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Asthmatic attacks often follow viral infections with subse-
quent airway smooth muscle cell proliferation and the forma-
tion of an abnormal hyaluronan extracellular matrix with infil-
trated leukocytes. In this study, we show that murine airway
smooth muscle cells (MASM) treated with polyinosinic acid-
polycytidylic acid (poly(I,C)), a double-stranded RNA that sim-
ulates a viral infection, synthesize an abnormal hyaluronan
matrix that binds leukocytes (U937 cells). Synthesis of this
matrix is initiated rapidly and accumulates linearly for ~10 h,
reaching a plateau level ~7-fold higher than control cultures.
MASM cells treated with tunicamycin, to induce endoplasmic
reticulum stress, also rapidly initiate synthesis of the abnormal
hyaluronan matrix with linear accumulation for ~10 h, but only
reach a plateau level ~2-fold higher than control cultures. In
contrast to poly(L,C), the response to tunicamycin depends on
cell density, with pre-confluent cells producing more abnormal
matrix per cell. Furthermore, U937 cell adhesion per hyaluro-
nan content is higher in the sparse matrix produced in response
to tunicamycin, suggesting that the structure in the poly(L,C)-
induced matrix masks potential binding sites. When MASM
cells were exposed to tunicamycin and poly(I,C) at the same
time, U937 cell adhesion was partially additive, implying that
these two toxins stimulate hyaluronan synthesis through two
different pathways. We also characterized the size of hyaluro-
nan produced by MASM cells, in response to poly(I,C) and tuni-
camycin, and we found that it ranges from 1500 to 4000 kDa, the
majority of which was ~4000 kDa and not different in size than
hyaluronan made by untreated cells.

Asthma, a chronic inflammatory disease of the airways (1, 2),
is characteristically accompanied by increased airway hyper-
responsiveness to various stimuli (such as viruses, allergens,
and pollutants) (3—6). Other major features include prolifera-
tion of airway smooth muscle cells (7), deposition of an exten-
sive hyaluronan-rich extracellular matrix by these cells into the
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airway submucosa (8 —11), and excessive invasion of the airway
mucosa and submucosa by inflammatory cells (mainly T cells of
the Th-2 phenotype, eosinophils, macrophages, and mast cells)
(12-15).

Hyaluronan is a large glycosaminoglycan in which the disac-
charide (glucuronic acid-B1,3-N-acetylglucosamine-f1,4-) is
repeated several thousand times (16). This major constituent of
extracellular matrices is generally synthesized by one or more
of the three eukaryotic hyaluronan synthases (HAS)? (Hasl, -2,
and -3) (17) at the cytosolic side of the plasma membrane with
simultaneous extrusion into the extracellular space. Outside
the cell, hyaluronan interacts with both cell surface and extra-
cellular hyaluronan-binding proteins (18), providing the tissue
with a structural scaffold. Hyaluronan also has an essential role
in many physiological and pathological processes, including
cell migration, morphogenesis, tissue regeneration, wound
repair, and tumor cell growth and invasion (19). Cells often
interact with hyaluronan-based matrices through the cell sur-
face hyaluronan receptor, CD44 (20), which is present in airway
smooth muscle cells, both in vivo and in vitro (21), and is also
present on all leukocyte populations (22).

In asthma, the accumulation of excess hyaluronan in the sub-
mucosal tissue can lead to severe airway obstruction and death
(23). Hyaluronan accumulates in the airway submucosa (24),
around the smooth muscle bundles (24), and in the bronchoal-
veolar lavage fluid (11, 25, 26). A murine bleomycin model by
Teder et al. (27) has demonstrated that excess amounts of hya-
luronan must be removed from the airway submucosa by
monocytes/macrophages in a CD44-dependent manner to
resolve lung inflammation.

Respiratory viral infections are a major cause of asthma exac-
erbation and are accompanied by leukocyte infiltration and
inflammation of the airways (28, 29). Viral infections account
for ~80% of asthma attacks in children (30) and ~70% in adults

3 The abbreviations used are: HAS, hyaluronan synthase; MASM, murine air-
way smooth muscle cells; poly(l,C), polyinosinic acid-polycytidylic acid; ER,
endoplasmic reticulum; FBS, fetal bovine serum; VCAM-1, vascular cell
adhesion molecule 1; KDEL, lysine-aspartate-glutamine-leucine; HMW,
high molecular weight; PERK, endoplasmic reticulum resident transmem-
brane kinase; PKR, double-stranded RNA-dependent protein kinase;
DMEM, Dulbecco’s modified Eagle’s medium; SMC, smooth muscle cell;
HABP, hyaluronan binding protein; TEMED, N,N,N’,N'-tetramethylethyl-
enediamine; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulfonic acid; FACE, fluorophore-assisted carbohydrate electrophore-
sis; PBS, phosphate-buffered saline.
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(31). Rhinovirus was detected by in situ hybridization (32) in
both bronchial epithelial and underlying submucosal cells in
biopsies obtained from the lower airways, and it is likely from
the histology that their localization was mesenchymal, namely
fibroblasts and/or smooth muscle cells. Furthermore, viral
infection in the airway epithelium in asthmatics induces cell
death and the desquamation of the epithelial cell layer (33),
which then could provide direct viral access to the underlying
mesenchymal cells, including the SMCs.

Generally, viruses have two major effects on infected cells.
After infection, double-stranded RNA-dependent protein
kinase (PKR), a cytosolic and nuclear protein, acts as an intra-
cellular receptor for double strand RNA produced by viral rep-
lication. PKR has a key role in limiting viral replication by inac-
tivating the critical translation initiation factor eIF2 by
phosphorylation of its a subunit. In the course of a viral infec-
tion, large amounts of viral proteins are synthesized and accu-
mulate in the endoplasmic reticulum (ER) (34). Human cyto-
megalovirus infection has been shown to activate ER resident
transmembrane protein kinase (PERK) or PKR-like ER-local-
ized elF2a kinase, an ER-resident membrane protein that
transmits the ER stress signal by phosphorylating elF-2« at ser-
ine 51 (35). This causes translational attenuation and transcrip-
tional up-regulation of genes encoding proteins that facilitate
folding or degradation of proteins (35). Thus, PKR and PERK
may coordinate to control viral replication.

Both of the above-mentioned pathways of viral infections can
trigger SMCs to deposit hyaluronan that is adhesive for leuko-
cytes. For example, human colon SMCs infected with a virus or
treated with polyinosinic-polycytidylic acid (poly(I,C)), a dou-
ble strand RNA that mimics viral genetic material, induce the
synthesis of hyaluronan structures that resemble “cables” and
readily promote leukocyte adhesion (U937 monocytic cell line)
in a CD44-dependent manner (36). Human colon SMCs treated
with tunicamycin, or other ER stress inducers, also produce
similar adhesive hyaluronan structures. Sections from the
colon of patients with inflammatory bowel disease or Crohn
disease exhibit abnormal hyaluronan matrices with embedded
cells exhibiting ER stress as indicated by KDEL staining (37).

Because the airway inflammation associated with asthma
involves the accumulation of a hyaluronan-rich matrix follow-
ing viral infection, and because viral infection involves ER stress
(38), we subjected mouse airway smooth muscle cells (MASM)
to a viral mimic (poly(,C)) and a toxin known to induce ER
stress (tunicamycin). Both stressors induced the MASM cells to
deposit a hyaluronan-rich extracellular matrix similar to that
observed in asthmatic airways. This high molecular weight
(~4000 kDa) hyaluronan matrix permitted significant leuko-
cyte adhesion similar to the accumulation of leukocytes in asth-
matic airways.

EXPERIMENTAL PROCEDURES

Animals and Animal Care—21-Day-old female BALB/c mice
were purchased from Charles River Laboratories (Wilmington,
MA) and housed under conditions of constant temperature
with 12-h light/dark cycles. Food and water were available ad
libitum. The mice were sacrificed by administering Nembutal
(Ovation Pharmaceuticals, Deerfield, IL) at 0.125 mg/g of
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mouse weight. All protocols with the animals were approved by
the Cleveland Clinic Institutional Animal Care and Use
Committee.

