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CX3CR1 is expressed on monocytes, dendritic cells,
macrophages, subsets of T lymphocytes, and natural
killer cells and functions in diverse capacities such as
leukocyte adhesion, migration, and cell survival on li-
gand binding. Expression of the CX3CL1 gene, whose
expression product is the sole ligand for CX3CR1, is
up-regulated in human lungs with chronic cigarette
smoke-induced obstructive lung disease. At present, it is
unknown whether CX3CL1 up-regulation is associated
with the recruitment and accumulation of immune cells
that express CX3CR1. We show that mice chronically
exposed to cigarette smoke up-regulate CX3CL1 gene
expression, which is associated with an influx of
CX3CR1" cells in the lungs. The increase in CX3CR1"
cells is primarily comprised of macrophages and T lym-
phocytes and is associated with the development of
emphysema. In alveolar macrophages, cigarette smoke
exposure increased the expression of both CX3CR1 and
CX3CL1 genes. The inducibility of CX3CR1 expression
was not solely dependent on a chronic stimulus because
lipopolysaccharide up-regulated CX3CR1 in RAW264.7
cells in vitro and in mononuclear phagocytes in vivo.
Our findings suggest a mechanism by which macro-
phages amplify and promote CX3CR1" cell accumula-
tion within the lungs during both acute and chronic
inflammatory stress. We suggest that one function of the
CX3CR1-CX3CL1 pathway is to recruit and sustain diver-
gent immune cell populations implicated in the patho-
genesis of cigarette smoke-induced emphysema. (4mJ
Patbol 2008, 173:949-961; DOI: 10.2353/ajpath.2008.071034)

Chronic obstructive pulmonary disease (COPD) is one of
the leading causes of morbidity and mortality in the
United States and is the only leading cause of death that
continues to increase in prevalence.'? The disease is
characterized by a local inflammatory process that is
associated with formation of mucous exudates within the
lumens of small airways® and lung parenchymal destruc-
tion leading to airspace enlargement.* Cigarette smoking
is the major risk factor for the development of COPD, and
COPD severity in smokers is associated with the accu-
mulation of neutrophils,> macrophages,® natural Kkiller
(NK) cells,” and T lymphocytes®~'° in the peripheral air-
ways and lung parenchyma. In particular, T lymphocyte
and macrophage accumulation has been associated with
worsening obstructive lung disease. These cells can re-
lease inflammatory mediators and/or proteinases which
are thought to be responsible for the progressive paren-
chymal destruction in COPD.""'2 The factors that regu-
late the recruitment and accumulation of these immune
cells into the lungs in response to chronic cigarette
smoke exposure remain poorly understood.

Recent studies suggest that chemokines and chemo-
kine receptors play important roles in the recruitment of
specific immune cell populations to the lungs. In smokers
with COPD, increased CCL20 expression in the small
airways has been shown to be associated with the accu-
mulation of dendritic cells when compared to never
smokers and to smokers without COPD."® Bracke and
colleagues ' recently showed that CCR6, the receptor for
CCL20, contributes to cigarette smoke-induced inflam-
mation and emphysema in mice. Other studies demon-
strated that there is an increase in the number of CXCR3™"
T lymphocytes in the peripheral airways of smokers with

Supported by the American Thoracic Society (Innovative Research in
COPD award) and HL086884.

Accepted for publication June 26, 2008.

Address reprint requests to Janet S. Lee, M.D., Division of Pulmonary,
Allergy, and Critical Care Medicine, NW 628 Montefiore University Hos-
pital, 3459 Fifth Ave., Pittsburgh, PA 15213. E-mail: leejs3@upmc.edu.

949



950 McComb et al
AJP October 2008, Vol. 173, No. 4

COPD' and an increase in the secretion of CXCR3 li-
gands, CXCL9 and CXCL10, in the lungs.'® Although
CCR6 and CXCR3 may be involved in immune cell ac-
cumulation in the peripheral airways of individuals with
COPD, we do not have a complete understanding of the
factors that regulate the recruitment of specific cell pop-
ulations in COPD lungs.

Recent comprehensive gene expression profiling has
shown an increase in CX3CL1 (also known as fractalkine or
mouse neurotactin) expression in the lung tissues of smok-
ers with COPD when compared to smokers without
COPD." Among the 327 differentially expressed genes,
CX3CL1 was the only chemokine found to be up-regulat-
ed."” CX3CL1 is a unigue molecule that exists as both a
membrane-bound protein and a soluble chemokine.'® The
membrane-anchored protein is expressed on inflamed en-
dothelium,'®2° epithelial cells,®’ dendritic cells,?® and neu-
rons®® and can mediate leukocyte adhesion.'® Soluble
CXBCL1 is released from the cell membrane through pro-
teolytic cleavage and can function as an effective chemoat-
tractant.**25 CX3CR1, the sole receptor for CX3CL1, is a
seven-transmembrane, G-protein-coupled receptor that is
expressed by cytotoxic effector CD8* and CD4™ T lympho-
cytes in addition to y8 T lymphocytes, NK cells, dendritic
cells, and monocytes. 2628

Although the role of the CX3CL1-CX3CR1 pathway in
the inflammatory process of COPD has never been eval-
uated, this ligand-receptor pair has been investigated in
other inflammatory disease states. Local and systemic
inflammation play critical roles in the development of
atherosclerotic plaques, and macrophages are promi-
nent in these lesions. The deletion of cx3c/7 on an
apoE "~ background decreased the size of brachioce-
phalic artery atherosclerotic lesions by 85% when com-
pared to the wild-type mice,?® and the deletion of cx3cr7
on an apoE "~ background afforded significant protec-
tion from macrophage recruitment and atherosclerotic
plague formation.®° These results suggest that CX3CR1™
macrophages are playing a vital role in the development
of early atherosclerotic lesions.

Bjerkeli and colleagues®' showed that patients with We-
gener’s granulomatosis have increased levels of plasma
CX3CL1 as well as enhanced gene expression of CX3CR1
in peripheral blood mononuclear cells. In addition,
CX3CR1* peripheral blood mononuclear cells and T lym-
phocytes from patients with Wegener's granulomatosis se-
creted more inflammatory chemokines and showed in-
creased chemotactic and adhesive responses to CX3CL1.%'
Yano and colleagues®® found high levels of soluble
CXBCL1 in the synovial fluid of patients with rheumatoid
arthritis, and CD16™ monocytes, expressing high levels
of CX3CR1, were localized to the synovial lining and
sublining layers. These authors suggest that CX3CL1
may promote the migration of CD16"/CX3CR1* mono-
cytes into the synovial tissues of patients with rheumatoid
arthritis and may contribute to the tissue injury and joint
destruction.®?

