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Neutrophil accumulation is a critical event to clear bacteria. Since uncontrolled neutrophil recruitment can
cause severe lung damage, understanding neutrophil trafficking mechanisms is important to attenuate neu-
trophil-mediated damage. While monocyte chemoattractant protein 1 (MCP-1) is known to be a monocyte
chemoattractant, its role in pulmonary neutrophil-mediated host defense against Gram-negative bacterial
infection is not understood. We hypothesized that MCP-1/chemokine (C-C motif) ligand 2 is important for
neutrophil-mediated host defense. Reduced bacterial clearance in the lungs was observed in MCP-1�/� mice
following Escherichia coli infection. Neutrophil influx, along with cytokines/chemokines, leukotriene B4 (LTB4),
and vascular cell adhesion molecule 1 levels in the lungs, was reduced in MCP-1�/� mice after infection. E.
coli-induced activation of NF-�B and mitogen-activated protein kinases in the lung was also reduced in
MCP-1�/� mice. Administration of intratracheal recombinant MCP-1 (rMCP-1) to MCP-1�/� mice induced
pulmonary neutrophil influx and cytokine/chemokine responses in the presence or absence of E. coli infection.
Our in vitro migration experiment demonstrates MCP-1-mediated neutrophil chemotaxis. Notably, chemokine
receptor 2 is expressed on lung and blood neutrophils, which are increased upon E. coli infection. Furthermore,
our findings show that neutrophil depletion impairs E. coli clearance and that exogenous rMCP-1 after
infection improves bacterial clearance in the lungs. Overall, these new findings demonstrate that E. coli-
induced MCP-1 causes neutrophil recruitment directly via chemotaxis as well as indirectly via modulation of
keratinocyte cell-derived chemokine, macrophage inflammatory protein 2, and LTB4.

Bacterial pneumonia is a leading cause of death in both
immunocompromised and immunocompetent individuals (12,
25, 33). Successful host defense against bacterial infection in
the lung is dependent on effective recruitment of phagocytes
into the alveolar space. During cellular recruitment, neutrophil
infiltration is the first event, followed by monocyte/macrophage
accumulation at the site of infection. Several lines of evidence
suggest that cytokines/chemokines regulate leukocyte migra-
tion in concert with cell adhesion molecules, including inter-
cellular adhesion molecule 1 (ICAM-1) and vascular cell ad-
hesion molecule 1 (VCAM-1) (1, 11, 32). In this context,
monocyte chemoattractant protein 1 (MCP-1/chemokine [C-C
motif] ligand 2 [CCL2]) has been shown to be a potent mono-
cyte/macrophage and T cell chemoattractant against bacteria
in lung infection (10, 31, 34, 35, 39, 49). MCP-1 is produced by
a variety of cells, including epithelial cells (41), endothelial
cells, fibroblasts (42), and monocytes/macrophages (48), and it
binds to the G protein-coupled transmembrane receptor
chemokine receptor 2 (CCR2).

Prior studies have unequivocally demonstrated the impor-
tant role of MCP-1 in monocyte/macrophage-mediated host
defense against bacterial infection. During Streptococcus pneu-
moniae infection, overexpression of MCP-1 was shown to im-

prove bacterial clearance (46). Using MCP-1�/� mice, Winter
et al. (45) have demonstrated that MCP-1-mediated macro-
phage recruitment is important to prevent bacterial dissemi-
nation following pulmonary Streptococcus pneumoniae infec-
tion. During Pseudomonas aeruginosa infection, MCP-1
promoted resolution and repair of the lung by enhancing the
uptake of apoptotic neutrophils by alveolar macrophages (2).
In addition, mice deficient in CCR2 showed impairment in
macrophage migration and clearance of bacteria from the
lungs and extrapulmonary organs after intravenous challenge
with Listeria monocytogenes (24). MCP-1 is also shown to be
important for the survival of mice during P. aeruginosa and
Salmonella enterica serotype Typhimurium infections, and
MCP-1 promotes bacterial killing by macrophages (35).

MCP-1 is further implicated in cellular trafficking to the
inflamed lung via multiple mechanisms. MCP-1 modulates the
expression of �2 integrin and thereby triggers firm monocyte
adhesion to the inflamed endothelium (28). Studies have
shown that CCR2 plays an essential role in the induction of
adaptive arms of the immune system via the induction of Th1
cytokines (10). However, the role of MCP-1 in neutrophil
recruitment is debatable, and the role of MCP-1 in neutrophil
recruitment during Escherichia coli infection of the lungs has
not been studied. In one study, it has been shown that admin-
istration of exogenous MCP-1 alone did not cause neutrophil
influx into the lungs, whereas administration of MCP-1 along
with lipopolysaccharide (LPS) did cause excessive neutrophil
recruitment (29). In another investigation, it has been demon-
strated that neutrophils express CCR2 and show chemotaxis
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toward MCP-1 (21). However, the role of MCP-1 in neutrophil
trafficking and activation in the lung in acute bacterial pneu-
monia has not been studied.