Primary Cell Culture—After sacrifice, the tracheas were
excised and placed in Ham’s F-12 nutrient medium with 50
units/ml penicillin, 50 pg/ml streptomycin, and then main-
tained at 4 °C on ice. Under a dissecting microscope, the esoph-
agus and surrounding connective tissue were removed. The tra-
cheas were cut longitudinally with a scalpel to expose the lumen
and then transferred to 0.15% Pronase (Roche Applied Science)
in Ham’s F-12 nutrient medium with 50 units/ml penicillin, 50
pg/ml streptomycin and incubated at 4 °C overnight. The next
day, fetal bovine serum (FBS) was added to the tracheas (final
concentration 10%) to inhibit further protease degradation.
The medium, containing the released cells, was transferred to
another tube for isolation of airway epithelial cells for use in a
separate study. The tracheas were then brushed with a cotton
swab to remove the remaining adherent epithelial cells, cut into
small pieces (~30 per trachea), and transferred to a 100-cm?®
tissue culture dish for attachment and outgrowth. Approxi-
mately 50 ul of DMEM/F-12 with 100 units/ml penicillin, 100
png/ml streptomycin, 0.25 ug/ml amphotericin B, and 10% FBS
was applied to each piece followed by incubation at 37 °C, 5%
CO,, and 100% humidity overnight. The next day, 12 ml of the
same medium was applied to each 100-cm? dish that contained
the adherent pieces followed by incubation as before. Four days
later, SMC outgrowth was apparent, and the residual trachea
pieces were removed with forceps. We found that waiting an
additional day (5 days total) diminished SMC purity via epithe-
lial outgrowth. The cells were left to multiply for 2 more days,
after which they were trypsinized and plated into a 175-cm?
flask. Confluency was reached within about 3—5 days. Typically,
we processed 12 tracheas per experiment. Experiments were
done on the second passage, which was split 1:2 from the first
passage. These cells were positive for the smooth muscle cell
marker “caldesmon” as determined by confocal microscopy
(C4562, Sigma) (not shown). Additionally, no epithelial con-
tamination was observed by phase-contrast microscopy (not
shown). The lack of a suitable marker for myofibroblasts to
distinguish them from smooth muscle cells does not permit
such a fine distinction, but this is likely to be of minor conse-
quence. For convenience, we refer to these cells as MASM cells.

Experimental Culture—For experiments involving poly(I,C)
(P0913, Sigma), MASM cells were split 1:2 from passage 1 into
24-well plates. For experiments involving tunicamycin (T7765,
Sigma), the splitting ratio was 1:4. The rationale for this
approach is described in Fig. 8, and it is related to the observa-
tion that the response of the MASM cells to tunicamycin is
dependent on cell confluency, whereas the poly(L,C) response is
independent of this variable. As a rule, poly(I,C) (10 pug/ml) and
tunicamycin (5 pug/ml) were applied to the cells 2 days after
splitting. The cells were routinely cultured in DMEM/F-12 with
10% FBS, but the FBS content was dropped to 5% for the treat-
ments because a lower serum content facilitates analysis of hya-
luronan in the conditioned medium and because Fig. 3 con-
firms that this change in serum does not affect our other
parameters. Treatment duration was 18 h, because our time
course studies showed that both tunicamycin and poly(I,C)
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induced peak responses for our measured parameters at this
time (Figs. 4 and 5). Treatment volume was 0.5 ml per well.

Leukocyte Adhesion Assay—Ordinarily, 30 million leukocytes
(U937 cells, American Type Tissue Culture, Manassas, VA)
were labeled with 100 uCi of sodium °'Cr in 2 ml of RPMI 1640
medium, 50 units/ml penicillin, and 50 pg/ml streptomycin
with 5% FBS for 1 h at 37 °C. Afterward, the leukocytes were
washed with 10 ml of washing medium (DMEM/F-12 with 5%
FBS, 100 units/ml penicillin, 100 pg/ml streptomycin, 0.25
pg/ml amphotericin B, kept at 4 °C) and pelleted at 300 X g for
5 min. This washing step was repeated four times. Afterward,
the U937 cells were resuspended in 15 ml of washing medium
and incubated on ice for 10 min to slow down their metabolism.
Three 100-ul aliquots of the labeled U937 cells were set aside in
three separate vials (each containing 200,000 cells) for counting
on a scintillation counter to determine counts/min values for a
known number of cells. The MASM cells were incubated at 4 °C
for 30 min and then gently washed with washing medium one
time. The labeled U937 cells were applied to the MASM cells at
1 million per well of a 24-well plate (in 0.5 ml) and incubated at
4. °C for 30 min. Unbound U937 cells were removed by gentle
agitation in a circular motion and aspirated. The plates were
washed gently two more times. Then half the plate wells were
treated with 0.5 turbidity reducing units/ml Streptomyces hya-
luronidase (100740-1, Seikagaku, East Falmouth, MA) at 0.5
ml/well for 5 min with occasional agitation. The other half of
the plate wells were washed two more times. After the 5-min
hyaluronidase digestion, the released cells were aspirated, and
these wells were washed one more time. The total number of
washes for each well was five. The number of leukocytes bound
was determined by lysing the cells with 200 ul of 1% Triton
X-100 in distilled water and counting a portion on a scintilla-
tion counter.

Preparation of Hyaluronan for Fluorescent Derivatization
with 2-Aminoacridone—This method (fluorophore-assisted
carbohydrate electrophoresis (FACE)) for the quantification of
hyaluronan has been partially described elsewhere (39). The
conditioned medium (0.5 ml) from each well of a 24-well plate
was transferred to a 1.5-ml centrifuge tube containing 50 ul of
proteinase K (25530015, Invitrogen) at 1 mg/ml in 100 mm
ammonium acetate, pH 7.0, with 0.01% lauryl sulfate, followed
by a 4-h incubation at 60 °C. After removing the medium, each
well was washed one time with 0.5 ml of PBS and aspirated, and
0.28 ml of 0.1 mg/ml proteinase K (in 100 mm ammonium ace-
tate, pH 7.0, with 0.001% lauryl sulfate) was applied, followed by
4 h of incubation at 60 °C. The medium samples were then
vacuum concentrated and precipitated with (1:4) absolute eth-
anol at —20 °C overnight. The cell extracts were transferred to
1.5-ml centrifuge tubes and precipitated in the same manner as
the medium samples. The precipitates were collected by cen-
trifugation at 13,200 X g for 10 min, washed with 1 ml of 75%
ethanol at —20 °C, and centrifuged as before. The pellets were
air-dried for 20 min and resuspended in 35 ul of 100 mM ammo-
nium acetate, pH 7.0, for 20 min. The proteinase K was inacti-
vated on a boiling water bath for 5 min. 0.6 ul of 1% glacial
acetic acid was added to each sample, followed by the addition
of 0.8 ul of hyaluronidase SD at 2.5 milliunits/ul (100741-1A,
Seikagaku) and 0.8 ul of chondroitinase ABC at 25 milliunits/ul
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(100330-1A, Seikagaku). The samples were digested at 37 °C
overnight and then precipitated overnight with 160 ul of abso-
lute ethanol at —20 °C. The supernatants were collected by cen-
trifugation at 13,200 X g for 10 min. The pellets were washed
with 100 ul of 75% ethanol at —20 °C, and the supernatants
were added to the respective first supernatants. The superna-
tants were lyophilized, resuspended in 25 ul of 100 mm ammo-
nium acetate, pH 7.0, for 20 min, transferred to a 0.2-ml PCR
tube, and lyophilized again. Each lyophilized sample was dis-
solved in 2 ul of 2-aminoacridone (A-6289, Invitrogen) (6.25
mM in 42.5% DMSO, 7.5% glacial acetic acid, and 0.625 M
sodium cyanoborohydride). The samples were incubated over-
night (18 h) at 37 °C. The next day, 0.75 ul of glycerol was added
to each sample, and 2 ul of this solution was added to each well
of a polyacrylamide gel as described below.

