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The chemokine, CXCL10, and its cognate receptor, CXCR3, are
important mediators of the pathobiology of lung fibrosis. Macro-
phagesare a known source of CXCL10, but their specific source in the
lung is poorly defined due to incomplete characterization of macro-
phage subpopulations. We recently developed a novel flow cyto-
metric approach that discriminates resident alveolar macrophages
from recruited exudative macrophages (ExMacs) after infectious
lung injury. We hypothesized that ExMacs are present after non-
infectious lung injury with bleomycin, and are a source of CXCL10.
We found that ExMacs are recruited to the lung after injury, peaking
at Day 7, then maintained through Day 28. ExMac recruitment was
significantly reduced, but not abolished, in CCR2 null mice. ExMacs,
but not alveolar macrophages, produce CXCL10, both constitutively
andafter stimulationwithhyaluronan (HA)fragments. Interestingly,
ExMac stimulation with LPS resulted in complete suppression of
CXCL10. In contrast, ExMacs produced TNF-a and CXCL2/MIP-2
(Macrophage Inflammatory Protein-2) after stimulation with both
HA and LPS. ExMacs were present in CXCR3 null mice after bleomy-
cin, but produced minimal CXCL10. This impairment was overcome
by administration of exogenous IFN-g or IFN-g with HA. Collectively,
these data suggest that ExMacs are recruited and maintained in
the lung after noninfectious lung injury, are a source of a variety
of cytokines, but importantly, are essential for the production of
antifibrotic CXCL10. Understanding the contribution of ExMacs to
the pathobiology of lung injury and repair could lead to new
treatment options for fibrosing lung diseases.
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Pulmonary fibrosis is a disease entity characterized by chronic
interstitial inflammation, extracellular matrix deposition, and the
accumulation of fibroblasts and myofibroblasts, leading to col-
lapse of alveoli and loss of lung functional units (1, 2). The disease
process is heterogeneous, occurring in a wide variety of clinical
settings, both with identifiable causes, as in systemic autoimmune
diseases, such as scleroderma, or in settings that are without
identifiable cause, termed idiopathic interstitial pneumonias. The
pathogenesis of pulmonary fibrosis is unclear, and most likely
reflects multiple pathways and responses to injury (3, 4).

One such pathway involves the CXC chemokine, CXCL10,
and its cognate receptor, CXCR3 (5). Previous studies have
demonstrated the critical importance of CXCL10 and CXCR3
to the development of lung fibrosis (6, 7). CXCL10 is produced by
macrophages after stimulation with IFN-g, and has critical roles
in angiogenesis and T-cell trafficking (8, 9). CXCL10 inhibits
fibroblast chemotaxis after bleomycin injury, thereby reducing
the accumulation of fibroblasts and subsequent development of

fibrosis (7). More recently, it has been shown that the inhibition of
fibroblast chemotaxis requires the proteoglycan, syndecan-4 (10).
CXCR3 null mice exhibit enhanced fibrosis after bleomycin
injury and impaired production of endogenous IFN-g and
CXCL10 (6). Collectively, these studies demonstrate that the
CXCL10–CXCR3 axis is an important regulatory pathway in pulmo-
nary fibrosis. CXCL10 can be produced by a variety of cells, but
several studies suggest that lung macrophages may be an important
sourceafter injury(11–13).Thespecificsourceofmacrophage-derived
CXCL10 has not been elucidated, in part due to difficulties in
characterizing lung macrophage subpopulations.

Macrophages are important mediators of lung injury, in-
flammation, and fibrosis (14, 15). There is enormous heteroge-
neity in macrophage populations. Recent studies have identified
distinct macrophage subpopulations with unique functions in
multiple tissues (16). In the lung, distinct macrophage sub-
populations have been characterized primarily in murine in-
fectious disease and asthma models (17–20). Macrophage
heterogeneity is thought to be due to both the heterogeneity
of macrophage precursors (i.e., monocytes) and the specific
developmental pathways that are stimulated by local conditions
at the time of monocyte differentiation (16).

