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We have previously shown that mice that are genetically deficient
in the CCR2 gene (CCR2�/� mice) are protected from fluorescein
isothiocyanate (FITC)-induced lung fibrosis. Protection from fibrosis
correlated with impaired recruitment of fibrocytes (bone marrow–
derived cells, which share both leukocyte and mesenchymal mark-
ers). There are three ligands for CCR2 in the mouse: CCL2, CCL7,
and CCL12. CCL2 and CCL12 are both elevated in the lung after
FITC injury, but with different kinetics. CCL2 is maximal at Day 1
and absent by Day 7 after FITC. In contrast, CCL12 peaks at Day 3,
but remains elevated through Day 21 after FITC. We now demon-
strate that while CCR2�/� mice are protected from FITC-induced
fibrosis, CCL2�/� mice are not. CCL2�/� mice are able to recruit
fibrocytes to FITC-injured airspaces, unlike CCR2�/� mice. Adop-
tive transfer of CCR2-expressing fibrocytes augments FITC-induced
fibrosis in both wild-type and CCR2�/� mice, suggesting that these
cells play a pathogenic role in the disease process. Both CCL2 and
CCL12 are chemotactic for fibrocytes. However, neutralization of
CCL12 in wild-type mice significantly protects from FITC-induced
fibrosis, whereas neutralization of CCL2 was less effective. Thus,
CCL12 is likely the CCR2 ligand responsible for driving fibroprolifer-
ation in the mouse. As murine CCL12 is homologous to human
CCL2, we suggest that the pathobiology of murine CCL12 in fibro-
proliferation may correlate to human CCL2 biology.
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Idiopathic pulmonary fibrosis (IPF) is a devastating fibrotic pul-
monary disorder. The disease is characterized by alveolar epithe-
lial cell injury, variable inflammation, and progressive deposition
of extracellular matrix (ECM) components such as collagen and
fibronectin (1–4). Patients diagnosed with the usual interstitial
pneumonia (UIP) form of the disease have a particularly poor
prognosis, with an average survival of � 2 yr from time of diagnosis
(4, 5). Standard therapy offers little improvement in morbidity
or mortality in these patients. Thus, a better understanding of
the disease process is urgently needed.

Although the disease has generally been thought to involve
dysregulation of local lung fibroblasts resulting in the accumula-
tion of myofibroblasts (most notably in the fibrotic foci of UIP),
recent studies have highlighted the important contribution played
by bone marrow–derived cells in the pathogenesis of pulmonary
fibrosis (6–11). Bone marrow transplants using green fluorescent
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protein (GFP)-expressing mice as donors have demonstrated
that the majority of collagen-producing cells in bleomycin-
induced fibrotic lungs are derived from bone marrow (8). Fur-
ther, the use of a GFP-expressing mouse as one partner in parabi-
otic mice studies have shown that lung injury in the wild-type
partner results in the recruitment of mesenchymal cells from the
circulation of the GFP-expressing partner (7). More recently,
adoptive transfer of human blood fibrocytes into severe combined
immune deficiency (SCID) mice has demonstrated that human
fibrocytes can be recruited to bleomycin-injured lungs (10).

The recruitment of fibrocytes to the lung may be an important
factor in the development of fibrotic responses. Fibrocytes them-
selves make collagen and can be stimulated to upregulate colla-
gen production (6, 9–13). In addition, fibrocytes make growth
factors such as TGF-�1, which may serve to augment fibrotic
responses (13). Fibrocytes have been shown to transition into
fibroblasts and myofibroblasts in culture (9–11). Thus, these cells
may serve as the circulating precursor for the fibroblasts respon-
sible for ECM deposition in fibrotic responses.

