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Eotaxin-1/CCL11 and its receptor CCR3 are involved
in recruitment of eosinophils to diverse tissues, but
their role in eosinophil recruitment in pulmonary
fibrosis is unclear. The present study examined the
pulmonary expression of CCL11 and CCR3 during
bleomycin (blm)-induced lung injury and determined
their importance in the recruitment of inflammatory
cells and the development of lung fibrosis. In mice,
blm induced a marked pulmonary expression of
CCL11 and CCR3. Immunostaining for CCR3 revealed
that this receptor was not only expressed by eosino-
phils but also by neutrophils. CCL11-deficient
(CCL11�/�) mice developed significantly reduced pul-
monary fibrosis. Expression of profibrotic cytokines
such as transforming growth factor-�1 was dimin-
ished in the absence of CCL11. Furthermore, in-
creased lung expression of CCL11 significantly en-
hanced blm-induced lung fibrosis and production of
profibrotic cytokines. These effects were also associ-
ated with an increase of eosinophil and neutrophil
pulmonary infiltration. In contrast, mice treated with
neutralizing CCR3 antibodies developed significantly
reduced pulmonary fibrosis, eosinophilia, neutro-
philia, and expression of profibrotic cytokines.
Together, these data suggest that CCL11 and CCR3
are important in the pulmonary recruitment of
granulocytes and play significant pathogenic roles in
blm-induced lung fibrosis. (Am J Pathol 2005,
167:1485–1496)

Eosinophil recruitment is often encountered in many fi-
brotic lesions, and may contribute to the pathogenesis of
the fibrotic process. Indeed, several human and experi-
mental studies have implicated eosinophil as an immune/
inflammatory cell capable of regulating mesenchymal
cell proliferation, myofibroblast differentiation, and exag-
gerated deposition of matrix proteins, which are hallmark
features of fibrosis.1–3 Most recently, congenitally eosino-
phil-deficient mice are found to have deficient airway wall
remodeling in an allergic airway disease model.4 How-
ever, the mechanisms by which these cells migrate into
the lung interstitium during the establishment of lung
fibrosis are not fully understood.

Eosinophil recruitment into injured tissue is a complex
process regulated at different levels by different cyto-
kines such as interleukin (IL)-3, IL-4, IL-5, IL-13, GM-CSF,
and chemokines, eg, RANTES and CCL11.5 However,
only IL-5 and CCL11 appear to selectively regulate eo-
sinophil trafficking in the lung because only double IL-5-
and CCL11-deficient mice have a complete defect in the
recruitment of eosinophils.6,7 IL-5 is probably the most
specific cytokine for eosinophils because it induces
growth, differentiation, activation, and survival of this cell
type. Additionally, IL-5 has been clearly identified to be
necessary, at least in part, for eosinophil-mediated effi-
cient immune response against parasite or pathology,
such as allergic asthma.8,9 Recently, we examined the
contribution of IL-5 in an experimental model of lung
fibrosis induced by bleomycin (blm). The findings show
that IL-5 is a key mediator in the recruitment of lung
eosinophils, which in turn exacerbates lung fibrosis by
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secreting profibrotic mediators such as transforming
growth factor (TGF)-�, IL-4, and IL-13.3

CCL11 also demonstrates potent and selective ability to
recruit eosinophils, and has been implicated in several eosi-
nophil-associated diseases.5,10 Known cellular sources of
CCL11 are bronchial epithelial cells, T cells, macrophages,
and eosinophils. Its biological effects are mediated via CC
chemokine receptor 3 (CCR3) that is highly expressed by
eosinophils and other cells including Th2 lymphocytes.11,12

The purposes of the present study were to further
delineate the mediators regulating eosinophil accumula-
tion and to specifically examine the role of CCL11 and its
receptor CCR3 during blm-induced lung injury and fibro-
sis in mice. Our data indicated that CCL11 and its recep-
tor, CCR3, not only play an important pathophysiological
role by regulating eosinophils but also neutrophil influx,
lung collagen deposition, and production of profibrotic
cytokines.

Materials and Methods

Murine Model of Lung Fibrosis

Mice were bred and maintained under specific patho-
gen-free conditions in the University Laboratory Animal
Medicine facility at the University of Michigan Medical
School before and during experiments. The animal use
committee at the University of Michigan approved all
experimental procedures involving mice. Blm (Blenox-
ane, Mead Johnson, Princeton, NJ) was suspended in
sterile phosphate-buffered saline (PBS) at 1 U/ml, and
administered endotracheally via trans-oral instillation at
dose of 0.001 U/g body weight.

Whole Lung Homogenates and Collagen
Assays

Nonlavaged whole lungs were excised and homogenized
on ice in 2 ml of cold PBS. Collagen deposition was
estimated by measuring the hydroxyproline collagen
contents of lung homogenates (colorimetric assay previ-
ously described).13

CCL11-Deficient Mice

Eotaxin-1/CCL11 knockout (CCL11�/�) and wild-type
(CCL11�/�) mice were kindly provided by Dr. Rodrigo
Bravo (Bristol-Myers Squibb Pharmaceutical Research
Institute, Princeton, NJ).14 These mice were of mixed 129
and ICR background. These two murine strains are con-
sidered sensitive to blm-induced lung fibrosis.15,16 After
saline or blm treatment (0.02 U/mouse; Figure 1A, dotted
arrow), lung TGF-�1 and MCP-1/CCL2 mRNA levels were
measured on days 7 and 14, whereas the amplitude of
lung fibrosis was examined at day 21.

