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Abstract
Rationale: Histologic stains have been used as the gold standard to

visualize extracellular matrix (ECM) changes associated with airway
remodeling in asthma, yet they provide no information on the
biochemical and structural characteristics of the ECM, which are vital
to understanding alterations in tissue function.
Objectives: To demonstrate the use of nonlinear optical
microscopy (NLOM) and texture analysis algorithms to image
ﬁbrillar collagen (second harmonic generation) and elastin (twophoton excited autoﬂuorescence), to obtain biochemical and
structural information on the remodeled ECM environment in
asthma.
Methods: Nontransplantable donor lungs from donors with asthma

(n = 13) and control (n = 12) donors were used for the assessment of
airway collagen and elastin ﬁbers by NLOM, and extraction of lung
ﬁbroblasts for in vitro experiments.

Asthma is characterized by chronic airway
inﬂammation (which forms the target of all
asthma therapeutics) and airway
remodeling that involves all tissues of the
airway wall including the epithelium,

Measurements and Main Results: Fibrillar collagen is not only
increased but also highly disorganized and fragmented within large
and small asthmatic airways compared with control subjects, using
NLOM imaging. Furthermore, such structural alterations are present in
pediatric and adult donors with asthma, irrespective of fatal disease.
In vitro studies demonstrated that asthmatic airway ﬁbroblasts are
deﬁcient in their packaging of ﬁbrillar collagen-I and express less
decorin, important for collagen ﬁbril packaging. Packaging of collagen
ﬁbrils was found to be more disorganized in asthmatic airways compared
with control subjects, using transmission electron microscopy.
Conclusions: NLOM imaging enabled the structural assessment of
the ECM, and the data suggest that airway remodeling in asthma
involves the progressive accumulation of disorganized ﬁbrillar
collagen by airway ﬁbroblasts. This study highlights the future potential
clinical application of NLOM to assess airway remodeling in vivo.
Keywords: asthma; airway remodeling; collagen; ﬁbroblasts;
nonlinear optical microscopy

basement membrane, lamina propria,
smooth muscle, and vascular structures
(1), for which there are no therapeutic
treatments. Airway remodeling was ﬁrst
described in cases of fatal asthma by

Huber and Koessler (2). Since then,
airway remodeling has been documented
for all stages of asthma severity and has
been linked to reduced lung function,
airways hyperresponsiveness, and a
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: Histologic stains have been

used as the gold standard to visualize
morphologic and extracellular matrix
changes associated with airway
remodeling in asthma. Using such
stains, it has been shown that collagen
is greatly accumulated within
asthmatic airways compared with
control subjects. However, histologic
stains provide no information on the
biochemical and structural
characteristics of extracellular matrix
ﬁbers, which are vital to understanding
disease pathology.
What This Study Adds to the
Field: This study demonstrates the use

of nonlinear optical microscopy to
assess the biochemical and structural
characteristics of collagen and elastin
ﬁbers in asthmatic airways.
Importantly, the data demonstrate that
accumulation of disorganized ﬁbrillar
collagen is an early feature of airway
remodeling being present in pediatric
and adult donors, irrespective of fatal
disease. Furthermore, in vitro studies
identiﬁed that asthmatic-derived
airway ﬁbroblasts are defective at
collagen repair, and express less
decorin, which is important for
collagen formation, providing a
potential mechanism for disorganized
ﬁbrillar collagen in asthma. Clinical
studies demonstrate the application of
nonlinear optical microscopy for use
with endoscopy techniques to assess
extracellular matrix remodeling. This
opens the opportunity for future use of
nonlinear optical microscopy and
texture analysis to assess and monitor
airway remodeling longitudinally and
in response to targeted therapeutic
treatments.
greater use of asthma medications (3–6).
It was previously proposed that chronic
inﬂammation involving mast cells,
eosinophils, neutrophils, and CD41
T cells (7–9) leads to airway remodeling
over the lifetime of an individual with
asthma. However, recent studies have
now shown that airway remodeling is not
present at birth (10), but features of
432

remodeling are present early (11, 12),
even by the age of 2–4 years and often
before atopic inﬂammation is observed or
a clinical diagnosis of asthma is made
(13).
Since 1927, airway remodeling has
been assessed using histologic chemical
stains, such as Verhoeff-van Gieson or
Masson trichrome, to visualize alterations
in cell structures and tissue components.
Using such stains, it has been shown that
collagen is greatly accumulated within
asthmatic airways compared with control
subjects (12). Fibrillar collagens are the
predominant collagen in the human
body, and the concentration and
distribution of collagen ﬁbers is essential
for normal tissue function (14). Fibrillar
collagens are also tightly packaged with
other extracellular matrix (ECM)
molecules, such as elastin, enabling
tissues to undergo repetitive strain and
relaxation, such as during breathing (15).
Alterations in the concentration and
distribution of collagen and elastin ﬁbers
can therefore lead to loss of anatomic
structure, compromised function, and
tissue ﬁbrosis (16, 17). However,
clinically used histologic stains provide

