protein, one section was analyzed per con-
trol patient. For each of the proteins, the sections from all sub-
jects were stained in one batch at the same time to avoid
batch effects. These sections were deparaffinized and rehy-
drated; followed by antigen retrieval with 10mM citrate buffer
pH6 for COL1A1, FBLN2, LTBP4, and LUM stainings and
10 mM Tris/EDTA buffer pH9 for COL6A1, COL6A2, and
COL14A1 stainings. Endogenous peroxidase activity was
blocked by 0.3% hydrogen peroxidase (H2O2), followed by
overnight incubation at 4�C of the primary antibodies COL1A1
(monoclonal mouse, anti-human, ab88147, 1:400, abcam),
COL6A1 (polyclonal rabbit, anti-human, NB120-6588, 1:3200,
Novus Biologicals), COL6A2 (monoclonal rabbit, anti-human,
ab180855, 1:12500, abcam), COL14A1 (polyclonal rabbit, anti-
human, HPA023781, 1:100, Atlas Antibodies), FBLN2 (polyclo-
nal rabbit, anti-human, HPA001934, 1:400, Atlas Antibodies),
LTBP4 (polyclonal rabbit, anti-human, ab222844, 1:400,
abcam), and LUM (monoclonal rabbit, anti-human, ab168348,
1:12500, abcam) diluted in a 1% BSA-PBS. The sections
were washed and incubated with the Horseradish peroxi-
dase (HRP)-conjugated secondary antibodies diluted
(1:100) in 2% human serum þ 1% BSA-PBS, i.e., polyclonal
Goat Anti-Rabbit (P0488, Dako, Denmark) for COL6A1,
COL6A2, COL14A1, FBLN2, LTBP4, and LUM and polyclonal
Rabbit Anti-Mouse (P0260, Dako, Denmark) for COL1A1 stain-
ing. Negative controls (no primary antibody controls) were
also included. Positive staining was visualized using 5-min
incubation with Vector NovaRED Substrate (SK-4800, Vector
Laboratories, Canada). Sections were counterstained with he-
matoxylin, mounted and scanned using the �40 objective of
the Hamamatsu NanoZoomer 2.0HT digital slide scanner

(Hamamatsu Photonic K.K., Japan). The digital images were
viewed with Aperio ImageScope V.12.4.3 (Leica Biosystems,
Germany). Figure 1A summarizes the immunohistochemical
staining process.

Image Analyses

Different compartments of the lung including whole lung
tissue, parenchyma, airway wall, bronchial epithelium, and
blood vessels were analyzed for the expression and distribu-
tion of stained ECM proteins. The extraction of the lung
compartments was performed by one person in a blinded
manner. First, images containing whole lung tissue, airways,
and blood vessels were extracted from the scans using
Aperio ImageScope software V.12.4.3 (Leica Biosystems,
Nussloch, Germany). Depending on how many airways and
blood vessels were present in the tissue, up to 10 airways or
blood vessels were extracted. Next, Adobe Photoshop soft-
ware (Adobe Inc. CA) was used to extract the specific area of
interest for analysis (Fig. 1B), i.e., parenchyma excluding air-
way and vessels, airway wall from basement membrane to
alveolar attachments, bronchial epithelial layer from base-
ment membrane to ciliary layer and blood vessel walls from
endothelium to alveolar attachment except for LUM (from
tunica media to endothelium), since LUM was localized in
that specific region. Artifacts including carbon pigments,
folded tissue, red blood cells, and mucus plugs were
removed. Fiji/ImageJ software (15) was used to quantify the
intensity and area of positive staining (Fig. 1C). The whole
tissue, parenchyma, airway wall, bronchial epithelium, and
blood vessel were all analyzed separately. All image files
were separated into blue (hematoxylin-image), and red
(NovaRed-image) pixels using color deconvolution plugin by
Landini et al. (16). To determine the correct optical density
vectors for the red-green-blue (RGB) channel of hematoxylin
and NovaRed, we followed the protocol as previously
described by Ruifrok et al. (17). A vector was developed to
receive automated numbers for each pixel in the different
images. To calculate the total amount of tissue, images were
converted to 8-bit grey scale. Total number of pixels repre-
senting total tissue area versus positively stained tissue area
were identified using the threshold feature of Fiji/ImageJ

Figure 1. Tissue processing, immunohistochemistry, and image analysis. A: lung tissues were embedded in paraffin and cut in serial sections. The sec-
tions were then immunohistochemically stained for ECM proteins including, COL1A1, COL6A1, COL6A2, COL14A1, FBLN2, LTBP4, and LUM. After the
staining, the images were captured using the Hamamatsu NanoZoomer 2.0HT digital slide scanner at magnification of �40. B: the digital images were
checked for their quality and once validated the whole tissue, parenchyma, airway wall, airway epithelium and blood vessel wall areas were isolated and
cleaned (artifacts were removed). C: for the image analysis, a vector was developed to separate the hematoxylin and NovaRed image components using
the color deconvolution plugin in ImageJ. Afterwards, a specific developed macro was run for each staining, followed by data analysis using R software.
COL1A1, collagen type I a 1; COL6A1, collagen type VI a 1; COL6A2, collagen type VI a 2; COL14A1, collagen type XIV a 1; FBLN2, fibulin-2; LTBP4, latent
transforming growth factor beta binding protein 4; LUM, lumican. [Image created with BioRender.com and published with permission.]

