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Background: TSG-6 transfers heavy chains (HCs) from the inter-a-inhibitor to hyaluronan (HA), increasing its avidity for

leukocytes.

Results: Recombinant TSG-6 increased leukocyte adhesion to HA and its accumulation in airway cells.
Conclusion: In addition to its ability to transfer HCs to HA, TSG-6 amplifies HA synthesis.
Significance: TSG-6 is a potent regulator of HA synthesis and is likely to be involved in a variety of inflammatory diseases.

We tested the hypothesis that the artificial addition of heavy
chains from inter-a-inhibitor to hyaluronan (HA), by adding
recombinant TSG-6 (TNF-stimulated gene-6) to the culture
medium of murine airway smooth muscle (MASM) cells, would
enhance leukocyte binding to HA cables produced in response
to poly(I:C). As predicted, the addition of heavy chains to HA
cables enhanced leukocyte adhesion to these cables, but it also
had several unexpected effects. (i) It produced thicker, more
pronounced HA cables. (ii) It increased the accumulation of HA
in the cell-associated matrix. (iii) It decreased the amount of HA
in the conditioned medium. Importantly, these effects were
observed only when TSG-6 was administered in the presence of
poly(I:C), and TSG-6 did not exert any effect on its own.
Increased HA synthesis occurred during active, poly(I:C)-in-
duced HA synthesis and did not occur when TSG-6 was added
after poly(I:C)-induced HA synthesis was complete. MASM cells
derived from TSG-6~'", HAS1/3™/~,and CD44~’~ mice ampli-
fied HA synthesis in response to poly(I:C) + TSG-6 in a manner
similar to WT MASM cells, demonstrating that they are expend-
able in this process. We conclude that TSG-6 increases the accu-
mulation of HA in the cell-associated matrix, partially by pre-
venting its dissolution from the cell-associated matrix into the
conditioned medium, but primarily by inducing HA synthesis.

Characterization of hyaluronan (HA)? isolated from fibro-
blast cultures identified a unique, covalently bound protein
described as a serum-derived HA-associated protein (called
SHAP) (1), which was subsequently shown to be heavy chains
(HCs) derived from inter-a-inhibitor (Ial) (2). Ial is a serum
proteoglycan synthesized by hepatocytes (3). It is composed of
three polypeptides: the trypsin inhibitor called bikunin and two
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HCs that are covalently attached to the single chondroitin sul-
fate chain of bikunin by an ester linkage between a HC aspartate
and the 6-OH of a GalNAc in the chondroitin sulfate chain. The
HA-HC complex has been found in the sera of patients with
rheumatoid arthritis (4), osteoarthritis (4), ovarian cancer (5),
cervical ripening (6), and chronic liver disease caused by hepa-
titis virus infection (7). It is also an important component of the
cumulus cell-oocyte complex in the ovary, where it cross-links
the HA matrix and is necessary for female fertility (8 —10).

TSG-6 (TNF-stimulated gene-6) is a 35-kDa protein that is
synthesized and secreted by many types of cells after treatment
with TNFa and IL-1 (11). Through our investigations and oth-
ers, TSG-6 was identified as the enzyme responsible for the
covalent transfer of HCs from Ial to HA (9, 10, 12). Elevated
levels of TSG-6 have been observed in asthmatic bronchoalveo-
lar lavage fluid (13), in the airway epithelia and secretions of
smokers (13), and in infarcted regions following stroke (14).

HA “cables” were first observed following viral infection or
poly(I:C) treatment of human intestinal mucosal smooth mus-
cle cells (15). These unique strand-like structures appear as
multiple coalescing threads of HA that are responsible for
adhesion of mononuclear leukocytes and their subsequent
CD44-mediated mechanism to digest them into soluble HA
fragments that are referred to as “danger signals” during inflam-
mation (16).

