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Abstract. Increased synthesis of hyaluronan (HA) in the renal
corticointerstitium has been documented in renal injury, al-
though the functional significance of this is unclear. The aim of
the work presented in the current study was to examine the role
of HA in monocyte binding by proximal tubular cells (PTC).
Using the PTC line HK-2, the authors show that unstimulated
cells formed pericellular HA cable-like structures that bound
mononuclear leukocytes via their cell surface CD44. Stimula-
tion with bone morphogenic protein–7 (BMP-7) led to in-
creased formation of HA cable-like structures and also a dose-
dependent increase in CD44-dependent binding of radiolabeled
U937 cells. The authors have previously demonstrated that
stimulation with IL-1� is a potent stimulus for induction of
HAS gene expression and HA synthesis. In this study, addition

of IL-1� influenced neither HA cable formation nor CD44-
mediated monocyte binding. Rather IL-1� led to an increase in
intercellular adhesion molecule (ICAM)–dependent monocyte
binding. Characterization of HA synthesis by addition of [3H]-
glucosamine to cells at the time of stimulation demonstrated
that increased HA in response to IL-1 was most apparent in the
culture medium, while BMP-7 led to an increase in cell asso-
ciated HA. Stimulation of cells with BMP-7 induced HAS2
mRNA expression and decreased the expression of Hyal1 and
Hyal2. In contrast to BMP-7, IL-1� did not influence Hyal
expression. The data presented in this manuscript provide
insight into how alterations in HA synthesis in the renal cortex
may be involved in modulation of the interaction between
infiltrating inflammatory cells and resident cells.

Hyaluronan (HA) is a ubiquitous connective tissue glycosami-
noglycan that in vivo is present as a high–molecular mass
component of the extracellular matrix. In addition to its role in
providing cellular support, it is now known that under normal
circumstances, HA regulates cell-cell adhesion, migration, pro-
liferation, differentiation, and the movement of interstitial fluid
and macromolecules (reviewed in reference 1). As a result, it is
likely to be an important contributor to and a regulator of
wound healing and tissue remodeling.

In the normal kidney, HA is expressed in the interstitium
of the renal papilla only, and alteration in papillary inter-
stitial HA has been implicated in regulating renal water
handling by affecting physiochemical characteristics of the
papillary interstitial matrix and influencing the interstitial
hydrostatic pressure (2). More recently, alterations in HA
synthesis within the glomerulus of the kidney have been
implicated in the pathogenesis of renal diseases such as
diabetic nephropathy (3,4). Although HA is not a major
constituent of the normal renal corticointerstitium, it is
known to be expressed around proximal tubular cells (PTC)

after renal injury caused by diverse diseases (5– 8). Further-
more, increased deposition of interstitial HA has been
shown to correlate with both proteinuria and renal function
in progressive renal disease (9).

With the increasing awareness of the importance of patho-
logic changes in the renal interstitium, interest has focused on
the role of cells, such as the epithelial cells of the proximal
tubule, in the initiation of fibrosis. We recently examined the
regulation of HA synthesis by renal PTC in vitro under conditions
that mimic the diabetic state (10). These studies demonstrate that
exposure of PTC to elevated D-glucose concentrations leads to
nuclear factor–�B (NF-�B)–dependent transcriptional activation
of the HA synthase HAS2 and stimulation of HA synthesis.
Similarly, HA synthesis is stimulated by addition of the proin-
flammatory cytokine IL-1�. We have also characterized PTC
expression of the HA receptor CD44 and demonstrated that stim-
uli inducing HA synthesis by PTC also regulate PTC-HA inter-
actions, with increased binding and internalization resulting from
posttranslational modification of CD44 by O-glycosylation (11).
The functional significance of alterations in HA synthesis in the
renal tubulointerstitium are however unclear. In vitro, HA oligo-
saccharides induce PTC chemokine and leukocyte adhesion mol-
ecule expression (12,13). These findings suggest a role for HA in
the pathogenesis of renal interstitial inflammation. Inflammatory
cell infiltrate, particularly monocyte/macrophage infiltrate, has
been implicated in the pathogenesis of a wide diversity of renal
diseases (14–16). Understanding the mechanism by which HA
mediates inflammatory cell recruitment and its regulation, there-
fore, has important relevance to kidney disease. The first aim of
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the work presented in the current study was to examine the role of
HA in monocyte binding by PTC.

Bone morphogenic protein-7 (BMP-7) is a member of the
transforming growth factor–� (TGF-�) superfamily that is
required during embryogenesis for normal kidney development
(17). Its expression in the kidney has been suggested to be
decreased in response to injury (18,19). Furthermore, admin-
istration of BMP-7 in models of chronic and acute renal failure
results in a reduction of renal interstitial injury (20,21). The

second aim of this study was therefore to examine the effect of
BMP-7 on HA generation by PTC and to determine how this
affects PTC monocyte interactions.

Materials and Methods
Cell Culture

All experiments were done using HK-2 cells (CRL-2190; Ameri-
can Type Culture Collection [ATCC], Rockville, MD), which are
human proximal tubular epithelial cells immortalized by transduction

Figure 1. Expression of hyaluronan (HA) on HK2 cells. Confluent (A and B) or subconfluent (C and D) monolayers of HK2 cells were
serum-deprived for 48 h before fixation with methanol and detection of HA by addition of biotinylated HA-binding protein. Sections were
imaged by confocal microscopy (�10 objective). To confirm the nature of HA staining in parallel experiments, cells were treated with bovine
testicular hyaluronidase (final concentration, 200 �g/ml) at 37°C for 5 min before fixation and addition of biotinylated HA-binding protein (B
and D). Specificity of testicular hyaluronidase was confirmed by removal of cell surface HA using 1 U of Streptomyces hyaluronidase before
visualization of HA (E). Magnification, �40.