The objective of the current investigation was to determine
the role of MCP-1 in neutrophil-mediated host defense follow-
ing E. coli infection. In this regard, we used MCP-1 gene-
deficient (MCP-1�/�) mice. Our findings demonstrate that
MCP-1 is induced upon E. coli infection and can be produced
by both myeloid and nonmyeloid cells. MCP-1 contributes to
bacterial clearance in the lungs via neutrophil recruitment in a
murine model. Our findings indicate that MCP-1 causes neu-
trophil recruitment to the lungs directly via chemotaxis as well
as indirectly via modulation of the levels of keratinocyte cell-
derived chemokine (KC) and macrophage inflammatory pro-
tein 2 (MIP-2) following E. coli infection. Furthermore, we
show that neutrophils from blood and bronchoalveolar fluid
(BALF) express CCR2 and its level is increased upon E. coli
infection.

MATERIALS AND METHODS

Mice. Eight- to 10-week-old female mice genetically deficient in MCP-1 (16) or
myeloid differentiation protein-2 (MD-2) (9) were used, while age- and gender-
matched C57BL/6 mice were used as controls. Animal studies were approved by
the Louisiana State University and National Jewish Health Animal Care and Use
Committees. The mice ranged from 19 to 25 g in weight.

Infection model. Bacteria were prepared for mouse inoculation, as described
in previous studies (8, 22). E. coli (American Type Culture Collection [ATCC]
25922) was grown in Trypticase soy broth (TSB) at 37°C overnight under con-
stant agitation. Bacteria were harvested, washed, and resuspended in sterile 0.9%
saline at a concentration of 20 � 106 CFU/ml. Mouse strains were anesthetized
with intraperitoneal ketamine-xylazine (250 mg/kg), followed by intratracheal
(i.t.) inoculation of 50 �l of bacteria (106 CFU/mouse), whereas control mice
were i.t. inoculated with 50 �l of saline. The initial mouse inocula were confirmed
by plating serial 10-fold dilutions on MacConkey agar and tryptic soy agar (TSA)
plates. For enumerating bacterial CFU in the lung and spleen, whole lungs and
spleens were homogenized in 2 ml sterile saline for 30 s, and 20 �l of the resulting
homogenates was plated by serial 10-fold dilutions on MacConkey agar and TSA
plates. In a similar manner, spleens were homogenized for 15 s for bacterial
culture. Bacterial colonies were counted after incubation overnight at 37°C. For
CFU studies, we used a higher dose of E. coli (5 � 106 CFU/50 �l/mouse) since
a low dose (106 CFU/mouse) did not induce substantial mortality either in
MCP-1�/� or in wild-type (WT) mice.

Lung pathology. The lungs of WT and MCP-1�/� mice were perfused from the
right ventricle of the heart with 10 ml isotonic saline at 24 h postinfection. Lungs
were then removed and fixed in 4% phosphate-buffered formalin. Fixed tissue
samples were processed in paraffin blocks, and 5-�m sections were cut with a
microtome and stained with hematoxylin-eosin (H&E). Analysis of histopathol-
ogy was performed in blinded fashion by a veterinary pathologist according to the
following scoring scale: 0, no inflammatory cells (macrophages or neutrophils)
present in section; 1, �5% of section is infiltrated by inflammatory cells; 2, 5 to
10% of section is infiltrated by inflammatory cells; and 3, �10% of section is
infiltrated by inflammatory cells.

BALF collection. BALF was collected, and total and differential cell counts
and cytokine/chemokine levels were determined. Approximately 3 ml of lavage
fluid was retrieved per mouse. Total leukocytes in BALF were determined using
a hemocytometer. Cytospin samples were subsequently prepared from BALF
cells and stained with Diff-Quick (Fisher). Differential cell counts were deter-
mined by direct counting of stained slides. For examination of cytokines/chemo-
kines, the remainder (2 ml) of the undiluted cell-free BALF was passed via a
0.22-�m-pore-size filter and used immediately or stored at �80°C.

Bone marrow transplantation. Bone marrow chimeras were generated as
described in our earlier publications (7, 9). Recipient mice were irradiated with
gamma rays from a cesium source in two 525-rad doses 3 h apart. Bone marrow
cells (8 � 106/mouse) from donor mice were injected into the tail vein of the
irradiated recipients. Mice that had undergone transplantation were maintained
on 0.2% neomycin sulfate for the first 2 weeks. The reconstituted mice were used
2 months after the transplantation. In parallel experiments, we used green
fluorescent protein-expressing donor cells. Sample blood was collected from

these recipients at between 6 and 8 weeks after transplantation, and hematolog-
ical parameters (differential counts) were assessed. Greater than 90% of blood
leukocytes were derived from donor mice at the time that the mice were used for
experiments (8 weeks after transplantation; data not shown). Irradiated mice
that were not transplanted with donor cells died between days 20 and 22 after
transplantation (data not shown).

Cytokine, chemokine, and LTB4 determination. We used BALF and lungs that
were obtained from animals after E. coli infection or saline instillation. Enzyme-
linked immunosorbent assay (ELISA) kits for tumor necrosis factor alpha (TNF-
�), interleukin-6 (IL-6), leukotriene B4 (LTB4), and MCP-1 were obtained from
eBiosciences, PA, whereas kits for KC and MIP-2 were obtained from R&D
Systems, MN. The minimum detection limit is 8 pg/ml cytokine protein, whereas
the detection limit for LTB4 is 13.7 pg/mg/ml.

