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Lung contusion (LC), commonly observed in patients with thoracic
trauma is a leading risk factor for development of acute lung injury/
acute respiratory distress syndrome. Previously,we have shown that
CC chemokine ligand (CCL)-2, amonotactic chemokine abundant in
the lungs, is significantly elevated in LC. This study investigated the
nature of protection afforded by CCL-2 in acute lung injury/acute
respiratory distress syndrome during LC, using rats and CC chemo-
kine receptor (CCR) 2 knockout (CCR22/2) mice. Rats injected with
a polyclonal antibody to CCL-2 showed higher levels of albumin and
IL-6 in the bronchoalveolar lavage andmyeloperoxidase in the lung
tissue after LC. Closed-chest bilateral LC demonstrated CCL-2 local-
ization in alveolar macrophages (AMs) and epithelial cells. Subse-
quent experiments performed using a murine model of LC showed
that theextentof injury, assessedbypulmonary complianceandalbu-
min levels in the bronchoalveolar lavage, was higher in the CCR22/2

mice when compared with the wild-type (WT) mice. We also found
increased release of IL-1b, IL-6, macrophage inflammatory protein-
1, and keratinocyte chemoattractant, lower recruitment of AMs, and
higherneutrophil infiltrationandphagocytic activity inCCR22/2mice
at24hours.However, impairedphagocytic activitywasobservedat48
hours compared with the WT. Production of CCL-2 and macrophage
chemoattractantprotein-5was increased in theabsenceofCCR2, thus
suggesting a negative feedback mechanism of regulation. Isolated
AMs in theCCR22/2mice showedapredominantM1phenotypecom-
pared with the predominant M2 phenotype in WT mice. Taken to-
gether, the above results show that CCL-2 is functionally important
in the down-modulation of injury and inflammation in LC.
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Thoracic injury is involved in nearly one-third of all acute trauma
admissions (1–4), often including clinically significant lung con-
tusion (LC) with subsequent respiratory deficits. LC is an im-
portant independent risk factor for the development of acute
lung injury (ALI), acute respiratory distress syndrome (ARDS),
and ventilator-associated pneumonia in affected patients (1–4),
all of which are associated with high mortality and morbidity (5).

The clinical pathophysiology of LC includes hypoxemia, hyper-
carbia, increased work of breathing, and decreased lung volumes
and compliance in association with ventilation–perfusion mis-
matching, intrapulmonary shunting, edema, and segmental lung
damage (1, 6, 7). As 30% of patients with LC progress to ALI/
ARDS (1), it is important to delineate the factors responsible
for the development of progressive respiratory failure. Several
lines of evidence suggest that factors in addition to trauma-
induced tissue damage may contribute to respiratory failure
in LC (1, 3).

Macrophage chemoattractant protein (MCP)-1/CC chemokine
ligand (CCL)-2 is produced by a number of cells in response to
inflammatory stimuli, such as IL-1b, -4, -6, and -10, transforming
growth factor-b, and LPS (8, 9). There are several reports that
indicate the protective nature of CCL-2 in modulating the reso-
lution of acute pulmonary injury in LC. We have shown that
elevated levels of CCL-2 in the bronchoalveolar lavage (BAL)
are associated with improved oxygenation in LC injury in rats
(10). We have also reported increased mortality, persistent in-
flammation, and decreased granulomatous compartmentalization
in CCL-2 knockout mice injured with gastric aspiration (11).
Amano and colleagues (12) showed, using a Pseudomonas aeru-
ginosa pneumonia model of lung injury, that administration of
CCL-2–neutralizing antibody increased neutrophil infiltration
and lung injury and reduced phagocytic activity of alveolar mac-
rophages (AMs) for apoptotic neutrophils (12).