Given these findings, we hypothesized that CX3CR1™
cells comprise the inflammatory response in the lungs to
chronic cigarette smoke exposure. We used a murine
model of environmental tobacco smoke exposure and

show increases in CX3CR1 expression in the lungs of
animals with  emphysema. We immunophenotyped
CX3CR1™" cells to the T-lymphocyte and macrophage
populations and demonstrate the inducibility of CX3CR1
expression by resident mononuclear phagocytes of the
lungs during both acute and chronic inflammatory stimuli.

Materials and Methods
Chronic Cigarette Exposure Model

A detailed method of our chronic cigarette exposure
method has been previously described.®® Briefly, total
body cigarette smoke exposure was performed in a stain-
less steel chamber using a smoking machine (model
TE-10; Teague Enterprises, Woodland, CA) similar to that
reported by others.®*~3¢ The cigarette smoking machine
puffed each 1R3F research cigarette for 2 seconds, for a
total of nine puffs before ejection, at a flow rate of 1.05
L/minute, providing a standard puff of 35 cm?®. The smoke
machine was adjusted to deliver five cigarettes at one
time. The cigarette smoke from 80 cigarettes was deliv-
ered to the mice each day, 5 days/week for up to 24
weeks. The daily exposure time was ~3 to 4 hours per
day. Age-, gender-, and strain-matched mice served as
controls and were exposed to only filtered air in an iden-
tical body exposure chamber for a similar period of time.
The smoking chamber atmosphere was periodically mea-
sured for total particulate matter concentrations of ~100
to 120 mg/m?®. After 2 weeks of cigarette exposure, car-
boxyhemoglobin levels in mice, immediately after expo-
sure, were less than 8%. The body weights of the mice
were measured weekly. The animals were sacrificed at
12- and 24-week time points.

Animals

Animal experiments were conducted in accordance with
the Institutional Animal Care and Use Committee at the
University of Pittsburgh. At 8 weeks of age, male AKR/J
mice (The Jackson Laboratory, Bar Harbor, ME) were
divided into air-exposed control animals and cigarette-
exposed animals. The animals underwent the chronic
exposure model as described above. Age-, gender-, and
strain-matched male B6.129P-cx3cr1™™'H%/J mice (The
Jackson Laboratory) were also used for immunofluores-
cence studies of the lungs. B6.129P-cx3cr1H4]J mice
were homozygous for a targeted mutation at the cx3cr?
loci and expressed the enhanced green fluorescent pro-
tein (EGFP) instead of the endogenous gene.®”

Mouse Necropsies
Lung Tissue Processing

The method of mouse necropsy has been previously
described.®® Briefly, animals were euthanized with an
intraperitoneal, overdose injection of pentobarbital of 100
mg/kg. The thorax was opened, and the trachea was
identified and cannulated with a 20-gauge angiocatheter.



The left hilum was identified and ligated with a 2-0 silk
suture. The left lung was removed and immediately fro-
zen in liquid nitrogen for subsequent RNA studies. The
right lung was inflated by gravity with 4% paraformalde-
hyde in phosphate-buffered saline (PBS) and was held at
a pressure of 30 cm H,O for 15 minutes. The right lung
was gently dissected from the thorax and placed in 4%
paraformaldehyde in PBS for 6 to 8 hours. The samples
were cut para-sagittally and embedded in paraffin. Par-
affin-embedded sections were cut to ~5 um thickness.
To obtain whole lungs for frozen tissue sections, the
trachea was cannulated with an 18-gauge angiocatheter
and up to 2.5 ml of Tissue-Tek O.C.T. compound (Sakura
Finetek, Torrance, CA) was slowly instilled into both
lungs. The trachea was ligated with a 2-0 silk suture, and
the lungs were carefully dissected from the thorax. The
instilled lungs were mounted in O.C.T. compound, and
cryomolds were slowly frozen in liquid nitrogen. Frozen
sections were cryosectioned to ~5 um thickness.

Bronchoalveolar Lavage (BAL) of Whole Lung

The animals were euthanized, and the thorax was
opened as described above. The trachea was identified
and cannulated with an 18-gauge angiocatheter, and se-
quential lavages of 1.2 ml, 1.0 ml, 1.0 ml, and 1.0 ml of BAL
fluid (0.9% saline with 0.6 mmol/L ethylenediaminetetraace-
tic acid warmed to 37°C) were instilled into the lungs. The
fluid was allowed to sit for ~30 seconds before it was slowly
removed from the lungs. The four aliquots were pooled for
analysis. Cytospin slides were created using 150-ul aliquots
and the Shandon Cytospin 3 centrifuge (Thermo Fisher
Scientific, Inc., Waltham, MA). Manual cell counts and dif-
ferentials were performed and confirmed that 97 to 99% of
the BAL cells were macrophages.

Human Lung Tissue

Human lung tissue samples were obtained through the
University of Pittsburgh Lung Tissue Center and were
approved by University of Pittsburgh Institution Review
Board. Sections of uninflated human lung tissue were
mounted in O.C.T. compound and cryomolds were slowly
frozen in liquid nitrogen. The specimens were stored at
—80°C until needed. The frozen samples were cryosec-
tioned to ~5 um thickness.

Morphometry
Sample Preparation

Paraffin-embedded mouse lung sections were used for
quantitative morphometric measurements. The paraffin was
melted at 55°C for 20 minutes, and the slide was washed
several times in xylene. The samples were rehydrated
slowly in graded ethanol washes and then stained overnight
in equal amounts of Gills solution (GHS-332; Sigma-Aldrich,
St. Louis, MO) and Harris hematoxylin solution (HHS-32,
Sigma-Aldrich). After several washes with water and ammo-
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nium hydroxide and with increasing concentrations of eth-
anol, the slides were allowed to air-dry.

Digital Imaging for Morphometric Measurements

After the coverslips were applied, digital images
were obtained with the use of a light microscope (Zeiss
Axiophot; Carl Zeiss Microlmaging, Thornwood, NY)
equipped with a digital camera (Zeiss Axiocam HRc,
Carl Zeiss Microlmaging). Twelve random images were
taken at X200 from seven smoke-exposed and five
air-exposed animals and saved as tagged image file
format (TIFF) images.