Two unique populations of monocytes are present in the
circulation (21). Constitutive (Gr-12) monocytes enter tissues
under steady-state conditions in the lung, and develop into
resident tissue interstitial macrophages and alveolar macro-
phages (AMs) (21–23). In contrast, inflammatory (Gr-11)
monocytes are recruited to the lung during inflammation in
a CCR2-dependent manner, and develop into either an acti-
vated macrophage population, known as exudative macro-
phages (ExMacs), or into monocyte-derived dendritic cells
(moDCs) (21, 24). The morphology, phenotype, and effector
functions of constitutive monocyte-derived macrophages differ
markedly from inflammatory monocyte-derived macrophages
(20). Resident lung interstitial and AMs express relatively little
major histocompatibility complex (MHC) II and costimulatory
molecules. After activation, they produce low levels of in-
flammatory cytokines, and do not promote T-cell activation.
In contrast, ExMacs express high levels of MHCII and cos-
timulatory molecules, stimulate T-cell activation, and are a ma-
jor source of inflammatory cytokines and chemokines (20). For
example, during influenza infection, ExMacs and monocyte-
derived DCs, but not resident AMs, are the major source of the
TNF-a and nitric oxide synthase 2, and are responsible for the
immune-mediated pathology (20). Based on these studies, we
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hypothesized that ExMacs would be recruited to the lung after
noninfectious lung injury and have effector functions distinct
from resident macrophages. In addition, in contrast to the critical
role of ExMacs in causing lung pathology after infectious in-
flammation, we sought to determine if ExMacs have a previously
unrecognized role in limiting the extent of tissue pathology after
noninfectious lung injury by producing CXCL10.

MATERIALS AND METHODS

Mice and Bleomycin Administration

Age- and sex-matched C57Bl/6, CCR22/2 and CX3CR1GFP/GFP mice were
purchased from Jackson Laboratory (Bar Harbor, ME). CX3CR1GFP/GFP

mice were crossed with C57Bl/6 mice to produce CX3CR11/GFP mice.
CXCR32/2 mice were described previously (25). All mice are on a C57Bl/6
background. Animal experiments were conducted in accordance with
National Institutes of Health guidelines, and protocols approved by the
Animal Care and Use Committee at Duke University. Bleomycin (2.5 U/kg;
Hospira, Inc., Lake Forest, IL) was administered by intratracheal
instillation. Control animals received saline.

Lung Parenchymal Cell Isolation

Mice were killed on Days 0, 3, 7, 14, and 28 after bleomycin. The lungs
were perfused with Hanks’ balanced salt solution to remove residual red
blood cells from the pulmonary circulation. They were minced and
digested for 40 minutes at 378C in Hanks’ balanced salt solution with
1 mg/ml collagenase A (Roche, Indianapolis, IN) and 0.2 mg/ml of DNase1
(Sigma, St. Louis, MO). The digestion solution was passed through a 70-um
mesh strainer and centrifuged at 535 3 g at room temperature over an 18%
nicodenz (Accurate Chemical Co., Westbury, NY) cushion. Low-density
cells were collected, underwent red cell lysis, and were then washed twice.

Flow Cytometric Analysis

The following antibodies were used: anti–I-A/I-E FITC, anti–I-A/I-E
phycoerythrin (PE) (used in experiments with CX3CR1GFP/WT mice),
anti–Ly6-G PE, anti–Gr-1 APC, and anti–CD11b APC Cy7 (all from BD
Pharmagen, San Jose, CA); and anti-CD11c PE Cy5.5 (eBioscience, San
Diego, CA). All staining was performed in PBS with 3% FBS, 10 mM
EDTA, 5% normal mouse serum, 5% normal rat serum, and 1%
FcBlock (BD Pharmagen). To reduce nonspecific binding, the cells were
incubated in staining buffer at 48C for 10 minutes before the addition of
antibodies. After staining, the cells were washed three times and
analyzed using a BD Canto II flow cytometer (BD Biosciences, San
Jose, CA). Data analysis was performed using FloJo software (version
8.8.6; Ashland, OR). Cell sorting was accomplished using a BD FACS-
Vantage cell sorter (BD Biosciences, San Jose, CA).

