Persistent Effects Induced by IL-13 in the Lung
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IL-13 overexpression in the lung induces inflammatory and remodel-
ing responses that are prominent features of asthma. Whereas most
studies have concentrated on the development of IL-13-induced
disease, far fewer studies have focused on the reversibility of IL-
13-induced pathologies. This is particularly important because cur-
rent asthma therapy appears to be poor at reversing lung remodel-
ing. In this manuscript, we used an externally regulatable transgenic
system that targets expression of IL-13 to the lung with the aim of
characterizing the reversibility process. After 4 wk of doxycycline
(dox) exposure, IL-13 expression resulted in mixed inflammatory
cell infiltration, mucus cell metaplasia, lung fibrosis, and airspace
enlargement (emphysema). After withdrawal of dox, IL-13 protein
levels were profoundly reduced by 7 d and below baseline by 14 d.
During this time frame, the level of lung eosinophils returned to
near normal, whereas macrophages, lymphocytes, and neutrophils
remained markedly elevated. IL-13-induced mucus cell metaplasia
significantly decreased (91%) 3 wk after withdrawal of dox, show-
ing strong correlation with reduced eosinophil levels. In contrast,
IL-13~-induced lung fibrosis did not significantly decline 4 wk after
dox withdrawal. Importantly, IL-13-induced emphysema persisted,
but modestly declined 4 wk after dox. Examination of transcript
expression profiles identified a subset of genes that remained in-
creased weeks after transgene expression was no longer detected.
Notably, numerous IL-13-induced cytokines and enzymes were re-
versible (IL-6 and cathepsins), whereas others were sustained (CCL6
and chitinases) after IL-13 withdrawal, respectively. Thus, several
hallmark features of IL-13-induced lung pathology persist and are
dissociated from eosinophilia after IL-13 overexpression ceases.
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Allergic asthma is characterized by chronic inflammation of the
airways, airway wall remodeling, and a decline in respiratory
function. In asthma, structural changes in the airway include
mucus cell metaplasia, increased deposition of extracellular ma-
trix proteins (e.g., collagen and proteoglycans), and hyperplasia
of myofibroblasts and smooth muscle cells (1, 2). Airway remod-
eling and persistent inflammation contribute to disease patho-
genesis of asthma. Animal studies have defined a critical effector
role for IL-13 in many pathologic features of experimental
asthma, including airway inflammation, tissue fibrosis, and mucus
hypersecretion by goblet cells (3-5).

The effector functions mediated by IL-13 include a diverse
array of biological activities (6). IL-13—-deficient animals, novel
IL-13 antagonists, and transgenic overexpression modeling sys-
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tems have successfully defined a central role for IL-13 in some
inflammatory diseases of the lung (6). In animal models, pulmo-
nary overexpression of IL-13 results in inflammation, airway
fibrosis, mucus metaplasia, airway hyperresponsiveness, and en-
hanced lung volumes and compliance (5, 7). The inflammatory
response results, in part, from IL-13-induced chemokine and
matrix metalloproteinase (MMP) expression and activity (8, 9).
Chronic overexpression of IL-13 in the lung also results in alveo-
lar remodeling through activation of proteolytic pathways by
IL-13 (8, 9). While these studies identify pathways important
in IL-13-induced inflammatory and remodeling responses, the
natural history and reversibility of the remodeling response has
not yet been adequately assessed.

Defining the reversibility of IL-13-induced tissue remodeling
and pathology may have clinical significance, as tissue remodel-
ing and fibrosis are important pathologic features of lung disease
and do not appear to be clearly reversed by existing therapy
(10-12). Airway remodeling has been proposed to result from
repeated cycles of airway injury induced by inflammatory re-
sponses followed by processes inherent in the lung that repair
the damaged airway (13). As asthma is a disease characterized by
chronic inflammation and repeated inflammatory exacerbations,
identification of critical pathways involved in the natural healing
response in the injured airway could lead to the development
of new therapies inhibiting the progression of the structural
changes characteristic of these diseases. Collectively, these stud-
ies draw attention to the need to develop new therapeutic ap-
proaches to reverse and prevent airway structural changes.

In this study, we aimed to define the reversibility of chronic
lung remodeling using an externally regulatable transgenic sys-
tem that targets expression of IL-13 to the lung. Our studies
demonstrate that while some aspects of chronic airway remodel-
ing are reversible (e.g., mucus cell metaplasia and lung eosino-
philia), other important features are primarily sustained during
the repair process, providing compelling evidence that many of
the prominent effects of IL-13 in the lung persist after the initial
pathologic insult. Furthermore, to define the mechanism in-
volved, we performed global transcript profile analysis and eluci-
date the genetic program associated with disease induction, re-
mission, and persistence.

MATERIALS AND METHODS

Inducible IL-13 Lung Transgenic Mice

Bi-transgenic mice (CC10-iIL-13) were generated in which IL-13
was expressed in a lung-specific manner that allowed for external regula-
tion of transgene expression, as previously described (14). Transgene
expression was induced by feeding bi-transgenic mice doxycycline-
impregnated (dox) food (625 mg/kg; Purina Mills, Richmond, IN).
Animals were housed under pathogen-free conditions in accordance
with institutional guidelines.