Western blotting. The lungs were collected at the designated time points and
used for immunoblotting as described in our previous publications (8). The
primary antibodies (Abs) to phospho-NF-�B/p65(Ser536), NF-�B/p65, phospho-
IKK�/� (Ser176/180), IKK�, phospho-I�B� (Ser32), I�B�, VCAM-1, ICAM-1,
phospho-p44/42 mitogen-activated protein kinase (MAPK; extracellular signal-
regulated kinase 1 [ERK1]/ERK2) (Thr202/Tyr204), phospho-p38 MAPK
(Thr180/Tyr182), phospho-Jun N-terminal protein kinase (phospho-JNK;
Thr183/Tyr185), p47phox, p67phox, and inhalational nitric oxides were obtained
from Cell Signaling, Boston, MA, and were added at a 1:1,000 dilution. The
primary Abs to total p38 and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Santa Cruz Biotechnology, CA) were added at a 1:5,000 dilution.
Immunostaining was performed using appropriate secondary Ab at a dilution of
1:2,000 and developed with an enhanced chemiluminescence plus Western blot
detection system (Amersham Pharmacia Biotech, Piscataway, NJ). To demon-
strate equal protein loading on gels, the blots were stripped and reprobed with
Ab specific for total p38, pan-cadherin, or GAPDH.

NF-�B DNA binding assay. Nuclear proteins were extracted from 50 to 80 mg
lung tissue collected at 6 and 24 h after E. coli or saline administration. A total
of 7.5 �g nuclear extract was mixed with binding buffer, and the mixture was
added to the precoated plate (with the DNA binding motif of NF-�B) and
incubated for 1 h at room temperature according to the manufacturer’s protocol
(TransAM ELISA kit; Active Motiff, Carlsbad, CA). Wells were then washed,
and plates were incubated with NF-�B/p65 antibody for 1 h. Plates were then
washed three times, horseradish peroxidase-conjugated anti-rabbit IgG was
added to each well, and plates were incubated for 1 h. Plates were read at 450 nm
after addition of the developing reagent. This method has been described in our
earlier publications (8, 9, 22).

Neutrophil transmigration assay. Chemotaxis assays in a Transwell system
were performed using 24-well tissue culture plates (polycarbonate membrane
polystyrene plates; 3415; Costar; Corning Inc., Corning, NY) with a pore size of
3.0 �m. Chemoattractants, either KC (2 �g/ml, 1 �g/ml) or MCP-1 (2 �g/ml)
(R&D, MN), and phosphate-buffered saline (PBS) supplemented with bovine
serum albumin (BSA; 2 �g/ml) was added to each of the lower wells (final
volume, 500 �l). A 100-�l suspension of 1 � 106 LPS-activated polymorphonu-
clear leukocytes (PMNs) in Dulbecco modified Eagle medium (DMEM)–0.1%
BSA was added to each well of the upper filter plate. After incubation at 5% CO2

at 37°C for 3 h, the upper plate was removed and cells from 20 nonoverlapping
fields in the lower plate were counted by using an inverted microscope (18, 19).

Examination of CCR2 expression on neutrophils. A total of 50 �l of whole
blood or BALF of WT and MCP-1�/� mice treated with saline or E. coli was
aliquoted into flow cytometry tubes, and 0.10 �l of Fc-blocked mouse-conjugated
anti-mouse Gr-1, CCR2, and CXCR-2 (R&D, MN) antibodies was added to
appropriate tubes. Samples were vortexed and incubated for 30 min at room
temperature in the dark. Then, cells were washed by adding 2 ml of 1� PBS, and
the mixture was centrifuged at 1,000 rpm (200 � g) for 8 min. Erythrocytes were
lysed by adding 2 ml of NH4Cl lysing buffer to each sample tube, the contents
were mixed well, and the tube was incubated at room temperature for 10 min.
Then, samples were centrifuged immediately at 1,000 rpm (200 � g) for 8 min,
and the supernatant was removed. Cells were washed twice with PBS. Cells were
fixed by adding 200 �l of cold 1% formaldehyde–PBS and stored at 1 to 6°C for
fluorescence-activated cell sorter analysis.

Neutrophil depletion. The protocol used to deplete neutrophils (Gr1 positive)
in mice has been described in our earlier reports, with minor modifications (7).
A total of 50 �g anti-Gr1/Ly6G monoclonal antibody (MAb; sodium azide free
and low LPS content; 1A8; BD Pharmingen, San Diego, CA) in 250 �l was
administered intraperitoneally at 12 and 2 h before bacterial infection. In control
experiments, 50 �g of isotype control MAb in equal volumes was administered at
the same time points prior to bacterial infection. To validate the efficiency of
neutrophil depletion by anti-Gr1/Ly6G MAb, we obtained neutrophil counts in
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blood every 12 h up to 3 days, and �3% neutrophils were found up to 3 days after
depletion.

AM culture. Alveolar macrophages (AMs) were isolated as described in earlier
publications (7). Positive selection by CD11b MicroBeads (Stem Cell Technol-
ogies, Vancouver, British Columbia, Canada) was applied to isolate AMs from
BALF cells. Pooled BALF cells were resuspended in RoboSep buffer, and
CD11b phycoerythrin (PE) labeling reagent was mixed with cell suspension,
followed by incubation at room temperature for 15 min. EasySep PE selection
mixture was thereafter added to the cell suspension, and the suspension was
further incubated for 15 min at room temperature. Lastly, EasySep magnetic
nanoparticles were mixed with the cell suspension, followed by magnetic sepa-
ration of CD11b	 cells. Cells were washed with PBS, centrifuged at 1,200 rpm for
10 min, and resuspended in DMEM containing 5% fetal bovine serum. Cells
were infected with E. coli (multiplicity of infection, 1) and harvested at desig-
nated time points using urea–3-[(3-cholamidopropyl)-dimethylammonio]-1-pro-
panesulfonate–Tris buffer. Samples were centrifuged, and supernatants were
used for Western blotting. Finally, the total number of live cells and the per-
centage of purified AMs were determined by trypan blue exclusion and Wright-
Giemsa staining of cytospin preparations, respectively. Percent recovery of AMs
was calculated as the ratio of the number of AMs to the total number of
macrophages isolated from the BALF. Using this technique, we obtained 86 to
92% AMs (data not shown).