Fibrocyte recruitment is likely mediated via chemokine and
chemokine receptor interactions. Both human and murine fibro-
cytes have been shown to express chemokine receptors, and func-
tional studies have indicated that CCR2-, CCR7-, and CXCR4-
mediated signals may all serve to recruit fibrocytes to the lung
(9–12). We have previously shown that wild-type mice are sus-
ceptible to fluorescein isothiocyanate (FITC)-induced pulmo-
nary fibrosis, whereas CCR2�/� mice are protected (14). The
protection seen in the CCR2�/� mice is not due to deficiencies
in the recruitment of classical inflammatory cells such as mono-
cytes, lymphocytes, neutrophils, or eosinophils (14). However,
protection from FITC-induced fibrosis on two separate genetic
backgrounds is associated with a failure of CCR2�/� mice to
recruit fibrocytes to the injured alveolar spaces (11). Fibrocytes
are defined as cells that dually express both leukocyte (CD45,
CD13) and mesenchymal (Col 1) markers. Ligands for the CCR2
receptor in the mouse include CCL2 (also known as JE or mono-
cyte chemoattractant protein [MCP]-1), CCL7 (MCP-3) and
CCL12 (MCP-5). Of these ligands, only CCL2 and CCL12
mRNA are upregulated in lung tissue at Day 7 after FITC (14).
Previous in vitro studies have shown that lung fibrocytes migrate
in response to CCL2 and that CCL2 can augment production
of ECM proteins by fibrocytes (11). We wanted to determine
whether CCL2 was the ligand responsible for the recruitment
of fibrocytes to the lung in vivo. To date, murine CCL2 (JE) is
widely thought to equate to human CCL2 (MCP-1), however,
murine CCL12 (MCP-5, which is only found in the mouse) has
a higher homology to human CCL2 (15). Until now the tools
were not available to assess the biology of both murine CCL2
and CCL12. We demonstrate that CCL2 is not essential for
fibrocyte recruitment to FITC-treated lungs or the development
of fibrosis. Rather, CCL12 is likely the CCR2 ligand responsible
for fibrocyte recruitment and enhanced fibrotic responses in vivo.
This manuscript shows for the first time the importance of murine
CCL12 in disease pathogenesis which, we suggest, may correlate
to human CCL2 biology.
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MATERIALS AND METHODS

Mice

C57Bl/6 and Balb/c mice were from Jackson Laboratories (Bar Harbor,
ME). CCL2�/� mice on the Balb/c background (16) were the kind
gift of Barrett Rollins (Dana Farber Cancer Institute, Boston, MA)
and were bred at the University of Michigan. CCR2�/� mice on the
C57Bl/6 or Balb/c background were bred in the University of Michigan
Laboratory Animal Medicine facilities under SPF conditions and have
been described previously (17). Experiments depicted in Figures 1–3
used Balb/c background mice to allow comparisons with CCL2�/�
mice. All other studies used C57Bl/6 background mice. Mice were used
at 6–8 wk of age. The University Committee on the Use and Care of
Animals (UCUCA) approved these experiments.

FITC or Bleomycin Inoculation

FITC inoculation was performed as previously described (14). Briefly,
mice were anesthetized with sodium pentobarbital. The trachea was
exposed and entered with a needle under direct visualization. FITC
(21 mg, #F-7250; Sigma, St. Louis, MO) was dissolved in 10 ml of sterile
PBS, vortexed extensively, and sonicated for 30 s. This slurry was
transferred to multi-use vials, and vortexed extensively before each
50-�l aliquot was removed for intratracheal injection using a 23-gauge
needle. For bleomycin injections, mice were given 0.025 U bleomycin
(Sigma) dissolved in sterile saline in a 30-�l volume.

Lung Collagen Measurements

Total lung collagen levels were determined by harvesting lungs from
mice on Day 21 after FITC, bleomycin, or saline administration. Ani-
mals were killed and perfused with 3 ml normal saline before all five

Figure 1. CCL2 is not required for the development of FITC- or bleomycin-
induced fibrosis. (A ) WT, CCR2�/�, or CCL2�/� mice were injected
with FITC or saline on Day 0. On Day 21, lungs were harvested and
total lung collagen content was determined by Sircol assay (n � 6
group). Data are presented as the mean of the value of collagen in the
saline-treated samples subtracted from the collagen values in FITC-
treated mice. CCR2�/� mice are protected from FITC-induced fibrosis
(P � 0.02), whereas CCL2 �/� mice are not. Data represent three
separate experiments. (B ) The same experiment was repeated using
bleomycin as the fibrotic stimulus. CCR2�/� mice are protected from
bleomycin-induced pulmonary fibrosis (P � 0.05), but CCL2�/� mice
were not.

