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Chronic obstructive pulmonary disease (COPD) is the third leading
cause of mortality in the United States. The major cause of COPD is
cigarette smoking. Extensive leukocyte influx into the lungs,
mediated by chemokines, is a critical event leading to COPD.
Although both resident and myeloid cells secrete chemokines in
response to inflammatory stimuli, little is known about the role of
epithelial-derived chemokines, such as CXC chemokine ligand
(CXCL)5, in the pathogenesis of cigarette smoke-induced inflam-
mation. To explore the role of CXCL5, we generated CXCL5 gene—
deficient mice and exposed them to secondhand smoke (SHS) for 5
hours/day for 5 days/week up to 3 weeks (subacute exposure). We
observed a reduced recruitment of leukocytes to the lungs of
CXCL5™/~ mice compared with their wild-type (WT) counterparts,
and noted that macrophages comprised the predominant leukocytes
recruited to the lungs. Irradiation experiments performed on
CXCL5™/~ or WT mice transplanted with WT or CXCL5 ™/~ bone marrow
revealed that resident but not hematopoietic cell-driven CXCL5 is im-
portant for mediating SHS-induced lung inflammation. Interestingly, we
observed a significant reduction of monocyte chemotactic protein-1
(MCP-1/CC chemokine ligand 2) concentrations in the lungs of
CXCL5~/~ mice. The instillation of recombinant MCP-1in CXCL5 ™/~
mice reversed macrophage recruitment. Our results also show
the reduced activation of NF-kB/p65 in the lungs, as well as the
attenuated activation of C-Jun N-terminal kinase, p42/44, and p38
mitogen-activated protein kinases and the expression of intercellular
adhesion molecule-1 in the lungs of SHS-exposed CXCL5 '~ mice.
Our findings suggest an important role for CXCL5 in augmenting
leukocyte recruitment in SHS-induced lung inflammation, and pro-
vide novel insights into CXCL5-driven pathogenesis.
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Chronic obstructive pulmonary disease (COPD) is the third lead-
ing cause of death in the United States (1-3). According to recent
reports, the prevalence of COPD in the United States involves
more than 12 million, with an annual mortality of 120,000 (1-3).
COPD is an irreversible disease characterized by airway inflam-
mation (chronic bronchitis) and airspace enlargement, along with
the destruction of lung parenchyma (emphysema) (4, 5). Al-
though the molecular and cellular mechanisms that contribute
to the development of COPD are not well understood, substantial
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CLINICAL RELEVANCE

This basic investigation demonstrates the important role of
CXC chemokine ligand 5 in second-hand smoke-induced
lung inflammation.

recruitment and activation of inflammatory cells into the airspaces
and lung parenchyma has been documented in humans with
COPD and implicated in its pathogenesis (4, 5).

Cigarette smoking accounts for most of the debilitating
effects of COPD, but other environmental risk factors include
air pollution and chronic occupational exposure to various dusts
(6). Why only a small proportion (10-20% ) of smokers develops
COPD remains unclear (7). Cigarette smoke (CS) contains
more than 4,700 chemicals (8), and is a powerful inducer of
inflammatory mediators, including oxidants and proteases, that
are believed to play a major role in causing lung damage (4, 5,
9-11). In patients with COPD, neutrophils and macrophages
accumulate around small and large airways (12, 13), whereas
in murine models, CS induces neutrophil and macrophage infil-
tration into the airways and lung parenchyma (14, 15). The
macrophages are derived from circulating blood monocytes that
traffic into the lung, where they undergo differentiation and
maturation. The macrophage phagocytosis of tar in tobacco
smoke triggers the production of numerous proinflammatory
mediators that regulate a broad range of inflammatory pro-
cesses implicated in the pathogenesis of COPD (9-11).