Mean Linear Intercept

Mean linear intercept measurements were taken using
modified Image J software available from the National
Institutes of Health website (http://rsb.info.nih.gov/i/).
Twelve black and white pictures for each animal were
saved as 1300 X 1030 pixel digital images. Large air-
ways, blood vessels, and other nonalveolar debris were
manually removed from the image. The Image J software
program automatically thresholded the images, and a
median filter, set to a 2 pixel radius, smoothed the image
edges. The program laid a line grid composed of 1353
lines (each line measuring 21 pixels) over the individual
images. The software then counted the number of lines
that ended on or intercepted alveolar tissue. These data
were used to calculate the volume of air, the volume of
tissue, the surface area, the surface area to tissue volume
ratio. The mean linear intercept, which assesses the de-
gree of alveolar airspace enlargement, was calculated
using the equation: (4/surface area to volume tissue ratio)
according to the methods adapted from Dunhill.>® The
mean linear intercept increases with increasing airspace
enlargement.

Quantitative Morphometry of Airways

We examined airway thickening morphometrically
based on our previously published methods*® and those
of George and colleagues®' Briefly, paraffin-embedded
lung sections prepared as described above were stained
with hematoxylin and eosin. Airways were identified in
sections at X400, and images were captured digitally as
described above. The analysis was performed with Meta-
morph Offline software, version 7.1.0.0 (Molecular De-
vices Corp., Sunnyvale, CA). Obliquely cut airways show-
ing a length to width ratio >2.0 were excluded from
analysis. Airways were divided into three groups based
on diameter: 1) small airways 90 um or less in diameter;
2) medium airways 90 to 129 um in diameter; and 3) large
airways >129 um in diameter. Airway epithelial area and
subepithelial area were calculated for each airway by
defining the internal perimeter, external perimeter, and
basement perimeter.
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Immunofluorescence
Antibodies

Immunostaining was performed using rabbit poly-
clonal anti-CX3CR1, rabbit polyclonal anti-prosurfactant
protein C (Abcam, Cambridge, MA); mouse monoclonal
anti-CD68 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA); rat anti-mouse MAC3 and Armenian hamster anti-
mouse CD3e (BD Biosciences Pharmingen, San Diego,
CA); rat monoclonal anti-Gr1 (Cedarlane, Ontario, Can-
ada); Armenian hamster anti-mouse CD11c (eBio-
science, San Diego, CA); rat anti-mouse CD11b (clone
M1/70.15; MorphoSys US Inc., Raleigh, NC). Immuno-
staining using control antibodies rabbit IgG, mouse 1gG,
rat IgG, and/or Armenian hamster IgG was performed on
serial lung sections. Secondary antibodies to rabbit,
goat, mouse, rat, and Armenian hamster were conju-
gated with Cy3 or Alexa488.

Immunofluorescence of Paraffin-Embedded Human
and Murine Lung Sections

Paraffin-embedded sections were deparaffinized by
warming the slides to 55°C on a slide warmer for 10 minutes
and then washing the slides several times in xylene. Graded
ethanol washes were used to rehydrate the samples, and
the antigen retrieval step was performed by heating the
samples on high in the microwave in an acidic citrate bath.
Samples were blocked with 5% serum for 1 hour at room
temperature. The primary antibody was allowed to incubate
for 18 hours at 4°C. After several washes in PBS, the sam-
ples were incubated with the secondary antibody for 1 hour
at room temperature. After several washes in PBS, Hoechst
nucleic acid stain, diluted 1:1000 (Invitrogen Corp., Carls-
bad, CA), was applied for 30 seconds. After several more
washes in PBS, the samples were allowed to air-dry, and a
coverslip was applied.

Immunofluorescence of Frozen Human and Murine
Lung Sections

Frozen, O.C.T.-inflated samples were cut to 5-um sec-
tions and fixed in acetone at —20°C for 2 minutes. After
drying for 30 minutes at room temperature, the samples
were rehydrated in a PBS wash. The blocking step and
the incubation of the primary and secondary antibodies
were completed as described for the paraffin-embedded
samples.

Imaging

Immunofluorescence imaging was performed using an
Olympus Provis Ax-70 microscope and digital camera
(Olympus America, Center Valley, PA) with the assis-
tance of MagnaFire 2.1B (Indigo Scientific, Ltd., Baldock,
Hertfordshire, UK) imaging software. Images were ac-
quired at X400 in the individual red, blue, and green
channels, and a color, 24-bit, merged TIFF image was
created and saved for analysis. A minimum of 10 random

images of alveolar tissue was acquired from each lung
sample. If a random high-powered field contained large
airways or blood vessels, the image was not captured
and the next random field was examined.

Image Analysis and Quantitation of Immunostaining

The images of the alveolar parenchyma were analyzed
using Metamorph Offline software, version 7.1.0.0 (Mo-
lecular Devices Corp.). Individual images for each lung
sample were loaded into a single stack, and the color
channels of the 24-bit TIFF images were separated. To
normalize for the amount of lung tissue in a given high-
powered field, the count nuclei application was used to
quantify the total number of nuclei in the blue channel
(Hoechst nucleic acid staining). The color images were
converted into monochrome images, and the inclusive
threshold tool was used to highlight the individual nuclei.
The images were collectively thresholded as a stack. In
some instances, in which the exposure times on the
images had changed, the thresholding levels were ad-
justed. Cell counts of the various immune cells were
performed by manual counting of cells immunostained
with a given antibody. Each image was examined indi-
vidually, and the number of positively staining immune
cells was calculated as a percentage of total number of
cells per high-power field.

Quantitative Reverse Transcriptase-Polymerase
Chain Reaction (RT-PCR)

Our method of quantitative RT-PCR has been previ-
ously described.®38 Briefly, the left lung was homog-
enized, and RNA was extracted using the TRIzol
method (Invitrogen Corp.). The RNA samples were re-
verse-transcribed into cDNA, which served as tem-
plate for real-time PCR. Probes and primers for the
tumor necrosis factor (TNF)-«, interferon-y, CCL2,
CX3CL1, CX3CR1, interleukin (IL)-6, matrix metallopro-
teinase (MMP)-7, MMP-9, and MMP-12 murine genes
were commercially available, as was the TagMan Mas-
ter Mix containing the necessary reagents for gene
expression studies (Applied Biosystems, Foster City,
CA). Gene expression was analyzed by the AA-thresh-
old cycle (AA-Ct) method, with 18S rRNA as the en-
dogenous control, and average ACt of age-matched,
gender-matched, air-exposed mice at the same time
point serving as the calibrator.

