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Allergen-Induced Airway Remodeling Is Impaired in
Galectin-3-Deficient Mice

Xiao Na Ge,* Nooshin S. Bahaie,* Bit Na Kang,* M. Reza Hosseinkhani,*
Sung Gil Ha,* Elizabeth M. Frenzel,* Fu-Tong Liu,T Savita P. Rao,* and
P. Sriramarao**

The role played by the B-galactoside-binding lectin galectin-3 (Gal-3) in airway remodeling, a characteristic feature of asthma that
leads to airway dysfunction and poor clinical outcome in humans, was investigated in a murine model of chronic allergic airway
inflammation. Wild-type (WT) and Gal-3 knockout (KO) mice were subjected to repetitive allergen challenge with OVA up to
12 wk, and bronchoalveolar lavage fluid (BALF) and lung tissue collected after the last challenge were evaluated for cellular
features associated with airway remodeling. Compared to WT mice, chronic OVA challenge in Gal-3 KO mice resulted in
diminished remodeling of the airways with significantly reduced mucus secretion, subepithelial fibrosis, smooth muscle thickness,
and peribronchial angiogenesis. The higher degree of airway remodeling in WT mice was associated with higher Gal-3 expression
in the BALF as well as lung tissue. Cell counts in BALF and lung immunohistology demonstrated that eosinophil infiltration in
OVA-challenged Gal-3 KO mice was significantly reduced compared with that WT mice. Evaluation of cellular mediators
associated with eosinophil recruitment and airway remodeling revealed that levels of eotaxin-1, IL-5, IL-13, found in inflamma-
tory zone 1, and TGF-3 were substantially lower in Gal-3 KO mice. Finally, leukocytes from Gal-3 KO mice demonstrated
decreased trafficking (rolling) on vascular endothelial adhesion molecules compared with that of WT cells. Overall, these studies
demonstrate that Gal-3 is an important lectin that promotes airway remodeling via airway recruitment of inflammatory cells,
specifically eosinophils, and the development of a Th2 phenotype as well as increased expression of eosinophil-specific chemokines

and profibrogenic and angiogenic mediators. The Journal of Immunology, 2010, 185: 000-000.

irway remodeling is a characteristic feature of chronic
A asthma leading to airway dysfunction and a poorer clinical
outcome. Chronic allergic airway inflammation with in-
creased number of inflammatory cells, especially eosinophils, and
elevated levels of Th2 cytokines and chemokines as seen in asthma
leads to structural changes in the airways. These include subepithelial
fibrosis, increased smooth muscle mass, neovascularization, and epi-
thelial alterations leading to the thickening of airway walls and con-
sequently to mucous hypersecretion, airway edema, airway narrowing,
and bronchial hyperresponsiveness (1). The damaged airway epithe-
lium and recruited inflammatory cells contribute to airway remodeling
through the production of various proinflammatory cytokines, growth
factors, and other mediators (2, 3). An obligatory role in airway
remodeling has been demonstrated for factors that induce eosinophilic
inflammation, such as IL-5, IL-13, CCR3, and NF-xB (4).
Human eosinophils, epithelial cells, endothelial cells (ECs),
fibroblasts, B cells, T cells, monocytes/macrophages, dendritic cells,
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neutrophils, and mast cells express Galectin-3 (Gal-3), a member
of a family of -galactoside-binding lectins that is known to be
involved in many aspects of immune response, such as cell ad-
hesion, migration, survival, and even activation (5-8). Previous
studies have shown that Gal-3 plays an important role in allergic
inflammation and in eosinophil recruitment in murine models of
acute allergen-induced asthma and atopic dermatitis (9, 10). Stud-
ies from our laboratory demonstrated that Gal-3 functions as an
adhesion molecule to support human eosinophil rolling and adhe-
sion under conditions of flow (11). Further, the suppression of
Gal-3 expression was found to attenuate infiltration of eosinophils
and other inflammatory cells in a mouse model of allergic rhinitis
(12). Overall, these latter findings suggest that Gal-3 can promote
eosinophil recruitment and allergic inflammatory responses.
Eosinophil-mediated damage to the respiratory system is a ma-
jor mechanism underlying the pathogenesis of chronic asthma.
Eosinophil-derived growth factors and cytokines are considered
to be a major contributor to the development of remodeled lungs
in chronic asthma (13-15), and eosinophil-deficient mice are pro-
tected from pulmonary mucus accumulation, peribronchial colla-
gen deposition, and increases in airway smooth muscle (16, 17).
Because Gal-3 promotes eosinophil trafficking (11) and their re-
cruitment to the airways during acute allergic inflammation (9), the
role played by this lectin in mediating airway remodeling during
episodes of chronic allergic inflammation was investigated in the
current study using wild-type (WT) and Gal-3—deficient mice.

Materials and Methods
Murine model of chronic allergic airway inflammation
Gal-3 knockout (KO) mice were generated as described (18). These mice

were backcrossed to C57BL/6 mice for nine generations, and interbreeding
of Gal-3*'~ F9 resulted in KO mice in the C57BL/6 background, which
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were used in this study. Gal-3 KO and WT mice (8- to 12-wk-old) were
sensitized with 50 wg OVA (grade V; Sigma-Aldrich, St. Louis, MO) in
0.5 mg aluminum hydroxide by s.c. injections on days 0, 7, 14, and 21 and
then challenged with OVA (20 pg per mouse) intranasally on days 23, 25,
and 28 as described previously (19). This was followed by additional in-
tranasal challenges with OVA twice a week for 8 wk. Control mice were
administered PBS instead of OVA for sensitization and challenges. All of
the studies involving mice were performed following standards and pro-
cedures approved by the Institutional Animal Care and Use Committee at
the University of Minnesota.

Bronchoalveolar lavage fluid and lung tissue collection

Mice were sacrificed 24 h after the last allergen challenge, and bron-
choalveolar lavage fluid (BALF) (1.1 £ 0.2 ml) was pooled after three
washes with saline (0.5 ml each). Total and differential cell counts were
determined, and BALF supernatants were stored at —70°C for further
evaluation. Right lungs were snap-frozen, and left lungs were perfused
with 4% paraformaldehyde to preserve pulmonary structure, fixed in 4%
paraformadehyde, and paraffin-embedded.

