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Background: There has been growing evidence of small-airway dysfunction in patients
with asthma. Few studies have evaluated the mechanism of small-airway dysfunction in
mouse models of asthma.

Purpose: We explored the correlation between small-airway spirometric variables and
large-airway function or inflammation in different endotypes of asthma.

Methods: Ovalbumin (OVA) sensitization/challenge was used to produce a type 2 (T2)-high
asthma model, and OVA combined with ozone exposure (OVA + ozone) was used for the T2-
low asthma model with increased neutrophils. Spirometry, airway responsiveness, cytokine
levels in bronchoalveolar lavage fluid (BALF), and pathological analyses of lung slices
stained with hematoxylin-eosin, periodic acid—Schiff, and Masson’s trichrome stain were
all determined. MucSac expression in lung tissue was evaluated by the reverse transcription-
polymerase chain reaction (RT-PCR), and alpha-smooth muscle actin was measured by
immunohistochemistry.

Results: Inflammatory cells infiltrated the lung tissue and inflammatory cytokines were
increased in the BALF of both the OVA and OVA + ozone groups, compared with the control
group. Peribronchial hypersecretion and collagen deposition were evident in the models. The
OVA + ozone group showed greater neutrophilic infiltration and peribronchial smooth
muscle proliferation than the OVA group. Large-airway obstruction, small-airway dysfunc-
tion, and airway hyperresponsiveness were confirmed in both models. Small-airway func-
tional variables, such as MMEF (mean midexpiratory flow, average flow from 25 to 75%
forced vital capacity [FVC]) and FEF50 (forced expiratory flow at 50% of FVC), were
positively correlated with large-airway function and had a stronger negative correlation with
airway inflammation, mucus secretion, and responsiveness than large-airway function.
Conclusion: Small-airway dysfunction was evident in the two endotypes of asthma and was
correlated with severe airway inflammation, mucus hypersecretion, and airway hyperrespon-
siveness. The small airways may be an important target in asthma treatment, and further
research in the role of small-airway variables in the pathogenesis of asthma is warranted.
small spirometry, airway inflammation, asthma, airway
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Introduction

Bronchial asthma was traditionally considered to affect mainly the large airways.
However, increasing evidence shows that small-airway dysfunction, an overlooked
respiratory abnormality, also contributes to the clinical features of asthma. The
small airways in humans are bronchial passages less than 2 mm in diameter, located
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beyond the seventh or eighth generation of the tracheo-
bronchial tree. These airways terminate with the alveolar
sacs and account for more than 98% of the cross-sectional
area of the lung.'

The small airways play an important role in pathophy-
siologic mechanisms and the clinical manifestations of
asthma. The typical chronic inflammation in asthma
affects all airways, from the large proximal to the small
distal airways. This has been proven in studies of lung
biopsies from individuals with fatal asthma and surgical
lung specimens from patients with chronic asthma.’
A prospective cohort study showed that small-airway dis-
ease is present across different degrees of severity of
asthma, but was especially common in severe asthma.’*
Moreover, a systematic review indicated that small-
airway disease is pervasive in adult asthma, even in
patients with mild disease.” However, there have been
few studies on mouse models, with a focus on the role of
small-airway dysfunction in the pathogenesis of asthma.

Small-airway abnormalities in humans could be eval-
uated by radiological and other noninvasive variables,
such as airway wall thickness determined by high-
resolution computed tomography, alveolar nitric oxide
concentration, the difference in resistance from 5 to 20
Hz (R5-R20) in impulse oscillometry, and the late-phase
eosinophil count in induced sputum.® The earliest change
associated with airflow obstruction in the small airways is
thought to be a slowing in the terminal section of the
spirogram.” Therefore, variables from spirometry, such as
the FEF50 (forced expiratory flow at 50% of forced vital
capacity [FVC]), FEF75, and MMEF (mean midexpiratory
flow, average flow between 25-75% FVC) are recom-
mended to predict small-airway dysfunction in humans.*
However, the analysis of the small airways in humans
cited above cannot be completely duplicated in the mouse.

To evaluate lung function in mice, some studies of the
large airways have been conducted through evaluation of
the FEVO0.1 (volume expired in the first 0.1 s of fast
expiration) and FEV25 (volume expired in the first 25
ms of fast expiration)®® using various test systems, similar
to studies of the FEV1 (volume expired in the first 1 s of
fast expiration) in humans. However, little attention has
been given to the evaluation of small-airway function in an
animal model of asthma. Using the EMMS eDacq Forced
Manoeuvres system, large- and small-airway lung function
tests were performed in mice, similar to those performed
in human patients. The expiration portion of the flow-
volume curve (see typical image in Figure SI of

Supplementary information) displayed by the selected sys-
tem for mice resembles that of humans. '’

We designed mouse models of two endotypes, includ-
ing the ovalbumin (OVA) sensitization/challenge—induced
type 2 (T2)-high asthma model and the OVA combined
with ozone exposure (OVA + ozone)-induced asthma
model'"'? with increased neutrophils, similar to T2-low
asthma. We investigated the correlation between small-
airway dysfunction and large-airway abnormality, as well
as their relationship with airway inflammation and airway
hyperresponsiveness in these mouse models. The impor-
tant role and potential mechanism of small-airway dys-
function in the pathogenesis of asthma in mouse models
were determined.