In a previous study, we tested the hypothesis that leukocyte-
adhesive HA cables produced by murine airway smooth muscle
(MASM) cells are substituted with HCs from Ial (17). The
rationale for this hypothesis was that HA-HC derived from the
synovial fluid of arthritis patients promoted leukocyte binding
more than HA alone (4). Furthermore, there was evidence that
HA cables produced by human intestinal smooth muscle cells
in response to poly(I:C) treatment promoted leukocyte adhe-
sion in a HC-dependent manner (16). Surprisingly, we were
unable to find HCs attached to leukocyte-adhesive HA cable
structures produced by MASM cell cultures in response to
poly(I:C) and concluded that if HCs were present, they were
below the limit of detection (17). In the present study, we tested
the hypothesis that the artificial addition of HCs to HA, by
adding recombinant TSG-6 to the culture medium, would
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enhance leukocyte binding to HA cables. Our results show that
TSG-6 not only promoted leukocyte binding to HA cables in a
HC-dependent manner but also had a profound stimulatory
effect on the synthesis of HA cables when MASM cultures were
treated with TSG-6 in combination with poly(I:C), which has
properties similar to a viral infection.

EXPERIMENTAL PROCEDURES

Primary Cell Culture—MASM cells were derived from
mouse trachea outgrowths as described previously (18). The
experiments were done on the first passage. Mice homozygous
null for TSG-6 (10), HAS1 and HAS3 (19), and CD44 (20) have
been described previously.

Experimental Culture—MASM cell cultures were either not
treated or treated with poly(I:C) (10 ug/ml; P0913, Sigma-
Aldrich), recombinant human TSG-6 (0.250 wg/ml; 2104-TS,
R&D Systems), or a combination of poly(I:C) and TSG-6. Endo-
toxin levels in the recombinant TSG-6 preparation were <1.0
enzyme unit/1 ug of protein as determined by the Limulus
amebocyte lysate method (as reported by the manufacturer).
Unless stated otherwise, the cells were treated for 18 h, and
TSG-6 was added at the same time as poly(I:C) for the full 18 h.
Unless stated otherwise, these treatments were done in
DMEM/F-12 medium with 5% FBS. The treatment volume was
0.25 ml/cm? area of tissue culture well.

Leukocyte Adhesion Assay—U937 lymphoma cells were
labeled with the lipophilic carbocyanine dye CM-Dil (5 uwm;
V-22888, Invitrogen) as described previously (21). U937 cells (2
million/ml, 0.5 million/cm? of culture area) were applied to the
MASM cells at 4 °C for 30 min and allowed to settle, by gravity,
onto the surface of the MASM cells for 30 min, during which
time they had the opportunity to come into contact with HA at
the cell surface. Unbound cells were gently washed away with
DMEM/F-12 medium at 4 °C. U937 cells bound to HA were
then removed by the application of Streptomyces hyaluronidase
(0.5 turbidity units/ml; 100740-1, Seikagaku America Inc., East
Falmouth, MA) at 4 °C for 5 min. The U937 cells remaining
bound to the MASM cells were lysed with 1% Triton X-100 in
PBS for 5 min at room temperature. The U937 cells released by
hyaluronidase were lysed by the addition of 10 ul Triton X-100
to each 1 ml extract and incubation at room temperature for 5
min (final concentration of 1%). Aliquots of the detergent and
hyaluronidase extracts were transferred to a 96-well plate, and
the cell number was quantified with a fluorometer (excitation
and emission at 520 and 590 nm, respectively) by comparing the
relative fluorescence intensities of extracts with a known num-
ber of CM-Dil-labeled U937 cells.

Fluorophore-assisted Carbohydrate Electrophoresis—HA con-
tents in the cell layers and conditioned media of MASM cell
cultures were measured as described previously (18). Briefly,
after proteolytic digestion and ethanol precipitation purifica-
tion steps, the HA in the samples was digested into disaccha-
rides with hyaluronidase SD (2.5 milliunits/ul; 100741-1A,
Seikagaku America Inc.) and labeled with 2-aminoacridone
(A-6289, Invitrogen) at 6.25 mM in 42.5% Me,SO, 7.5% glacial
acetic acid, and 0.625 M sodium cyanoborohydride (1.25 ul/cm?®
of tissue culture surface area). The labeled HA disaccharides
were electrophoresed using a Bio-Rad mini-PROTEAN Tetra
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system. The gel composition consisted of 20% acrylamide
(37.5:1; Bio-Rad), 40 mm Tris acetate (pH 7.0), 2.5% glycerol,
10% ammonium persulfate, and 0.1% TEMED. After electro-
phoresis at 500 V (constant voltage) for 50 min at 4 °C, the gels
were imaged in their plates on a UV transilluminator at 365 nm
using a CCD camera. The HA disaccharide band was quantified
using Gel-Pro Analyzer® version 3.0 (Media Cybernetics, Silver
Spring, MD). All statistics (Student’s ¢ tests) were done using
Excel (2011 for MAC).