Statistical analysis. Data are expressed as means 
 standard errors. The
intensity of immunoreactive bands was determined using gel digitizing software
(UN-SCAN-IT gel) from Silk Scientific, Inc., UT. Data were analyzed by analysis
of variance, followed by Bonferroni’s post hoc analysis for multiple comparisons.
All statistical calculations were performed using InStat software and GraphPad
Prism (version 4.0) software. Differences were considered statistically significant
at P values of �0.05 compared with the control.

RESULTS

MCP-1 is essential for bacterial clearance following E. coli
infection. We used an experimental model of pulmonary E. coli
infection to demonstrate the MCP-1 protein expression in
BALF and lung homogenates. MCP-1 levels in the BALF (Fig.
1A) and the lungs (Fig. 1B) of WT (C57BL/6) mice were
increased at 6 and 24 h compared to those in the saline-
challenged animals after i.t. E. coli (106/mouse) infection. In
order to determine the cell type that can produce MCP-1
during E. coli infection, we used chimeric MD-2�/� mice in-
fected with E. coli at 24 h postinfection. We found that both
myeloid and nonmyeloid cell-derived MD-2 is important to
produce MCP-1 following E. coli infection (Fig. 1C). To de-
termine whether deficiency in MCP-1 compromised host de-
fense against E. coli in the lung, mice were infected i.t. with E.
coli (1 � 106 CFU/mouse) and killed at 6 and 24 h postinfec-
tion. The lungs and spleens were isolated to determine the
numbers of bacterial CFU. MCP-1�/� mice had greater num-
bers of CFU in the lung at 6 and 24 h postinfection (Fig. 2A).
However, we did not observe bacterial dissemination in the
bloodstream in either MCP-1�/� mice or their controls at 6 or
24 h (data not shown). Since we observed higher bacterial
burdens in MCP-1�/� mice both at 6 and at 24 h following the
regular dose of E. coli (1 � 106/mouse) infection (Fig. 2A), we
chose to use the regular dose in the rest of our experiments.

MCP-1�/� mice show attenuated cellular recruitment to the
lung following E. coli infection. Leukocyte recruitment to the
site of infection is a critical step to clear bacteria. Therefore,
we determined the total as well as the differential leukocyte
count in BALF at 6 and 24 h postinfection with the regular
dose (1 � 106 CFU/mice) (Fig. 2B and C). We observed re-
duced leukocyte influx at 24 h postinfection in MCP-1�/� mice,
and this reduction was primarily due to reduced neutrophil
influx, although macrophage numbers were reduced at this

time (Fig. 2B and C). Furthermore, attenuated leukocyte num-
bers and alveolar edema were noted in lung histology of MCP-
1�/� mice at 24 h; i.e., lungs from WT mice infected with E.
coli show a score of 2 (average of 3 mice), whereas lungs from
MCP-1�/� mice infected with bacteria show a score of 1 (av-
erage of 3 mice) (Fig. 2D). These findings show that MCP-1 is
important for the neutrophil accumulation, in addition to mac-
rophage influx, during E. coli infection.

MCP-1 regulates the production of cytokines/chemokines
and expression of cell adhesion molecules. Leukocyte recruit-
ment during infection is a multistep process in which cytokine/
chemokine production along with upregulation of cell adhe-
sion molecules plays an important role. Hence, we used BALF
to determine cytokine/chemokine levels following E. coli infec-
tion. Our data demonstrate that levels of cytokines, such as
TNF-� and IL-6 (Fig. 3A and B), and neutrophil chemoattrac-
tants, such as KC and MIP-2 (Fig. 3C and D), were reduced at
24 h following E. coli infection in MCP-1�/� mice. We also
examined the expression of the neutrophil chemotactic lipid
LTB4 in the lungs of MCP-1�/� mice following E. coli admin-
istration and found that the levels of LTB4 were decreased in
MCP-1�/� mice at 6 h but not at 24 h (Fig. 3E). Although

FIG. 1. (A and B) Kinetics of MCP-1 production. The MCP-1
concentration was measured in BALF (A) and lung homogenate
(B) from WT mice by ELISA after i.t. infection with E. coli (106/
mouse). *, significant difference between MCP-1�/� and WT mice
(P � 0.005; n � 4 to 5 mice/group/time point; the figure is a repre-
sentation of 3 individual experiments). (C) MCP-1 expression in mice
transplanted with bone marrow following E. coli infection. *, signifi-
cant difference between knockout and WT mice (P � 0.005). Data
shown are a representation of 3 individual experiments.
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ICAM-1 expression in the lung remained unchanged,
VCAM-1 expression was substantially reduced in MCP-1�/�

mice at 24 h after infection with E. coli (Fig. 3F to H). Our data
suggest that MCP-1 controls the expression of cytokines, neu-
trophil chemoattractants, and cellular adhesion molecules.