PAGE—Polyacrylamide gels were cast using mini-Protean II
system (Bio-Rad). The gel composition was made of 20% acryl-
amide (37.5:1, Bio-Rad), 40 mm Tris acetate, pH 7.0, 2.5% glyc-
erol, 10% ammonium persulfate, and 0.1% TEMED). Gels were
cast with 0.75-mm spacers and 15-well combs, and the wells
were rinsed with electrophoresis running buffer (1X Tris
borate/EDTA) by pipetting 150 ul of the running buffer into the
wells six times. The gels were cooled to 4 °C, after which 2 ul of
sample was added to each well. Electrophoresis was accom-
plished at 300 V (constant voltage) for ~1 h and 20 min. The gel
plates were washed with distilled water, and the gels were
imaged while in their glass plates.

Digital Imaging and Data Analysis—After electrophoresis,
the gels (in their glass plates) were placed on a UV transillumi-
nator (Ultra Lum, Claremont, CA) and illuminated at 365 nm.
Imaging was done on a Quantix CCD camera (Photometrics,
Tucson, AZ), and hyaluronan was quantified using Gel-Pro
Analyzer® version 3.0 (Media Cybernetics, Silver Spring, MD).
All statistics (Student’s ¢ tests) were done using KaleidaGraph
version 3.6 (Synergy Software, Reading, PA).

Immunohistochemistry—MASM cells were fixed in 10% for-
malin at 4 °C overnight, rinsed with Hanks’ balanced salt solu-
tion three times, and permeabilized with 0.1% Triton X-100 in
pre-cooled Hanks’ balanced salt solution at 4 °C for 5 min. Hya-
luronan was visualized using confocal microscopy by applying a
biotinylated hyaluronan-binding protein (product 385911,
EMD Chemicals, Gibbstown, NJ) at 1:100 dilution (5 ug/ml) in
Hanks’ balanced salt solution with 1% bovine serum albumin
and, subsequently, conjugated to streptavidin, Alexa Fluor®
488 (product S11223, Invitrogen) at 1:500. Mouse monoclonal
CD44 (product C7923, Sigma) and KDEL (product SPA-827,
StressGen, Victoria, British Columbia, Canada) antibodies
were conjugated to Alexa Fluor® 594 secondary antibody
(product A21203, Invitrogen).

Western Blot—MASM cells were grown to pre-confluency
(about 80%) in 6-well plates and treated with tunicamycin or
poly(L,C) as described earlier. At the time of harvest, the condi-
tioned medium was removed, and the cells were washed one
time in PBS. 0.3 ml of M-PER® mammalian protein extraction
reagent (Pierce, 78501) containing Halt™" protease inhibitor
mixture (Pierce, 78415) was added to each well and incubated
for 5 min at room temperature. The protein extraction was
transferred to a 1.5-ml tube, and the protein content was quan-
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tified using the Micro BCA™ protein assay kit (Pierce, 23235),
yielding about 0.5 mg/ml for each sample. 10 ug of sample
protein was added to each well of a 10-well polyacrylamide gel
(Invitrogen, NP0321BOX) and blotted to nitrocellulose (Li-
Cor, 926-31090, Lincoln, NE). The blot was blocked for 1 h
(Li-Cor, 927-40000) and simultaneously probed with antibod-
ies against KDEL at 1:500 (Affinity Bioreagents, PA1-013,
Golden, CO) and B-actin at 1:2,000 (Sigma, A5441) in the
blocking buffer with 0.1% Tween 20 for 1 h. The blots were
washed five times in phosphate-buffered saline with 0.1%
Tween 20 and simultaneously probed with IRDYE secondary
antibodies (Li-Cor, 926-32211 and 926-32222) at 1:15,000 dilu-
tion in blocking buffer with 0.1% Tween 20 and 0.01% lauryl
sulfate for 45 min. The blots were washed as before and imaged
on an Odyssey infrared imaging system (Li-Cor).

Size Determination of Hyaluronan—Pre-confluent (~90%)
MASM cells, cultured in 175-cm? flasks, were incubated with
poly(I,C) (10 wg/ml), tunicamycin (5 wg/ml) or untreated for
18 h as described under “Experimental Culture.” Afterward, the
cells were rinsed two times with 25 ml of room temperature
PBS and digested with 8 ml of proteinase K (25530015, Invitro-
gen) at 0.1 mg/ml in 100 mm ammonium acetate, pH 7.0, with
0.01% lauryl sulfate, followed by a 4-h incubation at 60 °C with
occasional (every 30 min) agitation of the flasks to ensure all
surface area was covered by the digesting solution. The extracts
were transferred to 40-ml centrifuge tubes and precipitated
with 32 ml of absolute ethanol at —20 °C overnight. The sam-
ples were centrifuged at 13,200 X g for 20 min (4 °C), discarding
the supernatant. The samples were washed with 40 ml of 75%
absolute ethanol (—20 °C) and centrifuged as before. The pellet
was allowed to air-dry at room temperature for 1 h and resus-
pended in 1 ml of 100 mM ammonium acetate, pH 7.0, for an
additional hour. Residual proteinase K was heat-inactivated by
applying the samples to a boiling water bath for 10 min. After a
brief spin (1 min, 13,200 X g), the samples were transferred to
1.5-ml centrifuge tubes, (using a 9-inch Pasteur pipette) and
vacuum concentrated to 100 wl. DNase (3 ul at 2 units/ul, 2224,
Ambion, Austin, TX) and RNase (3 ul at 1.28 ug/ul, 109169,
Roche Applied Science) were added to the samples and incu-
bated at 37 °C overnight followed by precipitation with 4 vol-
umes of absolute ethanol at —20 °C overnight. The samples
were centrifuged for 10 min at 4 °C and 13,200 X g, discarding
the supernatant. The pellets were washed with 500 ul of 75%
ethanol (—20 °C), centrifuged as before, and permitted to air
dry for 20 min. The pellet was resuspended in 19 ul of 100 mm
ammonium acetate, pH 7.0, for 20 min and placed on a boiling
water bath for 5 min to inactivate the DNase and RNase
enzymes. A-(2—3,6,8,9)-Neuraminidase (1 ul at 0.005 unit/pul,
N8271, Sigma) was added to each of the samples to degrade
sialic acid containing mucin oligosaccharides. For some exper-
iments, the samples were divided into halves (10 ul each), and
the hyaluronan was digested with Streptomyces hyaluronidase
(1 plat 0.2 turbidity reducing unit/ul) to confirm the purity of
hyaluronan on the agarose gel. These digests were incubated at
37 °C overnight, inactivating the enzymes on a boiling water
bath the next day for 5 min. The samples were lyophilized and
resuspended with Tris acetate/EDTA (TAE; 4 mMm Tris, 50 mm
EDTA, pH 8.26) in the same volume as in the previous digests
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(either 10 or 20 ul). These samples were analyzed on 1% agarose
gels (50041, SeaKem HGT, Cambrex, Walkersville, MD) that
were pre-run at 80 V (constant) for 6 h to remove impurities,
using TAE as the electrophoresis buffer. Loading buffer (0.2%
bromphenol blue in 85% glycerol; 2 ul for each 10-ul sample)
was added to each sample, followed by electrophoresis at 100 V
for 1 h and 11 min (0.5 cm thick, 11 X 8-cm gel). Hyaluronan
molecular weight standards were also used in this analysis
(Select-HA™ LoLadder, HiLadder, and Mega-HA™ Ladder;
Hyalose, Oklahoma City, OK). Afterward, the gels were equili-
brated in 200 ml of 30% ethanol with gentle shaking (~60 rpm)
for 1 h and stained with Stains-All (200 ml at 6.25 wg/ml in 30%
ethanol; E-9379, Sigma) overnight in darkness. The next day,
the stain was discarded, and the gels were rinsed with distilled
water, exposing them to light for ~25 min until background
was minimal. The gels were imaged on a light box with a stand-
ard, color, digital camera.

RESULTS

Leukocytes Bind Hyaluronan Cables Produced by MASM
Cells Stimulated with the Viral Mimic Poly(I,C)—Under rou-
tine conditions (Fig. 1, A-C), cultured MASM cells are coated
with small amounts of hyaluronan (B, green) on the apical sur-
face that is not adhesive for leukocytes. MASM cells treated
with poly(1,C) (Fig. 1, D—F) synthesize an abnormal hyaluronan
matrix (E, green), which has been described previously as
resembling cables (36). U937 leukocytes, stained with an anti-
serum for human CD44 that does not interact with murine
CD44 (Fig. 1D, red), adhere to this matrix. The following exper-
iments define processes by which MASM cells initiate synthesis
of the hyaluronan matrices with structural information that
promotes leukocyte adhesion and subsequent degradation of
the abnormal matrix.