Administration of Anti-Mouse CCR3 Monoclonal
Antibodies

Rat anti-mouse CCR3 monoclonal antibodies (clone
83103) and control IgG were purchased from R&D
Systems, Minneapolis, MN. One day before saline or
blm treatment (0.02 U/mouse), CBA/J mice (Jackson
Laboratory, Bar Harbor, ME) were injected intraperito-
neally with a total of 150 �g of anti-CCR3 or IgG as
control (3 � 50 �g, every 7 days; Figure 1B, solid
arrows). This dosing regimen was previously found to
be sufficient for neutralization of CCR3 in mice.17,18

Pulmonary leukocyte counts, transcript expression and
lung fibrosis were assessed at the time points indi-
cated in Figure 1B.

Administration of Recombinant CCL11

Recombinant eotaxin-1/CCL11 (400 or 200 ng) (rCCL11;
R&D Systems) were diluted in 50 �l of PBS supplemented
with 0.1% of CBA/J mouse serum and delivered endotra-
cheally in saline- or blm-treated CBA/J mice by trans-oral
instillation two to three times/week (starting 1 day before
saline or blm administration, 0.02 U/mouse; Figure 1C,
solid arrows). Injection of the highest dose of rCCL11
(400 ng) was associated with a significant mortality after

Figure 1. Experimental protocols used in this study to induce lung fibrosis
and to delineate the importance of eotaxin-1/CCL11 and its receptor CCR3. A:
Groups of CCL11-deficient or wild-type mice were treated with saline or 0.02
U/mouse of blm (d0, sal or blm; dotted arrow). Lung tissue total RNAs were
isolated after blm or saline injection at days 7 and 14 for analysis of TGF-�1
and MCP-1/CCL2 mRNA levels. The amplitude of lung fibrosis was examined
21 days after saline or blm administration. B: CBA/J mice treated with blm or
saline were injected with rat anti-mouse CCR3 monoclonal antibodies or
irrelevant antibodies (starting at d�1, solid arrows). Pulmonary leukocyte
counts in collagenase-digested lungs, and lung tissue TGF-�1 and MCP-1/
CCL2 mRNA levels were assessed at day 7 or at days 7 and 14, respectively.
Lung fibrosis was analyzed at 21 days after saline or blm treatment. C:
Recombinant CCL11 was delivered in saline- or blm (0.02 U/mouse)-treated
CBA/J mice by trans-oral instillation at different time points as indicated in
the figure by the solid arrows (starting at d�1). The following parameters
were assessed in this model: pulmonary leukocyte counts (d7), transcript
expression (d7 and 14), and lung fibrosis (d21). D: CCL11 (AdCCL11)-
expressing and control (AdCtl) adenoviral constructs were delivered in
CBA/J mice by trans-oral instillation 4 days (solid arrow) after saline or blm
treatment (0.02 U/mouse, dotted arrow). The intensity of lung fibrosis was
estimated at day 21 after saline or blm instillation. Groups of 5 to 10 mice
were used in this study for each model.
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blm administration (mortality rate at 21 days; 80% in
rCCL11 group versus only 20% in 0.1% serum group).
Because this dose did not allow us to study fibrotic re-
sponse, we studied more chronic effect of blm by the
administration of 200 ng/mouse. Injection of the 200 ng/
dose was not accompanied with significant mortality.
Pulmonary leukocyte counts, transcript expression, and
lung fibrosis were assessed at the time points indicated
in the Figure 1C.

Adenoviral Constructs

Eotaxin-1/CCL11 (AdCCL11)-expressing and control
(AdCtl) adenoviral constructs were prepared as previ-
ously described.19 These two vectors were diluted in
50 �l of PBS at doses of 1.0 or 0.5 � 108 pfu and
endotracheally delivered in CBA/J mice by trans-oral
instillation 4 days after saline or blm treatment (0.02
U/mouse). This time point was selected because the
adenovirus used in this study preferentially infects ep-
ithelial cells that are particularly susceptible to blm
during the first days after treatment.20 The maximal
gene expression allowed by this technique is consid-
ered to occur between 7 and 10 days after administra-
tion. Thus, on day 14, we verified pulmonary overex-
pression of CCL11 by measuring the lung contents of
this chemokine by enzyme-linked immunosorbent as-
say (ELISA) (in ng/lung). In mice transfected with 108

pfu AdCCL11, CCL11 levels were 7.1 � 0.3 versus
1.7 � 0.1 in control mice transfected with AdCtl;
whereas those receiving 0.5 � 108 pfu showed lung
contents of 5.8 � 0.4 versus 1.6 � 0.2 ng/lung in
control lung. In comparison with mice receiving blm
(0.02 U/mouse) plus AdCtl, the mortality rate was
higher when CCL11 lung expression was increased by
AdCCL11 at the dose of 108 pfu. Indeed, at day 21
after blm instillation, cumulative mortality in AdCCL11
groups was 50%, compared with only 20% in the blm/
AdCtl groups (minimum 10 mice included in each treat-
ment group). In view of the high mortality induced by
108 pfu of AdCCL11, we lowered the dosages to 0.5 �
108 pfu to allow the animals to survive and enable
evaluation of more chronic effects. This low dose of
AdCCL11 was not associated with significant mortality
in mice treated with blm. After adenoviral treatment
(0.5 � 108 pfu), the intensity of lung fibrosis was esti-
mated at day 21 after blm instillation (Figure 1D).