Immunohistochemistry—MASM cells were fixed in 100%
methanol at —20 °C for 10 min, air-dried for 1 h, and rehydrated
in PBS for 20 min. After blocking for 30 min in PBS with 1%
BSA, HA was labeled with a biotinylated HA-binding protein
(HABP; 5 pg/ml; 385911, EMD Chemicals, Gibbstown, NJ) in
the blocking solution, and streptavidin conjugated to Alexa
Fluor® 488 (S-11223, Invitrogen) was applied at 1:500. In some
slides, CD44 was stained with the simultaneous incubation of a
mouse monoclonal antibody against CD44 (1:100; C7923, Sig-
ma-Aldrich) and HABP using an Alexa Fluor® 594-conjugated
donkey anti-mouse secondary antibody (1:250; A-21203, Invit-
rogen) for CD44. In some slides, antibodies against HC1 (1:50;
sc-33944, Santa Cruz Biotechnology) and HC2 (1:50; sc-21978,
Santa Cruz Biotechnology) were applied simultaneously with
HABP using Alexa Fluor® 594-conjugated anti-goat IgG (1:250;
A-11058, Invitrogen) as a secondary antibody for the anti-HC
antibodies. Imaging was done by either confocal microscopy or
standard fluorescence microscopy (as indicated in the figure
legends).

Western Blotting—HCs were extracted from HA cables by
the addition of Streptomyces hyaluronidase (10 turbidity units/
ml; 40 wl/cm? for 5 min on ice). These extracts were then trans-
ferred to 1.5-ml tubes and incubated at 37 °C for 1 h to further
remove HA from the HA-bound HCs before electrophoresis.
Samples were electrophoresed on 4-15% Mini-PROTEAN
TGX gels (Bio-Rad) and blotted using a Bio-Rad nitrocellulose
and Trans-Blot Turbo system. The blots were blocked for 1 h
with blocking buffer (catalog no. 927-40000, LI-COR) and
probed with the antibodies against HC1 and HC2 in blocking
buffer with 0.1% Tween 20 for 1 h. The blots were washed five
times with PBS with 0.1% Tween 20 and probed with IRDye
800CW donkey anti-goat IgG secondary antibody (catalog no.
926-32214, LI-COR) at 1:15,000 dilution in blocking buffer with
0.1% Tween 20 and 0.01% lauryl sulfate for 45 min. The blots
were washed as described above and imaged on an Odyssey
infrared imaging system (LI-COR).

Real-time PCR—W'e used the same mouse primer sets for
double-labeled HAS2, and HAS3 as reported previously (22).
We used the SYBR Green method (Invitrogen) for real-time
PCR on a thermal cycler 7500 system (Applied Biosystems).
Data were normalized to GAPDH for each treatment. Linear
regression of efficiency was used to model PCR amplification as
described previously (23, 24). This method uses a universal
standard (A genomic DNA) to calculate an optical calibration
factor that allows for the calculation of absolute copy number of
the HAS enzymes without the need for standard curves. This
absolute copy number was expressed as the ratio of the absolute
copy number of the HAS genes to the absolute copy number of
GAPDH.
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FIGURE 1. Artificial addition of HCs to HA cables via recombinant TSG-6.
MASM cells were cultured in the presence of 5% FBS, treated with poly(l:C)
(A, G, and E) or poly(I:C) plus recombinant TSG-6 (B, D, and F) for 18 h, fixed in
methanol, and double-labeled with HABP (green; C, and D) with the simulta-
neous incubation of antibodies against the HC1 and HC2 isotypes (red; A and
B). Nuclei were stained with DAPI (blue). The samples were imaged by confo-
cal microscopy at X4. Scale bar = 100 um. An overlay of the red/green chan-
nelsis shown in £ and F. In separate cultures, Streptomyces hyaluronidase was
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RESULTS