Chemokine production is a critical step associated with leu-
kocyte accumulation in the lungs. Chemokines exert their biological
functions via binding to their receptors (16). The binding of mono-
cyte chemotactic protein-1 (MCP-1/CCL2) to its receptor CCR2
results in the recruitment of monocytes and dendritic cells (DCs) to
the lungs. CXC chemokine ligand (CXCL)1/keratinocyte-derived
chemoattractant (KC), CXCL2/macrophage inflammatory protein
(MIP)-2, and CXCL5/lipopolysaccharide-induced CXC chemo-
kines (LIX), which act via binding to CXCR2, are important
for neutrophil accumulation in the lungs (16, 17). In humans
with COPD, elevated concentrations of IL-8, CXCLS5/epithelium-
derived neutrophil-activating peptide-78 (ENA-78), and CXCL1/
growth-related oncogene (GRO)-a were detected in the lungs
(18, 19). In murine models, CS enhances the production of several
proinflammatory cytokines/chemokines, including keratinocyte-
derived chemokine (CXCL1), CXCL2, and IL-6 (17, 20).

The absence of a murine IL-8 homologue makes mice an excel-
lent model to study the contribution of chemokines to leukocyte
influx in murine lungs (16, 17, 20). In this context, keratinocyte cell—
derived chemokine (CXCL1), CXCL2, CXCLS, and lungkine
have been identified as essential neutrophil chemoattractants in
mice during lung inflammation/infection (16, 17, 20). Whereas
CXCLL1 and CXCL2 are mainly produced by myeloid cells, in-
cluding macrophages and neutrophils, lungkine is produced by
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bronchial epithelial cells (16, 17, 20). In previous studies, we
demonstrated that CXCLS5 is produced by alveolar epithelial
Type II (AEII) cells, but not by myeloid cells, in response to
LPS (21). In additional studies with specific blocking antibodies,
we demonstrated that CXCLS5 is important for inducing neutro-
phil accumulation in the lungs after LPS challenge (22). In studies
with CXCL5 ™'~ mice, we found that CXCL35 contributed to LPS-
induced, neutrophil-dependent lung inflammation (23). Despite
the potential role of CXCLS in pulmonary inflammation, the role
of CXCLS in tobacco smoke-induced lung inflammation has not
been explored, to the best of our knowledge. Although epidemi-
ological studies indicated an association between SHS exposures
and health outcomes for patients with COPD (24, 25), only a lim-
ited number of studies point to a mechanistic role for SHS in lung
inflammation.

The present study had two aims. First, we investigated the
effects of cigarette smoke extract (CSE) on CXCL5 production
by AEII cells, in vitro. Second, we studied the role of subacute
SHS exposure on CXCLS5-mediated lung responses in CXCL5 ™"~
and wild-type (WT) mice. We found that CSE induces significant
CXCLS from AEII cells. In our in vivo experiments, we observed
that subacute SHS exposure reduced macrophage numbers in the
bronchoalveolar lavage fluid (BALF) of CXCL5 '~ mice, com-
pared with their littermate control mice. We also found that
CXCLS regulates the production of CCL2 and TNF-«, the acti-
vation of NF-kB and mitogen-activated protein kinases (MAPKs),
and the expression of intercellular adhesion molecule ICAM-1 in
the lungs after SHS exposure.

MATERIALS AND METHODS

Animals

Eight- to 10-week-old CXCL5'~ and CXCL5"'* female mice on
a mixed background (C57BL/6 X 129) were used (23). All animal
studies were approved by the Louisiana State University Institutional
Animal Care and Use Committee. The mice ranged from 19-25 g in
weight.

CSE Challenge

CSE was prepared as a stock solution in DMSO containing 40 mg/ml
particulate matter and 6% nicotine. A working solution of 80 pg/ml
was prepared immediately before use (26-29). The isolation of
AEII cells (21, 30) and of bone marrow—derived macrophages (BMMs)
(31) was performed as described in previous reports. In total, 2.5 X 10°
AEII cells were maintained on a collagen/matrigel system. Both the
apical and basolateral surfaces were challenged with 80 pwg/ml CSE for
18 hours at 37°C. Bone marrow (BM) cells were differentiated using
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10%
FBS and macrophage colony-stimulating factor (M-CSF) for 7 days.
BM cells were differentiated in culture dishes by supplementing
DMEM with M-CSF on Days 3 and 5. On Day 7, BMMs were treated
with CSE.