Here, we studied the role of CCL-2 in LC by examining the
importance of its interactions with CC chemokine receptor
(CCR) 2 receptor by using CCR22/2 mice. In mice, CCR2 is
the only receptor for CCL-2, and is a primary receptor for
MCP-5, the chemokine that bears the closest similarity to the
human homolog of CCL-2 (8). Based on our previous results
(11), we hypothesized that animals lacking CCL-2 will have
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CLINICAL RELEVANCE

The study reports on the protective effect of CC chemokine
ligand (CCL)-2 in the pathogenesis of acute inflammation
secondary to lung contusion (LC). LC is a unique, focal, and
direct risk factor for acute lung injury/acute respiratory
distress syndrome. The models that we report here involve
a focal, direct lung injury characterized by immediate onset
of alveolar disruption, hemorrhage, and subsequent acute
inflammation. We report that, in the presence of CCL-2,
there are major changes in the M1/M2 phenotype of alve-
olar macrophages. This study allows us to pursue future
clinical studies with patients suffering from trauma after LC,
whereby chemokines, such as CCL-2, could be used to alter
the inflammatory response and mitigate acute inflammation.
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a more severe lung injury with an exaggerated acute inflamma-
tory response after LC. Our results show that, in the absence of
the CCR2, the extent of mechanical injury in ALI after LC is
worsened and prolonged. In addition, there is aggravation of the
inflammatory response, as evidenced by increased BAL levels
of albumin, cytokines, and chemokines, as well as increased
neutrophil infiltration and decreased macrophage recruitment
and activation of M2-type macrophages. The same response
was observed in rats injected with anti–CCL-2 antibody. This
study provides new information regarding the protective nature
of CCL-2/CCR2 signaling in lung injury after LC.

MATERIALS AND METHODS

Additional experimental details are available in the online supplement.

Animals

Adult male Long-Evans rats (250–300 g; Harlan Sprague-Dawley, Indi-
anapolis, IN), as well as male, age-matched (6–8 wk old), wild-type (WT)
(C57/BL6) and CCR22/2 mice (Jackson Laboratories, Bar Harbor, ME)

were used in this study. All procedures performed were approved by the
Institutional Animal Care and Use Committee at the State University of
New York, Buffalo, and the University of Michigan, and complied with
state, federal, and National Institutes of Health regulations.

Induction of Isolated LC in Rats

LC was induced in halothane-anesthetized rats using energy equivalent
of 2.45 J by a hollow cylindrical weight dropped from a defined height
onto a precordial shield that prevented associated cardiac trauma, as
previously described (3, 4).

Murine Model for LC

Male, C57/BL6 (20–25 g, 6–8 wk old, bred in-house), along with the
CCR22/2 mice, were anesthetized and LC was induced (13) and sub-
sequently modified by our group. Briefly, after induction of anesthesia,
the mouse was placed in a left lateral position and, using a cortical
contusion impactor, the right chest was struck along the posterior ax-
illary line 1.3 cm above the costal margin using a velocity of 5.8 m/s
adjusted to a depth of 10 mm. Mice were then allowed to recover
spontaneously. Each experiment was repeated at least three times with
three to five animals per group.

Figure 1. Anti–CC chemokine ligand (CCL)-

2 antibody worsens inflammation and injury

in rats with LC. Rats received rabbit poly-

clonal anti–CCL-2 antibody by intraperito-
neal injection at the time of lung contusion

(LC), and control animals received IgG fol-

lowed by LC. After LC, rats were killed at
48- and 72-hour time points, and the con-

centrations of albumin in bronchoalveolar la-

vage (BAL) (A), IL-6 (B), and whole-lung

myeloperoxidase (MPO) (C) were deter-
mined by ELISA. Values are presented as

means (6SEM; n ¼ 9). Each experiment

was repeated at least three times with three

animals per group. Paired samples were an-
alyzed using the two-tailed unpaired t test

with Welch’s correction. *P , 0.05 com-

pared with animals that received IgG.