Table 1. Patient characteristics transcriptomics cohort (10)

Groningen Vancouver Quebec

Number 45 90 135
Age, years, median (range) 60 (37–76) 62 (40–80) 62 (41–80)
Male/female, N 20/25 49/40 76/59
Smoking, N
Ex 25 59 113
Current 20 31 22

Pack years, median (range) 35 (21–41) 37.75 (24–49.9) 38.35 (25–46)
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software. The percentage of positive area and the mean in-
tensity were calculated using the following formulas, where
the percentage of positively stained tissue (Area %) is calcu-
lated by dividing positive stained NovaRed pixels by the
total amount of grey scale pixels representing total tissue
area (formula 1):

Formula 1: Area %ð Þ

¼ Number of pixels positive forNovaRed
number of pixels in total tissue

� 100

The mean intensity was calculated following the protocol
described previously by Nguyen (18). Hereby, the mean inten-
sity represents the chromogen intensity that is proportional
to the expression/level of protein (18). The pixel intensities of
separated NovaRed images range from 0 to 255 in Fiji/ImageJ
software, where the value 0 represents the darkest shade
of the color, whereas 255 represents the lightest shade of
color in the image. Hereby, it should be remembered that
the darker the positive NovaRed pixels are, the smaller
their intensities are. Thus, the reciprocal intensity is calcu-
lated by subtracting the value obtained by dividing the
total number of NovaRed pixels by the area of positive
NovaRed staining from 255 (formula 2). The reciprocal in-
tensity is defined as the mean intensity and is proportional
to the amount of positive NovaRed pixels present in the
analyzed image.

Formula 2: Mean intensity

¼ 255� Sumof intensities of pixels positiveNovaRed
Total number of pixels positive forNovaRed

Data analyses were performed using R software V.4.0.0
(Boston, MA).

Statistical Analysis of Immunohistochemical Staining

Linear regression and linear mixed model analyses with a
random effect on intercept, correcting for sex and smoking
status, were performed to determine the association between
age and each stained ECM protein using SPSS software
V.27 (IBM Corp. in Armonk, NY). P < 0.05 was considered
significant.

RESULTS

Patient Characteristics

The clinical characteristics of the control patients included
in the transcriptomics data set are depicted in Table 1 and
included 192 ex-smokers and 78 current smokers with a nor-
mal lung function and an age range of 37–80 yr. The clinical
characteristics of the proteomics data set are depicted in
Table 2 and included nine ex-smoking controls with normal
lung function and an age range of 49–76 yr.

The clinical characteristics of the 62 control patients
used for IHC staining are summarized in Table 3. Forty-
two lung tissues were collected in Groningen and included
14 never-smokers, 18 ex-smokers, and 10 current smokers.
The 20 lung tissues collected in Rochester were all derived
from never smokers.

Gene Expression Signature for Lung Aging in
Nondisease Controls

To determine the association between age and ECM gene
expression, we first assessed the age-associated gene expres-
sion differences in the nondisease control lung tissues. In
total, 4,201 probes corresponding to 4,147 unique genes were
significantly associated with age; of which 2,247 probes coding
for 2,226 genes showed a higher and 1,954 probes coding for
1,939 genes a lower gene expression with higher age (full list in
Supplemental File S1). Collagen type XVI a 1 (COL16A1),
Ectodysplasin A2 Receptor (EDA2R), and Polypeptide N-ace-
tylgalactosaminyltransferase 6 (GALNT6) were the top three
most significantly higher expressed genes with increasing
age, whereas c-glutamylcyclotransferase (GGCT), Calmodulin
Regulated Spectrin Associated Protein Family Member 3
(KIAA1543), and Zinc Finger Protein 518B (ZNF518B) the top
three most significantly lower expressed in nondisease control
patients. The top 10 most significantly higher and lower
expressed genes are depicted in Table 4.

Enrichment of Matrisome Pathway among the Age-
Associated Gene Signature in the Lung Tissue

As we were specifically interested in age-associated differ-
ences in ECM gene expression, we next assessed the enrich-
ment of the ECM genes among the ranked gene list using
GSEA analysis for the Matrisome geneset consisting of 1026
ECM (-associated) genes of which 915 were present in our
data.

The GSEA analysis showed a strong, significant positive
enrichment of the Matrisome pathway [(enrichment score of
0.387) Fig. 2] with a total of 318 core enriched ECM genes.

Table 2. Patient characteristics proteomics cohort

Age, Years, Median (Range) Male/Female, N Packyears, N FEV1%Pred FEV1/FVC Ratio

Non-COPD control (N = 9) 67 (49–76) 4/5 34 (17)� 94 (10) 76 (4)

Mean (SD) was calculated for packyears, FEV1% and FEV/FVC ration. �Two controls had missing info for packyears, FEV1: forced expir-
atory volume in 1 s, FVC: forced vital capacity.

Table 3. Patient characteristics immunohistochemistry
staining

Groningen Rochester

Number, N 42 20
Age, years, median (range) 61 (21–82) 51 (18–80)
Male/female, N 15/27 5/15
Never-smoker, N 14 20
Ex-smoker, N 18 0
Current smoker, N 10 0
FEV1, means ± SE 101 ± 15.46 NA
FEV1/ FVC ratio, means ± SE 0.76 ± 0.05 NA

The FEV1 and FVC data were not available for lung tissues from
Rochester and for few cases from Groningen. FEV1: forced expira-
tory volume in 1 s, FVC: forced vital capacity, NA: not applicable.

AGE-ASSOCIATED DIFFERENCES IN THE HUMAN LUNG ECM

AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00334.2022 � www.ajplung.org L803
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.081) on July 25, 2023.

http://www.ajplung.org


The top 25 most significant core enriched ECM (-associated)
genes are shown in Table 5 (full list in Supplemental File S2).

ECM Proteins Are among the Top Ranked Age-
Associated Proteins in Lung Tissue

Next, we determined the association between age and pro-
tein levels in the lung in the proteomic data set. We identi-
fied 25 differentially expressed proteins, including 20
proteins of which levels were higher with higher age and five
proteins of which the levels were lower with higher age (Fig.
3). Among the 20 proteins with higher protein levels with
higher age were several ECM proteins including COL1A1,
COL6A1, COL6A2, COL14A1, FBLN2, LTBP4, and LUM.