MASM cells were cultured for 18 h in 5% FBS with different
concentrations of poly(I,C) (0-50 ug/ml). Fig. 2A shows
increased accumulation of hyaluronan in the cell layer at 1
pg/ml poly(I,C) with a further increase to a plateau level
~4-fold above the control (without poly(I,C)) in 10 ug/ml
poly(L,C) (p < 0.0001). Fig. 2B shows that the adhesion of U937
leukocytes (4 °C, 30 min) increased to a plateau level at 1 ug/ml
poly(L,C) (» < 0.002), and that the majority of U937 leukocytes,
in parallel cultures, was released by a brief digestion with Strep-
tomyces hyaluronidase, specific for hyaluronan. The results
indicate that poly(I,C) induces the synthesis of a hyaluronan
matrix in the cell layer that is adhesive for leukocytes. At 1
pg/ml poly(I,C), the amount of leukocyte adhesion was not
directly related to the amount of hyaluronan cable production
(40.7% of the maximum). Most likely, this is related to the
availability of hyaluronan in which the surface area available
for leukocyte adhesion becomes masked as more and more
hyaluronan accumulates (as further described in Fig. 8). A
concentration of 10 ug/ml poly(I,C) was used in the subse-
quent experiments.

A Serum Factor Is Necessary for Poly(I,C) to Induce Hyaluro-
nan Production and Hyaluronan-mediated Leukocyte Adhesion
to MASM Cells—MASM cell cultures were treated for 18 h with
(Fig. 34) or without (Fig. 3B) 10 ug/ml poly(L,C) and with
increasing concentrations of FBS (0—10%). In the presence of
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was repeated >3 times with different experiments.
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FIGURE 2. Dose relationship of poly(l,C) to the hyaluronan production
and hyaluronan-mediated leukocyte adhesion of MASM cells. A shows
the FACE analyses of hyaluronan for the cell matrix of MASM cells treated with
different doses of poly(l,C) in 5% FBS (n = 6). B shows the number of U937
leukocytes bound (white bars) to the MASM cells for this same experiment
compared with the number of leukocytes remaining after release by treat-
ment with Streptomyces hyaluronidase (5 min, 4 °C) (gray bars) (n = 3). Error
bars represent standard deviation.
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FIGURE 1. MASM cells produce hyaluronan “cable” structures that promote leukocyte adhesion in
response to poly(l,C). MASM cells were treated with (D-F) or without (A-C), poly(l,C), followed by the appli-
cation of U937 leukocytes. The nontreated MASM cells do not promote leukocyte adhesion via the small
amount of hyaluronan on their apical surface (B, green). In contrast, poly(l,C) induced synthesis of hyaluronan (E,
green). U937 leukocytes bind to the hyaluronan produced in response to poly(l,C) (D, red) but are absent in the
untreated culture (A). The leukocytes are stained with a human-specific anti-CD44 antibody that binds to the
human-derived U937 cells but not the underlying MASM cells. 4',6-Diamidino-2-phenylindole-stained nuclei
are blue. The merged views are in Cand F, and their white bars indicate 50-um magnification. This experiment

poly(L,C), the hyaluronan content
increased in the cell layer with
increasing concentrations of FBS
(Fig. 3A, white bars) but remained
constant in the medium fractions
(Fig. 3A, gray bars). In the absence
of poly(I,C), hyaluronan secreted
into the medium fractions remained
nearly constant (15.2 = 1.6 pg/cul-
ture) with increasing FBS (Fig. 3B,
gray bars) and close to the amounts
secreted into the medium fractions
in poly(I,C)-treated cultures (21.4 =
2.3 pg/culture). In contrast, for each
FBS concentration, the amounts of
hyaluronan in the cell layers (Fig.
3B, white bars) were much lower
when untreated than for the
poly(L,C)-treated cultures.

. Adhesion of leukocytes (4 °C, 30
== - min) was measured in parallel cul-
tures treated with (Fig. 3C, white
bars) or without (Fig. 3D, white
bars) poly(I1,C). Replicate cultures in
each case were treated with Strepto-
myces hyaluronidase to determine
hyaluronan-mediated  leukocyte
adhesion (Fig. 3, Cand D, gray bars).
Poly(L,C) treatment in the absence
of FBS showed a significant (p < 0.002) hyaluronan-mediated
leukocyte adhesion that increased further at 0.5% FBS (Fig. 3C,
white bars compared with gray bars). Residual Streptomyces
hyaluronidase independent leukocyte adhesion was highest in
the culture without FBS and decreased with increasing FBS,
reaching a minimum at 5% FBS (Fig. 3C, gray bars). The cul-
tures without poly(I,C) treatment showed a small proportion of
hyaluronan-mediated leukocyte binding, which was essentially
independent of FBS concentration (Fig. 3D, white bars com-
pared with gray bars). Hyaluronan-mediated adhesion was
determined from the data in Fig. 3, C and D, by subtracting the
values for the hyaluronidase residual bound leukocytes from
the total bound (white bars minus gray bars), and the results are
plotted in Fig. 3E. The values for poly(I,C)-treated cultures in
the presence of 0.5% and higher FBS were up to 10-fold higher
(p < 0.003) than the values in the untreated cultures.

The results in Fig. 3 indicate that poly(I,C) increases hyalu-
ronan contents of the cell layer and hyaluronan-mediated leu-
kocyte adhesion even in the absence of FBS, but that the pres-
ence of FBS increases the response. For comparison, in cultures
without FBS, the ratio of hyaluronan in the cell layer to that in
the medium was 2.8, whereas the ratio was 8.5 in cultures with
5% FBS (Fig. 3A, arrows). In contrast, the amount of hyaluronan
secreted into the medium compartment was independent of
EBS concentration. Thus, the increase in hyaluronan in the cell
layer in response to poly(L,C) is independent of the pathway that
is involved in hyaluronan secretion. Based on the results show-
ing that the hyaluronan response in the poly(I,C)-treated cul-
tures relative to the untreated cultures was at a plateau level in
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FIGURE 3. Relation of serum to poly(l,C)-induced hyaluronan produc-
tion and hyaluronan-mediated leukocyte adhesion of MASM cells.
A shows the FACE analyses of hyaluronan for MASM cells treated with 10
rg/ml poly(l,C) and different doses of FBS in the cell layer (white bars) and
secreted into the medium (gray bars) (n = 2). B shows the effect of FBS
dosage on MASM cells that were not treated with poly(l,C) (n = 2). Cand D
show the number of U937 leukocytes bound (white bars) to poly(l,C)-
treated (C) or nontreated (D) MASM cells for this same experiment com-
pared with the number of leukocytes remaining after release by hyaluro-
nan degradation (gray bars) (n = 3). E shows data from C and D expressed
as the number of leukocytes bound directly to hyaluronan on poly(l,C)-
treated (gray bars) and nontreated (white bars) MASM cells (n = 3). Error
bars represent standard deviation for n = 3 or range forn = 2.
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FIGURE 4. Poly(l,C) kinetics of hyaluronan production and hyaluronan-
mediated leukocyte adhesion by MASM cells. A shows the FACE analyses
of hyaluronan for MASM cells treated with 10 ng/ml poly(l,C) and 5% FBS for
different times. Hyaluronan present in the cell layer is shown as white bars,
and the amount secreted into the medium is shown as gray bars (n = 4).
B shows the number of leukocytes bound (white bars) to poly(l,C)-treated
MASM cells for this same experiment compared with the number of leuko-
cytes remaining after release by hyaluronidase (gray bars) (n = 4). Error bars
represent standard deviation.

the cell layer at 5% FBS with minimal non-hyaluronan-medi-
ated leukocyte adhesion, this concentration of FBS was used in
the following experiments.