Figure 2. Histologic analysis confirms the protection of CCR2�/�, but
not CCL2�/� mice to FITC-induced fibrosis. WT, CCR2�/�, or
CCL2�/� mice were injected with saline or FITC on Day 0. Lungs were
harvested for processing on Day 21. Paraffin-embedded sections of lung
were stained with hemotoxylin and eosin and examined under �20
magnification. Results shown are representative of n � 4 mice per group.

lung lobes were removed and snap-frozen in liquid nitrogen. Before
analysis, lungs were homogenized in 1 ml of normal saline and spun at
2,000 rpm for 10 min. Aliquots of lung homogenate (100 �l) were then
assayed for total lung collagen levels and compared with a standard
curve prepared from rat tail collagen using the Sircol collagen dye
binding assay (Accurate, Westbury, NY) according to the manufactur-
er’s instructions. In Figure 1, the average collagen content of the saline-
treated mice of each genotype were subtracted from the values of FITC-
or bleomycin-treated mice of each genotype to obtain the mean increase
in collagen content.

Figure 3. CCL2�/� mice are able to recruit fibrocytes to FITC-injured
airspaces. WT, CCR2�/�, or CCL2�/� mice were injected with FITC
on Day 0. On Day 5 after FITC, BAL was collected and cultured for
fibrocyte purification. Absolute numbers of fibrocytes were determined
post-culture via flow cytometry for the dual expression of CD45 and
collagen (n � 5 per group). CCR2�/� mice show a paucity of fibrocyte
recruitment to the alveolar space following FITC administration
(P � 0.001). Conversely, there is abundant fibrocyte recruitment in
CCL2�/� mice. Data were similar in three separate experiments.
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Bronchoalveolar Lavage for Fibrocyte Purification or
Inflammatory Cells

Mice were killed by CO2 asphyxiation, and the tracheae were exposed
in a sterile fashion. The tracheae were cannulated with polyethylene
tubing (PE50, Intramedic; Clay Adams, Parsippany, NJ) attached to a
25-guage needle on a tuberculin syringe, and the lungs were lavaged
three times with 0.75 ml sterile 1� PBS. The lavage fluid from a single
mouse was combined, spun at 1,500 rpm, and the supernatant removed.
The cell pellet was resuspended in complete media (DMEM � 10%
FBS � 1% pen/strep � 1% L-glutamine � 0.1% fungizone) and cul-
tured for 10–14 d to allow mesenchymal cells to expand before analysis.
For inflammatory cell composition, cell pellets were counted, cytospins
were prepared and stained with Diff-Quick (Baxter, Deerfield, IL), and
the percentages of monocyte/macrophages, polymorphonuclear leuko-
cytes (PMNs), eosinosphils, or lymphocytes was determined by differen-
tial analysis as in Table 1.

Fibrocyte and Fibroblast Isolation from Whole Lungs

Murine lungs were perfused with 5 ml normal saline and removed using
aseptic conditions. Lungs were minced with scissors in DMEM complete
media containing 10% FCS. Lungs from a single animal were placed
in 10 ml of media in 100 cm2 tissue culture plates. Mesenchymal cells
were allowed to grow out of the minced tissue, and when cells reached
70% confluence they were passaged using trypsin digestion. Mesenchy-
mal cells were grown for 14 d before being harvested by trypsin diges-
tion. Cells were stained with anti-CD45 Abs coupled to magnetic beads
(Miltenyi Biotech, Auburn, CA). Labeled cells were then sorted by
binding the cell population to MS- or LS-positive selection columns
using a SuperMacs apparatus (Miltenyi Biotech) according to manufac-
turer’s instructions. Cells are then washed extensively. CD45� cells are
retained on the column and can be removed by flushing the column
with buffer once it is removed from the magnetic field. CD45� cells
are collected in the original flow through. For extra purity, CD45�
cells were sometimes reapplied to a second MS-positive selection col-
umn. The absolute number of lung fibrocytes is determined by counting
the cells that were retained on the column by a hemocytometer. Immuno-
histochemical staining or flow cytometry staining on this population
confirmed that these cells were CD45�, CD13�, and col 1�. For some
experiments, lungs were lavaged on Day 5 after FITC, and recovered
cell pellets were stained immediately for flow cytometry as noted below.

Flow Cytometry Analysis

Cells were incubated for 15 min on ice with Fc block (clone 24G2;
BD PharMingen, San Diego, CA) before surface staining with CD45-
PerCPCy5.5 (BD PharMingen) followed by fixation/permeabilization
using the BD PharMingen Cytofix/cytoperm kit according to manufac-
turer’s instructions. Cells were then blocked with goat IgG before stain-
ing with col 1 (rabbit anti-mouse; Accurate) followed by a donkey
anti-rabbit PE-secondary (Jackson Immunoresearch, West Grove, PA).
Cells were analyzed on the flow cytometer (FACScan; BD Biosciences,
Mountain View, CA).