no information on the biochemical and
structural characteristics of ECM ﬁbers,
which is vital to understanding disease
pathology.
Here we demonstrate the use of
multimodal nonlinear optical microscopy
(NLOM) to assess the biochemical and
structural characteristics of collagen
(second harmonic generation [SHG])
and elastin (two-photon excited
autoﬂuorescence) ﬁbers (18, 19). Using
texture and image analysis we provide new
insight into the disorganization of ﬁbrillar
collagen ﬁbers and ﬁbrils in the remodeled
airways of donors with asthma.
Furthermore, our data demonstrate that
asthmatic-derived airway ﬁbroblasts are
defective at collagen ﬁber organization,
and express less decorin, which is essential
for normal collagen ﬁber formation. This
study expands the understanding of airway
remodeling in asthma, and creates new
opportunities for potential future clinical
applications of NLOM to assess airway
remodeling longitudinally, and in response
to targeted therapeutic treatments. Some
of these data have been previously
reported in the form of abstracts
(20, 21).

Table 1. Donor Demographics

Control Subjects
n
Age, mean (SD) , yr
Sex, F, %
Height, mean (SD), cm
Weight, mean (SD), kg
Ethnicity/race, %
White
Hispanic
Others
Medications, %
Albuterol
Advair*
Singulair
Roxycodone*
Zyrtec
Cause of death, %
Asphyxiation
Anoxia seizure
CNS tumor
CVA
FAE
Head trauma

Group
Subjects with Asthma

12
24.2 (13.7)
41.7
162.8 (19.8)
70.3 (28.0)

13
18.8 (8.7)
46.2
166.5 (10.2)
63.6 (23.8)

83.4
8.3
8.3

84.6
15.4
—

—
—
—
—
—

76.9
15.4
7.7
7.7
7.7

—
25.0
8.3
16.7
—
50.0

15.4
—
—
—
61.5
23.1

Definition of abbreviations: CNS = central nervous system; CVA = cardiovascular attack; FAE = fatal
asthma episode.
There was no statistical difference in age (P = 0.37) or sex (P = 0.58) between the two groups.
*Indicates medication combined with other.

American Journal of Respiratory and Critical Care Medicine Volume 200 Number 4 | August 15 2019

ORIGINAL ARTICLE
A

Histology
Verhoeff Van Giessen

B

Nonlinear optical microscopy (NLOM)
Elastin (TPEF)

Collagen (SHG)

Merge (SHG+TPEF+AF)

Methods

Control

Collagen

D 150

Elastin

120

**

90
60

Asthma

8

H

***

6
4
2

IDM (a.u)

I

****

0.6

N

***

Intensity (a.u.)

Intensity (a.u.)

Control

Asthma

0.6

150
120

120
90
60

90
60
30
0

0
Control

Asthma

*

10

O

8

Control

Asthma

Control

Asthma

10
8

Entropy (a.u.)

Entropy (a.u.)

Asthma

0

K 150

6
4
2

6
4
2

0

0
Control

M 1.5

Asthma

P
*

1.5
1.2

IDM (a.u)

1.2
IDM (a.u)

Control

0.9

Asthma

30

Control

4

0.3

Control

Asthma

6

1.2

0.9

0

L

Sampling of Lung Tissue

8

1.5

IDM (a.u)

Asthma

Asthma

0.3

Small airways (<2mm diameter)

Asthma

0
Control

1.5
1.2

Control
10

2

0

F

90
60

0
Control

10

Entropy (a.u.)

Entropy (a.u.)