Stimulation of Sorted Macrophages

Sorted cells were cultured overnight (50,000 or 150,000 cells/well) in
RPMI 1640 plus glutamine plus 10% FBS. The media were then
replaced with RPMI without FBS. Cells were stimulated as follows: (1)
unstimulated; (2) hyaluronan (HA) fragments (100 mg/ml) (ICN Bio-
medicals, Inc., Irvine, CA); and (3) LPS (100 ng/ml) (Escherichia Coli
0111:B4 Sigma no. L3137). Polymixin B (20 mg/ml) (Calbiochem,
Darmstadt, Germany) was added to non–LPS-stimulated groups to
inactivate potential LPS contamination. After 24 hours, the superna-
tants were collected for cytokine evaluation. Additional experiments
were performed which stimulated sorted cells with IFN-g (10 ng/ml),
IFN-g with HA (100 mg/ml), and IFN-g with LPS (100 ng/ml).

ELISA of Supernatants from Sorted Cells

Protein levels of CXCL10, TNF-a and CXCL2 from the supernatants
of the sorted macrophage populations were measured with commer-
cially available ELISA kits (R&D Systems Inc., Minneapolis, MN)
according to the manufacturers’ instructions.

Statistical Analysis

Differences in the measured values between the cell populations of the
genetically altered mice and control groups were assessed using the
Student’s t test. The data are expressed as the mean (6SEM). Statistical

differences were accepted at a P value less than 0.05. In the flow
cytometry experiments, an average of three to four mice was used for
each group/time point and analyzed individually. These experiments
were then repeated twice.

RESULTS

Noninfectious Lung Injury Results in the Influx of

Monocyte-Derived DCs and ExMacs

We performed flow cytometric analysis of lung inflammatory
cells after intratracheal bleomycin, as previously described (20).
We have previously shown that, after influenza infection, in-
flammatory monocytes (MHCII2 CD11c2 CD11b1 Gr-1hi) enter
the lungs and up-regulate CD11c and MHCII expression to
become a transitional cell type, referred to as double intermedi-
ate (DI) cells (MHCIIint CD11cint CD11b1 Gr-1hi), and then
subsequently matured into either moDCs (MHCIIhi CD11cint

CD11b1 Gr-11) or ExMacs (autofluorescent1 MHCIIint CD11chi

CD11b1). ExMacs can be distinguished from AMs (auto-
fluorescent1 MHCIIint CD11chi CD11b2) by the expression of
CD11b or CX3CR1 when CX3CR1GFP/1 mice are used. In
CX3CR1GFP/1 mice, monocytes, DI cells, moDCs, and ExMacs
are all GFP1, whereas neutrophils, AMs, and lymphocytes are
GFP2 (20, 26). Before injury, AMs and monocytes were the
primary cell types identified in lung digests, representing resident
populations (Figure 1, Day 0). After injury, there was an
accumulation of DCs and ExMacs (Figures 1C and 1D). Subgate
analysis of the DCs (Figure 1C) at Day 3 revealed a portion of
the cells to be CD11b1 Gr-11, consistent with previous de-
scriptions of moDCs (20, 27). This early Gr-1 expression by DCs
was believed to reflect their recent development from Gr-11

monocytes. The peak number of total DCs occurred by Day 7
after bleomycin, and then declined, but did not return to baseline
by Day 28 (Figure 1C). The appearance of ExMacs began at Day
3, peaked at Day 7, and then declined, but remained present,
through Day 28 (Figure 1D). ExMacs were uniformly CD11b1

Gr-1int at all time points after bleomycin. This cell surface ex-
pression pattern was distinct from influenza, where ExMacs
initially expressed high Gr-1, but then later became Gr-1low

