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Lung injury is associated with increased concentrations of hyaluronan
(hyaluronic acid, HA). HA modifies cell behavior through interaction
with cell-associated receptors such as receptor for HA-mediated
motility (RHAMM, CD168). Using a function blocking anti-RHAMM
antibody (R36), we investigated the expression and role of RHAMM
in the inflammatory response to intratracheal bleomycin in rats.
Immunostaining showed increased expression of RHAMM in macro-
phages 4–7 d after injury. Surface biotin labeling of cells isolated by
lavage confirmed increased surface expression of a 70-kD RHAMM
after lung injury, and in situ hybridization demonstrated increased
RHAMM mRNA in macrophages responding to injury. Time-lapse
cinemicrography demonstrated a 5-fold increase in motility of alve-
olar macrophages from bleomycin-treated animals that was com-
pletely blocked by R36 in vitro. Further, HA-stimulated macrophage
chemotaxis was also inhibited by R36. Daily administration of R36
to injured animals resulted in a 40% decrease in macrophage accu-
mulation 7 d after injury. Further, H&E staining of tissue sections
showed that bleomycin-mediated changes in lung architecture were
improved with R36 treatment. Taken together with previous results
showing the inhibitory effects of HA-binding peptide on inflamma-
tion and fibrosis, we conclude that the interaction of RHAMM with
HA is a critical component of the recruitment of inflammatory cells
to the lung after injury.
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Acute lung injury is characterized by an initial inflammatory
response that precedes pulmonary fibrosis (1–3). Pulmonary fi-
brotic disorders such as acute respiratory distress syndrome
(ARDS) in adults and bronchopulmonary dysplasia in infants
are characterized by a chronic inflammatory state consisting
largely of macrophages (4, 5). The prevailing model of acute
lung injury asserts that injury to the epithelium results in the
release of numerous inflammatory mediators, promoting the in-
flux initially of neutrophils and subsequently macrophages into
sites of injury, with further increases in cytokine production and
modulation of the extracellular matrix, including fibronectin,
elastin, hyaluronan, and collagen (6–10).

Hyaluronan (hyaluronic acid, HA) is a nonsulfated glycosam-
inoglycan that consists of a polymer of repeating disaccharide
units of N-acetyl glucosamine and glucuronic acid (11). Increased
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HA concentrations are found coincident with periods of rapid
cell proliferation and migration such as developing, regenerating,
and remodeling tissues, as well as in tumorigenesis (reviewed in
Ref. 10). Specifically, increased recovery of HA has been shown
in bronchoalveolar lavage (BAL) from fibrotic lung diseases
such as sarcoidosis (12), occupational lung disorders (13), and
ARDS (14). Interestingly, HA-binding peptides administered to
rodents have been shown to inhibit macrophage cell motility
and reduce inflammation and fibrosis during skin wound repair
(15), in the carageenen model of cutaneous inflammation (16),
and after acute lung injury (17). These data suggest that HA is
an integral part of the cause rather than a consequence of the
inflammatory response to tissue injury.

HA modifies cell behavior through interactions with at least
two molecularly distinct cell-associated receptors. CD44, a
widely distributed cell surface glycoprotein (18, 19), exists in
several molecular forms derived by alternate splicing of a single
mRNA and exhibits different HA-binding characteristics de-
pending upon the cell type and conditions involved (20). It has
been implicated in lymphocyte homing to tissues (21), tumori-
genesis (22), and is clearly expressed in tissues undergoing repair
after wounding (23). In acute lung injury, CD44 appears to
mediate fibroblast migration (24) and HA-induced gene expres-
sion in mouse alveolar macrophages (25). CD44-deficient mice
challenged with noninfectious lung injury exhibit sustained infil-
tration of inflammatory cells within the alveolar interstitium,
increased mortality, and LMW HA accumulation at 14 d, as
well as impaired clearance of neutrophils in association with
decreased TGF-� activation (26). This phenotype was signifi-
cantly reversed with bone marrow reconstitution from CD44�/�

mice, suggesting an important role for CD44 in HA clearance
after lung injury and resolution of the inflammatory response
after tissue injury (26).