Differential Hyaluronan Kinetics of Poly(I,C) and Tunicamy-
cin Stimulation of MASM Cells—Fig. 4 shows the results of an
experiment to determine the time course of the poly(I,C)
response. All cultures were started at time 0 in the presence of
5% FBS, and a small aliquot of poly(I,C) was added at different
times during the 18-h incubation to yield a final concentration
of 10 wg/ml. Controls (Fig. 4, A and B, bars at time 0) were
incubated without poly(I,C) for the entire 18 h. Exposure of the
MASM cells to poly(I,C) for 2 h already showed an increase in
the amount of hyaluronan in the cell layer, with a nearly linear
increase with time up to 12 h of exposure, reaching a plateau
value 9.9-fold (p < 0.0001) over the 0 exposure control cultures
(Fig. 4A, white bars). The amounts of hyaluronan recovered in
the medium fractions were the same for all times, except for the
control (time 0), which was 31% lower than the average value
for all of the treated cultures (Fig. 44, gray bars). This con-
firmed that hyaluronan secretion in the medium is not depend-
ent on poly(I,C) treatment. The results for the hyaluronan in
the cell layer were essentially the same for a time course exper-
iment in which the poly(I,C) was added to all cultures at time 0
and then stopped at different times up to 18 h (data not shown).
Fig. 4B shows the U937 leukocyte adhesion for parallel cultures
exposed to 10 pug/ml poly(L,C) for different times. Hyaluronan-
mediated leukocyte adhesion already increased at the 2-h time
point, with a nearly linear increase to a plateau value (p <
0.0003) at about 10 h, similar to the increase in hyaluronan in
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FIGURE 5. Tunicamycin kinetics of hyaluronan production and hyaluro-
nan-mediated leukocyte adhesion by MASM cells. A shows the FACE anal-
yses of hyaluronan for MASM cells treated with 5 ng/ml tunicamycin for the
same times (and using the same original cell preparation) presented in Fig. 4.
Hyaluronan derived from the cell layer is shown as white bars, and the
amounts of hyaluronan secreted into the medium are shown as gray bars (n =
4; error bars represent standard deviation). B shows the number of leukocytes
bound (white bars) to tunicamycin-treated MASM cells for this same experi-
ment compared with the number of leukocytes remaining after release by
hyaluronan degradation (gray bars) (n = 2; error bars represent range).

the cell layer. The results in Fig. 4 show that the synthesis of the
hyaluronan matrix that is adhesive for leukocytes is initiated
rapidly upon exposure to poly(I,C) and that it continues to
increase with linear kinetics for 10—12 h before stopping.
Tunicamycin at a plateau concentration of 5 ug/ml induced
synthesis of an adhesive hyaluronan matrix by MASM cells cul-
tured for 18 h in the presence of 5% FBS (data not shown). Fig.
5 shows hyaluronan production and leukocyte adhesion for cul-
tures treated with 5 ug/ml tunicamycin and 5% FBS for differ-
ent times up to 18 h. Similar to the poly(I,C) time course, syn-
thesis of the hyaluronan in the cell layer was initiated rapidly
and increased linearly with time before reaching a plateau (p <
0.0002) between 10 and 12 h (Fig. 5A, white bars). In contrast to
the poly(I,C)-treated cultures, the hyaluronan content in the
cell layer at plateau was much less (25.2 = 1.7 ug/culture (Fig.
5A) versus 111.3 = 8.1 ug/culture (Fig. 4A4); p < 0.0001). The
amounts secreted into the medium compartment showed a
tendency to decrease with time, particularly after 8 h of treat-
ment (Fig. 5A, gray bars). As for the poly(I,C) treatment, tuni-
camycin treatment initiates an independent mechanism for
formation of the hyaluronan matrix in the cell layer compared
with that for secretion into the medium. Fig. 5B shows the
adhesion of U937 leukocytes for parallel cultures. In this case,
the adhesion showed a lag of 2— 4 h before increasing to a max-
imum plateau value (p < 0.0001) at 8—12 h of tunicamycin
treatment. Interestingly, the number of leukocytes bound per
increase in cell layer hyaluronan content is much higher (p <
0.0001) for the maximum plateau values for tunicamycin treat-
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FIGURE 6. Hyaluronan-dependent and -independent mediated leukocyte
adhesion to MASM cells treated with poly(l,C) and tunicamycin and its rela-
tion to VCAM-1. A shows the number of leukocytes bound to nontreated,
poly(l,C)-treated, or tunicamycin-treated MASM cells (white bars) compared with
the number of leukocytes bound to MASM cells that had the hyaluronan
removed from the MASM cells before application of the leukocytes (gray bars), or
released after binding by hyaluronan degradation (black bars) (n = 4). B shows
the hyaluronan results of FACE analysis for the MASM cells comparing the three
treatment groups (n = 4). Error bars represent standard deviation. C shows a
Western blot of MASM cell extracts from cells treated with poly(l,C) (PIC; lane 2),
tunicamycin (TUN; lane 3), or untreated (NT; lane ). The blots were probed with an
antibody against VCAM-1 (green; lanes 1-3) and an antibody against B-actin (red;
lanes 1-3) as a loading control. Molecular weight standards are shown as a red
ladder. This blot was repeated three times with three different samples with
essentially identical results. D shows U937 cells (small blue nuclei) congregating
on poly(1,C) MASM cells (larger blue nuclei) that had been pretreated with Strepto-
myces hyaluronidase. The U937 cells adhered to MASM cells that were highly
expressing VCAM-1 (red). Magnification bar is 100 um.

ment than for the poly(I,C) treatment (~120 versus 55 leuko-
cytes/ g of hyaluronan, respectively) as is discussed below.
Selective Induction of MASM Cell Adhesion Molecules by
Poly(I,C), but Not Tunicamycin, Despite Similar Hyaluronan-
mediated Leukocyte Adhesion—Fig. 6 shows an example in
which the hyaluronan synthesis and leukocyte adhesion param-
eters are compared for identical MASM cell cultures treated
with poly(I,C) (10 wg/ml) and tunicamycin (5 ug/ml) under
standard conditions (5% FBS, 18 h). In this case, at the end of the
18-h incubation, some cultures were treated with Streptomyces
hyaluronidase before testing them for leukocyte adhesion (Pre-
Hyaluronidase, gray bars) and others after leukocyte adhesion
(Post-Hyaluronidase, black bars) (Fig. 6A). The control cultures
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FIGURE 7. Tunicamycin, but not poly(l,C), induces endoplasmic reticulum
stress. MASM cells were either nontreated (A), treated with poly(l,C) (B), or
treated with tunicamycin (C) and probed for hyaluronan (green) and
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(Fig. 6A, No Treatment) showed some hyaluronan-mediated
adhesion of the leukocytes (white bar compared with black
bar). The poly(I,C) and tunicamycin cultures showed 3.6- and
2.9-fold (p < 0.0001 and 0.0008, respectively) increases in hya-
luronan-mediated leukocyte adhesion compared with no treat-
ment (Fig. 6A, white bars), respectively. Interestingly, pretreat-
ment of poly(I,C) cultures with hyaluronidase showed a
significant (p < 0.0004) increase in the number of leukocytes
bound compared with the number that remained bound when
the hyaluronidase treatment was done after leukocyte adhesion
(Fig. 6A, gray bar compared with black bar), and both were
significantly (p < 0.0001 and 0.0004, respectively) higher than the
respective control cultures. This is likely because of up-regulation
of VCAM on the MASM cells, which permits adhesion through
interaction with VLA4 integrin on the leukocytes (36). We
observed that poly(I,C), but not tunicamycin, induces VCAM-1
synthesis by the MASM cells (Fig. 6C). Additionally, we found that
poly(I,C)-treated MASM cells pretreated with Streptomyces hya-
luronidase promote U937 cell adhesion to cells expressing high
levels of VCAM-1 (Fig. 6D). The presence of the hyaluronan
matrix during the leukocyte adhesion step masks about half of the
sites that are exposed when the hyaluronan matrix is removed
prior to leukocyte binding. Notably, the tunicamycin-treated cul-
tures do not show a significant difference between hyaluronidase
treatments before and after leukocyte adhesion and only a modest
increase relative to the control cultures. This is consistent with ER
stress, which drastically inhibits new protein synthesis except for
select proteins, such as chaperones, in an attempt to facilitate
proper folding of proteins in the endoplasmic reticulum.