Bronchoalveolar Lavage Fluid Collection and Analysis

Mice were killed by an intraperitoneal injection of Ketaject (ketamine
hydrochloride, 0.2 mg/kg; Phoenix Pharmaceuticals, St. Joseph, MO).
A midline neck incision was made and the trachea was cannulated.
The lungs were lavaged two times with 1.0 ml of lavage buffer (PBS
containing 1% FCS). The recovered bronchoalveolar lavage fluid
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(BALF) was centrifuged at 400 X g for 5 min at 4°C and resuspended
in 200 pl of lavage buffer. Lysis of red blood cells was performed using
RBC lysis buffer (Sigma, St. Louis, MO) according to the manufactur-
er’s recommendations. Total cell numbers were counted with a hemacy-
tometer. Cytospin preparations of 1 X 10° cells were stained with the
Hema 3 Staining System (Fisher Diagnostics, Middletown, VA) and
differential cell counts were determined.

Preparation of RNA and Microarray Hybridization

RNA was extracted using the TRIzol Reagent (Molecular Research
Center, Inc., Cincinnati, OH) as per the manufacturer’s instructions.
After extraction, RNA was repurified with phenol-chloroform extrac-
tion and ethanol precipitation. Microarray hybridization to mouse ex-
pression array (MOE) 430 2.0 was performed by the Affymetrix Gene
Chip Core facility at Cincinnati Children’s Hospital Medical Center,
as previously described (15). This analysis was performed with one
mouse per chip (n = 2 for NO DOX [no transgene induction], n = 3
for DOX [4 wk of dox-induced IL-13 expression], and n = 3 DOX
OFF [4 wk of dox-induced IL-13 expression followed by a 3-wk rest
period]).

Northern Blot Analysis

RNA was electrophoresed in an agarose-formaldehyde gel, transferred
to Gene Screen transfer membranes (NEN, Boston, MA) in 10X SSC
(sodium chloride and sodium citrate) and cross-linked by ultraviolet
radiation. The cDNA probes, generated by PCR or from commercially
available vectors (I.M.A.G.E. Consortium obtained from American
Tissue Culture Collection, Rockville, MD or Incyte Genomics, Palo
Alto, CA), were sequence confirmed, radiolabeled with *P, and hybrid-
ized using standard conditions.

Microarray Data Analysis

Transcript expression differences between the groups (NO DOX [no
transgene induction], DOX [4 wk of dox-induced IL-13 expression],
and DOX OFF [4 wk of dox-induced IL-13 expression followed by a
3-wk rest period]) were determined using GeneSpring software (Silicon
Genetics, Redwood City, CA). Data were normalized to the average
of the NO DOX mice.

Eosinophil Quantitation

Lung tissue eosinophils were identified by anti-major basic protein
(MBP) staining. The lungs were inflation-fixed in 10% neutral buffered
formalin at 25 cm H,0, embedded in paraffin, cut into 5-um sections,
and fixed to positively charged slides. Endogenous peroxidase in the
tissues was quenched with 0.5% hydrogen peroxide in methanol. Lung
sections were digested (10 min, 37°C) with pepsin (Zymed, San
Francisco, CA), and blocked by incubation at room temperature in 3%
normal goat serum in PBS for 2 h. The blocked sections were treated
with rabbit anti-mouse MBP at 1:10,000 dilution (a kind gift of James
and Nancy Lee, Mayo Clinic, Scottsdale, AZ) in 3% normal goat serum/
PBS overnight at 4°C. The slides were subsequently washed free of
primary antibody with several changes of PBS, followed by incubation
with biotinylated goat anti-rabbit IgG (1:250 dilution) and avidin—
peroxidase complex (Vector Laboratories, Burlingame, CA) for 2 h
and 45 min, respectively. These slides were developed with nickel diami-
nobenzidine—cobalt chloride solution to form a black precipitate, and
counterstained with nuclear fast red. Replacing the primary antibody
with normal rabbit serum ablated the immunostaining. Quantification
of immunoreactive cells was performed by counting the positive stained
cells under low-power magnification of longitudinal sections, and eosin-
ophil levels are expressed as the number of eosinophils per square
millimeter.

Lung Histopathologic Changes

Mice were killed by an intraperitoneal injection of Ketaject (0.2 mg/kg;
Phoenix Pharmaceuticals). Lungs were inflation-fixed with 10% neutral
buffered formalin at 25 cm H,O and immersed in the same fixative.
The inflated lungs were embedded in paraffin, stained with either hema-
toxylin and eosin (H&E), periodic acid Schiff (PAS), or Masson’s tri-
chrome stain. PAS stained airway goblet cells were enumerated by light
microscopy examination (X400 magnification). To quantitate the level

of mucus expression in the airway, the number of PAS-positive and
total epithelial cells in individual bronchioles was counted. At least
three medium-sized bronchioles (defined by having ~ 90-150 luminal
airway epithelial cells) were evaluated in each slide. Results are ex-
pressed as the percentage of PAS-positive cells per bronchiole, which
is calculated from the number of PAS-positive epithelial cells per bron-
chiole divided by the total number of epithelial cells in each bronchiole.