Since recruitment of inflammatory cells to the lung after in-
jury is not affected in the absence of CD44, and blockade of
HA inhibits macrophage accumulation, an HA receptor other
than CD44 must mediate inflammatory cell accumulation. Re-
ceptor for HA-mediated motility (RHAMM) is an HA receptor
expressed at the cell surface that regulates cell locomotion and
proliferation (15, 27–31). In several injury models, RHAMM
and HA are overexpressed in macrophages (15, 31), fibroblasts
(32), epithelial cells (15), and smooth muscle cells (29) re-
sponding to injury. We therefore focused on the expression and
role of RHAMM in inflammation using the function-blocking
anti-RHAMM antibody, R36. We hypothesized that RHAMM
plays an important role in the recruitment of inflammatory cells
to the lung after bleomycin injury.

MATERIALS AND METHODS

Reagents and Macrophage Cell Line

A rabbit polyclonal anti-RHAMM antibody, R36, was raised against
amino acids 585–605 encoded in the full-length RHAMM cDNA (33, 34)
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and purified to IgG fraction. Its specificity for RHAMM has been
demonstrated previously (28, 29).

A six-mer hyaluronan oligosaccharide (HA-6) was the kind gift of
Dr. Akira Asari (Seikagaku Corporation, Tokyo, Japan). This oligosac-
charide is produced by enzymatic digestion of high-molecular-weight
HA extracted from rooster comb and purified using high-performance
liquid chromatography. HA-6 was demonstrated to be free of endo-
toxin, protein, and DNA, and the molecular size and purity were con-
firmed by fluorescence-assisted carbohydrate electrophoresis analysis
and gas chromatography/mass spectroscopy (data not shown).

RAW 264.7 murine macrophages were obtained from ATCC (Cat#
TIB-71; Rockville, MD). Cells were maintained in DMEM supple-
mented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 �g/ml
streptomycin, and 100 U/ml penicillin at 37 �C under 5% CO2.

Animals

The Institutional Animal Care and Utilization Committees at both The
Children’s Hospital of Philadelphia and The University of Pennsylvania
School of Medicine approved all animal care procedures. Six-week-
old (200–250 g) male Sprague-Dawley rats (Charles River Breeding
Laboratories, N. Wilmington, MA) were housed in the Animal Care
Facility of The Children’s Hospital of Philadelphia under standard
conditions with free access to food and water. Animals were anesthe-
tized with ketamine:xylazine:atropine (16:8:0.01 mg/kg), and the trachea
was visualized through a vertical incision in the neck. Using an insulin
syringe, 250 �l of either LPS-free saline or 8 U/kg bleomycin sulfate
(Bristol Myers Squibb, Princeton, NJ) in 250 �l of saline was injected
into the trachea. The incision was closed with surgical clips, and animals
were immediately injected intraperitoneally with either 0.5 mg of anti-
RHAMM antibody (R36) or nonimmune IgG. Antibody treatment was
continued with daily injections of 0.5 mg of either R36 or IgG for either
3 or 6 d. At least three animals were examined for each condition,
including one set that remained unmanipulated throughout.

Animals were killed on Days 4 or 7 after injury. BAL was obtained
(36 ml/kg, total lung capacity) and immediately centrifuged at 500 � g for
10 min to remove all cells and cellular debris. Approximately 80–90% of
lavage was routinely recovered. The cellular pellet and the supernatant
were separated and frozen at �70 �C until further analysis. The pulmo-
nary artery was perfused with PBS to remove all blood from the lungs.
The left lung was either inflated to 25 cm H2O with 1% paraformalde-
hyde and placed in 10% neutral formalin for full fixation before pro-
cessing for paraffin sectioning, or inflated with OCT/PBS solution to
25 cm H2O and immediately blocked in OCT and stored at �70 �C for
frozen sectioning. The three lobes of the right lung were immediately
frozen in liquid nitrogen and stored at �70 �C.

Immunostaining

RHAMM expression after bleomycin injury was determined using the
Rabbit IgG Vectastain ABC kit (Vector Laboratories, Inc., Burlingame,
CA) as previously described (17). Briefly, after removal of paraffin and
stepwise hydration, slides were blocked with goat serum per manufac-
turer instructions. Primary antibody (R36, 25 �g/ml) was applied over-
night at 4 �C in a humid slide box. After washes in 0.01 M TBS and
0.01 M TBS/0.1% Tween, endogenous peroxidase activity was blocked
with 0.6% hydrogen peroxide/methanol for 30 min at room tempera-
ture. Secondary antibody, biotinylated goat anti-rabbit IgG, was applied
for 1 h at room temperature, and specific staining was obtained with
avidin–biotin complex (ABC) and diaminobenzadine (DAB). Staining
was enhanced with 0.5% CuSO4 in 0.9% NaCl and slides were counter-
stained with 0.25% methyl green in ddH2O. Slides were dipped quickly
in n-Butanol, then xylene, and finally mounted with Permount (Fisher
Scientific, Fair Lawn, NJ). Frozen sections were processed similarly
except that they did not require removal of paraffin and rehydration,
and were studied using immunofluorescence. Experiments to determine
the changes in expression of RHAMM over time after intratracheal
treatments were repeated three times.