Measurement of lung eoatxin-1 by quantitative real-time PCR
and ELISA

Total RNA from lung tissue of control and OVA-exposed WT and Gal-3 KO
mice was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s recommendations. Equal amounts of the
isolated RNA (1 pg) from each sample were used for reverse transcription,
which was carried out using random primers and SuperScript III Reverse
Transcriptase (Invitrogen) as recommended by the manufacturer. Quanti-
tative real-time PCR (qPCR) was performed using the PerfeCTa SYBR
Green FastMix for iQ (Quanta Biosciences, Gaithersburg, MD). cDNA
obtained by reverse transcription of total RNA from each sample was
amplified using SYBR Green PCR Master Mix (Quanta Biosciences)
and forward and reverse primers for eotaxin-1, MCP-1, or B-actin (Inte-
grated DNA Technologies, Coralville, IA). The primer sequences for
eotaxin-1 and MCP-1 were designed using the National Center for Bio-
technology Information Primer-Basic Logical Alignment Search Tool
program, whereas the primer sequence for B-actin was derived from a pre-
vious study (20). The reaction was carried out in the iQ5 multicolor real-
time PCR detection System (Bio-Rad, Hercules, CA) under the following
conditions: initial denaturation at 95°C for 10 min followed by 45 cycles of
95°C for 10 s and 60°C for 1 min. After PCR amplification, a melting curve
was generated for every PCR product to check the specificity of the PCR
reaction. All of the samples were run in duplicate. The relative amount of
mRNA for each sample was calculated based on its threshold cycle sug-
gested by the software (iQ5 Optical System software) in comparison with
the threshold cycle of the housekeeping gene B-actin. The results were
expressed as fold change (2722 in expression after subtraction of in-
ternal B-actin control. BALF eotaxin-1 levels were measured using an
ELISA kit (R&D Systems, Minneapolis, MN) according to the manufac-
turer’s recommendations.

Immunohistology

Paraffin-embedded tissue sections (4-pm thick) were stained with Modified
Harris Hematoxylin and Shandon Instant Eosin (Thermo Fisher Scientific,
Pittsburgh, PA) to determine cellular infiltration. For all immunohistological
analysis, tissue sections were subjected to Ag retrieval followed by quenching
of endogenous peroxidase activity prior to staining with specific Abs, and
sections were briefly counterstained (5 s) with hematoxylin at the end of the
procedure. VECTASTAIN ABC kits containing biotinylated secondary Abs
(anti-goat, anti-rat, anti-rabbit, or anti-mouse) and avidin—biotin~-HRP com-
plex (Vector Laboratories, Burlingame, CA) and the Peroxidase AEC (3-
amino-9-ethylcarbazole) Substrate Kit (Vector Laboratories) were used for
detection. Stained slides were analyzed using either a DM E light microscope
(Leica Microsystems, Deerfield, IL) or a Microphot EPI-FL microscope
(Nikon, Melville, NY) (magnification of X100 or X400), and images were
captured with a DP71 camera (Olympus, Melville, NY). Histological analysis
for infiltrated eosinophils was performed by immunohistochemical staining
for eosinophil-specific major basic protein (MBP) with rat mAb against mu-
rine MBP as described earlier (21). MBP-positive cells in five randomly
chosen nonoverlapping microscopic fields were counted and expressed as
the average number of cells per field. Gal-3 expression in lung tissue was
detected with rabbit anti-human Gal-3 Ab (1:1000) (22). Found in inflamma-
tory zone 1 (FIZZ1) protein expression was detected using goat polyclonal
anti-mouse FIZZ1 Ab (resistin-like o [E19], 2 pg/ml; Santa Cruz Biotech-
nology, Santa Cruz, CA) and quantified using ImageJ image analysis system
(23) as described earlier (21). Results were expressed as FIZZ1-positive area

(square micrometers) per 100 wm of basement membrane length (BML).
Both large and small airways were evaluated. TGF-B1 expression was
detected with polyclonal Abs against TGF-B1 (4 wg/ml; Santa Cruz
Biotechnology). Expression of a-smooth muscle actin (SMA) was evaluated
using mAb against murine SMA (4 pg/ml; Sigma-Aldrich), and CD31 ex-
pression was detected with rabbit polyclonal Abs against murine CD31 (2
ng/ml; Abcam, Cambridge, MA). Expression of eotaxin-1 was detected
using rat mAb against murine eotaxin-1 (20 pg/ml, R&D Systems). Rat
IgG (for MBP and eotaxin-1), goat IgG (for FIZZ1), rabbit IgG (for Gal-3,
TGF-B1, and CD31), or mouse IgG (for SMA) were used as control Abs.

Measurement of Gal-3 and TGF-B1 by Western blotting

Lung tissue from control and OVA-exposed Gal-3 KO and WT mice was
homogenized in radio-immunoprecipitation assay buffer (Santa Cruz Bio-
technology) and estimated for total protein (BCA Protein Assay Kit;
Pierce, Rockford, IL). BALF (20 pl per lane per sample) or lung lysates
(25 pg [for Gal-3] or 50 wg [for TGF-B1] protein per lane per sample)
were electrophoresed on 10-20% Tricine gels (Invitrogen) under reduced
conditions, transferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA), blocked (5% nonfat milk in PBS with 0.1% Tween 20), and
exposed to polyclonal Abs against human Gal-3 (1:1000) (22) or TGF-B1
(1:200, Santa Cruz Biotechnology) followed by HRP-conjugated goat anti-
rabbit IgG (1:8000; Cell Signaling Technology, Danvers, MA). Bound Abs
were detected using ECL Western blotting substrate (Pierce). HRP-
conjugated anti-mouse B-actin (1:5000; Santa Cruz Biotechnology) was
used to monitor levels of B-actin expression in lung tissues as an internal
control. Bands were visualized on x-ray films, which were scanned, and
images were subsequently analyzed using ImageJ to quantify the inte-
grated density (pixels) of the bands. Densities of Gal-3 and TGF-B1
bands in lung tissue lysates were normalized against (3-actin.

Airway remodeling analysis

Airway mucus production, peribronchial fibrosis, peribronchial smooth
muscle layer area, and peribronchial angiogenesis were analyzed in both
large and small airways. To detect airway mucus production, lung sections
were stained with periodic acid-Schiff’s (PAS) reagent (Sigma-Aldrich) as
described previously (24). PAS-stained goblet cells were enumerated by
light microscopy (magnification of X400). For each lung section, the num-
ber of PAS-positive cells in horizontally sectioned airways was counted and
expressed as a percentage of the total number of epithelial cells in that
airway. Masson’s trichrome staining (Sigma-Aldrich) was used for assess-
ment of subepithelial fibrosis (24). The trichrome-stained fibrotic area
was outlined and quantified using ImageJ and expressed as area of fibrosis
(square micrometers) per micrometer of BML. SMA immunostaining (de-
scribed above) was used to evaluate airway smooth muscle hypertrophy/
hyperplasia. Area of the peribronchial smooth muscle layer was quantified
as described in the case of trichrome staining. Results were expressed as
SMA-positive area (square micrometers) per millimeter of BML. Vascular
density around the airways was assessed by immunostaining with rabbit
polyclonal Abs against CD31 (described above). The number of CD31-
positive blood vessels with a diameter <15 pwm (small blood vessels) pres-
ent within the 150 pm area surrounding the epithelial basement membrane
of each airway were counted and expressed as the number of small blood
vessels per airway.