Materials and Methods

Animals

C57BL/6 mice (pathogen-free, male, age 5—6 weeks) were
purchased from the SLRC Laboratory (Shanghai, China), and
housed in controlled conditions of temperature (21-25 °C)
and humidity (40-60%), with ad libitum access to water and
food (free from OVA). Mice were acclimatized for 1 week
before beginning the experiments with a 12-h light-dark
cycle.

Allergic Airway Inflammation Induction

and Ozone Exposure

C57BL/6 mice were randomly divided into three groups
with eight mice in each group (see schematic diagram of
mouse experiment in Figure S2 of Supplementary infor-
mation). The OVA sensitization was administered on days
0 and 7, with an intraperitoneal (IP) injection of 20 pg
OVA (Grade V, Sigma-Aldrich, St. Louis, MO) dissolved
in 0.2 mL of Dulbecco’s phosphate buffered saline (PBS),
emulsified in 2 mg aluminum hydroxide (Sigma-Aldrich)
as an adjuvant. Challenge of OVA was induced on days 14,
16, 18, 20, and 22, with exposure to 5% aerosolized OVA
(20 mL, Grade 11, Sigma-Aldrich) in a plastic box that was
linked to an ultrasonic nebulizer (Clenny2 Aerosol, Medel,
S. Polo di Torrile, Italy) for 30 min. Mice in the control
group were sensitized and challenged with the same
volume (0.2 mL for sensitization and 20 mL for challenge)
of PBS as vehicle.

Mice were exposed to ozone at a concentration of 3
ppm, or air in a Perspex container 30 min after each OVA/
PBS challenge on days 14, 16, 18, 20, and 22. Ozone was
produced by an ozone generator (model 300 Ozoniser,
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Aqua Medic, Germany). Every exposure lasted 2 h. Ozone
concentration was continuously controlled and adjusted by
an OS-4 ozone switch (Eco Sensors, KWJ Engineering
Inc, California, USA). The control mice were exposed to
air during this time.

Spirometry in Mice Using the Forced

Manoeuvres System

Mice were anesthetized with Zoletil 50 (tiletamine hydro-
chloride and zolazepam hydrochloride, 25 mg/kg, Virbac S.
A., France) and xylazine hydrochloride (10 mg/kg, Chang
Sha Best Biological Technology Institute Co., Ltd, China)
via IP injection, 24 h after the last challenge. Following
tracheostomy, mice were fitted with a tracheal cannula, and
attached to a plethysmograph with a pneumotachograph
using the eSpira Forced Manoeuvres System for mice
(EMMS, Hants, UK). The animal’s lungs were inflated to
a set tracheal pressure, and then exposed to a large negative
pressure reservoir, forcing the mouse to exhale as quickly as
possible, to mimic classical clinical spirometry. Variables,
including the FVC, FEV25, FEV50, FEV75, FEF25 (forced
expiratory flow at 25% of FVC), FEF50, FEF75, and MMEF,
were calculated. Among them, the FEV25, FEV50, FEV75,
and FEF25 represented large-airway function; whereas the
FEF50, FEF75, and MMEF indicated small-airway function.

Airway Responsiveness

Anesthetized mice were ventilated (MiniVent, Hugo Sachs
Electronik, Germany) at 180 breaths per min and a tidal
volume of 210 pL in a whole-body plethysmograph with
a pneumotachograph connected to a transducer (EMMS,
Hants, UK), as previous described.'” Lung resistance (Ry)
was recorded during a 3-min period following the adminis-
tration of increasing concentrations (4-256 mg/mL, 10 uL
each time) of acetylcholine chloride (ACh, Sigma-Aldrich,
USA). Ry was expressed as the percentage change from
baseline R; (measured following PBS nebulization). The
ACh concentration required to elevate Ry by 100% from
baseline was calculated (PC100). For convenience in the
data analysis, values on the abscissa for the curve of R; was
converted to the logarithmic form. Thus, -log PC100 was
considered an indication of airway hyperresponsiveness.'?