Macrophage accumulation was quantified by immunofluorescent
staining with the rat macrophage–specific marker ED1 (Serotec,
Raleigh, NC). Endogenous fluorescence was blocked with separate expo-
sure to sodium borohydrate (1 g/10 ml PBS, 3 min � 2) and 1 M glycine
in PBS for 30 min. Nonspecific sites were blocked with PBS/100% goat
serum/0.02% azide for 30 min at room temperature. Sections were

incubated with fluorescein isothiocyanate (FITC)-conjugated ED1
overnight at 4 �C. Slides were dried and mounted with Fluoromount-G
(Southern Biotechnology Associates, Birmingham, AL). Three blinded,
independent observers counted ED1-positive cells per high-power field
to quantify macrophage accumulation in at least three lung sections
from each animal. Each observer selected three random fields from
different portions of the lung for counting and used sections obtained
from different areas of lung tissue to ensure adequate sampling. In
addition, all sections were observed under low-power magnification to
ensure that all areas of the lung section had been included in the
determinations. Good concordance of results between the observers
provided reassurance of the accuracy of the counting.

Immunoblot Analysis

Western blots were performed for RHAMM in lysates of macrophages
obtained by BAL. Isolated cells were incubated for 10 min with lysis
buffer (25 mM Tris-HCl, 0.15 M NaCl, 1.0 mM EDTA, 1% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS, and Sigma protease inhibi-
tor at 1:20 dilution). Cells were then scraped, transferred to microcentri-
fuge tubes, centrifuged at 14,000 rpm for 10 min, and the resulting
supernatant collected and stored at �80�C. The protein content of each
sample was determined using the Bradford assay (35), and 10 �g of
each sample was loaded and subjected to electrophoresis at 150 mV in
Novex NuPAGE 12% Bis-Tris gels (Invitrogen, Carlsbad, CA) in MES-
SDS buffer (from 40� stock from Invitrogen), transferred to nitrocellu-
lose membranes, blocked with 5% nonfat dry milk (NFDM) reconstitu-
ted in Tris-buffered saline with 0.1% Tween 20 (TTBS) for 1 h at room
temperature, and probed with R36 (5 �g/ml) diluted in 2% NFDM-
TTBS overnight at 4 �C. After probing with the secondary antibody
conjugated to horseradish peroxidase, protein bands were detected by
enhanced chemiluminescence (Amersham, Piscataway, NJ). Semiquan-
titative densitometry was performed on the resulting films with Mac-
BASE version 2.4 (FUJIFilm, Elmsford, NY) as described previously (36).

Surface Biotin Labeling

Lavage cells were isolated from BAL by centrifugation at 5,000 � g
for 5 min. Pelleted cells were resuspended in DMEM with no FBS.
Cells were plated equally and macrophages adhered after 10 min at
37 �C/5%CO2. Surface biotin labeling (Pierce, Rockford, IL) was per-
formed 2 h after plating per manufacturer’s instructions. Whole cell
lysate was collected and 25 �g of each sample was immunoprecipitated
with streptavidin-agarose as per manufacturer’s instructions. The pre-
cipitate was resuspended in NuPAGE LDS sample buffer with DTT
(Invitrogen) and separated by gel electrophoresis. Proteins in the gel
were transferred to nitrocellulose membranes, and immunoblots were
performed for RHAMM as described above.