MCP-1 activates NF-�B and MAPKs in the lung following
E. coli infection. NF-�B and MAPKs regulate the expression of
multiple proinflammatory genes in the inflammatory setting.
We therefore investigated the activation of NF-�B and
MAPKs in the lungs after E. coli infection. Our findings dem-
onstrate that NF-�B activation was reduced in MCP-1�/� mice
at 24 h postinfection (Fig. 4A to G). In addition, MCP-1�/�

mice infected with E. coli showed reduced activation of p38
kinase and ERK at 24 h (Fig. 5A and B), whereas JNK acti-
vation was reduced at an earlier time point (6 h) in MCP-1�/�

mice (Fig. 5A and B).
rMCP-1 induces neutrophil influx and cytokine/chemokine

expression in the lungs of MCP-1�/� mice. Since MCP-1 de-
ficiency causes attenuated neutrophil influx, we determined

whether reconstituting MCP-1�/� mice with exogenous
rMCP-1 prior to E. coli infection can cause neutrophil accu-
mulation and cytokine/chemokine expression in the lungs. In
this regard, MCP-1�/� and WT mice were i.t. infected with E.
coli at 1 h after i.t. rMCP-1 (10 �g/mouse) administration. At
24 h after infection, the neutrophil count was increased in
BALF of MCP-1�/� mice which received rMCP-1 (Fig. 6A and
B). Furthermore, MCP-1�/� mice reconstituted with rMCP-1
showed increased expression of cytokines (TNF-� and IL-6;
Fig. 6C and D) and chemokines (KC and MIP-2; Fig. 6E and
F) in BALF after E. coli infection. Moreover, activation of
NF-�B and MAPKs and expression of VCAM-1 were in-
creased in the lungs of MCP�/� mice after reconstitution with
rMCP-1 (Fig. 7A to C).

Since our findings show that rMCP-1 induced cytokine/
chemokine secretion and neutrophil influx into the lungs, we
wanted to determine whether rMCP-1 treatment affects bac-
terial clearance from the lungs. We reconstituted MCP-1�/�

mice with rMCP-1 prior to infection, and the lung CFU were

FIG. 2. (A) Bacterial burden in the lungs of MCP-1�/� mice following E. coli infection (106/mouse). Lungs were collected from control and
infected groups of mice at the designated times and homogenized, and the bacteria were enumerated (n � 5 to 6 mice/group). *, significant
difference between knockout and WT mice (P � 0.005). Data shown are a representation of 3 individual experiments. (B and C) Cellular
infiltration in the lung in MCP-1�/� mice against E. coli. Mice were inoculated with E. coli (106 CFU/mouse), BALF was obtained at 6 and 24 h
postinfection, and cell enumeration was performed to determine neutrophil and macrophage infiltration to the lung (n � 4 to 5 mice/group; P �
0.005; data are a representation of 3 individual experiments). (D) Lung histology in MCP-1�/� mice following E. coli infection. Mice were
inoculated with E. coli (106 CFU/mouse), and lungs were obtained at 24 h postinfection. This picture is representative of 3 separate mice with
identical results.
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enumerated at 24 h postinfection. MCP-1�/� mice treated with
rMCP-1 show reduced numbers of CFU in the lung that were
comparable to those in wild-type mice (Fig. 6G). These obser-
vations indicate that rMCP-1 improves E. coli clearance in the
lungs. In order to determine whether neutrophils are impor-

tant for bacterial clearance, we depleted neutrophils in
C57BL/6 (WT) mice and challenged them with E. coli. We
observed substantial increases in bacterial burden in the lungs
of neutrophil-depleted mice compared to control mice (Fig.
6H). These findings illustrate the importance of neutrophils in
E. coli clearance from the lungs.

As we found that rMCP-1 causes neutrophil recruitment to
the lungs of MCP-1�/� mice following infection, we deter-
mined whether administration of exogenous rMCP-1 in MCP-
1�/� mice can cause neutrophil recruitment in the absence of
E. coli infection. In this regard, it has been shown that i.t.
administration of 50 �g rMCP-1 in BALB/c mice did not cause
any neutrophil influx (29). In our experiments, 2 doses (10 �g
or 50 �g/mouse) of rMCP-1 via the i.t. route were used in
C57BL/6 mice, and we found that the neutrophil count was
increased in BALF and lungs (Fig. 8A) of the rMCP-1-treated
mice in a concentration-dependent manner.

Neutrophils migrate toward rMCP-1 in vitro. Since rMCP-1
can rescue neutrophil accumulation in MCP-1�/� mice in
the presence or absence of E. coli infection, we examined
whether this is due to the direct chemotactic effect of
MCP-1. In this regard, we first used flow cytometry to de-
termine whether neutrophils express CCR2. For these ex-
periments, BALF and blood obtained from WT mice after
E. coli infection were used, since chemokines produced in
the lungs after infection can induce neutrophil release from
the bone marrow to blood. In this regard, we used dual
staining of Gr-1–Ly6G–fluorescein isothiocyanate–CCR2–
allophycocyanin to enumerate CCR2 expression on neutro-
phils. We first gated neutrophils on the basis of their size
and granularity and then determined the double-positive
cell population from the gated population of neutrophils.
Notably, neutrophils in BALF and blood express CCR2, and
this expression is enhanced during infection (Fig. 8B). In
addition, bone marrow neutrophils also express CCR2, and
it is induced upon E. coli infection (Fig. 8C).