(20). This may reflect the fact that ExMacs after noninfectious
injury were either not derived from a Gr-11 precursor, or that the
inflammatory stimulus of bleomycin was distinct from influenza,
resulting in altered cell surface expression. ExMacs exhibited
enhanced CX3CR1 expression compared with AMs after bleo-
mycin (Figure 1E), and were F4/801 to delineate them from DCs
that are also CD11b1 (Figure 1F). We also found an influx of
cells demonstrating intermediate expression of MHCII and CD11c
in addition to the expression of CD11b and CX3CR1. These cells
are consistent with previously described DI cells (20). DI cells
were only minimally present in unchallenged lung, and had peak
influx at Day 3 after bleomycin treatment (data not shown). Total
cell counts from the flow analysis demonstrated that there was
little change in the overall numbers of monocytes (which were
CX3CR1 positive [Figure 1G]) or AMs after bleomycin injury
(Figures 2A and 2B). However, there was a marked influx of DCs
and ExMacs (Figures 2A and 2B). DC and ExMac numbers
persisted at much later time points after bleomycin than has been
routinely demonstrated in standard monocyte/macrophage cell
count differentials (Figures 2A and 2B).

Influx of Monocytes, DCs, and ExMacs Is Dependent on CCR2

Prior work suggested that monocyte-derived DCs and ExMacs
were derived from inflammatory monocytes recruited from the
circulation in a CCR2-dependent manner (20). To determine
the role of CCR2 in noninfectious injury, we compared the
influx of monocytes, DCs, and ExMacs in CCR2 null mice and
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C57Bl/6 wild-type (WT) mice after bleomycin treatment. We
focused this analysis on Days 3 and 7 based on our character-
ization of the cellular influx after bleomycin. Flow plot analysis
revealed similar cell surface marker identification of monocytes,
DCs, AMs, and ExMacs in CCR2 null and WT mice after injury
(Figures 3A–3C). As this analysis was not performed on
CX3CR1GFP/1 mice, monocytes in CCR2 null mice were
separated from neutrophils by anti-Ly6G antibody staining
(Figure 3D). The peak influx of cells in WT mice occurred at
Day 7, but was not observed in CCR2 null mice until Day 14
(Figure 3E). No difference was noted in the total cell numbers
between WT and CCR2 null mice at Days 0, 3, or 14. Using the

total cell counts, the subpopulation differences between CCR2
null and WT mice were assessed. At Day 3, monocytes and DCs
demonstrated impaired influx in CCR2 null mice (Figure 3F).
Although not statistically significant, we found a trend toward
decreased numbers of ExMacs at Day 3. At Day 7, all three
inflammatory cells types in the CCR2 null mice had impaired
recruitment to the lung (Figure 3G). These data support an
important role for CCR2 in the recruitment of monocytes, DCs,
and ExMacs after injury with bleomycin. The result was most
pronounced at Day 7 after injury. This finding correlated well
with an overall reduction in total cell numbers, as quantified by
a hemocytometer count (Figure 3E).

Figure 1. Analysis of inflammatory cell types in

the lungs of CX3CR1GFP/1 mice after injury with
bleomycin. (A) Flow profile of total lung cells

isolated on various days after bleomycin injury

are analyzed by CD11c versus major histocom-

patibility complex (MHC) II expression to iden-
tify individual cell populations. Double negative

(DN) cells are MHCII- and CD11c-negative (black

border), dendritic cells (DCs) are MHCIIhigh and

CD11c1 (green border), and macrophages (Mac)
are MHCIIint and CD11c1 (purple border). The

numbers represent the percentages of these

various cell groups. (B–D) Subgating is per-
formed on the DN (B), DC (C), and Mac (D)

populations identified in (A). Expression in these

subgates is based on CD11b versus Gr-1 cell

surface expression. CD11b1 Gr-1high cells are
identified from the DN gate (R1, black border).