Probe Generation for In Situ Hybridization

A partial cDNA for rat RHAMM was amplified from a rat smooth
muscle cell cDNA library (the kind gift of Dr. C. Giachelli, The Univer-
sity of Washington, Seattle) by PCR using primers (5�: GTT GGT TGG
TTG GAA AAA TCT ; 3�: GCA GCA GTT CGG GTT GCC TTC
TTT CAA) specific for positions 13–1,645 of the cDNA (GenBank
Accession No. U87983). The amplification was performed using a hot
start Mg�� Bead (Invitrogen) with a final concentration of 200 �M
dNTPs, 1.5 mM Mg, 0.2 mM primers, 50 mM KCl, 10 mM Tris HCl,
pH 8.3, and 0.25 Taq polymerase (Gibco BRL, Gaithersburg, MD).
Amplification was for 30 cycles on a programmable thermal cycler
PTC-100 with a denaturation temperature of 94�C for 1 min, annealing
temperature of 60 �C for 1 min, and extension temperature of 72 �C for 2
min, and a terminal extension at 72�C for 5 min. An aliquot was run on
a 1% low-melting-point agarose gel, and the single band obtained was
purified using the Wizard Mini Prep system (Promega, Madison, WI).
To generate sense and antisense single-stranded digoxigenin-labeled
probes, 20 ng of the initial PCR product was reamplified with a single
primer using 50 �M of dATP, dCTP, dGTP, 37 �M dTTP, and 12.5
�M digoxigenin-labeled dUTP using the same amplification parameters
and 50 cycles. A single band was generated on agarose gel and was
purified again by Wizard Mini Prep. The single-stranded probe gener-
ated by amplification with the 5� primer (5� GAA ATA GAA GAT
CTT AAA CTG GAG AAT TTG 3�) generated a sense strand, whereas
the 3� primer (5� CAA ATT CTC CAG TTT AAG ATC TTC TAT
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TTC 3�) generated an antisense probe (both from position 1,067 of the
rat RHAMM cDNA). This protocol is a modification of the technique
described by Finckh and coworkers (37).

In Situ Hybridization

Immediately after harvest, small portions of lung tissue were fixed in
4% paraformaldehyde in PBS with freshly added 0.1% DEPC. After
2 h, the tissue was cryoprotected in 30% sucrose overnight and then
blocked in OCT (Miles, Elkhart, IN). Four-micron sections were cut
and placed on silanated ProbeOn Slides (Fisher). In situ hybridization
was performed as previously reported (38) with the exception of the
use of the Microprobe apparatus (Fisher) and 0.1% Brij 35 detergent
in all prehybridization and posthybridization steps. High stringency
posthybridization washes were with 0.1� SSC at room temperature
2 min per wash for seven washes. The overnight hybridization was
performed at 42 �C under coverslips to reduce the volume of reagents.
Detection was with NBT-BCIP performed for 4 h. At least two animals
were studied for each treatment group.

Time-Lapse Cinemicrography

Freshly isolated cells from BAL of saline- or bleomycin-treated animals
were monitored for their motility using a Nikon TE-300 inverted micro-
scope (Nikon Corp., Tokyo, Japan) to which a video camera (Hamamatsu
CCD, Inc., Hamamatsu City, Japan) was attached. Cell locomotion of
at least 20 cells per animal was determined using Metamorph (Universal
Imaging Corp., Downingtown, PA). Cells were plated and maintained
at 37 �C and followed for 2 h with mean velocities calculated every
10 min. The effect of anti-RHAMM antibody was examined by adding
5 �g/ml of antibody per plate per treatment 15 min before measurement
of motility. Nonimmune IgG was used as a control. Each experiment
was repeated at least three times.

Chemotaxis Assay

Chemotaxis of macrophages was performed using a modified Boyden
chemotaxis chamber containing a 96-well microchemotaxis plate
(MBA-96; Neuro Probe, Cabin John, MD) as described previously (39)
with minor modifications. Briefly, the bottom wells of the chamber
contained 40 �l of HA-6 (4 mM) dissolved in defined medium (DM),
without FCS. Positive and negative controls included 10% FCS or DM,
respectively. The upper wells were filled with 1 � 106 cells/ml suspended
in 100 �l DM in the presence or absence of R36 or normal rabbit IgG.
A 5-�m-pore polycarbonate membrane filter was placed between the
bottom and top chamber. The chamber was incubated for 6 h at 37 �C.
Nonmigratory cells on the upper surface of the membrane were treated
with 200 �l of 1 mM EDTA for 15–20 min and wiped off. Cells that
had migrated into the membrane were stained with Diff-Quick (Baxter
Healthcare, McGaw Park, IL) and counted in five randomly selected
high-power fields in each well. Each chemoattractant solution was tested
in six wells and each experiment was repeated at least three times.
Data were expressed as the number of macrophages that migrated into
the membrane for each condition and converted to a percentage of
control (DM) and combined for three separate experiments.