Quantitation of BAL Mucin-5AC

To quantify levels of mucin-5AC (MUC-5AC) in BALF, serial dilutions
(0.1 ml) of BALF were slot-blotted onto nytran membranes using the
Minifold II slot blot apparatus (Schleicher and Schuell, Keene, NH)
and allowed to air dry. After 2 h at room temperature in blocking buffer
(1x PBS with 0.1% Tween-20 and 5% nonfat milk), the membrane was
incubated with a monoclonal antibody against MUC-5AC (45M1; Neo
Markers, Union City, CA) at room temperature for 1 h, washed three
times in 1X PBS with 0.1% Tween-20, and then incubated with HRP-
conjugated anti-mouse IgG #7076 (Cell Signaling Technology, Danvers,
MA) at room temperature for 1 h. After three additional washes,
immunoreactive MUC-5AC was detected using a chemiluminescent
procedure (ECL Western Blotting Analysis System; Amersham Biosci-
ences, Little Chalfont, Buckinghamshire, UK) and quantified by densi-
tometry. Data are expressed as the mean of relative area of band size
normalized to a standard area (n = 3 mice/group).

Lung Collagen Content

The left lung was homogenized in 2 ml of 0.5 M acetic acid. After the
addition of pepsin (1 mg/10 mg tissue; Sigma), the lung homogenates
were vigorously shaken overnight at 4°C. Collagen content was deter-
mined biochemically by quantifying total soluble collagen using the
Sircol collagen assay kit (Biocolor Ltd, Newtownabbey, Northern
Ireland, UK) according to the manufacturer’s instructions. The data
are expressed as the collagen content of the entire left lung.

Lung Homogenates

For cytokine quantitation, the right lung from CC10-iIL-13 mice was
snap-frozen before or after transgene induction. The frozen lungs were
homogenized in 0.4 ml of 50 mM Tris (pH 7.4). After addition of
0.4 ml of 0.1% Triton-X (Sigma), the lung homogenates were vortexed,
incubated on ice for 15 min, then centrifuged at 13,000 X g for 15 min
at 4°C.

ELISA Measurements

Cytokine levels were measured in BALF and lung homogenates using
ELISA kits specific for IL-13, eotaxin-1, eotaxin-2, CXCL9 and IL-6
(R&D Systems, Minneapolis, MN), and TGFB; (Promega Corporation,
Madison, WI). The detection limits were 7, 10, 15, 12, 12, and 15 pg/ml for
IL-6, eotaxin-1 and TGF-,, eotaxin-2, CXCL9 and IL-13, respectively.

Airspace Measurements

The overall proportion (% fractional area) of respiratory airspace was
determined by using a point-counting method (16). Measurements were
performed on sections taken from the left lobe. Slides were viewed
using METAMORPH imaging software (Universal Imaging, West
Chester, PA). A computer-generated, 100-point lattice grid was super-
imposed on each field and the number of intersections (points) falling
over airspace was counted. Points falling over bronchioles, large vessels,
and smaller arterioles and venules were excluded from the study. Frac-
tional airspace area was calculated by dividing the number of points
falling over airspace by the total number of points contained within
the field and then multiplying by 100. Four fields per section were
analyzed to gather the data. The x and y coordinates for each measured
field were selected by using a random number generator.

RESULTS

Lung Resolution Model Using Externally Regulatable IL-13
Transgene Expression

To characterize the reversibility of IL-13-induced lung pathol-
ogy, a transgenic overexpression system was developed to target
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expression of IL-13 to the lung. An inducible dual-construct expres-
sion system was employed to externally regulate IL-13 expression
in the lung (Figure 1A). At 5-6 wk of age, double-transgenic
(CC10-iIL-13) mice were fed normal food pellets or dox food.
Transgene mRNA was detectable by Northern blot analysis after
24 h on dox food and peaked within 1 wk (Figure 1B). After
withdrawal of dox food, the IL-13 transgene was still detectable,
but markedly reduced, after 7 d and was undetectable by 14 d
(Figure 1B). In the absence of dox, BAL IL-13 protein levels
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Figure 1. Inducible IL-13 expression in the lung. (A) Constructs used
in the generation of CC10-ilL-13 mice. (B) Kinetics of IL-13 induction
and cessation. Dual transgene positive mice were grown to adulthood
on normal food pellets and then switched to dox-impregnated food.
The levels of pulmonary IL-13 mRNA (B) were assessed at intervals
before and after the addition of dox food. RNA was isolated from the
lungs of CC10-ilL-13 mice fed dox-impregnated food for the indicated
time periods. Each lane represents an individual mouse. In C, dual
transgene positive mice received dox food for 28 d and then the dox
food was removed. The levels of BALF IL-13 protein (C) were assessed
at intervals before and after dox removal. Protein levels represent the
mean * SD of 4-6 mice at each time point.
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were 29 * 9 pg/ml (n = 4 experiments with three mice per experi-
ment). In comparison, IL-13 protein levels in naive nontransgenic
mice were 48 * 14 pg/ml (n = 8 mice). Increased (60-fold) levels
of IL-13 protein expression were noted within 24 h of dox adminis-
tration and peaked within 1 wk (107 = 48 ng/ml; Figure 1C).
IL-13 protein levels declined (95%) within 1 wk of dox with-
drawal, and continued to decrease to baseline levels or below
with time (Figure 1C). Together, these data demonstrate an
expression system that involves externally regulatable and re-
versible exposure to the IL-13 in the lung.