Adoptive Transfer

Fibrocytes were purified by magnetic separation from lung mince cul-
tures from untreated wild-type or CCR2�/� mice as described above.
A quantity of 5 � 105 fibrocytes were injected via tail vein in a 100-�l
volume into mice that had received an FITC inoculation intratracheally

TABLE 1. PERCENTAGES OF CLASSICAL INFLAMMATORY CELLS FOUND IN THE
BRONCHOALVEOLAR LAVAGE OF BALB/C, CCR2�/�, AND CCL2�/� MICE ON DAY 7 AFTER
FLUORESCEIN ISOTHIOCYANATE

Genotype Total Cells % Monocyte-Macrophages % PMNs % Eos % Lymphocytes

Balb/c 5.7 	 0.3 � 105 68.9 	 2.4 17.8 	 1.1 8.6 	 1.3 3.7 	 1.8
CCR2�/� 7.9 	 0.8 � 105 80.1 	 1.6 13 	 2 2.3 	 0.3* 4.5 	 0.3
CCL2�/� 5.1 	 0.6 � 105 82.1 	 1 7.6 	 1.4* 1.4 	 0.5* 8.9 	 1.4

Definition of abbreviations: Eos, eosinophils; PMN, polymorphonuclear leukocytes.

4 d previously. Mice were killed on Day 21 after FITC, and lung collagen
contents were determined.

ELISAs

CCL2 and CCL12 were measured in lung homogenates and plasma by
specific ELISA. CCL2 was measured using the Opti-EIA kits from
PharMingen, and CCL12 was measured using a kit from R&D Systems
(Minneapolis, MN).

Chemotaxis

Lung mince cultures were serum-starved for 24 h before magnetic
purification of CD45� and CD45� cells. Chemotaxis on cells at 1 �
106/ml was performed in Boyden chambers to recombinant proteins
(fibronectin at 100 �g/ml; Sigma) or CCL12 (50 ng/ml; R&D Systems)
through gelatin-coated 5- to 8-�m filters. Checkerboard analysis proved
that the migration was directional.

Antibodies

Anti-murine CCL2 (CNTO13, murine IgG2a) and anti-murine CCL12
(CNTO2637, rat IgG2a) were provided by Centocor, Inc. (Radnor,
PA). Control sera were mouse IgG or rat IgG at the same concentration
(Sigma). Antibodies were administered at a dose of 0.5 mg per injection
at weekly intervals.

Statistics

In all graphs where error bars are shown, data represent mean 	
SEM. Statistical significance was analyzed using the InStat v. 3 program
(GraphPad Software, San Diego, CA) for Windows on a Dell GX260
computer (Dell Inc., Round Rock, TX). Student’s t tests were run to
determine P values when comparing two groups. For three or more
groups, ANOVA analysis was performed with a post hoc Bonferroni
test. A value of P � 0.05 was considered significant.

RESULTS

CCR2�/� but Not CCL2�/� Mice Are Protected from
FITC-Induced or Bleomycin-Induced Fibrosis

To determine whether CCL2 signaling is required for the devel-
opment of FITC-induced or bleomycin-induced fibrosis, we
injected wild-type (Balb/c), CCR2�/�, or CCL2�/� mice with
saline, FITC, or bleomycin on Day 0. On Day 21 after injection,
lungs were harvested and collagen content was determined using
the Sircol collagen dye binding assay. Results are presented as
the average amount of collagen in saline-treated lungs subtracted
from the amount of collagen present in FITC-treated lungs
(Figure 1A) or from bleomycin-treated lungs (Figure 1B). As
we have previously reported for two other genetic backgrounds,
mice on the Balb/c background which are genetically deficient
in the CCR2 chemokine receptor are protected from the devel-
opment of FITC-induced pulmonary fibrosis (P � 0.02). Wild-
type mice accumulated � 50 �g/ml of collagen in response to
FITC, whereas CCR2�/� mice accumulated an average of
10 �g/ml of collagen. In contrast, mice deficient in the CCL2 ligand
accumulated an average of 42 �g/ml of collagen. This result was
not statistically different from wild-type mice. Thus, CCL2�/�
mice are not protected from FITC-induced pulmonary fibrosis.
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Table 1 demonstrates the composition of classical inflamma-
tory cells within the bronchoalveolar lavage among the three
genotypes. The percentage of eosinophils noted in CCR2�/�
and CCL2�/� mice was less than that in wild-type mice, but
this did not correlate with fibrotic susceptibility between the
strains.

