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TSG-6 Protein Is Crucial for the Development of Pulmonary
Hyaluronan Deposition, Eosinophilia, and Airway
Hyperresponsiveness in a Murine Model of Asthma*
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Background: TSG-6 is important in the organization of hyaluronan (HA).

Results: Lack of TSG-6 results in diminished HA accumulation, inflammation, and airway hyperresponsiveness.
Conclusion: TSG-6 is essential for the pathological manifestations in a murine model of asthma.

Significance: TSG-6 is likely to contribute to the pathogenesis of asthma.

Hyaluronan (HA) deposition is often correlated with mucosal
inflammatory responses, where HA mediates both protective
and pathological responses. By modifying the HA matrix,
Tnfip6 (TNF-a-induced protein-6; also known as TSG-6 (TNF-
stimulated gene-6)) is thought to potentiate anti-inflammatory
and anti-plasmin effects that are inhibitory to leukocyte extrav-
asation. In this study, we examined the role of endogenous
TSG-6 in the pathophysiological responses associated with
acute allergic pulmonary inflammation. Compared with wild-
type littermate controls, TSG-6"'" mice exhibited attenuated
inflammation marked by a significant decrease in pulmonary
HA concentrations measured in the bronchoalveolar lavage and
lung tissue. Interestingly, despite the equivalent induction of
both humoral and cellular Th2 immunity and the comparable
levels of cytokines and chemokines typically associated with
eosinophilic pulmonary inflammation, airway eosinophilia was
significantly decreased in TSG-6"'~ mice. Most importantly,
contrary to their counterpart wild-type littermates, TSG-6~'~
mice were resistant to the induction of airway hyperresponsive-
ness and manifested improved lung mechanics in response to
methacholine challenge. Our study demonstrates that endoge-
nous TSG-6 is dispensable for the induction of Th2 immunity
but is essential for the robust increase in pulmonary HA depo-
sition, propagation of acute eosinophilic pulmonary inflamma-
tion, and development of airway hyperresponsiveness. Thus,
TSG-6 is implicated in the experimental murine model of aller-
gic pulmonary inflammation and is likely to contribute to the
pathogenesis of asthma.
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Eosinophilic pulmonary inflammation is often associated
with allergic asthma, where it triggers airway hyperresponsive-
ness (AHR)? that is clinically manifested as recurrent episodes
of dyspnea, wheezing, and coughing. Central to allergic pathol-
ogy are cellular Th2 (T helper type 2) responses that are hall-
marked by infiltration of CD4" Th2 cells, natural killer T cells,
neutrophils, eosinophils, and mast cells, as well as morpholog-
ical changes due to goblet cell hyperplasia, smooth muscle
hypertrophy/hyperplasia, subepithelial fibrosis, angiogenesis,
and extracellular matrix (ECM) deposition (1-4). ECM modi-
fications during inflammatory responses have been shown to
influence the distribution, activation, survival, and adhesion of
inflammatory cells, and the ECM can act as a reservoir for
inflammatory mediators and growth factors (5, 6). This is of
particular relevance in the asthmatic airways, in which the pro-
file of the ECM is altered (7, 8).

One of the major components of the ECM is hyaluronan
(HA). HA is a nonsulfated glycosaminoglycan (GAG) that has
been implicated in both physiological and pathophysiological
tissue responses, including ovulation and fertilization, embry-
onic development, tissue fluid homeostasis, inflammation, tis-
sue repair and remodeling, and tumor progression and metas-
tasis (9—16). The mechanisms by which HA mediates many of
these biological responses is complex and context-dependent
and involves HA deposition and degradation, as well as HA
modifications (9, 17, 18). This was reported in the context of
pulmonary biology, where macromolecular HA mediates pro-
tective pulmonary responses, whereas HA degradation prod-
ucts lead to pathological consequences (9, 14, 19). Although
clinical studies have long suggested a direct correlation
between HA content of bronchoalveolar lavage (BAL) and
severity of asthmatic responses (20 —22), the molecular mecha-
nism by which HA impacts pulmonary biology and pathology
remains to be further defined.