Bronchoalveolar Lavage Collection and

Measurements
After airway function tests were performed, mice were
sacrificed. The trachea of each mouse was lavaged with

three aliquots of 0.6 mL cold PBS through a polyethylene
(PE-60) tube (0.72-mm inner diameter, 1.22-mm outer
diameter). Bronchoalveolar lavage fluid (BALF) was
retrieved'® and the return volume was consistently >
70% of the instilled volume. The BALF was then centri-
fuged at 3000 r/min for 10 min at 4 °C. Total cell counts
were calculated by a hemocytometer under optical micro-
scope. And the supernatant was used for the enzyme-
linked immunosorbent assay (ELISA) using commercial
kits (for IL-4, IL-5, IL-17A, TNF-a: ANOGEN, Ontario,
Canada; for IL-13: Invitrogen, California, USA; and for
IgE: Crystal Chem, United States), according to the man-
ufacturer’s protocol.

Analysis of Muc5ac Gene Expression
Muc5ac is a representative component of airway mucus.
Total RNA was isolated from lung tissue using the TRIzol
Reagent (Invitrogen). After the determination of concen-
tration and purity, RNA was translated into cDNA using
a cDNA reverse transcription kit (Applied Biosystems,
CA, USA) in a PTC-200 Peltier Thermal Cycler (MJ
Research, Watertown, MA, USA). Real-time quantitative
PCR (RT-qPCR) was performed using a ViiA 7 Real-Time
PCR System (Biosystems, CA, USA). The RT-PCR ther-
mal cycling program was as follows: one cycle of pre-
denaturation at 95 °C for 5 min; followed by 40 cycles of
denaturation at 95 °C for 15 s; annealing at 60 °C for 30 s;
and elongation at 72 °C for 30 s. Fluorescence intensity of
the internal reference gene (B-actin) and target gene
(Muc5ac) expression were detected. The relative expres-
sion of target genes was calculated by the 274" method.
The following primer sequences were used in the PCR:
B-actin: Forward-5' CCT CTA TGC CAA CAC AGT 3/,
Reverse-5' AGC CAC CAA TCC ACA CAG 3/
Muc5Sac: Forward-5" TCA CAT TTG ATG GCA CCT
ACT 3/,
Reverse-5' CAC ACG GAA GTA TCC AAA CAC 3’

Histological and Morphometric Analysis

After the lungs of mice were resected, the left lungs were
inflated by injection of 4% paraformaldehyde to provide
20 cm of water pressure. They were then immersed over-
night in paraformaldehyde, after which they were
embedded in paraffin, and sectioned to expose the max-
imum surface area of lung tissue in the plane of the
bronchial tree,'> and prepared for subsequent staining.

Morphological changes of the lung and airway epithelium
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were assessed following hematoxylin-eosin (HE), periodic
acid—Schiff (PAS), and Masson’s trichrome staining.

Peribronchiolar and perivascular inflammation was
observed in the HE- stained lung slices and scored on
a scale from 0 to 3, as previously described.'> The total
number of leukocytes, neutrophils, eosinophils, and lym-
phocytes along the lobar bronchi and segmental bronchi
were determined in 10 randomly selected, nonoverlapping
fields under a magnification of 400x from two separate
lung sections per animal. Average width of observed area
was 100um. The airway inflammatory cells infiltration
density (per 100 pm) was calculated as the ratio of cells
to the whole length of bronchial wall counted.

For PAS-stained sections, blue/purple cells were con-
sidered PAS-positive. Masson’s trichrome staining was
conducted as described previously.'®!” The paraffin sec-
tions of the left lung mentioned above were stained with
Masson’s trichrome stain to identify collagen deposition,
following the standard manufacturer’s protocol. The blue
areas around the airways were identified as subepithelial
collagen deposition.'® The percentages of the PAS-positive
areas and Masson-stained areas in relation to the total
epithelial area were calculated (Image J software,
MD, USA).

Infiltration of inflammatory cells, and evaluation of
airway mucus hypersecretion and collagen deposition
were performed double-blind by two investigators
independently.

Immunohistochemical Analyses
Airway smooth muscle (ASM) mass and airway mucus
secretion was observed using immunohistochemical stain-
ing, based on the presence of alpha-smooth muscle actin
(a-SMA) and Muc5ac protein in lung tissue sections with
the mouse a-SMA antibody (Proteintech, Wuhan, China)
and mouse MucSac antibody (GTX11335, GeneTex,
USA), as previously described.'®

The area of a-SMA-positive and MucSac-positive
expression around the airway epithelial cells in the respec-
tive images were independently analyzed in a double-blind
fashion by two investigators, using the Image J software.