Analysis of Leukocyte Accumulation in Lung
Tissue

Lungs from mice were excised, washed in Hanks’ bal-
anced salt solution (HBSS), cut into small pieces, agi-
tated, and digested enzymatically for 80 minutes at
37°C.21 The digestion buffer was composed of collage-
nase type III (10 mg/lung) and DNase (250 �g/lung)
(Worthington Biochemical Corp., Lakewood, NJ) dis-
solved in HBSS (15 ml/lung) and supplemented with 2%
fetal bovine serum, antibiotics (100 U/ml penicillin, 100
�g/ml streptomycin, and 0.25 �g/ml fungizone; Invitro-

gen Corp., Carlsbad, CA), as well as 350 pg/ml of IL-5
and GM-CSF (R&D Systems). The resulting cell suspen-
sion was filtered through 100-�m and 40-�m filters (BD
Biosciences, Bedford, MA). After centrifugation (1200
rpm, 10 minutes), cells were washed and resuspended in
PBS. Aliquots of the cell suspensions were used to de-
termine total cell numbers and cell differentials. These
were done on the cells pelleted onto glass slides by
cytocentrifugation and subjected to Diff-Quik staining
(Dade Behring, Deerfield, IL). Polymorphonuclear and
mononuclear cells were then counted by light micros-
copy at �200 magnification (total of 300 cells counted).
This technique was performed at 7 days after saline or
blm treatment because at this time point inflammation is
maximal and lungs are easily and reliably digested by
collagenase.

Isolation of Pulmonary Leukocytes and
Identification of CCR-Positive Cells by Flow
Cytometry

Macrophages, lymphocytes, and granulocytes were iso-
lated from the pulmonary cell suspension obtained as
above by density centrifugation in 40% Percoll.22 After
centrifugation, the first cellular layer consisted mainly of
macrophages and nonimmune cells (eg, fibroblasts and
epithelial cells) while the second layer was composed of
lymphocytes and granulocytes. Macrophages, eosino-
phils, neutrophils, and lymphocytes were further sepa-
rated and isolated using immunomagnetic beads and the
magnetic cell separation system (MACS; Miltenyi Bio-
tech, Auburn, CA). Eosinophils were purified from the
second Percoll layer by depletion using rat IgG antibod-
ies directed against unwanted cells, eg, erythrocytes
(anti-Ter 119; Pharmingen, BD Biosciences, Bedford,
MA), lymphocytes (anti-CD3, CD4, CD19; Caltag Labo-
ratories, Burlingame, CA; anti-CD8a, CD90 Thy1.2,
NK1.1; Pharmingen, BD Biosciences) and neutrophils
(anti GR-1, Pharmingen, BD Biosciences). Goat anti-rat
IgG microbeads were used to recognize primary rat IgG
antibody. Neutrophils (GR1� cells) and T lymphocytes
(CD3�, CD4�, CD8�, and CD90 Thy1.2� cells) were
obtained during the different steps of eosinophil purifica-
tion. Macrophages were isolated from the first Percoll
layer by positive selection with anti-CD11b magnetic
beads (Miltenyi Biotech) after depletion of residual lym-
phocyte contaminant. The purity of immune cell prepara-
tions was routinely �95% as assessed by Diff-Quick
staining.

Purified rat IgG2a anti-mouse CCR3 (R-PE)-conju-
gated monoclonal antibody was used (clone 83103, R&D
Systems) to assess CCR3 expression in the different
immune cell populations obtained as described above.
After staining, purified cells were fixed in paraformalde-
hyde (1.25%) and 104 cells/sample were analyzed on a
FACScan apparatus (BD Biosciences). The control iso-
type (irrelevant rat IgG2a) was also purchased from R&D
Systems. During this study, it was not possible to purify
sufficient numbers of pulmonary immune cells from sa-
line-treated animals by this technique.
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mRNA Analysis

Northern hybridization analysis was used to analyze
TGF-�1 and MCP-1/CCL2 mRNA expression in CCL11-
deficient animals as previously described.23,24 Briefly,
lungs from mice were suspended in Trizol and RNA was
purified following the manufacturer’s protocols (Invitro-
gen Corp.). Equal amounts of total lung RNA (20 �g/well)
were electrophoresed on 1% agarose gels containing
formaldehyde. The separated RNAs were then trans-
ferred overnight onto a nitrocellulose filter and the blots
were confirmed for equal loading by viewing the 28 and
18 S rRNA bands after ethidium bromide staining. Blots
were then baked, prehybridized, and hybridized with
32P-labeled oligonucleotide anti-sense probes for TGF-
�1, MCP-1/CCL2, or GAPDH. The sequences for the
oligonucleotide anti-sense probes were as follows: TGF-
�1, 5�-GAACTTGGCATGGTAGCCCTTGGGCTCGTG-3�;
MCP-1/CCL2, 5�-TGTCTGGACCCATTCCTTCTTGGGGT-
CAGC-3�; and GAPDH, 5�-CACCCTGTTTTTGCTGTAG-
CCATATTCATTGTC-3�.

After an overnight hybridization at 56°C, the blots were
washed, and after exposure to X-ray film, the developed
autoradiographs were quantitated using an Ambis Opti-
cal Imaging System (Ambis, San Diego, CA). The blots
were reprobed with GAPDH to confirm equivalent RNA
loading and similarly quantitated for normalization of the
cytokine signal.

TaqMan predeveloped assay reagents for mouse
gene expression (Applied Biosystems, Foster city, CA)
were used to estimate eotaxin-1/CCL11, RANTES/
CCL5, CCR3, TGF-�1, and MCP-1/CCL2 transcripts in
lungs of blm-treated CBA/J mice (Figure 1, protocols B
and C) following the manufacturer’s protocols. Quanti-
fication of gene expression was measured using the
ABI 7700 sequence detector system (Applied Biosys-
tems) and corresponded to the threshold cycle (CT) at
which an increase of reporter fluorescence (�Rn) can
first be detected. Amounts of cytokines or CCR3 mRNA
were normalized to GAPDH signals and expressed as
2���CT. To normalized the results obtained by North-
ern hybridization analysis and TaqMan real-time re-
verse transcriptase-polymerase chain reaction (RT-
PCR), TGF-�1 and MCP-1/CCL2 expression in the
Figures 3, 4, and 7 were shown as the percentage of
the control (saline) values (see also Figure 1; protocols
A, B, and C). Transcript analyses were preformed at 7
and 14 days because blm induces overexpression of
TGF-�1 and MCP-1/CCL2 with a maximal effect at day
7, and levels of these two profibrogenic cytokines in
treated mice return to control values at day 21.23,25

ELISA Analysis

Lung homogenates (see above) were centrifuged at 4°C
(10,000 rpm, 15 minutes) and the supernatants were kept
frozen at �80°C until use. Murine eotaxin-1/CCL11 concen-
trations were measured in lung homogenates by ELISA kits
(R&D Systems) following the manufacturer’s protocols.