3 The abbreviations used are: AHR, airway hyperresponsiveness; ECM, extra-
cellular matrix; HA, hyaluronan; GAG, glycosaminoglycan; BAL, bronchoal-
veolar lavage; lad, inter-a-trypsin inhibitor; HC, heavy chain; OVA, ovalbu-
min; HABP, HA-binding protein; EMBP, eosinophil major basic protein;
PGD,, prostaglandin D,.
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Tnfip6 (TNF-a-induced protein-6; also known as TSG-6
(TNF-stimulated gene-6)) is a member of the HA-binding pro-
tein or hyaladherin family. TSG-6 is a 35-kDa secreted protein
that is involved in both physiological and pathophysiological
tissue responses. In addition to HA (23-28), TSG-6 has been
shown to interact with a wide range of ECM components such
as the GAGs (29), chondroitin 4-sulfate (25), and heparan sul-
fate and heparin (30). TSG-6 hyaladherin properties are
endowed by virtue of the link module (24) and have been shown
to be important for mediating HA interaction with CD44,
which is also a link module-containing hyaladherin (29, 31). In
addition, TSG-6 interacts with the inter-a-inhibitor (Ial), a
proteoglycan composed of the trypsin inhibitor bikunin with
heavy chain 1 (HC1) and heavy chain 2 (HC2) covalently bound
by GalNAc ester linkages on the chondroitin 4-sulfate GAG
chain. TSG-6 catalyzes the transfer of HC1 and HC2 from the
chondroitin 4-sulfate chain to GIcNAc residues on HA in a
HC2-dependent manner (32). The lack of this transesterifica-
tion of HCs destabilizes the HA matrix of the cumulus cell-
oocyte complexes and contributes to the infertility of female
TSG-6"'" mice (33-35). In asthmatics, both TSG-6 mRNA
expression and TSG-6-HC complexes have been shown to
increase after allergen challenge (36, 37), suggesting that TSG-6
may play an important role in the asthmatic airway. Neverthe-
less, how TSG-6 contributes to the pathogenesis of inflamma-
tory responses in asthma remains to be defined. In this study,
we examined the role of endogenous TSG-6 during the induc-
tion and propagation of pathophysiological responses associ-
ated with a murine ovalbumin (OVA) model of allergic pulmo-
nary inflammation and AHR in TSG-6 "/~ mice and wild-type
littermates.

EXPERIMENTAL PROCEDURES

Mice—All mice were maintained in the Biological Resource
Unit of the Cleveland Clinic Lerner Research Institute in a tem-
perature-controlled facility with an automatic 12-h light-dark
cycle and were given free access to food and water. All animal
protocols were approved by the Institutional Animal Care and
Use Committee of the Cleveland Clinic. TSG-6"'~ mice (35)
were a generous gift from Dr. Tibor T. Glant (Rush University
Medical Center). 6 —8-Week-old female TSG-6"'~ mice and
wild-type littermate controls on a BALB/c background were
used for OVA sensitization and challenge.

OVA Sensitization—Standard induction of allergic airway
disease was done as described previously (38, 39). In brief,
BALB/c mice were immunized with an intraperitoneal injec-
tion with 10 pg of chicken OVA (grade V, Sigma-Aldrich)
adsorbed to 20 mg of AI(OH);. 2 weeks later, mice were exposed
to an aerosol of 1% OVA in PBS for 45 min using an Ultrasonic
2000 nebulizer NOUVAGQ) for a total of 6 days. Control TSG-
6/~ and age-matched wild-type littermates were immunized
with 20 mg of aluminum hydroxide. Analysis was performed
24 h after the last OVA aerosol.

Collection of BAL—Mice were killed with an intraperitoneal
injection of sodium pentobarbital. BAL was obtained by cannu-
lating the trachea with a 24-gauge feeding needle and lavaging
the lungs with 700 ul of PBS. The typical BAL fluid return was
400 - 600 ul. White blood cells were counted on a hemocytom-
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eter using ethidium bromide/acridine orange staining of nucle-
ated cells. Differential counts were based on counts of 100 cells
after staining with Hema 3 (Fisher Scientific) using standard
morphologic criteria to classify the cells as eosinophils, lym-
phocytes, neutrophils, and macrophages. The remainder of
each BAL sample was centrifuged at 1000 rpm for 5 min at 4 °C.
Supernatants were transferred to a new tube for additional
analysis.

AHR and Lung Mechanics—AHR and lung mechanics were
measured in mice in response to increasing doses of inhaled
methacholine as described (39). Mice were anesthetized with
an intraperitoneal injection of pentobarbital sodium (40-50
mg/kg). Following the intubation and placement of a 19-gauge
cannula through a tracheotomy incision, the cannula was
affixed with a silk suture ligation. Mice were connected to a
computer-controlled piston ventilator (flexiVent, SCIREQ,
Montreal, Canada) run at a rate of 150 breaths/min, a tidal
volume of 10 ml/kg, and a positive end-expiratory pressure of 3
cm of H,O. Mice were then administered a muscle relaxant
(pancuronium bromide, 0.8 mg/kg), and the lungs were
expanded twice to total lung capacity at an amplitude pressure
of 30 cm of H,O. Each mouse was aerosolized with methacho-
line in saline at doses of 0, 2.5, 5, 10, and 25 mg/ml delivered
over 10 s through an in-line nebulizer. flexiVent 5.2 software
(SCIREQ) was utilized to obtain resistance measurements
through multiple linear regression fitting of measured pressure
and volume from each mouse to the model of linear motion of
the lung. Coefficients of determination of <0.90 were excluded.
Lung resistance and lung compliance were obtained through
the forced oscillation technique, whereas tissue elastance (H)
and dampening were obtained by a constant phase model.