SHS Exposure

For smoke inhalation, sidestream smoke comprised approximately
90% of SHS, and the remaining 10% consisted of exhaled mainstream
smoke (32-34). Here, sidestream smoke served as a surrogate for SHS
(32-34). A 30-port smoking machine (AMESA Technologies, Geneva,
Switzerland) generated smoke from 3R4F filtered research cigarettes
(University of Kentucky, Lexington, KY). We diluted SHS with HEPA-
filtered air to establish a steady-state suspended particle load of 10 mg/m>.
We exposed 8- to 10-week-old CXCLS5 ™'~ and CXCL5™"* mice to sub-
acute SHS (14 air changes/hour, 5 hours/day, 5 days/week, for 3 consec-
utive weeks) in 1.3-m’ stainless steel and Plexiglas dynamic exposure
chambers (71° + 1.5°F; relative humidity, 53% = 3%). Control
HEPA-filtered air exposures were performed simultaneously in adjacent
exposure chambers.

105

Instillation of Recombinant CCL2/MCP-1

CCL2™'~ mice were treated intratracheally with exogenous CCL2 (10 g/
mouse) for 1 hour before SHS exposure, and control mice were treated
with an equal volume of PBS with 0.1% BSA every day for 5 days
(1 week). After SHS exposure, BALF was collected and processed
for cellular enumeration.

BALF Collection

BALF was collected, and total and differential cell counts and cytokine/
chemokine concentrations were determined. Approximately 3 ml of la-
vage fluid were retrieved per mouse. Total leukocytes in BALF
were determined using a hemocytometer. Cytospin samples were sub-
sequently prepared from BALF cells and stained with Diff-Quik (Fisher
Scientific, Chicago, IL). Differential cell counts were determined by the
direct counting of stained slides. The remainder (2 ml) of the undi-
luted cell-free BALF was passed via a 0.22-um filter and used im-
mediately, or stored at —80°C (21, 31).

Bone Marrow Transplantation

Donor and recipient mice (6-8 wk old) were used to generate chimeras, as
described earlier (30, 31). We found that more than 90% of blood leu-
kocytes were derived from donor mice at the time the mice were used for
experiments (data not shown). Irradiated mice that were not transplanted
with donor cells died between Days 19 and 24 after transplantation (data
not shown).

Cytokine and Chemokine Determination

BALF and lung homogenates were prepared in a similar manner as de-
scribed in our previous studies (21, 35). Concentrations of CXCL1 and
CXCL2 were quantified using ELISA kits from R&D Systems, Inc.
(Minneapolis, MN). The minimum detection limit in each case was
8 pg/ml cytokine protein (21, 35).

NF-xB DNA Binding Assay

Nuclear proteins were extracted from 50-80 mg lung tissue collected from
mice after 1, 2, and 3 weeks of SHS exposure. In total, 7.5 g of nuclear
extract were used as described in our earlier studies (31, 35, 36).

Western Blotting

Lungs were collected at designated time points, and the lung homoge-
nates were used for immunoblotting, as described earlier (36, 37). All
primary antibodies (Abs) were used at a 1:1,000 dilution except for
total p38 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
were used at a 1:5,000 dilution, whereas secondary Abs were used at
a dilution of 1:2,000. Blots were stripped and reprobed with an Ab
specific for GAPDH or total p38. The intensity of immunoreactive
bands was determined using gel digitizing software (UN-SCAN-IT
gel; Silk Scientific, Inc., Orem, UT).

Statistical Analysis

Data are expressed as mean = SE. Data were analyzed by ANOVA,
followed by Bonferroni post hoc analysis. The experiments were re-
peated at least three times. All statistical calculations were performed
using Stat software and GraphPad Prism 4.0 (GraphPad Software Inc.,
San Diego, CA). Differences were considered statistically significant at
*P < 0.05 when compared with controls.