Intratracheal Instillation of CX3CL1 and
Lipopolysaccharide (LPS)

Male AKR/J mice (The Jackson Laboratory) mice were
anesthetized using a mixture of isoflurane and oxygen
bled in at 3 L/minute. We instilled PBS plus 0.1%
nonpyrogenic human serum albumin, 107° mol/L
CX3CL1 (R&D Systems, Minneapolis, MN) diluted in
PBS plus 0.1% human serum albumin, or 10~ mol/L
CX3CL1 and 0.5 mg/ml LPS (List Biological Laborato-



ries, Inc., Campbell, CA) in PBS and 0.1% human
serum albumin intratracheally using direct laryngos-
copy to visualize the airway. The volume of instillate
was determined according to the weight of the animal
using the formula: (150 wl/100 g mouse)(X g mouse) =
Y ulinstillate. After intratracheal instillation, the animals
were allowed to recover in the surgical area. After 24
hours, the animals were sacrificed with an intraperito-
neal injection of pentobarbital as described above. The
trachea was cannulated, and whole lung lavage was
performed as described above.

Cytospin slides were created using 150-ul aliquots as
noted above in the Materials and Methods under BAL.
Manual cell counts and differentials were performed. The
remaining slides were fixed in 100% acetone for 3 min-
utes and then stored at —80°C. Immunostaining was
performed on the fixed cytospin slides using the rabbit
polyclonal anti-CX3CR1 antibody and immunofluores-
cence protocol as described above.

Immunofiluorescence Labeling of RAW264.7
Cells after Stimulation with LPS

RAW264.7 mouse macrophage-like cells were grown in
medium containing Dulbecco’s modified Eagle’s medium
with 10% fetal bovine serum, 100 U/ml penicillin, and 0.1
ma/ml streptomycin. On day 0, RAW264.7 cells were added
to the media, seeded onto glass chamber slides, and grown
overnight at 37°C. Increasing concentrations of LPS (0 ng/
ml, 1 ng/ml, 10 ng/ml, and 100 ng/ml) were added to the
appropriate chambers, and the cells were returned to the
37°C incubator for 24 hours. The cells were washed with
0.5% bovine serum albumin in PBS several times, fixed in
4% paraformaldehyde in PBS for 15 minutes on ice, and
permeabilized with 0.1% Triton X (Sigma-Aldrich, St. Louis,
MQO) on ice. After several more washes with 0.5% bovine
serum albumin in PBS, the cells were blocked in 2% bovine
serum albumin for 20 minutes at room temperature. Rabbit
anti-human CX3CR1 antibody and a nuclear marker,
DRAQS5 (Biostatus Limited, Shepshed, Leicestershire, UK),
or a rabbit IgG antibody control and DRAQS were allowed
to incubate for 60 minutes at room temperature. After sev-
eral washes with 0.5% bovine serum albumin in PBS, the
cells were incubated with the secondary antibody for 30
minutes at room temperature. After several washes, a cov-
erslip was applied. Immunofluorescence imaging was per-
formed as described above.

Statistical Analysis

The experimental data are expressed as the mean = the
SEM. Statistical analysis was done using one-way analysis
of variance for pairwise multiple comparisons. If the data
failed the test for normality, statistical analysis was com-
pleted using Kruskal-Wallis one-way analysis of variance on
ranks and pairwise multiple comparison procedures per-
formed. For serial measurements, we used analysis of vari-
ance repeated measurements. A P value <0.05 was con-
sidered significant. All statistics were run on SigmaStat
software version 3.5 (Systat Software, Inc., San Jose, CA).
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Results

Chronic Cigarette Smoke Exposure Results in
Airspace Enlargement, Failure to Thrive, and
Inflammatory Cell Recruitment into the Lungs

AKR/MJ mice were used for this study because this mouse
strain has been shown to have a significant inflammatory
response and increased susceptibility to chronic cigarette
smoke-induced emphysema.*®> Mice that underwent
chronic environmental tobacco smoke exposure showed an
increase in airspace enlargement by 24 weeks (Figure 1, A
and B), as evidenced by an increase in mean linear inter-
cept when compared to the air-exposed controls (Figure
1C; Lm 31.75 um versus 29.54 um, P = 0.014). Although
Guerassimov and colleagues®® observed a 38% increase in
airspace enlargement in the same strain using the direct
nose-cone approach to delivering cigarette smoke, the
modest increase in airspace enlargement above air-ex-
posed mice we observed more closely reflects other wild-
type strains exposed to environmental tobacco smoke us-
ing the total body exposure method.®* The increase in
airspace enlargement in the cigarette smoke-exposed
mice, corresponding to the degree of alveolar tissue de-
struction or emphysema, was also associated with systemic
effects. Although the air-exposed mice steadily gained
weight and averaged 46.2 g after 24 weeks, the cigarette
smoke-exposed mice did not lose or gain a significant
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Figure 1. Histological and systemic changes attributable to chronic cigarette
smoke exposure. A and B: Representative images of mouse lungs after 24
weeks of air (A) or cigarette smoke exposure (B). The samples were stained
using the modified Gills technique. C: Environmental tobacco smoke expo-
sure is associated with an increase in airspace enlargement by 24 weeks.
There is an increase in mean linear intercept (Lm) measured after 24 weeks
in the cigarette smoke (CS)-exposed mice (31.75 um) when compared to the
air-exposed controls (29.54 um). *P = 0.014, n = 5 to 7 mice per group. D:
The average weights of the cigarette smoke-exposed mice (white circles)
were significantly lower than the average weights of the air-exposed mice
(black circles), P < 0.001 (analysis of variance repeated measurements).
The smoke- and air-exposed mice averaged 30.0 g at t = 0. The air-exposed
mice steadily gained weight and averaged 46.2 g after 24 weeks. The smoke-
exposed mice did not lose or gain a significant amount of weight and
averaged 27.6 g after 24 weeks. Error bars at each time point indicate =SEM
7 = 12 mice in each group for exposures up to 12 weeks. 7 = 7 mice in each
group for exposures from 13 to 24 weeks. Original magnifications, X200.



954  McComb et al
AJP October 2008, Vol. 173, No. 4

Table 1.