Statistical Analysis

Statistical analysis was conducted and graphs were con-
structed using the GraphPad PRISM, version 5.0 software
(GraphPad, San Diego, CA). The Spearman correlation
coefficient matrix was constructed and Spearman rank
correlation tests were performed using the R version

3.6.1 (Innovative Solutions, St. Louis, MO, USA). Data
were expressed as the mean + standard deviation (SD),
unless otherwise indicated. The Kruskal-Wallis ANOVA
with Bonferroni’s post hoc test (for equal variance) or
Dunnett’s T3 post hoc test (for unequal variance) were
used to evaluate the differences in variance between multi-
ple groups. A posttest Mann—Whitney analysis was con-
ducted to evaluate the differences in variance between two
groups. The correlation between different variables was
determined using Spearman analysis; r > 0.4 or < —0.4
was considered indicative of strong correlations, and
r values between —0.4 and 0.4 were considered indicative
of weak correlations if P < 0.05.
P < 0.05 was considered statistically significant.

Results

Large- and Small-Airway Dysfunction in
Both T2-High and T2-Low Asthma
Models

One mouse in the OVA group died during anesthesia and
tracheostomy; thus, no data was collected on lung function
or airway responsiveness, and no further testing or dissec-
tion was performed on this animal.

The FVC value showed no statistical difference among
the three groups (Figure 1A). The mice selected for the
experiments were of the same age and strain. Therefore,
large-airway function was assessed based on the FEV25,
FEV50, FEV75, and FEF25 values. The FEV50 showed
a decline in both the OVA and OVA + ozone-treated mice
compared with the control group (Figure 1C); whereas the
OVA group alone seemed to have more considerable large-
airway obstruction based on the decline in FEV25 values.
However, FEV25 values in the OVA + ozone group exhib-
ited no significant difference with the control group
IB). The FEV75 (Figure 1D) and FEF25
(Figure 1H) value showed no statistical difference among

(Figure

the three groups.

Small-airway dysfunction was evident in the differ-
ent mouse models of asthma. The MMEF, FEF75, and
FEF50 values all showed a decline in both the T2-high
and T2-low mouse models of asthma compared with the
control group (Figures 1E-G). Overall, small-airway
dysfunction coexisted with large-airway dysfunction in
both T2-high and T2-low asthma models and altered
variables of the small airways were evident in both

models.
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Figure | Large- and small-airway obstruction in mice representing different airway inflammation models. Airway function in mice was measured using a forced manoeuvres
system. (A) FVC showed no difference between the control group and asthma models. (B—D, H) Large-airway function (FEV25, FEV50, FEV75, FEF25) in mice. (E-G) Small-
airway function (FEF50, FEF75, MMEF) declined in mouse models of asthma. *P < 0.05, **P < 0.0, ***P < 0.001.

Abbreviations: FVC, forced vital capacity; FEF75, forced expiratory flow at 75% of FVC (25% expired); FEF50, forced expiratory flow at 50% of FVC; FEF25, forced
expiratory flow at 25% of FVC (75% expired); FEV25, volume expired in the first 25 ms of fast expiration; FEV50, volume expired in the first 50 ms of fast expiration; FEV75,
volume expired in first 75 ms of fast expiration; MMEF, mean mid expiratory flow, average flow from 25-75% FVC.

without ozone exposure, animals exhibited a leftward shift

Mouse Models of Asthma Exhibited
Airway Hyperresponsiveness
Following PBS nebulization, no significant differences in

in the concentration responsiveness curve of Ry, suggest-
ing an increased airway responsiveness compared with
baseline Ry values were noted among the three groups control mice (Figure 2C). In the control group, ACh

(Figure 2A). After OVA sensitization/challenge, with or caused a concentration-dependent increase in airway

e
2
1

Change in R %

A B C
Q 20- 2.0-
I
; ' Gontr
3 1.5+ ontro
3 8 400 OVA
@ O 40- -+ OVA+ozone
o o
® g 200
° T
[=]
o
o
8
[

Log[Ach] mg/ml

Figure 2 Asthma models exhibited bronchial hyperresponsiveness. (A) The baseline is represented by average lung resistance (R|) value after PBS nebulization (within 2
min) for each mouse. (B) -logPC100 (ACh concentration required to increase R, by 100% from baseline). (C) Mean percentage increase in R|_ with increasing concentrations
of ACh. Data are expressed as mean * SD. In Panel B, **P < 0.01; in Panel C, *P < 0.05, **P < 0.01, compared with the control group.
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resistance, where the maximum average Ry % (compared
to baseline) value was 219.85%. The OVA sensitization/
challenge increased Ry at the 32 and 64 mg/mL concen-
trations of ACh, compared with the control group.

The T2-low asthma model showed stronger airway
responsiveness and significantly increased Ry values at the
8, 16, 32, 64, and 256 mg/mL concentrations of ACh, com-
pared with the control group. Furthermore, -log PC100
declined after both OVA treatment and OVA combined
with ozone exposure, compared with the control group
(Figure 2B). These findings indicate that airway hyperre-
sponsiveness existed in both mouse models of asthma.