Table 1. Sequence of oligonucleotide primers

Gene Primer Sequence Product Size

�-Actin F � 5�-CCTTCCTGGGCATGGAGTCCT-3� 204 bp
R � 5�-GGAGCAATGATCTTGATCTT-3�

HAS2 F � 5�-GCAGGCGGAAGAAGGGACAAC-3� 313 bp
R � 5�-TCAGGCGGATGCACAGTAAGGA-3�

HAS 3 F � 5�-AGTGCAGCTTCGGGGATGA-3� 453 bp
R � 5�-TGATGGTAGCAATGGCAAAGAT-3�

Hyal1 F � 5�-CAGGCGTGAGCTGGATGGAGA-3� 400 bp
R � 5�-GTATGTGCAACACCGTGTGGC-3�

Hyal2 F � 5�-GAGTTCGCAGCACAGCAGTTC-3� 446 bp
R � 5�-CACCCCAGAGGATGACACCAG-3�
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with human papilloma virus 16 E6/E7 genes (22). Cells were cultured
in Dulbecco Modified Eagle Medium/Ham’s F12 (Life Technologies,
Paisley, UK) supplemented with 10% fetal calf serum (FCS; Biologic
Industries Ltd., Cumbernauld, UK), L-glutamine, insulin, transferrin,
sodium selenite, hydrocortisone, and Hepes pH 7.2 (Sigma-Aldrich,
Poole, UK). Fresh growth medium was added to cells every 3 to 4 d
until confluent. All experiments were performed using cells at passage
30 or below, and cells were growth arrested in serum-free medium for
48 h before use in experiments. All experiments were done in serum-
free conditions.

U937 cells, originally derived from a human histiocytic lymphoma,
were procured from the ATCC. The cells were grown in suspension
culture in RPMI medium supplemented with L-glutamine and peni-
cillin/streptomycin and containing 5% FCS. Cells were routinely
subcultured at a 1:5 ratio three times per week. Although U937 cells
are known to express some macrophage-like characteristics, cell bind-
ing was also assessed using human mononuclear cells prepared by
dextran sedimentation and Ficoll-paque density separation, as de-
scribed previously (23), to ensure general applicability of the results
obtained using the U937 cells.

Immunocytochemistry
Immunocytochemistry was done on cells grown in eight-well glass

chamber slides (Nunc; Life Technologies/BRL Life Technologies Ltd,
Paisley, UK). Cells were grown to confluence and stimulated under
serum-free conditions with either BMP-7 (Creative Biomolecules,
Boston, MA) or IL-1� (R&D Systems Europe Ltd, Abingdon, UK) for
24 h. In control experiments, cells were incubated in serum-free
medium alone. Culture medium was subsequently removed, and the
cell monolayer washed with sterile phosphate-buffered saline (PBS).
Cells were fixed by addition of 100% ice-cold methanol for 15 min at
�20°C and permeabilized with 0.3% Triton X-100 for 30 min. Cells
were blocked after fixation with 50% FCS for 1 h before a further
washing step with PBS. For HA staining, a biotinylated HA-binding
protein (b-HABP; 5 �g/ml) was then added (Seikagaku Corporation,
Tokyo, Japan). For U937 staining, a purified monoclonal mouse
anti-human CD68 antibody (Pharmingen: Becton Dickenson, Cowley,
UK) was used (5 �g/ml). Slides were incubated with b-HABP and anti
CD68 antibody at 4°C overnight. The slides were washed with PBS
before incubation with fluorescence avidin-D (20 �g/ml; Vector Lab-

Figure 2. High-power confocal image (A) and fluorescence light microscopic (B, C, and D) images of HA cables in monolayers of HK2 cells.
For light microscopic images, HK2 cell nuclei were enhanced by staining of cell nuclei with DAPI.
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oratories, CA) used for visualization of b-HABP and 20 �g/ml of
Alexa Fluor 568 rabbit anti-mouse IgG (Molecular Probes, Eugene,
OR) used for visualization of CD68, at room temperature for 1 h.
After a final washing step, specimens were affixed to the slides in
Vectasheild mounting medium (Vector Laboratories) and analyzed by
confocal laser scanning microscopy (TCS-40 Leica Microsystems,
Cambridge UK).

Assay for Leukocyte Adhesion
U937 cell adhesion was measured as described previously (24).

Briefly, HK-2 cells were grown on 24-well culture plates until con-
fluent. Stimuli were added to the cells 24 h before the assay. On the
day of assay, U937 cells (up to 70 � 106 cells/ml) were labeled for 90
min at 37°C with 100 �Ci 51Cr as sodium chromate (Amersham
BioSciences, Chalford St Giles, UK). The labeled cells were washed

three times with serum-free culture medium, counted on a hemacy-
tometer, and resuspended to 106 viable cell/0.5 ml (as determined by
Trypan blue dye exclusion). Incubation medium was removed from
HK-2 cultures, and 106 monocytes were added to each well. The
binding phase of the assay was done at 37°C for 1 h. All cultures were
washed with cold medium before lysis by 1% Triton X-100. An
aliquot was subsequently removed for quantitation of radiolabel. The
number of the U937 cells bound per well was calculated from the
initial specific activity (cpm/cell). Spontaneous release of chromium
from U937 cells in control incubations without HK-2 cells was
typically less than 10%.