Enzyme-linked Immunosorbent Spot Analyses—Single-cell
suspensions were prepared from spleens from immunized mice
and cultured using HL-1 medium (BioWhittaker, Walkersville,
MD) supplemented with 1 mm L-glutamine and penicillin/
streptomycin (Invitrogen). Purification was done by negative
selection using EasySep mouse CD4™ T cell reagents (STEM-
CELL Technologies). CD4" T cells (100 X 10°) were cultured
with 200 X 10® mitomycin C-treated stimulator cells (panned
splenocytes from naive mice) and incubated with 10 ug/ml
OVA for4hat37 °Cand 5% CO,, followed by three washes with
HL-1 medium in 96-well ImmunoSpot M200 plates (Cellular
Technology Ltd., Shaker Heights, OH). The plates were previ-
ously coated with capture antibodies for IL-5 or IL-13 (4 ug/ml
antibody in PBS overnight at 4 °C; eBioscience), blocked with
1% BSA (Sigma-Aldrich) in PBS, and washed three times with
PBS and 0.5% Tween 20. After 48 h of incubation at 37 °C and
5% CO.,, the plates were washed three times with PBS and 0.5%
Tween 20, and biotinylated detection antibodies for IL-5 or
IL-13 (eBioscience) in 1% BSA were added to the wells for 2 h,
followed by washing and incubation for 2 h with alkaline phos-
phatase-conjugated streptavidin (R&D Systems). Spots were
developed with 5-bromo-4-chloro-3-indolyl phosphate p-tolu-
idine salt and nitro blue tetrazolium chloride in organic solvent
(R&D Systems). The plates were analyzed with an ImmunoSpot
Series 2 analyzer (Cellular Technology Ltd.).

OVA-specific Immunoglobulin ELISA—OQOV A-specific anti-
bodies were determined using an ELISA. Briefly, 96-well flat-
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bottom protein absorbent polystyrene plates were coated with
chicken OVA (grade V) at 10 ug/well. Plates were then blocked
with 2% FBS in PBS and washed with PBS. Serum samples and
standards (OVA-specific IgG1 and IgE) were incubated over-
night at 4 °C. Biotinylated anti-mouse IgG1 or IgE was used,
followed by horseradish peroxidase-conjugated streptavidin.
Plates were developed, stained with 2,2’-azino-di(3-ethylbenz-
thiazoline 6-sulfonate), and quantified using a Molecular
Devices plate reader. Data were analyzed using SoftMax Pro v.5
software.

ELISA-like Assay for Quantification of HA—HA was quanti-
fied using a HA test kit (Corgenix, Broomfield, CO) according
to the manufacturer’s instructions. The HA test kit uses a cap-
ture molecule known as “hyaluronan-binding protein” (HABP).
Diluted BAL samples were incubated in HABP-coated micro-
wells, which allows the HA present in samples to react with the
immobilized HABP. After removal of unbound BAL molecules
by washing with PBS, HABP conjugated with horseradish per-
oxidase solution was added to the microwells to form com-
plexes with the immobilized HA. After washing with PBS, a
chromogenic substrate of tetramethylbenzidine and hydrogen
peroxide were added to develop color reaction. The intensity of
the color was measured in absorbance units with a spectropho-
tometer at 450 nm. HA levels in BAL and control samples were
determined against a reference curve prepared from the rea-
gent blank and the HA reference solution provided with the kit.

Fluorophore-assisted Carbohydrate Electrophoresis—The
fluorophore-assisted carbohydrate electrophoresis method for
the quantification of HA has been described (40). Briefly, the
lower lobe of the left lung was digested with proteinase K (Invit-
rogen) at 1 mg/ml in 100 mmM ammonium acetate (pH 7.0) with
0.01% lauryl sulfate at 60 °C for 4 h, and HA was recovered by
ethanol precipitation. The HA was digested to disaccharides at
37 °C overnight with hyaluronidase SD (Seikagaku America
Inc., East Falmouth, MA) at 2.5 milliunits/ul and labeled with
2-aminoacridone (Invitrogen). The samples were electrophore-
sed on polyacrylamide gels, and the gel plates were washed with
distilled water. After electrophoresis, the gels (in their glass
plates) were placed on a UV transilluminator (Ultra-Lum, Inc.,
Claremont, CA) and illuminated at 365 nm. Images were cap-
tured on a Quantix CCD camera (Photometrics, Tucson, AZ),
and the HA disaccharide band was quantified using Gel-Pro
Analyzer® version 3.0 (Media Cybernetics, Silver Spring, MD).
The lower lobes of the right and left lungs from six mice were
also collected and lyophilized to obtain the dry weight of the
lung tissue. The total amount (micrograms) of HA from each
lower lobe of the right and left lungs was calculated per dry
weight.