Artificial Addition of HCs to HA Cables via Recombinant
TSG-6—We tested the hypothesis that the artificial addition of
HCs to HA, by adding recombinant TSG-6 to the culture
medium, would enhance leukocyte binding to HA cables. Fig. 1
(A, C, and E) shows that MASM cells treated with poly(I:C)
synthesized HA cables without detectable HCs. However, when
TSG-6 was added to the culture medium at the same time as
poly(I:C), HC staining colocalized with HA staining (Fig. 1 B, D,
and F). In parallel cultures, Streptomyces hyaluronidase was
applied in serum-free medium to digest HA cables and solubi-
lize the HCs. Western blots of the digests probed with the same
anti-HC antibodies used for the confocal microscopy analyses
of Fig. 1 (A and B) showed a single band slightly over 75 kDa
only when TSG-6 was present (Fig. 1G). The quantification of
this gel is shown in Fig. 1H. In Fig. 2, we confirmed that the
MASM cells did not secrete their own HC donor (Ial and/or
pre-lal) into the conditioned medium, demonstrating that the
sole source of these HC donors is the FBS in the culture
medium.

TSG-6 Promotes HA Cable Formation—Interestingly, in
addition to transferring HCs to HA cables (Fig. 1), TSG-6 also
greatly enhanced the thickness and possibly the number of the
cables when added with poly(I:C) but had no effect beyond that
of the untreated control when added in the absence of poly(I:C)
(Fig. 3). This also demonstrates the lack of possible proinflam-
matory cytotoxins in our TSG-6 preparation that could influ-
ence HA synthesis.

TSG-6 Promotes Leukocyte Adhesion to HA Cables—As
expected, the addition of HCs to HA cables, by adding recom-
binant TSG-6 with poly(I:C) to the culture medium of MASM
cells, significantly increased the number of leukocytes that
bound to the HA cables (Fig. 4). Whereas poly(I:C) induced the
formation of single HA cables that were leukocyte-adhesive
(Fig. 4, D—F), the addition of TSG-6 promoted leukocyte adhe-
sion to the extent that the appearance was more sheet-like than
cable-like (Fig. 4, G-I). This was more likely because TSG-6
promoted a greater HA cable density in a given area rather than
promoting the actual formation of HA sheet structures. TSG-6
enhanced leukocyte binding by 41% (» < 0.0001) compared
with poly(I:C) alone (Fig. 5).

TSG-6 Amplifies HA Synthesis—Although a TSG-6-medi-
ated increase in leukocyte adhesion to HA cables was expected,
we were surprised to find that TSG-6 also stimulated HA syn-
thesis by MASM cells (Fig. 6). Induction of HA synthesis by
poly(I:C) was observable in the cell layer 4 h after its addition to
the culture medium, peaking at 18 h (Fig. 6A4). The addition of
recombinant TSG-6 to the culture medium demonstrated sim-
ilar kinetics and also a greatly increased HA synthesis over
poly(l:C) treatment alone (3.58-fold increase at 18 h; p =
0.0013). By 24 h, the amount of HA in the cell layer was signif-
icantly reduced (65% for poly(I:C) alone and 58% for poly(I:C) +

added in serum-free medium to release HCs bound to HA cables. Aliquots of
these hyaluronidase extracts (n = 3) were analyzed by Western blotting (G),
probing the blots with the same anti-HC antibodies probed in A and B, yield-
ing a single band slightly over 75 kDa. Quantification of this band is shown in
H. Error bars represent S.D. IOD, integrated optical density.
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FIGURE 2. MASM cells do not make their own HC donor. The Western blots
of MASM cell-conditioned media show the absence of endogenous HC
donors lal and/or pre-lal. Conditioned media from untreated MASM cells
(lanes 2-4) and cells treated with poly(l:C) + TSG-6 (lanes 5-7) for 12 h were
compared with unconditioned medium alone (M; lane 8) or an aliquot of
mouse serum (lanes 9 and 10) as a positive control. Some samples were
treated with chondroitinase ABC (c’ABC; lanes 3, 6, and 10) to release free HCs
from lal and/or pre-lal (shown as a single 83-kDa band in lane 10). Other
samples were incubated with Streptomyces hyaluronidase (HAase); lanes 4
and 7 to release free HCs from high molecular mass HA-HC that may have
been in the conditioned media (which was not observed). The blot was
probed with the simultaneous incubation of antibodies against the HC1 and
HC2 isotypes. These antibodies are species-specific for only mouse HCs and
do not cross-react with the HC epitopes of bovine origin (as supplied by FBS in
the medium). Thus, lal and/or pre-lal from FBS is truly present in lanes 2-8,
but the antibodies are unable to detect it. This is different from the situation in
Fig. 1, where the culture medium was supplemented with mouse serum as
the lal source instead of FBS, which was used throughout the rest of this work.