RESULTS

CSE Induces CXCL5 Expression in AEll Cells but
Not Macrophages

In previous studies, we reported that AEII cells are the predom-
inant source of CXCLS5 in the lungs during LPS-induced inflamma-
tion (21). Because tobacco smoke exposure also induces lung
inflammation, we first asked whether CSE can induce significant
CXCLS in AEII cells maintained on a collagen/matrigel substrate.
Using ELISA, we found that CSE-stimulated AEII cells produce
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Figure 1. Expression of the chemokines CXC chemokine ligand (CXCL)5/
lipopolysaccharide-induced CXC chemokine (LIX), CXCL1/keratinocyte-
derived chemokine (KC), and CXCL2/macrophage inflammatory pro-
tein (MIP)-2 in the culture media of wild-type (WT) alveolar Type I
epithelial cells (A) and bone marrow-derived macrophages (B) after
cigarette smoke extract (CSE) stimulation (80 wg/ml) in vitro. Experi-
ments were performed in triplicate wells (n = 3-4 mice/group). *P <
0.05, compared with DMSO control. ND, not detected.

approximately 4-fold more CXCLS than DMSO-exposed control
cells (Figure 1A). The CSE-exposed AEII cells also produced
approximately twofold more CXCL1 and CXCL2 than did con-
trol cells (Figure 1A). Although CSE-treated bone marrow—
derived macrophages produce increased amounts of CXCL1
and CXCL2 in response to CSE (80 pg/ml), these cells did not
produce detectable CXCLS (Figure 1B).

CXCL5 Deficiency Causes Reduced Macrophage Recruitment
to the Lungs in Response to SHS Exposure

Next, we examined whether exposure to SHS can increase con-
centrations of CXCLS5 in the lung. We found that SHS exposure
significantly increased CXCLS concentrations in the BALF (Fig-
ure 2A) and lung homogenates (Figure 2B) of WT mice. To
determine the requirements of CXCLS in cellular recruitment,
we exposed CXCL5~'~ and WT control mice to subacute SHS
(10 mg/m>). Groups of mice were killed at the end of 1 week,
2 weeks, or 3 weeks after exposure. We found reduced leuko-
cyte recruitment to the lungs of CXCL5 '~ mice compared with
their WT counterparts (Figure 2C). All of the recruited cells
were macrophages (Figure 2C).

Resident Cell-Derived CXCL5 Is Important for Macrophage
Recruitment to the Lungs after SHS Exposure

Because we observed reduced macrophage numbers in CXCL5™/~
mice, we next determined whether this effect was attributable to
myeloid cell-driven or resident cell-driven CXCLS5. To identify
the cell types responsible for the production of CXCLS in the
lungs, bone marrow chimeras were generated by radioablation,
reconstituted with bone marrow cells obtained from WT and
CXCLS5™"~ mice, and transplanted mice were exposed to SHS.
We observed reduced macrophage numbers in CXCL5 ™/~ mice,
irrespective of whether donor bone marrow transplantations were
derived from CXCL5~'~ or WT mice (Figure 2D). These findings
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Figure 2. CXCL5 concentrations in bronchoalveolar lavage fluid (BALF)
(A) and lungs (B) after secondhand smoke (SHS) exposure. WT (C57BI/
6) mice were exposed to SHS or HEPA-filtered air, and BALF and
lung homogenates were used to detect CXCL5 concentrations by
sandwich ELISA (n = 4-5 mice/group; P < 0.05). (C) Total leukocyte/
macrophage numbers in the lungs of CXCL5™/* and CXCL5™/~ mice
upon cigarette smoke exposure. Mice were exposed to HEPA-filtered
air—diluted SHS (10 mg/m? for 5 hours/day/week) for up to 3 weeks.
Control animals were exposed to HEPA-filtered air. At the end of each
week, CXCL57/~ and WT mice were killed to determine the number
of cells recruited to the lungs, and to perform further analyses as
described in MATERIALSs AND METHODS. For cellular enumeration, lungs
were lavaged, and the BALF was obtained at 1, 2, and 3 weeks
after exposure (n = 8 mice/group; P < 0.05). (D) Total leukocyte/
macrophage numbers in the airspaces of bone marrow chimeras of
CXCL5™* (WT) and CXCL5/~ (knockout; KO) mice after smoke ex-
posure (n = 6-8 mice/group.) WBC, white blood cells. *P < 0.05,
compared with CXCL5™/~ mice.