The relationship between HK-2 cells and added monocytes was
also visualized by light microscopy after 4',6-diamidino-2-phenylin-
dole dihydrochloride hydrate (DAPI, Sigma-Aldrich) staining of cell
nuclei. DAPI, at a final concentration of 5 �g/ml, was added to the

Figure 3. HA cables on confluent monolayers of HK2 cells bind unstimulated monocytes. Confluent monolayers of HK2 cells were
serum-deprived for 48 h before addition of 2.5 � 105 unstimulated U937 cells at 37°C for 1 h before fixation. Localization of monocytes was
enhanced by staining of cell nuclei with DAPI (A and B; �20 objective). Binding of monocytes in chain-like configurations can be seen (A).
This was abrogated when cells were treated with bovine testicular hyaluronidase (final concentration, 200 �g/ml) at 37°C for 5 min before
addition of monocytes (B). In parallel experiments, U937 cells were added to confluent monolayers of unstimulated HK-2 cells. HA (green)
and monocytes (red) were visualized by addition of biotinylated HA-binding protein and anti-CD68 antibody, respectively, insert demonstrates
binding of human peripheral mononuclear cells (C). Double-immunostaining was also performed after treatment of monolayers with bovine
testicular hyaluronidase (final concentration, 200 �g/ml) at 37°C for 5 min before addition of monocytes (D). The role of CD44 in monocyte
binding was assessed by addition of anti-CD44 antibody (final concentration, 5 �g/ml) to monocytes for 1 h at 4°C before their addition to
confluent monolayers of unstimulated HK-2 cells in the presence of the anti-CD44 antibody (E). HA and monocytes were visualized by
immunocytochemistry and confocal microscopy. (Confocal images, �10 objective).
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slides for 1 h at 4°C before mounting with Vectasheild mounting
medium. Slides were stored at 4°C until visualized (within 48 h).

Analysis of 3H-Radiolabelled Hyaluronan
In vitro [3H]-labeling of HA was performed as described previ-

ously (25). Briefly, growth-arrested confluent HK-2 cells were stim-
ulated with recombinant IL-1� or BMP7 in the presence of 20 �Ci/ml
3H glucosamine (Amersham Bioscineces) for 24 h. Supernatant sam-
ples were collected and treated with equal volume of 200 �g/ml
pronase (Sigma-Aldrich) for 24 h at 37°C to analyze HA released into
the culture medium (CM fraction). The remaining cell monolayers
were incubated with 10 �g/ml trypsin (Sigma-Aldrich) in PBS for 10
min at room temperature to remove pericellular (protein-bound)
3H-HA (PB fraction) before addition of an equal volume of 100 �g/ml
pronase for 24 h at 37°C. Finally, after trypsinization, 100 �g/ml
pronase was added to the cell pellet for 24 h at 37°C to solubilize the
remaining cells associated 3H-hyaluroanan (CA fraction).

Each of the fractions was subsequently passed over DEAE ion-
exchange columns (Amersham Biosciences) equilibrated with 8 M
urea (pH � 6) in Bis-Tris buffer. The columns were washed using 8
M urea buffer to remove low–molecular weight (MW) peptides and
unincorporated radiolabel. HA was then eluted with 0.3 M NaCl urea
buffer. Equal volumes of eluted HA were then precipitated by 3
volumes of 1.3% wt/vol potassium acetate in 95% ethanol in the
presence of 50 �g/ml of each HA, heparin (Sigma-Aldrich), and
chondroitin sulfate (Sigma-Aldrich) as co-precipitants. The precipi-
tated HA was separated into two equal volumes, with one directly
resuspended in 4 M guanidine HCl buffer and the other incubated with
1 IU Streptococcal hyaluronidase (ICN Biomedicals, Basingstoke,
UK) at 37°C for 24 h before addition of 4 M guanidine HCl buffer
pH6. Each sample was run through a Sephacryl S-500 column (Am-
ersham Biosciences) before quantitation of radioactivity. The value of
the hyaluronidase-treated portion subtracted from the non-hyaluroni-
dase treated portion was taken as HA associated radioactivity.

Alteration in mRNA Expression
Expressions of mRNAs for HA synthases and hyaluronidases were

determined by reverse transcription and the polymerase chain reaction
(RT-PCR) using specific oligoneucleotide primers (Table 1) as de-
scribed previously (26). PCR was done for various cycles (28–38) to
ensure that amplification was in the linear range of the curve. After
PCR, one tenth of the PCR reaction from both test and control
(�-actin) product were mixed and separated by flat bed electrophore-
sis in 3% wt/vol NuSieve GTG agarose gels (Flowgen Instruments
Ltd, Sittingbourne, UK), stained with ethidium bromide (Sigma-
Aldrich) and photographed. The negatives were scanned using a
densitometer (Model 620 video densitometer; Bio-Rad Laboratories
Ltd), and the density of the bands were compared with those of the
housekeeping gene. Results were expressed as the ratio of the gene of
interest to �-actin normalized to the control value (the ratio in the
unstimulated cells) of each experiment.