Multiplex Cytokine Assay—Cell culture supernatants or BAL
fluids were collected, centrifuged at 13,000 rpm for 10 min at
4°C, and stored at —80 °C until further analysis. Multiplex
assays were done with an Invitrogen 20-Plex panel kit following
the manufacturer’s guidelines. Supernatants were diluted with
culture sample diluent (Invitrogen). 50 ul of each bead mixture
was aliquoted into a well of a 96-well filter plate, which was
washed twice with 100 ul of PBS buffer/wash buffer. The cul-
ture supernatant or standard (50 ul of each) was added to each
well and incubated for 1 h at room temperature in the dark.
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Plates were then vacuum-washed three times with wash buffer.
The detection reagent was prepared by mixing 2.5 ul of 10X
detection antibody mixture with detection antibody diluent
buffer, and 25 ul was added to each well, followed by a 30-min
incubation at room temperature in the dark. Streptavidin-phy-
coerythrin reagent (50 ul) was added to each well, followed by a
30-min incubation at room temperature in the dark. Plates
were then vacuum-washed three times with wash buffer, and
125 ul of assay buffer was added to each well. Plates were then
analyzed using Bio-Plex Manager 4.1 software using a Bio-Plex
system reader.

Lung Collection and Histology—Lungs were collected for his-
tology, fixed overnight in 10% formalin, and then embedded in
paraffin. For immunohistochemistry, lungs were inflated with
optimal cutting temperature compound (Sakura Finetek USA
Inc., Torrance, CA), and embedded in this compound, and
stored at —80 °C (fresh frozen lung tissue). Paraffin-embedded
lung tissues were stained with H&E.

Immunohistochemistry—Fresh frozen sections were fixed in
50:50 cold acetone/methanol for 10 min. Sections were then
blocked with 3% BSA in PBS for all antibodies used. In addition,
sections stained with HABP, double-stained with HABP, or
stained with HC1 and HC2 were also blocked with avidin, bio-
tin, and streptavidin (Vector Laboratories, Burlingame, CA).
Sections were incubated with 5 ug/ml biotinylated HABP
(Seikagaku America Inc.) or with the primary antibody for 1 h at
room temperature or overnight at 4 °C. The primary antibody
was a goat polyclonal antibody against eosinophil major basic
protein (EMBP; 4 ug/ml; sc-18241, Santa Cruz Biotechnology,
Santa Cruz, CA) and a goat polyclonal antibody against lal,
HC1 (4 pg/ml; sc-33944, Santa Cruz Biotechnology), and HC2
(4 ug/ml; sc-21978, Santa Cruz Biotechnology). After washing,
secondary reagents were added and incubated for 1 h at room
temperature in the dark. Alexa Fluor 488-conjugated (for
HABP) or Alexa Fluor 594-conjugated (for EMBP) donkey anti-
goat streptavidin was used as the secondary reagent. Each stain-
ing included a control of only the secondary reagent to demon-
strate the specificity of staining. Sections were examined with a
Leica fluorescence microscope, and images were captured with
a Retiga 2000R camera and QCapture Pro 6 software and quan-
titated by Image-Pro Plus 7.0 software.

Hyaluronidase Extraction of HCs from HA-HC Complexes—
The lung tissues of mice were collected, cut with a scalpel, and
transferred to preweighed 1.5-ml tubes that were prechilled on
dry ice. The weights of the lungs were measured, and prechilled
PBS was added to the tubes such that 100 ul of cold PBS was
added for every 30 mg of tissue. The tissue was minced on ice in
the PBS for ~20 s using a small motorized pestle. A 50-ul ali-
quot of the minced tissue suspension was transferred to two
new prechilled 1.5-ml tubes. Streptomyces hyaluronidase (10 ul
of a 0.5 turbidity units/ml stock; product 100740-1, Seikagaku
America Inc.) was added to one of these tubes, and PBS (10 ul)
was added to the other. The tubes were incubated on ice for 30
min and then centrifuged at 13,200 rpm for 5 min at 4 °C. The
supernatants were transferred to new prechilled 1.5-ml tubes
and incubated for another 30 min at 37 °C. Then, 25 ul of the
digests was added per lane on 4—-15% Mini-PROTEAN TGX
gels (Bio-Rad) and blotted using a Bio-Rad nitrocellulose and
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FIGURE 1. Effects of TSG-6 deficiency on BAL leukocyte distributions during acute antigen-induced pulmonary inflammation. BAL from wild-type (white
bars) and TSG-6~"" (black bars) mice subjected to OVA-induced pulmonary inflammation was analyzed for leukocytes as described under “Experimental
Procedures.” A, total BAL leukocytes. B-E, differential count analyses of BAL Cytospin preparations stained with Wright-Giemsa. Data represent means =+ S.E. for
10* cells/ml (BAL; n = 6). The experiment was repeated at least three independent times. *, p < 0.05. KO, knock-out; I.P., intraperitoneal.