demonstrate that the CXCLS produced by resident lung (structural)
cells is important for macrophage recruitment to the lungs after
SHS exposure.

To determine whether CXCLS regulates the expression of
other cytokines/chemokines after SHS exposure, we determined
the concentrations of TNF-«, CCL2 IL-6, CXCL1, and CXCL2
in BALF after subacute SHS exposure. We observed decreased
TNF-a expression in the BALF of CXCL5 ™'~ mice at the end
of the second and third weeks of SHS exposure, compared with
WT controls (Figure 3). Furthermore, CCL2 concentrations
were reduced in the CXCL5/~ mice after the first, second,
and third weeks of SHS exposure when compared with SHS-
exposed WT control mice. However, IL-6, CXCL1, and CXCL2
concentrations were not significantly altered in CXCL5 ™'~ mice
after SHS exposure (Figure 3).

CCL2 Regulates Macrophage Recruitment
in a CXCL5-Dependent Manner

Because we observed reduced macrophage numbers in BALF
associated with reduced CCL2 concentrations in CCL2 ™/~ mice,
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Figure 3. Cytokine and chemokine concentrations in the lungs after ciga-
rette smoke exposure for up to 3 weeks. Mice were exposed to cigarette
smoke, and cell-free BALF was used to determine concentrations (pg/ml) of
TNF-a, CCL2, IL-6, CXCL1, and CXCL2 by sandwich ELISA. Asterisks indi-
cate a significant difference between CXCL5*/* and CXCL5™/~ mice (n= 8
mice in each group at each time-point). MCP-1, monocyte chemotactic
protein-1. P < 0.05.
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Figure 4. Effects of exogenous CCL2 on macrophage influx in the lungs
of CXCL5™/~ mice after SHS exposure. Cellular infiltration was evident
in airspaces at 1 week after SHS exposure with MCP-1 (10 wg/mouse)
or vehicle (BSA) control. Macrophage influx in BALF from CXCL5 ™/~ or
WT mice infected with administration of CCL2 or vehicle (BSA), fol-
lowed by SHS exposure. For all experiments, n = 5—8 mice/group.
*P < 0.05, compared with BSA-—administered mice.

we wanted to determine whether CCL2 treatment can rescue
macrophage influx after SHS exposure. In this regard, we treated
CXCL57'~~ mice intratracheally with 10 wg CCL2, 1 hour be-
fore SHS exposure. We observed that intrapulmonary CCL2 re-
stored macrophage recruitment to the lungs in response to SHS
exposure (Figure 4).

CXCLS5 Regulates Activation of NF-xB and MAPK
and Expression of ICAM-1 after SHS Exposure

The expression of cytokines and chemokines involves the activa-
tion of transcription factors and MAPKs (38, 39). Because NF-«B
and MAPKSs play a critical role in the expression of proinflam-
matory mediators in response to multiple stimuli (17, 40), we
examined the activation of NF-kB and MAPKs in whole-lung
homogenates after SHS exposure. We observed a decreased
activation of NF-kB after 1 and 2 weeks of SHS exposure in
CXCL5"'" mice, whereas IKBa concentrations were increased
every week in CXCL5 ™'~ mice compared with control mice
(Figures SA and 5B). Furthermore, the activation of p38, C-Jun
N-terminal kinase, and P42/44 (extracellular regulated kinase)
MAPKs was reduced in CXCL5 '~ mice after 2 and 3 weeks of
SHS exposure (Figure 6A). Moreover, ICAM-1 up-regulation,
unlike that of VCAM-1, was decreased after 1 week of SHS
exposure in the lungs of CXCL5 '~ mice, compared with their
littermate control mice (Figure 6B).