Since we observed CCR2 expression on neutrophils, we ex-
amined whether these neutrophils show chemotaxis toward
MCP-1. In this context, a transwell transmigration assay was
used in which we used 1 � 106 LPS-activated neutrophils in
DMEM–0.1% BSA. KC was used as a positive control at two
concentrations (500 ng and 1,000 ng), whereas MCP-1 was
used at 1,000 ng. Neutrophils show chemotaxis toward MCP-1
(Fig. 8D and E), although the number of cells that show che-
motaxis toward MCP-1 is much less than the number of cells
that show chemotaxis toward KC at the same concentration.
Interestingly, neutrophils that are challenged with E. coli pro-
duce substantial MCP-1 at 2 h postinfection (Fig. 8F). These
findings demonstrate that neutrophils produce MCP-1 and re-
spond to MCP-1.

Macrophages obtained from MCP-1�/� mice show reduced
NF-�B and MAPK activation. In order to confirm the activa-
tion of NF-�B and MAPKs in isolated lung cells, we used
alveolar macrophages obtained from WT and MCP-1�/� mice.
Macrophages were infected with E. coli, and samples were
collected at 2 and 6 h for Western blotting. We found reduced
NF-�B and MAPK (JNK, p38, and ERK) activation in MCP-
1�/� mice following infection (Fig. 9A and B).

FIG. 3. (A to E) Cytokine, chemokine, and chemotactic lipid levels
in the lung following E. coli infection. Mice were infected by intratra-
cheal instillation of E. coli (106 CFU/mouse), and BALF was collected
from the lungs at designated time points. Concentrations (pg/ml) of
TNF-� (A), IL-6 (B), KC (C), and MIP-2 (D) in BALF were quantified
by sandwich ELISA. *, significant difference between MCP-1�/� and
WT mice (P � 0.005; n � 4 to 6 mice in each group at each time point;
data are a representation of 3 separate experiments). (E) Expression of
LTB4 in the lung following E. coli infection. Lung homogenates were
prepared after E. coli infection, and the levels of LTB4 were measured
in homogenates and were normalized against total protein concentra-
tion. (F) Expression of ICAM-1 and VCAM-1 in the lung in response
to E. coli challenge. Infected lungs were homogenized, and total pro-
teins were isolated, resolved on an SDS-polyacrylamide gel, and trans-
ferred onto a nitrocellulose membrane. The membrane was blotted
with Abs for ICAM-1, VCAM-1, and GAPDH. This is a representative
blot of 3 independent experiments with identical results. (G and H)
Densitometric analysis was performed in 3 blots to demonstrate the
expression of ICAM-1 and VCAM-1 in the lung following E. coli
infection.
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DISCUSSION

In the present investigation, we sought to determine the
importance of MCP-1 in an experimental model of bacterial
pneumonia and in the human system. We found that MCP-1
expression is substantially increased following intratracheal E.
coli infection and that MCP-1 is important for bacterial clear-
ance during E. coli infection of the lungs. In addition, we also
show that MCP-1 is being produced by both myeloid and
nonmyeloid cells following E. coli infection. Collectively, our
study demonstrates that MCP-1 directly (via chemotaxis) and
indirectly (via modulation of KC and MIP-2) contributes to
neutrophil recruitment during E. coli pneumonia (Fig. 10).

In previous studies using mouse models, MCP-1 has been
shown to play a protective role against pulmonary pathogens,
including Streptococcus pneumoniae (13, 45, 46), Pseudomonas
aeruginosa (2, 35), and Cryptococcus neoformans (20). In stud-
ies of pneumococcal and Pseudomonas pneumonia, inhibition

of MCP-1 by antibodies reduced monocyte but not neutrophil
recruitment (2, 13). MCP-1 has also been shown to be associ-
ated with the influx of T lymphocytes to inflammatory sites
(10). Our results demonstrate that rMCP-1 in the presence or
absence of E. coli infection causes neutrophil and macrophage
influx into the lungs. Our findings also demonstrate attenuated
macrophage and neutrophil counts in the lungs of the gene-
deficient mice after E. coli challenge. These findings are con-
sistent with an earlier report demonstrating that blocking
MCP-1/CCR2 reduced neutrophil accumulation in the lung
following i.t. treatment with MCP-1/LPS (30) or Cryptococcus
neoformans infection (20). The Maus group (29) showed that
administering MCP-1 alone did not bring neutrophils to the
lungs but that MCP-1 plus LPS synergistically cause neutrophil
trafficking to the lungs of BALB/c mice. However, we found
that rMCP-1 alone causes greater neutrophil influx into the
lungs of the WT (C57BL/6) mice than in the PBS controls.