Effects on Pulmonary Inflammation

To define the reversibility of IL-13-induced inflammation and
tissue remodeling, we developed a resolution model that in-
volved pulmonary IL-13 expression for 4 wk (DOX ON), fol-
lowed by a 4-wk rest period (DOX OFF; Figure 2A). We first
examined the effect of transgene regulation on the kinetics and
resolution of IL-13-induced pulmonary inflammation. Dox-
induced IL-13 expression resulted in inflammatory cell infiltra-
tion into the airway with increased macrophages, neutrophils,
eosinophils and lymphocytes (Figures 2B-2D). Total BALF cells
recovered from the airway increased 2-fold within 24 h of dox
exposure (P = 0.005) and peaked (5-6 fold, P = 0.0004) after
4 wk of dox compared with control mice (Figure 2B). Interest-
ingly, the marked cell accumulation (6-fold, P = 0.001) in the
airways was sustained 14 d after dox withdrawal. Notably, after
4 wk on normal food, total inflammatory cell infiltration re-
mained 2-fold greater than in control mice (Figure 2B). Macro-
phage infiltration significantly increased within 24 h of dox expo-
sure (from 8 * 1.5 X 10* to 16.9 = 1.8 X 10%, P = 0.006) and
continued to increase over time with IL-13 expression (Figure
2C). After dox withdrawal, macrophage accumulation continued
to increase, peaked 2 wk after dox withdrawal, then decreased
after another 2 wk; however, this level was still higher than
baseline (P = 0.002, Figure 2C). Neutrophil, eosinophil, and
lymphocyte accumulation followed macrophage infiltration, sig-
nificantly increasing after 6 d on dox food (1.1 * 0.13 X 10
from 5.7 = 2.3 X 10%, 21 = 4 X 10° from 1.5 = 0.6 X 10°, and
8.4 = 1.2 X 10° from 1.9 = 0.6 X 10%, respectively; P < 0.005,
Figures 2C and 2D). Similar to macrophages, BAL neutrophils
and lymphocytes remained elevated 3 wk after dox withdrawal
(P =< 0.006, Figures 2C and 2D). After 4 wk on normal food,
neutrophils remained increased (4-fold, P = 0.05) compared
with control mice. In contrast, BAL eosinophilia dramatically
decreased 1 wk after dox withdrawal, returning to baseline within
3 wk (Figure 2D).

Peribronchial and perivascular inflammatory cell accumula-
tion is a prominent feature of pulmonary IL-13 overexpression;
we therefore examined the reversibility of IL-13-induced lung
tissue inflammation. IL-13 overexpression resulted in a marked
increase in peribronchial and perivascular inflammatory cell ac-
cumulation when compared with control mice (Figure 3A). The
inflammation was more pronounced surrounding the larger air-
ways with inflammatory cells, especially eosinophils, surrounded
by extracellular matrix (Figure 3B). Large, and occasionally mul-
tinucleated, airway macrophages contained granular and crystal-
line intracellular material (Figure 3C). Notably, significant in-
flammatory cells remained in the lung 3 wk after dox withdrawal
(Figure 3D).

Recent studies have demonstrated a prominent role for IL-13
in allergen-induced eosinophil recruitment and have implicated
eosinophils in allergen-induced airway remodeling (17-20). As
such, we next investigated the kinetics of pulmonary eosinophilia
in our resolution model. IL-13 expression resulted in eosinophil
infiltration around bronchioles that increased over time; 10-fold
within 10 d of dox exposure (P = 0.008) and 54-fold after 28 d
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Figure 2. IL-13 transgene ex-
pression results in persistent
airway inflammation. (A) A
schematic representation of
the IL-13 resolution model is
depicted. Adult mice are fed
dox-impregnated food for 4 wk
and then given normal food.
Multiple parameters are evalu-
ated weekly after dox with-
drawal (Resolution Phase). (B)
Total BALF cells from CC10-ilL-
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trol mice after 1 d of dox ad-
ministration. *P = 0.003 when
compared with mice fed dox
food for 28 d. (C) Macrophage
and neutrophil composition of
BALF from CC10-ilL-13 mice at
indicated times in resolution
model (n = 6-9 mice/group).
All data points were statistically
different (P < 0.02) than non-
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mice at indicated times in the resolution model (n = 6-9 mice/group). All points were significantly different (P < 0.002) from non-dox-fed control
mice after 6 d of dox administration. P = 0.03 when compared with mice fed dox food for 28 d.

(P < 0.001, Figure 3E). Upon dox withdrawal, perivascular eo-
sinophils were markedly reduced (75%, P = 0.004) within 7 d,
and eosinophils surrounding the airways were reduced (80%,
P = 0.0004) within 14 d (Figure 3E). Although perivascular
eosinophils returned to baseline 4 wk after dox withdrawal, peri-
bronchial eosinophils remained 3-fold higher than baseline (P =
0.04, Figures 3E and 3F). We next examined the kinetics of
expression of the eosinophil-specific eotaxin chemokines in the
BALF of CC10-iIL-13 mice. Protein levels of eotaxin-1 and
eotaxin-2 were increased within 10 d of IL-13 transgene expres-
sion and peaked after 4 wk of dox administration (Figure 3G).
Peak induction of eotaxin-2 (277-fold) was greater than eotaxin-1
(16-fold) after 4 wk of IL-13 transgene expression, but both
chemokines returned to baseline within 2 wk after dox with-
drawal (Figure 3G). Taken together, IL-13 initiated a sustained
airway and tissue inflammation involving macrophages, neutro-
phils, and lymphocytes, whereas IL-13-induced eosinophilia
more rapidly declined after dox withdrawal correlating with de-
creased expression of the eotaxin chemokines in the lung.