Overlap in Age-Associated ECM Proteins in Lung Tissue
on Transcript and Protein Level

Next, we determined the overlap between the age-asso-
ciated ECM genes identified in the transcriptomic analysis
and the age-associated proteins in the proteomic analysis.
We identified seven ECM proteins that were significantly
associated with age with correlation in the same direction
in both datasets, i.e., higher levels with higher age. This
included COL1A1, COL6A1, COL6A2, COL14A1, FBLN2,
LTBP4, and LUM (Fig. 4A). The b values for the age

association of the seven age-associated ECM genes from
the transcriptomics analysis are shown in the forest plot
(Fig. 4B). The seven overlapping age-associated ECM pro-
teins were among the top eight proteins in the proteomics
analysis (Fig. 3).

Localization of Age-Associated ECM Proteins in Lung
Tissue

The immunohistochemically stained tissues were assessed
for the localization of the age-associated ECM proteins in the
lung (Fig. 5). All ECM proteins including COL1A1, COL6A1,
COL6A2, COL14A1, FBLN2, LTBP4, and LUM showed positive
staining in the parenchyma. The collagens COL1A1, COL6A1,
and COL6A2, as well as FBLN2, showed positive staining in
the submucosa and adventitia of the airway wall, and in the
adventitia of the blood vessel. In addition, FBLN2 staining
was also present in the wall of small vessels. The localization
of FBLN2 is suggestive of colocalization with elastin (19).
Interestingly, COL14A1 showed positive staining in the airway
adventitia, airway smooth muscle (ASM) layer, and the apical
region of the bronchial epithelium and macrophages. In the
blood vessels, COL14A1 was localized in the endothelium and
partly in the smooth muscle layer. LTBP4 staining was most
prominent in blood vessel smooth muscle and was also

Table 4. The top 10 genes with higher and lower expression in relation to age in nondisease control lung tissue

Genes Higher Expressed with Higher Age Genes Lower Expressed with Higher Age

Probe Number Gene Name Meta Summary Adjust BH Probe Number Gene Name Meta Summary Adjust BH

26059 COL16A1 0.012 1.08E-15 44483 GGCT �0.007 4.26E-10
27901 EDA2R 0.025 1.02E-14 27529 KIAA1543 �0.010 2.72E-09
11226 GALNT6 0.013 2.63E-14 43729 ZNF518B �0.010 4.18E-09
23264 MXRA8 0.001 1.38E-13 26110 �0.012 1.93E-07
26591 LOXL1 0.016 1.35E-12 1257 �0.006 3.48E-07
46136 NFASC 0.014 5.93E-12 5658 FANCE �0.009 9.38E-07
36412 0.013 8.85E-12 30969 TMEM41B �0.006 1.98E-06
18268 ITGBL1 0.022 1.41E-11 4655 EFNA1 �0.009 2.97E-06
17176 MMP2 0.011 2.15E-11 44483 GGCT �0.012 3.41E-06
16116 F8 0.023 4.69E-11 27529 KIAA1543 �0.007 4.70E-06
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Figure 2. Enrichment of Matrisome pathway among
the age-associated gene signature in nondisease
control lung tissue. The vertical black bar indicates
the position and green curve indicates the height of
the enrichment score of a specific gene of the
Matrisome. Genes are ranked from the highest to
the lowest expressed (from left to right) with
increasing age. The red dotted line indicates the
enrichment score (0.387) of the Matrisome with
increasing age.
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present in the bronchial epithelium, ASM layer, and macro-
phages. LUM staining was present in the bronchial epithe-
lium, ASM layer, endothelium, and blood vessel smooth
muscle layer. An overview of the strength and localization of
the positive stained age-associated ECM proteins in different
compartments of the lung is summarized in Table 6.

Evaluation of Age-Associated ECM Protein Differences
in Lung Tissue Using Immunohistochemistry

Following the localization of the seven age-associated
ECM proteins in lung tissue, we determined the age-associa-
tion in whole lung tissue and in different lung regions, i.e.,
parenchyma, airway wall, bronchial epithelium, and vessel
walls with respect to the percentage of positive stained tissue
area as well as the mean intensity of the positive staining. No
staining was detected in the negative controls, images are
included in Supplemental File S3.

Age Association of COL6A2 Staining in Whole Lung
Tissue

Analysis of the whole tissue showed a significantly posi-
tive association between age and the mean intensity of the
COL6A2 (Fig. 6A) positive stained tissue, but not for its per-
centage area. No age-association was found for COL1A1,
COL6A1, COL14A1, FBLN2, LTBP4, and LUM positive stain-
ing in whole lung tissue.

Age Association of COL1A1 and COL6A2 Staining in
Lung Parenchyma

The analysis of the parenchymal regions showed a signifi-
cantly positive association between age and the mean

intensity of COL1A1 and COL6A2 positive stained parenchy-
mal tissue (Fig. 6B), but no association was found for the per-
centage area stained. No associations were found between
age and COL6A1, COL14A1, FBLN2, LTBP4, and LUMpositive
stained parenchymal tissue.

Age Association of COL6A2 Staining in the Airway Wall

The airway wall was analyzed for the percentage area and
mean intensity of COL1A1, COL6A1, COL6A2, COL14A1,
FBLN2, LTBP4, and LUM positive staining. Age was signifi-
cantly positively associated with the mean intensity of
COL6A2 in the airway wall. (Fig. 6C). However, no age-asso-
ciated difference was observed for the percentage area of
COL1A1, COL6A1 COL6A2, COL14A1, FBLN2, LTBP4, and
LUM, and the mean intensity of COL1A1, COL6A1, COL14A1,
FBLN2, LTBP4, and LUM positive staining.

Age Association of COL14A1 Staining in the Bronchial
Epithelium

COL14A1, LTBP4, and LUM showed positive staining in
the bronchial epithelium and were therefore analyzed for
their association with age. The percentage area of COL14A1
was positively associated with age (Fig. 6D). No age associa-
tion was observed for percentage area and mean intensity of
LTBP4 and LUM, and mean intensity of COL14A1 positive
staining in the bronchial epithelium.