E

120

30

30
0

J

Nontransplantable donor lungs from
donors with asthma (n = 13) and control
donors (n = 12) were donated for
research, with informed consent from the
next-of-kin through the International
Institute for the Advancement of
Medicine. The study was approved by the
Providence Health Care Research Ethics
Board (H13-02173) at the University of
British Columbia. The demographic and
clinical characteristics of all donors are
presented in Table 1. There was no
statistical difference in the asthmatic
and control group with regards to age
and sex. In the asthmatic group, 7 out of
13 died from a fatal asthma episode.
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Using surgical clamps airway and
parenchymal tissue were blunt dissected
for extraction of tissue for transmission
electron microscopy analysis and
ﬁbroblast cultures as previously described
(22, 23). The lung was then inﬂated,
frozen, and cut into contiguous 2-cmthick slices (transaxial plane) as
previously described (24). A uniform
random sampling method was applied to
select sampling sites using a line grid
(225 mm2 ) that was superimposed onto
the photographs of each lung slice.
Sample locations (line intersection)
falling on connective tissue or large
airways and blood vessels were also
excluded from the sampling. Three
15 3 20-mm cylindrical tissue cores
were taken for formalin ﬁxation and
parafﬁn embedding. Tissue sections of
5 mm were stained with Verhoeff-van
Gieson stain and digitally scanned
(ScanScope XT slide scanner; Aperio
Technologies), or stained with
hematoxylin and used for NLOM.
Airways were segregated into small
(,2 mm diameter) or large (.2 mm
diameter) airways.

0

0
Control

Asthma

Control

Asthma

Figure 1. Nonlinear optical microscopy (NLOM) demonstrates fibrillar collagen is disorganized in
asthmatic airways. (A and B) Control and asthmatic large airways visualized with Verhoeff-van Gieson
stain (elastic fibers shown in black, collagen fibers shown in brown-yellow) (A) and label-free NLOM
(B), where elastic fibers imaged with NLOM/two-photon excitation fluorescence (TPEF) are color
coded in white, and collagen fibers imaged by NLOM/second harmonic generation (SHG) are
color coded in blue (visualized by TPEF autofluorescence of the tissue color coded in magenta).
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Nonlinear Optical Microscopy

Lung tissue samples were imaged using an
in-house built multimodal femtosecond
NLOM (18, 19), capable of acquiring
colocalized two-photon excited
autoﬂuorescence and SHG images
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simultaneously. For each donor, four
airways in total were imaged, from which
three randomly selected regions of interest
were analyzed.
Texture Analysis

Image background correction, intensity
normalization, and texture analysis were
performed using Fiji analysis toolbox and
plugins (25). Entropy (a measure of the
degree of disorder of the structures
within an image) and inverse difference
moment (a metric related to the
homogeneity of the structures within the
image), ﬁrst deﬁned by Haralick and
colleagues (26), were calculated using a
gray level cooccurrence matrix, in a
custom-built texture analysis toolkit in
MATLAB (18). Fibers were identiﬁed
using a method for unbiased detection of
curvilinear structures based on ridge
detection (27). By locating the ﬁrst and
second directional derivatives of the
image for the extraction of the line
points, it was possible to further calculate
ﬁber thickness, overlap, and spacing. The
ﬁber directionality analysis was
performed using Fourier spectrum
analysis (28).
Transmission Electron Microscopy

Images were obtained using a Philips/FEI
Tecnai 12 transmission electron microscopy
at 337,000 magniﬁcation. Cross-sectional
images of collagen ﬁbers were used to
calculate the orientation of collagen ﬁbrils
using the index of circularity (18) in
MATLAB.
Fibroblast Experiments

Primary airway and parenchymal ﬁbroblasts
were obtained using an outgrowth technique
as previously described (22) and used at
passages 1–2. In each experiment, 50,000
cells were treated with or without 10 ng/ml
TGF-b1 (transforming growth factor-b1)
and assessed for collagen remodeling and
contraction using a free-ﬂoating three-

dimensional collagen I gel contraction assay
on which cells were seeded and allowed to
migrate for 72 hours (29, 30), or cell
stiffness measured using optical magnetic
twisting cytometry (31). Following
functional experiments collagen gels were
used for NLOM imaging, protein, or
mRNA quantiﬁcation. The number of
ﬁbroblasts present in each collagen gel was
assessed by counting nuclei stained with
DAPI using a Fiji customized macro (32).
All cell culture experiments were run in
triplicate.
Statistical Analysis

A D’Agostino-Pearson and Shapiro-Wilk
normality test was used to assess the data.
For nonparametric data two-tailed MannWhitney U tests were performed using
GraphPad Prism version 6.0, linear mixedeffect models (nlme package), and power
calculations (bootstrap) were performed
using the statistical software R3.3.1
(RStudio). Data are shown as mean 6 SEM,
P , 0.05 was considered signiﬁcant, and all
two-tailed Mann-Whitney U tests had
greater than 0.90 power.