Effects on Lung Remodeling

A wealth of studies have described a critical role for IL-13 in
lung remodeling including mucus cell metaplasia, mucus over-
production and emphysema (6). To define the reversibility of
IL-13-induced mucus production, we examined PAS-positive
cells in the bronchial epithelium at different time points in our
resolution model. IL-13 expression resulted in a prominent in-
crease in mucus production (37 * 14% of airway epithelium
was PAS-positive) within 3 d and peaked within 6-10 d (60 *
2%; Figures 4A and 4B). After 4 wk of IL-13 expression, PAS™

epithelium decreased (28 * 1% versus 60 = 2%, P < 0.0001)
and continued to decline upon withdrawal of dox and decrease in
transgene expression (Figures 4A and 4B). Importantly, mucus
production remained present, although markedly reduced, in
the lungs 3 wk after dox withdrawal. At all time points, PAS-
stained cells could not be appreciated, or were extremely rare,
in the airways of control CC10-iIL-13 (NO DOX) mice (data not
shown). We also examined the kinetics of mucus secretion in
our resolution model. Four weeks of IL-13 expression resulted in
significantly increased mucin secretion into BAL fluid compared
with control NO DOX mice as assessed by immunoblot analysis
(18 = 3 versus 50 = 10.8 relative area, P < 0.008), whereas no
significant increase was observed 6 and 10 d after dox exposure
(data not shown). Mucin secretion decreased 2 and 4 wk after
dox withdrawal, but not to baseline levels (data not shown).
We next investigated the reversibility of IL-13-induced lung
fibrosis. Total collagen content in one lobe of the lung was
measured based on the specific binding of collagen to the dye
Sirius Red. Total collagen content of the lung was significantly
increased (3.6 * 1.8 fold, n = 3 experiments) after 4 wk of
IL-13 expression (Figure SA). There was no significant difference
in collagen content between wild-type mice fed dox food and
control CC10-iIL-13 mice fed normal food (459 *+ 116 versus
452 * 73 pg/left lobe, respectively, n = 4 mice/group). Total lung
collagen did not significantly change 4 wk after dox withdrawal
(Figure 5A). We also examined the distribution of collagen depo-
sition by Masson’s trichrome staining. Enhanced collagen depo-
sition was readily apparent in the subepithelial regions of airways
within 6 d of IL-13 transgene induction (Figure 5B). This
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Figure 3. 1L-13 transgene expression results in sustained tissue inflammation. (A) H&E-stained lungs from CC10-ilL-13 mice fed normal (NO DOX)
or dox-food (DOX) for the indicated times are shown. (B) Infiltrating leukocytes trapped in extracellular matrix are shown. *Eosinophils. (C)
Enlarged macrophages within the airspace are shown. (D) Inflammation surrounding blood vessels and airways 3 wk after dox withdrawal (DOX
OFF) is shown. (E) Kinetics of IL-13-induced eosinophil infiltration around blood vessels (perivascular, squares) and bronchioles (peribronchial,
diamonds) is shown (n = 4-11 mice/group). All points were significantly different (P < 0.05) from non-dox-fed control mice after 10 d of dox
administration. *P < 0.004 when compared with mice fed dox food for 28 d. (F) Eosinophils, detected by anti-MBP immunohistochemistry, are
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accumulation was most prominent in the larger airways, but was
evident in the smaller airways with longer IL-13 exposure (Figure
5B). Examination of lungs after dox withdrawal revealed little or
no change in collagen deposition around larger airways (Figure 5B).

As TGF-B;, has been implicated as a critical mediator of
IL-13-induced fibrosis (21), we measured total TGF-B, protein
levels in BAL fluids collected at different time points in our
resolution model. Significantly increased TGF-B, levels were
detected within 6 d of IL-13 expression (P = 0.01) and continued
to increase over time (Figure 5C). Two weeks after dox with-
drawal, TGF-B, levels were markedly reduced, but remained
significantly increased compared with controls (P = 0.002, Figure
50).

Abnormally large airspaces are a characteristic feature of
emphysema and have been associated with IL-13 overexpression

(5,9, 22). To determine if IL-13-induced airspace enlargement
can be reversed, we measured the percentage of fractional air-
space in the lungs of CC10-iIL-13 mice. Within 4 wk of transgene
expression, the fractional area of airspace was significantly
(P < 0.0001) increased compared with control mice (Figures
6A and 6B). After dox withdrawal, there was a modest, but
significant, decrease in percentage of fractional area of airspace
with persistence of airspace enlargement (Figures 6A and 6B).
Taken together, these data reveal that several of the hallmark
features of IL-13-induced pathology in the lung primarily persist
after IL-13 overexpression ceases.