Cellular Inflammatory Response after 12 and 24 Weeks of Chronic Cigarette Smoke or Air Exposure

12 Weeks air 12 Weeks cigarette 24 Weeks air 24 Weeks cigarette
% Macrophages* 50x1.1 73+19 29+03 56+ 0.6*
Total cells/npf® 320 + 10 296 + 13 340 + 8 230 + 7#8
% CD3" cells* 58+0.3 7.2 =057 7204 8.3+05
Total cells/hpf’ 32595 306 = 10.7 265 + 7.3 205 + 6.4
% GR-17 cells* 0.4 +0.1 0.2+ 0.0 15x0.2 19+03
Total cells/npft 315+55 307 + 13 275 + 85 232 + 8.2¥%

n = 50 random high-powered fields (hpf) of alveolar parenchymal tissue examined from five animals per condition at 12 weeks, n = 20 random

high-powered fields examined from five animals per condition at 24 weeks.
*Immune cells expressed as mean percentage of total cells per hpf + SE.

TTotal number of cells counted per hpf with values expressed as mean + SE.

+Twenty-four weeks of air versus 24 weeks of cigarette smoke exposure, P < 0.001.

STwelve weeks of air or cigarette exposure versus 24 weeks of cigarette smoke exposure, P < 0.001.
Twelve weeks of air versus 12 weeks of cigarette smoke exposure, P = 0.04.

ITwelve weeks of air versus 24 of weeks air exposure, P < 0.001.

amount of weight and averaged 27.6 g after 24 weeks (P <
0.001, Figure 1D). We also examined airway wall thickening
morphometrically based on our previous published meth-
0ds”? and those of George and colleagues*' after 6 months
of exposure. We did not observe significant differences in
subepithelial airway wall thickening between air- and ciga-
rette-exposed mice in small airways (90 wm or less in di-
ameter, P = 0.6), medium-sized airways (90 to 129 um in
diameter, P = 0.4), and large airways (>129 um in diame-
ter, P = 0.9) (data not shown).

The local inflammatory response was characterized by
an increase in the percentage of macrophages in cigarette
smoke-exposed mice at 12 weeks compared to air-ex-
posed controls (7.3% versus 5.0%, P = 0.07) that reached
significance by 24 weeks (5.6% versus 2.9%, P < 0.001)
(Table 1). There was an increase in the percentage of CD3*
cells in smoke-exposed mice at 12 weeks compared to
air-exposed controls (7.2% versus 5.8%, P = 0.04), but the
difference was not significant by 24 weeks (8.3% versus
7.2%, P = 0.12). There was an increase in the percentage
of polymorphonuclear cells in cigarette smoke-exposed
mice by 24 weeks when compared to air-exposed controls,
but this was not significant (1.9% versus 1.5% at 24 weeks,
P = 0.26). Thus, chronic cigarette smoke exposure is associ-
ated with an increased recruitment of immune cells in the lung
parenchyma comprised of macrophages, T lymphocytes, and

A B C

polymorphonuclear cells with the most notable increases in the
macrophage and T-lymphocyte populations.

Interestingly, total numbers of cells comprising the
lung parenchyma per high-powered field was reduced
with increasing duration of exposure (Table 1). The great-
est reduction in numbers observed was in mice exposed
to 24 weeks of cigarette smoke compared with either 12
weeks of air exposure (P < 0.001), 12 weeks of cigarette
smoke exposure (P < 0.001), or 24 weeks of air exposure
(P < 0.001). The reduced cellularity in alveolar tissue is
consistent with airspace enlargement and lung paren-
chymal destruction that characterizes cigarette smoke-
induced emphysema. In air-exposed mice, this pattern of
reduced cellular numbers was less consistent. This may
reflect the effects of aging on airspace enlargement that
occurs both in humans and in mice.*®44

Accumulation of CX3CR1™" Cells in the Lungs
after Chronic Cigarette Smoke Exposure

CXBCR1 protein expression was detectable in the lung
parenchyma of unstimulated mice (Figure 2A) and in-
creased significantly after chronic cigarette smoke expo-
sure (Figure 2B). CX3CR1 localized to mononuclear cells of
both the interstitium and alveolar spaces (Figure 2, A and B).
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Figure 2. CX3CR1™ cells in the lungs of chronic cigarette smoke-exposed mice and air-exposed controls. A and B: Representative images used for the quantitation
of CX3CR1™" cells in mouse lungs after 12 weeks of either air exposure (A) or cigarette smoke exposure (B). The arrows indicate CX3CR1 immunostaining of
discrete, mononuclear cells within the parenchyma. C: Rabbit IgG control immunostaining of murine lung section after 12-week cigarette smoke exposure. D:
CX3CR1™ cells as a percentage of total cells per high-powered field in lung sections from air-exposed controls and cigarette-exposed mice after 12 weeks (12.7 =
0.8 versus 35.7 = 9) and 24 weeks (9.6 = 0.7 versus 21.5 £ 1) of exposure. *P < 0.001. Gray bars, air-exposed controls; black bars, cigarette smoke-exposed group.
n = 50 random hpf of lung parenchymal sections examined from five animals per condition at 12 weeks, 7 = 20 random hpf examined from five animals per

condition at 24 weeks. Original magnifications, X400.
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Figure 3. MAC3", CX3CR1", and CD11c*t cells in murine lungs after cigarette smoke exposure. A: MAC3 immunostaining (red channel). B: CX3CR1
immunostaining (green channel). C: Co-localization of MAC3 and CX3CR1 (merged channels); white arrows. D: Absence of immunostaining in studies using rat
and rabbit IgG control antibodies. E: CD11c immunostaining (red channeD). F: CX3CR1 immunostaining (green channel). G: White arrows indicate cells that
co-localize with CD11c and CX3CR1 (merged channels). H: Absence of immunostaining in studies using Armenian hamster IgG and rabbit IgG control antibodies.
I: CD11c expression (red channel). J: MAC3 expression (green channel). K: Co-localization of CD11c and MAC3 (white arrows, merged channels). Yellow
arrows indicate cells that express MAC3 (green) but do not express CD11c. L: Absence of immunostaining in studies using Armenian hamster IgG and rat IgG

control antibodies. Original magnifications, X400.

Quantitative analysis revealed an increase in the percentage
of CX8CR1™" cells per total number of cells counted under
high-powered field in cigarette smoke-exposed mice when
compared to the age-matched air-exposed controls after 12
weeks (35.7% versus 12.7%, P < 0.001) (Figure 2D). This
difference was sustained to 24 weeks of exposure (21.5%
versus 9.6%, P < 0.001) (Figure 2D).