Results
NLOM Demonstrates Fibrillar
Collagen Is Disorganized in
Asthmatic Airways

Compared with the clinically used
Verhoeff-van Gieson stain (collagen
ﬁbers, yellow; elastic ﬁbers, black)
(Figure 1A) we demonstrate the capacity
for high-resolution NLOM (Figure 1B) to
image ﬁbrillar collagen using SHG and
elastin using two-photon excited
autoﬂuorescence in control and
asthmatic airways.
The ability to resolve ﬁbrillar collagen
and elastin ﬁbers with NLOM enabled the
use of texture analysis to assess changes in
ﬁber organization and integrity. For the

analysis, conducting airways were divided
into large (.2 mm in diameter,
Figure 1C) and small (,2 mm in diameter,
Figure 1J) airways. There was no statistical
difference in the mean small airway
diameter (control donors, 704.1 6 83.1 mm
vs. donors with asthma, 753.1 6 117.2 mm),
or large airway diameter (control donors,
5.81 6 0.98 mm vs. donors with asthma,
5.3 6 1.27 mm) between groups.
We found increased levels of ﬁbrillar
collagen (intensity) in the lamina propria of
large (Figure 1D) and small (Figure 1K)
airways of patients with asthma compared
with control subjects. Using texture
analysis we were able to demonstrate
for the ﬁrst time that ﬁbrillar collagen
ﬁbers within the lamina propria of
asthmatic large and small airways are
extensively disorganized having greater
entropy (degree of disorder of the
structures within an image) (Figures 1E
and 1L), and are less uniform with a
decreased inverse difference moment
(homogeneity of structures within an
image) (Figures 1F and 1M) compared
with control airways. It is well documented
that smooth-muscle mass increases
contribute to ECM production and airway
closure in asthma (33, 34). In contrast to
the laminar propria, we found collagen
within the smooth muscle region to be
increased but not disorganized (see Figures
E1A–E1D in the online supplement). We
observed no alterations in the intensity or
organization of elastin within the lamina
propria (Figures 1G–1I and 1N–1P) or
smooth muscle (see Figures E1E–E1G)
region of asthmatic and control airways.
Fibrillar Collagen Is Disorganized in
Asthmatic Airways Irrespective of
Age, Sex, and Fatal Asthma

Importantly, in subjects with asthma
collagen ﬁbers were found to be increased
(intensity) and extensively disorganized
(entropy) within the lamina propria of large
and small airways irrespective of age

Figure 1. (Continued). (C and J) Representative low- and high-magnification images of the SHG and TPEF signal from large airways (C) and small airways
(J) of control donors and donors with asthma. (D–F and G–I) Graphical analysis of collagen (SHG signal) (D–F) and elastin (TPEF signal) (G–I) textural
analysis features intensity, entropy, and inverse difference moment (IDM) imaged in the lamina propria of large airways from donors with asthma and
control donors. (K–M and N–P) Graphical analysis of collagen (SHG signal) (K–M) and elastin (TPEF signal) (N–P) textural analysis features intensity,
entropy, and IDM imaged in the lamina propria of small airways from donors with asthma and control donors. Bar graphs represent the mean, and error
bars denote SEM. Circles and squares depict data from 12 biologically independent control donors (total of 48 airways, average of four/donor, three
regions of interest/airway) and 13 biologically independent donors with asthma (total of 52 airways, average of four/donor, three regions of interest/airway).
*P , 0.05, **P , 0.01, ***P , 0.001, and ****P , 0.0001. AF = airway fibroblasts; BM = basement membrane; EP = airway epithelial cells; LP = lamina
propria.
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Figure 2. Fibrillar collagen is disorganized in asthmatic airways irrespective of age, sex, and fatal asthma. (A–L) Intensity and entropy features were obtained
using texture analysis from nonlinear optical microscopy/second harmonic generation images of fibrillar collagen within the laminar propria of control (white
bars) and asthmatic (blue bars) large (A–F) and small (G–L) airways. Subjects were divided by age (pediatric [,16 yr of age] or adult [.18 yr of age]), sex (male
or female), and disease severity (fatal asthma episode [fatal] or nonfatal). (A, C, E, G, I, and K) The intensity of the nonlinear optical microscopy/second
harmonic generation signal for fibrillar collagen is shown for large and small airways by pediatric and adult (A and G), male and female donors (C and I), and
fatal and nonfatal cases of asthma (E and K). (B, D, F, H, J, and L) The entropy of the nonlinear optical microscopy/second harmonic generation for fibrilar
collagen is shown for large and small airways by pediatric and adult (B and H), male and female donors (D and J), and fatal and nonfatal cases of asthma
(F and L). Bar graphs represent the means, and error bars denote SEM. Circles and squares depict data from 12 biologically independent control donors
(total of 48 airways, average of four/donor, three regions of interest/airway) and 13 biologically independent donors with asthma (total of 52 airways,
average of four/donor, three regions of interest/airway). **P , 0.01, ***P , 0.001, and ****P , 0.0001.
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Figure 3. Structural characteristic of fibrillar collagen in remodeled airways. (A, B, E, and F) Representative regions of interest (ROIs) from nonlinear optical
microscopy/second harmonic generation images of the lamina propria of small and large airways showing fibrillar collagen fibers and its color-coded
orientation from control donors (A and B) and donors with asthma (E and F). (C, D, G, and H) Representative histograms show the preferred direction
of collagen fibers in small airways from control donors (C) and donors with asthma (G) and in large airways from control donors (D) and donors with
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(Figures 2A, 2B, 2G, and 2H), sex (Figures
2C, 2D, 2I, and 2J), or fatal asthma (Figures
2E, 2F, 2K, and 2L). Multiple-regression
analysis further veriﬁed this ﬁnding with
only asthma being signiﬁcantly associated
with increased collagen intensity (estimate,
227.79; P = 0.0015) and entropy (estimate,
21.63; P = 0.0002), and not age, sex, or fatal
disease, indicating collagen disorganization
occurs early in the disease process, and is
present irrespective of fatal disease.
Structural Characteristic of Fibrillar
Collagen in Remodeled Airways