Measurement of lung cytokines by cytometric bead array

Lung tissue of control and OVA-exposed WT and Gal-3 KO mice was ho-
mogenized in lysis buffer (PBS containing 1% Triton X-100, 1 mM PMSF,
and protease inhibitor mixture). After the protein concentration (BCA Pro-
tein Assay Kit) of the lysates was measured, Th1 (IL-2 and IFN-v) and Th2
(IL-4 and IL-5) cytokine levels as well as that of IL-13 in the lung lysate
supernatants were analyzed using mouse Th1/Th2 cytokine and IL-13
cytometric bead array (CBA) kits (catalogue nos. 551287 and 558349;
BD Biosciences, San Jose, CA). The level of each cytokine was expressed
as picograms of cytokine per milligram of protein.

Expression and purification of recombinant mouse
VCAM-1 and Gal-3

Mouse Gal-3 and VCAM-1 cDNA clones were obtained from Open Bio-
systems (Huntsville, AL). Full-length Gal-3 and VCAM-1 were generated
by PCR amplification (DNA Engine Thermal Cycler; Bio-Rad) using
the following primers: 5'-AAATGGATCCATGGCAGACAGCTTTTCG-
CT-3" (upstream) and 5'-AAATGAATTCTTAGATCATGGCGTGGTTA-
G-3' (downstream) for Gal-3 and 5'-AAGCATTGAATTCAATGCCTG-
TGAAGATGGTCGCGG-3' (upstream) and 5'-AAAGCATTCTCGAGT-
GGATTTCTGTGCCTCCACCAG-3" (downstream) for VCAM-1. Gal-3
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and VCAM-1 clones were digested with BamHI/EcoRI and EcoRI/Xhol
(NEB, Ipswich, MA), respectively, subcloned into pGEX6p2 vector sys-
tems (GE Healthcare Life Sciences, Piscataway, NJ), and expressed in
BL21(DE3)pLysS Escherichia coli (EMD Biosciences, San Diego, CA).
GST fusion proteins were purified as recommended by the manufacturer.
The GST recombinant proteins were dialyzed against PBS and stored at —
80°C. The purity of the recombinant proteins was assessed by Western blot
analysis prior to use.

Confocal microscopy

Cells recovered from BALF of allergen-challenged WT mice by cytocentri-
fugation were fixed for 20 min at room temperature using 4% paraformalde-
hyde, washed with PBS, and then permeabilized with 0.2% Triton X-100 in
PBS for 10 min at room temperature. To prevent nonspecific binding, cells
were first treated with TruStain FcX Fc blocking Ab (anti-mouse CD16/32 at
a concentration of 5 pg/ml; BioLegend, San Diego, CA) for 30 min at 4°C
and then incubated overnight with rat mAb against murine MBP (2.5 p.g/ml)
and rabbit anti-human Gal-3 Abs (10 pg/ml) (22) at 4°C. Bound Abs were
detected using FITC-conjugated goat anti-rat IgG (6 pg/ml; Jackson Im-
munoResearch Laboratories, West Grove, PA) and Rhodamine Red-X-
conjugated goat anti-rabbit IgG (3 wg/ml; Jackson ImmunoResearch Lab-
oratories), respectively, for 1 h at room temperature. Mounting medium with
DAPI (Vector Laboratories) was used to visualize the cells. Slides were
observed at ambient temperature using a FluoView FV1000/BX61 confocal
laser scanning biological microscope equipped with an UPlanSApo lens
(X20/0.85 [o0il]) and a PlanApo N lens (X60/1.42 [oil]). FV10-ASW 2.0
software was used for image acquisition (Olympus).

Flow cytometry

Cell surface expression of Gal-3 was assessed using rabbit anti-human
Gal-3 Abs (22). Nonpermeabilized total bone marrow leukocytes or BALF
cells (1 X 10°) reconstituted in 1% BSA in PBS were first incubated with
1 pg TruStain FcX Fc blocking Ab for 20 min prior to treatment with total
IgG purified from rabbit anti-Gal-3 serum at a concentration of 10 pg/ml.
Rabbit IgG (Calbiochem, Gibbstown, NJ) was used as a control. After
being washed, cells were incubated with PE-conjugated goat anti-rabbit
IgG (10 pg/ml; Jackson ImmunoResearch Laboratories), washed, and im-
mediately analyzed on a FACScan flow cytometer (BD Biosciences) equip-
ped with FlowJo flow cytometry analysis software (Tree Star, Ashland,
OR) for data acquisition.

Flow chamber studies

Rolling of bone marrow cells collected from the femurs of WT and Gal-3
KO mice on endothelial adhesion molecules under conditions of flow was
evaluated in an in vitro parallel plate flow chamber as described in our pre-
vious studies (11, 21). Interaction of bone marrow cells (2 X 10°) with
recombinant mouse (rm) VCAM-1-, rmGal-3—, ICAM-1- (10 pg/ml in
PBS, 200 pl per cover slip) or PBS (control)-coated glass cover slips at
a flow rate of 1 ml/min (wall shear stress, 1.0-2.0 dynes/cmz) was evalu-
ated using a Leitz (Orthoplan) microscope (Ernst Leitz, Wetzlar, Germany)
and recorded to manually determine the number of interacting cells.
Results were expressed as the number of rolling cells per minute. In some
cases, cells were preincubated with lactose (3 mM; Sigma-Aldrich), an in-
hibitor of the biological activity of Gal-3 (25), or maltose (ICN Biochemicals,
Aurora, OH) as the negative control for 30 min prior to infusion into the flow
chamber.

Statistical analysis

Each complete experiment was repeated two to three times. Results are
expressed as the mean * SE. Statistical significance was determined by one-
tailed unpaired Student 7 test using Microsoft Excel (University of Minne-
sota, Academic Health Center-Information Systems). A p value <0.05 was
considered as significant.

Results
Chronic allergic airway inflammation is associated with
increased levels of Gal-3 in the lungs

To determine whether expression of Gal-3 in the lungs is altered
during allergic airway inflammation, the BALF and lung tissue of
WT mice exposed to chronic allergen challenge were analyzed
for Gal-3 expression. Western blot analysis demonstrated signifi-
cantly elevated levels of soluble Gal-3 (p < 0.05) in the BALF of
OVA-challenged WT mice, whereas Gal-3 levels in PBS-exposed

WT control mice were almost undetectable (Fig. 14). In addition,
Gal-3 levels in lung tissue lysates of OVA-challenged WT mice
were also significantly higher (p < 0.05) than those in lysates of
control mice (Fig. 1B). As expected, no Gal-3 was detected in the
BALF and lung lysates of Gal-3 KO mice (data not shown). Further,
immunohistology demonstrated that the increased Gal-3 expression
observed in the lungs of OVA-challenged mice was largely associ-
ated with the alveolar macrophages (Fig. 1C, right panel).