Figure 1. Localization of RHAMM after
intratracheal treatments. RHAMM dis-
tribution was determined using
diaminobenzadine-based immunohisto-
chemistry using R36. (a ) Uninjured con-
trol lung section stained with R36 prein-
cubated with recombinant RHAMM
protein shows no staining, confirming
antibody specificity. (b ) Normal RHAMM
expression (brown staining) is restricted

to the apex of airway epithelial cells, resident alveolar macrophages, and in bronchiolar smooth muscle. (c ) At 4 d after injury, accumulating
macrophages stain strongly for RHAMM. Macrophages were identified using the cell-specific marker, ED1 (data not shown; see Ref. 36). Photomicro-
graphs shown are representative of at least five animals examined at each time and for each condition.

Statistical Analysis

Statistical comparisons between uninjured animals and saline- or
bleomycin-treated groups were performed using ANOVA with Bonfer-
roni correction for individual comparisons. All P values � 0.05 were
considered significant.

RESULTS

RHAMM Expression Increases in Macrophages after
Bleomycin Lung Injury

To determine the changes in RHAMM expression in the lungs
of animals after intratracheal bleomycin, we first examined lung
tissue sections by immunocytochemistry at various time points
after injury (Figure 1). Constitutive expression of RHAMM was
observed in the bronchiolar epithelium, smooth muscle, and
resident alveolar macrophages (Figure 1b). Four days after in-
jury, staining for RHAMM was observed in macrophages accu-
mulating both in the alveolar walls and in the alveolar spaces
(Figure 1c). In contrast, saline-instilled rat lungs were identical
to uninjured, control lungs (data not shown). To ensure specific-
ity of immunostaining, sections were incubated with antibody
that had been preincubated with 3-fold excess RHAMM fusion
protein (Figure 1a), or by the use of antibody that had been
passed over a GST-RHAMM fusion protein column to remove
RHAMM-specific antibody (data not shown). In both cases,
staining was almost completely abrogated.

We next examined the expression of RHAMM in inflamma-
tory cells obtained by lavage as a function of time after intratra-
cheal treatments. Immunoblot analysis using R36 demonstrated
70-kD and 80-kD bands for RHAMM (Figure 2a). Since equal
protein was loaded for each lane, the data represent the changes
in RHAMM independent of the changes in numbers of cells
accumulating after intratracheal treatments. Densitometric anal-
ysis of each band showed that bleomycin, but not saline treat-
ment, resulted in an increase in both isoforms to a maximum 7 d
after bleomycin injury (Figure 2a).

Since cell surface expression of RHAMM has been correlated
with increased cell motility (29, 40), and we had previously shown
increased surface expression of RHAMM by flow cytometry
of lavage cells from bleomycin-injured animals (31), we also
examined the expression of cell surface RHAMM by surface
biotin labeling 7 d after intratracheal treatments. Compared with
saline-treated rats, a 2-fold increase in the 70-kD band was ob-
served in lavage macrophages at 7 d after bleomycin, indicating
the upregulation of the 70-kD RHAMM isoform at the cell
surface after bleomycin injury (Figure 2b, P 	 0.02, n 	 3).

To determine the cells responsible for synthesizing RHAMM,
in situ hybridization was employed. Single-stranded sense and
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Figure 2. Immunoblot analysis of RHAMM after intratracheal treat-
ments. (a ) Expression of RHAMM was assessed in macrophages obtained
by BAL. Equal protein was loaded from samples obtained from uninjured
animals and compared with those from rats given either intratracheal
saline or bleomycin. Constitutive expression of 70-kD and 80-kD forms
of RHAMM were noted. Densitometric analysis was performed as de-
scribed in MATERIALS AND METHODS. The expression of both isoforms
increased after intratracheal bleomycin and both forms were maximally
expressed at 7 d. Animals given intratracheal saline did not increase
expression of either form of RHAMM. Blot shown is representative of
three separate experiments showing similar results. (b ) To determine
surface expression of RHAMM, macrophages obtained by lavage were
cultured for 2 h, then surface labeled with biotin. Cell lysates were
then obtained and immunoprecipitated with streptavidin-sepharose.
Subsequent immunoblotting for RHAMM showed that bleomycin injury
was associated with a 2-fold increase in surface expression of the 70-kD
form and that the 80-kD form was not expressed on the cell surface.
Blot shown is representative of three separate experiments.

antisense DNA probes were used in a nonradioactive digoxigenin-
labeled in situ hybridization. Consistent with the immunohisto-
chemical data, 4 d after intratracheal saline administration
RHAMM mRNA was localized to resident alveolar macro-
phages (Figure 3b). This distribution did not differ from that of
uninjured normal rat lungs (data not shown). Intense positive
staining with the antisense probe was obtained in macrophages
accumulating in areas of lung injury 4 d after bleomycin injury,
confirming that these cells were the sites of RHAMM synthesis
(Figure 3c). No staining was observed with the sense probe, thereby
confirming the specificity of the antisense probe (Figure 3a).