Figure 2. Immunohistochemistry of lung samples at 24

and 48 hours after LC. Lung tissue samples from rats at

24 and 48 hours after LC were subjected to immunohisto-
chemistry with anti–CCL-2 polyclonal antibody as de-

scribed in MATERIALS AND METHODS. Shown are nonspecific

IgG antibody staining as control (A), 24 hours after LC

(B), and dense staining of alveolar macrophages (AMs)
by CCL-2 antibody at 48 hours after LC (C).
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Whole Lung Myeloperoxidase Activity

Whole-lung myeloperoxidase (MPO) activity was studied as an added
measure of neutrophil-associated pulmonary inflammation. After BAL,
rat lungs were excised, and the whole-cell lysate was used to assess in
vitro MPO activity, as previously described (14–16).

In Vitro Phagocytosis Assay

After LC, AMs isolated by BAL were plated at 2 3 105 cells/well and
cultured overnight in Dulbecco’s modified Eagle’s medium. Wells
were aspirated and replaced with 50 ml serum-free medium. Macro-
phages were then incubated with FITC-labeled, heat-killed P. aerugi-
nosa. Phagocytosis of FITC-labeled bacteria was measured after
quenching of noningested bacteria with trypan blue, as previously de-
scribed (17–19).

Histopathology

Lung specimens harvested at time of death were fixed in 10% formalin,
sectioned, and stained with hematoxylin and eosin. Slides were evalu-
ated by an experienced, blinded pathologist and examined for the pres-
ence of interstitial neutrophilic infiltrate, intra-alveolar hemorrhage,
and pulmonary septal edema, as described previously (20).

Statistical Analysis

Data are expressed as the means (6SEM). Statistical significance was
estimated using one-way ANOVA (GraphPad Prism 5.01; GraphPad
Software, San Diego, CA). Individual intergroup comparisons were
analyzed using the two-tailed unpaired t test with Welch’s correction.
A value of P less than 0.05 was considered significant (10, 11).

RESULTS

Anti–CCL-2 Antibodies Aggravate the Severity of Lung Injury

at 48 Hours after LC in Rats

Albumin levels in the BAL were higher in rats given an intraper-
itoneal injection of polyclonal antibodies against CCL-2 at 48
hours after LC (Figure 1A). Antibody was administered at
the time of the initial insult to deplete circulating levels of the
cytokine. These rats also showed greater inflammation, as seen
in the increased levels of IL-6 in BAL (Figure 1B) and in-
creased levels of the neutrophil-related marker MPO in whole
lung tissue (Figure 1C), compared with IgG-injected control
animals. These results indicate that CCL-2 is functionally im-
portant in LC, and may play a protective role in regulating acute
neutrophil-mediated injury in this condition.

AMs Are the Predominant Source of CCL-2 in Rats after LC

Tissue sections from rats given closed-chest bilateral LC injury
at 24, 48, and 72 hours after insult were analyzed for CCL-2 pro-
duction using specific immunohistochemical staining with anti–
CCL-2 antibody. As shown in Figure 2, significant staining for

Figure 3. Pulmonary contusion in mice. Explanted, wild-type (WT) mouse

lungs, showing uninjured control (A) and lungs 5 hours after contusion (B);
the arrow highlights the point of contusion on a representative mouse.

Figure 4. Pulmonary compliance

measurements in WT and CC

chemokine receptor (CCR) 2

knockout (CCR2/2) mice after
LC. “Quasistatic” closed-chest

pressure–volume behavior was

measured at 5, 24, 48, and 72

hours after injury in WT and
CCR22/2 mice. Points along

each curve represent the mean

(6SEM) for nine animals at each
time point. Each experiment was

repeated at least three times with

three animals per group. Asterisks

represent a significant difference
between the groups described in

each graph (see main text for

details).
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CCL-2 was found primarily in the AMs at 48 hours, when CCL-
2 levels in BAL are highest in the injured animals (Figure 2C).
In addition, there was also lighter staining for CCL-2 in alveolar
epithelial cells. Similar data (Figure 2B) also indicated that im-
munohistochemical staining for CCL-2 was most prominently
localized to the AMs at 24 hours after contusion, another time

point at which substantial levels of this chemokine have been
shown to be present in BAL from rats with LC. These results
indicate that AMs are likely the primary cell of origin for CCL-2
production in the injured lung after LC.