Gal-3—deficient mice exhibit reduced cellular infiltration of the
airways in response to chronic allergen challenge

Infiltration by inflammatory cells, especially eosinophils, is a char-
acteristic feature of allergic airway inflammation. Accumulation of
inflammatory cells in the BALF as well as lung tissue of chronic
allergen-challenged WT and Gal-3 KO mice was evaluated. As
expected, OVA-challenged WT mice demonstrated a significant in-
crease (p < 0.05) in the recruitment of inflammatory cells to the
airways compared with that in control WT mice, as observed by
the total number of cells recovered from the BALF (Fig. 2A) and
the cellular infiltration of lung tissue visualized by H&E staining
(Fig. 2B). Although OVA-challenged Gal-3 KO mice demonstrated
an increase in the number of inflammatory cells recovered from the
BALF compared with that in control Gal-3 KO mice, it was signif-
icantly lower (p < 0.05) than that observed in allergen-challenged
WT mice. Further, analysis of differential cells counts demonstrated
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FIGURE 1. Gal-3 expression is upregulated during chronic airway al-
lergic inflammation. Gal-3 levels in BALF (A) and total lung tissue lysates
(B) from control (PBS-exposed) and OVA-challenged WT mice were de-
termined by Western blot analysis using rabbit Abs against human Gal-3.
Blots with lung tissue lysates were probed with HRP-conjugated anti-
mouse (B-actin to monitor levels of B-actin expression as an internal con-
trol. Bands were visualized on x-ray films, scanned, and analyzed using
Imagel] to quantify the density (pixels) of the bands. Results (mean = SE)
were normalized for B-actin expression in the case of lung lysates (n = 4
mice per group). Insets in A and B show Gal-3 expression in BALF and
lung lysate from representative control and OVA-challenged mice, respec-
tively. #p < 0.05 compared with WT control mice. Immunohistochemical
staining was performed on lung sections from control and OVA-challenged
mice using rabbit Abs against human Gal-3 as described in Materials and
Methods. Representative images from each group at a magnification of
X200 are shown (C).
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FIGURE 2. Cellular infiltration of the airways in response to chronic
allergen challenge is inhibited in Gal-3 KO mice. BALF collected from
control and OVA-challenged Gal-3 KO and WT mice 24 h after the last
challenge was evaluated for total as well as differential cell counts by
microscopic evaluation of cytocentrifuged slides (n = 8 for control groups
and n =9 for OVA-challenged groups) and expressed as mean * SE of the
number of cells X 10* (4). Cellular infiltration of lung tissue was evaluated
by H&E staining of paraformaldehyde-fixed lung tissue sections from
control and allergen-challenged mice. Representative images from each
group at a magnification of X200 are shown (B). Lung tissue eosinophils
were evaluated by immunohistochemical staining of lung sections with
eosinophil-specific MBP using rat mAb against murine MBP. MBP-
positive cells in five randomly selected nonoverlapping microscopic fields
were counted (magnification of X400), and results were expressed as the
average number (mean * SE) of cells per field (n = 9 mice per group) (C).
#p < 0.05 when compared with WT OVA mice.
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o

a marked reduction (p < 0.05) in eosinophil and lymphocyte re-
cruitment, whereas a moderate, but statistically insignificant, reduc-
tion was observed in monocyte/macrophage and neutrophil infiltra-
tion of the airways in allergen-challenged Gal-3 KO mice compared
with those of the WT counterparts (Fig. 24). Lung tissue eosinophils
were quantified by immunohistology using mAb specific for murine
MBP. Although only a negligible number of MBP-positive eosino-
phils were present in PBS-exposed lung sections, more MBP-positive
cells were present in lung sections from OVA-exposed WT mice as
expected (Fig. 2C). In contrast, the number of MBP-positive eosino-
phils in the lungs of allergen-challenged Gal-3 KO mice was mark-
edly reduced (p < 0.05) compared with that of OVA-challenged WT
mice (Fig. 2C). These findings suggest that Gal-3 plays an important
role in the recruitment of eosinophils to the airways during chronic
allergic airway inflammation. To confirm that eosinophils in the air-
ways of OVA-challenged mice express Gal-3, confocal microscopy

studies were performed with BALF cells that were collected from
WT OVA-challenged mice and dual-stained with rat mAb specific for
murine MBP and rabbit anti-Gal-3 (Fig. 34). These studies demon-
strated that several of the Gal-3—positive cells in the BALF were
MBP-positive, confirming that eosinophils in the airways of WT
OVA-challenged mice express Gal-3. The Gal-3—positive MBP-
negative cells are most likely macrophages and neutrophils that are
also known to express Gal-3 (26-28). Additionally, flow cytometry
studies demonstrated that the granulocyte population in the BALF of
WT OVA-challenged mice, which consists largely of eosinophils
(>90% based on differential cell counts), express Gal-3 on the cell
surface (Fig. 3B).

OVA-challenged Gal-3—deficient mice display lower IL-5 and
IL-13 levels in the lungs

Because allergic airway inflammation is largely a Th2-driven phe-
nomenon and cytokines, such as IL-5 and IL-13, are known to play
arole in airway remodeling (4), Th2 (IL-4, IL-5, and IL-13) as well
as Th1 (IL-2 and IFN-vy) cytokine levels in the lung tissue of control
and allergen-challenged WT and Gal-3 KO mice were determined
by CBA (Fig. 4). There was a significant increase (p < 0.05) in
IL-5 and IL-13 levels in the lung tissue of OVA-challenged WT
mice compared with those of PBS-exposed controls. Importantly,
expression of these two cytokines in allergen-challenged Gal-3 KO
mice was substantially lower than that in allergen-challenged WT
mice and comparable to the levels observed in PBS-exposed
Gal-3 KO mice in the case of IL-5. No significant differences were

Gal-3

1000

o Ty T
10° 10° 10?2

PE-Rabbit IgG PE-Gal-3

FIGURE 3. Eosinophils recruited to the airways in response to allergen
challenge express Gal-3. BALF cells from OVA-challenged WT mice were
dual-stained with rat mAb against murine MBP and rabbit anti-human
Gal-3 Abs followed by FITC-conjugated goat anti-rat IgG and Rhodamine
Red-X—conjugated goat anti-rabbit IgG to detect the bound primary Abs.
Cells were evaluated by confocal microscopy (magnification of X600).
Arrow heads indicate cells in a representative field that were positive for
MBP as well as Gal-3 (A). BALF cells (nonpermeabilized) from WT OVA-
challenged mice were analyzed for surface Gal-3 expression by flow
cytometry after treatment with Fc blocking Ab using total IgG purified
from rabbit anti-Gal-3 serum as the primary Ab. Rabbit IgG was used as
a control. PE-conjugated goat anti-rabbit IgG was used as the secondary
Ab. Side scatter profiles for control IgG (left panel) and anti-Gal-3 Ab
(right panel) are shown (B).
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FIGURE 4. Th2 cytokine levels are downregulated in the lungs of Gal-3 KO mice in response to chronic allergen challenge. Key Thl (IL-2 and IFN-vy)
and Th2 (IL-4, IL-5, and IL-13) cytokine levels in lung lysates of control and chronic allergen-challenged WT and Gal-3 KO mice (n = 5-8 per group) were
determined by CBA. Results were expressed as mean = SE of picograms per milligram of protein for each cytokine. *p < 0.05 compared with WT PBS

mice. **p < 0.05 compared with WT OVA.

detected in IFN-v, IL-2, and IL-4 levels between control and OVA-
challenged WT or Gal-3 KO mice.