Effects on Gene Transcription

To gain insight into molecular mechanisms critically involved in
IL-13-induced lung remodeling and the repair processes that
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follow, we analyzed global gene expression profiles at two differ-
ent time points in our resolution model: after 4 wk of dox-
induced IL-13 expression (DOX) and 3 wk after dox withdrawal
(DOX OFF; Figure 7A). IL-13 expression in the lung for 4 wk
was a potent inducer of gene expression, resulting in 743 genes,
or 5.3% of the mouse genome, induced 2-fold or more compared
with control lungs with no transgene induction (Figure 7B).
Three weeks after dox withdrawal, 101 genes were induced =
2-fold (Figure 7B). Of the IL-13—induced genes, 10% (77 of 743)
remained induced = 2-fold 3 wk after dox withdrawal (Figure
7B). Twenty-four new genes were induced = 2-fold during the
resolution phase that were not induced during DOX (IL-13
transgene expression); most of these new genes were ESTs (Fig-
ure 7B and data not shown). The complete list of genes induced
2-fold or more in the DOX and DOX OFF groups can be found
in Tables E1 and E2 in the online supplement, respectively. Cyto-
kines and cytokine receptors represented a large subset of genes
induced by IL-13 expression (Table 1). Sixteen chemokines (10
CC and 6 CXC chemokines), members of the IL-1 family (IL-
la, TL-1B, and IL1R antagonist), IL-6, IL-10Ra, and IL-13Ra2
were among the IL-13-induced genes (Table 1). Notably, CCL6,
CCLS, and CXCL1 remained induced 3 wk after dox withdrawal,
suggesting that these chemokines may contribute to the sustained
pulmonary inflammation in the absence of transgene expression.
The remaining cytokines and receptors returned to near baseline
after 3 wk off dox. In accordance with the microarray data, dox-
induced IL-13 expression resulted in increased BALF IL-6 from

Figure 4. Resolution of IL-13-
induced mucus production. (A)
Kinetics of mucus induction and
resolution as shown in PAS-stained
lungs from CC10-ilL-13 mice fed nor-
mal (NO DOX) or dox food (DOX)
for the indicated times. Magnifica-
tion: X100. (B) Quantitation of
PAS* cells (mean = SD) in airways
of CC10-ilL-13 mice at indicated
times in the resolution model (n =
4-6 mice/group). *P < 0.001
when compared with 10 d of dox
administration.

18.8 £ 2.9 to 51.3 = 6.0 pg/ml (mean = SEM, n = 6 mice per
group) after 4 wk, but decreased to below the level of detection
(< 7 pg/ml) 2 wk after dox withdrawal. Also, consistent with
the IL-13-induced expression of CXCL9 mRNA, analysis of
protein levels revealed an increase in CXCL9 in lung homoge-
nates after 4 wk of IL-13 expression, from 253 * 29 to 1,020 *
92 pg/ml (mean * SD, n = 4-5 mice per group). Sustained
induction of the chemokines CCL6 and CXCLS5 3 wk after dox
withdrawal was observed by Northern blot analysis (Figure 7C).
Expression of these potent macrophage and neutrophil chemoat-
tractants in the lung is consistent with their contributory role in
maintaining lung inflammation in the absence of IL-13 expres-
sion. In contrast, CXCL5 and CXCL10 were induced with IL-13
expression, but were no longer detectable by Northern blot
analysis 3 wk after dox withdrawal (Figure 7B).

IL-13 also induced several genes coding for proteases and
enzymes associated with inflammation and remodeling, including
MMPs, cathepsins, and chitinases (5, 9, 23) (Table 2). Impor-
tantly, proteases were among those genes that remained induced
after dox withdrawal, consistent with a contributory role for
these proteins in the repair process in the lung. Genes encoding
transporter proteins, including glucose, zinc and amino acid
transporters, and a number of different calcium-activated chlo-
ride channels, were induced with IL-13 expression (Table 2).
Interestingly, Clca4, a calcium-activated chloride channel ex-
pressed by smooth muscle cells, was induced only in the DOX
OFF group. These results identify a subset of genes that are
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Figure 5. Persistence of IL-13-induced colla-
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induced in the lung with chronic IL-13 exposure and remained
induced for weeks after cessation of IL-13 expression.

DISCUSSION

Allergic asthma is a chronic inflammatory disease characterized
by recurrent episodes of airway obstruction and wheezing. In
susceptible individuals, intermittent exposure to allergens results
in a complex inflammatory response, leading to airway injury

and chronic lung inflammation. The recurrent inflammatory
exacerbations, along with persistent local inflammation, induce
cycles of injury and repair that likely induce airway remodeling,
structural changes in the airway wall that contribute to disease
pathogenesis and possible progression to emphysema. Although
a wealth of studies have characterized mediators implicated
in airway wall remodeling, the natural history of the inflamma-
tory response and the reversibility of the remodeled airway re-
mains under-investigated. In this study, we aimed to define the

Figure 6. Persistence of IL-13-induced emphysema. (A) In-

duction of airspace enlargement as shown in H&E stained
lungs from CC10-ilL-13 mice fed normal (NO DOX) or dox
food (DOX) for the indicated number of weeks. Each panel
is an individual mouse. Magnification: X200. (B) Quantita-
tion of percentage of fractional area of airspace (% fx air-
space area) of CC10-ilL-13 mice at indicated times in the
resolution model (n = 2 experiments, with 4-8 mice/

% fx airspace area
(=]
(=]