OVA and OVA + Ozone Groups
Presented Significant Airway

Inflammation and Mucus Hypersecretion
Compared with the control group, peribronchial and peri-
vascular infiltrations of mononuclear cells were observed
in lung tissue in both asthma models, as well as bronchial
wall thickening (Figure 3A). Inflammation scores indi-
cated severe airway inflammation in the mouse models
of asthma compared with the control group (Figure 3E).
In both asthma models, eosinophilic infiltration around the
airways was increased compared with the control group
(Figure 3D). Mice exposed to ozone demonstrated greater
neutrophilic infiltration than those exposed to OVA alone
(Figure 3D). Total cell counts in BALF increased in both
the OVA and the OVA + ozone group (Figure 3J). Total
cell and neutrophils in BALF increased more in the OVA +
ozone group, compared with that of the OVA group
(Figures 3J-L). Eosinophils in BALF increased in both
the OVA and the OVA + ozone group (Figure 3M).

Airway hypersecretion was observed in mice of both
asthma models (Figure 3B). The PAS-positive area calcu-
lation demonstrated elevated mucus secretion in both the
OVA group and the OVA + ozone group, compare with the
control mice (Figure 3F). Muc5ac gene expression
(Figure 3H) and Muc5ac-positive area (Figures 3C and
G) were increased in lung of both the OVA and OVA +
ozone groups, compared with the control group, which
further indicated mucus hypersecretion in both T2-high
asthma and T2-low asthma. In addition, the OVA +
ozone group had more severe hypersecretion than the
OVA group (a 42.84% increase in the PAS-positive areas
around epithelial cells).

The levels of IgE in serum elevated in both the OVA
and the OVA + ozone group (Figure 31).

Increased Inflammatory Cytokine Levels
in the BALF of Both Mouse Models of

Asthma

Levels of the T2-related cytokines, IL-4, IL-5, and IL-13
were increased in both the OVA and OVA + ozone groups,
compared with the control group (Figures 4A—C). Levels
of IL-17A were significantly elevated in both asthma mod-
els; however, the OVA + ozone group exhibited higher
levels of IL-17A than the OVA group (Figure 4D). Levels
of TNF-a protein in the BALF showed no significant
differences among the three groups (Figure 4E).

OVA Caused Peribronchial Collagen
Deposition

OVA sensitization/challenge induced peribronchial collagen
deposition (Figures SA and B). Compared with the control
group, collagen deposition was increased in both the OVA
and OVA + ozone groups (the percentage increase over the
control group were 137.00% and 104.52%, respectively),
indicating airway remodeling in the asthma models. The T2-
high model seemed to have shown more severe collagen
deposition than the T2-low model; however, no significant
differences were observed between the two models.

Airway Smooth Muscle Mass Was

Increased in the OVA + Ozone Group
The ASM mass (indicated by stained a-SMA around the
airway) was increased in lung slices from mice treated with
OVA + ozone, compared with control mice by 75.48%
(Figures 6A and B). The OVA group showed a slightly,
but not significantly thicker ASM than the control group.
The ASM mass in lung slices of the OVA + ozone mice was
increased by 42.66% more than that of the OVA group
(Figure 6B). Correlation analysis demonstrated that the o-
SMA positive area was positively correlated with the FEV50
(Spearman r = 0.6014, P =0.0428), but no correlation with
other large- or small-airway variables was observed (Figure
S3 in Supplementary information).

Variables of Small-Airway Function Were
Negatively Correlated with Inflammatory
Cytokines in the BALF Airway

Responsiveness, and Mucus Secretion

Among all three groups, small-airway variables were posi-
tively correlated with large-airway function (Figure 7,
P values of Figure 7 are shown in Table S1 of the
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Figure 3 OVA and OVA + ozone-induced asthma models presented prominent airway inflammation and mucus hypersecretion. The infiltration of neutrophils, eosinophils,
and lymphocytes, the PAS-positive area and Muc5ac-positive area were determined in a double-blind design by two investigators independently. Muc5ac mRNA in the lungs
of mice was measured by RT-qPCR. (A) Representative photomicrographs of hematoxylin and eosin-stained sections of the lung with inflammatory cell infiltration (a typical
neutrophil was indicated by a blue arrow and a typical eosinophil was indicated by a red arrow). (B) Representative photomicrographs of the lung with airway mucus
production and goblet cell hyperplasia (purple area within tracheal cavity indicated by arrows). (C) Representative photomicrographs of immunohistochemical analysis of
Muc5ac in lung tissue slices. (D) Infiltration density of neutrophils, eosinophils and lymphocytes. (E) Airway inflammation scores. (F) PAS-positive area. (G) Percentage of
Muc5ac-positive area around the airways. (H) Muc5ac gene expression in lung tissue. (I) Levels of IgE in serum. (J) Total cells in BALF. (K) Macrophages in BALF. (L)
Neutrophils in BALF. (M) Eosinophils in BALF. Scale bars represent 100 pm. Data in (E) are expressed as the median, as they did not fit a Gaussian distribution; other data
are expressed as the mean * SD. *P < 0.05, **P < 0.0, **P < 0.001. Scale bars represent 100 pm.