Trans-Blot Turbo system. The blots were blocked for 1 h with
blocking buffer (catalog no. 927-40000, LI-COR, Lincoln, NE)
and probed with a rabbit polyclonal antibody against Ial
(1:8000 dilution; A0301, Dako North America, Inc., Carpinte-
ria, CA). The secondary antibody was IRDye 800CW anti-rab-
bit IgG (1:15,000 dilution; catalog no. 926-32211, LI-COR). The
blots were washed and imaged using an Odyssey infrared imag-
ing system (LI-COR).

Statistical Analysis—Data are presented as means * S.E.; n is
indicated in the figure legends in representative experiments.
The significance of differences between two groups was deter-
mined by Student’s ¢ test (two-tailed) using KaleidaGraph v3.6
software (Synergy Software, Reading, PA). Statistical signifi-
cance was reported if p < 0.05 was achieved. Data analysis and
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figures were generated using Prism 5.0a (GraphPad Software,
Inc.).

RESULTS

TSG-6 Deficiency Results in Reduced Eosinophilic Airway
Inflammation—Atopic asthma is often associated with the
induction of recurrent episodic flares of eosinophilic airway
inflammation as a consequence of inhaled allergen triggers. The
OVA murine model of allergic pulmonary inflammation has
been extensively utilized to examine the in vivo development of
eosinophilic inflammation and the associated increase in AHR,
in which T cell-mediated Th2 immunity is heavily implicated
(41-43). To examine the biological role of TSG-6 in the devel-
opment of allergic pulmonary inflammation, we used mice in
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(0. C, tissue elastance (H). D, tissue dampening (G). ¥, p < 0.05 (significant differences between wild-type and TSG-6 "/~ mice at the indicated methacholine
doses; n = 6). KO, knock-out.
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for inflammatory infiltrates by analyzing cells retrieved by BAL.  termates (mean * S.E. of 42.8 = 9.3 versus 153.1 * 354, p <
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0.05). Furthermore, following differential counts of BAL Cyto-
spin preparations, the reduction in total leukocytes was largely
attributed to the lower number of airway eosinophils (mean *
S.E. of 29.3 = 6.0 versus 113.2 = 28.8, p < 0.05) (Fig. 1B) and
macrophages (mean * S.E. of 11.1 * 3.4 versus 33.7 = 8.5, p <
0.05) (Fig. 1D). Neutrophils and lymphocytes also appeared to
be less in the OVA/alum BAL, but the smaller numbers were
not sufficient to reach statistical significance (Fig. 1, C and E).
Thus, TSG-6 deficiency resulted in reduced airway inflamma-
tion after aerosol antigen exposure, indicating that endogenous
TSG-6 has an essential role in the development of eosinophilic
pulmonary inflammation.

TSG-6 Deficiency Results in Reduced Induction of AHR—To
investigate the pathophysiological development of AHR, which
is typically associated with antigen-induced pulmonary eosino-
philia in the mouse, we analyzed lung mechanics in response to
increasing doses of methacholine 24 h after the last aerosol
challenge. The parameters in the lung mechanics assessment
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(44) included dynamic lung resistance and lung compliance. In
addition, we compared tissue elastance, which correlates with
the elastic rigidity of the lungs, and dampening, which corre-
lates with tissue resistance and reflects energy dissipation in the
lung tissues.

The induction of lung resistance was markedly attenuated in
TSG-6"'" mice compared with the methacholine dose-depen-
dent increase in lung resistance typically observed in the OVA/
alum-immunized and OVA-challenged wild-type mice (Fig.
2A). Interestingly, TSG-6~'" mice did not exhibit any protec-
tion against the base line or in methacholine-induced reduction
of lung compliance following antigen exposure (Fig. 2B), even
though both tissue elastance and dampening responses in TSG-
6/~ mice were significantly attenuated (Fig. 2, C and D). It is
also worth noting that TSG-6 deficiency did not affect lung
mechanics at the base line or in unsensitized controls. Thus,
although endogenous TSG-6 is expendable for the antigen-in-
duced decrease in lung compliance, it is required for the devel-
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FIGURE 5. Localization of HA and eosinophils in lung tissue. Wild-type (left
panels) and TSG-6 /" (right panels) mice were immunized with OVA/alum
and OVA aerosol challenged as described under “Experimental Procedures.”
A, H&E staining of lung tissue. B-D, immunofluorescence staining of frozen
lung sections using anti-mouse EMBP goat antibody (red) and HABP (green).
B, EMBP and HABP. C, EMBP only. D, HABP only.

opment of AHR and the increases in lung resistance, tissue
elastance, and tissue dampening that occur in wild-type lungs
in response to methacholine challenge.