0 4 -4
Weeks On/Off DOX

group/experiment). A representative experiment is shown.
*P < 0.0001 when compared with non-dox-fed control
mice. #P = 0.002 when compared with mice fed dox food
for 28 d.
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reversibility of IL-13-induced chronic inflammation and lung
remodeling. As such, we developed a disease progression and
resolution model using an externally regulatable transgenic sys-
tem that targets expression of IL-13 to the lung. First, we demon-
strate that the inflammatory infiltrate, composed primarily of
macrophages, neutrophils, and lymphocytes, persists in the lung
3—4 wk after IL-13 expression ceases. Second, we demonstrate
that while IL-13 rapidly induces mucus cell metaplasia, there is
a significant decline in the number of mucus-producing cells
during the initiation phase (dox exposure) that correlates with
a significant increase in mucin secretion into the BAL fluid,
suggesting that signals that promote mucus secretion are kinet-
ically distinct from signals that induce mucus production. Third,
we demonstrate that IL-13-induced mucus cell metaplasia and
lung eosinophilia are highly dependent on IL-13 production, as
areduction in the severity of both parameters strongly correlates
with decreasing IL-13 protein levels. Fourth, we demonstrate
that airspace enlargement only modestly improves after IL-13
decline (dox withdrawal). And finally, we identify the genetic
program (transcript profile) associated with disease initiation
and resolution. Notably, a subset of the initiation genes remain
elevated during the resolution phase. These sustained genes,
including multiple chemokines, proteases, enzymes, and trans-
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Figure 7. Identification of IL-13-induced
genes. (A) A schematic diagram of the IL-
13 resolution model is depicted, indicat-
ing the three time points of analysis: be-
fore transgene induction (NO DOX), 4 wk
with transgene expression (DOX), and 3
wk after transgene turned off (DOX OFF).
(B) The 767 genes differentially expressed
(P < 0.05) in the lungs of CC10-ilL-13
mice atindicated time points in the model
compared with NO DOX control mice are
shown; upregulated genes are repre-
sented in red and downregulated genes
in blue. The magnitude of the gene
changes is proportional to the darkness
of the color. Each column represents an
individual mouse and each line a gene.
(C) Northern blot analysis confirmed sus-
tained induction of CCL6 and CXCL1, but
not CXCL5 or CXCL10 by IL-13 transgene
expression. The ethidium bromide (EtBr)-
stained gel is shown. Each lane represents
an individual mouse.

Disease Initiation
& Resolution Phases

porters, are likely involved in regulating the inflammatory re-
sponse and airway remodeling initially stimulated by IL-13. In
addition, we define a set of 24 genes that are only induced during
the resolution phase of IL-13-associated lung injury.
Leukocyte recruitment into the lung has been shown to be
partially dependent on chemokines in IL-13 overexpression
models (8, 24). In particular, IL-13 has been shown to be a potent
inducer of a number of CC chemokines (8). In our study, we
demonstrate IL-13-induced expression of chemokines from both
the CC and CXC families (Table 1). We also identify a subset
of chemokines, including CCL6, CCL8, and CXCL1, which are
induced with chronic IL-13 exposure (4 wk) and remained in-
duced after cessation of IL-13 expression, suggesting a contribu-
tory role in the persistent lung inflammation. Although Northern
blot analysis showed CCL6 expression diminished very little
over time and CXCL1 expression dropped considerably more,
it is important to note that both chemokines remained increased
after dox withdrawal compared with non-induced transgenic
mice (Figure 6C). Previous studies have implicated a role for
CCL6 in regulating IL-13-induced inflammation (24).
Surprisingly, chronic IL-13 expression resulted in expression
of the Thl-associated chemokines, CXCL9 and CXCL10. Ex-
pression of these chemokines in experimental asthma has been
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TABLE 1. CYTOKINES AND RECEPTORS INDUCED 2-FOLD OR TABLE 2. GENES INDUCED 2-FOLD OR MORE IN
MORE IN IL-13-INDUCED RESOLUTION MODEL* IL-13-INDUCED RESOLUTION MODEL*
Common Gene Name GenBank DOX DOX OFF Common Gene Name GenBank DOX DOX OFF
CCL2, JE AF065933 + - Arginase | NM_007482 + -
CCL3, Mip-Ta NM_011337 + - Arginase Il NM_009705 + -
CCL4, MIP-1B8 AF128218 + - Ear11 BC020070 + -
CCL7, MCP-3 AF128193 + - MMP12 BC019135 + -
CCL9, MRP-2 AF128196 + - MMP13 NM_008607 + -
CCL11, eotaxin-1 NM_011330 + - Adam8 NM_007403 + -
CCL12, MCP-5 u50712 + - Cathepsin B BG067383 + -
CCL24, eotaxin-2 AF281075 + — Cathepsin S NM_021281 + —
CXCL2, Gro-B NM_009140 + - Cathepsin Z NM_022325 + -
CXCL5, LIX NM_009141 + - Dipeptidylpeptidase 7 BB746075 + -
CXCL9, Mig NM_008599 + - Hexoaminidase A U07631 + —
CXCL10, IP-10 NM_021274 + - Hexoaminidase B NM_010422 + -
CXCL12, SDF-1 BC006640 + - Timp1 BC008107 + -
CCR1 AV231648 + - Serpina3g BC002065 + -
CCR5 D83648 + - Serpinb2 NM_011111 + -
IL-18 BC011437 + - GLUT1 (Slc2al) BM207588 + -
IL-6 NM_031168 + - CAT2 (Slc7a2) BF533509 + -
IL-10Ra NM_008348 + - Sglt1 (Sic5at) AF208031 + -
IL-13Ra2 BC003723 + - cl-1 (Slc15a3) NM_023044 + -
IL-7 receptor Al573431 + - Nramp-1 (Slc11a1) NM_013612 + -
IL-1 receptor antagonist NM_031167 + - Clg-B AW227993 + -
CCL6, C10 BC002073 + + Complement component factor i NM_007686 + -
CCL8, MCP-2 NM_021443 + + Inhibin-Ba NM_008380 + -
CXCL1, KC NM_008176 + + Sprr-2a NM_011468 + -
CCR9 BB124954 + + Elastin BB229377 + -
CXCR6 NM_030712 - + Macrophage scavenger receptor 1 BC003814 + -
Lipocalin 2 X14607 + -
Definition of abbreviations: DOX, mice fed doxycycline; DOX OFF, mice after Complement component 3a receptor 1 NM_009779 + _
3 wk of doxycycline withdrawal. G protein—coupled receptor 35 NM_022320 + -
* If expression of the gene is induced at least = 2-fold compared with NO DOX G protein—coupled receptor 43 AV370830 + —
controls, the gene is labeled with “+.” If transcript levels of the gene do not G protein—coupled receptor 65 NM_008152 + _
increase at least 2-fold, the gene is labeled with “—.” Genes induced = 2-fold in Trem1 BB784999 +
both groups are shown in bold type. Trem2 NM_031254 +
Toll-like receptor 8 NM_133212 + —
Toll-like receptor 7 AY035889 + +
MMP19 AF153199 + +
shown to be dependept on IFN-vy anq tht? transcription fgctor ;:219((;2;\3}';)1) :2,(1)6(;069;:292 : :
Statl (25). In an experimental model using intratracheal delivery Cathepsin K NM_007802 + +
of cytokines, IL-4, but not IL-13, induced IFN-y expression (26). Slc39a2 BB049001 + +
Consistent with this, IFN-y levels remain relatively unchanged Slc26a4 NM_011867 + +
throughout our resolution model (data not shown), suggesting ~ Mucolipin 3 NM_134160  + +
an alternative mechanism induced by chronic IL-13 expression Cleal AF108501 + +
. . . Clca4 AY008277 - +
for induction or accumulation of CXCL9 and CXCL10 mRNA. HSP105 B1499717 _ "