Allergen-challenged Gal-3—deficient mice exhibit decreased
eotaxin-1 levels in the lungs

Eotaxin-1 plays a fundamental role in the development of allergic
responses by regulating the recruitment and activation of eosino-
phils. To understand the basis for the reduced eosinophil infiltration
in OVA-challenged Gal-3 KO mice, eotaxin-1 levels in the BALF
and lung tissue of control and allergen-challenged WT and Gal-3
KO mice were determined. Chronic allergen exposure resulted in
an increase in eotaxin-1 levels in the BALF of WT mice, which was
significantly impaired in Gal-3 KO mice (Fig. 5A). In addition,
immunostaining of lung sections demonstrated that although
eotaxin-1 expression in control PBS-exposed WT and Gal-3 KO
mice is largely observed in the airway epithelium and type 2
alveolar epithelial cells, expression of this chemokine in the lungs
of OVA-challenged WT mice is seen in alveolar macrophages and
other infiltrating cells in addition to the airway epithelium and
type 2 cells. More importantly, expression of eotaxin-1 by infil-
trating cells (but not airway epithelial or type 2 cells) in lung
sections of OVA-challenged Gal-3 KO mice was markedly lower
(Fig. 5B). Further, eotaxin-1 mRNA levels in lung tissue of OVA-
challenged Gal-3 KO mice determined by qPCR was significantly
lower than that in allergen-challenged WT mice and similar to that
observed in control mice (Fig. 5C).

Chronic allergen-challenged Gal-3—deficient mice exhibit
reduced airway remodeling

Mucus hypersecretion, subepithelial fibrosis, and increased smooth
muscle mass around airways are characteristic features of asthmatic
airways. Prolonged allergen exposure-associated structural changes
in the lung were evaluated in OVA-challenged WT and Gal-3 KO
mice. WT mice exhibited an increase in the number of PAS-
positive mucus-producing cells in the bronchial epithelium com-
pared with that in the PBS-exposed WT mice (Fig. 6A). In contrast,
allergen-challenged Gal-3 KO mice demonstrated only a small
number of PAS-positive cells, which was significantly lower (p <
0.05) than that observed in allergen-challenged WT mice (Fig. 6A
and inset). Peribronchial fibrosis was determined by trichrome
staining. Both groups of OVA-challenged mice demonstrated in-
creased peribronchial trichrome staining compared with their re-
spective PBS-challenged controls. However, the area of peribron-
chial trichrome staining in allergen-challenged Gal-3 KO mice was
significantly lower (p < 0.05) compared with that of allergen-
challenged WT mice (Fig. 6B and inset). Likewise, although
chronic allergen challenge caused a significant increase in the
thickness of the peribronchial smooth muscle layer in the lungs
of WT mice, the smooth muscle layer in lungs of Gal-3 KO mice
was significantly thinner (p < 0.05) and similar to that observed in
PBS-challenged mice (Fig. 6C and inser). Overall, these studies

demonstrate that Gal-3 deficiency results in decreased remodeling
in chronic allergen-exposed lungs.

Lung TGF-B levels are decreased in allergen-challenged
Gal-3—deficient mice

Because TGF-B1 is an important mediator of peribronchial fibrosis
and airway smooth muscle proliferation (4, 29), the expression of
TGF-B1 in the lungs of WT and Gal-3 KO mice was investigated by
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FIGURE 5. Allergen-challenged Gal-3 KO mice exhibit decreased
eotaxin-1 levels. Eotaxin-1 levels in the BALF of control and OVA-
challenged WT and Gal-3 KO mice (n = 7-9 per group) were measured
by ELISA. Concentration of eotaxin-1 in the BALF was determined
against a generated standard curve (range: 7.8-250 pg/ml) and expressed
as picograms per milliliter of BALF (mean * SE) (A). Eotaxin-1 expres-
sion in lung tissue of control and chronic OVA-challenged WT and Gal-3
KO mice was evaluated by immunostaining using rat mAb against murine
eotaxin-1. Representative images from each group at a magnification of
X100 are shown (B). Expression of eotaxin-1 mRNA level in lung tissue of
control and OVA-challenged WT and Gal-3 KO mice (n =7 per group) was
detected by qPCR. Results were expressed as mean * SE of fold change
(2724€Ty in eotaxin-1 expression after subtraction of internal -actin con-
trol (C). *p < 0.05 compared with WT OVA mice.
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FIGURE 6. Allergen-induced airway remodeling is attenuated in Gal-3
KO mice. Mucus secretion in the airways of control and chronic allergen-
challenged WT and Gal-3 KO mice (n = 6 mice per group) was quantified
by PAS staining of lung sections. The number of PAS-positive goblet
cells was expressed as a percentage of the total number of epithelial cells
in each airway (mean * SE) (A). Peribronchial fibrosis was evaluated by
staining lung sections with Masson’s trichrome stain, quantified by im-
age analysis using ImageJ, and expressed as area of fibrosis (square
micrometers) per micrometer of BML (B). Thickness of the smooth
muscle layer in lung sections was quantified by immunohistochemical
staining for SMA and expressed as SMA-positive area (square micro-
meters) per millimeter of BML (C). The inset in each case shows repre-
sentative images from OVA-challenged WT (left panel) and Gal-3 KO
(right panel) mice at a magnification of X200. #p < 0.05 when compared
with WT OVA mice.

immunostaining. WT control mice demonstrated minimal TGF-31
expression largely confined to EC and airway epithelial cells. Ex-
posure to OVA challenge resulted in an apparent increase in TGF-31
expression by alveolar macrophages and other inflammatory cells
around the blood vessels and airways in WT mice. Lung sections
of allergen-challenged Gal-3 KO mice, however, demonstrated lower
TGF-B1 expression (Fig. 7A). This observation was further con-
firmed by Western blot analysis of total lung lysates with rabbit
Abs against TGF-$1 followed by densitometry of the 25-kDa band
that corresponds to the mature biologically active homodimeric
form of TGF-B1. As expected, expression of mature TGF-1 was
upregulated in WT OVA-challenged mice compared with that in
WT control mice. Importantly, OVA-challenged Gal-3 KO mice dis-
played significantly lower (p < 0.05) mature TGF-B1 expression
compared with that in WT OVA-challenged mice (Fig. 7B).