TSG-6; p = 0.018 and 0.0034, respectively), indicating signifi-
cantly increased catabolism and decreased synthesis after 18 h.
Cultures that were not treated or treated only with TSG-6
showed similar kinetics but at much lower levels.

Although poly(I:C) induced HA synthesis in the cell layer, it
did not induce the accumulation of HA in the conditioned
medium beyond the levels for untreated cells and for cells
treated with TSG-6 alone (Fig. 6B). In these cultures, the HA
concentrations in the media steadily increased, peaking at 18 h,
and diminished by 24 h, similar to HA kinetics in the cell layers.
In contrast, when TSG-6 was added with poly(I:C), the amount
of HA in the conditioned medium was significantly lower than
in the other treatment groups and was not decreased at 24 h,
possibly because the cells were preoccupied with removing the
much larger amounts of HA present in the cell layer of these
cultures compared with the amount of HA synthesis induced by
the other treatments. Although this decrease in HA in the
medium could contribute to the increase in the cell layer for
the combined TSG-6 and poly(L:C) cultures, the amount in the
medium at 18 h (0.01 ug) was very small compared with the
amount in the cell layer (0.25 ug).

Regulation of HAS Enzymes by Poly(I:C) but Not TSG-6—Be-
cause TSG-6 increased HA synthesis in combination with
poly(I:C), we tested the hypothesis that this induction was by
increased transcription of the HAS enzymes (Fig. 7). Real-time
PCR showed a respective 6.51- and 1.79-fold 4 h induction of
HAS1 and HAS2 mRNA levels by poly(L:C) treatment (p <
0.0001 and 0.001, respectively) (Fig. 7, A and B), but the addi-
tion of TSG-6 did not have an additive effect. In contrast, HAS3
mRNA levels actually decreased by 58% upon treatment with
TSG-6 alone and by 63% with poly(I:C) alone (Fig. 7C). This
decrease in HAS3 mRNA levels was additive when TSG-6 was
combined with poly(I:C), giving a further 57% decrease com-
pared with poly(I:C) alone. Using the linear regression of effi-
ciency method to model PCR amplification (23, 24), we found
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FIGURE 3. TSG-6 promotes HA cable formation. MASM cells were either not
treated (A) or treated with only recombinant TSG-6 (B), poly(l:C) (C), or the
simultaneous incubation of poly(l:C) + TSG-6 (D) for 18 h. The samples were
then fixed in methanol and probed with HABP (green). Nuclei were stained
with DAPI (blue). The samples were imaged by confocal microscopy at X40.
Scale bar = 100 wm.

