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Abstract

Heightened lung inflammation is a cardinal feature of chronic
obstructive pulmonary disease (COPD). Cigarette smoke (CS)-
induced macrophage recruitment and activation, accompanied by
abnormal secretion of a number of inflammatory cytokines and
matrix metalloproteinases, play a major role in the pathophysiology
of COPD. The Fos-related antigen-1 (Fra-1) transcription factor
differentially regulates several cellular processes that are implicated
in COPD, such as inflammation and immune responses, cell
proliferation and death, and extracellular remodeling. Although
CS stimulates Fra-1 expression in the lung, the precise role of
this transcription factor in the regulation of CS-induced lung
inflammation in vivo is poorly understood. Here, we report that
myeloid-specific Fra-1 signaling is important for CS-induced lung
macrophagic inflammatory response. In response to chronic CS
exposure,micewithFra-1 specifically deleted inmyeloid cells showed
reduced levels of CS-induced lung macrophagic inflammation,
accompanied by decreased expression levels of proinflammatory
cytokines compared with their wild-type counterparts. Consistent
with this result, bone marrow–derived Fra-1–null macrophages
treated with CS showed decreased levels of proinflammatory
mediators and matrix metalloproteinases. Interestingly, deletion of

Fra-1 in myeloid cells did not affect the severity of emphysema. We
propose that Fra-1 plays a key role in promoting chronic CS-induced
lung macrophagic inflammation in vivo, and that targeting this
transcription factor may be useful in dampening persistent lung
inflammation in patients with COPD.
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Clinical Relevance

Persistent macrophagic inflammation in the smoker’s lung has
been implicated in the development and perpetuation of
chronic obstructive pulmonary disease (COPD). Here, we
demonstrate, using a tissue-specific knockout model, that Fos-
related antigen-1 (Fra-1) transcription factor signaling in
myeloid cells plays a key role in promoting chronic cigarette
smoke–induced lung macrophagic inflammation in vivo.
Thus, either depletion or inhibition of Fra-1 activity may be
useful in dampening lung inflammation in patients with
COPD.

Chronic obstructive pulmonary disease
(COPD) is the fourth leading cause of
chronic morbidity and mortality in the
United States, and is projected to rank fifth
in 2020 in burden of disease worldwide. The

disease is characterized by chronic
inflammation of peripheral and central
airways, increased thickness of airway walls,
and destruction of alveolar septa, ultimately
leading to the destruction of the alveolar

walls (1). Although cigarette smoking is
a major risk factor for COPD, the exact
mechanism(s) underlying cigarette smoke
(CS)-induced lung inflammation and
emphysema is not yet fully understood and
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remains an area of intensive investigation.
Macrophage recruitment and activation play
a significant role in the pathogenesis of CS-
induced COPD (2). They accumulate in the
alveoli and bronchiolar and small airways
and mediate inflammatory responses to CS.
Accumulation of macrophages is frequently
observed in the bronchiolar region of the
lungs in smokers and patients with COPD
(3). CS has been postulated to induce the
expression of chemotactic factors in alveolar
epithelial cells, which then recruit
inflammatory cells, including macrophages,
neutrophils, and lymphocytes (4).
Macrophage recruitment and activation in
the lung after CS exposure can lead to
the secretion of various proinflammatory
cytokines that are known to contribute
to the chronic inflammation observed
in patients with COPD (5). In addition,
macrophages also express and secrete matrix
metalloproteinases (MMPs), which, in turn,
remodel the extracellular matrix (ECM),
leading to the development of emphysema
(6). Although an important role for various
transcription factors, such as NF-kB (7) and
Nuclear factor (erythroid-derived 2)-like 2
(Nrf2) (8), in the regulation of COPD
pathogenesis has been established using
genetic models, the exact role of the activator
protein-1 (AP-1) family of proteins in the
regulation of CS-induced lung inflammation
and emphysema remain poorly understood
in vivo.