In contrast to the similarity of the leukocyte adhesion
response, the increase in hyaluronan deposition in the matrix of
the tunicamycin-treated MASM cells was much less (p < 0.003)
than for the poly(I,C)-treated cells (Fig. 6B). Typically, tunica-
mycin increases hyaluronan deposition less than 2-fold, whereas
poly(I,C) yields 7-fold or greater increases. The observation that
similar numbers of leukocytes bind to the hyaluronan matrix in
both treatments (Fig. 6A4) suggests that the organization of the
newly synthesized matrix may be much more dispersed in the
tunicamycin-treated cultures, with less masking of potential bind-
ing sites, than for poly(I,C)-treated cultures.

Despite Similar Hyaluronan-mediated Leukocyte Adhesion
by MASM Cells Stimulated with Poly(I,C) and Tunicamycin,
Only the Tunicamycin Response Is Associated with the Up-reg-
ulation of ER Chaperones—Fig. 7, A—C, shows confocal micro-
graphs of control, poly(I,C), and tunicamycin cultures stained
for hyaluronan (green) and KDEL (red), a peptide sequence
marker for chaperones synthesized in response to ER stress.
The KDEL reaction for the tunicamycin culture is much stron-

KDEL (red) (nuclei are blue). Although both tunicamycin and poly(l,C) induced
the accumulation of hyaluronan on the cell surface when compared with the
nontreated cells, tunicamycin induced the expression of KDEL-containing
proteins (indicative of an unfolded protein response), whereas poly(l,C) failed
to induce its expression (40X) (magnification bar is 50 um). D shows a West-
ern blot in which MASM cell protein extracts were probed for KDEL (green)
and B-actin as a loading control (red) to confirm our confocal observations
(A-C). Lanes 1-3 represent MASM cells untreated (NT; lane 1), or treated with
poly(1,C) (PIC; lane 2) or tunicamycin (TUN; lane 3). Molecular weight standards
are shown as red/yellow. This blot was repeated three times with three differ-
ent samples with essentially identical results.
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ger than for the poly(I,C) and control cultures, consistent with
the lack of an ER stress response to the poly(L,C) treatment.
This was verified by Western analyses of cell extracts (Fig. 7D),
which showed a significant increase in the expression of a
KDEL-containing protein from the extract of the tunicamycin-
treated culture, but not in the control or poly(I,C) extracts. The
molecular mass of this protein is near 74 kDa, and its identity is
probably GRP78 (glucose-regulated protein 78). As expected
from the hyaluronan analyses in Fig. 6B, the poly(I,C) culture
showed a more extensive hyaluronan response than the tunica-
mycin-treated cultures, and both were increased relative to the
control culture (Fig. 7, A-C, green).

In Contrast to Poly(1,C), the Response of MASM Cells to Tuni-
camycin Is Dependent on Confluency—Whereas the hyaluro-
nan content and leukocyte adhesion to MASM cells in response
to poly(I,C) was consistent from culture-to-culture, we
observed some variation from experiment-to-experiment with
these parameters when the MASM cells were treated with tuni-
camycin. We began to suspect that cell density might be the
cause of this variation and examined this parameter in detail
(Fig. 8). Hyaluronan in the matrices of the control (no treat-
ment) and the poly(I,C)-treated cultures increased in propor-
tion to the cell density, with the poly(I,C) showing large (7-10-
fold; p < 0.002—0.0002) increases over control levels (Fig. 84,
note that the scale for the control and tunicamycin cultures are
expanded three times for comparison). In contrast, the hyaluro-
nan contents in the matrices of the tunicamycin-treated cells were
nearly independent (p > 0.4 - 0.8) of cell density. Thus, at the pre-
confluent density, tunicamycin stimulated a 58% increase (p <
0.008) in matrix hyaluronan relative to the control (Fig. 84, white
bar above dashed line), whereas at the post-confluent density,
there was no difference with its control (p > 0.08).

Fig. 8B shows hyaluronan-mediated leukocyte adhesion (the
difference between cultures with adherent leukocytes before and
after hyaluronidase treatment) for this experiment. Control
cultures at the pre-confluent density showed some hyaluronan-
mediated leukocyte adhesion, whereas those at confluency and
post-confluency did not. Poly(I,C) cultures showed similar (p >
0.2—0.4) leukocyte binding levels at all confluencies (Fig. 8B). In
contrast, hyaluronan levels in the cell layer of poly(I,C)-treated
cultures increased proportional to cell number (Fig. 84) such that
the number of leukocytes bound per increase in hyaluronan
decreased with increasing cell density, from ~460 U937/ug hya-
luronan at pre-confluency to ~170 U937/ug hyaluronan at post-
confluency. This again suggests that increased hyaluronan matrix
deposition in poly(L,C)-treated cultures masks potential binding
sites. For tunicamycin-treated cultures, leukocyte adhesion
decreased with increasing cell density, with a high level equivalent
to poly(I,C) at pre-confluency decreasing to 29% at post-conflu-
ency (Fig. 8B). In this case, the decrease in leukocyte adhesion
correlated more closely with the decrease in the amount of tuni-
camycin-induced additional hyaluronan in the matrix (Fig. 84,
areas above the dashed lines), such that the number of leukocytes
bound per increase in hyaluronan matrix deposition remained
nearly the same, between ~2100 U937/ ug hyaluronan at pre-con-
fluency and ~1700 U937/ug hyaluronan at post-confluency. The
tunicamycin results suggest that the MASM cells in higher density
cultures might not be as active in protein synthesis as in low den-
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FIGURE 8. MASM cell confluency and its differential effect on tunicamycin
and poly(l,C)-induced hyaluronan masking. A shows the FACE analysis of
hyaluronan for MASM cells plated at pre-confluency (white bars), confluency
(gray bars), and post-confluency (black bars) (n = 4). The data for the non-
treated cells and the tunicamycin-treated cells were multiplied X3 for better
visualization. B shows the number of leukocytes bound via hyaluronan to the
MASM cells for this same experiment (n = 3). C contrasts hyaluronan meas-
urement from MASM cells using a fluorescent-tagged HABP (which measures
the amount of available hyaluronan surface area) with FACE analysis (which
gives the total hyaluronan mass) presenting the data as fold increase above
untreated. Error bars represent standard deviation.

sity cultures and hence less sensitive to the ER-stress induced by
tunicamycin.

Because the data imply that the poly(I,C)-induced hyaluronan
matrix masks potential binding sites, we applied a fluorescent-
tagged biotinylated hyaluronan-binding protein (HABP) to the
poly(I,C)-treated MASM cells, with the rationale that the probe
would give an estimate of the amount of hyaluronan surface area
available. This was accomplished by extracting the bound HABP
with Streptomyces hyaluronidase and counting the extract on a
fluorometer. These values were compared with values represent-
ative of the total hyaluronan mass (by FACE analysis), which was
performed on parallel cultures (Fig. 8C). The amount of hyaluro-
nan, determined by HABP extraction (gray bars), was similar
(although statistically different; p < 0.0001) for MASM cells
treated with tunicamycin and poly(I,C), both of which gave a mod-
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FIGURE 9. Poly(l,C) and tunicamycin induce hyaluronan synthesis and
hyaluronan-mediated leukocyte adhesion by complementary, yet inde-
pendent, pathways. MASM cells were either untreated (NT) or treated with
poly(l,C) (PIC), tunicamycin (TUN), or a combination of both (TUN+PIC). These
treatments were made at doses that were known to induce a maximum pla-
teau response (white bars) for the leukocyte adhesion assay (10 and 5 wg/ml
for poly(l,C) and tunicamycin, respectively) and a mid-plateau dose (gray bars)
that gave leukocyte adhesion values that were about 50% of the maximum
value (0.1 and 0.5 png/ml for poly(l,C) and tunicamycin, respectively). A shows
the number of leukocytes bound to the MASM cells under these conditions.
B shows the number of leukocytes remaining after treatment with Streptomy-
ces hyaluronidase. C presents the hyaluronan mass (by FACE analyses) of hya-
luronan from the cell matrices for the same experiment. Error bars represent
standard deviation.

est (27 and 42%, respectively) increase relative to the untreated
control. In contrast, FACE analysis showed a similar fold increase
with respect to the HABP extraction (p > 0.03) for the tunicamy-
cin-treated cells while showing a 3.4-fold increase (p < 0.0001) for
the poly(I,C)-treated cells. This confirms that the amount of freely
available hyaluronan, as a result of poly(I,C) treatment, is only a
fraction (29%) of the total produced by the cell. Thus, 71% of the
hyaluronan produced by poly(I,C)-treated MASM cells is masked.
These data also confirm that essentially all of the hyaluronan, pro-
duced by the MASM cells in response to tunicamycin, is freely
available for leukocyte adhesion.