Proteases and enzymes, such as MMPs, cathepsins, and chi-
tinases, have also been shown to regulate IL-13-induced in-
flammation and remodeling (5, 9, 23). Our results, demonstrating
markedly sustained induction of chemokines and proteases, sug-
gest that these genes also likely contribute to the persistent
airway infiltrate and support a role for these chemoattractants
and proteases in the perpetuation and exacerbation of IL-13—
induced airway remodeling.

Asthma and COPD are obstructive pulmonary disorders in-
volving chronic airway inflammation. Asthma has long been
considered as a condition of reversible airflow obstruction; how-
ever, many individuals with asthma have residual airflow obstruc-
tion (27). Irreversible airflow obstruction seen primarily in indi-
viduals with severe asthma may be due to persistent underlying
bronchial inflammation and airway remodeling. Although IL-
13-induced lung fibrosis did not significantly change 4 wk after
dox withdrawal, there was a modest decline observed. Further
studies are needed to determine if the collagen content would
decrease further at later time points. COPD is also characterized
by airflow limitations that are not fully reversible. One of the
major mechanisms of airway obstruction in COPD is loss of
alveolar walls due to proteolytic destruction of the lung paren-
chyma. Reversal of this process by drug therapy has remained
elusive, although retinoic acid has been shown to increase the

Definition of abbreviations: DOX, mice fed doxycycline; DOX OFF, mice after
3 wk of doxycycline withdrawal.

* If expression of the gene is induced at least = 2-fold compared with NO DOX
controls, the gene is labeled with “+.” If transcript levels of the gene do not
increase at least 2-fold, the gene is labeled with “—.” Genes induced = 2-fold in
both groups are shown in bold type.

number of alveoli in a rat experimental emphysema model (28,
29). In our model, IL-13-induced airspace enlargement mainly
persists in the absence of transgene expression, suggesting a
mechanism in the inherent healing process for restoration for
some lost alveolar tissue, despite protease expression that re-
mains elevated after dox withdrawal. While current and pro-
posed treatments for emphysema are aimed at preventing or
modifying future remodeling (30), identification of pathways
important in the repair of the damaged lung could lead to novel
therapeutics directed toward alveolar restoration. It is hopeful
that the identified gene transcript profiles that correlate with
emphysema may be helpful in this regard. Further studies are
needed to determine if an increase in the repair of the alveoli
structure results in improved lung function.
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In our model, macrophage infiltration continued to increase,
while mucus cell metaplasia and lung eosinophilia declined in
the absence of IL-13 expression. In addition, expression of a
subset of IL-13-induced genes remained increased weeks after
transgene expression was no longer detected. Thus, chronic ex-
posure to IL-13 in the lung induced a long-lived pathologic and
genetic response that was observed in the absence of IL-13.
Understanding the mechanisms that contribute to persistent in-
flammation and airway wall remodeling could lead to the identi-
fication of new therapeutic targets. Our findings implicate prote-
ases (e.g., MMPs, cathepsins, and chitinases) as potential targets
against which therapies can be directed in the treatment of dis-
eases associated with lung remodeling. In addition, genes that
remain induced during the resting phase are potentially benefi-
cial to the continued resolution of the IL-13-induced lung pathol-
ogy. As such, the identified candidate genes offer several new
mechanistic approaches to better understand the injury and re-
pair cycle of chronic lung disease associated with Th2 immunity.
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