DISCUSSION

Acute and chronic inflammation in the lungs results from exposure
to cigarette smoke, chemicals, and infections. Cigarette smoke—
induced inflammation of the airways and lung parenchyma can
lead to chronic lung diseases in humans, including COPD (4, 5).
Currently, no specific therapies are available to treat underlying
causes of COPD, but treatments are available to help reduce
symptoms. It is therefore critical to understand the role of inflam-
matory mediators involved in the pathogenesis of COPD, to de-
fine better therapies.

CS exposure initiates the infiltration of inflammatory cells
into the airways and lung parenchyma, which eventually destroys
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Figure 5. Activation of NF-kB in whole-lung homogenates after smoke
exposure in CXCL5™/~ mice. (A) Nuclear lysates from CXCL5™/~ mice
and control mice were prepared at 1, 2, and 3 weeks after smoke
exposure. The NF-kB binding assay was performed in nuclear extracts
from the lungs. OD, optical density. (B) Lung homogenates were pre-
pared and total protein from lungs was resolved on an SDS-PAGE, and
the membranes were blotted with antibodies against the activated/
phosphorylated form of NF-kB and mitogen-activated protein kinases
(MAPKs), as described in MATERIALS AND METHODS. Upper panel in B: Blots
are representative of three independent experiments with identical
results. Lower panel in B: Relative densities, normalized against glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH), are representative of
three independent blots/experiments. For experiments in both A and
B, n = 5-6 mice/group; *P < 0.05, compared with CXCL5 ™/~ mice.

alveolar structure and function, resulting in COPD and emphysema.
Of the mechanisms associated with inflammation in the lungs, the
most important is the successful recruitment of leukocytes from
the blood. Numerous innate and adaptive immune cells, such as neu-
trophils, macrophages, dendritic cells, and CD8 lymphocytes, were
implicated in the pathogenesis of COPD (4, 13, 41). Both macro-
phage and neutrophil numbers were reported to be substantially
increased in the BALF and sputum of patients with COPD, which
correlates well with the severity of COPD (42—44). In a murine
model of lung inflammation, the role of macrophages and neutro-
phils in the pathogenesis of emphysema is well documented (45-47).

Cellular recruitment to the lungs is tightly regulated by the pro-
duction of chemokines. Chemokines have a complex network of
signaling that can be redundant, synergistic, or antagonistic (38—
40). In humans and mice, monocytes can be recruited from the
circulation to the alveoli by monocyte chemoattractants, such as
CCL2, whereas neutrophil recruitment can be regulated by CXC
chemokines (4, 12, 48). In humans, chemokines involved in neu-
trophil chemotaxis include IL-8; neutrophil-activating peptide-2,
GRO-a, GRO-B, GRO-y, ENA-78, and granulocyte chemotactic
protein-2 (4, 48, 49).

Regarding chemokines in mice, the murine homologue of hu-
man ENA-78 is CXCLS5/LIX. CXCLS is produced by alveolar

Type 11 epithelial cells in response to LPS exposure (21). When
alveolar Type II cells were exposed to CS, an enhanced ex-
pression of CXCLS/LIX was observed, as compared with the
expression of other potent lung chemokines such as CXCL1 and
CXCL2. In addition, SHS exposure enhanced the expression of
CXCLS in the airways and lung parenchyma. These findings
suggest that CXCLS5 can play an important role in the patho-
genesis of CS-induced airway inflammation and emphysema. To
understand the role of CXCLS5/LIX further, we generated
CXCL5'~ mice and exposed them to a subacute dose of SHS
(for up to 3 weeks). Our data demonstrate that CCL2 concen-
trations and macrophage numbers were significantly reduced in
the lungs of CXCL5™'~ mice. The reduction of macrophage
numbers can be attributed to either (decreased) direct chemo-
taxis or indirectly, via the reduced CXCL5-dependant induction
of proinflammatory mediators such as CCL2. Circulating mono-
cytes express CXCR2, the receptor for CXCL5/LIX (4). Our
findings demonstrate that the inefficient recruitment of mono-
cytes in the lungs of CXCLS5 ™'~ mice is caused by CXCLS5 de-
ficiency. These data support the direct and indirect roles of
CXCLS in monocyte recruitment to the lungs, via the regulation
of CCL2 expression during SHS exposure.