CCR22/2 Mice Showed Increased Lung Injury after LC

To determine the extent of mechanical injury in the CCR22/2

group versus WT, we measured the pressure–volume (PV) me-
chanics at different time intervals after LC. For this measure-
ment, LC was induced in the WT and CCR22/2 phenotypes, as
described previously here (images of lung after injury shown in
Figure 3), and PV measurements were done after different time
intervals (5, 24, 48, and 72 h). At all time points, but most
notably at 5, 24, and 48 hours, PV measurements indicated that
pulmonary compliance and volumes were significantly decreased
in the CCR22/2 group relative to the control (WT) (Figure 4).
There was a marked increase in the BAL albumin level, an
indicator of the extent of permeability injury in the knockout
phenotype when compared with the corresponding WT, after 24,
48, and 72 hours of injury due to LC (Figure 5). The maximal
effect was at 48 hours (3.5-fold increase versus WT).

CCR22/2 Mice Exhibited Signs of Increased Lung

Inflammation after LC

ALI during LC is characterized by an intense inflammatory re-
sponse, which contributes to the physiological dysfunction in this
condition, and this involves production of mediators, such as che-
mokines and cytokines. To determine if CCL-2 activation has any

Figure 5. CCR22/2 mice showed elevated albumin levels in the BAL

compared with WT mice after LC. After LC, mice were killed at 5-,

24-, 48-, and 72-hour time points and albumin concentrations in the

BAL were determined by ELISA, as described in MATERIALS AND METHODS

(mean 6 SEM; n ¼ 14). Statistical analysis was performed on data at

each time point; paired samples were analyzed using the two-tailed

unpaired t test with Welch’s correction. *P , 0.05 compared with

WT mice and uninjured control animals.

Figure 6. CCR22/2 mice showed

a marked increase in cytokine re-
sponse compared with WT after

LC. IL1 b (A), IL-6 (B), IL10 (C),

macrophage inflammatory
protein-2 (D), and keratinocyte

chemoattractant (E) levels in

the BAL of WT and CCR22/2

mice were analyzed by ELISA
at 5, 24, 48, and 72 hours after

injury (mean 6 SEM; n ¼ 14).

Statistical analysis was performed

on data at each time point, and
intergroup comparisons were

made with two-tailed unpaired

t test with Welch’s correction.

*P , 0.05 compared with cor-
responding WT.
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role in the production of these mediators after LC, wemeasured the
levels of both proinflammatory (IL-1b, IL-6) and anti-inflammatory
(IL-10) cytokines, as well as neutrophil chemoattractants, keratino-
cyte chemoattractant (KC) and macrophage inflammatory protein
(MIP)-2. The levels of IL-1b were increased in the mice subjected
to LC when compared with corresponding control animals, as has
been previously reported (11). There was no significant difference
in the levels of IL-1b between the two injury groups at 5 hours after
LC, but there was a significant increase in its levels at the 24-, 48-,
and 72-hour time points after LC in the CCR22/2 genotype when
compared with WT (Figure 6A). IL-6 levels in the BAL were
higher in CCR22/2 mice after LC (Figure 6B). Comparing the
two groups, CCR22/2 mice showed a significant increase at the
5-hour time point compared with WT. A similar trend was also
observed for the anti-inflammatory cytokine, IL-10. Mice sub-
jected to LC had significantly higher levels of this cytokine when
compared with corresponding WT control animals (Figure 6C).
Levels of MIP-2 and KC were also elevated prominently in
CCR22/2 mice (Figures 6D and 6E) when compared with WT,
although there were slight variations in the nature of response.
Although MIP-2 levels were higher after LC in CCR22/2 mice at
5, 24, 48, and 72 hours after injury, the increase was found to be
significant only at 5, 24, and 72 hours. The levels of KC showed
an increase at 24 hours after LC, but this was not maintained at

72 hours. These results suggest that CCL-2 plays a role in down-
modulating the intensity of acute inflammation after LC.