Allergen-challenged Gal-3—deficient mice exhibit decreased
FIZZI expression

FIZZ1 is a protein known to be expressed in the airways under
allergic conditions and has potent inflammatory and remodeling
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FIGURE 7. TGF-B1 expression is decreased in allergen-challenged
Gal-3 KO mice. TGF-B1 expression in lung tissue of control and OVA-
challenged WT mice and Gal-3 KO mice (n = 6 per group) was detected
by immunohistochemistry with polyclonal Abs against TGF-1. Repre-
sentative images from each group at a magnification of X100 are shown
(A). Level of expression of mature TGF-B1 (25 kDa) was quantified from
densitometric analysis of Western blots of lung tissue lysates from control
and OVA-challenged WT and Gal-3 KO mice (n = 4 per group) after
normalizing for B-actin expression and expressed as mean *= SE (B).
#p < 0.05 when compared with WT OVA mice.

activity including pulmonary fibrosis (30, 31) as well as angio-
genesis (32). Expression of FIZZ1 was evaluated in chronic al-
lergen-exposed Gal-3 KO and WT mice (Fig. 84). PBS-exposed
WT and Gal-3 KO mice displayed low levels of FIZZ1 expression
in the airway epithelium. WT mice repetitively challenged with
OVA demonstrated a significant increase in FIZZ1 expression
compared with that in control mice (p < 0.05). Although OVA-
challenged Gal-3 KO mice also demonstrated an increase in
FIZZ1 expression compared with that in the respective control
group, it was significantly lower (p < 0.05) compared with FIZZ1
expression observed in OVA-challenged WT mice (Fig. 84 and
inset). In addition, immunohistology studies with CD31-specific
Abs demonstrated that WT mice exposed to chronic allergen chal-
lenge exhibited increased peribronchial angiogenesis with a signif-
icant increase in the number of CD31-positive small blood vessels
(<15 pm) compared with that in PBS-challenged control mice
(p < 0.05). In contrast, allergen-challenged Gal-3—deficient mice
exhibited significantly fewer (p < 0.05) CD31-positive small
blood vessels in response to allergen challenge (Fig. 8B and inser).
Overall, the level of FIZZ1 expression in allergen-challenged WT
and Gal-3 KO mice correlated with the airway remodeling and
angiogenesis observed in these mice.

Bone marrow-derived leukocytes from Gal-3 KO mice exhibit
decreased rolling on vascular adhesion molecules VCAM-1
and Gal-3

Our previous studies have demonstrated that both human eosin-
ophil- and endothelial-expressed Gal-3 support eosinophil rolling
under conditions of flow (11). Leukocyte—endothelial interactions
(rolling and adhesion) constitute an important step in the cascade
of events leading to the eventual recruitment of inflammatory cells
to sites of inflammation. To evaluate the involvement of murine
leukocyte-expressed Gal-3 in the first and rate-limiting step of this
cascade (i.e., ability to roll on the endothelium), trafficking of
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FIGURE 8. Allergen-induced angiogenesis is inhibited in Gal-3 KO
mice. FIZZ1 expression in lung tissue of control and OVA-challenged
WT and Gal-3 KO mice (n = 6 per group) was evaluated by immunohis-
tochemistry using goat polyclonal Abs against murine FIZZ1. Airway
FIZZ1 expression was quantified by image analysis using ImageJ and
expressed as FIZZ1-positive area (square micrometers) per 100 pm
BML (A). Peribronchial angiogenesis was evaluated by immunohistochem-
ical staining of lung sections with Abs against CD31. The number of blood
vessels with a diameter <15 pm in the area surrounding the airways
(150 wm) was quantified and expressed as the number of blood vessel
per airway (B). Data represent mean = SE. The insets show representative
images from OVA-challenged WT (left panel) and Gal-3 KO (right panel)
mice at a magnification of X200. *p < 0.05 when compared with WT
OVA mice.

bone marrow leukocytes from WT and Gal-3 KO mice on endo-
thelial adhesion molecules, such as VCAM-1 and Gal-3, was in-
vestigated under conditions of flow. First, bone marrow leukocytes
from WT and Gal-3 KO mice were evaluated for the expression
of Gal-3 by flow cytometry. On the basis of side scatter analysis,
the granulocyte population in the bone marrow of WT but not
Gal-3 KO mice was found to express Gal-3 on the cell surface
(Fig. 9A4). Next, flow chamber studies with bone marrow leuko-
cytes demonstrated that cells from WT mice exhibited substantial
rolling on cover slips coated with rmGal-3 and rmVCAM-1 but
not ICAM-1 or PBS alone. In contrast, rolling of bone marrow
leukocytes from Gal-3 KO mice on these endothelial adhesion
molecules was significantly lower (p < 0.05) (Fig. 9B). Further,
pretreatment of bone marrow leukocytes from WT mice with lac-
tose prior to infusion into the flow chamber inhibited rolling of
these cells on both Gal-3 and VCAM-1 to levels similar to that
observed with cells from Gal-3 KO mice. Maltose, which was
used as a negative control, had no effect. Treatment of bone mar-
row leukocytes from Gal-3 KO mice with lactose had no further
effect on the already reduced rolling of these cells on Gal-3 and
VCAM-1. These data suggest that Gal-3 is required for murine
leukocyte rolling under conditions of flow and may facilitate their
trafficking to sites of inflammation, such as the airways, during
chronic allergen exposure.

Discussion

A role for Gal-3 in the pathogenesis of acute allergic airway inflam-
mation has been demonstrated previously (9). In these studies, acute
allergen-challenged Gal-3—deficient mice developed less airway
hyperresponsiveness and significantly fewer eosinophils as well as
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FIGURE 9. Bone marrow (BM) leukocytes from Gal-3 KO mice exhibit
decreased rolling on endothelial adhesion molecules. Bone marrow leukocytes
(nonpermeabilized) from WT and Gal-3 KO mice were analyzed for surface
Gal-3 expression by flow cytometry using total IgG purified from rabbit anti-
Gal-3 serum (10 pg/ml) as the primary Ab after treatment with Fc blocking Ab.
PE-conjugated goat anti-rabbit IgG (10 pg/ml) was used as the secondary Ab.
Side-scatter profiles for bone marrow leukocytes from WT (left panel) and
Gal-3 KO (right panel) mice are shown (A). Single-cell suspensions of bone
marrow leukocytes from WT and Gal-3 KO mice were infused into a flow
chamber containing cover slips coated with rmGal-3 or rmVCAM-1 at a flow
rate of 1 ml/min for 5 min. ICAM-1 was used as a negative control. In some
experiments, bone marrow leukocytes were preincubated with lactose or malt-
ose (as a control) at a concentration of 3 mM before infusion. Results were
expressed as the number of rolling cells per minute (mean = SE) (B). *p < 0.01
versus rolling of untreated WT BM cells on rmGal-3; *:#p < 0.01 versus rolling
of untreated WT BM cells on rmVCAM-1; *p < 0.01 versus rolling of un-
treated WT BM cells on rmGal-3; #”p < 0.05 versus rolling of untreated WT
BM cells on rmVCAM-1.

decreased Th2 cytokines in the airways compared with those in WT
mice. These studies, together with our previous studies demonstrating
a role for eosinophil- and endothelial-expressed Gal-3 in eosinophil
trafficking under conditions of flow (11), show that Gal-3 plays a role
in eosinophil recruitment and in the development of acute allergic
airway inflammation. Herein, we have extended these studies by
evaluating the involvement of Gal-3 in airway remodeling associated
with chronic and repetitive allergen exposure using a murine model of
OVA-induced allergic airway inflammation with mice deficient in
Gal-3. Chronic exposure of WT mice to OVA for 12 wk resulted in
sustained expression of elevated levels of Gal-3 in the BALF and
lung tissue associated with a classical asthmatic response character-
ized by eosinophil infiltration into the airways, elevated levels of
Th2 cytokines (IL-5 and IL-13), eotaxin-1, and other inflammatory
mediators (TGF-1 and FIZZ1), as well as structural changes, such as
peribronchial fibrosis, increased smooth muscle mass, peribronchial
angiogenesis, and increased mucus secretion in the airways. All of
these features were attenuated in allergen-exposed Gal-3 KO mice,
with an overall suppression of the asthma phenotype indicating an
important role for Gal-3 in the chronic phase of asthma.