We analyzed the spatial arrangement of
ﬁbrillar collagen ﬁbers in control (Figures
3A and 3B) and asthmatic airways (Figures
3E and 3F) using directionality Fourier
transform analysis. Histograms of the
directionality dispersion analysis of control
airways demonstrates that ﬁbrillar collagen
ﬁbers within large airways (Figure 3D) had
a lower dispersion compared with small
airways (Figure 3C), which is to be expected
because of the known banding of ﬁbrillar
collagen within large airways. However,
ﬁbrillar collagen ﬁbers in both large
(Figure 3H) and small (Figure 3G)
asthmatic airways had a greater
directionality dispersion when compared
with control airways (Figure 3I). These data
demonstrate the ﬁbrillar collagen ﬁbers
within the laminar propria of asthmatic
airways are more fragmented and do not
present a preferred orientation compared
with control airways. We found no
changes in elastin ﬁber directionality
dispersion with asthmatic airways
compared with controls (see Figure E2).
Next, we assessed the overlap of ﬁbrillar
collagen and elastic ﬁbers, and this
remained consistent with 20% overlap in
both control and asthmatic large and
small airways (Figure 3J).
We also found no signiﬁcant difference
in collagen ﬁber thickness between donors
with asthma and control donors
(Figure 3K). We did ﬁnd that the spacing
between ﬁbrillar collagen ﬁbers was
signiﬁcantly greater in asthmatic airways
compared with controls (Figure 3L).

Asthmatic-derived Airway Fibroblasts
Are Defective at Fibrillar Collagen I
Formation

To determine what cells were present within
the disorganized ﬁbrillar collagen of
asthmatic airways, SHG imaging was
combined with confocal imaging.
Compared with the banding of ﬁbrillar
collagen in the lamina propria of control
airways (Figure 4A), ﬁbrillar collagen was
highly irregular within the laminar propria
of asthmatic airways (Figure 4B, purple),
and these regions were associated with
populations of mesenchymal cells positive
for F-actin (green).
To determine if asthmatic airway
mesenchymal ﬁbroblasts were responsible
for alterations in ﬁbrillar collagen structure,
primary airway and parenchymal
mesenchymal ﬁbroblasts were isolated from
the lungs of the donors with asthma and
control donors. We used a free-ﬂoating
hydrolyzed rat-tail collagen I gel
contraction assay, on which ﬁbroblasts were
seeded and allowed to migrate through the
gel for 72 hours, to assess the ability of cells
to repair and remodel ﬁbrillar
collagen I (29). We found that asthmaticderived airway ﬁbroblasts were unable
to remodel and contract hydrolyzed
collagen I to the same extent as controlderived airway ﬁbroblasts (Figures 4C and
4D). This defect was speciﬁc to airway
ﬁbroblasts, because parenchymal ﬁbroblasts
derived from the same donors with asthma
were not defective compared with control
subjects (Figures 4C and 4E). The
proﬁbrotic cytokine TGF-b1 is a
well-known activator of ﬁbroblasts during
repair (35); however, treatment with
10 ng/ml TGF-b1 for 72 hours or
increasing the time for contraction to 144
hours did not alter the response of
asthmatic airway ﬁbroblasts (see
Figure E3A).
To determine if defective collagen I gel
contraction by asthmatic-derived airway
ﬁbroblasts was due to defective collagen
ﬁber formation, we analyzed the SHG signal
of ﬁbrillar collagen I using NLOM-SHG
(Figure 4F). Collagen I gels seeded with

asthmatic-derived airway ﬁbroblasts had a
signiﬁcantly lower signal intensity
(Figure 4G) and greater disorganization of
ﬁbrillar collagen I (entropy, Figure 4H)
compared with control-derived airway
ﬁbroblasts, in line with the ex vivo
imaging data. We found no differences in
the NLOM-SHG signal for ﬁbrillar
collagen intensity or entropy, when
comparing parenchymal ﬁbroblasts
derived from the same donors
(Figures 4I and 4J).
Asthmatic-derived Airway Fibroblasts
Have a Normal Functional
Cytoskeleton

