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We previously reported that a recombinant IL-13 peptide–based
virus-like particle vaccine significantly suppressed murine acute air-
way allergic inflammatory responses. The impact of this strategy on
the development of chronic airway inflammation and remodeling
has not been investigated. We evaluated whether the vaccine-
mediated sustained suppression of IL-13 attenuates features of
chronic airway inflammation and remodeling in mice repeatedly
challengedwith allergen. BALB/cmice received two intraperitoneal
sensitizing injections of ovalbumin (OVA) and alum, followed by six
consecutive 2-day intranasal OVA challenges at 12-day intervals and
then a 4-week recovery period. Anti–IL-13 antibodies were induced
with a vaccine before (preventive experiments) or after (interven-
tional experiments) the OVA challenge commenced. Respiratory
mechanics were assessed using low-frequency forced oscillation
with a small animal ventilator. Cytokine concentrations in bron-
choalveolar lavage fluid (BALF) and lung histology were also
assessed. In the preventive experiments, vaccination significantly
suppressed IL-13 concentrations, the accumulation of inflammatory
cells in BALF, lung mucus production, and collagen deposition.
Furthermore, vaccination significantly attenuated OVA challenge–
induced increases in airway resistance, tissue resistance, and tissue
elastance, both acutely and after a 4-week recovery from allergen
challenges. In the interventional experiments, vaccination de-
creased IL-13, TGF-b1, and IL-12p40 concentrations in BALF, as well
asmucusproductionandcollagendeposition.Chronic inflammation
and sustained airway hyperresponsiveness were not significantly re-
versed. The persistent suppression of IL-13 with a vaccine inhibits
chronic airway inflammation and the development of several key
components of airway remodeling, and this intervention is more
effective at early stages than later during chronic inflammation.
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Asthma is a chronic disease of the airways with features that in-
clude airway inflammation, airway hyperresponsiveness (AHR),
and airway remodeling. Remodeling is characterized as structural
changes that include epithelial injury, subepithelial thickening/
fibrosis, airway smooth muscle tissue hypertrophy, increased
goblet-cell number and mucous gland size, and angiogenesis (1).
Airway remodeling is postulated to be a determinant of sustained
AHR and of the accelerated loss of lung function linked to fixed
airway obstruction in patients with long-term asthma (2).

IL-13 is a recognized central modulator in asthma pathology,
and is associated with almost all the features of both acute and
chronic asthmatic responses (3–6). The direct airway adminis-
tration (7, 8) or transgenic overexpression of IL-13 in the lungs
(9) induces mucus production, eosinophilia, IgE generation, sub-
epithelial fibrosis, and AHR. On the other hand, IL-13 gene
deficiency or interference with IL-13 activity significantly reduces
or abolishes almost all features of allergen-induced acute airway
inflammation and hyperresponsiveness (10–12). In mice that re-
ceive chronic allergen exposure, prolonged IL-13 blockade or the
deletion of IL-13 gene expression suppresses inflammation, sub-
epithelial collagen deposition, and the development of AHR, and
can prevent or reverse mucus hypersecretion (13–16). Other
studies in mice show IL-13 blockade to be of limited effect if
initiated after the start of allergen challenge (16–18). For in-
stance, after airway structural changes and AHR are established,
IL-13 blockade does little to reverse these features. However, it is
important to note that previous studies used an approach
wherein multiple doses of antagonists, such as antibodies or sol-
uble receptors, were applied with an interval of 4 to 7 days be-
tween each administration (14, 16, 17), or were administered
continuously for short periods (e.g., 4 d) (18). Whether an inter-
ventional approach that provides the persistent suppression of
IL-13 function is more effective in determining the role of IL-
13 in airway remodeling remains to be determined.

Recently, vaccine strategies have emerged as a novel ap-
proach for blocking overexpressed endogenous molecules that
play critical roles in the pathogenesis of airway disease (12,
19–23). In comparison with monoclonal antibodies and soluble
receptors that need repeated administration with large doses to
maintain efficacy, the vaccine strategy has the advantage of
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CLINICAL RELEVANCE

The effects of the vaccine-mediated, sustained suppression
of IL-13 on the development of airway remodeling have not
yet been investigated. The present study reveals that this
approach can reduce airway inflammation, remodeling, and
hyperresponsiveness, thus enhancing our understanding of
the role of IL-13 in chronic airway inflammation.
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potentially providing long-lasting effects by inducing autoanti-
bodies after only a few administrations. Because asthma is
a chronic disease requiring long-lasting intervention, a vaccine
strategy may offer a more powerful tool than the passive ad-
ministration of monoclonal antibodies to achieve clinically sig-
nificant improvements.