The majority of DCs are CD11b1 Gr-1low. A

Gr-1high DC population exists at Day 3 after

bleomycin. Alveolar macrophages (AMs) and
exudative macrophages (ExMacs) are identified

from the Mac gate. These cell types are discrim-

inated based on CD11b expression, AM
CD11blow (blue border) and ExMac CD11bhigh

(red border). (E) Histograms demonstrating fluo-

rescent intensity of CX3CR1-GFP expression

from the macrophage populations (AM, blue;
ExMac, red) over time after bleomycin instilla-

tion. Shift of the histogram to the right denotes

enhanced GFP expression. Basal autofluores-

cence of macrophages for FITC/GFP is shown
in the black histogram (using C57B6 wild-type

[WT] mice). (F) ExMacs demonstrate enhanced

expression of F4/80 as compared with DCs at

Days 3, 7, and 14 after bleomycin injury (DC,
green gate; ExMac, red gate). (G) R1 population

is analyzed for CX3CR1– GFP expression, which

separates monocytes (black box) from neutro-
phils (PMN, purple box). The flow plots and the

histograms are from a representative sample of

bleomycin-injured CX3CR1GFP/1 mice. Data

were derived from three to four mice per time
point, and are representative of two separate

experiments.
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ExMacs Are the Macrophage Source of CXCL10

The flow cytometric evaluation of inflammatory cell types after
bleomycin administration demonstrated the presence of
ExMacs. The functions of ExMacs have not been well described
in the lung after bleomycin treatment. We sought to determine
if unique functional characteristics distinguished ExMacs from
AMs beyond their differences in cell surface expression. We
therefore evaluated the production of cytokines previously
reported to be important for the development of pulmonary
fibrosis. We found no evidence for constitutive production of
transforming growth factor–b, insulin-like growth factor–1, or
IL-13 in the cultured supernatants of AMs or ExMacs (data not
shown). ExMacs isolated at both Days 7 and 14 after bleomycin
administration were the major source of macrophage-derived
CXCL10 (Figures 4A and 4B). AMs produced no significant
CXCL10 at Day 7. At Day 14, AMs produced minimal CXCL10
compared with ExMacs. CXCL10 production was higher from
ExMacs at Day 7 than at Day 14. To test if the lack of CXCL10
production by AMs was due to the ex vivo environment lacking
appropriate stimulation, we treated AMs and ExMacs with
either low–molecular weight HA fragments or LPS, and ana-
lyzed cytokine production. HA fragments have been previously
shown to stimulate CXCL10 in mouse peritoneal macrophages
(28). Stimulation of AMs with HA and LPS resulted in no
detectable CXCL10 production (Figures 4A and 4B). Interest-
ingly, HA and LPS had differing effects on ExMac CXCL10
production. Whereas HA treatment did not alter CXCL10
production by ExMacs, LPS stimulation resulted in complete
suppression of CXCL10 production. We determined whether
this inability to produce CXCL10 by AMs extended to other
macrophage-derived cytokines, such as CXCL2 and TNF-a.
Without stimulation, neither AMs nor ExMacs produced de-
tectable CXCL2 or TNF-a at Day 7 after bleomycin injury. HA
and LPS stimulated both AMs and ExMacs to produce cyto-
kines (Figures 4C and 4D). ExMacs were the predominant
source of both CXCL2 and TNF-a. These data suggest that
AMs and ExMacs represent distinct macrophage populations
after noninfectious fibrotic lung injury, both by cell surface
expression and cytokine production.

CXCL10 Production by ExMacs Is Decreased in CXCR3

Null Mice

We then explored the relationship between CXCL10 produc-
tion by ExMacs and the in vivo cytokine environment produced
in a profibrotic milieu. We hypothesized that the alteration in
the cytokine milieu in the CXCR3 null mice would lead to
a reduction in CXCL10 production by ExMacs. First, we
determined if CXCR3 deficiency altered ExMac recruitment.
Time course studies revealed that ExMacs are recruited to the
lung after bleomycin injury in the absence of CXCR3 in
a manner similar to WT mice (Figure 5A). We then examined