TSG-6 Is Dispensable for the Induction of Th2 Immunity—
Changes in the airways and lung parenchyma that are associ-
ated with eosinophilic pulmonary inflammation are mediated
in part by Th2 responses that engage innate and adaptive
immune compartments. The significant reduction in airway
eosinophilia in TSG-6 "/~ mice prompted us to examine the
levels of induction of cellular and humoral Th2 responses that
are known to drive systemic as well as pulmonary eosinophilia
(43).

To evaluate the induction of OVA-specific Th2 immunity in
wild-type and TSG-6"'" mice, we first examined the effects of
OVA/alum immunization in both strains of mice before the
OVA aerosol challenge. This was accomplished by the ex vivo
assessment of Th2 cytokine production from CD4" spleno-
cytes with enzyme-linked immunosorbent spot analysis.
Comparing wild-type and TSG-6 "/~ mice, we observed no sig-
nificant changes in the levels of antigen-specific IL-5- or IL-13-
producing CD4" splenocytes (Fig. 3, A and B). Furthermore,
upon analysis of serum samples obtained from these immu-
nized mice, we were unable to detect any significant variations
in the levels of OVA-specific IgG1 or IgE (Fig. 3, Cand D). Thus,
endogenous TSG-6 is not necessary for the induction of anti-
gen-specific cellular and humoral responses following OVA/
alum sensitization.
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FIGURE 6. Effect of TSG-6 deficiency on HA in BAL and lung tissue. BAL and
lung tissue samples were obtained from wild-type (white bars) and TSG-6 '~
(black bars) mice. Mice were immunized with alum alone or with OVA/alum as
indicated and subjected to OVA aerosol challenge. A, HA quantification in BAL
using the HABP ELISA-like assay. B, HA quantification in lung tissue by the
fluorophore-assisted carbohydrate electrophoresis assay normalized to dry
weight. Data represent means = S.E. for the amount of HA in the BAL (ng/ml)
and the amount of HA in the lung (rg/g, dry weight (d.w)) (n = 8).*, p < 0.05.
KO, knock-out; L.P., intraperitoneal.

Because we were unable to measure any ex vivo variation
in Th2 immunity, we next examined the in vivo levels of
other proinflammatory cytokines, chemokines, and growth
factors that have been implicated in the murine asthma
model. No substantial differences were detected in the pro-
tein levels of IL-5, IL-13, IL-1a, macrophage inflammatory
protein-1a, VEGF, or IL-12 p40/p70 (Fig. 4). Thus, our data
suggest that endogenous TSG-6 is not necessary for the
induction of antigen-specific cellular and humoral responses
following antigen/alum sensitization and is not important
for the induction of secondary antigen responses during aer-
osol antigen challenge.
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TSG-6 Deficiency Results in Reduced Pulmonary HA Depo-
sition—We have recently described the temporal association
between pulmonary HA deposition and eosinophilia during the
induction and propagation of acute and chronic antigen-in-
duced pulmonary inflammation and found that the maximum
HA lung deposition and eosinophilia occur at around day 6
(45). Additionally, in our accompanying article (59), we show
that TSG-6 enhanced HA accumulation and leukocyte binding
in an in vitro model of HA synthesis. Because TSG-6 is a hyal-
adherin that is involved in HA modification during many bio-
logical responses, we next examined the correlation between
the antigen-induced inflammatory responses and the HA dep-
osition in wild-type and TSG-6 "/~ mice (Fig. 5). H&E staining
revealed a muted perivascular and peribronchial accumulation
of leukocytes in TSG-6 '/~ mice compared with wild-type mice
(Fig. 5A). Furthermore, immunohistochemical staining with
HABP revealed a reduction in parenchymal HA deposition in
TSG-6"'~ mice compared with wild-type littermates (Fig. 5, B
and D). The HA and eosinophils appeared to correlate in the
parenchymal and alveolar interstitial compartments, as well as
in the perivascular and peribronchial regions (Fig. 5, B and C).

WT

TSG6 KO

PBS/OVA OVA/OVA PBS/OVA OVA/OVA
Hyase — + — +

Bty provaemy

FIGURE 7. Effects of TSG-6 deficiency on formation of HA-HC in asthmatic
lungs of mice. Mice were immunized with alum alone and challenged with
OVA aerosol (PBS/OVA) or immunized with OVA/alum and challenged
with OVA aerosol (OVA/OVA), as in Fig. 2. Minced lung tissue was treated with
Streptomyces hyaluronidase (Hyase; +) or left untreated (—) to release HCs
from HA-HC. The supernatants of this extraction were analyzed by Western
blotting and probed with antibodies against lal. HCs (green) were released by
hyaluronidase in the lungs of OVA/OVA WT mice (75 kDa; arrow) but notin the
lungs of PBS/OVA-treated WT mice. In contrast, no HCs were released by
hyaluronidase in the minced lung tissue of lungs derived from TSG-6 '~ mice
after either OVA/alum or PBS/OVA treatment. The bands were identified as
240-kDa lal, 120-kDa pre-a-inhibitor, and 75-kDa HCs. Molecular mass stand-
ards are shown in red on the left in kilodaltons. Identical results were obtained
from three replicates (data not shown).