Our previousworkhas shown that an IL-13 vaccine prepared by
inserting a murine IL-13 peptide into carrier protein, hepatitis B
virus core antigen (HBcAg), induces sustained and intense IL-
13–specific neutralizing IgG responses. This result was linked to
the significant suppression of all features of ovalbumin (OVA)–
induced acute airway allergic inflammatory responses (12). In the
present study, using a vaccine strategy to achieve the persistent
suppression of IL-13 in vivo, we aim to clarify the role of IL-13 in
the development and maintenance of sustained AHR and remod-
eling in a chronic allergen exposure murine model of asthma.

MATERIALS AND METHODS

Animals

Female BALB/c mice (7–8 wk old) were purchased from Charles River
Laboratories (Saint-Constant, PQ, Canada) and maintained at the
Central Animal Care Services of the University of Manitoba. All pro-
tocols were approved by the Animal Ethics Committee of the Univer-
sity of Manitoba.

Vaccine

Recombinant IL-13 peptide–based virus-like particle vaccine was prepared
as previously described (12). The vaccine and vaccine carrier hepatitis B
core antigen (HBcAg) were expressed by Escherichia coliDH5a cells and
purified by ammonium sulfate precipitation and then chromatography on
sepharose CL-4B (Sigma-Aldrich, St. Louis, MO), ceramic hydroxyapatite
(Bio-Rad), and polymyxin (Bio-Rad, Hercules, CA) columns.

Protocols of Immunization, Sensitization, and Challenge

The protocols are summarized in Figure 1a (preventive experiments) and
Figure 4a (interventional experiments). Chronic airway inflammation
was induced by two intraperitoneal sensitizing injections of OVA (50
mg, grade V; Sigma-Aldrich) and alum (2 mg), followed by six consec-
utive 2-day intranasal OVA challenges (100 mg) at 12-day intervals and
then a 4-week recovery, as described previously (13, 18, 24). Vaccine
immunization was performed by four subcutaneous injections of 25 mg
of vaccine, as indicated in the protocols (Figures 1a and 4a). Mice re-
ceiving 25 mg of carrier (HBcAg) or PBS (0.02 mol/L sodium phosphate
buffer and 0.15 mol/L NaCl, pH 7.2) and normal mice served as controls.

Analysis of Airway and Lung-Tissue Mechanics

Airway reactivity was measured using a flexiVent small animal venti-
lator (Scireq Respiratory Equipment Inc., Montreal, PQ, Canada). As
described previously (25), mice were anesthetized and received serial
dilutions of methacholine, nebulized through a cannulae inserted in the
trachea. Respiratory mechanics were assessed using a preset flexiVent
Prime-8 low-frequency forced oscillation protocol.

Bronchoalveolar Lavage Fluid and Differential Cell Counts

After the cytospin of bronchoalveolar lavage fluid (BALF), the slides
were stained with HEMA-3 (Fisher Diagnostics, Pittsburg, PA). Differ-
ential cell counts were performed according to standard hematological
procedures. At least 400 cells were counted from each preparation.

Cytokines and Antibodies Measured by ELISA

The concentrations of cytokines (IL-13, IL-5, TGF-b, and IL-12p40) in
BALF supernatants, serum OVA–specific IgE, and serum IL-13–specific
IgG were assayed by ELISA, as described in previous reports (12) or
according to the manufacturer’s instructions (PharMingen, San Diego, CA).

Histological Assessment

Left lungs were fixed in formalin, and then embedded in paraffin and
serially sectioned (5 mm) sagittally at the anterior–posterior midline.
Specimens were stained with hematoxylin and eosin to examine inflam-
mation, with periodic acid–Schiff (PAS) to detect mucus production, or
with Masson trichrome solution to detect collagen deposition. Semiquan-
titative analyses for peribronchiolar inflammation and airway goblet-cell
hyperplasia were performed in a double-blinded fashion (10). The details
of scoring systems are provided in the online supplement.