the cytokine profiles in response to exogenous stimuli. We
focused on macrophages harvested at Day 7 after bleomycin, as
this was the time of peak CXCL10 production noted in the prior
experiments. As seen with the WT sorted macrophages,
ExMacs from CXCR3 null mice were the prime source of
CXCL10 (Figure 5B). AMs from CXCR3 null mice produced
no detectable CXCL10 (data not shown). CXCL10 production
in ExMacs was completely suppressed by stimulation with LPS.
Interestingly, CXCR3 null ExMacs demonstrated decreased
production of CXCL10 compared with WT ExMacs (Figure
5B). The data suggested that the cytokine environment in the
CXCR3 null mice altered the ability of ExMacs to elaborate
CXCL10. To confirm this finding, we undertook experiments to
see if in vitro stimulation could recover the production of
CXCL10 by CXCR3 ExMacs. Stimulation with IFN-g resulted
in an increase in CXCL10 production from CXCR3 null
ExMacs as compared with the unstimulated group (Figure
5C). IFN-g and HA in combination caused an even greater
increase in CXCL10 production from CXCR3 null ExMacs
(Figure 5C). This demonstrated that exogenous IFN-g could
restore the production of CXCL10 from CXCR3 null ExMacs,
and that the combination of IFN-g and HA had an additional
synergistic effect on this production of CXCL10.

DISCUSSION

Our results suggest that ExMacs are recruited to the lung after
noninfectious injury, and are the major source of macrophage-
derived CXCL10. We identified an influx of ExMacs, which
peaked at Day 7 after bleomycin injury. ExMacs were CD11c1

MHCIIInt Gr-1Int and were separated from resident AMs by
high expression of both CD11b and CX3CR1. In addition to the
role of ExMacs as the macrophage source of CXCL10 in the lung,
we also identified them as a primary source of macrophage-derived
cytokines, TNF-a and CXCL2. These data suggest a role for
ExMacs in the modulation of the fibrotic response to noninfectious
lung injury, and highlight the need for careful identification of
macrophage subpopulations as critical to understanding effector
functions.

Macrophages accumulate in areas of fibrotic injury, but their
role remains incompletely understood, in large part due to the
paucity of tools to characterize phenotypic subsets (1, 29). Several
studies have attempted to characterize macrophage subsets
after bleomycin injury. Everson and colleagues (15) separated
AMs into 18 density-defined subpopulations. Bleomycin altered
the proportions of these subpopulations, and TNF-a production
was only enhanced in the specific subpopulations present after
bleomycin administration. Work from our laboratory deter-
mined that inducible nitric oxide synthase was increased after
stimulation with IFN-g only in macrophages obtained from
bronchoalveolar lavage after bleomycin injury, and not in macro-
phages lavaged before the injury (30). This demonstration of

Figure 2. Total inflammatory cell influx after bleomy-

cin identified by flow cytometry. (A) A comparison of
the influx of monocytes, DCs, and macrophages re-

veals only a small influx of monocytes and DCs

occurring at Day 3 after bleomycin injury. DC influx

peaks at Day 7, at which time there is a significant
influx of macrophages. (B) Comparison of macro-

phage subpopulation influx after bleomycin injury;

AMs (blue); and ExMacs (red). The data represents
total cell counts and demonstrates that AMs are the

predominant macrophage cell type in whole lung

before injury. They remain relatively constant after injury. ExMacs are recruited starting at Day 3, peaking at Day 7, and then persisting at a low
level through Day 28. The data are from one time course experiment with three to five mice at each time point, with one repeat.
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altered morphologic and functional activities of macrophages
after noninfectious injury suggests either recruitment of specific
macrophage subsets with unique functional capabilities, or matu-
ration of local resident cells after injury. The present study adds to
this body of data by providing evidence that these uniquely func-
tioning macrophages are ExMacs recruited to the lung after
bleomycin injury. ExMac function has been described in infectious
lung injury models, but these are the first data in noninfectious
models.

The major observation of this study is that ExMacs are the
primary source of the antifibrotic cytokine, CXCL10, and that
there are important differences in how these cells respond to
exogenous stimuli. Tager and colleagues (7) demonstrated that
CXCL10 inhibited the chemotaxis of fibroblasts to bronchoal-
veolar lavage from injured lung tissue and prevented the
development of fibrosis. We recently demonstrated that these

antifibrotic effects of CXCL10 require the proteoglycan, syn-
decan-4, expressed on fibroblasts (10). The relevant sources of
CXCL10 expression in the lung after bleomycin have been
unclear, because a variety of cell types are candidates for
sources of chemokine production. The identification of
CXCL10 production by ExMacs, but not resident alveolar or
interstitial macrophages, provides new insights into understand-
ing the mechanisms of CXCL10 production in the lung.