Statistical Analyses
Statistical analysis was performed using the unpaired t test, with a

value of P � 0.05 considered to represent a significant difference. The
data are presented as means � SD of n experiments. For each
individual experiment the mean of duplicate determinations was
calculated.

Results
Cell Surface HA Exists in Two Forms

Confocal imaging of HK-2 cells was used to examine the
organization of HA on the cell surface. HA was identified with a
biotinylated preparation of the HA-binding protein and detected
with fluorescence avidin-D. Photomicrographs of fixed growth
arrested HK-2 cells demonstrated diffusely arranged HA over the
cell surface. HA was also identified in cable-like structures that
spanned several cell lengths (Figure 1). These cables appear to be
composed of coalescing bundles of thinner HA strands originating
from neighboring cells. HK-2 cell expression of HA cables was
variable, although they were present in both subconfluent and
confluent cells (Figure 1, A and C).

Confirmation of the nature of the HA content of the cable
structures was sought by treatment of confluent monolayers of
cells with bovine testicular hyaluronidase (Sigma-Aldrich) be-
fore addition of biotinylated HA-binding proteins. After lim-
ited hyaluronidase digestion, we were unable to identify any of
the cable-like structures in either confluent or subconfluent
cells (Figure 1, B and D). Specificity of testicular hyaluroni-
dase in removing HA-based structures was confirmed in
parallel experiments in which confluent monolayers of un-

Figure 4. Quantitation of monocyte binding to unstimulated HK-2
cells. In control experiments (Cont), confluent monolayers of serum-
deprived HK2 cells were washed with phosphate-buffered saline
(PBS) before addition of 1 � 106 51Ci chromium-labeled U937 cells
again under serum-free conditions for 1 h at 37°C. Quantitation of
bound radioactivity was carried out as described in Materials and
Methods. Soluble intercellular adhesion molecule (sICAM; 200 ng/
ml) or anti-CD44 antibody (CD44; final concentration, 5 �g/ml) were
added to 51Ci chromium-labeled U937 cells for 1 h at 4°C before their
addition to confluent monolayers of unstimulated HK2 cells (in the
presence of the antibody), or the monolayer was treated with bovine
testicular hyaluronidase (hyal; final concentration, 200 �g/ml) at
37°C for 5 min before addition of monocytes. Bound radioactivity
was subsequently quantified. Data represent mean � SD of four
individual experiments, * P � 0.05.
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stimulated cells were treated with 1 U streptomyces hyal-
uronidase (ICN Biochemicals, OH) before visualization of
HA (Figure 1E).

High-power confocal images also demonstrated coalescence
of HA cables from numerous cells and suggested an associa-
tion with the cell nucleus (Figure 2A). Using fluorescence
microscopy, HA cables appeared to traverse cells (Figure 2B);
by visualization of cell nuclei by staining with DAPI, HA
cables could be seen in intimate contact with the nuclear area
of cells it traversed (Figure 2, C and D).

Monocytes Bind to Cell Surface Hyaluronan Cables
We used U937 monocytic cells to examine the potential

binding capacity of inflammatory cells by HK-2 cells. Un-
stimulated HK-2 cells bind U937 cells abundantly, as assessed
by light microscopy. Cell localization was determined by

DAPI staining of nuclei. Adherent U937 cells appeared as
either cells bound individually or cells bound in chains and
three-dimensional clumps (Figure 3A).

The relationship between bound U937 cells and HA cable
structures was examined by fluorescence confocal microscopy
of HA-labeled with biotinylated HA-binding protein and FITC
avidin. U937 cells added to monolayers of unstimulated HK-2
cells were detected with anti-CD68 monoclonal antibody. The
confocal images showed co-localization of the HA cables and
the chains of U937 cells (Figure 3C). There was no association
between HA and individually bound U937 cells. In addition,
human mononuclear cells isolated from peripheral blood also
bound the HA cables (Figure 3C, insert). Pretreatment of HK-2
cell monolayers with bovine testicular hyaluronidase before
addition of U937 cells prevented U937 binding in chain like
configurations, although binding of scattered individual cells

Figure 5. Induction of HA cables and monocyte binding by bone morphogenic protein–7 (BMP-7). After 48 h of serum deprivation, BMP-7
(400 ng/ml) was added to confluent monolayers of HK2 cells for 24 h under serum-free conditions (B and C). In control cultures, cells were
exposed to serum-free medium alone (A). After fixation, HA was visualized by addition of biotinylated HA-binding protein and confocal
imaging (�10 objective). In parallel experiments after BMP-7 stimulation, the monolayers were washed before addition of unstimulated U937
cells (2.5 � 105 cells). Monocytes were visualized both by staining of cell nuclei with DAPI (D&E; �20 objective), and double
immunocytochemistry using biotinylated HA-binding protein and anti CD68 antibody (F; �15 objective).
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was not affected. This was demonstrated both by light micro-
scopic pictures taken after DAPI staining (Figure 3B) and also
following immunocytochemistry using biotinylated HA-bind-
ing protein and anti-CD68 antibody (Figure 3D). Similarly
when cell monolayers were treated with testicular hyaluroni-
dase after the addition of the monocytes, no binding of mono-
cytes in chain-like configuration and no HA cables were seen
(data not shown). It has been previously suggested that mono-
cytes may interact with HA via monocyte cell surface CD44
(27). Incubation of U937 cells together with unstimulated
HK-2 monolayers, in the presence of a human monoclonal
blocking antibody to CD44 (Clone B52; The Binding Site,
Birmingham, UK), markedly decreased binding of monocytes
to HA cables (Figure 3E). Formation of HA cables was unaf-
fected by the addition of the CD44 antibody, as was the
binding of monocytes as individual cells.