The same pattern of response was seen with bleomycin-
induced fibrosis. Note that the overall fibrotic response to bleo-
mycin was less than that noted to FITC. Figure 2 demonstrates
the histologic pattern that is observed on Day 21 after injection
with saline or FITC in each respective strain. A similar pattern
was observed in bleomycin-treated mice (not shown).

CCL2�/� and Wild-Type Mice, but Not CCR2�/� Mice
Accumulate Fibrocytes in the Alveolar Space after FITC

We determined the number of fibrocytes that were present in
bronchoalveolar lavage cell cultures harvested on Day 5 after
FITC from all three mouse genotypes (Figure 3). As reported
previously, there were a paucity of fibrocytes present in BAL
cultures from FITC-treated CCR2�/� mice compared with wild-
type mice (P � 0.001) (11). In contrast, BAL cultures from
CCL2�/� mice contained numbers of fibrocytes that were not
statistically different from the numbers found in wild-type mice.
Thus, CCL2 is not required for fibrocyte accumulation in the
alveolar space following FITC administration.

Adoptive Transfer of Fibrocytes Worsens
FITC-Induced Fibrosis

To determine whether fibrocytes could adoptively transfer an
enhanced susceptibility to FITC-fibrosis, we compared the fi-
brotic responses of wild-type mice injected with saline or FITC
on Day 0 to the response of wild-type mice injected with FITC
on Day 0 and given 5 � 105 fibrocytes purified from lung mince
cultures of untreated mice via tail vein infusion on Day 4 after
FITC. The adoptive transfer of fibrocytes is able to augment the
fibrotic response to FITC challenge in wild-type mice (Figure 4A;
P � 0.001). We next wanted to determine whether adoptive
transfer of fibrocytes from wild-type mice could create a fibrotic
response in the protected CCR2�/� mice. Figure 4B demonstrates
that adoptive transfer of wild-type fibrocytes to CCR2�/� mice
can induce a level of fibrosis that is statistically significant com-
pared with the CCR2�/� mice treated with FITC alone. In con-
trast, adoptive transfer of CCR2�/� fibrocytes into CCR2�/�
mice had no effect. It should be noted that the overall level of
fibrosis achieved with fibrocyte infusion into FITC-treated wild-
type mice exceeds the levels achieved with fibrocyte infusion and
FITC treatment in CCR2�/� mice.

CCL12 Production Shows Sustained Kinetics after FITC

To determine whether CCL2 and CCL12 protein levels were
increased during fibrogenesis, we injected wild-type mice with
FITC on Day 0. Lungs and plasma were harvested on Days 1,
3, 7, 14, and 21 and tested for the presence of CCL2 or CCL12
by specific ELISA. Figure 5 demonstrates that CCL2 expression
peaked at Day 1 after FITC and returned to baseline by Day 7.
In contrast, CCL12 expression was increased on Day 1 after
FITC, peaked at Day 3 after FITC, and remained elevated until
Day 21. Similarly, CCL12 expression is produced at higher levels
in the lung and with longer kinetics after bleomcyin as well
(data not shown). Plasma levels of CCL2 and CCL12 were not
significantly elevated above those at Day 0 at any time point
(data not shown). Thus CCL12 expression displays sustained

Figure 4. Adoptive transfer of fibrocytes augments FITC-induced pul-
monary fibrosis. (A ) WT mice were injected with FITC on Day 0. On
Day 5 after FITC, 5 � 105 fibrocytes purified by magnetic separation
from lung mince cultures from untreated WT mice were injected intrave-
nously. Control mice received a saline injection. Lungs were then har-
vested at Day 21 after FITC, and collagen content was determined by
Sircol assay. The adoptive transfer of WT fibrocytes significantly aug-
ments FITC-induced lung fibrosis in WT mice (P � 0.001). (B ) CCR2�/�

mice were injected with saline or FITC on Day 0. On Day 5, FITC-
injected mice received 5 � 105 fibrocytes purified by magnetic separation
from lung mince cultures from untreated WT mice or from untreated
CCR2�/� mice or received a saline injection. Lungs were harvested on
Day 21, and collagen content was determined by Sircol assay. WT
fibrocytes could significantly augment fibrosis in CCR2�/� mice (P �

0.05); however, adoptive transfer of fibrocytes from CCR2�/� mice
did not. Note that the magnitude of fibrosis in CCR2�/� mice injected
with FITC and fibrocytes (B ) is less than the magnitude of fibrosis seen
in WT mice injected with FITC and fibrocytes (A ). Each bar represents
data from 8–10 mice per group.

kinetics in the lung after FITC. Furthermore, fibrocytes them-
selves may be potent producers of CCL12. Purified fibrocytes
cultured at 50,000 cells/ml for 24 h produced 396 	 83 pg/ml of
CCL12 (n � 3).