Soluble Collagen Assay

The total soluble collagen content of right lungs was determined using
a Sircol Collagen Assay Kit (Accurate Chemical and Scientific–Biocolor,
Westbury, NY), following the manufacturer’s instructions.

Statistical Analysis

Differences between groups were assessed by unpaired Student t test.
One-way ANOVA and then a Newman-Keuls multiple-comparisons
test were performed when indicated (GraphPad Software, Inc., San
Diego, CA). Values are reported as means 6 standard errors. One
symbol represents P , 0.05, two symbols represent P , 0.01, and three
symbols represent P , 0.001. A pound sign represents an unpaired
Student t test, and an asterisk represents one-way ANOVA in all fig-
ures, except for Figure 3a.

RESULTS

Preventive Experiments: IL-13 Vaccine Reduces Immune Cell

Infiltration and Cytokine Accumulation in Airways, but Not

IgE Concentrations

As in our previous reports, the results for mice receiving carrier
andOVAand formice receiving PBS andOVAwere similar (12,
23). In the present study, emphasis was placed on analyzing the
differences between mice receiving IL-13 vaccine and mice re-
ceiving carrier alone.

Vaccine immunization induced sustained, high-titer IL-13–
specific IgG responses (Figure 1b). OVA-specific IgE responses
were unaffected by vaccination at any of the time points assessed
(Figure 1b). Differentiation cell counts in BALF were also per-
formed. At time point B, vaccine immunization significantly sup-
pressed both total cells and eosinophil accumulation, compared
with carrier immunization (Figure 1c). At time point C, the total
cell numbers in BALF in both groups reached a similar level,
which was close to that in normal control mice, and eosinophils
were rare in BALF cells, with the majority being monocytes. The
results indicate that vaccine suppressed inflammatory cell infiltra-
tion of the airways, and after a 4-week recovery from the final
challenge of OVA, inflammation naturally subsided, was and thus
no difference was evident between the vaccine and carrier groups.

The effects of preventative vaccine delivery on proinflammatory
and profibrotic cytokines in BALFwere alsomeasured (Figure 1d).
At time point A (early), OVA-induced IL-13 and IL-12p40 con-
centrations were significantly decreased, whereas TGF-b1 was un-
affected and, although numerically lower, the IL-5 concentration
was not statistically different in vaccine-treated mice compared
with the carrier group. Interestingly, at both later time points B
and C, no significant differences were evident in cytokine concen-
trations between the two treatment groups, except that IL-13
remained significantly reduced in vaccinated mice.

Preventive Experiments: IL-13 Vaccine Diminishes Goblet-Cell

Hyperplasia and Collagen Deposition

In formalin-fixed lungs, hematoxylin-and-eosin staining was per-
formed to assess tissue inflammation (Figure 2a). In the carrier

Ma, Halayko, Basu, et al.: IL-13 Blockade and Airway Remodeling 541



group, repeated OVA challenges led to marked inflammatory
cell infiltration (6 weeks after initiating repeated OVA chal-
lenges [time point B]). The majority of infiltrating cells were
eosinophils and neutrophils (based on discernible morpholog-
ical characteristics). Consistent with cell counts for BALF,
after a 4-week recovery from OVA challenge (time point C),
peribronchial and perivascular cell infiltration was significantly
reduced. The majority of cells were mononuclear, whereas
eosinophils and neutrophils were scarce. Compared with the
carrier control mice, the inflammatory cell infiltration in the
lung tissue of IL-13 vaccine–treated mice was slightly reduced
at both time points studied (Figures 2a and 2b).

Airway goblet-cell abundance was analyzed on PAS-stained
slides. Representative images and semiquantitative scoring anal-
yses (Figures 2c and 2d) correlated well with lung tissue immune
cell infiltration. In mice that received only carrier, repeated
OVA challenges led to a marked increase in goblet cells (time

point B). After a 4-week recovery from OVA challenge (time
point C), goblet-cell abundance returned to a low level. Hyper-
plasia persisted only in the main airways of the proximal lobar
regions. Mice that received IL-13 vaccine showed markedly fewer
goblet cells after allergen sensitization and repeated challenges at
all time points, especially at time point B (Figures 2c and 2d).