The nature of monocyte-PTC interaction was further exam-
ined by addition of radiolabeled monocytes to unstimulated
confluent monolayers of HK2 cells (Figure 4). Bound radio-
activity was reduced by either addition of soluble intercellular
adhesion molecule (ICAM; R&D Systems Europe Ltd) or
addition of CD44 antibody to the monocytes, although this was
only statistically significant after CD44 blockade. Combined
blockade of both ICAM and CD44 further reduced monocyte
binding, thus suggesting that both HA-based interactions and
ICAM-dependent interactions contribute to monocyte binding
under unstimulated conditions. In contrast to the effect of
CD44 blockade, removal of the HA cables by incubation with
hyaluronidase before the addition of radiolabeled monocytes
led to a significant increase in bound radioactivity, thus sug-
gesting that HA cable–dependent monocyte binding may limit
or block monocyte binding to cell surface ICAM.

BMP-7 Stimulates HA Cable Formation
Addition of BMP-7 to confluent monolayers of HK-2

cells led to a marked increase in cell surface HA-based cable
structures as assessed by confocal imaging of HA (Figure 5,
B and C). The functional significance of the increase in HA
cables was assessed by addition of U937 cells to BMP-7–
stimulated HK-2 cells. U937 cell binding was examined by
fluorescence microscopy and quantified by determination of
bound radioactivity after addition of 51Cr-labeled U937
cells.

Examination by fluorescence microscopy demonstrated in-
creased numbers of monocytes bound in chain-like configura-
tions (Figure 4D) and also suggested thicker aggregations of
monocytes in these cables (Figure 4E). Double immunocyto-
chemistry confirmed co-localization of HA cables (green) and
U937 cell chains (red) (Figure 4F). As with the unstimulated
cells, pretreatment of BMP-7 stimulated monolayers of cells
with hyaluronidase before the addition of U937 cells removed
HA cables and also abrogated binding of U937 cells in chain-
like configurations, although binding of individual cells was
still seen (data not shown).

Quantitation of monocyte binding, after stimulation with
BMP-7 for 24 h, confirmed that there was a significant
increase in bound U937 cells at all doses of BMP-7 added
(Figure 6A). After stimulation with BMP-7 (200 ng/ml), this
represented a 118% increase of bound U937 cells over
control; for 800 ng/ml BMP-7, it represented a 160% in-
crease (P � 0.0001 for both). The increase in monocyte
binding after stimulation with BMP-7 was attenuated by
addition of monocytes in the presence of the blocking anti-
body to CD44 (Figure 6B).

Figure 6. Quantification of monocyte binding after BMP7 stimulation. Confluent monolayers of HK-2 cells were stimulated with increasing
doses of BMP-7 (0 to 800 ng/ml) under serum-free conditions for 24 h (A). At the end of the stimulation period, the monolayer was washed
with PBS before addition of 1 � 106 51Ci chromium-labeled U937 cells again under serum-free conditions for 1 h at 37°C. Quantitation of
bound radioactivity was carried out as described in Materials and Methods. Parallel experiments were performed to determine the role of CD44
in BMP-7–mediated monocyte binding (B). Cells were stimulated with 400 ng/ml BMP-7 for 24 h. Anti-CD44 antibody (final concentration,
5 �g/ml) was added to 51Cr chromium–labeled U937 cells for 1 h at 4°C before their addition to confluent monolayers of stimulated HK2 cells.
Bound radioactivity was subsequently quantified. Data represent mean � SD of four individual experiments, * P � 0.05.
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IL-1� Induced HA Synthesis But Does Not Increase
HA Cable Formation

We have previously demonstrated that IL-1� is a potent
stimulus for HA synthesis as assessed by quantitation of HA in
the cell culture supernatant of IL-1�–treated PTC (10). We
therefore sought to determine the effect of IL-1� on HA cable
formation and monocyte binding in HK2 cells.

Stimulation of monolayers of HK-2 cells with IL-1� led
to a dose-dependent increase in binding of 51Cr-labeled
U937 cells. IL-1�–stimulated adhesion was significantly
greater than binding of 51Cr-labeled U937 cells to control
monolayers of HK-2 cells at all doses. Il-1� at a dose of 1
ng/ml induced a 45% increase in bound U937 cells over
control (P � 0.0012); at the highest dose of IL-1� used (100
ng/ml), a 76% increase in bound U937 cells was seen (P �
0.0001) (Figure 7A). In contrast to BMP-7–induced adhe-
sion, IL-1�–induced monocyte binding was not affected by
the addition of a blocking antibody to CD44 (Figure 7B).
Addition of monocytes to IL-�1–stimulated monolayers of
HK-2 cells in the presence of soluble ICAM resulted in
inhibition of the IL-1�–induced increase in monocyte bind-
ing (Figure 7B). Additionally, examination of HA in IL-1�–
treated and -untreated control cultures by confocal micros-
copy did not demonstrate any increase in the formation of
HA cables (Figure 8C), but it suggested a reduction in cable
formation compared with control (Figure 8A). Fluorescence
microscopic examination of IL-1�–stimulated monolayers
demonstrated binding of individual U937 cells but no bind-
ing in chain-like configurations (Figure 7D).