CCR22/2 Mice Showed Increased BAL and Tissue Levels

of Neutrophils after LC

Neutrophil accumulation in the lung parenchyma after lung inju-
ries has been reported by others (21–23). We have previously
reported that neutrophils aggravate the severity of lung injury due
to LC (10, 14). Therefore, we measured the levels of neutrophils in
the BAL after sustained LC in both CCR22/2 and WT mice using
flow cytometry (Figure 7A). At 5 and 24 hours, there was a signifi-
cant increase in neutrophil levels in the CCR22/2 group and, at 72
hours, a similar trend was seen with neutrophil counts on cytospin
when compared withWT (Figure 7B). Histological examination of
CCR22/2 andWTmice 5 hours after injury showed extensive intra-
alveolar hemorrhage. At 24 hours, hemorrhage was still significant
in both groups, but theCCR22/2mice had thickened alveolar septa
due to congestion, edema, and inflammatory cells in the capillaries.
At 48 hours, there was extensive fibrinous, neutrophil-rich exudate
in theCCR22/2mice.At 72 hours, the intensity of the inflammation
was greater in the CCR22/2 mice with obliteration of the normal
lung. The WT mice had extensive damage, with necrosis, fibrinous
exudate, and edema (Figure 7C).

Figure 7. Neutrophil levels in

the BAL were higher in the
CCR22/2 mice after LC. Flow

cytometric analyses of relative

numbers of neutrophils in the

BAL at 5, 24, 48, and 72 hours
after lung injury based on

CD11b and GR1 expression

(A). Cytospin analysis of BAL
samples collected at 5, 24,

48, and 72 hours after lung in-

jury (B), as described in detail

in MATERIALS AND METHODS. Val-
ues are presented as means

(6SEM; n ¼ 14). *P , 0.05

compared with corresponding

WT. (C) Histopathology of
Lung in CCR22/2 and WT

mice a 5, 24, 48, and 72 hours

after LC are shown at 4003
magnification.
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Macrophage Recruitment Was Significantly Reduced and

Showed a Predominant M1 Phenotype in the CCR22/2

Mice after LC

Activation of tissue macrophages is observed in the lungs in
response to a variety of inflammatory stimuli. Macrophage
trafficking to the inflammatory sites is regulated largely by
CCL-2 (24, 25), and CCL-2/CCR2 pathway is considered to
be a major regulator of monocyte/macrophage recruitment in
ALI (26). We determined the levels of macrophages in BAL
collected from both knockout and WT groups at different
time intervals using cytospin technique (Figure 8A). The
numbers of macrophages were significantly higher at all time
points in the WT mice compared with CCR22/2 mice, but the
absolute numbers were most pronounced at the 5-hour time
point (65%). This finding was additionally confirmed using
flow cytometric analyses in separate experiments (Figures
8B and 8C).

Real-time PCR analysis showed that there was an approxi-
mate 25-fold decrease in the levels of arginase-1 (48 h) and
FIZZ1 (24 h), the classic M2 marker genes, in the knockout ge-
notype (Figures 9A and 9B) compared with WT after LC. The
M1 macrophages were examined for nitric oxide synthase
(NOS)-2 expression after LC in WT and CCR22/2 mice. The
most striking observation was that the BAL-derived macro-
phages from CCR22/2 mice significantly increased NOS-2 tran-
script levels compared with WT mice (Figure 9C). These results
demonstrate that, in the absence of CCL-2/CCR2, the AMs un-
dergo a preferential injurious phenotypic differentiation (M1).