Collagen deposition is an important feature of airway remod-
eling. Masson trichrome staining was used to visualize collagen
distribution in the lung tissue, where collagen stained blue, and
nuclei stained black with a red background. Trichrome staining
revealed that significant collagen deposition was found in the
airway subepithelial extracellular matrix in the carrier group
(Figure 2e). By estimating the percentage of collagen-covered area,
the IL-13 vaccine–treated group showed a reduced trend of this
profibrotic response at all time points (data not shown). To make
these observations more convincing, quantitative measure-
ment was performed to detect the content of soluble collagen

Figure 1. Preventive experiments. (a) Protocol of vaccine immunization and ovalbumin (OVA) sensitization and challenge. Mice were immunized

with vaccine or carrier, and then sensitized/challenged with OVA (n ¼ 4/each group at time point A and B; n ¼ 8/each group at time point C).

Subcutaneous (s.c.) vaccine immunizations were performed before OVA intraperitoneal (i.p.) sensitization/intranasal (i.n.) challenge commenced, as
indicated by arrows. Mice were killed at time points A, B, and C. Another group of mice receiving PBS and OVA was included at time point A for the

measurement of respiratory mechanics (n ¼ 4). (b) Vaccine immunization elicits high concentrations of serum anti–IL-13 IgG, with no apparent

difference in OVA-specific IgE concentrations between vaccine and carrier groups. (c) Vaccination suppresses the accumulation of total cells and
eosinophils in bronchoalveolar lavage fluid (BALF) at time point B. (d) Vaccination markedly reduces the concentrations of IL-13, IL-12p40, and IL-5

in BALF at time point A. Unpaired Student t tests: #P , 0.05; ##P , 0.01.
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(Figure 2f), which was significantly lower in vaccine-treated
mice than in untreated mice (P , 0.05). Indeed, the collagen
concentration in the vaccine group was close to that found in

normal mice at time point C (Figure 2f), indicating an almost
complete prevention of collagen deposition after IL-13 vaccine
delivery. According to our preliminary data (not shown), the

Figure 2. Histological analysis of the lung (preventive experiments). (a and b) Vaccine slightly suppresses lung inflammation. (a) Representative

images stained with hematoxylin and eosin (H&E). The areas in frames were magnified and are shown at right. Arrowheads point to accumulated
inflammatory cells that consist of infiltrated eosinophils and mononuclear cells. (b) Semiquantitative analysis. Peribronchiolar accumulation of inflam-

matory cells was assessed using an indexed scale. Scoring was examined in a double-blind fashion. (c and d) Vaccine significantly reduces goblet-cell

hyperplasia. (c) Representative images stained with periodic acid–Schiff (PAS). The areas in frames were magnified and are shown at right. Arrowheads

point to goblet cells within the respiratory epithelium. (d) Semiquantitative analysis. Goblet-cell abundance was measured as the percentage of PAS-
positive cells in the total airway epithelia of medium-sized airways (90–150 mm in diameter). (e and f) Vaccine ameliorates fibrosis. (e) Representative

images stained with Masson trichrome. The areas in frames were magnified and are shown at right. Arrowheads point to collagen fibers. (f) Soluble

collagen assay. Unpaired Student t test, #P , 0.05. One-way ANOVA: *P , 0.05; **P , 0.01. Original magnification, 3200.
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amount of soluble collagen in normal lungs was similar be-
tween time points B and C.

Preventive Experiments: IL-13 Vaccine Inhibits

the Development of AHR

The primary parameters of respiratorymechanics that weremea-
sured included airway resistance (Raw), tissue resistance (G),
and tissue elastance (H). After the initial OVA challenge, the
IL-13 vaccine group showed a significant inhibition in allergen-
augmented tissue G and H (time point A, Figure 3a).

In the carrier group, after recovery fromOVA challenge (time
point C), all parameters were reduced compared with the earlier
acute responses (time point A). In particular, tissueG andHwere
reduced (Figure 3b). Responses at time point C were reduced
compared with time point A, but remained higher than in un-
challenged mice, indicating sustained AHR, perhaps tied to air-
way remodeling because inflammation had already subsided.
Vaccination caused reduced airway resistance, tissue G, and tis-
sue H, in comparison with the carrier group (Figure 3b).