Independent and Additive Effects of Poly(I,C) and Tuni-
camycin—Induction of the poly(I,C)-mediated interferon path-
ways and ER stress, in the same cell, more closely resembles
viral infection than either of these alone. Fig. 9 shows the results
of an experiment to determine the effect of combining tunica-
mycin and poly(I,C) treatments. Pre-confluent MASM cell cul-
tures were treated under standard conditions (18 h, 5% FBS)
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with tunicamycin and poly(,C), at a dose known to induce
maximum hyaluronan-mediated leukocyte adhesion (plateau
doses; white bars of Fig. 9; 5 and 10 ug/ml, respectively) and a
dose inducing leukocyte adhesion at about half of the maxi-
mum response (mid-plateau dose; gray bars of Fig. 9;0.1 and 0.5
pg/ml, respectively). Hyaluronan-mediated leukocyte adhesion
for the combination was partially, but not completely, additive
(a + b # ¢; 28 and 21% increase from TUN and PIC, respec-
tively; p < 0.002—0.0002) at the plateau doses and slightly more
than additive at the mid-plateau doses (a’ + b’ = ¢’; 50 and 63%
increase from TUN and PIC respectively; p < 0.0001) (Fig. 94).
Similarly, the amount of hyaluronan in the cell layer, for the
combination treatments, was almost completely additive (a’ +
b' = ¢’; 50 and 43% increase from TUN and PIC, respectively;
p < 0.02-0.008) when comparing the combined treatments
with the individual treatments at the mid-plateau doses (Fig.
9C). In contrast, the amount of hyaluronan in the cell layer at
the plateau doses was not additive (a + b # c) for the combina-
tion treatments but was actually lower (45%; p < 0.002) than
poly(I,C) alone, although higher (48%; p < 0.0001) than tunica-
mycin alone. The observation that poly(I,C) and tunicamycin
induce independent, yet additive, hyaluronan production and
hyaluronan mediated leukocyte adhesion implies that these
two toxins function in different, but related, cellular pathways.

From the confluency data (Fig. 8), we learned that leukocyte
binding does not show linear proportionality to the amount of
hyaluronan on the cell surface. This was probably caused by
masking the available surface hyaluronan for binding. For
example, a thicker coat of hyaluronan could bind the same
number of leukocytes as a thinner coat if they both had the same
amount of surface area hyaluronan available for binding. Thus,
in Fig. 9, greater leukocyte binding from less hyaluronan (as
observed for the combined treatments at plateau doses) could
be explained if a thinner coat of surface hyaluronan was more
evenly distributed between a greater number of cells. This
could happen if a portion of the MASM cells responded to one
of the two treatments better than the other.

Hyaluronan Size Determination from MASM Cells Treated
with Poly(I,C) or Tunicamycin—W'e treated MASM cells with
poly(L,C) (10 wg/ml) or tunicamycin (5 ug/ml) under standard
conditions (18 h, 5% FBS). We purified the hyaluronan (and
other glycosaminoglycans) through a series of enzymatic diges-
tions (proteinase, nuclease, and glycosidase) and precipitations
(as fully described in “Experimental Procedures”), analyzing the
extracts by agarose gel electrophoresis (Fig. 10). This resulted in
a blue, high molecular weight (HMW) smear (1500 — 4000 kDa)
that was confirmed as hyaluronan by pre-digestion with Strep-
tomyces hyaluronidase (Fig. 104, lanes 4, 6, and 8). The molec-
ular weight range was similar in each of the treatment condi-
tions (untreated (NT), tunicamycin, and poly(L,C); lanes 3, 5,
and 7, respectively). The smears below 27 kDa are likely hepa-
ran sulfate (Fig. 104, yellow/brown) and chondroitin sulfate
(purple).* We were surprised that although the hyaluronan is
present as a 1500 —4000-kDa smear, a significant amount was
present in a fairly defined band at about 4000 kDa. Because this

4 M. Lauer, A. Wang, and V. C. Hascall, personal observations.
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FIGURE 10. Hyaluronan size determination from MASM cells treated with
poly(l,C) or tunicamycin. Hyaluronan size determination by agarose gel
electrophoresis was done on MASM cells either untreated (NT; A, lanes 3

FEBRUARY 20, 2009 +VOLUME 284+NUMBER 8

Hyaluronan Synthesis by Airway Smooth Muscle Cells

phenomenon could be caused by the aggregation of multiple
hyaluronan strands, we made serial dilutions from a separate
aliquot of the poly(I,C)-induced hyaluronan to determine
whether this unusual HM'W band might be related to the con-
centration of hyaluronan in solution (Fig. 10B). Within the
range of detection, diluted hyaluronan did not show a dissolu-
tion of the HMW band. Another possible cause for hyaluronan
aggregation might be that the ionic conditions (T AE buffer and
any other salts that might not have been removed by ethanol
precipitation) of the samples induce aggregation. But when a
hyaluronan molecular weight standard was added to a hyaluro-
nan extract from poly(I,C)-treated MASM cells (Fig. 10C, lane
4), no differences in band migration occurred, indicating that
the ionic conditions of the sample were not responsible for the
high molecular weight band. Finally, we compared hyaluronan
from poly(I,C)-induced MASM cells, purified under routine
conditions (Fig. 10C, lane 5), with identical hyaluronan that had
been exposed to 4 M guanidine, 2% CHAPS, and 0.05 m Tris-
HCI, pH 7.0, as a means to disassociate any potential hyaluro-
nan aggregates (lane 6). The failure of any of these approaches
to disrupt the HMW (~4000 kDa) hyaluronan band confirms
that this band represents the actual molecular weight of unas-
sociated hyaluronan strands.

DISCUSSION

In this paper, we described the hyaluronan-mediated
response of MASM cells to poly(L,C) and tunicamycin, which
are models that mimic viral infection and ER stress relevant
to airway inflammation associated with asthma (23, 27, 38,
40, 41).

Our results demonstrate that MASM cells respond to both
poly(I,C) and tunicamycin to produce a leukocyte-adhesive
hyaluronan matrix, but accomplish this by different cellular
pathways. At all cell densities studied, MASM cells initiate
synthesis of the hyaluronan matrix immediately after the
addition of poly(I,C). This matrix accumulates linearly for