AM Phagocytic Activity Is Enhanced then Impaired

in CCR22/2 Mice after LC

AMs play a crucial role in mediating innate immune responses in
the lung (27, 28) and, together with the neutrophils that are
recruited to the lungs, they mediate the phagocytic response

Figure 8. Recruitment of AMs was significantly less in CCR22/2 mice after LC. (A) Cytospin analysis of BAL samples collected at 5, 24, 48, and 72

hours after lung injury visualized by light microscopy at 3200 magnification. Values are represented as mean and SEM (n ¼ 14). (B) Flow cytometric

analyses of relative numbers of monocytes/ macrophages and neutrophils in the BAL at 5, 24, 48, and 72 hours after lung injury based on CD11b

and CD11c expression and the presence of MHC II. Values are represented as mean and SEM (n ¼ 14). *P, 0.05 compared with corresponding WT.
(C) This is an example of FCM analysis of BAL macrophages and neutrophils after LC. Cells collected by BAL after LC were stained for five -color

fluorescence and the macrophages and neutrophils subset (defined by forward and side scatter) was selected for FACScan analysis.
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to gram-negative bacteria. Because increased susceptibility to
bacterial infection during lung injuries correlate with defects in
AM phagocytosis, we measured ex vivo phagocytosis in an in
vitro assay using isolated AMs from different groups. The rela-
tive phagocytic activity was significantly higher after LC in the
WT mice, showing a twofold increase by 48 hours (Figure 10).
The AMs from CCR22/2 mice showed an initial increase in
phagocytic activity after LC, which later started to decline,
and, by 48 hours, they exhibited significantly less phagocytic
ability than their WT counterparts.

CCL-2 and MCP-5 Levels Were Elevated in the

CCR22/2 Mice

The absence of a chemokine receptor through gene deletion of-
ten leads to an abundant increase in the expression of its ligand
(s) (29). The chemokines, CCL-2 and MCP-5, are the major
ligands of the CCR2. The levels of both of the chemokines were
increased in CCR22/2 mice compared with WT mice (Figures
11A and 11B). As reported by us previously (11), CCL-2 levels

were higher after LC. However, in CCR22/2 mice, this increase
is further exaggerated to show a fivefold difference between
the two genotypes at 5, 24, and 48 hours. The BAL MCP-5
level of CCR22/2 mice was significantly higher compared with
the WT mice. These results strongly suggest the existence of
a feedback loop between CCL-2/MCP-5 and their receptor,
CCR2.

DISCUSSION

The present study was conducted to understand the mechanistic
role of CCL-2, its receptor, CCR2, and the related murine che-
mokine, MCP-5, in the initiation, maintenance, and resolution of
acute injury after LC. LC is a unique, direct, and focal risk factor
for the development of ALI/ARDS in human subjects. The in-
jury, as exhibited by the animal models employed in the current
study, is characterized by mechanical tissue trauma and accumu-
lation of blood in the parenchyma, with the subsequent develop-
ment of acute inflammation.We demonstrate that, in the absence
of CCL-2 signaling, lung inflammation, injury, and neutrophil se-
questration are increased after LC, whereas macrophage infiltra-
tion and phagocytosis were reduced. Several lines of evidence
indicate that early elaboration of CCL-2 facilitates the timely
resolution of the acute inflammatory response in injured lungs
(12, 30–32). LC enhances the mRNA expression for CCR2 in
monocytes and interstitial macrophages and for CCL-2 in AMs
(33). We have previously reported that the early increases in
CCL-2 in the BAL are associated with the timely resolution of
acute inflammatory response in isolated pulmonary contusion
or gastric aspiration in rats (10). This is the first reported study
highlighting the protective effect of CCL-2 in LC.

Inflammatory stimuli from tissue injury with infectious agents
and cytokines have been known to induce CCL-2 secretion (34,
35). Studies in other models of ALI have documented that early
increases in CCL-2 (as opposed to more chronic increases that
may be detrimental) enhance monocyte/macrophage recruit-
ment, activation, and/or the phagocytosis of apoptotic neutro-
phils (12, 30–32). For instance, CCL-2 has been shown to play
a crucial role in the resolution and repair process of bacterial
pneumonia by promoting the removal of dying neutrophils and
production of hepatocyte growth factor by AMs (12). Our hy-
pothesis on the protective role of CCL-2 in LC is well supported
by the data that show worsening of injury after LC in rats after

Figure 9. Activation of M2 macrophages is observed more in the WT
mice after LC. Quantitative TaqMan PCR analysis of Arg1 (A), FIZZ1 (B),

and nitric oxide synthase (NOS)-2 (C) transcript expression in the WT

and CCR22/2 mice after 5, 24, 48, and 72 hours of LC, were per-

formed. Data are means (6SEM) from BAL macrophages cultured from
five mice at each time point. Statistical analysis was performed on data

at each time point using one-way ANOVA. *P , 0.05 compared with

corresponding WT.