Characterization of HA after BMP7 or IL-1
Stimulation

Characterization of HA synthesis after either BMP-7 or
IL-1� stimulation was performed by addition of [3H] glu-
cosamine to cells at the time of stimulation to generate 3H-
labeled HA. Supernatant samples were collected to analyze HA
released into the culture medium (CM fraction). The remaining
cell layer was treated with trypsin to remove pericellular (pro-
tein-bound) 3H-HA (PB fraction). Finally, the cell pellet after
trypsinization was subjected to exhaustive protease digestion to
solubilize the remaining cells-associated 3H-HA (CA fraction).
The hydrodynamic size of the synthesized HA in each fraction
was subsequently analyzed under dissociative conditions on
Sephacryl S-500. The presence of HA in samples was con-
firmed by incubation with Streptomyces hyaluronidase.

Analysis on Sephacryl S-500 of the samples from control
HK-2 cells demonstrated that the majority of the labeled HA in
all three extracts (CM, PC, IC fractions) appeared near the void
volume and therefore was considered to be of high molecular
mass (Figure 9). The cell-associated fraction did contain a
smaller peak of lower-MW HA consistent with a pool of
intracellular, partially degraded HA as previously reported
(28). After addition of BMP7-, an increase in the amount of
radiolabeled HA was seen in the supernatant (CM fraction), the
pericellular protein bound PC fractions, and the cell-associated
(CA) fractions. The increase in HA was, however, most ap-
parent in the pericellular and cell-associated fractions. Further-
more in the cell-associated fraction, there was an apparent
increase in the MW distribution of the second, lower MW peak.

After IL-1� stimulation, there was also an increase in the

Figure 7. Quantification of monocyte binding after IL-1� stimulation. Confluent monolayers of HK-2 cells were stimulated with increasing
doses of IL-1� (0 to 100 ng/ml) under serum-free conditions for 24 h (A). At the end of the stimulation period, the monolayer was washed
with PBS before addition of 2.5 � 105 51Ci chromium–labeled U937 cells again under serum-free conditions for 1 h at 37°C. Quantitation of
bound radioactivity was carried out as described in Materials and Methods. Parallel experiments were done to determine the role of CD44 and
ICAM in IL-1�–mediated monocyte binding (B). Cells were stimulated with 1 ng/ml IL-1� for 24 h. Anti-CD44 antibody (final concentration,
5 �g/ml), or soluble ICAM (200 ng/ml) was added to 51Ci chromium–labeled U937 cells for 1 h at 4°C before their addition to confluent
monolayers of stimulated HK-2 cells (in the presence of antibody/sICAM). Bound radioactivity was subsequently quantified. Data represent
mean � SD of four individual experiments, * P � 0.05.
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amount of HA in all three of the cellular pools. However, in
contrast with BMP-7–associated changes, IL-1� induced the
largest change in the high-MW HA secreted into the cell culture
supernatant (Figure 9).

Expression of HA synthases (HAS) mRNA in HK-2 cells
was examined by RT-PCR. BMP-7 stimulation led to induction
of HAS2 mRNA above that seen in the control cells (Figure
10A). HAS3 mRNA was constitutively expressed by HK-2
cells as previously demonstrated (10) and was not influenced
by the addition of BMP-7 (Figure 10B). Examination of hyal-
uronidase expression was also examined by RT-PCR. After
addition of BMP-7, there was a significant decrease in the
expression of both HYAL 1 and 2 mRNA (Figure 10, C and
D). As we have previously reported, stimulation with IL-1�
also increased the expression of HAS2 mRNA, without affect-
ing expression of HAS 3 mRNA (Figure 10, A and B). In
contrast to the effect of BMP-7, stimulation with IL-1� did not
influence expression of either hyaluronidase mRNA (Figure
10, C and D).

Discussion
Although numerous studies have demonstrated increased

HA within the kidney cortex associated with disease, the
functional significance of these changes is not clear. What is
clear is that the traditional view of HA being a structural
scaffold is now being revised as it becomes apparent that it
may function as a cellular signaling molecule after binding to
its cell surface receptors (CD44 and RHAMM) or following
internalization via CD-44 mediated endocytosis (29). HA has
therefore been implicated in a number of biologic processes,
including embryonic development, tumor growth, chronic in-
flammation, and wound healing (1). Several workers have
reported that HA-oligosaccharides may stimulate gene expres-
sion and protein synthesis of chemokines (30) and interstitial
collagens (31). In contrast, high-MW HA oligosaccharides in-
hibit the bioactivity of TGF-� and stimulate the secretion of
tissue inhibitors of metalloproteinases (32,33). These observa-
tions therefore suggest that high-MW HA may be “anti-fi-
brotic,” whereas, if unabated, the generation of low MW HA
fragments may disrupt the normal balance between cells and
matrix and contribute to the pathophysiology of chronic tissue
inflammation and fibrosis. Fewer data are available on the
effect of HA on renal cells