Numerous studies demonstrated that the exposure of mice to
environmental tobacco smoke (ETS) (TSP = 60-120 mg/m°)
(Teague Smoke Machine, Woodland, CA) induces the infiltration
of as much as 85-95% of the cell population as macrophages into
the lungs of mice (46, 50, 51). However, mainstream cigarette
smoke exposure (TSP = 250-300 mg/m®) was shown to induce
the infiltration of inflammatory cells, predominantly neutrophils,
into the lungs of mice (52, 53). These studies suggest that the
method of CS exposure determines the type of inflammatory cell
population in the lungs. In the present study, we exposed WT and
CXCL5™'~ mice to ETS (11% mainstream smoke and 89% air;
TSP = 10 mg/m°), using a 30-port smoking machine (AMESHA
Technologies, Geneva, Switzerland) for 5 hours/day, 5 days/week,
up to 3 consecutive weeks. BAL cell count analysis revealed the
presence of macrophages in the lungs upon SHS exposure. The
present findings are consistent with our earlier reports (29-31) as
well as with other studies using ETS exposure (46, 50, 51). Inter-
estingly, the increased infiltration of macrophages into the lungs
is clearly associated with the enhanced production of the
macrophage-attracting chemokine, CCL2, in the lungs of CS-
exposed WT mice in a CXCL5-dependent manner. Nevertheless,
the exposure of mice to ETS did not significantly induce the
expression of neutrophil chemoattractants (CXCL1/KC and
CXCL2/MIP-2), which could explain the absence of neutrophils
in the lungs of cigarette smoke-exposed mice.

TNF-a, in concert with other cytokines and chemokines, can
promote the generation of reactive oxygen species, elastase, and
matrix metalloproteases, which can impose serious lung damage
(4, 54, 55). Concentrations of TNF-«a are increased in the lungs
when neutrophils or macrophages are recruited from the blood-
stream during inflammation (41, 56-58). In agreement with
these findings, a significantly inhibited SHS-induced production
of TNF-a (although at a low concentration) was observed in
CXCL5™'~ mice, which exhibited reduced leukocyte recruit-
ment. In this regard, a previous study showed that mice lacking
TNF-a receptors and exposed to mainstream smoke displayed
fewer neutrophils and macrophages (57).

During infection and inflammation in the lungs, both bone mar-
row and resident cells produce proinflammatory mediators (17,
40). Our present data suggest that hematopoietic cells produce
neutrophil chemoattractants, such as CXCL1 and CXCL2,
whereas resident cells produce the neutrophil chemoattractants
LIX and lungkine. The present study reveals that CXCLS de-
rived from resident cells is essential for CS-induced macrophage
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recruitment to the lungs. MyDS88, derived from hematopoietic
cells, was previously shown to be more important for the LPS-
induced production of TNF-a and IL-12p40 (59), although both
hematopoietic cell-derived and resident cell-derived MyD88 are
essential for LPS-induced neutrophil influx (60-62). Similarly, we
demonstrated that both hematopoietic cell-derived and resident
cell-derived myeloid differentiation protein-2 is essential to
induce neutrophil influx after Escherichia coli-induced inflamma-
tion (30). In additional studies, we showed that both hematopoietic
and resident cells are important for CXCL1-induced neutrophil
accumulation in the lungs in response to Klebsiella pneumoniae—
induced inflammation (31).