Figure 10. Impaired AM phagocytosis in CCR22/2 mice after LC.
Phagocytosis of non–serum opsonized FITC labeled Pseudomonas aer-

uginosa was assessed using AMs from uninjured mice, as well as injured

WT and CCR22/2 mice, as described in MATERIALS AND METHODS (mean 6
SEM; n ¼ 14 per group). For possible differences in AM adherence to

tissue culture plate, data were normalized for cell number using a LDH

Cytotoxicity Detection Kit (Roche, Indianapolis, IN). Statistical analysis

was performed on data at each time point, and paired samples were
analyzed using the two-tailed unpaired t test with Welch’s correction.

*P , 0.05 compared with corresponding WT.
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the administration of a polyclonal antibody against CCL-2. Re-
cently, Amano and colleagues (12) showed that administration of
anti–MCP-1/CCL2 antibodies aggravated lung injury in P. aeru-
ginosa infection by reducing the number of alveolar neutrophil–
ingesting macrophages and hepatocyte growth factor levels in
BAL fluid. Our findings identify AMs as the prominent source
of CCL-2 production in LC. In response to conditions like hyp-
oxia, CCL-2 can act as a mediator of the systemic inflammatory
response elicited by macrophages (36).

Interaction of CCL-2 with CCR2 has been shown to be impor-
tant in the process of re-epithelialization after lung injury (37).
Similar to the observed data in rats, extent of lung injury after LC
was aggravated in CCR22/2 mice. Levels of proinflammatory
cytokines were elevated in CCR22/2 mice during LC. In addi-
tion, IL-10 was increased, which may represent a compensatory
attempt to reduce inflammation in the CCR22/2 host. This is
highly relevant, because inhibiting inflammatory signals can be
protective during lung infections (reviewed in Ref. 38). Similar to
this, Okuma and colleagues (32) have demonstrated that
CCR22/2 mice showed increased mRNA levels of CCL-2,
IL-1b, thioredoxin-1, and inducible NOS in lung tissues com-
pared with WT mice in a hyperoxia-induced tissue injury (32).
The inflammatory response in LC, in conjunction with direct
tissue injury, has been shown to damage the integrity of the
alveolar–capillary membrane barrier function, thereby increasing
epithelial cell apoptosis/necrosis (15). We found significantly el-
evated levels of IL-1b in BAL from CCR22/2 mice, which has
been shown to induce apoptosis in other cell types (39–41). In
mice subjected to intratracheal LPS treatment, CCR2 deficiency

enhanced the apoptosis of the alveolar epithelial cells and in-
creased the permeability injury (42). We also found up-regulation
of IL-10 during LC as a result of CCR2 deficiency. This is partic-
ularly relevant, as IL-10 overexpression has been shown to induce
lung fibrosis in a CCR2/CCL-2–dependent pathway (43).

Previously, we have shown that ALI with LC is neutrophil
dependent (10). We have also documented the recruitment
and activation of neutrophils and lung tissue macrophages, as
well as the production of multiple cytokines and chemokines in
LC (15). Chemokines from lung cells stimulate chemotaxis and
influence the directional motility of neutrophils (44). Neutro-
phils are known to be activated, at least in part, via Toll-like
receptors (TLRs), such as TLR 2 and TLR 4, in the epithelium
(13, 45). Here, we show that the number of neutrophils in the
BAL was significantly higher in the CCR22/2 mice after LC.
The precise nature of the effect of CCL-2/MCP-5 with respect
to neutrophil infiltration in LC remains unclear. However, it is
clear that there is diminished recruitment and phagocytic po-
tential of the AMs in CCR2 deficiency. Therefore, it is very
likely that, in the presence of CCR2, there is increased potential
for macrophage-mediated phagocytosis of neutrophils.