In addition to the elevated levels of soluble Gal-3 in the BALF of
chronic OVA-challenged WT mice (Fig. 14), a marked increase in
Gal-3 expression was observed in lung tissue largely by alveolar
macrophages (Fig. 1B, 1C). Gal-3 is known to play a significant
role in monocyte-macrophage differentiation and also promote
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chemotaxis of monocyte/macrophages (22, 25). Although there
was no significant increase in the number of macrophages recov-
ered from the BALF after chronic allergen exposure compared
with that in control mice in our study (Fig. 2A), it is likely that
increased Gal-3 expression in the lung tissue and BALF may be
a consequence of macrophage activation. Recent studies report
that Gal-3 potentiates alternative macrophage activation, which
is associated with increased Gal-3 expression and secretion, and
that disruption of the Gal-3 gene affects this pathway (33). The
alternative pathway of macrophage activation is stimulated by Th2
cytokines, such as IL-4 or IL-13 (34). IL-13 levels are elevated in
WT mice in response to chronic allergen challenge (Fig. 4) and
may stimulate macrophage activation and release of Gal-3.

The reduction in total cellular recruitment observed in the air-
ways (BALF) of chronic allergen-challenged Gal-3 KO mice was
largely attributable to the significant decrease in eosinophil and
lymphocyte recruitment (Fig. 2A), although a moderate, but sta-
tistically insignificant, reduction in monocytes/macrophages and
neutrophils was also observed. Further, there was a drastic reduc-
tion in lung tissue eosinophils (Fig. 2C). Reduced infiltration of
airways by eosinophils was associated with a reduction in IL-5
and IL-13 levels in lung lysates of chronic allergen-challenged
Gal-3 KO mice (Fig. 4). IL-5, a cytokine released predominantly
by Th2 cells, is known to support trafficking of eosinophils from
the bone marrow to the lung by regulating eosinophil prolifera-
tion, differentiation, and release from the bone marrow (35).
Expression of IL-13, another Th2 cell-derived cytokine, is also
linked to an eosinophilic inflammatory response (36). Reduced
IL-5 and IL-13 levels in allergen-challenged Gal-3 KO mice
may contribute to the reduced eosinophilia observed in these mice.
In addition, IL-13 can direct leukocyte trafficking by regulating
the expression of VCAM-1 on ECs (37). Our previous studies
have demonstrated that Gal-3, by binding to o431 on the cell
surface of human eosinophils, can function as an adhesion mole-
cule to support rolling and adhesion on vascular ECs by interact-
ing with VCAM-1 and homotypically with Gal-3 (11). In the
current study, eosinophils in the BALF of WT OVA-challenged
mice were found to express Gal-3 (Fig. 34, 3B), which may play
a role in mediating recruitment of these cells to the airways. This
is further substantiated by the observation that bone marrow
leukocytes from Gal-3 KO mice demonstrated decreased rolling
on endothelial adhesion molecules such as VCAM-1 and Gal-3
compared with that of WT leukocytes that expressed Gal-3, in-
dicating the importance of cell surface-expressed Gal-3 in medi-
ating leukocyte trafficking (Fig. 9) and accounting for decreased
recruitment of inflammatory leukocytes, especially eosinophils, to
the airway (Fig. 2). However, in addition to this important role of
Gal-3 in mediating eosinophil trafficking, a4-VCAM-1 and 32-
ICAM-1 interactions as well as other adhesion molecules such
as P-selectin (38) may independently contribute to eosinophil re-
cruitment, accounting for the residual recruitment of these cells to
the airways of mice deficient in Gal-3.

The involvement of Gal-3 in the development of chronic aller-
gen-induced Th2 inflammatory responses was investigated. Recent
studies in an atopic dermatitis model suggest that Gal-3 exerts areg-
ulatory effect on Th development at the dendritic cell and T cell
levels, causing the development of a Thl-polarized response in
its absence (10). In addition, previous studies in an acute model
of allergic airway inflammation with Gal-3 KO mice demonstrated
a lower Th2 (IL-4) but a higher Th1 (IFN-v) response. However,
in the current study, although Th2 (IL-5 and IL-13) levels in
allergen-challenged Gal-3 KO mice were substantially reduced
compared with those in WT mice, Thl levels remained the same
in the two groups (Fig. 4). Gal-3 may promote the development of