RHAMM Is Necessary for Increased Macrophage Motility
after Injury

To determine whether the increased expression of RHAMM
observed in macrophages 4 d after injury corresponded to
changes in motility, we used time-lapse cinemicrography to mea-
sure the locomotion of macrophages in the first 2 h after isolation
by BAL from control and bleomycin-treated animals 4 d after
intratracheal treatments (Figure 4). Macrophages after bleomy-
cin treatment showed significantly higher velocities than saline-
treated controls (Figure 4, **P � 0.001, n 	 4). Macrophages
isolated from saline-treated animals also showed a small increase
in cell locomotion as compared with untreated controls (Figure 4,
*P � 0.05, n 	 4). This may represent injury as a result of
instillation of saline into the lungs. In both saline- and bleomycin-
treated animals, treatment with R36 inhibited increased motility
to baseline (Figure 4, *P � 0.05, n 	 4). Nonimmune IgG, used
as a control, had no effect on the motility of cells from bleomycin-
treated animals. These data suggest that, as described for HA
(17), RHAMM fully accounts for increased macrophage motility
observed after bleomycin injury.

RHAMM Is Necessary for HA-Mediated
Macrophage Chemotaxis

To determine whether RHAMM contributes to HA-stimulated
chemotaxis, a modified Boyden chamber assay was performed
using a six-mer HA oligosaccharide (HA-6) as the chemoattractant
for RAW264.7 murine macrophages as described in Materials
and Methods. HA-6 stimulated a 2.5-fold increase in macro-
phage chemotaxis over defined medium as a control (Figure 4b,
*P � 0.01, n 	 6 per condition, experiment repeated three times).

Figure 3. In situ hybridization for RHAMM at 4 d. Single-strand
digoxigenin-labeled DNA probes were used for nonradioactive in situ
hybridization. a and b are both sections from saline-treated animals.
(a ) Lack of hybridization using sense DNA on tissue sections from an
uninjured control animal confirmed probe specificity. (b ) Antisense
RHAMM probe hybridized to resident alveolar macrophages (arrows).
(c ) Four days after injury, antisense probe hybridized intensely to accu-
mulating macrophages (arrowheads), suggesting that these cells are
the site of RHAMM synthesis.
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Figure 4. Effect of anti-RHAMM antibody on macrophage motility 4 d
after treatments. (a ) Time-lapse cinemicrography was used to determine
the effect of R36 on macrophage motility. Cells isolated from lavage
of injured animals were plated and adherent macrophages were fol-
lowed for 2 h after the addition of 5 �g/ml of R36. Nonimmune IgG
was used as a control. Saline treatment alone caused some increase in
macrophage motility. Bleomycin treatment resulted in a 5-fold increase
in motility of macrophages. In both cases, motility was inhibited to
baseline with R36 treatment, but not by nonimmune IgG. These data
suggest that RHAMM fully accounts for increased macrophage motility
after intratracheal treatment. (b ) HA oligosaccharide-stimulated chemo-
taxis of RAW 264.7 cells was assessed using a modified Boyden chamber
assay. HA-6 stimulated a 2.5-fold increase in macrophage chemotaxis
that was completely blocked in the presence of R36, but not with normal
rabbit IgG (P � 0.05, n 	 6/condition, representative experiment of
three repeats).

Addition of R36 to the top chamber with the cells inhibited HA-
stimulated chemotaxis to baseline (Figure 4b, **P � 0.01 versus
HA-6 and HA-6 � Rabbit IgG, n 	 6 per condition, repeated
three times), whereas normal rabbit IgG had no effect. These
data suggest that in addition to the random migration of macro-
phages, RHAMM:HA interactions mediate macrophage
chemotaxis.

In Vivo Effects of RHAMM Antibody

We next evaluated the effects of R36 on the inflammatory re-
sponse to bleomycin. To quantify the effect of R36 on macro-
phage accumulation, tissue sections were immunostained with
ED1 and positive cells per high-power field (hpf) were counted
(Figure 5). Saline treatment resulted in a trend to higher macro-
phage number as compared with controls (saline 14.9 
 3.3
versus control 10.9 
 0.21 cells per hpf, n 	 4, P 	 0.07).
However, bleomycin treatment resulted in a 3-fold increase in
macrophage number (28.4 
 4.7 cells per hpf, P � 0.05, n 	 4).
Daily R36 treatment resulted in a 40% reduction in macrophage
number after injury as compared with nonimmune IgG-treated
animals (Figure 5, 17.7 
 4.9 cells per hpf, P � 0.05, n 	 4).