Fibrocytes Migrate in Response to CCL12

We next wanted to determine whether fibrocytes could migrate
in response to CCL12. Fibrocytes were purified from wild-type
or CCR2�/� lung digest cultures. Migration of wild-type (Figure
6A) or CCR2�/� (Figure 6B) fibrocytes was determined in
Boyden chamber chemotaxis assays to either 50 ng/ml CCL12
or 100 mg/ml fibronectin (FN) as a positive control. Serum-free
media (SFM) was used as a negative control for chemotaxis.
Wild-type fibrocytes are able to migrate in response to both
CCL12 and FN stimulation. These responses are significant when
compared with migration to SFM (P � 0.05 and P � 0.01,
respectively). In contrast, fibrocytes from CCR2�/� mice were
unable to migrate to CCL12, but showed active migration to
FN (P � 0.001). These results demonstrate that CCL12 is a
chemotactic ligand for CCR2-bearing fibrocytes in vitro.
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Figure 5. CCL2 and CCL12 are expressed with different kinetics after
FITC administration. Mice were injected with FITC on Day 0. On Days
1, 3, 7, 14, and 21 after FITC, lungs were harvested and lung homoge-
nates were analyzed for presence of CCL2 or CCL12 by specific ELISA.
Values represent the mean 	 SEM of four mice per time point and are
representative of two experiments.

Neutralization of CCL12, but Not of CCL2, Protects against
FITC-Induced Pulmonary Fibrosis

To determine whether neutralization of CCL2 or CCL12 could
protect against FITC-induced fibrosis in wild-type mice, we in-
jected mice with saline or FITC on Day 0. FITC-treated mice
were then given injections of control Ig, anti-CCL2, or anti-
CCL12 on Days 0, 7, and 14. Lungs were harvested on Day 21
and collagen content was determined. Figure 7 demonstrates
that anti-CCL12 treatment significantly protects wild-type mice
from FITC-induced fibrosis, whereas anti-CCL2 treatment does
not. In response to FITC � control rat Ig, 3.1 	 0.58 � 106

total cells were recruited to the BAL on Day 5. In the anti-
CCL12–treated mice, the total number of inflammatory cells was

Figure 6. CCR2-expressing fibrocytes migrate in response to CCL12.
Fibrocytes were purified by magnetic separation from lung digest cul-
tures from WT (A ) or CCR2�/� mice (B ). Fibrocytes were tested for
chemotaxis (n � 3) to SFM, CCL12 (50 ng/ml), or fibronectin (FN)
(100 �g/ml). Both genotypes were able to show significant migration
in response to FN (P � 0.01 and P � 0.001, respectively). Only WT
fibrocytes were able to migrate in response to CCL12 (P � 0.05). Data
are representative of three similar experiments.

Figure 7. Neutralization of CCL12, but not of CCL2, protects against
FITC-induced pulmonary fibrosis. WT mice were injected with saline or
FITC on Day 0. On Days 0, 7, and 14, FITC-treated mice received a
0.5-mg injection of control rat Ig, anti-CCL2, or anti-CCL12. Lungs were
harvested at Day 21 after FITC, and collagen content was determined
by Sircol assay. Collagen content in FITC-treated mice receiving mouse
Ig as a control sera were not significantly different than the data shown
for control rat Ig. Anti-CCL2 treatment reduced FITC fibrosis, but the
change did not reach statistical significance, whereas anti-CCL12 treat-
ment significantly reduced FITC-induced fibrosis compared with control
Ig (n � 8, P � 0.01).

reduced � 4-fold to 8.1 	 2.8 � 105 total cells (n � 3, P � 0.02).
Not surprisingly, the total number of fibrocytes recruited to the
BAL of FITC � control rat Ig mice was 16.6 	 0.4 � 104, whereas
the number of fibrocytes recruited to the anti-CCL12–treated
mice was also reduced � 4-fold to 3.9 	 1.3 � 104 (n � 3, P �
0.001). Thus neutralization studies confirm our results in CCL2�/�
mice and demonstrate that CCL12 is likely the CCR2 ligand
mediating FITC-induced fibrotic responses in the mouse. Fur-
thermore, our studies suggest that anti-CCL12 treatment reduces
inflammatory cell accumulation (including fibrocytes) in the in-
jured alveolar space.