When we imaged (Figure 5A) and assessed
the interaction of airway ﬁbroblasts with
ﬁbrillar collagen, we found no difference
between asthmatic and control airway
ﬁbroblasts for the numbers of cells
(Figure 5B), the distance between cells
(Figure 5C), or cell stiffness (G1 [Pa/nm])
(Figure 5D) at baseline or in response to
TGF-b1 treatment (see Figure E3B). We
also found no differences between
asthmatic and nonasthmatic ﬁbroblasts in
the cytoskeletal protein expression of
F-actin (Figure 5E), nonmuscle myosin
IIB (Figure 5F), or b-tubulin (Figure 5G),
which are known to be involved in the
formation of lamellipodia and stress ﬁbers,
two distinct actin assembly mechanisms
used by mesenchymal cells to repair and
contract ﬁbrillar collagen (30).
Asthmatic-derived Airway Fibroblasts
Are Defective at Packaging Fibrillar
Collagen I

We found no differences between asthmatic
and control airway ﬁbroblasts in their ability
to express collagen Ia1 (Figure 6A) or lysyl
oxidase (Figure 6B), lysyl oxidase like
enzymes 1 and 2 (see Figures E4A and E4B)
essential enzymes for the cross-linking of
collagen ﬁbers. However, we did ﬁnd
decreased expression of Decorin, a small
leucine-rich proteoglycan, required for the
normal spacing of collagen ﬁbrils within
ﬁbers, in collagen I gels seeded with
asthmatic ﬁbroblasts compared with
controls (Figure 6C). Using the

Figure 3. (Continued). asthma (H). (I) Graphical analysis of the dispersion angle for control donors (white bars) and donors with asthma (gray bars) in small
and large airways. (J–L) Fibrillar collagen fibers were also assessed for percentage elastin–collagen overlap (J), collagen fiber thickness (K), and fiber spacing
(L), in both small and large airways from control donors (white bars) and donors with asthma (gray bars). Bar graphs represent the means, and error bars
denote SEM. Circles and squares depict data from 12 biologically independent control donors (total of 48 airways, average of four/donor, three ROIs/airway)
and 13 biologically independent donors with asthma (total of 52 airways, average of four/donor, three ROIs/airway). **P , 0.01 and ****P , 0.0001.
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Figure 4. Asthmatic-derived airway fibroblasts are defective at fibrillar collagen I formation. (A and B) Representative confocal and nonlinear optical
microscopy/second harmonic generation images, comparing the large airway wall from a control donor (A) and a donor with asthma (B). Nuclei are shown
in red (propidium iodide), F-actin is shown in green (fluorescein isothiocyanate), and second harmonic generation signal for fibrillar collagen is shown in
purple. Primary airway and parenchymal fibroblasts from control donors (white bars) and donors with asthma (gray bars) were seeded (40,000 cells) in rattail collagen I gels in triplicate and allowed to contract for 72 hours. (C) Representative light microscopy images of collagen gels at 72 hours. (D and E)
Percentage gel area contraction of airway (D) and parenchymal fibroblasts (E). (F) Representative images of nonlinear optical microscopy/second harmonic
generation signal from collagen I gels. (G–J) Average intensity (G and I) and entropy analysis (H and J) of fibrillar collagen I from airway (G and H) and
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Figure 5. Asthmatic-derived airway fibroblasts have a normal functional cytoskeleton. (A) Highresolution representative image showing fibroblasts (stained for F-actin in green) interacting with
fibrillar collagen I (second harmonic generation signal in blue). (B) Average number of airway
fibroblasts per gel. (C) Average distance between neighboring airway fibroblasts in collagen I gels
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ultraresolution of transmission electron
microscopy, we demonstrate that compared
with control airways (Figures 6D and 6E),
asthmatic airways have disorganized