Figure 5. In vivo effect of anti-RHAMM antibody on lavage HA content
and macrophage accumulation The effect of R36 on macrophage accu-
mulation was determined by staining tissue sections with the rat
macrophage–specific marker ED1. Three blinded observers indepen-
dently counted positive cells per hpf. Saline treatment resulted in a
small trend toward increased macrophage number as compared with
controls (P 	 0.07). Bleomycin treatment resulted in a 3-fold increase
in macrophage number (P � 0.05 versus saline). While normal IgG
demonstrated nonspecific effects, daily R36 treatment resulted in a
further significant reduction in macrophage number after injury
(P � 0.05 versus bleomycin � IgG).

Finally, we determined the effect of antibody treatment on
lung architecture at 7 d. Saline-treated animals showed normal
lung architecture (Figure 6a). Bleomycin treatment resulted in
an influx of inflammatory cells with thickening of alveolar septae
and early fibrosis (Figure 6b). Nonimmune IgG also resulted in
accumulation of inflammatory cells with evidence of fibrosis
(Figure 6c). However, treatment with R36 resulted in decreased
inflammatory cell accumulation and a return to more normal
architecture (Figure 6d).

DISCUSSION

In the present study, we demonstrate increased synthesis and
expression of the promigratory molecule RHAMM in macro-
phages accumulating in areas of the lung injured by intratracheal
instillation of bleomycin. Elevated expression of RHAMM oc-
curred in association with increased macrophage motility ob-
served after injury. In addition, using antibody inhibition, we
show that cell surface RHAMM is not only necessary for this
increased motility, but also contributes to lung macrophage accu-
mulation after injury. Taken together with our previous studies
demonstrating the ability of HA-binding peptide to decrease
inflammation and fibrosis after bleomycin injury (17), the results
of the current study suggest that RHAMM:HA interactions play
a critical role in the recruitment of inflammatory cells after lung
injury by bleomycin.

HA exerts direct effects on cells and on the extracellular
matrix that may be relevant to its role in wound repair. Thus, the
proinflammatory cytokines TNF-� and IL-1� have been shown to
induce cell surface expression of HA (41), which in turn promotes
adhesion of leukocytes to the endothelium (41, 42). Further, HA
has been shown to stimulate the migration and proliferation of
smooth muscle cells (29), fibroblasts (27), immune cells (15),
and endothelial cells (43, 44). HA also activates monocytes into
macrophages (45), and increases cytokine gene expression by
macrophages (25) and fibroblasts (46). Increased accumulation
of HA is associated with inflammation after acute injury to
several organ systems including the lung (reviewed in Refs. 10
and 31). However, recent studies have suggested that HA pro-
motes inflammation. Thus, HA-binding peptide specifically
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Figure 6. Effect of R36 on lung architecture at 7 d. Fluorescent
images of paraffin tissue sections illustrate that (A ) saline-treated
animals had adequate alveoli and normal architecture. (B ) Bleo-
mycin treatment resulted in an influx of inflammatory cells with
thickening of alveolar septae and early fibrosis. (C ) Nonimmune
IgG also resulted in accumulation of inflammatory cells with evi-
dence of fibrosis. (D ) However, treatment with R36 resulted in
decreased inflammatory cell accumulation and a return to more
normal architecture. Data shown are representative of at least
three animals examined for each condition.

blocks macrophage motility in vitro and, when systemically ad-
ministered to rats during bleomycin injury, results in decreased
alveolar macrophage motility and accumulation with subse-
quently reduced collagen content in the lung (17). In rats, subcu-
taneous injection of HA-binding peptide before mechanical ven-
tilation blocks neutrophil influx in the lung (47). Importance
of HA to inflammation and the likely universal nature of this
response was confirmed by Mummert and colleagues (16). In a
model of contact hypersensitivity, this group demonstrated that
systemic, local, or topical administration of a different HA-bind-
ing peptide to reactive hapten-sensitized mice blocked skin-
directed homing of inflammatory leukocytes. Together, these
studies suggest that the interaction of HA with its receptors
precedes and promotes the inflammatory response to injury.