Age Association of ECM Staining in the Blood Vessel

The blood vessel wall was analyzed for the percentage area
and mean intensity of COL1A1, COL6A1, COL6A2, COL14A1,
FBLN2, and LTBP4 positive staining. For LUM, the region
from tunica media to endothelium of the blood vessel was
analyzed. The mean intensity of COL6A2 staining in blood
vessel walls showed a significant positive association with
age (Fig. 6E), whereas the mean intensity of COL1A1 stain-
ing in the blood vessel walls showed a negative association
with increasing age (Fig. 6E). The percentage area of
COL1A1, COL6A1, COL6A2, COL14A1, FBLN2, LTBP4, and
LUM positive staining; and the mean intensity of COL6A1,
COL14A1, FBLN2, LTBP4, and LUM positive staining were
not associated with age.

Age-Associated Differences in Subset of Never-
Smokers

While our initial transcriptomic and proteomic analysis
consisted of current and ex-smokers and our IHC analysis
also included never-smokers, we separately analyzed the
IHC images from never-smokers to investigate whether our
age-associated differences were affected by smoking status.
The whole lung tissue from never-smoker controls showed a
positive age association for the percentage area of COL6A2
and FBLN2 and mean intensity of COL6A2 stained tissues
(Fig. 7A), whereas with the inclusion of current and ex-smok-
ers, only a positive age association for mean intensity of
COL6A2 was found (Fig. 6A). The percentage area of FBLN2
and mean intensity of COL1A1 showed a positive association
with age in the parenchymal region of never-smoker patients
(Fig. 7B), whereas with the inclusion of current and ex-smok-
ers a positive association of the mean intensity of COL1A1
and COL6A2 was found (Fig. 6B).

Table 5. GSEA analysis revealed the association of ECM
gene expression in nondisease control lung tissue with
aging

Gene Symbol

Rank in

Gene List

Rank

Metric-Score Running ES

Core

Enrichment

COL16A1 1 9.26 0.006 Yes
LOXL1 3 8.25 0.010 Yes
MMP2 6 7.85 0.015 Yes
FRZB 8 7.60 0.020 Yes
LTBP2 12 7.39 0.024 Yes
COL1A1 14 7.33 0.028 Yes
DPT 19 7.10 0.032 Yes
LTBP1 26 6.88 0.036 Yes
SDC3 33 6.72 0.040 Yes
COL1A2 35 6.62 0.044 Yes
HTRA1 41 6.48 0.047 Yes
AEBP1 44 6.42 0.051 Yes
COL6A1 57 6.18 0.054 Yes
C1QTNF7 65 6.03 0.057 Yes
ECM2 74 5.84 0.060 Yes
WNT10A 75 5.84 0.064 Yes
COL3A1 85 5.77 0.067 Yes
SPARC 86 5.76 0.070 Yes
LOXL4 97 5.64 0.073 Yes
ITIH3 111 5.53 0.076 Yes
SPON1 114 5.502 0.079 Yes
CTHRC1 118 5.45 0.082 Yes
COL6A2 122 5.42 0.085 Yes
PLXNB1 124 5.38 0.088 Yes
SMOC2 129 5.32 0.091 Yes

The top 25 ranked enriched ECM genes. ES, enrichment score.
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Similar to the results of airway wall from the combined
groups of never, current, and ex-smokers (Fig. 6A), mean in-
tensity of COL6A2 positive stained airway wall from never-
smoker control was positively associated with age (Fig. 7C). In
contrast to the results obtained from bronchial epithelium
from in all control patients (Fig. 6D) showing only the percent-
age area of COL14A1 positively associated with age, we found
the percentage area and mean intensity of COL14A1 and LUM
to be positively associated with age in never-smokers (Fig. 7D).
As in the blood vessel from all control patients (Fig. 6E), never-
smokers (Fig. 7E), showed a positive age-association of the
mean intensity of COL6A2. However, mean intensity of
COL1A1 is negatively associated with age only in blood vessels
from all control patients.

Age-Associated ECMDifferences Are Compartment
Specific

We have summarized the results of the immunohisto-
chemical analyses in Fig. 8, separating the analyses on the

complete group from the subset of never-smokers. We only
indicate the significant associations with age with the
strength of the association based on the p-values.With respect
to the total area of positive ECM staining, the analysis of the
combined groups of never, current, and ex-smokers (Fig. 8 (1))
showed that COL6A2 was the only age-associated ECM pro-
tein with a higher level in all lung compartments including
the parenchymal region (Fig. 8 (1 G)), airway wall (Fig. 8 (1H)),
and blood vessel (Fig. 8 (1 J)); except in the bronchial epithe-
lium region where it is not expressed. Compartment specific
age-associated differences have been observed in the lung
with a higher level of COL1A1 in the parenchyma (Fig. 8 (1 G)),
whereas COL1A1 level was lower in the blood vessel (Fig. 8
(1 J)), with increasing age.

The analysis of the subset of never-smokers (Fig. 8 (2))
showed a higher spatial distribution of FBLN2 in whole tis-
sue (Fig. 8 (2 A)) and parenchyma (Fig. 8 (2B)) and COL14A1
and LUM in the bronchial epithelium (Fig. 8 (2 D)) with
increasing age. Additionally, the levels of COL14A1 and LUM

Figure 3. Heatmap of age-associated proteins in the lung of nondisease control patients. The heat map shows the results of the proteomic analysis of human
lung tissue from control patients. The upper part of the map shows the significantly upregulated and the lower part the significantly downregulated proteins
with age. For the statistical analysis, P values were corrected using the Benjamini–Hochberg (FDR) method using a threshold of 0.05. FDR, fold discovery rate.
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were higher in the bronchial epithelium (Fig. 8 (2I)) with
increasing age. The level of COL6A2 was higher in whole tis-
sue (Fig. 8 (2 F)) airway wall (Fig. 8 (2H)) and blood vessels
(Fig. 8 (2 J)) with increasing age. Overall, we identified more
significant age associations in the subgroup of never-smok-
ers compared to combined groups of never, current, and ex-
smokers.