FIG. 4. (A and B) Activation of NF-�B in the lung following infection with E. coli. Lung homogenates and nuclear lysates from MCP-1�/� mice
and their controls were prepared at 6 and 24 h after infection with E. coli. NF-�B binding assay was performed in nuclear lysates from lung (A),
and expression and phosphorylation of NF-�B pathway members were determined using Western blots of lung homogenates (B). The blots are
representative of 3 independent experiments with identical results. (C to G) Relative densities normalized against GAPDH are representatives of
3 independent experiments. OD, optical density; encircled P, phosphorylated form; *, P � 0.005.
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Further, we show that neutrophils from blood, BALF, and
bone marrow express CCR2, which is enhanced upon infec-
tion, and bone marrow neutrophils migrate toward rMCP-1,
suggesting that MCP-1 can act as a direct neutrophil chemoat-
tractant. In addition, the Beck-Schimmer group (4) has shown
that LPS-induced neutrophil recruitment depends on MCP-1
production. A study by Iida et al. has shown that murine bone
marrow neutrophils express functional CCR2 and migrate to-
ward MCP-1 (21). Additional studies have shown that normal
neutrophils are not responsive to MCP-1, although neutrophils
become responsive to MCP-1 when animals become septic
after cecal ligation and puncture (CLP) (40). A study by the
Johnston group (23) shows that chronic inflammation induces
neutrophils to express CCR2 in order to cause migration to-
ward MCP-1. Furthermore, in other acute inflammatory mod-

els, such as models of acute pancreatitis and colitis, MCP-1 has
been shown to be critical for neutrophil recruitment and block-
ing of MCP-1 with bindarit reduced neutrophil numbers and
the inflammation (5, 6). These observations strongly suggest
that neutrophils are directly responsive to MCP-1, and our

FIG. 5. (A) Activation of MAPKs in the lung following E. coli infec-
tion. Total proteins in the lung were isolated from MCP-1�/� and control
mice at 6 and 24 h after infection with E. coli and resolved on an SDS-
polyacrylamide gel, and the membrane was blotted with the Abs against
the activated/phosphorylated (encircled P) form of MAPKs as described
in Materials and Methods. This is a representative of 3 separate experi-
ments with identical results. (B) Densitometric analysis of MAPK activa-
tion was performed from 3 separate blots. *, P � 0.05 for difference
between MCP-1�/� mice and their WT controls.

FIG. 6. (A and B) Cellular infiltration in BALF at 24 h after i.t.
treatment with rMCP-1 (50 �g) and E. coli infection. Fifty micrograms
of rMCP-1 was i.t. administered at 1 h after E. coli infection, and
BALF was collected 24 h after infection. (C to F) Cytokine (C and D)
and chemokine (E and F) production in the lungs of infected animals
after rMCP-1 treatment. For the experiments indicated in panels A to
F, n � 4 to 6 mice/group and data are representative of 3 experimental
repeats. WBC, white blood cells; SAL, saline. (G) Numbers of CFU in
lungs of WT and MCP-1�/� mice administered rMCP-1 following i.t.
E. coli infection. The controls were treated with PBS. Each group had
5 to 6 mice, and the result shown is representative of 3 independent
experiments. (H) Numbers of CFU in lungs of neutrophil-depleted
mice at 24 h after E. coli infection. Neutrophils were depleted by using
anti-Ly6G Ab intraperitoneally at 12 and 2 h prior to infection, and
control mice were treated with isotype Ab prior to infection. Lung
samples were homogenized, diluted, and plated to enumerate bacterial
CFU (n � 5 to 6 mice/group/time point, and data are from 3 separate
experiments). *, P � 0.05.
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findings show the importance of MCP-1 in neutrophil recruit-
ment to the lungs.

Our findings show that MCP-1 can indirectly regulate neu-
trophil influx by regulating the expression of CXC chemokines.
We observed reduced expression of cytokines (TNF-� and
IL-6) and chemokines (KC and MIP-2) in MCP-1�/� mice
compared to the controls after E. coli infection, and when

MCP-1�/� mice were reconstituted with rMCP-1, the cytokine
and chemokines levels returned to the level of WT mice during
E. coli infection. In line with this finding, a previous study in a
rat gastric ulcer model suggests that MCP-1 can regulate the
expression of CXC chemokines and cause neutrophil recruit-
ment (44). Moreover, Gouwy et al. showed that extracellular
signaling by CCL2 significantly enhances CXCL-8 expression

FIG. 7. (A) Activation of NF-�B and MAPKs, and expression of cellular adhesion molecules in lungs of mice administered rMCP-1 (10 �g)
at 24 h after E. coli infection. (B and C) Densitometric analysis of expression/phosphorylation levels of identified proteins normalized with
GAPDH. The results are representative of 3 independent experiments with identical results. *, P � 0.05; encircled P, phosphorylated form.
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on monocytes (15), suggesting that CCL2/CCR2 signaling can
regulate the expression of CXC chemokines. Further, the Her-
bold group (17) demonstrates that CXCR-2 signaling can lead
to macrophage recruitment during S. pneumoniae infection.
These observations suggest that there is a complex interplay
between CC and CXC chemokines.

LTB4 is a known neutrophil chemotactic lipid which can be
generated by leukocytes from arachidonic acid (19) and act via
G protein-coupled receptors to cause leukocyte accumulation,
microbial killing, and generation of proinflammatory media-
tors (26, 36). In an earlier study using the CLP model, it has
been shown that MCP-1 inhibition attenuated neutrophil in-

flux via the downregulation of LTB4 production (37). From our
results, it is also possible that the attenuated level of LTB4 was
the result of the reduced number of migrating neutrophils in
MCP-1�/� mice. However, the attenuation was significant at
6 h and not significant at 24 h after E. coli infection. Since
LTB4 itself can lead to generation of other proinflammatory
mediators and neutrophil chemoattractants (36), reduction of
the neutrophil chemoattractant lipid LTB4 at 6 h would have
led to reduced neutrophil influx at 24 h.