Histology and Immunohistochemistry

Animals were euthanized and perfused via the right ventri-
cle with saline solution. Lungs were inflated with 1 ml of 10%
neutral buffered formalin and fixed overnight. After dehydra-
tion in 70% ethanol, the lungs were then processed using
standard procedures and embedded in paraffin. Sections
were cut, mounted on slides, and stained with hematoxylin
and eosin or Masson’s Trichrome.

Paraffin-embedded whole lung samples were also an-
alyzed for immunohistochemical localization of CCR3.
Five-�m histological sections were dewaxed with xylene,
rehydrated in graded concentrations of ethanol, and
blocked with normal serum (Vectastain ABC-AP kit; Vec-
tor Laboratories, Burlingame, CA). A solution containing a
1:1 ratio of water to methanol with 3% hydrogen peroxide
was added to each slide. Anti-mouse CCR3 Ab and
control IgG (R&D Systems) were diluted in PBS to a final
concentration of 10 �g/ml. Antibodies were then added
to histological sections for 2 hours. After three successive
PBS washes, a secondary anti-rat biotinylated Ab (Vector
Laboratories) was added to each tissue section and in-
cubated for 60 minutes. Each slide was then thoroughly
washed before addition of avidin-conjugated peroxidase
(Vector Laboratories). CCR3 localization was then visu-
alized with a peroxidase substrate (diaminobenzidine
tetrahydrochloride).

Statistics

Treatment-related differences were evaluated using t-
tests or one-way analysis of variance, followed by pair-
wise comparisons using the Student-Newman-Keuls test,
as appropriate. For flow cytometry data, statistical anal-
yses were performed by Mann-Whitney U-test for un-
paired values using Instat software (GraphPad Software
Inc., San Diego, CA). Statistical significance was consid-
ered at P � 0.05.

Results

Up-Regulation of Lung CCL11 Expression after
Blm Treatment

We first determined the expression of CCL11 in lungs
of CBA/J mice administered standard doses of blm
(0.02 U/mouse). TaqMan real-time RT-PCR analysis
revealed a significant increase in CCL11 mRNA con-
tent in blm-treated mice in comparison to saline at
each time point considered (3 to 21 days) and with a
maximal effect after 7 days after treatment (Figure 2A).
ELISA revealed an elevated expression at 14 and 21
days of CCL11 in lung homogenates obtained from
blm-treated animals compared to saline situation (Fig-
ure 2B). Immunohistochemistry revealed that CCL11
was expressed in this model by several pulmonary cell
populations including macrophages, lymphocytes, fi-
broblasts, and epithelial cells (data not shown). We
also assessed the expression of another chemokine
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implicated in the recruitment of eosinophils and recog-
nizing CCR3 receptor.26,27 At each time point consid-
ered after blm treatment, no significant modification of
the amounts of RANTES transcripts was noted (data
not shown). Altogether, these observations demon-
strated that CCL11 was significantly up-regulated dur-
ing blm-induced fibrosis by several pulmonary cells.

CCL11-Deficient Mice Developed Limited Lung
Fibrosis

To investigate the role of CCL11 in blm-induced lung
fibrosis, mice genetically deficient in CCL11 (CCL11�/�)
were studied. First, we verified whether the wild-type
counterparts of this strain also overproduced CCL11 after
blm treatment as observed with CBA/J mice. Our data
revealed that blm (0.02 U/animal) also induced expres-
sion of CCL11 (mRNA and protein) in this strain of mice
(data not shown). As shown in Figure 3A, lung fibrosis in
CCL11�/� mice was abrogated compared to their corre-
sponding wild-type counterparts (CCL11�/�) as esti-

mated by the levels of OH-proline. Histological examina-
tion (Masson Trichrome stain) confirmed the protection
from pulmonary fibrosis in CCL11�/� mice (data not
shown). We previously showed that TGF-�1 and MCP-1/
CCL2 are key cytokines in the lung fibrotic process in-
duced by blm.23,28,29 We thus investigated whether
CCL11 could regulate fibrosis via regulation of fibrogenic
cytokine expression. TGF-�1 and MCP-1/CCL2 lung ex-
pression were thus assessed in the blm model in
CCL11�/� mice. Expression of TGF-�1 and MCP-1 tran-
scripts in deficient mice were significantly inhibited after

Figure 2. Time course of eotaxin-1/CCL11 mRNA (A) and protein (B) ex-
pression in lungs obtained from blm-treated CBA/J mice (0.02 U/mouse of
blm). The time points indicated in the x axis refer to days after blm instilla-
tion. White bars represent the pooled values obtained for the saline-treated
mice at the different time points studied (d3 to d21). Lung tissue total RNAs
were isolated after blm or saline injection and subjected to TaqMan real-time
RT-PCR. The amounts of CCL11 present in the whole lung homogenates were
assessed by ELISA. Bars represent means �/� SE (SEM). **P � 0.01 and
***P � 0.001 denote significant differences in values measured in blm-treated
mice compared to saline-treated mice as estimated by Student-Newman-
Keuls multiple comparison test.