In summary, as shown in Figures 2 and 3, upon chronic ex-
posure to allergen, obvious collagen deposition, goblet-cell hy-
perplasia, and increased airway and lung tissue resistance were
found in mice receiving carrier. These characteristics were sig-
nificantly reduced in mice treated with vaccine. These results
clearly indicate that IL-13 vaccine is effective in attenuating the
development of airway remodeling.

Interventional Experiments: IL-13 Vaccine Reverses Collagen

Deposition and Mucus Production, but Not AHR

To investigate whether IL-13–specific IgG responses (induced
after the establishment of acute allergic responses) can reverse
chronic features of AHR and remodeling, we performed an
interventional experiments, as outlined in Figure 4a. Specific

antibodies against IL-13 were induced and maintained at a high
concentration throughout the experiments (Figure 4b). Total
cell and eosinophil accumulation in BALF was reduced signif-
icantly at time point C, compared with that at time point B
(Figure 4c). Compared with the carrier group, the total inflam-
matory cell number and the number of eosinophils in the vac-
cine group were slightly decreased (Figure 4c).

To assess the cytokine response and determine the impact of
vaccine treatment, cytokine concentrations in BALF were mea-
sured at time points B and C. In chronic airway inflammation,
TGF-b1 and IL-5 concentrations were dramatically reduced at
time point C, 4 weeks after OVA challenges were discontinued,
compared with time point B, whereas IL-13 remained at a rela-
tively high concentration (Figure 4d). The concentrations of
IL-13, TGF- b1, IL-12p40, and IL-5 in the vaccine-treated group
were significantly lower than those in the carrier group.

Lung-tissue inflammation in both the carrier and vaccine
groups, as assessed by hematoxylin-and-eosin staining, showed
significant inflammatory cell infiltration around the bronchial
and vascular trees at time point B. This infiltration was dramat-
ically reduced but still present at time point C (Figure 5a).
Semiquantitative analysis showed that no significant difference
was evident (Figure 5b) between the vaccine and carrier
groups, indicating that the vaccine failed to suppress inflam-
matory cell influx in the interventional experiments. Increased
goblet-cell abundance, a feature of airway remodeling, was
reversed in the vaccine group compared with the carrier group
(Figures 5c and 5d). Extracellular matrix deposition, another
feature of airway remodeling, was examined by trichrome
staining and a soluble collagen assay. As shown in Figure 5e,
repeated OVA challenges induced significant extracellular
matrix deposition around the bronchial and vascular tracts at
time point B. This was also seen at time point C, 4 weeks after
discontinuing the OVA challenges. The vaccine intervention
significantly decreased collagen deposition in comparison to

Figure 3. Respiratory mechanic responses to inhaled methacholine, analyzed by using low-frequency forced oscillation with a small animal venti-
lator (preventive experiments). (a) Vaccine significantly suppresses tissue resistance and elastance of the lung during the acute inflammatory phase

(time point A). One-way ANOVA, followed by the Newman-Keuls multiple-comparison tests, was performed. *Between vaccine and PBS. #Between

vaccine and carrier. 1Between vaccine and normal. (b) Immunization with vaccine significantly suppresses sustained airway hyperreactivity at

4 weeks after the final OVA challenge (time point C). Respiratory mechanics were assessed by calculating airway resistance, peripheral tissue and
airway resistance, and tissue elastance or stiffness, allowing the lung mechanics to be divided into central and peripheral components.

544 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 48 2013



the carrier group when analyzed by quantitative soluble colla-
gen assay (Figure 5f).

To assess the functional impact of these biomarkers of airway
remodeling, airway and lung tissue mechanics were measured at
time point C, when acute inflammatory responses had declined
(Figure 6). We observed significantly lower Raw, with especially
noticeable decreases for tissue G and H, in both groups when
compared with those measured during the acute phase (see Figure
3a). Unlike the data obtained in the preventive experiments, no
difference was evident between the vaccine and carrier groups
in the interventional experiments.