collagen ﬁbril structures within collagen
ﬁbers (Figures 6F and 6G), quantiﬁed by an
increased circularity score (Figure 6H) and
index of dispersion (Figure 6I).
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For nearly a century, histologic stains have
been used as the gold standard to visualize
morphologic and ECM changes associated
with airway remodeling in asthma. Here we
demonstrate the application of highresolution NLOM and texture analysis to
obtain for the ﬁrst time biochemical and
structural information on the remodeled
ECM environment in asthma. Our detailed
study using human-derived tissues and
primary cells demonstrates elevated levels of
disorganized and fragmented ﬁbrillar
collagen ﬁbers in asthmatic airways, and
that defective decorin production by airway
ﬁbroblasts may be responsible for this
defective ﬁbrillar collagen formation. These
ﬁndings have important implications for
airway remodeling in asthma because
disorganized collagen can profoundly affect
the response of cells within the tissue
microenvironment, and thus provides a
potential new therapeutic target.
Airway remodeling has been docmented
for all stages of asthma severity
and has been linked to reduced lung
function, airways hyperresponsiveness, and
a greater use of asthma medications (3–6).
All components of the airway wall
(adventitia, submucosa, and smooth
muscle) have been shown to increase by
10–300% in patents with asthma compared
with control subjects (34, 36). Although
moderate amounts of airway wall
thickening have little effect on the baseline
resistance to airﬂow, it can profoundly
affect airway narrowing caused by smooth
muscle shortening, especially in peripheral
airways (37). Increased airway smooth
muscle mass, edema, inﬂammatory cell
inﬁltration, glandular hypertrophy, and
ECM deposition have been shown to
contribute to airway wall thickening in
asthma (34). With respect to the ECM, and
speciﬁcally collagen deposition, most
studies have focused on changes in the
basement membrane (lamina reticularis)
because of the availability of biopsy tissues.
In contrast, there are limited data on the
lamina propria of subjects with asthma,
which forms a larger volume of the airway
wall, and therefore has the potential to exert
a greater effect on airway narrowing (36).
Previous studies on the lamina propria of
subjects with moderate to severe asthma
have demonstrated more collagen antibody
staining (11, 38) compared with healthy
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control subjects and subjects with mild
asthma, whereas Godfrey and colleagues
showed no difference (39). One
limitation with these studies is that the
tissue used was obtained via bronchial
biopsies, which makes it difﬁcult to sample
the lamina propria consistently between
subjects.
In this study, using whole lung tissue
and high-resolution NLOM combined with
texture analysis, we demonstrate for the ﬁrst
time that the lamina propria in large and
small asthmatic airways contains elevated
levels of disorganized and fragmented
ﬁbrillar collagen. With regard to the
structural properties of collagen ﬁbers, it has
been shown that the organized assembly of
collagen ﬁbrils is essential for the molecule’s
tensile properties (17). No studies to date
have focused on the relationship of collagen
organization and the tensile properties of
airway tissue; however, the total amount of
collagen ﬁbers has been shown to
correlate with the resistance and elasticity
of parenchymal tissue (40). Furthermore,
from surgical models of skin repair it is
known that the tensile strength of the
repairing tissue increases as collagen
organization increases (41). We found no
difference in the levels or organization of
elastin ﬁbers in asthmatic compared with
control airways, which is in line with
previous histologic and electron
microscopy studies of the lamina propria
(11, 39). However, Carroll and colleagues
(42) demonstrated by histology that
elastin ﬁbers are disorganized in
longitudinal bundles associated with
mucosal folds.
Changes in individual ECM
components or networks as in the case of
collagen and elastin have been shown to
contribute to changes in airway mechanics
through alterations in tissue biomechanics
and geometric effects (36, 37). The
incorporation of morphologic and
physiologic measurements on asthmatic
and nonasthmatic tissues into
mathematical models has demonstrated
that the magnitude of airway wall
thickening is sufﬁcient to contribute
substantially to asthmatic airway
hyperresponsiveness (43). Furthermore, the
“perturbed equilibrium hypothesis”
suggests that airway wall thickening can
destabilize the dynamic forces that control
airway caliber, causing airway collapse (44).
Despite this, pulmonary measurements in
subjects with asthma have shown the
440