Figure 3. Effect of eotaxin-1/CCL11 deficiency on lung responses to blm.
Lungs of saline- or blm (0.02 U/mouse)-treated deficient (CCL11�/�) or
wild-type (CCL11�/�) mice were harvested as indicated in the Materials and
Methods (Figure 1A) and analyzed for lung hydroxyproline (OH-proline, A),
MCP-1/CCL2 (B), and TGF-�1 (C) mRNA (assessed by Northern hybridiza-
tion analysis). Bars represent means �/� SE (SEM). ***P � 0.001 denotes
significant differences in values measured in blm-treated mice compared to
their respective control saline-treated mice as determined using the Student-
Newman-Keuls multiple comparison test.
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blm treatment relative to that in wild-type control mice at
day 7 (Figure 3, B and C) and day 14 (data not shown).
These results indicated that CCL11 is important in the
expression of profibrotic factors as well as the establish-
ment of blm-induced lung fibrotic lesions.

Increased CCL11 Lung Expression Exacerbated
Pulmonary Fibrosis

To support our observations, we also examined the
effects of recombinant CCL11 (rCCL11) on pulmonary
responses induced by blm in CBA/J mice. After intra-

tracheal instillation of blm (0.02 U/mouse), mice admin-
istrated repeatedly with rCCL11 developed signifi-
cantly more pulmonary fibrosis than the corresponding
control mice (PBS with 0.1% of CBA/J mouse serum as
carrier for rCCL11) as estimated by the measurement
of hydroxyproline lung content after 21 days (Figure
4A). These observations were confirmed by histologi-
cal analysis (data not shown). TGF-�1 and MCP-1/
CCL2 transcripts were increased in the lung after ad-
ministration of rCCL11 in blm-treated mice (Figure 4, B
and C). No significant effect was observed when sa-
line-treated mice were administered rCCL11.

To further support these observations, we examined
the effects of adenoviral CCL11 pulmonary gene trans-
fer treatment on blm-induced pulmonary fibrosis
(AdCCL11). The results showed that blm-induced lung
fibrosis assessed by OH-proline parameter was signifi-
cantly increased in CBA/J mice additionally treated with
AdCCL11 relative to those treated with AdCtl (Table 1).
Pulmonary collagen contents of saline-treated mice were
not modified by AdCCL11 administration in comparison
to AdCtl. Collectively, these results demonstrated that
CCL11 is an important factor regulating the expression of
profibrogenic mediators involved in the activation of fi-
broblasts and collagen deposition.

Up-Regulation of Lung CCR3 Expression after
Blm Treatment

We next determined the expression of the CCL11 recep-
tor CCR3 in lungs of mice administered standard doses
of blm (CBA/J, 0.02 U/mouse). TaqMan real-time RT-PCR
analysis revealed a significant increase in CCR3 mRNA
content in blm-treated mice with a maximal effect after 3
days of treatment in comparison to saline mice (Figure 5,
top). At day 21, levels in treated mice returned to control
values. To determine which pulmonary cells expressed
CCR3, immunohistochemistry and immunofluorescence
analyses were performed. After 7 days, significant CCR3
expression was detected by immunohistochemistry in
blm-treated mice in comparison to saline-treated animals
(Figure 5; A and B, bottom). As shown in Figure 5C,
CCR3-staining was maximal at day 14 after blm treat-
ment. At this time, granulocytes and mononuclear cells
present in the alveolar spaces were morphologically
identified as the major cell types expressing CCR3. At
day 21, only a few positive cells present in the fibrotic
lesions were observed (Figure 5D). The corresponding

Figure 4. Effects of recombinant eotaxin-1/CCL11 on lung responses to blm.
Lungs of saline- or blm (0.02 U/mouse)-treated mice after endotracheal
administration of recombinant CCL11 (rCCL11) or saline (PBS supplemented
with 0.1% of CBA mouse serum) were harvested as indicated in the Materials
and Methods (Figure 1C) and analyzed for lung hydroxyproline (OH-proline,
A), MCP-1/CCL2 (B), and TGF-�1 (C) mRNA (assessed by real-time RT-PCR
analysis). Bars represent means �/� SE (SEM). **P � 0.01; ***P � 0.001
denote significant differences in values measured in blm-treated mice com-
pared to their respective control saline-treated mice as determined using the
Student-Newman-Keuls multiple comparison test.

Table 1. Levels of OH-Proline in Saline- or Blm-Treated
CBA/J Mice (21 Days, 0.02 U of Blm/Mouse) after
Adenoviral Construct Administrations

�g/
lung

Sal �
AdCtl

Blm �
AdCtl

Sal �
AdCCL1

Blm �
AdCCL11

99.0 � 18.8 220.5 � 22.9 94.8 � 13.4 293.2 � 16.1*

*P � 0.05; denotes significant differences in values measured in
AdCtl and blm-treated mice compared to the corresponding AdCCL11
and blm-treated mice, as analyzed by the Student-Newman-Keuls
multiple comparison test.
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sections showed no staining with control nonimmune IgG
(Figure 5; E to H).

To confirm these observations, we purified by enzy-
matic digestion the major leukocyte populations recruited

in blm-treated lungs at day 7 and stained these cells with
anti-CCR3 Ab (see Materials and Methods). Flow cyto-
metric analysis showed that all eosinophils as well as
numerous neutrophils (70%) purified from blm-treated

Figure 5. Top: Time course of CCR3 mRNA expression in lungs obtained from
blm-treated CBA/J mice (0.02 U/mouse of blm). The time points indicated in the
x axis refer to days after blm instillation. White bar represents the pooled values
obtained for the saline-treated mice at the different time points studied (d3 to
d21). Lung tissue total RNAs were isolated after blm or saline injection and
subjected to real-time PCR analysis. Bars represent means �/� SE (SEM). *P �
0.05 and ***P � 0.001 denote significant differences in values measured in
blm-treated mice compared to saline-treated mice as estimated by Student-
Newman-Keuls multiple comparison test. Bottom: Immunohistochemical local-
ization of CCR3 expression in whole lung sections from CBA/J mice treated with
0.02 U/mouse of blm at days 7 (B), 14 (C), and 21 (D) or with saline (A, day 7).
Specific staining for CCR3 appears brown in these tissue sections. The corre-
sponding negative staining control sections (nonimmune IgG) for each time
point after treatment are depicted in E, F, G, and H. Original magnifications,
�400.