DISCUSSION

In studies where IL-13 has been neutralized using monoclonal
antibodies (mAbs) in murine models of chronic airway inflam-
mation, outcomes have generally been examined immediately
after the OVA challenge, when acute inflammation is most se-
vere (14, 16–18). IL-13 neutralization by mAbs can reduce in-
flammation and ameliorate AHR. However, because such data
are obtained during the early stages of inflammation, the results
do not reflect the possible contributions of IL-13 to airway

remodeling or the impact of airway remodeling on airway phys-
iology. Furthermore, in these studies, the mAb-mediated inhibi-
tion of IL-13 is temporary, and thus the effects may be limited. In
the present study, a murine model with chronic exposure to al-
lergen was used, in which sustained AHR and airway remodeling
developed. In addition, a novel strategy involving a vaccine to
generate long-lasting anti–IL-13 antibodies to block IL-13 ac-
tivity was used. Thus, this study more directly assessed the role
of IL-13 in the development and maintenance of features asso-
ciated with chronic asthma. In our experiments, the only dif-
ference between the carrier and vaccine groups involved the
inserted IL-13 epitope in the vaccine. Thus, comparisons be-
tween these two groups reflect the specificity of anti–IL-13
vaccine effectiveness. In the prevention study, vaccinated mice
exhibited significant improvement in most features of chronic
airway inflammation, including inflammatory cell accumulation
and cytokine concentrations in BALF, goblet-cell hyperplasia,
collagen deposition, and AHR when compared with the carrier
group. In the interventional experiments, vaccine treatment
appeared less effective than in the preventive experiments. In
the interventional study, vaccination decreased IL-13, TGF-b1,
and IL-12p40 concentrations in BALF, as well as mucus

Figure 4. Interventional experiments. (a) Protocol of vaccine immunization and OVA sensitization/challenge. Mice receiving OVA were subse-
quently injected with vaccine or carrier (n ¼ 4/group at time point B; n ¼ 8/group at time point C). Three groups of mice (n ¼ 8–12/group) were

included and killed at time points B and C. OVA sensitization began during Week 0, and vaccinations were administered during Weeks 4, 6, 8, and

12. (b) Vaccine immunization elicits high concentrations of serum anti–IL-13 IgG. (c) Vaccination leads to a slight reduction in total cell and
eosinophil accumulations in BALF at time point B. (d) Vaccination significantly decreases IL-13, TGF-b1, and IL-12p40 concentrations in BALF,

and shows a reduced trend for IL-5 concentrations. #P , 0.05, ##P , 0.01, unpaired Student t test.
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production and collagen deposition, but chronic inflammation
and IL-5 in BALF and sustained AHR were not changed
significantly.

Our results from both the preventive and interventional
experiments showed that although the vaccine significantly

suppressed the accumulation of goblet cells, it only slightly re-
duced the influx of inflammatory cells to the lung, indicating that
neutralizing IL-13 was more efficient on the control of mucus
overproduction than on cell influx. This result may be explained
by the finding that IL-13 is more critical in the development of

Figure 5. Histological analysis of the lung (interventional experiments). (a and b) No change is apparent in the vaccine group when compared with

the carrier control group in inflammation analyses. (a) Representative images stained with hematoxylin and eosin for inflammation. (b) Semiquantitative

analysis. (c and d) The vaccine group shows a trend toward reduced goblet-cell hyperplasia. (c) Representative images stained with PAS for mucus production.
(d) Semiquantitative analysis. (e and f) Vaccination significantly decreases collagen deposition at time point B. (e) Representative images stained with Masson

trichrome for collagen deposition. (f) Semiquantitative analysis. #P , 0.05 in an unpaired Student t test. Original magnification, 3200.
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goblet-cell hyperplasia. IL-13, but not IL-4 and IL-5, was reported
to be indispensable for this response (26, 27), whereas cytokines
other than IL-13 also significantly contributed to other aspects
involved in control of the development and maintenance of in-
flammation. Our previous study reported significantly reduced
OVA-specific IgE and IL-5 concentrations after IL-13 vaccina-
tion (12). The unchanged IgE and IL-5 concentrations in the
present study may have been caused by changes in the protocol.
In the present study, OVA doses were higher, the interval be-
tween OVA intraperitoneal sensitization and intranasal challenge
was shorter, vaccine doses were lower, and OVA sensitization/
challenge commenced earlier than in the previous study (12).
These changes may have induced more severe airway inflammation,
resulting in less IgE and IL-5 inhibition.