DISCUSSION

Our study describes the age-associated differences in
human lung ECM using transcriptomic, proteomic, and
immunohistochemical analyses. Our results indicate that
the human lung ECM remodels with normal aging. The
Matrisome pathway, including both ECM and ECM-related
proteins, was significantly and positively enriched among
the age-associated gene signature in nondiseased control
lung tissue. Comparing age-associated transcriptomic and
proteomic differences in lung tissue, we identified seven
age-associated ECM (and ECM-associated) proteins being
COL1A1, COL6A1, COL6A2, COL14A1, FBLN2, LTBP4, and
LUM which all showed higher levels in whole lung tissue
with higher age. Subsequent immunohistochemical stain-
ing in different compartments of the lung revealed differ-
ences in the location patterns of these ECM proteins with
all proteins being found in the airway wall and blood ves-
sels and three proteins including COL14A1, LTBP4, and
LUM with clear localization in the bronchial epithelium.
Age-associated differences were observed in the combined
groups of never, current, and ex-smokers for COL6A2 in
whole tissue, parenchyma, airway wall, and blood vessels,
and for COL1A1 in the parenchyma and blood vessel. The
subset of never-smokers showed age associations for
COL14A1 and LUM in the bronchial epithelium and

COL6A2 and FBLN2 in whole tissue, airway wall, and blood
vessels.

Our findings are in line with previous data showing a
higher level of collagens and collagen-related proteins in the
lung of 24-mo-old mice and a higher collagen deposition
observed in parenchymal regions of aged mice (20). Other
studies specifically showed a higher level of COL1A1,
COL6A1, and COL6A2, but a lower level of COL14A1 with
higher age inmouse lung tissue (21, 22).

In our study, COL6A2 was the only protein observed with
a higher level throughout the different lung compartments.
Surprisingly, no age-associated difference was observed for
COL6A1 in any of the lung compartments where it was local-
ized. COL6 is formed through the assemblance of three alpha
chains including COL6A1, COL6A2, and COL6A3 into a tri-
ple-helix monomer in a 1:1:1 stoichiometric ratio (23). Later,
the alpha chains COL6A4, COL6A5, and COL6A6 were iden-
tified and share a similar structure to COL6A3; however, the
COL6A4 is not expressed in humans. The interchangeability
of COL6A3 with COL6A4, COL6A5, or COL6A6 has been sug-
gested. COL6 triple helices monomers assemble into antipar-
allel dimeric structures via disulfide bonds, the formed
dimers align to form disulfide-bonds stabilized tetramers (23,
24). COL6 plays an important role in cell-ECM interaction,
through interaction with cell surface receptors including
integrins (23). In addition, COL6 enhances lung epithelial cell
spreading and facilitates wound healing (24) and COL6 deple-
tion in mice was linked to altered basement membrane struc-
ture and diminished cell-ECM interaction in the lung
resulting in an altered pulmonary elasticity and less tolerance
for physical exercises(23). These suggest the importance of
COL6 in the mechanical regulation of the lung; however, it
remains unresolved why only COL6A2 was higher expressed
in our lung tissues and not COL6A1. Thus, it will be

Figure 4. Overlap in age-associated ECM
proteins in the lung tissue on transcript and
protein level. A: transcriptomic and proteo-
mic results were examined for the overlap-
ping of ECM gene and its encoded protein.
Seven ECM proteins including COL1A1,
COL6A1, COL6A2, COL14A1, FBLN2, LTBP4,
and LUM were significantly higher with
age on gene and protein level. B: the
b-coefficients for age of the seven ECM
genes overlapping with encoded ECM
proteins are shown in the forest plot. For
the statistical analysis, P values were cor-
rected using the Benjamini–Hochberg
(FDR) method using a threshold of 0.05.
COL1A1, collagen type I a 1; COL6A1, col-
lagen type VI a 1; COL6A2, collagen type
VI a 2; COL14A1, collagen type XIV a 1;
FBLN2, fibulin-2; LTBP4, latent transform-
ing growth factor b binding protein 4;
LUM, lumican; FDR, fold discovery rate;
SE, standard error.

AGE-ASSOCIATED DIFFERENCES IN THE HUMAN LUNG ECM

AJP-Lung Cell Mol Physiol � doi:10.1152/ajplung.00334.2022 � www.ajplung.org L807
Downloaded from journals.physiology.org/journal/ajplung at University of Groningen (129.125.058.081) on July 25, 2023.

http://www.ajplung.org


interesting to examine the role of COL6A2 in the lung and its
implication of lung aging phenomenon.

COL14A1 belongs to the collagen family of FACITs (Fibril
Associated Collagens with Interrupted Triple helices) which

is primarily known for its role in the organization of collagen
fibrils (25). In addition, COL14A was identified as a key com-
ponent in turnover and differentiation of epithelial cells (21).
Angelidis et al. (22) showed a lower level of COL14A1 level
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and differences in cell type composition in the bronchial epi-
thelium of aged mice. Our study shows a higher level of
COL14A1 in the bronchial epithelium in human lungs with
increasing age, suggesting an attempt for the maintenance
of the cell type composition in the bronchial epithelium of
aged control patients. Additional investigations are needed
for a better understanding of the role of COL14A1 in the
bronchial epithelial layer. Higher age was also associated
with higher levels of LUM in the bronchial epithelium. LUM
is a small leucine-rich proteoglycan (SLRP) that is important
for the regulation of biological processes including cell
migration and adhesion, besides its role in collagen fibrillo-
genesis (26, 27). Saika et al. (26) showed that LUM expression
increases in the injuredmouse corneal epithelium in the ear-
lier phase of wound healing, and the healing of epithelial
injury was delayed in LUM-deficient mice compared with
controls. Later, Yamanaka et al. (28) showed that LUM
improved wound healing through binding to the transform-
ing growth factor-b (TGF-b) receptor 1 (ALK5). The incidence
of lung injury has been shown to be higher in the elderly.
Therefore, we suggest that the higher level of LUM in the
bronchial epithelium with higher age might be a response to
lung injury.