The ability to sort individual cell populations allowed us to
study the effect of exogenous ligands on CXCL10 production by
lung macrophages. Based on prior work in our laboratory and
by others, we examined the effect of HA and LPS stimulation
on cytokine production (28, 31, 32). HA is an extracellular
matrix glycosaminoglycan, which is degraded in the setting of
inflammation to lower molecular weight fragments with immu-
nostimulatory potential (33, 34). These lower molecular weight

Figure 3. Flow plot analysis of CCR2 null mice
after bleomycin. (A) Lung single-cell homoge-

nates were analyzed against MHCII and CD11c

cell surface expression and DNs, DCs, and Macs

were identified. (B–C) Subgate analysis is per-
formed from the DN (B) and Mac (C ) popula-

tions. R1 cells are identified again as CD11b1

Gr-1high. AMs are CD11b2, whereas ExMacs are

CD11b1. There is an influx of ExMacs occurring
at Day 3, peaking at Day 7, and then persisting

through Day 14. (D) Subgating of the R1 gate

(from [B]) reveals that the cells are Ly6G-nega-

tive, consistent with monocytes. (E ) Total cells
were counted by a hemocytometer from CCR2

null and C57B6 WT mice after bleomycin (WT,

open box; CCR2, closed box). (F–G) Individual
cell monocyte-derived populations are deter-

mined at Day 3 (F) and Day 7 (G) after

bleomycin. Graphs are representative of pooled

data from three different experiments per-
formed at each time point (n 5 3–4 mice at

each time point; *P , 0.05, **P , 0.005, ***P ,

0.0005 between CCR2 null and WT mice).
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fragments accumulate in the lung after bleomycin injury, and
must be cleared for effective resolution of inflammation (35–
37). Surprisingly, CXCL10 production by ExMacs was un-
changed after HA stimulation, which differed from our previous
findings with peritoneal macrophages (28). Whereas HA ad-
ministration had no effect on CXCL10 release, surprisingly,
LPS stimulation resulted in complete suppression of CXCL10
production from ExMacs. LPS is the prototypical pathogen-
associated molecular pattern representing an infectious stimu-
lus. LPS administration to peritoneal macrophages stimulates
CXCL10 both in vivo and in vitro (31). LPS stimulation of MH-
S cells, an immortalized AM cell line, also resulted in CXCL10
production (32). This finding of CXCL10 suppression by LPS

stimulation was specific to CXCL10, as LPS stimulation caused
robust TNF-a and CXCL2 production by ExMacs. These data
suggest that ExMacs recruited to the lung after noninfectious
injury respond differently to endogenous matrix and exogenous
pathogen-associated ligands, and highlight the importance of
local matrix–cell interactions in regulating the extent of fibro-
proliferation.

CXCR3 deficiency markedly enhances the profibrotic milieu.
We explored the role of ExMacs in this context. The recruit-
ment of ExMacs did not require CXCR3, but the production of
CXCL10 by ExMacs was markedly reduced in the absence of
CXCR3. The profibrotic environment in CXCR3 null mice
results, in part, from impaired endogenous production of IFN-g
and CXCL10 (6). The data presented in the study suggests that
the CXCL10 deficiency observed in the absence of CXCR3 is
due to impaired release by ExMacs. To determine if the
impaired production of CXCL10 by ExMacs was due to an
intrinsic defect or an altered external milieu, we administered
exogenous IFN-g to CXCR3 null ExMacs, and found that
CXCL10 production was partially restored. Full restoration of
CXCL10 production required both IFN-g and HA fragments.
These data further support an important role for ExMacs in
limiting the extent of lung fibrosis by producing CXCL10 in
response to endogenous HA fragments and IFN-g. Collectively,
these data suggest a previously unrecognized role for ExMacs in
the exacerbated fibrosis of CXCR3 null mice after bleomycin
injury.