We expected that the vaccine targeting IL-13 would suppress
the lung fibrosis induced by chronic OVA exposure. The impact
of IL-13 on fibrotic responses was well described in a previous
review (28). IL-13 induces the activation of fibroblasts into myo-
fibroblasts and their proliferation (29, 30), stimulates the gene
expression of extracellular matrix (such as collagen), and increases
the expression of TGF- b1, which is a key fibrotic mediator (31,
32). Notably, Kaviratne and colleagues (33) demonstrated that
an intraperitoneal injection of recombinant IL-13 in TGF-b1–
deficient mice leads to the induction of several repair-associated
genes, including extracellular matrix proteins, tissue inhibitor of
metalloproteinase 1, and various matrix metalloproteinases to
concentrations equivalent to those observed in IL-13–injected
wild-type mice. They also showed that, in an animal model of
Schistosoma-induced hepatic fibrosis, IL-13 can activate a mech-
anism of tissue fibrosis that is independent of TGF-b1 to drive
Th2-associated reparative/fibrotic responses (33). The anti–IL-13
neutralizing antibody treatment of IL-13–deficient mice in
chronic OVA challenge models is protective against the in-
crease in subepithelial collagen deposition (13–15, 34). On the
other hand, constitutive IL-13 overexpression in the lungs of
naive mice leads to the development of subepithelial fibrosis (35).
To support these findings, IL-13 and TGF-b1 concentrations in the
present study were suppressed in both preventive and interven-
tional experiments, and accordingly collagen deposition was
also reduced, although the suppression of TGF-b1 production
in the preventive experiments was not statistically significant.
The different reductions of TGF-b1 production in the two sets
of experiments may be attributable to the relatively low con-
centrations of anti–IL-13 antibodies in the preventive experi-
ments at time points B and C (measured at 8 and 16 weeks,
respectively, after the third immunization) than those in the
interventional experiments (measured 3 and 9 weeks, respec-
tively, after the third immunization). Because IL-13 stimulates
TGF-b1 expression (33), IL-13 suppression may directly

contribute to reduced TGF-b1 concentrations. Other parameters
such as eosinophils, lung inflammation, and AHR may also be
significantly affected by other inflammatory factors such as IL-5.
This may explain why the significant suppression of TGF-b1, but
less inhibition of inflammation and BALF cells, was observed in
the interventional experiments.

We used the forced oscillation technique with a flexiVent
small animal ventilator to measure lung mechanic responses
to inhaled methacholine challenges. The forced oscillation tech-
nique partitions “Zrs” (respiratory impedence) into airway and
tissue mechanics, allowing for the detection of more subtle
changes than total lung or respiratory system impedance.
“Raw” reflects the central component of lung mechanics. “G”
reflects the parenchymal distortion that occurs when the airways
constrict, and as with “H,” “G” increases with an elevated de-
gree of regional airflow heterogeneity throughout the lung. “H”
increases because of airway closure and increased intrinsic tis-
sue stiffness, which can result from the distortion of the paren-
chyma as the airways narrow, and from the development of
regional heterogeneities in lung tissue (36). In the present re-
port, in the preventive experiments, the vaccine significantly
suppressed tissue resistance and tissue elastance (Figure 3a) at
the acute inflammation checkpoint (time point A), which
reflects effects on peripheral lung components. This finding is
consistent with data reported in previous studies (36–38), which
showed that AHR in OVA-inflamed mice is entirely attribut-
able to the exaggerated closure of peripheral and small airways.
The significantly reduced lung mechanic responses to inhaled
methacholine challenges at time point A correspond to other
results obtained in the study, such as the decrease in inflamma-
tion, goblet-cell hyperplasia, and airway remodeling present
mainly around the major airways. Four weeks after the discon-
tinuation of OVA challenge (time point C), mice showed a de-
creased yet relatively high level of airway resistance, along with
dramatically decreased tissue resistance and elastance, com-
pared with those measured during the acute phase. At this time
point, vaccinated mice showed a clear suppression of airway
resistance, tissue resistance, and tissue elastance (Figure 3b).
On the other hand, in the interventional experiments, vaccina-
tion failed to induce a decrease of AHR (as assessed by airway
resistance, tissue resistance, and tissue elastance) compared
with carrier group (Figure 6). These results indicate that IL-13
suppression during the early phase is more effective than sup-
pression during the late phase of chronic inflammation.