We observed reduced NF-�B activation and activation of
MAPKs in MCP-1 gene-deficient mice during E. coli infection.
These observations suggest that the MCP-1/CCR2 axis regulates

FIG. 8. (A) Cellular recruitment into the alveoli after i.t. treatment with rMCP-1 (10 �g and 50 �g) alone. After 12 h, BALF was processed
for cellular count (n � 5 to 6 mice/group; *, P � 0.005; data are a representation of 3 individual experiments). MPO, myeloperoxidase. (B) CCR2
expression in neutrophils. Flow cytometric analysis of BALF and blood from WT mice at 24 h after i.t. E. coli (1 � 106 CFU/mouse) infection.
Data are representative of 3 independent experiments with identical results. (D) Picture demonstrating the number of PMNs in the lower chamber
of a transwell plate after incubation with chemoattractants rMCP-1 and KC. The figure is representative of 20 random fields from 3 separate
experiments. (E) Chemotaxis of neutrophils toward MCP-1. PMN numbers in the lower chamber of a transwell after 3 h of incubation with rMCP-1
and KC. Data shown here are a representation of 3 individual experiments (n � 3 to 5; *, P � 0.05). (F) Bone marrow neutrophils produce MCP-1
at 2 h after E. coli infection (n � 4 to 6 mice/group from 3 separate experiments).
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NF-�B and MAPK activation. Consistent with this finding, Viedt
and Orth (43) show that MCP-1 can activate NF-�B and MAPKs
during renal inflammation. It is also possible that other transcrip-
tion factors, such as activator protein 1 (AP-1) and signal trans-
ducer and activator of transcription 1 (STAT-1), can be activated
via MAPKs by MCP-1 (14). Therefore, our results suggest that
MCP-1/CCR2 signaling regulates the expression of CXC chemo-
kines (MIP-2 and KC) through NF-�B and MAPKs. Regulation
of CXC chemokines and cytokines through NF-�B and MAPKs
by MCP-1 can be attributed to initial alveolar macrophage acti-
vation. We used alveolar macrophages from wild-type and MCP-
1�/� mice to determine whether MCP-1 deficiency has any effect
on activation of NF-�B and MAPKs. We observed reduced acti-
vation of transcription factor NF-�B and MAPKs in the MCP-
1�/� macrophages following E. coli infection, confirming our in
vivo data that MCP-1 could regulate NF-�B- and MAPK-medi-
ated macrophage activation through an autocrine and paracrine
manner in the lungs.

Recruitment of leukocytes to the tissues involves upregula-

tion of cell adhesion molecules (3). In this regard, we found
that VCAM-1 upregulation was dependent on MCP-1. This
was most pronounced at 24 h following E. coli infection, when
neutrophil influx in the lungs was at peak. These observations
suggest that VCAM-1 plays an important role in the transmi-
gration of both neutrophils and monocytes to the lungs during
E. coli infection in a MCP-1-dependent manner.

Previous studies have shown that MCP-1 is important for
bacterial killing by macrophages (35, 38). Furthermore, earlier
studies have shown that neutrophils play an important role in
bacterial clearance during Gram-negative bacterial infections
(27, 47). Since we found reduced neutrophil numbers and
enhanced bacterial burden in MCP-1�/� mice following E. coli
infection, we depleted neutrophils in wild-type mice to deter-
mine the role of neutrophils in augmenting clearance of E. coli.
Our results show that neutrophils are indeed important for the
clearance of E. coli in the lungs. Further experiments involving
MCP-1 restoration in MCP-1�/� mice demonstrate the impor-
tance of MCP-1 in bacterial clearance from the lungs. Al-
though there is a higher bacterial burden in the lungs of MCP-
1�/� mice, both WT and MCP-1�/� mice cleared infection
after 24 h, and no mortality was observed after infection.

Overall, our study reveals a new role for MCP-1, in that
MCP-1 is directly as well as indirectly involved in the neutro-
phil recruitment during E. coli pneumonia. Herein we show
evidence that MCP-1 is a direct neutrophil chemoattractant
and indirect evidence that it regulates the expression of other
chemokines (KC and MIP-2) and cytokines (TNF-� and IL-6)
to cause neutrophil trafficking (Fig. 10). Identification of these
novel molecular MCP-1-mediated mechanisms triggered by E.
coli could be useful to design better therapeutic strategies
during infections by Gram-negative bacterial pathogens.

FIG. 9. (A and B) Activation of NF-�B and MAPKs in alveolar
macrophages obtained from WT and MCP-1�/� mice following infec-
tion with E. coli. Representative Western blots from 3 separate exper-
iments are shown. (B) Relative densities normalized against GAPDH
are representatives of 3 independent experiments (n � 4 to 5 mice/
group; *, P � 0.05). Encircled P, phosphorylated form.

FIG. 10. Proposed model of MCP-1-mediated neutrophil recruit-
ment to the lung during E. coli infection. E. coli induces MCP-1
through the MD-2 signaling pathway, which involves Toll-like recep-
tors. MCP-1 in turn regulates neutrophil recruitment directly via che-
motaxis and indirectly through neutrophil chemokines, such as KC,
MIP-2, as well as the cytokine TNF-�.
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