Lung elasticity is known to be less with higher age. FBLN2
serves as a bridge between fibrillin and elastin molecules
and has shown a strong binding affinity to tropoelastin (29).
However, previous study has demonstrated that FBLN2 is
dispensable for elastin fiber formation in mouse lung (30).
Our study showed a higher percentage area, but not a higher
level of FBLN2 in parenchyma region of never-smokers con-
trol patients. These findings indicate a possible role in the
stabilization and/or maintenance of the function of elastin
fibers in the parenchymal region. FBLN2 has been identified
as a positive regulator of TGF-b1 activity (31, 32). FBLN2-KO

mice displayed a lower level of COL1 expression in the ische-
mic myocardium (33). Our study shows a higher distribution
of FBLN2 and a higher level of COL1A1 in the parenchymal
region. However, the link between the higher level of
COL1A1 and the higher percentage area of FBLN2 cannot be
confirmed in our study. COL1 triple helix consists of 2
COL1A1 chains and one chain of COL1A2. The COL1 triple
helices auto-assemble to form COL1 fibrils (21). COL1 contrib-
utes to the tissue tensile strength, and its increased deposi-
tion may contribute to the lung stiffening with age, as
significant increases in stiffness were observed in the paren-
chyma of old (41–60 yr) compared with young (11–30 yr)
human lung tissues (34). Surprisingly, COL1A1 level was
lower in blood vessel wall with age, indicating differences in
the regulation of COL1A1 expression in the blood vessel com-
pared with the parenchyma and the importance of assessing
age-associated differences in different structural compart-
ments in the lung.

Our subgroup analysis in never-smokers showed some dif-
ferences in the levels of ECM proteins compared to the com-
bined group of never, current, and ex-smokers. The most
differences were specific to the bronchial epithelium with
higher levels of COL14A1 and LUM in never-smokers and to
the blood vessel with lower levels of COL1A1 in the combined
groups of never, current, and ex-smokers. In human arteries
derived from carotid, coronary, pulmonary, or kidney,
Faarvang et al. (35) demonstrated using Masson’s trichrome
staining and proteome analysis that the area fraction of col-
lagen and the COL1A1 level were significantly decreased in
current smokers compared with never-smoker control
patients, respectively. In addition, they found no differences
in COL6A1, COL6A2, COL14A1, FBLN2, and LUM levels in
never-smokers compared with current smokers (35). These
data suggest that the lower level of COL1A1 in the blood

Figure 5. Localization of age-associated ECM proteins in human lung tissues. Following the immunohistochemical staining the age-associated ECM pro-
teins were localized in the lung tissue. All the stained ECM proteins including COL1A1, COL6A1, COL6A2, COL14A1, FBLN2, LTBP4, and LUM were
located in the parenchyma. COL1A1, COL6A1, and COL6A2 were localized to the submucosa and airway adventitia and blood vessel adventitia.
COL14A1 is localized to the ASM layer, bronchial epithelium, endothelium, blood vessel smooth muscle layer and macrophages. FBLN2 is also present in
the submucosa and airway adventitia, smooth muscle layer of large blood vessel, and in the wall of small vessel. LUM and LTBP4 are both present in the
bronchial epithelium, airway wall and blood vessel smooth muscle. Macrophages were also positive for LTBP4 staining, whereas LUM was localized to
the ASM layer. Arrows indicate areas of positive staining. These stainings were performed individually for the 64 lung tissues from control patients, which
explain the variation observed in the intensity of hematoxylin staining. Blue Scale bar 300 lm and purple scale bar 2 mm. COL1A1, collagen type I a 1;
COL6A1, collagen type VI a 1; COL6A2, collagen type VI a 2; COL14A1, collagen type XIV a 1; FBLN2, fibulin-2; LTBP4, latent transforming growth factor b
binding protein 4; LUM, lumican; AA, airway adventitia; BA, blood vessel adventitia; ED, endothelium; BE, bronchial epithelium; ASM, airway smooth mus-
cle; VSM, blood vessel smooth muscle; SM, submucosa; SV, small vessel; M, macrophage; P, parenchyma.

Table 6. Overview of positive stained areas for age-associated ECM proteins including COL1A1, COL6A1 COL6A2,
COL14A1, FBLN2, LTBP4, and LUM and their semi-quantitative score in the lung compartments

ECM Protein Parenchyma

Airway Wall

Bronchial Epithelium

Blood Vessel

SM AA ASM BA VSM ED

COL1A1 1 1 1 1 1 2/1 2 1 1 1 2
COL6A1 1 1 1 1 1 1 2 1 1 1 1
COL6A2 1 1 1 1 1 1 1 2 1 1 1 1 1
COL14A1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
FBLN2 1 1 1 1 1 2 2 1 1 1 1 1 2
LTBP4 1 1 1 1 1 1 2 1 1 2
LUM 1 1 1 1 1 1 1 1 1 2 1 1 1 1

COL1A1, collagen type I a 1; COL6A1, collagen type VI a 1; COL6A2, collagen type VI a 2; COL14A1, collagen type XIV a 1; FBLN2, fibu-
lin-2; LTBP4, latent transforming growth factor beta binding protein 4; LUM, lumican; AA, airway adventitia; BA, blood vessel adventitia;
ED, endothelium; BE, bronchial epithelium; ASM, airway smooth muscle; VSM, blood vessel smooth muscle; SM, submucosa; (�), no
staining; (þ ), weak staining; (þ þ ), medium staining; (þ þ þ ), strong staining.
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vessel of the combined groups of never, current, and ex-
smokers is possibly linked to smoking, as the subset of only
never-smokers did not show a significantly lower level of
COL1A1. Woenckhaus et al. (36) showed that the mRNA level
of COL14A1 was lower in the bronchial epithelium of smok-
ers compared with the non-smokers patients. In addition,
the exposure of PC3 epithelial cells to cigarette smoke also
led to the downregulation of COL14A1 expression (37). Thus,
our results and the literature suggest a potential effect of
smoking on ECM production in the lung with increasing age.