DISCUSSION

Our data demonstrate that CCR2�/� mice are protected from
FITC-induced pulmonary fibrosis. Both CCL2 and CCL12 are
produced in the lung in response to FITC deposition, and fibro-
cytes can chemotax to both ligands in vitro. Genetic deletion
of the CCL2 ligand or neutralization of CCL2 does not confer
protection from FITC-induced fibrosis. In contrast, neutraliza-
tion of CCL12 does protect mice from FITC-induced pulmonary
fibrosis. Protection in the CCR2�/� mice is associated with a
lack of fibrocyte recruitment to the alveolar space, but there is
no lack of fibrocyte recruitment in CCL2�/� mice. We show
for the first time that adoptive transfer of wild-type fibrocytes
can worsen lung fibrosis in response to FITC. Adoptive transfer
of wild-type, but not CCR2�/� fibrocytes can augment FITC
induced fibrosis in CCR2�/� mice as well, but cannot restore
fibrosis to the levels seen in wild-type mice. These results suggest
that CCL12 is likely the CCR2 ligand responsible for the aug-
mentation of FITC-induced pulmonary fibrosis in mice.

CCR2 is a molecule that is known to be central to the develop-
ment of pulmonary fibrosis. CCR2�/� mice are protected from
experimental pulmonary fibrosis induced by either bleomycin
or FITC on at least three genetic backgrounds that have been
tested (11, 14, 18, and the present study). This is the first descrip-
tion of protection in Balb/c mice. The fibrotic response to bleo-
mycin is attenuated when compared with the response to FITC
in Balb/c mice. This is consistent with previous work showing
that mice on the Balb/c background are relatively resistant to
bleomycin-induced fibrosis, likely due to enhanced activity of
bleomycin hydrolase in this strain (19).
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CCR2 is important for the recruitment of fibrocytes to the
alveolar spaces after FITC-induced fibrosis (11), and this is likely
one mechanism by which it promotes fibrosis. Fibrocytes have
been shown to differentiate into effector fibroblasts, which lose
expression of CD45, acquire 
-smooth muscle actin expression,
and secrete abundant ECM (9–13). In addition, fibrocytes are
known to secrete profibrotic cytokines such as TGF-� (13). We
have previously demonstrated that CCR2 agonists enhance ECM
production by CCR2-expressing fibrocytes (11). In addition,
CCR2 is known to play important roles in epithelial cell biology
during fibrosis. During homeostasis, alveolar epithelial cells
(AECs) are believed to keep fibroproliferation in check at least
in part by secreting prostaglandin E2 (PGE2), a potent fibroblast
inhibitor (20–22). Alveolar epithelial cells express CCR2, and
stimulation of this receptor can inhibit PGE2 production by
AECs. AECs co-cultured with CCR2 agonists in the presence
of fibroblasts were unable to limit fibroproliferation. Conversely,
AECs from CCR2�/� mice were potent inhibitors of fibroblast
proliferation (20). Thus, CCR2 is both an important regulator
of fibrocyte recruitment and function as well as serving as a
modulator of AEC function.

Fibrocytes have been shown to migrate to sites of both upper
and lower respiratory tract fibrosis (9–11). Their presence corre-
lates with enhanced fibrotic responses, but until now, there has
been no direct evidence that they augment fibrosis. We and
others have shown previously that adoptively transferred fibro-
cytes home to fibrotic lung sites (9–11). In this report, we demon-
strate for the first time that as few as 5 � 105 adoptively trans-
ferred fibrocytes can significantly augment FITC-induced fibrosis
in both wild-type and CCR2�/� mice, although the magnitude
of the fibrotic response in CCR2�/� mice was not as great as
that seen in wild-type mice. It is important to note that these
effects were not seen when 5 � 105 lung monocytes and macro-
phages were injected intravenously (data not shown) or when
fibrocytes purified from CCR2�/� mice were injected.

Therefore, we postulate that the CCR2-mediated recruitment
and activation/differentiation of these adoptively transferred
fibrocytes worsens disease progression.