LC is known to promote increased recruitment of AMs to the
site of injury, as well as subsequent activation of M2 phenotype
(46, 47). In this article, we provide strong evidence to show that
this is dependent on CCL-2/CCR2 signaling. CCL-2/CCR2–
dependent macrophage infiltration has been shown to be protective
in other models of ALI (32). We demonstrate that lung-derived
macrophages from CCR22/2 mice exhibited transient M1 activa-
tion, as evidenced by increased NOS-2, and these macrophages
did not show an increase in arginase-1 and FIZZ-1 expression at
any time point after LC. The M1 phenotype (also termed as
classically activated) is characterized by increased production
of oxidative burst and nitric oxide release, in addition to cyto-
toxic properties, by their ability to secrete proinflammatory
cytokines, such as TNF, IL-1, and IL-6 (48). Conversely the
M2 phenotype (also termed as alternatively activated) is asso-
ciated with decreased production of proinflammatory cytokines
and an increased up-regulation of FIZZ-1 and the arginase
pathway (48). These responses were transient and were not
observed at the 72-hour time point. These observations are sim-
ilar to those made after bleomycin-induced pulmonary fibrosis
and experimental silicosis (48–50). Although persistent pres-
ence of M2 phenotype can lead to fibrosis, a more transient
presence, as suspected in our models of lung injury with respect
to CCL-2 production, has been shown to be protective (49).
These results, therefore, indicate that CCL-2/CCR2 signaling
is mainly responsible for the protective differentiation to M2
phenotype during the period of acute inflammation in LC.

It is emphasized that the data presented here reflect the role
of CCL-2/MCP-5 in the context of acute inflammation in LC.We
did not examine the role of this chemokine in later stages of in-
flammation characterized by subsequent development of pulmo-
nary fibrosis. It is entirely conceivable that CCL-2 is integral to
the development of pulmonary fibrosis in late stages of LC as
well, as described by several of the coauthors of the current man-
uscript (48, 51).

CCL-2 is also elevated in BAL, sputum, exhaled breath con-
densate samples, and bronchiolar epithelium from smokers and
patients with chronic obstructive pulmonary disease, and it has
been correlated with increased recruitment of inflammatory cells
to the airways (52–55). Moreover, higher levels observed at the
end of 2 weeks in BAL samples of patients with ARDS denoted
a poorer prognosis (8).

In conclusion, the absence of CCL-2 signaling in LC leads
to diminished recruitment, activation, phenotypic alteration,
and diminished phagocytic ability of the AMs with increased

Figure 11. Levels of CCL-2 and macrophage chemoattractant protein

(MCP)-5 were higher in the CCR22/2mice compared with WT mice

after LC. The chemokines, CCL-2 (MCP-1) (Figure 5A) and MCP-5
(Figure 5B), were measured in the BAL of WT and CCR22/2 mice at

5, 24, 48, and 72 hours after LC by ELISA, as described in MATERIALS AND

METHODS. Values are presented as means (6SEM; n ¼ 14). Each exper-

iment was repeated at least three times with four to five animals per
group. Statistical analysis was performed on data at each time point,

and samples were analyzed using the two-tailed unpaired t test with

Welch’s correction. *P , 0.05 compared with corresponding WT.
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neutrophilic sequestration along with lung inflammation. Few
agents that modulate the acute inflammatory response after
LC have actually shown a protective, resolution-related effect.
Because our findings clearly suggest such a role for CCL-2, un-
derstanding the mechanisms of CCL-2/CCR2 signaling in LC
may lead to the development of future therapeutic strategies
in the resolution of exuberant acute inflammatory response after
LC.

Author disclosures are available with the text of this article at www.atsjournals.org.
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