The expression of cytokines and chemokines require the ac-
tivation of MAPKSs and multiple transcription factors (17, 40). In
this study, we explored whether CXCLS5 regulates the expres-
sion and activation of NF-kB, a well-studied transcription factor
that regulates the expression of inflammatory cytokines and
chemokines (17, 40). Our data suggest that CXCL5 does play
a role in regulating NF-kB expression in the lungs, and NF-xB
activation was induced in lungs after 1 and 2 weeks of smoke
exposure in WT mice, but such activation was defective in the
knockout mice. The other important observation regarding lung
inflammation in our study involves the activation of MAPKs,
which was found to be regulated by CXCLS5 during the second

(P) p38 MAPK

exposure in CXCL5~/~ mice. Total proteins in the lungs of
CXCL5™/~ mice and control mice were isolated and re-
solved on an SDS-PAGE, and the membranes were blotted
with the antibodies against activated/phosphorylated or
inactive forms of MAPKs, as described in MATERIALS AND
MeTHODs. Above: Representative of three separate experi-
ments with identical results. Below: Relative densities were
normalized against total p38 MAPK, and are represen-
tation of three different blots. Circled “P” indicates
phosphorylated form of the protein. (B) Expression of
intercellular adhesion molecule (ICAM)-1 and vascular cell
adhesion molecule (VCAM)-1 in the lung homogenates
after subacute smoke exposure. The lungs were homoge-
nized, and total proteins were resolved on SDS-PAGE gel
and transferred onto a nitrocellulose membrane. The
membranes were blotted with antibodies against ICAM-1,
VCAM-1, and GAPDH. This blot is representative of three
separate blots with identical results. Below: Densitometric
analysis was performed in three blots to demonstrate the
expression of ICAM-1 and VCAM-1. For experiments in both
panels, n = 4-6 mice/group. *P < 0.05, compared with
CXCL5™/~ mice.

*

and third weeks of smoke exposure. These results bring up the
speculation that NF-kB is important for early cellular recruit-
ment, and that MAPKSs are important for subsequent cellular
influx. These findings are consistent with previous reports indi-
cating that the activation of NF-kB and MAPKs in the lungs
occurs at different concentrations of mainstream smoke expo-
sure (63, 64). However, our findings are the first, to the best of
our knowledge, to show the regulation of NF-kB and MAPKs
by CXCLS in the lungs during SHS exposure. Because CXCR2
is expressed on both myeloid and resident cells in the lungs, the
activation of NF-kB and MAPKs by CXCLS5 likely occurs via
both autocrine and paracrine mechanisms.

Leukocyte sequestration within capillaries and migration into
lung parenchyma and eventually to the alveolar spaces during in-
flammation constitute a multistep process that involves leukocyte
stiffening, retention in the capillaries, firm adhesion, and migration
into the alveolus (17, 40). The expression of cell adhesion mole-
cules on endothelial venules is critical in leukocyte recruitment
(17). Leukocytes bind to ICAM-1, E-selectin, and VCAM-1,
expressed on endothelial venules (17, 40). In particular, VCAM-1
and ICAM-1 are inducible in endothelia by LPS and other in-
flammatory mediators, such as TNF-a (17, 38, 39). We also ob-
served that CXCL5 ™'~ deficiency in mice resulted in a reduced
SHS-induced expression of cellular adhesion molecule ICAM-1.
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We conclude that CXCLS5-dependent signaling cascades are
essential for the recruitment of macrophages to the lungs upon
subacute SHS exposure. Our results suggest that the interaction
of CXCLS with its receptor CXCR?2 leads to CS-induced pulmo-
nary inflammation via the activation of NF-kB and MAPK and
the expression of ICAM-1. The specific targeting of CXCL5
may be a feasible option to attenuate excessive macrophage
recruitment to the lung during SHS-induced lung inflammation.
However, future studies are warranted to determine the effects
of CXCLS5 in chronic SHS-induced emphysema.
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