that, in untreated cells, HAS2 was 19-fold more abundant than
HAS1 and 134-fold more abundant than HAS3, suggesting that
HAS2 is the most important enzyme mediating this process.
These data demonstrate that the amplification of poly(I:C)-in-
duced HA synthesis by TSG-6 does not occur by increased tran-
scription of the HAS genes and also demonstrate that HAS3 is
not likely to be one of the enzymes mediating this process.
TSG-6 Promotes Accumulation of HA in the Cell-associated
Matrix during Active HA Synthesis—In the data shown up to
this point, TSG-6 was added at the same time as poly(I:C) for
the entire treatment period. We next tested whether TSG-6
could amplify HA synthesis and promote leukocyte adhesion if
it was applied for 6 h after an 18 h treatment with poly(I:C)
alone (Fig. 8). Regardless of whether TSG-6 was added at the
same time as poly(I:C) or 18 h later, leukocyte adhesion was
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FIGURE 4. TSG-6 promotes leukocyte adhesion to HA cables. MASM cells
were either not treated (A-C) or treated with only poly(l:C) (D-F) or the simul-
taneous incubation of poly(l:C) + TSG-6 (G-/) for 18 h. U937 monocytic cells
were then applied to the MASM cells for 30 min at 4 °C, and unbound cells
were gently washed away in 4 °C medium. The MASM and bound U937
cells were fixed in methanol and probed with antibodies against CD44 (red; A,
D, and G) or HA (green; B, E, and H). The samples were imaged by confocal
microscopy at X40. Scale bar = 100 um. An overlay of the red/green channels
is shownin C, F,and I.
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FIGURE 5. Quantification of leukocytes bound to HA cables formed in the
presence of TSG-6. MASM cells were either not treated (NT) or treated with only
recombinant TSG-6, poly(l:C), or the simultaneous incubation of poly(l:C) + TSG-6
for 18 h. U937 monocytic cells were labeled with CM-Dil and applied to the
MASM cells for 30 min at 4 °C, gently washing away unbound cells in 4 °C
medium. Streptomyces hyaluronidase was added to the cultures in 4°C
medium for 5 min to release U937 cells bound to HA cables. The number of
U937 cells remaining bound to the MASM cells with or without hyaluronidase
treatment was measured as described under “Experimental Procedures”(n =
16). Error bars represent S.D.

induced by 48% compared with cells treated with poly(I:C)
alone (Fig. 8A4). Interestingly, an induction of HA synthesis in
the cell layer with its concomitant decrease in the conditioned
medium was observed only when TSG-6 was applied at the
same time as poly(l:C) (Fig. 8B), i.e. the addition of TSG-6 at
18 h increased leukocyte binding at 24 h without inducing an
additive effect on HA synthesis beyond poly(I:C) treatment
alone. We also observed an enhancement in the thickness of the
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FIGURE 6. TSG-6 amplifies HA synthesis. MASM cells were either not treated
(NT; blue) or treated with only TSG-6 (red), poly(l:C) (green), or the simultane-
ous incubation of poly(l:C) + TSG-6 (purple) for 2, 4, 6, 12, 18, and 24 h. HA
attached to the cells (A) and secreted into the media (B) was quantified by
FACE (n = 3 for each time point). Error bars represent S.D.

cables when TSG-6 was added after 18 h of treatment with
poly(I:C) (Fig. 8F).

Endogenous TSG-6 Is Not Required for Synthesis of Leukocyte-
adhesive HA Cables or for Induction of HA Synthesis by Exoge-
nous TSG-6—We next tested whether endogenous TSG-6 has
any role during the formation of HA cables and if the lack of
endogenous TSG-6 has any effect on the ability of recombinant
TSG-6 to amplify HA synthesis. To accomplish this, MASM
cell cultures were prepared from mice homozygous null for
TSG-6 (10) and treated as indicated in Fig. 9. HA cables pro-
duced by TSG-6"'~ MASM cells promoted leukocyte binding
(Fig. 94), essentially identical to HA cables produced by WT
MASM cells (Fig. 5). Furthermore, amplification of HA syn-
thesis in the cell layer by the addition of recombinant TSG-6
to poly(I:C)-treated TSG-6 /" cultures (Fig. 9B) was essen-
tially identical to that in MASM cells derived from WT mice
at 18 h (Fig. 6A). Additionally, depletion of HA from the
conditioned medium of cultures treated with poly(L:C) +
TSG-6 (Fig. 9C) was also similar to that of WT cultures (Fig.
6B). Thus, we conclude that endogenous TSG-6 does not
have a role in the formation of HA cables induced by
poly(I:C) alone, and it is not necessary for the exogenous
TSG-6-mediated induction of HA synthesis when recombi-
nant TSG-6 is added with poly(I:C).