Wild Type

g

A. Hyaluronan B. Heavy Chains

E. Hyaluron‘an
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Given the immunohistochemical evidence of reduced HA
deposition in TSG-6"/~ mice, we next quantified the levels of
HA in the mucosal and lung tissue compartments. Following
antigen challenge, BAL HA levels in OVA/alum-immunized
wild-type mice were significantly increased compared with the
control mice immunized with alum alone (47.6 * 3.7 versus
7.6 £ 0.4 ng/ml, p < 0.05) (Fig. 6A). Although this same trend
was also observed in TSG-6"/" mice (34.3 + 5.9 versus 8.1 *
0.8 ng/ml, p <0.05) (Fig. 64), the level of HA in TSG-6 "/~ mice
was reduced by ~30% from that in the counterpart wild-type
littermates (p < 0.05).

Furthermore, fluorophore-assisted carbohydrate electrophore-
sis assays were used to estimate the level of parenchymal HA and
revealed a similar pattern of HA induction (Fig. 6B). Thus, TSG-6
deficiency results in reduced pulmonary HA deposition following
OVA aerosol challenge in OVA-immunized mice during induc-
tion of allergic pulmonary inflammation.

TSG-6 Deficiency Is Associated with the Absence of Pulmo-
nary HA-HC Complexes—W e developed a procedure to evalu-
ate the presence of the HA-HC complexes in lung tissue to
determine the presence of HA-HC complexes at the site of the
ongoing inflammation. Furthermore, because TSG-6 catalyzes
the transesterification reactions that form HA-HC complexes
(34, 35, 37), we speculated that the absence of endogenous
TSG-6 would affect the formation of these HA-HC com-
plexes. We used Streptomyces hyaluronidase to degrade HA
and to dissociate HA-associated molecules, including HCs
from pulmonary tissue obtained from WT and TSG-6"' ani-
mals undergoing OVA challenge. Western blot analysis of these
samples for Ial and HC protein content revealed the presence
of 240-kDa Ial and 120-kDa pre-a-inhibitor in all samples (Fig.
7). Nevertheless, the HC band (75 kDa) was present only in
hyaluronidase-treated samples in OVA-sensitized/challenged
WT lungs and was not detectable in TSG-6~'"-derived lung
tissue.

Furthermore, to address this marked difference in the pres-
ence of HA-HC complexes in TSG-6"'~ mice compared with
their WT littermates and to better characterize the localization
of these complexes, we performed double immunostaining of
HA, HC1, and HC2 on lung sections (Fig. 8). We observed a
rather profound increase in both HA and HC deposition in WT
lung tissue after the OV A challenge in immunized animals (Fig.

lC..QVerIay D. Only Secondary

G. Overlay'*

H. Only Secondary

FIGURE 8. Distribution of HA and HCs in lung sections of WT and TSG-6~/~ mice. Lung sectionsin WT or TSG-6 '~ OVA/OVA treated mice were stained with
HABP (green) for detection of HA and with anti-HC antibodies (red) for detection of HCs. There was no staining for the HCs on the TSG-6 '~ OVA/alum mouse

lung tissue with reduced HA staining.
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8B) but not in non-immunized animals (data not shown). Inter-
estingly, an absence of HC deposition in similarly treated TSG-
6/~ mice was observed (Fig. 8F).

Thus, our data suggest a non-redundant role for TSG-6in the
formation of HA-HC complexes during pulmonary inflamma-
tion. HA-HC complexes were absent in the TSG-6"'~ mice
following OVA aerosol challenge in the OVA-immunized mice.

DISCUSSION

GAG components of the pulmonary ECM are integral com-
ponents of the structural scaffold required for pulmonary
development, mechanics, and many processes that contribute
to maintaining lung homeostasis (8). Increasing evidence now
suggests that pulmonary GAGs are also involved in pulmonary
inflammation, repair, and pathology (8, 9). In this study, we
examined the role of TSG-6 during the induction and propaga-
tion of antigen-induced pulmonary eosinophilia and AHR.
TSG-6 has been shown to interact with GAGs that are present
in the pulmonary compartment, including chondroitin 4-sul-
fate, heparan sulfate, heparin, and HA. TSG-6 has also been
shown to mediate HA interaction with cell surface CD44 mol-
ecules, where TSG-6-HA complexes had higher avidity for
CD44 (31). Following segmental allergen challenge of asth-
matic individuals, TSG-6 (in addition to the Th2 cytokines IL-3,
IL-4, and IL-5) is one of 24 genes that are induced by 4-fold or
more (36). Additionally, TSG-6 and TSG-6-HC complexes are
also found in the BAL fluid of asthmatics after segmental aller-
gen challenge (37). Nevertheless, how TSG-6 contributes to the
pathogenesis of inflammatory responses in asthma has not been
well defined.