CCR2 signaling likely regulates activities of inflammatory
cells, fibrocytes, and AECs during lung fibrosis. The fact that
CCR2�/� mice do not develop fibrosis to the extent that wild-
type mice do even when injected with CCR2�/� fibrocytes
suggests that other protective mechanisms are still intact in these
mice. Our previous studies suggest that CCR2�/� mice produce
less TNF-
, and more GM-CSF and PGE2 than do wild-type
mice (14, 20). Thus these factors likely serve to protect the
lung epithelium and limit fibroproliferation even in the face
of augmented fibrocyte recruitment/activation. CCR2 has four
ligands in human (MCP 1–4) and three ligands in the mouse. In
the mouse, the ligands are CCL2 (JE/MCP-1), CCL7 (MCP-3),
and CCL12 (MCP-5) (23). Murine CCL2 is the most well-studied
ligand, and we have previously shown CCL2 to have potent
effects on fibrocyte chemotaxis and ECM production (11). Thus,
we were somewhat surprised to discover that the CCL2�/�
mice were not protected from FITC-induced fibrosis. Human
CCL2 has been shown to be present in both fibroproliferative
acute respiratory distress syndrome (ARDS) and also in IPF
(24, 25). Interestingly, the murine CCL12 (MCP-5) is the most
structurally homologous murine ligand to the human CCL2
(MCP-1) ligand, with 66% identity at the amino acid level (15).
Thus, it is likely that murine CCL12 responses will be most
similar to human CCL2 responses. Accordingly, it is likely that
CCL12 in the mouse is the CCR2 ligand responsible for fibrocyte
recruitment. This statement is based on several observations.
(1) Only CCL2 and CCL12 are elevated in whole lung mRNA
in response to FITC challenge (14). (2) CCL2�/� mice are not

protected from FITC-induced fibrosis, but CCR2�/� mice are.
(3) CCL12 is a potent chemoattractant for fibrocytes in vitro.
(4) CCL12 is the CCR2 ligand that remains elevated throughout
fibrotic responses. (5) CCL2 neutralization did not protect
against FITC-induced fibrosis, but CCL12 neutralization did.
Thus, it seems likely that CCL12 is the relevant ligand for the
in vivo recruitment of fibrocytes and the pro-fibrotic effects
on multiple cell types. However, since neutralization of CCL12
limited recruitment of all inflammatory cells to the alveolar space
after FITC (not just fibrocytes), we cannot exclude the possibility
that CCL12 serves to augment fibrosis via effects on other in-
flammatory cells as well.

Previous studies by other investigators have suggested that
CXCR4 and CCR7 may also mediate recruitment of fibrocytes
to bleomycin-injured murine lungs (10). This raises the question
of which chemokine and chemokine interactions are most impor-
tant. The differences in the study design and fibrotic stimulus
used in the two studies preclude direct comparisons, but several
interesting points should be noted. Our previous studies suggest
that CCR2 is ubiquitously expressed on lung-derived fibrocytes
(11). In contrast, Phillips and coworkers noted that CXCR4 was
present on subsets of peripheral blood–derived fibrocytes (10).
Neither neutralization of CXCL12 nor CCL12 nor CCR2 defi-
ciency completely blocks development of fibrosis in any of the
studies (10, 11, 14, and the present study). Thus, redundant
fibrotic mechanisms likely do exist. Our studies have looked
at recruitment to the alveolar space (11), whereas the studies by
Phillips and colleagues analyzed recruitment to the whole lung,
including lung interstitium (10). It is intriguing to hypothesize
that different chemokine receptors may be responsible for re-
cruitment to unique anatomic locations within the lung. Further
experiments will be needed to fully characterize the contribution
each receptor makes to fibrotic development.

In summary, our work has elucidated a key role for the CCR2
receptor in mediating pulmonary fibrotic responses in mice. One
important function of CCR2 is to recruit fibrocytes to injured
alveolar spaces. We have demonstrated for the first time that
adoptive transfer of fibrocytes augments fibrotic responses. Our
current work suggests for the first time that murine CCL12 in
important for disease pathogenesis. As murine CCL12 is most
homologous to human CCL2 (15), we suggest that these findings
may correlate to human CCL2 biology. Thus, future therapies
aimed at blocking fibrocyte recruitment (possibly via blocking
CCR2 or human CCL2) may be beneficial for patients with
fibrosis.
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