CXBCR1 Is Expressed by Mononuclear
Phagocytes in the Lungs

We immunophenotyped cells expressing CX3CR1 in
mice after chronic cigarette smoke exposure. CX3CR1
co-localized to cells expressing the macrophage surface
antigen, MACS3 (Figure 3, A-C). Both macrophages and
dendritic cells express the B-integrin, CD11¢,*® and, con-
sistent with findings of others,*>*® CD11c™ cells also
express CX3CR1 in our experimental model (Figure 3,
E-G). CD11c™ cells within the lung parenchyma were
macrophage in origin, as evidenced by co-expression of

the MAC3 surface antigen (Figure 3, I-K; white arrows).
Although two populations of macrophages emerged
based on the presence or absence of CD11c expression
(Figure 3K; white and vyellow arrows, respectively),
CXB3CR1 expression did not appear to distinguish be-
tween the two (data not shown). Given prior reports that
CX3CR1 is expressed on lung dendritic cells but not
pulmonary macrophages,” we also immunostained for
CXBCR1 expression in human lung samples and found
many mononuclear cells expressing CX3CR1 (Figure 4).
These mononuclear cells expressed both CX3CR1 and
the macrophage marker CD68 (Figure 4, A-C). Thus, our
findings confirm that both mouse and human pulmonary
macrophages express CX3CR1.

CX3CR1 Is Expressed by CD3™ Cells but Not
Neutrophils or Type Il Pneumocytes in the Lungs

The percentage of CD3™ T lymphocytes per total num-
bers of cells in the lung parenchyma increased with
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Figure 4. CD68" human alveolar macrophages express CX3CR1. A: CD68 immunostaining identifies macrophages in human lung tissue (white arrows, red

on human alveolar macrophages (white arrows, merged channels). D: Absence of immunostaining in studies using rabbit IgG and mouse IgG control antibodies.

Original magnifications, X400.

chronic cigarette smoke exposure (Table 1). We show
that CX3CR1 also co-localized to cells expressing the
CD83 antigen (Figure 5, A-C) in murine lung parenchyma.
In contrast, CX3CR1 was not expressed on neutrophils
(Figure 5, E-G; white arrow). We also assessed whether
type Il pneumocytes express CX3CR1. Because antibod-
ies to prosurfactant protein C (pro-SPC), a type Il pneu-
mocyte marker, and CX3CR1 were both derived from a
rabbit host making co-localization studies unreliable, we
examined type Il pneumocytes from B6.129P-cx3cr1™ 1ty
mice with enhanced green fluorescent protein (EGFP) at
the cx3cr1 loci. Prosurfactant protein C did not co-local-
ize with EGFP, suggesting that cells comprising the alve-
olar architecture do not express CX3CR1 constitutively
(Figure 5, I-K; white arrows). Furthermore, immunofluo-
rescence studies using serial lung sections from AKR/J
mice confirmed that chronic cigarette smoke exposure
did not induce CX3CR1 protein expression on type Il
pneumocytes (Figure 5, L and M).

Up-Regulation of CX3CL1 Gene Expression
Characterizes the Lung Tissue and Alveolar
Macrophage Inflammatory Response

TNF-a, IL-6, and CX3CL1 gene expression were in-
creased in lung tissue homogenates from cigarette
smoke-exposed mice when compared to air-exposed
controls after 12 weeks of exposure (P = 0.03, Figure
6A). However, there was no difference in CX3CR1, CCL2,
and interferon-y gene expression between cigarette
smoke- and air-exposed mice (Figure 6A). By 24 weeks,
CXBCL1 gene expression remained increased fivefold in
lung tissue from cigarette smoke-exposed mice as com-
pared to age-matched air-exposed controls (P = 0.03,
Figure 6B). CX3CR1 gene expression doubled in the lung
tissue of cigarette smoke-exposed mice after 24 weeks of
chronic smoke exposure, but the difference compared to
air-exposed controls was not significant (P = 0.14, Figure
6B). Thus, CX3CL1 gene expression is up-regulated in
lung tissue after chronic cigarette smoke exposure. The
failure to detect a clear CX3CR1 signal in homogenates
might very well reflect a dilutional effect of including
combined cell populations because the homogenized

lung tissue represents the intravascular, parenchymal,
alveolar, and airway compartments.

Macrophages, the cellular type that makes up the ma-
jority of cells in BAL, are believed to play an important
role in the chronic inflammatory process of cigarette
smoke-exposed lungs that results in emphysema and
COPD.*"~*9 We examined the gene expression of BAL
cells after 12 weeks of exposure, the time point at which
we observed maximal differences in gene expression in
the lung homogenates. We found a 10-fold increase in
CX3CL1 and CX3CR1 expression and > 20-fold increase
in CCL2, IL-6, and TNF-a when compared to air-exposed
controls (P = 0.008, Figure 6C). Interestingly, chronic
cigarette smoke exposure did not up-regulate interfer-
on-y gene expression in BAL cells, the majority of which
was comprised of alveolar macrophages (97 to 99% of
the total cells counted in prepared cytospins) (Figure
6C). However, both CX3CL1 and CX3CR1 gene expres-
sion characterized the inflammatory gene expression
profile of alveolar macrophages in response to chronic
cigarette smoke exposure.

As supporting evidence for activated macrophage-
induced parenchymal lung tissue destruction, we also
examined metalloproteinase gene expression in lung tis-
sue homogenates at the 12- and 24-week time point.
There were no significant differences in MMP-7, MMP-9,
and MMP-12 gene expression at the 12-week time point
(data not shown). By 24 weeks, MMP-12, but not MMP-7
or MMP-9, gene expression was up-regulated in ciga-
rette-exposed mice compared with air-exposed controls
(P = 0.006, Figure 6D).