The dimeric AP-1 complex, composed
of Jun (c-Jun, Jun-B, and Jun-D), Fos (c-Fos,
Fos-B, Fos-related antigen-1 [Fra-1], and
Fra-2), and activating transcription factor
(ATF) family members distinctly regulates
gene expression in a context-dependent
manner (9, 10). AP-1 family member
activation is modulated by CS and is
associated with CS-triggered chronic
inflammation in rodents (11–14). However,
their contribution to promoting or
attenuating the production of inflammatory
mediators in response to chronic CS is
unclear. We have recently shown that
alveolar epithelium–specific c-Jun/AP-1
plays a protective role in CS-induced
emphysema (15). Fra-1 (also referred as
Fos-like antigen 1 [Fosl1]) is known to
modulate the transcriptional response
initiated by Jun/AP-1 (16). Previously, we
have reported the induction of Fra-1 by CS
in bronchial epithelial cells, mainly at the
transcription level (13). Elevated levels of
Fra-1 expression have been reported in
the lungs of mice that had developed

emphysema after exposure to CS (17),
but the exact role of Fra-1 in mediating
CS-induced lung inflammatory responses
and other changes associated with the
development of COPD are not known
in vivo. Given the important role played by
macrophage recruitment and activation in
mediating CS-induced responses in COPD,
we sought to determine the role of Fra-1/
AP-1 signaling in mediating macrophage-
specific lung inflammatory responses
induced by CS. Using a mouse model with
a deletion of Fra-1 in myeloid cells, we
now provide evidence that Fra-1/AP-
1–mediated signaling in macrophages plays
an obligatory role in promoting CS-induced
lung inflammatory responses, but not
emphysema, in vivo.

Materials and Methods

See the online supplement for additional
details on methods.

Mice
Mice bearing “floxed” alleles of Fra-1
(Fra-1F/F) on a C57BL6J/129 background
(18) were obtained from Erwin Wagner
(Spanish National Cancer Research Centre,
Madrid, Spain) and crossed with LysM2-
Cre mice on a C57BL/6J background
(Jackson Laboratory, Bar Harbor, ME). Fra-
1F/F and Meox-Cre (Jackson Laboratory)
mice were cross-bred to generate Fra-
1–null (Fra-1D/D) mice, as detailed
elsewhere (18).

CS Exposure
Mice (8–10 wk old) were exposed to room
air (RA) or CS for 5 h/d, 5 d/wk for
6 months, as described previously (9) under
the animal protocol approved by the Animal
Care and Use Committee at the Johns
Hopkins University (Baltimore, MD). Cell
cultures were treated with CS condensate
(CSC) at a final concentration of 100 mg/ml.

Isolation of Bone Marrow–Derived
Macrophages and Lung Alveolar
Macrophages
Bone marrow–derived macrophages
(BMDMs) and alveolar macrophages
(AMfs) were isolated and cultured using
standard methods.

Lung Morphological Measurements
Lungs were inflated with 0.8% low-melting
agarose at 25–30 cm water pressure, and

fixed in 1.5% paraformaldehyde. The left
lung was cut into three sections (2 to 3 mm
thick) and embedded in paraffin. Sections
(5 mm thick) were cut and stained with
hematoxylin and eosin. The slides were
numbered and coded blind, and
representative images (15 per lung section)
were acquired with a DXM1200 digital
camera (Nikon, Tokyo, Japan) at 103
magnification. The mean linear intercept
(Lm) and alveolar surface was measured
using computer-assisted morphometry with
NIS-Elements imaging software (Nikon,
Melville, NY) (19).

Assessment of Lung Inflammation
Bronchoalveolar lavage (BAL) fluid was
collected from the right lung by instilling
twice with 0.75 ml of sterile PBS. The left
lung was used for RNA extraction or fixed in
formalin for histologic examination. Cells
from the BAL fluid were centrifuged and
total inflammatory cells were counted using
a hemocytometer. Differential cell counts
were determined by staining with the Diff-
Quick Stain Set (Dade-Behring, Newark,
DE).

Cytokine Analysis
Cytokine levels in cell-free BAL fluid samples
or cell culture supernatants were measured
using a milliplex mouse cytokine assay
system (Millipore, Billerica, MA), and the
values were expressed as picograms per
milliliter of the BAL fluid or per milliliter of
cell culture supernatant.

Quantification of MMP-12
MMP-12 levels in cell-free BAL fluid
samples from the mice were quantitated
using a mouse MMP-12 PicoKine ELISA kit
(Boster-Immunoleader, Pleasanton, CA),
and expressed as picograms per milliliter of
BAL fluid.