Neither HAS1 Nor HAS3 Is Required for Amplification of HA
Synthesis by TSG-6—Because the fold increase in HAS1 expres-
sion by poly(I:C) was greater compared with HAS2 (Fig. 7), we
determined whether exogenous TSG-6 could amplify HA syn-
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FIGURE 7. TSG-6 does not amplify HA synthesis by increased transcrip-
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thesis with HAS2 alone. MASM cell cultures were prepared
from mice that were homozygous null for both HAS1 and
HAS3 (19, 25, 26) and treated as indicated in Fig. 10. With the
exception of a 62% increase (p < 0.0001) in the amount of HA
released into the conditioned medium of poly(I:C)-treated
cells, the results were essentially identical to those for the
TSG-6 null and WT MASM cells. Thus, we conclude that,
although the amplification of HA synthesis by HAS1 may
occur, HAS2 alone is sufficient for this induction.

HA Receptor CD44 Is Not Required for Amplification of HA
Synthesis by TSG-6—Alone, TSG-6 has no effect on HA synthe-
sis by MASM cells (as shown throughout this study). The
amplification of HA synthesis was observed only when TSG-6
was combined with the viral mimic poly(I:C). We wanted to see
if the HA receptor CD44 was involved in this process. MASM
cells were isolated from CD44 '~ mice and either not treated
or treated with TSG-6 alone, poly(I:C) alone, or the simultane-
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ous incubation of poly(I:C) with TSG-6 (Fig. 11). MASM cells
from CD44~'~ promoted U937 leukocyte binding (Fig. 114)
and HA synthesis in the cell layer (Fig. 11B) and conditioned
media (Fig. 11C) in a manner very similar to MASM cells
derived from WT mice with TSG-6 + poly(I:C), clearly increas-
ing leukocyte adhesion and HA matrix accumulation. These
data show that the amplification of HA synthesis by TSG-6 is
independent of CD44.
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DISCUSSION

Although we showed that HCs appear to be absent from HA
cables produced by MASM cell cultures (17), they can be arti-
ficially added to the cables by supplementing the medium with
recombinant TSG-6. The treatment of MASM cell cultures
with TSG-6 in combination with poly(I:C) had the following
effects: (i) greatly increased HA synthesis; (ii) improved HA
cable formation compared with poly(I:C) alone, resulting in
the formation of thicker and more pronounced cables; (iii)
enhanced leukocyte adhesion to these cables; and (iv) dimin-
ished amounts of HA released into the medium. It is important
to emphasize that these effects were observed only when TSG-6
was applied at the same time as poly(I:C) and that the applica-
tion of TSG-6 alone had no effect. This suggests that TSG-6
may have a similar effect with other agents that induce HA

ACEVEN

JANUARY 4, 2013 -VOLUME 288+NUMBER 1

TSG-6 Amplifies Hyaluronan Synthesis

HAS1/3 -/- MASM Cells
600000 A_

500000 -

Leukocyte Adhesion

O-Hyaluronidase

1 +Hyaluronidase

#U937 Bound
g g g
8 8 8

"

T T T

100000 -
[
%% B. Cell Layer
0.2 .

0.15 -

0.1 - =

Hyaluronan (ug)

0.05 -

0.035 " .
Conditioned Media
0.03 -
0.025 -
0.02 -

0.015 -

Hyaluronan (ug)

0.01 -
0.005

NT TSG-6 Poly(l:C)  Poly(1:C)+TSG6

FIGURE 10. Neither HAS1 nor HAS3 is required for amplification of HA
synthesis by TSG-6. MASM cells derived from mice homozygous null for
both HAS1 and HAS3 were either not treated or treated with only TSG-6,
poly(l:C), or the simultaneous incubation of poly(l:C) + TSG-6. The U937 leu-
kocyte binding assay was performed on these cultures (A; n = 6). HA attached
to the cells (B; n = 6) and secreted into the media (C; n = 6) was quantified by
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synthesis, particularly in inflammation responses. It is also
important to emphasize that when TSG-6 was added after
poly(I:C)-induced HA synthesis was complete, TSG-6 did not
increase HA synthesis, although it did improve the adhesion of
leukocytes to the HA cables.