Several other authors have also demonstrated increased cell
surface RHAMM expression in leukocytes (48–50). Further, we
have previously shown that inflammatory cell chemotaxis and
random migration is dependent on RHAMM (15). Interestingly,
RHAMM expression is unaltered in CD44 null mice that exhibit
increased inflammation after collagen-induced arthritis and anti-
RHAMM antibody blocks the inflammatory cell influx in the
absence of CD44 (51). Thus, RHAMM:HA interactions may be
responsible for leukocyte transmigration through the endothe-
lium and for chemotaxis within injured areas of the lung. How-
ever, other reports have noted an absence of cell surface
RHAMM after injury. Teder and colleagues (52, 53) proposed
two mechanisms for the increased accumulation of HA after
bleomycin injury in rats. First, they showed that fibroblasts ex-
posed to BAL from injured animals increase their production
of HA, a response that was largely abrogated by blocking anti-
bodies to TGF-�1 (52). Further, alveolar macrophages obtained
5 d after bleomycin injury bound less [3H]-hyaluronan than those
from saline-treated controls, suggesting lower HA receptor ex-
pression in macrophages after injury (53). This lower expression
of HA receptors was also thought to contribute to elevated HA,
since less HA would be internalized by these cells. Indeed, in
their study, no RHAMM could be detected on the surface of
these cells. Further, Weiss and coworkers (9) examined the HA-
binding properties of activated monocytes. Immunostaining of
skin samples from allergic contact dermatitis found little HA
on vascular endothelial cells or activated lymphocytes and no

RHAMM expression in monocytes infiltrating sites of cutaneous
inflammation. In vitro activation of peripheral blood monocytes
by tissue culture, plastic adhesion, and treatment with LPS and
IFN-� did increase HA binding, but did not upregulate RHAMM
expression. Instead, FACS analysis showed that activated mono-
cytes expressed increased cell surface CD44, coinciding with
increased CD44 mRNA and protein (9).

The lack of increased HA receptor expression in macro-
phages after bleomycin injury as reported by Teder and col-
leagues (53) is contradictory to other reports and the data pre-
sented in the current study. For instance, the expression of the
standard form of CD44 (CD44 s) is increased in alveolar macro-
phages and in the interstitium of the lung in areas of thickened
alveolar wall, while the expression of CD44v6, thought to be
the epithelial form, is decreased in type II pneumocytes (54).
Further, CD44, presumably acting thorough its ability to bind
HA, has been implicated in novel rolling and adhesion pathways
leading to leukocyte adhesion to activated endothelium (41, 42).
Further, the recruitment of lymphocytes to the lung after anti-
genic challenge to sensitized mice could be blocked using an
anti-CD44 antibody (55–58).

Thus, there are conflicting data with respect to increased
expression of CD44 and RHAMM after lung injury. It is unclear
why these differences in observations exist. However, it is rele-
vant to this discrepancy that we have noticed that the increased
motility observed in macrophages isolated from bleomycin-
injured animals is rapidly lost after 2 h following culture (data not
shown). Since Teder and colleagues (53) examined macrophages
after 24 h in culture, the decreased surface expression of HA
receptors observed could be the result of downregulated cell
surface expression of HA receptors.

Upregulation of growth factors such as TNF and TGF-� after
bleomycin-induced lung injury coincides with increased HA pro-
duction (59, 60). In lungs injured by bleomycin, the increased
expression of HA receptors in macrophages coincides with the
temporal increase in TGF-�1 expression observed in the same
cells after similar injury (8, 54). This similarity in expression
suggests in vivo regulation of HA receptors in macrophages by
TGF-�1. In fibroblasts, the expression of RHAMM has been
shown to be regulated by TGF-�1 by a mechanism that involves
increased message stability (61), and the RHAMM:HA interaction



Zaman, Cui, Foley, et al.: RHAMM and Bleomycin Lung Injury 453

is required for TGF-�1–stimulated increases in cell locomotion
(62). TGF-�1 may thus be responsible for an autocrine system
in which production of this growth factor results in upregulation
of HA and its receptors in macrophages and a paracrine effect
on fibroblasts to produce HA and increased collagen deposition,
thereby influencing both inflammation and fibrosis after injury.
Our data, however, showing a decrease in macrophage accumula-
tion with HA-binding peptide treatment (17), and with anti-
RHAMM antibody treatment (this study) suggests that RHAMM:
HA interactions are, at least in part, responsible for the inflam-
matory response to acute lung injury.

In summary, the results of this study suggest that HA and
RHAMM are critical components of the inflammatory and fi-
brotic processes resulting from acute lung injury and that these
molecules represent novel targets to limit the adverse conse-
quences of lung injury in humans.
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