A recent clinical study has shown that the administration of
lebrikizumab (mAb against human IL-13) improves lung func-
tion in patients with uncontrolled asthma, and that the effect
is most significant in patients with increased concentrations
of circulating periostin and in patients exhibiting a high Th2

Figure 6. Respiratory mechanic responses to inhaled methacholine, analyzed by using low-frequency forced oscillation with a small animal venti-
lator (interventional experiments). Four weeks after the final OVA challenge (time point C), mice in both the carrier and vaccine groups showed

clearly elevated airway resistance, tissue resistance, and tissue elastance compared with the normal group. However, no difference was evident

between the vaccine and carrier groups.
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phenotype (39). The data suggest that further studies, to be more
informative, may need to establish stronger Th2-type responses
during the chronic phases of this model. As in the present study,
repeated OVA challenges in mice induced some degree of immune
tolerance and dramatically reduced inflammatory responses to
allergen stimulation, which may have dimmed the effects of the
IL-13 vaccine in the interventional experiments. Moreover, based
on the efficacy of anti–IL-13 antibody therapy in adults, the vac-
cinated mice may be fully or partly protected when IL-13 again
becomes more important for the induction of inflammation.
Thus, in our forthcoming study, after the Week 13 challenge before
another round of challenges, a longer break of up to 5 to 6 weeks
will be implemented to allow for the restoration of inflammation
and reconstitution of an IL-13 effect, as seen in seasonal asthma.

We have explored the effectiveness of the sustained suppres-
sion of IL-13 by using a vaccine in a murine model that exhibits
features of AHR and remodeling, in which airway and lung-tissue
mechanics were appropriately measured by using a flexiVent small
animal ventilator. Our results indicate that, based on a preventive
strategy, IL-13 vaccination could suppress the development of
chronic OVA exposure–induced airway remodeling features such
as mucus overproduction, subepithelial collagen deposition, and
AHR. However, this strategy was less effective after sustained
AHR and remodeling were established, as shown in the interven-
tional experiments. This indicates the critical need for such stud-
ies in model systems of chronic inflammation, before considering
human interventional studies, because the majority of asthma
cases begin in childhood, with subbasement membrane collagen
deposition completed by age 10 years (40).

Author disclosures are available with the text of this article at www.atsjournals.org.
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METHODS 
 
Histological Assessment 
 
Left lungs were carefully separated and fixed in10% PBS-buffered formalin, then 
embedded in paraffin and serially sectioned (5μm) sagitally at the anterior-posterior 
midline. Specimens were stained with Hematoxylin and Eosin (H&E) to examine 
inflammation, periodic acid Schiff (PAS) to detect mucus production or Masson’s 
trichrome solution to detect collagen deposition. Slides were then examined using an 
Olympus IX51 light microscope equipped with CCD camera under the control of 
Image Pro Plus software (Media Cybernetics, Inc.). Semi-quantitative analyses for 
peribronchiolar inflammation and airway goblet cell hyperplasia were performed 
double-blinded (10). At least three separate sections and four fields in each section 
were evaluated in 200×microscopic magnifications per mouse. Only medium-sized 
airways (0.5 mm to 1.5 mm diameter) were assessed. Each airway was assigned a 
value for inflammatory cell infiltration as follows: 0 = normal; 1 = few cells; 2 = a 
ring of inflammatory cells one cell layer deep; 3 = a ring of inflammatory cells 2–4 
cells deep; 4 = a ring of inflammatory cells of >4 cells deep. PAS-stained sections 
were used to analyze mucosa production semi-quantitatively (10). The scores for the 
abundance of goblet cells in each airway were determined by the ratio of PAS-
positive cells in total epithelial cells as follows: 0: <5% goblet cells; 1: 5–25%; 2: 25–
50%; 3: 50–75%; 4: >75%. Each lung was assigned a score calculated by total scores 
of counted airways/airway numbers. 
 