Abbreviation: OVA, ovalbumin.
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Figure 4 Levels of inflammatory cytokines in the bronchoalveolar lavage fluid (BALF) of asthmatic mouse models were increased. (A) Levels of IL-4 in BALF. (B) Levels of IL-
5 in BALF. (C) Levels of IL-13 in BALF. (D) Levels of IL-17A in BALF. (E) Levels of TNF-a in BALF. *P < 0.05, **P < 0.01, **P < 0.001.

Supplementary information). Furthermore, impaired airway
function was accompanied by an aggravation of airway
inflammation. Both small-airway and large-airway variables
showed a negative correlation with the levels of inflamma-
tory cytokines, such as IL-5, IL-13, and IL-17A in the BALF
(Figure 7).

Large-airway variables, such as FEV50, were strongly
and positively correlated with small-airway variables,
especially with MMEF and FEF50 (The Spearman
r being 0.61 and 0.68, respectively, and P value being
0.0018 and 0.0003 respectively). The MMEF and FEF50
demonstrated a positive correlation with both large-airway
variables and small-airway variables.

The correlation between the respective indicators of
large- and small-airway function, FEV50 and MMEF,
and the levels of inflammatory cytokines in BALF were
analyzed. The FEV50 and MMEF had a strong negative

correlation with levels of IL-5, IL-13, and IL-17A, indi-
cating that both large- and small-airway function were
related to airway inflammation. However, the indicators
of small-airway function were more strongly correlated
with these cytokines than those of large-airway function.
Moreover, the MMEF, FEF50, and FEF75 all exhibited
negative correlations with levels of IL-4, IL-5, IL-13,
and IL-17A.

From another point of view, the levels of BALF cyto-
kines showed a strong negative correlation with both
IL-5.
Moreover, IL-13 and IL-17A showed stronger correlation

large- and small-airway function, especially
with small-airway function than large-airway function.
The Spearman r values between IL-13 levels and the
MMEF and FEF50 were —0.65 (P= 0.0008) and —0.45
(P= 0.0307), respectively. A similar correlation was

observed for IL-17A, as the Spearman r values for the
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Figure 5 Collagen deposition in the lungs of mouse models of asthma. (A) Representative photomicrographs of Masson’s trichrome stained lung tissue. (B) Percentage of
subepithelial Masson stained area (blue area around airways were identified as collagen deposition and were indicated by arrows). ***P < 0.001. Scale bars represent 100 pm.

MMEF, FEF75, and FEF50 were —0.59 (P=0.0032), —0.68
(P=0.0419), and-0.43 (P= 0.0379), respectively.

Muc5ac gene expression in lung tissue was correlated
with both large- and small-airway function indexes, and
showed greater relevance for small-airway function. The
Spearman r values between Muc5ac gene expression and
the FEV50 and MMEF were —0.52 (P= 0.0043) and —0.74
(P=0.0001), respectively.

As an indicator of airway responsiveness, -logPC100
was positively correlated with large- and small-airway func-
tion. Thus, small-airway function was negatively correlated
with airway reactivity. A stronger correlation between -
logPC100 and

small-airway function was evident

(r = —0.44, P= 0.0378 for MMEF), compared with central
airway variables. In addition, -logPC100 was negatively
correlated with IL-4, IL-5, IL-13, and IL-17A protein levels
in the BALF and Muc5ac gene expression in lung tissue.

Discussion

The two mouse models in the present study demonstrated
asthma-like signs, such as airway inflammation, mucus
hypersecretion, peribronchial collagen deposition, and air-
way hyperresponsiveness, compared with the control
group. Mice treated with OVA showed severe eosinophilic
inflammation as the T2-high asthma endotype. The OVA +
ozone group demonstrated neutrophilic infiltration, similar
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Figure 6 Airway smooth muscle (ASM) mass was increased in OVA + ozone mice. (A) Representative photomicrographs of immunohistochemical analysis of alpha-smooth
muscle actin (a-SMA) in lung tissue slices. (B) Percentage of SMA-positive area around the airways. *P < 0.05, **P < 0.01. Scale bars represent 100 pym.

to that observed in our previous study, which may repre-
sent T2-low asthma.'? Using these two models of asthma,
we observed small-airway variables using spirometry and
evaluated the correlations between small-airway variables
and large-airway function, cytokines levels in the BALF,
airway responsiveness, and Muc5ac gene expression. Our
results demonstrated the role of small-airway dysfunction
in the pathogenesis of asthma and provided a basis for
subsequent animal studies on the pathogenesis and treat-
ment of small-airway disease.