and 4), treated with tunicamycin (TUN; lanes 5 and 6), or treated with poly(l,C)
(PIC; lanes 7 and 8). Purified hyaluronan from these samples was digested with
(lanes 4, 6, and 8) or without (lanes 3, 5, and 7) Streptomyces hyaluronidase to
confirm purity. Hyaluronan molecular weight (MW) standards are in lanes 1
and 2. The same is true for C, but B only has the lower molecular weight
standards (lane 7). Please note that the HMW standards (lane 1) give three
distinct bands from the nine bands of the lower molecular weight standards
(lane 2), despite the unfortunate smearing. Hyaluronan is stained blue, and
the yellow/brown and purple staining are most likely heparan sulfate and
chondroitin sulfate, respectively (personal observations, see Footnote 4).
A, 10 pl of each sample was added to each well, and this volume represented
one-half of the total cellular extract from a single 175-cm? culturing flask.
B, we diluted a MASM sample representing hyaluronan derived after poly(l,C)
treatment (similar to the sample of A, lane 7, but yet a separate sample) in the
following way: 100, 80, 60, 40, 20, 10, and 5% (lanes 2- 8, respectively). The
volume of each of these samples was adjusted to 10 ul with TAE so that
the actual concentration and volume of the samples were directly related. The
diluted samples were incubated at 4 °C overnight and electrophoresed the next
day (B). C, an identical aliquot from B, lane 5, was mixed with the lower molec-
ular weight standard of lane 3 (10 ul final volume) and incubated at 4 °C
overnight (lane 4). Furthermore, two additional identical aliquots from B, lane
5, were lyophilized and rehydrated in either 10 ul of 100 mm ammonium
acetate, pH 7.0 (lane 5), or 10 ul of 4 m guanidine, 2% CHAPS, and 0.05 m
Tris-HCl, pH 7.0 (lane 6), and incubated overnight at 4 °Cand precipitated with
40 pl of ethanol the next day. After centrifugation, the pellets were resus-
pended in 10 ul of TAE, incubated overnight at 4 °C, and electrophoresed the
next day.Lanes 1, 7,and 8 of Care blank. The experimentin A was repeated >3
times in different experiments with similar results.
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10-12 h, resulting in a 7-9-fold increase in the amount of
cell-associated hyaluronan matrix. In contrast, the response
of the MASM cells to tunicamycin depends on cell density,
with pre-confluent densities responding most effectively.
Tunicamycin-induced hyaluronan accumulation is nearly
linear for 10-12 h, although the matrix accumulation is
much less (~2-fold at most). In both treatments, the normal
pathway for synthesis and secretion of hyaluronan into the
medium is not significantly altered, which indicates that the
hyaluronan response to poly(,C) and tunicamycin is com-
pletely associated with the cell matrix.

Although U937 leukocytes adhere to the hyaluronan matrix
produced by both reagents, the number bound per hyaluronan
in the matrix is much higher for tunicamycin-treated MASM
cell cultures. This implies that the more robust cable structures
produced by poly(I,C)-treated MASM cells mask many sites
that remain accessible in the more disperse hyaluronan matrix
initiated by tunicamycin. These results are consistent with the
observation that there is no difference between the numbers of
leukocytes that bind to tunicamycin-treated MASM cells after
hyaluronidase treatment compared with the number that
remained bound when the hyaluronidase treatment followed
the initial adhesion. In contrast, hyaluronidase digestion before
leukocyte adhesion in poly(I,C)-treated MASM cultures
increased the number of bound leukocytes (probably via
VCAM), indicating that many of the sites on the cell surfaces
were masked by the more copious hyaluronan matrix synthe-
sized in response to poly(L,C).

Additionally, poly(I,C) treatment of MASM cells, in addi-
tion to inducing hyaluronan-mediated leukocyte adhesion,
also induces the expression of VCAM-1, which promotes
hyaluronan-independent leukocyte adhesion. In contrast,
tunicamycin did not induce VCAM-1-mediated leukocyte
adhesion, but promoted the up-regulation of chaperones in
the ER (KDEL staining, see Fig. 7), which was not induced in
poly(L,C)-treated cells.

Synthesis of the abnormal hyaluronan matrix by MASM
cells in response to poly(I,C) also depends on serum concen-
tration, with much less of this matrix formed in its absence.
This indicates that an as yet unknown factor in serum is
necessary. However, heavy chains from the inter-a-inhibi-
tor, a likely candidate based upon previous studies (42, 43),
are not involved as shown in our accompanying article (59).
In contrast, synthesis and secretion of hyaluronan by the
normal pathway are still present in the absence of serum.
Interestingly, leukocyte binding that is independent of hya-
luronan is highest when the MASM cells are incubated in the
absence of serum (Fig. 3C).

We were surprised to see that the size of hyaluronan by
MASM cells treated with poly(I,C) or tunicamycin was not dif-
ferent from the hyaluronan made by untreated cells. We were
also surprised that much of the hyaluronan produced under
each of these conditions occurs as a well defined ~4000-kDa
band. In addition to this defined band, the hyaluronan we were
able to detect appeared as a smear, ranging from 1500 to 4000
kDa. Itis interesting that this smear only occurs below the 4000-
kDa band, implying that the hyaluronan synthases from the
MASM cells shut off hyaluronan synthesis beyond 4000 kDa,
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while permitting a certain amount of synthetic leeway between
1500 and 4000 kDa.

Previous studies showed that the synthesis of the abnormal
hyaluronan matrix is initiated and continues when aortic
smooth muscle cells are treated with cycloheximide (37), which
rapidly inhibits all protein synthesis. These results suggest that
the mechanism for initiating and sustaining synthesis of the
abnormal hyaluronan matrix is latent within the cells and only
requires activation in response to various forms of stress by
possibly phosphorylating and dephosphorylating different
kinases that can regulate this pathway. There is indirect evi-
dence demonstrating that the activity of HAS isoforms can be
rapidly modulated by protein kinase C, protein kinase A, and/or
by a calcium-dependent protein kinase, and there is direct evi-
dence that phosphorylation of human HAS3 can be enhanced
by a variety of physiological effectors (44). One recent study
reported that phosphorylation/activation of HAS in vivo by
ErbB2 tyrosine kinase and ERK (extracellular signal-related
kinase) activities leads to hyaluronan production and size mod-
ification (45). It is also possible that activation of PKR (double-
stranded RNA-dependent protein kinase) by poly(I,C) and
PERK (ER resident transmembrane protein kinase) by tunica-
mycin both converge on the pathway of elF2 phosphorylation.
However, in a recent study, tunicamycin was shown to activate
PKR, which participates in the cell death induced by ER stress
(46). The cross-talk between these two pathways regulating
protein synthesis by eI[F2a phosphorylation and protein degra-
dation may have a significant impact in diseases such as viral
infection, diabetes, and cancer (47).

The abnormal hyaluronan matrix increases in proportion
to cell number with poly(I,C) treatment, although it
decreases with increased cell number with tunicamycin
treatment. This may indicate that pre-confluent MASM cells
are synthesizing more protein in their proliferative phase
and are therefore more sensitive to ER stress. If this is the
case, the poly(I,C) response appears to be independent of the
load of protein synthesis.

There are at least three cellular pathways that can initiate the
synthesis of the abnormal hyaluronan matrix. In addition to the
viral and ER stress responses, mesangial cells stimulated to
divide in hyperglycemic medium produce a leukocyte-adhesive
matrix (48). Furthermore, recent studies have shown that
3T3-L1 cells that are differentiated to adipocytes in hypergly-
cemic medium also produce this matrix (49). ER stress may also
link obesity and insulin resistance in type 2 diabetes (50). This
report showed that high fat feeding and obesity induce ER stress
in liver, which suppresses insulin signaling via c-Jun N-terminal
kinase activation.

Several studies indicate that leukocytes adhere to certain
hyaluronan matrices synthesized by cells subjected to various
stress responses, but not others, such as hyaluronan coats made
by cells normally (51). For example, lymphocytes interact with
the abnormal hyaluronan matrix produced by venules and
endothelial cells produced in graft versus host disease, but do
not do so to the adjacent normal hyaluronan matrix in the pap-
illary dermis (52). Kidney renal tubule endothelial cell cultures
stimulated with either BMP-7 or interleukin-18 increase hya-
luronan synthesis (53). However, lymphocytes only adhere to
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the hyaluronan matrix produced in response to BMP-7. This
suggests that the increase in hyaluronan synthesis by interleu-
kin-1p reflects stimulation of the normal hyaluronan synthesis
pathway. Lymphocytes adhere much more avidly to hyaluronan
with covalently bound heavy chains of inter-a-inhibitor than to
unsubstituted hyaluronan (54). All of these results indicate that
hyaluronan matrices produced in response to stress contain
structural information that inflammatory cells can recognize.

Under normal physiological conditions, hyaluronan is
cleared from connective tissues through the lymphatics (55) or
by the resident cells (56, 57). In contrast, under some patholog-
ical conditions, as in asthmatic airways, the abnormal hyaluro-
nan matrix is removed by the leukocytes/macrophages that
enter the tissue. Degradation of the abnormal matrix by these
cells could release hyaluronan fragments, which are now con-
sidered “danger signals” in initiating host responses to the
inflammatory process and likely participate in determining the
extent of the response (58). Overproduction of the matrix or
over-reaction by inflammatory cells to this matrix may contrib-
ute to the inflammatory flares that are typical of asthmatic
patients.
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