The expression of age-associated ECM proteins in differ-
ent lung compartments may occur through the activation of
specific biological processes in certain cell types including
fibroblasts, myofibroblasts, and ASM, which are recognized
as the principal sources of ECM proteins. An increased pro-
portion of fibroblasts was found in aged human lungs com-
pared with the proportion of epithelial cells (3, 38) and our
previous work demonstrated a link between cellular senes-
cence and ECM dysregulation in COPD lung fibroblasts. In
addition, senescent ASM displayed a higher expression of
ECM proteins with higher age (39). These observations

suggest that the observed age-associated differences in the
lung ECMmay be associated withmore cellular senescence in
the aged lung. Further research is needed to disentangle the
mechanisms behind this and determine whether senescence
could be driving the age-associated ECM changes in the lung.

We used a unique approach to assess age-associated ECM
differences on levels and in specific lung compartments
including the whole tissue transcript and protein analysis
followed by extensive, immunohistochemical analyses in
specific lung regions. Sensitivity and specificity of the anti-
bodies as well as differences in the epitope region recognized
by the antibodies may explain the differences observed in
results obtained from immunohistochemical analysis com-
pared with the proteomic analysis. The differences observed
in percentage area/spatial distribution and mean intensity/
level of the positive stained age-associated ECM proteins
provide different information about the distribution and
amount of protein present within the tissues.

Our study also had some limitations, namely, the rela-
tively small number of nine control patients used for the pro-
teomic analysis compared with the numbers of control
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Figure 6. Forest plot of beta and regression estimates for age of the percentage area and mean intensity of age-associated ECM proteins in the whole
lung tissue, parenchyma, airway wall, bronchial epithelium, and blood vessel from combined groups of never-smokers, current smokers, and ex-smok-
ers. Lung tissue sections form all control patients without airflow limitation aged from 18 to 82 yr were immunohistochemically stained for the seven age-
associated ECM proteins and the positive staining was analyzed using Image J software for the percentage area and mean intensity for COL1A1,
COL6A1, COL6A2, COL14A1, FBLN2, LTBP4, and LUM positive staining. Hereby, the whole lung tissue and derived lung compartments including paren-
chyma, airway wall, bronchial epithelium and blood vessel were analyzed separately. The analysis of whole lung tissue (A) showed a positive association
of mean intensity of COL6A2 (N = 61) positive stained tissue with age, but no association for percentage area of COL6A2. The percentage area and
mean intensity of COL1A1 (N = 62), COL6A1 (N = 62), COL14A1 (N = 60), FBLN2 (N = 62), LTBP4 (N = 62), and LUM (N = 62) positive stained tissue showed
no association with age. The analysis of the parenchyma (B) revealed the positive association of mean intensity of COL1A1 (N = 61) and COL6A2 (N = 61)
positive stained tissue with age, but no association was found for the percentage area. Both mean intensity and percentage area of COL6A1 (N = 62),
COL14A1 (N = 60), FBLN2 (N = 62), LTBP4 (N = 62), and LUM (N = 62) positive stained tissues showed no association with age. In the airway wall (C), age
was positively associated with the mean intensity of COL6A2 (N = 219), but not with percentage area of COL6A2. The percentage area and mean inten-
sity of COL1A1 (N = 252), COL6A1 (N = 240), COL14A1 (N = 224), FBLN2 (N = 240), LTBP4 (N = 230), and LUM (N = 231) positive stained tissue showed no
association with age. In the bronchial epithelium (D), age was positively associated with the percentage area of COL14A1 (N = 224), but not with mean in-
tensity of COL14A1. There was no age-association with the percentage area and mean intensity of LTBP4 (N = 214) and LUM (N = 234) positive stained tis-
sues. The age-associated ECM proteins COL1A1, COL6A1, COL6A2, and FBLN2 were not expressed in the bronchial epithelium. The blood vessel (E)
showed a positive association between age and the mean intensity of COL6A2 (N = 273), but not its percentage area. Age was negatively associated
with the mean in intensity of COL1A1 (N = 305) but not its percentage area. The percentage area and mean intensity of COL6A1 (N = 284), COL14A1 (N =
257), FBLN2 (N = 289), LTBP4 (N = 263), and LUM (N = 278) positive stained tissue showed no association with age. As statistical analysis, the linear
regression model adjusted for sex and smoking was performed in SPSS software V.27 was used for whole lung tissue and parenchyma. For airway wall,
bronchial epithelium and blood vessel, a linear mixed model adjusted for sex and smoking was applied and the regression estimate and 95% confidence
intervals for age were represented for each percentage area/mean intensity. COL1A1, collagen type I a 1; COL6A1, collagen type VI a 1; COL6A2, colla-
gen type VI a 2; COL14A1, collagen type XIV a 1; FBLN2, fibulin-2; LTBP4, latent transforming growth factor b binding protein 4; LUM, lumican; N, number
of tissues used for each analysis. �Significant.
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patients, 270 and 62, used for transcriptomic analysis and
immunohistochemical analysis, respectively. In addition,
our study is cross sectional and therefore makes it difficult to
infer any causal relationship.

As previously mentioned, the aging lung is characterized
by structural and physiological alterations. As the ECM regu-
lates different biomechanical properties of tissue and organs,
and comprises key proteins responsible for lung stiffness,
elasticity, and recoil. In addition, the different ECM proteins
play a role in the binding and release of specific cytokines and
chemokines. Therefore, the age-associated ECM differences
that we showed with differences in several collagens as well
as FBLN2, which co-localizes within the elastic fibers, are
likely important contributors to structural and physiological
changes in the aging lung.