Utilizing a well described model of allergic pulmonary
inflammation, we evaluated the role of TSG-6 during the induc-
tion and propagation of OVA-induced innate and adaptive
immune responses in the lung. We have shown that TSG-6
deficiency leads to decreased airway eosinophilia. In contrast,
other investigators have shown that TSG-6 deficiency has an
enhancing effect on neutrophil migration into peripheral joints
of mice undergoing a murine model of proteoglycan-induced
arthritis (46). Reciprocally, exogenous TSG-6 inhibits neutro-
phil extravasation in a murine model of acute inflammation
(47). The observations from TSG-6 '~ mice undergoing pro-
teoglycan-induced arthritis are consistent with the in vitro and
in vivo studies demonstrating the link module-dependent
inhibitory effects of TSG-6 on neutrophil migrations (29, 48,
49). It is not clear how TSG-6 can have two opposite effects on
granulocyte extravasation in murine models of experimental
arthritis and in a model of allergic pulmonary inflammation.
Although these opposing observations could be model-depen-
dent (given the predominant Th1 profile related to proteogly-
can-induced arthritis and the predominant Th2 profile of
asthma) as well as tissue response-dependent, additional work
is needed to clarify this dichotomy.

The unique and somewhat surprising finding in our in vivo
model is the significant reduction in HA deposition in TSG-
6/~ mice despite equivalent base-line levels. In our accompa-
nying article (59), we show that TSG-6 can induce HA synthesis
in murine airway smooth muscle cells during active HA synthe-
sis. Although this provides a plausible explanation for our find-
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ings, given TSG-6 pluripotent activities, it is likely not the only
contributing mechanism.

TSG-6 has also been suggested to potentiate both inflamma-
tory and anti-inflammatory responses by up-regulating the
expression of the rate-limiting enzyme COX-2 (cyclooxygenase
isoenzyme-2) and the generation of its downstream product,
prostaglandin D, (PGD,) (50). Interestingly, PGD, and its high
affinity receptors DP1 and CRTH2 (chemoattractant-homolo-
gous receptor expressed on Th2 cells) have been shown to be
crucial for the promotion and maintenance of allergic
responses (51-55). Importantly, although PGD, promotes
inflammatory responses through its CRTH2 receptor, which is
selectively expressed on eosinophils, Th2 T cells, and basophils
(54, 55), PGD, also has anti-inflammatory and inhibitory effects
on neutrophils (56, 57). Therefore, it is possible that TSG-6
contributes to the induction of robust allergic inflammation
and AHR through promoting the production of PGD,. In con-
trast, the TSG-6-induced production of PGD, may potentiate
anti-inflammatory effects on neutrophils. Further investigation
is needed to examine and address the complex role of TSG-6 in
these important pathways.

Also, in addition to the reduced eosinophilic inflammation,
TSG-6"'~ mice were resistant to the induction of AHR and
manifested improved lung mechanics in response to methacho-
line challenge. Although the role of TSG-6 in lung mechanics
has not been previously studied, HA was shown to mediate
AHR in mice following ozone exposure in a TLR4-dependent
fashion (58). It is plausible that the requirement of TSG-6 for
the development of AHR is also contingent on HA-TLR4-me-
diated mechanisms, which remains to be determined. It is
important to note that, in our study, the reduced allergic
responses observed in TSG-6"'" mice occurred despite the
equivalent induction of both humoral and cellular Th2
responses. This suggests that the lack of eosinophilia and AHR
is independent of any defect in Th2 immune responses, which
are known to be required for the induction of these allergic
processes.

This study provides the first description of the absence of
HA-HC complexes in TSG-6"/~ mice after OVA/OVA treat-
ment. This might be one of the possible mechanisms for
reduced HA, eosinophilia and AHR in TSG-6"'" mice.

In summary, we have demonstrated that endogenous TSG-6
is dispensable for the induction of Th2 immunity but is essen-
tial for the robust increase in pulmonary HA deposition, prop-
agation of acute eosinophilic pulmonary inflammation, and
development of AHR. Thus, TSG-6 is likely to contribute to the
pathogenesis of asthma by enhancing HA accumulation and
deposition, pulmonary eosinophilic inflammation, and AHR.
TSG-6 is required for the formation of HA-HC in the asthmatic
lungs of mice in the OVA/OVA asthma model.
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