Ozone exposure has been shown to disrupt large-
airway function in mice.”'*2° Similarly, we have shown
that ozone exposure can induce a decline in FEVS50.

Furthermore, in the present study, we emphasized the
impairment of small-airway function in mouse models of
asthma. The pathology of small-airway disease in mice has
been investigated and defined diversely by different stu-
dies by determining the distance from the bronchioalveolar
duct junction or the diameter of the airway ranging from <
100 um to < 400 pm.>'2*

To be more objective, we evaluated the change in the
small airways according to functional variables. By using
the EMMS eDacq Forced Manoeuvres system in mice, we
showed that small-airway dysfunction exists in different
endotypes of asthma. Clinical studies have shown that
small-airway disease plays an important role in patients
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Figure 7 Small-airway function variables were negatively correlated with the levels
of inflammatory cytokines in bronchoalveolar lavage fluid (BALF), airway respon-
siveness, and mucus secretion. A Spearman correlation coefficient matrix was
constructed and Spearman rank correlation tests were conducted. A cross indicates
no statistical significance.

with asthma.* Previous studies have assessed small-
airway function using the precision-cut lung slice techni-
que in vitro;** however, in the present study, small-airway
responses were measured in vivo. Only a few studies have
discussed small-airway function in mice.

The present study demonstrates that small-airway vari-
ables such as FEF50 and MMEF are correlated with the
severity of airway inflammation, as indicated by IL-4, IL-5,
IL-13 and IL-17A levels in the BALF. Similarly, several
previous clinical studies have shown that small airways are
thickened in asthma owing to chronic inflammation of the
epithelium, submucosa, and muscle, with increased num-
bers of neutrophils, eosinophils, and lymphocytes, accom-
panied by increased mRNA expression of IL-4, IL-5.%%27
Small-airway dysfunction may contribute to the progression
of airway inflammation in asthma or could assist in evalu-
ating the severity of the illness.

Among the cytokines related to airway inflammation,
IL-13 and IL-17A showed greater correlation with small-
airway function variables, such as FEF50, FEF75, and
compared with large-airway variables. Furthermore, there
was a strong correlation between IL-13 and IL-17A, and
airway responsiveness, which may contribute to small-
airway dysfunction. The possible relationship between
IL-13 and the small airways in vitro has been previously
discussed. Rat lung slices incubated with IL-13 in vitro
induced higher small-airway sensitivity to carbachol and
5-hydroxytryptamine.”® Similarly, treatment with IL-13,

but not IL-17A, in vitro increased the airway responsive-
ness of human bronchi (0.5-2.0 mm) induced by hista-
mine, carbachol, or leukotriene D4 in isolated human small
airways.”’

To our knowledge, no research has yet been conducted
on the relationship between IL-17A and the small airways
in asthma. We observed a correlation between IL-13 and IL-
17A, and small-airway function in vivo, which further
suggests that IL-13 and IL-17A are potential treatment
targets for small-airway dysfunction in asthma. Regarding
the asthma endotypes, we observed a significant increase in
IL-17A levels in T2-low asthma in the present study.
Furthermore, IL-17A mAb can alleviate airway inflamma-
tion and glucocorticoid insensitivity in a murine asthma
model induced by OVA and ozone.*° Therefore, IL-17A
may contribute to, or interact with small-airway dysfunction
in T2-low asthma.

Airway responsiveness showed a significant correlation
with the severity of airway inflammation. In addition, air-
way responsiveness was correlated with small-airway
function in the present models of asthma. Furthermore,
MMEF combined with fractional exhaled nitric oxide
(FENO) could credibly predict bronchial hyperresponsive-
ness (BHR) in clinical research,’’ suggesting the diagnos-
tic value of evaluating small-airway function combined
with airway inflammation for BHR. Our findings further
prove previous discoveries in patients and further empha-
size that small-airway function and airway inflammation
are associated with airway hyperresponsiveness in the
pathogenesis of asthma.