In summary, our study revealed age-associated differen-
ces in the lung ECM from histologically normal lungs from
patients with normal lung function and no history of chronic
lung disease. Higher COL6A2 level with higher age was pres-
ent in all lung compartments except in the bronchial epithe-
lium, where it is not expressed. Most differences were

observed in the subset of never-smokers. These ECM differen-
ces may affect lung structure and physiology with aging and
as such help in understanding the development and progres-
sion of chronic lung diseases. Identifying the mechanisms
regulating the ECM deposition in the aging lung will lay a
strong foundation for the identification of potential triggers
for the development of age-associated chronic lung diseases.
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Figure 7. Forest plot of beta and regression estimates for age of the percentage area and mean intensity of age-associated ECM proteins in the whole
lung tissue, parenchyma, airway wall, bronchial epithelium, and blood vessel from never-smoker control patients. Lung tissue sections from all control
patients without airflow limitation aged from 18 to 82 yr were immunohistochemically stained for the seven age-associated ECM proteins and the posi-
tive staining was analyzed using Image J software for the percentage area and mean intensity for COL1A1, COL6A1, COL6A2, COL14A1, FBLN2, LTBP4,
and LUM positive staining. Hereby, the whole lung tissue and derived lung compartments including parenchyma, airway wall, bronchial epithelium, and
blood vessel were analyzed separately. The analysis of whole lung tissue (A) showed a positive association of percentage area and mean intensity of
COL6A2 (N = 32) positive stained tissue with age. The percentage area of FBLN2 (N = 33) positive stained tissue showed a positive association with age,
but not mean intensity of FBLN2. The percentage area and mean intensity of COL1A1 (N = 33), COL6A1 (N = 33), COL14A1 (N = 33), LTBP4 (N = 33), and
LUM (N = 33) positive stained tissue showed no association with age. The analysis of the parenchyma (B) revealed the positive association of mean in-
tensity of COL1A1 (N = 32) and percentage area of FBLN2 (N = 33) positive stained tissue with age, but no association was found for the percentage area
of FBLN2 and mean intensity COL1A1. Both mean intensity and percentage area of COL6A1 (N = 33), COL6A2 (N = 32), COL14A1 (N = 32), LTBP4 (N = 33),
and LUM (N = 33) positive stained tissues showed no association with age. In the airway wall (C), age was positively associated with the mean intensity
of COL6A2 (N = 120), but not with percentage area of COL6A2. The percentage area and mean intensity of COL1A1 (N = 142), COL6A1 (N = 131), COL14A1
(N = 129), FBLN2 (N = 126), LTBP4 (N = 117), and LUM (N = 120) positive stained tissue showed no association with age. In the bronchial epithelium (D), age
was positively associated with the percentage area and mean intensity of COL14A1 (N = 131) and LUM (N = 121) of positive stained tissues. There was no
age-association with the percentage area and mean intensity of LTBP4 (N = 112) positive stained tissues. The age-associated ECM proteins COL1A1,
COL6A1, COL6A2, and FBLN2 were not expressed in the bronchial epithelium. The blood vessel (E) showed a positive association between age and the
mean intensity of COL6A2 (N = 112), but not its percentage area. The percentage area and mean intensity of COL1A1 (N = 148), COL6A1 (N = 122),
COL14A1 (N = 112), FBLN2 (N = 131), LTBP4 (N = 107), and LUM (N = 121) positive stained tissue showed no association with age. As statistical analysis, the
linear regression model adjusted for sex and smoking was performed in SPSS software V.27 was used for whole lung tissue and parenchyma. For airway
wall, bronchial epithelium and blood vessel, a linear mixed model adjusted for sex and smoking was applied and the regression estimate and 95% confi-
dence intervals for age were represented for each percentage area/mean intensity. COL1A1, collagen type I a 1; COL6A1, collagen type VI a 1; COL6A2,
collagen type VI a 2; COL14A1, collagen type XIV a 1; FBLN2, fibulin-2; LTBP4, latent transforming growth factor b binding protein 4; LUM, lumican; N,
number of tissues used for each analysis. �Significant.
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Figure 8. Summary of percentage area and
mean intensity of the positive staining of
age-associated ECM proteins in different
compartments of the lung. For a better visu-
alization of the results, we re-presented the
p-values of results obtained from the com-
bined groups of never, current, and ex-
smokers (1) and the subset of never-smoker
control patients (2) in one figure. For com-
bined groups of never, current, and ex-
smokers, the results are presented as per-
centage area of ECM proteins in whole tis-
sue (1 A), parenchyma (1 B), airways wall (1
C), bronchial epithelium (1 D), blood vessel
(1 E), and mean intensity in whole tissue (1
F), parenchyma (1 G), airways wall (1 H),
bronchial epithelium (1 I), and blood vessel
(1 J). For the subset of never-smokers, the
results are presented as percentage area
of ECM proteins in whole tissue (2 A), pa-
renchyma (2 B), airways wall (2 C), bronchial
epithelium (2 D), blood vessel (2 E) and
mean intensity in whole tissue (2 F), paren-
chyma (2 G), airways wall (2 H), bronchial
epithelium (2 I), and blood vessel (2 J). The
combined groups of never, current, and ex-
smokers showed a clear positive correla-
tion of mean intensity of COL6A2 with age
in whole tissue (1 F), parenchyma (1 G), air-
way wall (1H), and blood vessel (1 J). Mean
intensity of COL1A1 was positively corre-
lated with age in the parenchyma (1 G), but
negatively correlated in the blood vessel (1
J). Only percentage area of COL14A1
showed an age-association in the bronchial
epithelium (1 D). The never-smoker subset
showed age-association for the mean in-
tensity of COL6A2 in whole tissue (2 A), air-
way wall (2 H) and blood vessel (2 J), but
not in the parenchyma (2 G). The percent-
age area and mean intensity of COL14A1
and LUM were positively correlated with
age in the bronchial epithelium (2 D and 2
I). Mean intensity of COL1A1 was positively
correlated with age exclusively in the pa-
renchyma (2 G). Additionally, percentage
area of COL6A2 was positively correlated
with age in the whole tissue (2 A) and per-
centage area of FBLN2 was also positively
correlated in whole tissue (2 A) and paren-
chyma (2 B). COL1A1, collagen type I a 1;
COL6A1, collagen type VI a 1; COL6A2, col-
lagen type VI a 2; COL14A1, collagen type
XIV a 1; FBLN2, fibulin-2; LTBP4, latent
transforming growth factor b binding pro-
tein 4; LUM, lumican.
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