LPS-Induced Inflammation Increases CX3CR1
Expression on RAW264.7 Cells and Alveolar
Mononuclear Phagocytes

Given the sustained accumulation of CX3CR1™ cells in
the lungs and the inducibility of its expression in alveolar
macrophages after chronic cigarette smoke, we investi-
gated the inducibility of CX3CR1 expression using an
acute inflammatory stimulus such as LPS in RAW264.7
cells, a mouse macrophage-like cell line, in vitro. RAW264.7



Recruitment of CX3CR1* Cells 957
(/P October Vol. 173, 1 ]

CONTROL

CONTROL

CONTROL

-1" or profSPCJr cellse {3CR1 in murine lungs‘ A: CD3 immunos
tion of CD3 and CX3CR1 in cell with ic nucleus (merged channels). D: Ab.
hamster IgG « aining (red channel). F: CX3CR1 immunostaining (green ¢
polymory r is Gr 3(C and yellow arrow indicates mononuclear cell is CX3CR1" but Gr-1~ (merged channels).
immunostz i i fe IgG control antibodies. I: Pro-S mmun ing channel) i stimulated B6.129P
mouse lung. J: GFP signal (yellow arrow) indicating endogenous CX3 xpression (green channel).
pro-SP 1d white arrows indicate cells that are pro-SPC™ but CX3CR1~ nnels). L and M: S sections from AKR/J mouse lungs afte

r 12 weeks
of ci smoke SPC™ cells are discrete from C . White arrows indicate C" ¢ (L, green channel). Yellow




958 McComb et al
AJP October 2008, Vol. 173, No. 4

>
W

_6 - = 8
© * ® x
5§35 — s 3

[7 ]
28 236
go 5?9
Y a2
ek 234
14 c
$3 g =
ox2 o3,
2= £k
g
So1 50
a3 —~4 T
2 s
To 0 NN © N N \j,

R A
/\e & \O.\:,)Od,-bo QO
[ D
—_—

IS =3
=) S
N oW Ao

N
15}

BAL Cell Gene Expression
(ddCT 12 weeks exposure)

Lung Gene Expression
(ddCT 24 weeks exposure)

o

MMP-7  MMP-9  MMP-12

Figure 6. Relative gene expression in lung tissue homogenates and BAL cells
of mice after chronic air or cigarette smoke exposure. A: Relative gene
expression in lung tissue homogenates from air-exposed mice (gray bar)
compared to cigarette smoke-exposed mice (black bar) shows up-regulation
of TNF-a, IL-6, and CX3CL1 after 12 weeks of cigarette smoke exposure. *P =
0.03. B: Relative gene expression in lung tissue homogenates after 24 weeks
of cigarette smoke exposure shows CX3CL1 up-regulated compared to air-
exposed controls. *P = 0.03. C: The relative gene expression in BAL cells
from air-exposed mice (gray bar) compared to cigarette smoke-exposed mice
(black bar) demonstrates increase in TNF-a, IL-6, CX3CL1, CX3CR1, and
CCL2 after 12 weeks of cigarette smoke exposure. *P = 0.008. D: Relative
gene expression of metalloproteinase (MMP)-7, -9, and -12 in lung tissue
homogenates after 24 weeks of cigarette smoke exposure. MMP-12 gene
expression was up-regulated with cigarette smoke exposure when compared
to air-exposed controls. *P = 0.006. Gene expression was analyzed by the
AA-threshold cycle (AA-Ct) method, with 18S rRNA as the endogenous
control. The average ACt of age-matched, gender-matched, air-exposed
mouse samples served as the calibrator. Gray bars represent air-exposed
lungs. Black bars represent cigarette smoke-exposed lungs. 7 = 3 to 5 mice
in each group for 12-week lung homogenate data; #» = 5 to 7 mice for
12-week BAL and 24-week lung homogenate data.

cells expressed CX3CR1 at baseline (Figure 7B). Increas-
ing concentrations of LPS enhanced CX3CR1 expression
in RAW264.7 cells in vitro (Figure 7, B-D) in a dose-
dependent manner. We also examined the inducibility of
CX3CR1 expression in alveolar mononuclear phagocytes
in vivo. Intratracheal administration of CX3CL1 ligand
alone only mildly increased CX3CR1 expression in mu-
rine alveolar mononuclear phagocytes from baseline
(Figure 7G). However, the combined instillation of
CX3CL1 and LPS considerably enhanced CX3CR1 ex-
pression (Figure 7H). The enhanced CX3CR1 expression
in alveolar mononuclear phagocytes was associated with
fivefold up-regulation of CX3CR1 gene expression in BAL
cells (data not shown). Thus, acute inflammatory stimu-
lus, such as LPS, increases CX3CR1 expression in mono-
nuclear phagocytes both in vitro and in vivo.

Discussion

Comprehensive gene expression profiling has previously
identified up-regulation of the chemokine CX3CL1 in hu-
man lungs with COPD." Whether or not increases in
CX3CL1 gene expression are associated with the recruit-
ment and amplification of CX3CR1* cells in the lungs is
not known. In this study, we examined for the presence of

CXB8CR1 in the lungs during chronic cigarette smoke-
induced emphysema. Mice exposed to cigarette smoke
showed accumulation of CX3CR1* cells within the lung
parenchyma that was sustained at 24 weeks of exposure
and was associated with the development of air space
enlargement and parenchymal tissue loss, the histo-
logical hallmarks of emphysema. The increase in
CX3CR1™" cells was primarily comprised of mononu-
clear phagocytes and T lymphocytes, two cell popula-
tions implicated in the pathogenesis of cigarette
smoke-induced emphysema.®616

In our study, we show increased CX3CL1 gene expres-
sion in murine lungs after prolonged cigarette smoke
exposure. In alveolar macrophages, cigarette smoke ex-
posure increased both CX3CR1 and CX3CL1 gene ex-
pression, suggesting a mechanism whereby macro-
phages amplify and sustain CX3CR1 cells within the
lungs during chronic inflammation. The inducibility of
CXBCR1 expression was not solely dependent on a
chronic stimulus because LPS also increased CX3CR1
expression in RAW264.7 cells in vitro and in alveolar
mononuclear phagocytes in vivo. Others have previously
reported that CX3CL1 provides cell-survival signals on
ligation of CX3CR1°%®" and inhibits Fas-mediated apo-
ptosis in microglial cells.®? Whether or not the CX3CL1-
CXBCR1 pathway promotes cell-survival signals and con-
tributes to the accumulation of alveolar and parenchymal
macrophages observed in COPD is not known.