a Th2 phenotype also through its ability to mediate eosinophil
trafficking and, thus, their recruitment to sites of inflammation.
Both murine and human eosinophils are constitutively able to ex-
press IL-13, which is rapidly released in response to inflammatory
stimuli (39, 40). Apart from mediating leukocyte trafficking, a role
for Gal-3 in promoting migration has been demonstrated in a study
using the mouse air pouch model, where injection of Gal-3 into air
pouches was found to induce eosinophil recruitment, probably
indirectly by inducing eosinophil chemoattractants (25). In addi-
tion, in the current study, there was a significant reduction in
lymphocyte recruitment to the airways after OVA challenge in
Gal-3 KO mice (Fig. 24), suggesting that Gal-3 promotes recruit-
ment of these cells to the airways, which in turn may contribute to
elevated IL-5 and IL-13 levels. Gal-3 is thought to regulate T cell
functions by inhibiting apoptosis, promoting cell growth, and reg-
ulating TCR signal transduction (41). Several of these functions
may also be affected in Gal-3—deficient mice, accounting for
the decreased responses after OVA challenge in these mice. In
addition, Gal-3—deficient mice may develop a tolerogenic T cell
response after chronic allergen exposure. Although this needs
further investigation, studies have shown that regulatory T cells
are elevated in Gal-3—deficient mice in experimental autoimmune
encephalomyelitis (42), which is largely a Thl-driven disease.
Contrary to our findings, gene therapy studies with Gal-3 have
demonstrated inhibition of bronchial obstruction and inflammation
in Ag-challenged rats through IL-5 gene downregulation (43) as
well as attenuation of chronic airway inflammation and remodel-
ing (44). This divergence may reflect differences in the effects of
endogenous versus exogenously delivered Gal-3. The activity of
recombinant Gal-3 artificially delivered into the lungs using plas-
mids may lead to functional effects that are quite distinct from
those observed with endogenous lung expression of Gal-3.
Because eosinophil recruitment to the airways of chronic aller-
gen-challenged Gal-3 KO mice was significantly attenuated, the ex-
pression of eotaxin-1, the major eosinophil chemoattractant, in the
setting of chronic allergic inflammation was analyzed. In WT mice,
chronic allergen-induced eotaxin-1 expression was largely observed
in alveolar macrophages as well as alveolar and airway epithelial
cells (Fig. 5B, lower left panel). In allergen-challenged Gal-3 KO
mice, eotaxin-1 levels were significantly lower in the lung tissue
(Fig. 5B, lower right panel, and Fig. 5C) and BALF (Fig. 5A).
Eotaxin can be produced by ECs, smooth muscle cells, fibroblasts,
epithelial cells, alveolar macrophages, and eosinophils themselves
(45), and IL-13 has been shown to regulate the production of
eotaxin-1 by lung fibroblasts and airway epithelial cells (36, 46,
47). Reduced eotaxin-1 levels in the lungs of allergen-challenged
Gal-3 KO mice may be due to reduced infiltration of the airways by
inflammatory cells that release eotaxin-1, such as Th2 cells, alve-
olar macrophages, and/or eosinophils themselves, or due to de-
creased IL-13-induced production of this chemokine by lung
cells. Chemokines synthesized by Th2 cells and other cell types
are involved in the development of eosinophilic inflammation in
bronchial asthma, and studies using a Th2 cell-dependent murine
model of asthma have shown that infiltration of eosinophils and Ag-
specific Th2 cells is associated with eotaxin, MCP-3, RANTES,
and MCP-1 in the lungs of Th2 cell-transferred mice after Ag
provocation (48). In the current study, in addition to eotaxin-1,
expression of MCP-1 in the lung tissue of chronic allergen-
challenged Gal-3 KO mice was also inhibited (data not shown).
Once recruited, eosinophils can cause damage to the airway
mucosa during chronic allergic airway inflammation, and several
studies have demonstrated an important role for eosinophils in
airway remodeling. Mice deficient in IL-5 exhibit significantly less
peribronchial fibrosis as well as reduced smooth muscle compared
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with those in WT mice in response to OVA challenge (24). Mice with
a total ablation of the eosinophil lineage were protected from peri-
bronchiolar collagen deposition, airway epithelial mucus produc-
tion, and increases in airway smooth muscle mass in response
to allergen challenge (16, 17). In the current study, allergen-
challenged Gal-3 KO mice with diminished eosinophil recruitment
also demonstrated a significant reduction in peribronchial fibrosis,
smooth muscle mass, mucus secretion, and peribronchial angiogen-
esis compared with those in WT mice (Fig. 6). Eosinophils are an
important source of the profibrotic cytokine IL-13 as well as mod-
ulators of remodeling such as TGF-f31, vascular endothelial growth
factor, fibroblast growth factor, epidermal growth factor, and nerve
growth factor (13, 49). IL-13 has been shown to induce subepithe-
lial fibrosis as well as goblet cell hyperplasia and mucus secretion
(37). In addition, IL-13 can induce the production of TGF-31 and
also activate stored latent TGF-1 (50), which is widely implicated
in the development of allergic airway inflammation and airway
remodeling in mice as well as humans (4, 51). Indeed, Gal-3 KO
mice with decreased eosinophil infiltration also demonstrate signif-
icantly decreased IL-13 and TGF-1 expression compared with
WT mice after allergen exposure (Figs. 4, 7). Further, previous
studies have demonstrated a role for Gal-3 in TGF-B-mediated
myofibroblast activation as well as matrix production in the liver.
Disruption of the Gal-3 gene blocked myofibroblast activation and
procollagen I expression (52). Thus, it is possible that the disruption
of the Gal-3 gene inhibits the profibrogenic effect of TGF-f3. Recent
studies suggest that TGF-f3 promotes development of Th17 cells
(53). Th17-derived cytokines such as IL-17F have a proinflamma-
tory role in asthma (54). Decreased expression of TGFf3-1 in the
lungs of OVA-challenged Gal-3 KO mice may influence Th17 de-
velopment and Th17-mediated effects including eosinophilic air-
way inflammation. Finally, enzymes such as eosinophil peroxidase
and myeloperoxidase released extracellularly react with proteogly-
cans resulting in the localized release of hypobromous acid, which
in turn causes degradation of the extracellular matrix, contributing
to tissue damage associated with airway inflammatory diseases
such as asthma (55). Overall, a reduction in eosinophil recruitment
in allergen-challenged Gal-3—deficient mice was clearly associated
with significant attenuation of airway remodeling.

Another molecule that is expressed by bronchial epithelial and
alveolar type Il cells during allergic inflammation is FIZZ1 (31, 56,
57). This molecule has been shown to induce vascular endothelial
growth factor production by murine epithelial cells (58) as well as
proliferation of ECs, correlating with angiogenesis in a murine
model of asthma (32). Further, FIZZ1 has been shown to stimulate
myofibroblast differentiation (30) and enhance production of
collagen type I and SMA by lung fibroblast cell lines (31). In the
current study, FIZZ1 expression dramatically increased in the
lungs of chronic allergen-challenged WT mice, with airway epi-
thelial cells staining positive for this protein, whereas Gal-3 de-
ficiency resulted in a significant reduction in FIZZ1 expression
(Fig. 8A and inset). Reduction of FIZZ1 expression may contrib-
ute to the decreased fibrosis and angiogenesis observed in aller-
gen-challenged Gal-3 KO mice. FIZZ1 gene expression is known
to be regulated by Th2 cytokines such as IL-4 and IL-13 (59), and
reduced IL-13 levels in allergen-challenged Gal-3 KO mice may
in part be responsible for the decreased FIZZ1 expression in these
mice. Interestingly, FIZZ1 has also been shown to induce expres-
sion of VCAM-1 by ECs (60), which supports eosinophil traffick-
ing by interacting with a4f31 as well as Gal-3 on the cell surface
of human eosinophils (11). Finally, Gal-3 itself may contribute
directly to airway remodeling. In hepatic stellate cells, expression
of Gal-3 is upregulated during transdifferentiation into myofibro-
blasts as well as during fibrosis in the liver and can also induce

proliferation of these cells (61). Further evidence for a direct role
for Gal-3 in remodeling is presented in recent studies demonstrat-
ing that Gal-3 mediates postischemic tissue remodeling by stim-
ulating the proliferation of ECs and neural progenitor cells in the
ischemic brain (62).

Collectively, our studies demonstrate an important role for
Gal-3 in chronic allergen-induced airway inflammation and airway
remodeling. Gal-3 deficiency resulted in inhibition of airway in-
flammation with significantly decreased eosinophil recruitment
to the airways and the development of a Th2 phenotype (inhibition
of IL-5 and IL-13 expression) associated with decreased expression
of eosinophil-specific chemokines (eotaxin) as well as profibro-
genic (TGF-B1) and angiogenic (FIZZ1) mediators leading to sig-
nificant inhibition of airway remodeling.
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