In this article, we have demonstrated that HA mediates
binding of monocytes to PTC when HA coalesces into cable-
like structures. These structures seem to originate from numer-
ous different cells and form cables spanning several cell
widths. HA cables present on unstimulated cells bind unstimu-
lated monocytes, and their formation is upregulated by BMP-7.
As a consequence of increased HA cable formation, we have
shown that BMP-7 also increased HA-dependent monocyte
binding. Increased HA cable formation after addition of
BMP-7 was associated with induction of HAS2 mRNA, and an
increase in newly synthesized cell associated HA was also
observed. This would suggest a specific effect of BMP-7 on the
assembly of pericellular HA structures. The inter-�-trypsin
inhibitor (I�I) family are a group of serum protease inhibitors,

and previous studies utilizing colonic mucosal smooth muscle
cells have suggested that the heavy chains of I�I are critical to
the formation HA-based cables (34). It was particularly noted
that there was a marked attenuation of HA cable formation in
the absence of serum. All our experiments were performed in
the absence of serum. However, we have previously demon-
strated that PTC express bikunin and H3 components of the I�I
family constitutively (35). This may therefore explain the
ability of PTC to generate stable HA-based cable structures in
the absence of serum components.

The specificity of the effect of BMP-7 was confirmed by
data demonstrating that IL-1�, despite being a potent stimulus
of HA synthesis, was unable to alter HA cable formation.
IL-1� did however increase monocyte binding. This increase
appeared to be unrelated to any alteration in formation of HA
cables, but rather monocyte binding to the HK-2 cells was
mediated by other leukocyte adhesion molecules, particularly
ICAM. Importantly, these data provide evidence that not only
the quantity, but also the structure of HA is crucial for leuko-
cyte binding.

An important difference between BMP-7 and IL-1� in terms
of their impact on HA turnover was their effect on hyaluron-
idase expression. We were able to demonstrate downregulation
of hyaluronidase (hyal1 and hyal2) at the level of transcription

Figure 8. Visualization of HA and monocyte binding in control cells
(A and B) and after IL-1� stimulation (C and D). After 48 h of serum
deprivation, IL-1� (1 ng/ml) was added to confluent monolayers of
HK2 cells for 24 h under serum-free conditions. In control experi-
ments, cells were exposed to serum-free medium alone. After fixation,
HA was visualized by addition of biotinylated HA-binding protein
and confocal imaging (A and C; �10 objective). In parallel experi-
ments after IL-1� stimulation, the monolayers were washed before
addition of unstimulated U937 cells (2.5 � 105 cells). In both IL-1�–
stimulated (D) and control (B) monolayers, monocytes were visual-
ized by staining of cell nuclei with DAPI-blue (�20 objective).
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with BMP-7, whereas IL-1� did not alter their expression. The
change in the MW of the cell-associated HA after stimulation
with BMP-7 is consistent with decreased intracellular degra-
dation of HA due to reduced hyaluronidase activity. As yet,
there are no antibodies available to confirm that this was also
paralleled by a decrease in protein expression and enzyme
activity, but it is interesting to speculate that this difference
between BMP-7 and IL-1�–mediated regulation of hyaluroni-
dase may be a key in understanding their differential effects on
HA cable formation. HA synthesis occurs at or close to the cell
membrane, and the growing HA chain is extruded through the
membrane into the extracellular space (36). We postulate that
downregulation of hyaluronidase activity by BMP-7 allows
HA to remain associated with HAS and that HA extruded
through the cell membrane is anchored to HAS isoforms and

associates with similarly anchored HA from neighboring cell
thus forming cables. In contrast, when hyaluronidase activity is
not decreased, as seen after addition of IL-1�, extruded HA is
cleaved at the cell surface and secreted into the surrounding
environment. In our studies, this is reflected by the increased
concentration of HA in the culture supernatant after addition of
IL-1�, while BMP-7 led to a much smaller increase of HA in
the culture supernatant, presumably due to less HA cleavage
and release.

Although BMP-7 was originally identified as a protein that
induced bone and cartilage formation, with an important role in
the morphogenesis of embryo and in postnatal life (37), it is
also produced in kidney (37,38). Recent studies have shown
that BMP-7 is able to prevent kidney damage in vivo in
numerous animal models of disease. In models of renal isch-

Figure 9. Analysis of 3H radiolabeled hyaluronan (HA). Confluent serum–deprived monolayers of HK-2 cells were stimulated with BMP-7
(400 ng/ml) or IL-1� (1 ng/ml) or exposed to serum-free control conditions as indicated for 24 h in the presence of 20 �Ci/ml [3H] glucosamine.
Subsequently, conditioned medium (CM) and protein-bound (PB) and cell-associated (CA) HA fractions were prepared as described in
Materials and Methods. Radiolabeled HA was subsequently analyzed by Sephacryl S-500 chromatography.
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emia, infusion of BMP-7 reduces severity of renal injury and
suppresses inflammation by downregulation of intercellular
adhesive molecules (20). Interstitial inflammation and fibro-
genesis associated with unilateral ureteral obstruction (UUO)
are also prevented in vivo by administration of BMP-7 at the
time of UUO (21). BMP-7 promoted maintenance of tubular
epithelial integrity in the same model. This is consistent with in
vivo studies demonstrating counteraction of TGF-�1–induced
epithelial-to-mesenchymal transition and reversal of chronic
renal injury in the nephrotoxic serum nephritis model (39).
Finally in the streptozotocin model of diabetic nephropathy,
BMP-7 therapy in vivo markedly ameliorated glomerular pa-
thology, decreased tubulointerstitial volume, and reduced pro-
teinuria (40). In vitro studies shed some further light on the
mechanistic basis of the mode of action of BMP-7. In mesan-
gial cells, it reduces TGF-�1–induced extracellular matrix ef-

fects (41). Specific membrane-bound high-affinity BMP-7 re-
ceptors have also been characterized on adult rat kidney tubular
cells (42), and in vitro in PTC, BMP-7 antagonizes TNF-�–
stimulated increases in expression of proinflammatory cyto-
kines and chemokines (43). How then can we relate the ant-
inflammatory and antifibrotic effects of BMP-7 with increased
HA cable-mediated monocyte binding?