Figure 6. Flow cytometric analysis of CCR3 expression and histological aspect of lung eosinophils (A), neutrophils (B), macrophages (C), and T lymphocytes (D)
of blm-treated mice. These different populations were purified from the lungs of blm-treated mice (day 7) as described in the Materials and Methods. Distribution
of cells stained with the PE-conjugated CCR3 antibody are shown as underlined lines, while those stained with the isotype-matched control IgG are shown with
normal lines. Below each analysis, a picture of the corresponding purified cell population is illustrated (Diff-Quick staining). Original magnifications, �400.
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mice were strongly positive for CCR3 (Figure 6, A and B).
A lower percentage of macrophages expressed CCR3
(Figure 6C), whereas there was no significant staining
of T lymphocytes by these anti-CCR3 antibodies
(Figure 6D).

Neutralizing CCR3 Limited the Lung Fibrotic
Response

To investigate the role of CCR3 receptor in the pathogen-
esis of lung fibrosis induced by blm, we administered
blocking CCR3 antibodies to blm-treated CBA/J mice.
The anti-CCR3 administration was associated with a sub-
stantially less severe lung fibrosis than that in the control
group (blm � nonimmune IgG) (Figure 7A). The effects of
neutralization of CCR3 on TGF-�1 and MCP-1/CCL2 ex-
pression were examined. The expression of these profi-
brotic mediators was significantly (TGF-�1) and weakly
(CCL2) decreased after administration of anti-CCR3 Ab
(Figure 7, B and C). No significant effect was observed
when saline-treated mice were administered anti-CCR3
Ab. Collectively, these data support key roles for CCR3 in
the pathogenesis of blm-induced pulmonary fibrosis.

Pulmonary Immune Cell Populations after
rCCL11 or CCR3 Ab Administration

Because we observed that CCL11 and CCR3 were
mainly expressed by immune cells, we questioned
whether these two factors are important in the pulmonary
infiltration of leukocytes during the inflammatory reaction
induced by blm. Thus, lung leukocyte cell counts were
determined in lung homogenates after collagenase di-
gestion in rCCL11 and Ab CCR3 models. These two
models were selected because they were relatively com-
parable in terms of strain and protocol. On day 7 after blm
treatment, pulmonary eosinophil and neutrophil numbers
were significantly increased in rCCL11-administered
mice (200 ng) in comparison to the corresponding control
group (0.1% of serum) (Table 2). In contrast, the numbers
of neutrophils and particularly eosinophils diminished
significantly after the treatment with antibody directed
against CCR3 (Table 2). Similar increases in lung eosin-
ophil and neutrophil infiltration were also observed when
AdCCL11 was used to increase lung eotaxin expression
in blm-treated CBA/J or BALB/c mice when compared to
corresponding AdCtl-treated animals. Thus on day 11
after blm treatment the lung eosinophil counts were 0.7 �
0.1 � 106 cells/lung in AdCCL11-treated versus 0.1 �
0.05 � 106 cells/lung in AdCtl-treated control animals,
while the neutrophil counts were 9.2 � 0.8 � 106 versus
3.2 � 0.3 � 106 cells/lung, respectively. The number of
leukocytes in saline-treated mice was not affected by
adenoviral CCL11 transfer (data not shown) or recombi-
nant CCL11 instillation (Table 2).

Discussion

In this study, we documented the increased expression
of CCL11 and its receptor CCR3 in blm-induced lung

injury and fibrosis. We then assessed their role in lung
fibrosis by using 1) CCL11-deficient mice, 2) CCR3 neu-
tralizing antibodies, and 3) adenovirus coding for mouse
CCL11 or recombinant CCL11. The results showed that
either deficiency of CCL11 or neutralization of CCR3
caused a significant reduction in blm-induced lung fibro-
sis. In contrast, increasing the level of lung CCL11 ex-
pression by adenoviral expression vector or by treatment
with exogenous recombinant CCL11, resulted in en-
hancement of fibrosis. Furthermore these effects on fibro-
sis were paralleled by comparable effects on lung fibro-
genic cytokine (TGF-�1, MCP-1/CCL2) expression.

Figure 7. Effects of anti-CCR3 antibody administration on lung responses to
blm. Lungs of saline- or blm (0.02 U/mouse)-treated mice after peritoneal
administration of neutralizing anti-CCR3 antibodies (CCR3 ab) or control
antibodies (irrelevant IgG, NR ab) were harvested as indicated in the Mate-
rials and Methods (Figure 1B) and analyzed for lung hydroxyproline (OH-
proline, A), MCP-1/CCL2 (B), and TGF-�1 (C) mRNA (assessed by real-time
RT-PCR analysis). Bars represent means �/� SE (SEM). **P � 0.01; ***P �
0.001 denote significant differences in values measured in blm-treated mice
compared to their respective control saline-treated mice as determined using
the Student-Newman-Keuls multiple comparison test.
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Finally, neutralization of CCR3 reduced eosinophil/neu-
trophil infiltration while administration of rCCL11 pro-
moted granulocyte accumulation. These observations
taken together suggest that CCL11/CCR3 are important
factors in the pathogenesis of blm-induced lung fibrosis
due to their ability to up-regulate lung eosinophil and
neutrophil accumulation and to increase the expression
of profibrogenic cytokines.