Fogg and colleagues®® have recently shown that a
clonogenic bone marrow progenitor cell expressing
CXBCR1 can give rise to monocytes, macrophages, and
dendritic cells. They suggest that the macrophage and
dendritic cell precursor (MDP), in the setting of specific
stimulating factors and chemokines, can generate inflam-
matory dendritic cells and macrophages, resident mac-
rophages, and resident CD11c™ dendritic cells. Further-
more, Geissman and colleagues® proposed two
functional subsets of murine blood monocytes. One sub-
set, CXBCR1'°Gr1, is recruited to inflamed tissue where
it differentiates into dendritic cells and triggers naive
T-lymphocyte proliferation. A second subset is identified
as CX3CR1M9"Gr1~ cells, and is dependent on CX3CR1-
CXBCL1 interactions to enter noninflamed tissues. Al-
though their experimental system examined monocyte
differentiation properties after an acute inflammatory
stimulus elicited by intraperitoneal thioglycollate injec-
tion, the lungs as a comparator showed recruitment of
predominantly CX3CR1M9"Gr1~ monocytes. These
CX3CR1M9"Gr1~ monocytes serve as a precursor for
resident myeloid cells and have the capacity to differen-
tiate into dendritic cells.

In our model of chronic cigarette smoke-induced in-
flammation, the lungs demonstrated increased recruit-
ment of CX3CR1™" cells of macrophage lineage. Others
have previously shown that alveolar and lung tissue mac-
rophages exhibit high autofluorescence, in contrast to
dendritic cells.®*°° We have also noted this property of
macrophages by fluorescence microscopy. In addition,
the MAC3 antigen is a commonly used marker for mac-
rophages, both by flow cytometry®® and by immunohis-
tochemical technique.®” It has been suggested by others
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Figure 7. LPS induces CX3CR1 expression in RAW264.7 cells in vitro and in alveolar mononuclear phagocytes in vivo. A: Absence of immunostaining in RAW264.7
cells using rabbit IgG control antibody. B: CX3CR1 expression in unstimulated RAW264.7 cells. C: CX3CR1 expression in RAW264.7 cells after 24 hours of
stimulation with LPS (10 ng/ml). D: CX3CR1 expression in RAW264.7 cells after 24 hours of stimulation with LPS (100 ng/mD. E-H: CX3CR1 expression in
mononuclear phagocytes from BAL 24 hours after intratracheal instillation of stimulus. E: Absence of immunostaining with rabbit IgG control antibody. F: CX3CR1

expression after intratracheal instillation of PBS. G: CX3CR1 expression, after intratracheal instillation of CX3CL1 (1 wmol/L). H: CX3CR1 expression, after
intratracheal instillation of CX3CL1 (1 wmol/L) + LPS (0.5 mg/ml). N = 3 to 7 mice in each group, two independent experiments. Original magnifications, X100.

that CX8CR1 is a reliable marker for lung dendritic cells
and that lung macrophages do not express CX3CR1.%° In
contrast to previous findings, we show that macro-
phages, distinguished from monocytes and dendritic
cells by their autofluorescent property and the expression
of the MAC3 antigen, are CX3CR1™ in vivo.

Furthermore, Grayson and colleagues®® found that
MAC3*/CD11c™ cells in the lungs represent alveolar
macrophages that exhibit distinct scatter characteristics
from MAC3*/CD11c™ cells that represent tissue macro-
phages. Our findings show that both alveolar macro-
phages (MAC3*/CD11c™) and tissue macrophages
(MAC3*/CD11c™) expressed CX3CR1 in the lungs. The
findings in our mouse model of chronic cigarette smoke
exposure are also supported by our findings in macro-
phages from human lung tissue and from RAW264.7
cells, which both express CX3CR1.

Although macrophages orchestrate local inflammatory
processes and proteolytic destruction in lung tissue elic-
ited by exposure to chronic cigarette smoke,® evidence
also supports a role for T lymphocytes in the destruction
of lung parenchyma in the setting of COPD and emphy-
sema.® Finkelstein and colleagues® demonstrated a cor-
relation between the number of alveolar macrophages
and T lymphocytes in the lung and the severity of em-
physema. We also show increased numbers of T lympho-
cytes in the lung parenchyma of these mice after chronic
cigarette smoke exposure, and that the T lymphocytes
are CX3CR1%. CX3CR1™ T lymphocytes represent differ-
entiated effector cells that are ready to migrate into areas
with active inflammation. Recent findings also suggest
that Th1 lymphocytes expressing CCR5 and CXCRS3 are
preferentially recruited to the lungs in emphysema and

facilitate proteolytic damage by up-regulating macro-
phage elastase expression.'® This finding is intriguing
because CX3CL1 can provide an amplification circuit of
polarized type | responses.®®

Our findings suggest that other cell populations ex-
press CX3CR1 in the lung parenchyma and are in-
creased after chronic cigarette smoke exposure. Mono-
cytes, precursors to resident macrophages, likely
comprise a significant population of CX3CR1* cells that
express neither macrophage nor T cell markers. It is
possible that CD11¢c™ MAC3™ cells express CX3CR1, but
this population was sparsely present in the lung sections
examined. Given the paucity of optimal reagents, our
study was not able to determine whether CX3CR1 cell
populations in the lungs of AKR/J mice include NK cells.

In summary, we have shown that cigarette-induced
emphysema is associated with recruitment and accumu-
lation of CX3CR1™ cells in the lungs. Immunophenotyp-
ing shows that T lymphocytes and tissue and alveolar
macrophages, but not type Il pneumocytes or neutro-
phils, express CX3CR1. We also show up-regulation of
CXBCL1 gene expression in mice that develop emphy-
sema. This up-regulation is temporally associated with an
increase in CX3CR1™ cells that is sustained after 24
weeks of chronic cigarette smoke exposure. Further-
more, cigarette smoke up-regulates CX3CL1 and
CXBCR1 expression in alveolar mononuclear phagocytes
in vivo. Our data also shows that even an acute inflam-
matory stimulus such as LPS can up-regulate CX3CR1
expression in macrophages, suggesting a mechanism by
which macrophage accumulation is sustained and am-
plified during inflammatory conditions. The fact that LPS
can also up-regulate CX3CR1 expression in macro-
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phages is important because increasing evidence sup-
ports the theory of bacterial pathogens or colonizers of
the lower respiratory tract as amplifiers or modulators of
the host inflammatory response to chronic cigarette
smoke exposure.®® Finally, CX3CR1 readily identifies
macrophages in human lungs, supporting a similar pat-
tern of lineage commitment as observed in mice. The
CXBCR1-CX3CL1 interaction plays an important role in
the recruitment and activation of the mononuclear phago-
cyte system. It also mediates the rapid arrest and adhe-
sion of T lymphocytes to endothelial cells in the setting of
inflammatory stimuli. Our findings suggest that the
CXBCR1-CX3CL1 pathway may be a common signaling
pathway to recruit and amplify divergent immune cell
populations in cigarette smoke-induced inflammation.
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