Binding interactions between leukocytes and other cells are
best characterized in endothelial cells in which leukocyte in-
tegrins on their surface bind to their ligands such as ICAM-1
and VCAM-1 (members of the Ig super-family) (44). Similar
mechanisms of binding have been demonstrated in resident
renal cells such as PTC (45) and fibroblasts (23). Proximal
tubular cells express the adhesion molecules ICAM-1 and
VCAM-1, and upregulation of these adhesion molecules pre-
dict outcome in inflammatory renal disease (45). Interaction of

Figure 10. Expression of HA synthases (HAS2 and HAS3) mRNA and hyaluronidase (Hyal1 and Hyal2) mRNA. Confluent monolayers of
HK-2 cells were stimulated with either IL-1� (1 ng/ml) or increasing doses of BMP-7 (0 to 800 ng/ml) for 24 h as indicated. In control
experiments, cells were exposed to serum-free medium only (Con). At the end of the experimental period, total cellular RNA was extracted
and RT-PCR done as described in Materials and Methods. Ethidium bromide–stained PCR products were separated on a 3% agarose gel. One
representative gel of four individual experiments is shown. PCR amplification for 28 cycles for �-actin mRNA, 36 cycles for HAS2 mRNA
(A), 36 cycles for HAS3 mRNA (B), 36 cycles for Hyal1 mRNA (C), and 32 cycles for Hyal2 mRNA (D). Densitometric ratios, normalized
to the control value, of each of the genes of interest compared with the housekeeping gene, �-actin, of four individual experiments are shown
in panel E. Data represents mean �SD, *P � 0.05 compared with the mean control ratio for each experiment.
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infiltrating inflammatory cells with PTC through these adhe-
sion molecules stimulate the generation of several cytokine
cascades (46). It is likely that such as inflammatory loops, if
not controlled appropriately, will turn into a chronic phase
which leads to the development of progressive fibrosis char-
acteristic of chronic renal disease. In this article, we have
demonstrated that BMP-7–induced monocyte binding is dis-
tinct from IL-1�–induced monocyte binding. We postulate that
the HA cables keep the monocytes away from the proinflam-
matory receptors. This hypothesis is supported by demonstra-
tion of increased monocyte binding to unstimulated cells when
HA cables were removed by hyaluronidase treatment before
the addition of the U937 cells. In addition, previous studies
have suggested that BMP-7 may also influence ICAM–leuko-
cyte interaction by downregulation of ICAM expression in
PTC (43). In an in vivo setting, this would reduce the impact of
any infiltrating monocytes and prevent the development of a
proinflammatory amplification loop, which may lead to pro-
gressive interstitial fibrosis.

This effect of cell-associated HA cables in which HA is
predominantly of high MW is in marked contrast to the reported
effects of soluble low-MW HA. Addition of low-MW HA is a
potent stimulus for increased expression of ICAM-1 and
VCAM-1 in tubular epithelial cells (13). Together with in-
creased expression of chemokines after addition of fragmented
HA to PTC (12), this suggests that secreted HA, particularly
when partially degraded, enhances leukocyte adhesion and
subsequent cell activation, providing an amplification loop for
proinflammatory effects of cytokines such as IL-1�. This re-
inforces the principle that high-MW HA generally represents
the normal homeostatic state, whereas the generation of
low-MW HA fragments signals a disruption of the normal
homeostatic environment.

In conclusion, most renal diseases are characterized by pro-
gressive loss of renal function, which results in a pathogenetic
mechanism that is independent of the original disease (47).
This final common pathway is initially characterized by the
triggering of interstitial infiltration of inflammatory cells,
which trigger further tubular damage, and interstitial fibrosis,
which correlates with the rate of progression of renal disease.
This seems to hold true, even in what are considered to be
non-inflammatory diseases such as diabetic nephropathy, with
recent studies suggesting that macrophage-derived proinflam-
matory cytokines acting upon resident cells may represent key
events in progressive nephropathy (14,48). The data presented
in this article provide insight into how alterations in HA
synthesis in the renal cortex may be involved in modulation of
the interaction between infiltrating inflammatory cells and
resident cells and furthermore suggest a mechanism by which
the known antiinflammatory and antifibrotic effects of BMP-7
in renal disease may be mediated. We speculate that the pres-
ence of BMP-7 is an important determinant of the function of
HA. Chronic renal impairment is associated with a relative
deficiency of BMP-7 but increased HA in the kidney. Under
these conditions, increased HA generation is unlikely to form
HA-based cables and therefore may be contribute to the dam-
aging fibrotic response. In the presence of BMP-7, however,

the formation of cables is facilitated the consequence of which
may be decreased interaction of infiltrating cells with cell
surface adhesion molecules on the resident cells.
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