Eosinophils are known to be present in certain fibrotic
lesions, including in pulmonary fibrosis and asthmatic
airway wall remodeling, which suggests a potential
pathogenic role for these cells in the lung fibrotic re-
sponse. Indeed, several human studies have identified
an increase in eosinophil infiltration in association with
fibrotic changes.1,30–32 In addition, many experimental
models of fibrosis are characterized by a significant ac-
cumulation of eosinophils, which represented a key cel-
lular source for expression of profibrogenic mediators
such as TGF-�1, MCP-1/CCL2, IL-4, and IL-13.3,23,28,33

Furthermore, recent in vitro studies indicate that purified
eosinophils from blood or lung can increase fibroblast
proliferation, �-smooth muscle actin, or collagen expres-
sion in culture.2,3,34,35 In vivo evidence indicates that eo-
sinophils are essential for airway wall remodeling or fibro-
sis in asthma and in animal models of allergic airway
disease.4,36,37 Thus tissue eosinophilia can potentially
play important roles in the fibrotic response by virtue of
their ability to elaborate cytokines that could promote
fibrosis via indirect or direct recruitment and activation of
fibroblasts.

Eosinophil recruitment and movement into tissues are
regulated by complex and composite actions of eosi-
nophilotactic chemokines, distinct adhesion pathways,
and eosinophilopoietic cytokines. The use of IL-5-,38

CCL11-,39 CCR3-,40,41 or both IL-5- and CCL11-defi-
cient7 mice has benefited research to understand the
mechanisms by which eosinophils are recruited into the
lung. Such studies and associated ones using specific
neutralizing antibodies to these proteins have shown that
IL-5 induces eosinophil maturation, emigration, and sur-
vival whereas CCL11, by interacting with its receptor
CCR3, is responsible for eosinophil migration and se-
questration into injured tissues. In our study, recruitment
of eosinophils into lung parenchyma after blm treatment
was severely impaired in CCL11-deficient mice (data not

shown) and in mice treated with anti-CCR3 (Table 2),
whereas, in contrast, increased lung CCL11 expression
(using either adCCL11 or rCCL11) induced increased
pulmonary eosinophil influx in blm mice (Table 2). These
observations demonstrated that in addition to IL-5,3

CCL11/CCR3 are additional essential factors in eosino-
phil accumulation in blm-induced lung injury. It is con-
ceivable that IL-5 produced during blm-induced lung
fibrosis42,43 may increase the level of circulating eosino-
phils and prime these cells to respond to CCL11 induced
also by blm. This eosinophil recruitment mediated by
CCL11/CCR3 could then contribute to the enhanced pul-
monary expression of profibrotic cytokines and thus the
subsequent lung fibrosis. However, we cannot exclude
the possibility that CCL11 via CCR3 may directly up-
regulate the production of profibrotic cytokines by addi-
tional leukocytes that may express CCR3. Finally, if it is
confirmed that CCL11/CCR3 are among the major factors
regulating chemoattraction of eosinophils in lung fibrosis,
they could represent potential targets for the treatment of
fibrotic disease. Thus recently developed CCR3 chemi-
cal antagonists that are successful in abrogating the
pathophysiological effects of allergen challenges in mice
may also be effective in limiting eosinophil influx and lung
fibrosis in the murine model used in this study.44

Manipulation of lung CCL11/CCR3 expression or ac-
tivity also affected blm-induced lung neutrophil infiltra-
tion, thus suggesting that these molecules may also be
important in regulating the influx of neutrophils into the
injured lung. Interestingly, injection of CCL11 induces a
marked influx of neutrophils in the skin.45 There is some
controversy regarding the expression of CCR3 by neu-
trophils. Although there is a suggestion that CCR3 ex-
pression by neutrophils may be due to contamination by
eosinophils,46 other reports have clearly documented
that neutrophils can express CCR3.45,47 In our study,
greater than 70% of purified neutrophils (defined as GR1-
expressing granulocytes) from blm-treated mice ex-
pressed CCR3 (Figure 6), thus indicating that in certain
circumstances neutrophils may express this receptor. In
addition, the presence of CCR3 on lung neutrophils sug-
gest that increased numbers of these cells after CCL11
treatment may be the result of a direct chemotactic re-
cruitment by this chemokine rather than a secondary
effect via the up-regulation of other neutrophil-specific

Table 2. Counts of Macrophages, Lymphocytes, Neutrophils, or Eosinophils in Lungs Obtained from Saline (Sal)- or Bleomycin
(Blm)-Treated CBA/J Mice (Day 7) after Administration of Antibodies against CCR3 (CCR3 Ab) or Recombinant Eotaxin-
1/ CCL11 (rCCL11)

106 Cells/lung Macrophages Lymphocytes Neutrophils Eosinophils

Sal � NR Ab 2.2 � 0.6 4.2 � 0.3 1.6 � 0.1 0.2 � 0.1
Sal � CCR3 Ab 1.9 � 0.3 5.2 � 1.1 1.7 � 0.7 0.3 � 0.03
Blm � NR Ab 4.3 � 0.6 4.9 � 0.6 5.8 � 0.3 2.0 � 0.1
Blm � CCR3 Ab 2.4 � 0.7 3.0 � 0.9 1.4 � 0.4† 0.2 � 0.04*
Sal � 0.1% serum 2.1 � 0.9 5.7 � 1.7 2.3 � 1.0 0.3 � 0.1
Sal � rCCL11 200 ng 2.4 � 0.6 5.4 � 0.1 1.5 � 0.8 0.2 � 0.03
Blm � 0.1% serum 4.8 � 0.7 5.3 � 1.1 5.7 � 0.1 1.6 � 0.1
Blm � rCCL11 200 ng 5.2 � 1.3 4.5 � 1.0 10.2 � 0.2‡ 3.9 � 0.4*