Several groups have examined the role of CCR2 in the
pathobiology of lung fibrosis. CCR2 affords some protection
against experimental lung fibrosis, but there are differing re-
ports on the mechanisms (38–40). Several studies have shown
that CCR2 is critical to the recruitment of monocytes to sites of
injury (20, 41, 42). The role of CCR2 after fibrotic lung injury
has been explored, but the findings are divergent with respect to
the impact of CCR2 deficiency on subsets of mononuclear cells
(38, 39). Moore and colleagues (38) demonstrated that CCR2
null mice were protected from lung fibrosis using both bleomy-
cin and FITC-induced fibrotic injury models. They did not
appreciate alterations in macrophage cellular influx after FITC
exposure by both cell counts and flow cytometry analysis. A
subsequent study from the same group attributes the reduction
in fibrosis to a decrease in the number fibrocytes recruited to the
lung from the bone marrow in a CCR2-dependent manner (40).
Okuma and colleagues (39) also reported that CCR2 null mice
were protected from bleomycin-induced lung fibrosis. However,
they found that macrophage numbers were decreased, but they
did not examine subpopulations as performed in the present

Figure 4. Cytokine expression from flow sorted macrophage popula-

tions. C57Bl/6 WT mice were given 2.5 U/kg of bleomycin and then the
lungs were harvested at Days 7 and 14 after exposure. After digestion

and centrifugation over an 18% Nicodenz cushion, the cells were sorted

by flow cytometry for AMs and ExMacs, and then cultured overnight to
allow cells to adhere to the tissue culture plate. After adherence, the cells

were either given no stimulation, or were stimulated with hyaluronan

(HA) (100 mg/ml) or LPS (100 ng/ml) for an additional 24 hours. The

supernatants were collected and evaluated for cytokine expression by
ELISA. (A and B) These figures represent CXCL10 expression by ELISA at

Day 7 (A) and Day 14 (B) for AMs (open bar) and ExMac (closed bar). (C

and D) Figures demonstrate TNF-a (C ) and CXCL2 (D) production in

AMs and ExMacs at Day 7 (n 5 6–9 pooled mice per experiment; 50,000
sorted macrophages were used per culture well in the Day-7 experi-

ments; 150,000 cells/well were used in the Day-14 experiments; *P ,

0.05, **P , 0.005, P , 0.0005 between AMs and ExMacs). This is
representative of two experiments at each time point.

b
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study. We have confirmed the findings of Okuma and colleagues
that macrophage recruitment is impaired in the absence of
CCR2, and further defined the relevant populations. Interest-
ingly, at no time point after bleomycin injury was ExMac influx
completely abolished. This is in contrast to the role of CCR2 in
protection against influenza infection, where ExMac recruit-
ment was completely abolished (20). In fact, the most striking
reduction in specific cell populations was in the monocyte and
DC compartments. Recent data suggest that DC function is
critical to the development of fibrosis after bleomycin injury
(43). This finding suggests that the reductions in DCs in CCR2
null mice are relevant to the antifibrotic phenotype. Further
investigations are needed to determine the exact role of mono-
cytes and DCs in the fibrotic phenotype of CCR2 null mice.

In summary, we have provided a detailed in vivo analysis of
total lung monocyte and monocyte-derived cell recruitment
after injury with bleomycin. We highlight that these cells are
recruited in a CCR2-dependent fashion, albeit less completely
than in infectious models. We have defined the role of ExMacs,
a macrophage subpopulation that is distinct from AMs, both by
cell surface marker expression, but also by cytokine production,
both constitutively and in response to exogenous stimuli. In
particular, we show that ExMacs are the major macrophage
source of the antifibrotic chemokine, CXCL10. Furthermore,
we provide data suggesting that the response of ExMacs to
infectious and noninfectious stimuli may be quite different.
These data suggest that ExMacs are important modulators of
lung fibrosis. Improved understanding of the mechanisms that
regulate macrophage subpopulations could lead to new insights
into the pathogenesis of fibrotic diseases.

Author Disclosure: None of the authors has a financial relationship with a
commercial entity that has an interest in the subject of this manuscript.
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