The mechanism whereby HC transfer to HA promotes leu-
kocyte adhesion is not clear, although several hypotheses pres-
ent themselves. For example, HA-HC may increase the avidity
of leukocytes to HA matrices by functioning as a ligand that
binds to a receptor(s) on the leukocyte surface, such as the HA
receptor CD44. Indeed, binding of leukocytes to HA-HC mat-
rices has been shown to involve CD44 (27). Alternatively, it is
not clear to what extent the three-dimensional HA cable struc-
ture itself contributes to leukocyte binding. We observed that
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HC transfer to HA cables results in the formation of thicker and
more pronounced cables. This could occur if HCs effectively
cross-link HA cables into larger bundles that contain structural
information that promotes the adhesion of leukocytes. Further-
more, we have not ruled out the possibility that TSG-6 itself
might promote the assembly of HA cables because purified
TSG-6 has been shown to have a cross-linking effect with puri-
fied HA (28).

Although it is clear that TSG-6 induces the accumulation of
HA in the cell-associated matrix, the mechanism that mediates
this process remains to be established. We have shown that the
amount of HA released into the conditioned medium is signif-
icantly diminished in cultures treated with poly(I:C) + TSG-6
compared with poly(I:C) alone (Figs. 6, 9, and 10). This sug-
gested the possibility that the enhanced accumulation of HA in
the cell-associated matrix is simply by more efficient retention
of HA in the cell layer, which could be accomplished by HC-
mediated cross-linking of HA monomers. Although this con-
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tributes some additional HA to the matrix, it is clear that the
very small amount of HA released into the conditioned medium
compared with the amount in the matrix could not by itself
account for the much larger accumulation of HA in the cell
layer when MASM cell cultures were treated with the combi-
nation of TSG-6 and poly(I:C) compared with poly(I:C) alone.

Itis also possible that decreased turnover/degradation of HA
contributes to the increased accumulation of HA in the cell
layer. Clearly, the MASM cells have a robust capacity for catab-
olism of HA, as demonstrated by the sharp decrease in HA
levels from 18 to 24 h (Fig. 6). Our hypothesis is that this
decrease is most likely an artifact of the cell culture model
related to the depletion of nutrients (such as glucose) in the
culture medium and that this would not occur with the rela-
tively unlimited source of nutrients available in vivo. This
catabolism of HA could be related to the turnover of membrane
receptors for HA, such as has been previously shown for the
rapid CD44-mediated turnover of HA in keratinocytes (29).
Although possible, it is unlikely that the accumulation of HA in
the cell layer for the first 18 h would be explained by decreased
turnover alone. The increased expression of HAS1 and HAS2
upon treatment with poly(I:C) demonstrates that up-regulation
of HA synthesis is likely to be the dominant contributor (Fig. 7).
The most likely interpretation of these results is that TSG-6
actually increases the synthesis of HA in combination with
another proinflammatory stimulus that induces HA synthesis
(i.e. poly(I:C)). In these cases, TSG-6 may act as a cytokine to
increase either the protein translation or activity of the HAS
enzymes, although up-regulation of HAS mRNA transcription
is not the mechanism for the TSG-6-mediated induction of HA
synthesis (Fig. 7).

Alone, TSG-6 has no effect on HA synthesis, but did affect
HA synthesis when used in combination with the viral mimic
poly(I:C). This mechanism most likely involves increasing
HAS translation, activity, and/or trafficking to the cell surface
beyond that mediated by poly(I:C) alone. Although this mech-
anism clearly does not involve CD44, we have not ruled out the
possibility that other HA receptors, such as RHAMM, HARE,
LYVE-1, and LAYLIN, could be involved. Similarly, Toll-like
receptors, such as TLR2 and TLR4, have been shown to bind
HA (30) and may play a role in this process, especially because
one of the pathways whereby poly(I:C) is recognized by cells is
TLR3.

These data predict that TSG-6 would regulate HA synthesis
in a variety of inflammatory diseases in which increased HA
synthesis is involved. In our accompanying article (31), we
showed that mice homozygous null for TSG-6 developed a
milder form of asthma, with less leukocyte accumulation and,
importantly, less HA accumulation in the lung tissue. In sum-
mary, our results indicate that TSG-6 synergizes with the viral
stimulant poly(I:C) and extends its catalytic function in the for-
mation of HA-HC to the actual induction of the synthesis of HA
matrices.
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