*P � 0.05; †P � 0.01; ‡P � 0.001; denote significant differences in values measured in blm-treated mice administered anti-CCR3 or rCCL11
compared to corresponding CBA/J treated with blm and nonrelevant antibody (NR ab) or PBS � 0.1% serum, as analyzed by the Student-Newman-
Keuls multiple comparison test.
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chemokine(s). Paradoxically however, CCL11 has been
reported to have anti-inflammatory properties in a sepa-
rate model of lung inflammation, and inhibit the produc-
tion of chemokines specifically implicated in neutrophil
recruitment such as MIP-2 and CINC.48,49 Nevertheless
our data clearly showed that CCL11/CCR3 is important in
regulating blm-induced neutrophil accumulation, which
in turn may play a pathogenic role by their ability to
elaborate toxic metabolites and cytokines, thus accentu-
ating lung injury and subsequent lung fibrosis.50

Macrophages have been identified as a key cell in the
pathogenesis of fibrosis because these cells have the
high capacity to produce growth factors and profibro-
genic cytokines.51 In the blm model, some mononuclear
cells, probably macrophages, expressed CCR3 and thus
may be a potential target of CCL11. Although the expres-
sion of CCR3 has not been previously reported on lung
macrophages, CCR3 is known to be expressed on hu-
man dendritic cells.52 These latter cells demonstrate con-
sistent chemotactic responses to eotaxin-1 (CCL11) and
eotaxin-2 (CCL24). However, it seems that CCL11/CCR3
may not be essential for the recruitment of pulmonary
macrophages during the development of experimental
lung fibrosis because no significant change in the num-
ber of lung macrophages was observed by modulating
lung CCL11/CCR3 expression (Table 2). However, we
have not ruled out the possibility that CCL11/CCR3 may
regulate other macrophage functions, eg, their capacity
to produce profibrogenic mediators. This possibility
needs to be explored in future investigations.

There is ample evidence documenting fibroblasts as a
cellular source of CCL11. For instance, in vitro treatment
of fibroblasts with blm induces production of eosinophil-
chemotactic factors, including CCL11.53 Interestingly, re-
cent reports indicate that fibroblasts also express the
CCL11 receptor CCR3.54,55 This led us to hypothesize
that CCL11 may, possibly in an autocrine manner, act
directly on fibroblasts to regulate certain functions impor-
tant for fibrosis. However by studying mouse lung fibro-
blasts isolated from either normal or fibrotic lungs, we
were unable to demonstrate any direct activity of CCL11
on fibroblast proliferation, myofibroblast differentiation, or
collagen production (data not shown). Thus these fibro-
blast functions are unlikely to be regulated by the induc-
tion or activation of CCL11/CCR3 signaling during blm-
induced lung fibrosis.

A number of factors are known to up-regulate CCL11
and CCR3 expression. It is noteworthy that all cytokines
possessing such activities are markedly induced during
the development of fibrotic lesions and are considered
strong profibrogenic mediators. Thus tumor necrosis fac-
tor-�, TGF-�1, IL-4, IL-13, as well as oncostatin can reg-
ulate eotaxin expression,56–59 whereas IL-4 and IL-5
have been identified as potent inducers of CCR3 expres-
sion.60,61 Thus, we propose that cytokines involved in
fibrosis may, in addition to their direct profibrotic func-
tions, modulate CCL11 and CCR3 expression, which can
in turn amplify the fibrotic response by increasing influx of
granulocytes and their expression of profibrotic mediator
synthesis. In our study, pulmonary overexpression of
CCL11 had no significant effect in saline-treated mice

(Figure 4 and Table 2). These observations suggest that
CCL11 seems to exert its deleterious effect in fibrosis in
combination with other mediators induced by blm. In this
context we can postulate that profibrotic factors such as
IL-4, IL-13, and TGF-� may exacerbate the biological
activity of eotaxin as demonstrated for IL-5. It is also
possible that CCL11 may become functionally important
only when its cognate receptor, CCR3, becomes up-
regulated such as in inflammatory or other pathological
conditions.

CCR3 recognizes a number of chemokines, including
eotaxin-1 (CCL11), -2 (CCL24), -3 (CCL26), RANTES,
MIP-�, as well as MCP-2, -3, and -4. Among these,
eotaxin-2 and -3 and RANTES have been shown to also
induce eosinophil migration both in vitro and in vivo in
humans and in various animal models.26,27,62,63 In con-
trast to CCL11, RANTES expression was not significantly
up-regulated in blm-induced lung fibrosis. This observa-
tion suggests that CCL11 may represent one of the major
ligands interacting with CCR3 in this model of lung fibro-
sis. However, further studies are needed to identify the
exact contribution of these eosinophil-related chemo-
kines in comparison to CCL11 in blm-induced pulmonary
fibrosis.

In conclusion, in this study we further investigated the
mechanism by which deleterious eosinophils can be ac-
cumulated during the establishment of blm-induced lung
injury and fibrosis. Although the magnitude of the differ-
ences as a consequence of the various manipulations
(eg, transgenic CCL11 deficiency versus anti-CCR3
treatments) was not identical in all instances, the totality
of the findings supports our conclusion that CCL11 and
CCR3 are key mediators in the accumulation of eosino-
phils but also neutrophils, as well as in the production of
fibrogenic cytokines. The differing magnitudes in ob-
served effects are likely to be due to incomplete neutral-
ization of CCR3 by antibody instillation versus the com-
plete suppression of CCL11 expression in the transgenic
knockout mice.
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