Interestingly, we found that airway responsiveness
exhibited a stronger correlation with small-airway vari-
ables than large-airway variables, which could be attribu-
ted to the degree of airflow limitation in the small airways.
The association between airway responsiveness and small-
airway function has also been observed in previous clinical
studies. Small-airway dysfunction was strongly associated
with increased dyspnea during bronchial provocation with
methacholine.** Similarly, children with atopic asthma
have demonstrated a significant correlation between the
PC20 (concentration of methacholine that induces a 20%
decline in FEV1) and MMEF.*® From a treatment perspec-
acs)
improve airway hyperresponsiveness better than fine-

tive, extrafine-particle inhaled corticosteroids
particle ICS,** highlighting the importance of treatment
reaching farther into the airways. Therefore, small-airway

function should not be ignored in the diagnosis, treatment,
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and prognosis of airway hyperresponsiveness in patients
with asthma.

Mucus hypersecretion is another characteristic of
asthma. The polymeric mucin, MucSac is an important
component of airway mucus. Muc35ac gene expression is
altered in asthma and contributes to its pathogenesis.””
Higher expression of the MucSac gene and increased
Muc5ac-positive area were observed in the lungs of T2-
high and T2-low asthma models. Notably, MucSac gene
expression was more strongly correlated with small-airway
function than large-airway function.

Similarly, in humans, the mucosal surface area is rela-
tively larger in the distal airways than the proximal air-
ways (particularly after the eighth generation, which are
smaller than 2 mm in diameter).>® Thus, the surface area
of the small airways may produce more mucus and con-
tribute more to airway hypersecretion in the pathogenesis
of asthma than that of the large airways, which help to
explain our findings. Furthermore, the elevated expression
of the Muc5ac gene in OVA + ozone mice suggests that
such treatment reduces mucus secretion can be considered
for patients with T2-low asthma.

Peribronchial collagen deposition and increased ASM
are manifestations of airway remodeling.*” The a-SMA is
expressed by and used as a marker of smooth muscle
cells.*® We observed peribronchial collagen deposition in
T2-high and T2-low asthma models. Furthermore, a-SMA
levels were increased in lung tissue of the OVA + ozone
group, which suggests an expansion of ASM mass in the
T2-low asthma model. It has been widely acknowledged
that chronic airway remodeling underlies the manifesta-
tions of asthma,’® but whether and by how much ASM
mass influences small-airway function in the early stages
of airway inflammation is still unclear.*

Based on the present results, it may not necessarily be
ASM mass alone, but other indicators such as airway
inflammation and mucus hypersecretion, which affect
small-airway function in our model of T2-high asthma
with a short-term exposure that induces mild airway remo-
deling. Neutrophils may also play a part in promoting
airway remodeling,*' which may help explain the present
results in the T2-low asthma model showing more severe
airway remodeling than the T2-high model.

Furthermore, there may be different mechanisms
of small-airway dysfunction in T2-high and T2-low
asthma models, in spite of their approximate results in
small-airway function. The OVA sensitization/challenge
induced more Th2-related cytokines such as IL-5,

compared with OVA + ozone exposure; whereas the latter
produced higher levels of IL-17A and demonstrated more
severe neutrophilic infiltration within lung tissue. The
OVA + ozone group showed increased ASM mass as
well, which may also affect small-airway function.
Therefore, treatment of the two types of asthma should
be individualized and further studies of the potential sig-
naling pathways involved in small-airway abnormality are
warranted.

The effectiveness and practicality of variables men-
tioned above to evaluate small-airway function and its
correlations with large-airway obstruction and inflamma-
tion, mucus secretion, and airway responsiveness deserve
special consideration. Clinicians should identify the sub-
population of patients with asthma and small-airway dis-
ease, and attempt to improve the small-airway function in
treatment. Further research on the mechanisms of small-
airway dysfunction and the development of ultrafine-
particle drugs may be needed.

Our findings provide relevant data for small-airway
functional assessments and determination of the potential
mechanisms in animal experiments. However, there are
several limitations of the current study. First, there is
a lack of experiments on the sequence of large airways
and small airways in the pathogenesis of asthma. Further
investigations would be conducted to determine whether
small-airway dysfunction occurs before large-airway dys-
function or not. Next, the potential differences in mechan-
isms between small-airway dysfunction and large-airway
dysfunction should be further investigated in the future.

Conclusion

Small-airway dysfunction is a feature of both T2-high and
T2-low mouse models of asthma and is associated with
airway inflammation, mucus hypersecretion, and airway
hyperresponsiveness. Furthermore, in different endotypes
of the asthma model, the mechanism of small-airway
dysfunction may differ. Both IL-5 and IL-13 may play
a greater role in small-airway dysfunction of T2-high
asthma than T2-low asthma; whereas in T2-low asthma,
IL-17A and increased ASM may be the more important
factors. The small airways may be an important treatment
target and should have a greater focus in future animal
studies in asthma. It is important to establish fully evalu-
ated mouse models of small-airway disease for further
investigations of the underlying mechanisms and indivi-
dualized treatment of asthma.
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