airways to be less distensible (4). Thus,
future studies focused on modeling
disorganized ﬁbrillar collagen in the
asthmatic airway are required to
understand truly how this would affect
airway closure and airway
hyperresponsiveness.
Fibroblasts are the primary cell type
responsible for the synthesis and assembly
of collagen ﬁbers (45). Although other
F-actin-positive mesenchymal cells can
produce collagen within the lung, in this
study we focused on airway ﬁbroblasts
because of their location within the laminar
propria adjacent to disorganized collagen,
and lack of collagen disorganization located
within smooth muscle bundles. The threedimensional ﬂoating collagen I-gel model
used in the present study enabled us to
mimic the tissue microenvironment,
enabling ﬁbroblasts to migrate through the
matrix to interact and assemble hydrolyzed
collagen I through dendritic extensions, and
subsequently via actin stress ﬁbers to
induce contraction (30).
Using this model, we demonstrate that
compared with control subjects, airway
ﬁbroblasts from patients with asthma, but
not parenchymal ﬁbroblasts, are abnormal
in their ability to form ﬁbrillar collagen I.
Our data show that asthmatic airway
ﬁbroblasts do not have alterations in
cytoskeletal proteins, cell stiffness, or
production of collagen I, but do have
reduced expression of decorin, a
proteoglycan of the small leucine-rich
proteoglycan family that binds collagen at
b1-integrin binding sites and is required for
normal spacing of collagen ﬁbrils (46).
Furthermore, we also demonstrate ex vivo
that collagen ﬁbers within the airways of
donors with asthma have disorganized
collagen ﬁbrils indicative of defective
spacing by decorin. In support of our
ﬁndings, decreased decorin expression has
previously been reported within the airways
of subjects with asthma (47) and
emphysematous tissues in chronic
obstructive pulmonary disease (48).
Decorin expression has also been shown
to be reduced in keloid tissue and
hypertrophic burn scars, in which collagen
ﬁbrils are known to be less organized
compared with normally healed skin (49).
Furthermore, decorin knockout mice
exhibit abnormal collagen morphology in
the skin and tendons because of ﬁbril
disorganization (46). Thus, these data
support the notion that a reduction in

decorin could contribute to disorganized
and fragmented collagen in asthmatic
airways, and thus future studies are
required to understand the mechanism
involved.
In addition to its structural role,
collagen topography (synthesis,
degradation, organization) is a major
effector of the cell microenvironment
modifying cell proliferation, adhesion,
migration, differentiation, and death (50).
The organization of collagen ﬁbers has been
shown to profoundly inﬂuence the directed
migration of leukocytes and cancer cells
(51) as well as the migration, senescence,
gene expression, and differentiation of
dermal ﬁbroblasts (52). Furthermore, it is
well understood within the skin literature
that collagen fragments promote de novo
collagen synthesis (53). Thus, defective
collagen packaging by airway ﬁbroblasts
in asthmatic airways may explain a
mechanism whereby ﬁbroblasts residing
within an ECM of fragmented collagen
could be induced to produce more collagen
leading to increased deposition of
disorganized collagen and airway
remodeling; all without the need for an
immune response to promote ﬁbroblast
activation and repair following immune cell
migration and matrix degradation. Thus,
collagen disorganization does not only
simply imply thickening of the airway wall,
but also may have signiﬁcant inﬂuence on
inﬂammatory and structural cells within
the airway, and deserves future
investigation.
This study has limitations that should
be mentioned. This study used
nontransplantable donor lungs from
pediatrics and adults with asthma who died
of a fatal asthma episode or other unrelated
causes. Although such tissue enabled the
extraction of cells and inﬂation of the tissue
for analysis, we are unable to characterize
the patients with asthma by severity because
of only limited information being available
on medication use, asthma diagnosis, and
viral infections or observe the progression of
airway remodeling over time. However,
such tissue enabled examination of multiple
large and small airways in cross-section,
which is essential when investigating the
structural organization of ECM molecules.
Furthermore, such texture analysis cannot
be performed on biopsy tissue taken at the
carina because the collagen ﬁbers branch in
both directions of the daughter airways, and
biopsy forceps deform the tissue structure,
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thus making it impossible to perform
standardized texture analysis on such tissue
samples. Lastly, NLOM enables
visualization of ﬁbrillar collagens but does
not have the capacity to distinguish between
ﬁbrillar collagen types. Because ﬁbrillar
collagen types I and III have been shown to
be the major ﬁbrillar collagens in both
wounded and unwounded lung tissue, with
90% being collagen I (54), we can only infer
that the ﬁbrillar collagen signal detected is
composed primarily of collagen I.
In conclusion, these ﬁndings suggest
that the development of airway remodeling
in asthma involves disorganization and

accumulation of ﬁbrillar collagen,
irrespective of age, sex, or fatal disease.
Additionally, these data indicate that
defective decorin production by airway
ﬁbroblasts could be responsible for the
disorganization of collagen ﬁbrils and ﬁbers
in the lamina propria. This study expands
the understanding of the mechanism of
airway remodeling in asthma and highlights
urgently needed opportunities for
therapeutic intervention. Importantly,
several clinical studies have now
demonstrated the application of NLOM for
use with endoscopy techniques to assess
ECM remodeling in cancers and lung tissue
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