Real-Time RT-PCR Analyses
Total RNA was isolated and real-time
RT-PCR was performed using TaqMan
assays (Applied Biosystems, Carlsbad, CA)
and SYBR green gene expression assays
using gene-specific primers.

Statistical Analysis
Data were expressed as means 6 SD.
Student’s two-tailed t test was used to
determine the significant differences
between various experimental groups.
P values of 0.05 or less were considered
statistically significant.
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Results

Generation of Mice with Specific
Deletion of Fra-1 in Myeloid Cells
To determine the role of macrophage-
specific Fra-1/AP-1 signaling in CS-induced
lung inflammation and emphysema, we
generated mice with a specific deletion of
Fra-1 in the myeloid cell lineage, which
includes monocytes, mature macrophages,
and granulocytes. Mice bearing “floxed”
alleles of Fra-1 (Fra-1F/F; C57BL6/129
background) were crossed with mice
bearing LysM2-Cre to generate mice
heterozygous for Fra-1 floxed alelle and
LysM2-Cre (Fra-1F/wtLysM2-Cre mice).
These mice were then back-crossed to the
parental Fra-1F/F mice to obtain mice
homozygous for Fra-1 “floxed” alleles and
bearing LysM2-Cre (Fra-1D/DLysM mice;
Figure 1A). Fra-1F/F mice not expressing
LysM2-Cre (Fra-1F/F mice) were used as
controls. Mice were genotyped using tail
DNA for the presence of Fra-1 “floxed”
and Cre alleles (Figure 1B). Deletion of
Fra-1 in macrophages was confirmed by
genotyping DNA isolated from BMDMs
for the presence of Fra-1 and Cre alleles
(Figure 1C). BMDMs were also treated with
CSC for 90 minutes and Fra-1 expression

was analyzed by quantitative RT-PCR
(Figure 1D). CSC stimulated Fra-1
messenger RNA (mRNA) expression in
wild-type (Fra-1F/F) BMDMs. As expected,
Fra-1 expression was markedly lower in
Fra-1D/DLysM (henceforth macrophages
isolated from Fra-1D/DLysM mice and treated
in vitro are referred as Fra-1D/D) BMDMs,
and furthermore, it was not induced by
CSC. c-Fos and c-Jun expression modestly
increased and decreased, respectively, in
both cell types in response to CSC
(Figure 1D).

Deletion of Fra-1 Reduces
CS-Induced Inflammatory Mediator
Expression in Macrophages In Vitro
We next analyzed proinflammatory
cytokine expression in BMDMs isolated
from Fra-1F/F and Fra-1D/DLysM mice and
treated with CSC for 6 hours. There was
a significant increase in macrophage
inflammatory protein (MIP)-1a, MIP-2a,
IL-6, and TNF-a mRNA expression in
Fra-1F/F BMDMs treated with CSC as
compared with vehicle-treated controls
(Figure 2A). In contrast, the induction of
these inflammatory cytokines was not
observed in Fra-1D/D BMDMs treated with
CSC. IL-1b and keratinocyte-derived

chemokine (KC) mRNA expression was not
induced by CSC in either cell type at the
time point tested (see Figure E1 in the
online supplement). Culture supernatants
from these CSC-treated BMDMs were
also collected and cytokine levels were
measured using a multiplex ELISA assay
(Figure 2B). Levels of macrophage
colony–stimulating factor (MCSF) and
IL-1b were significantly increased in
Fra-1F/F BMDMs, but not in Fra-1D/D cells.
Likewise, we found an increased secretion
of monocyte chemoattractant protein
(MCP)-1, KC, IFN-g, and TNF-a in
Fra-1F/F but not Fra-1D/D BMDMs after
CSC treatment. CSC modestly increased
IL-10 levels in Fra-1F/F BMDMs, but
it was undetectable in their Fra-1D/D

counterparts. These results suggest an
important role for Fra-1 in the regulation
of CS-stimulated inflammatory responses
by macrophages.

Fra-1 Regulates CS-Induced ECM
Gene Expression in Macrophages
CS stimulates the expression of MMPs,
which, in turn, degrade the components
of the ECM, such as collagen and elastin,
and contribute to the development and
progression of emphysema (6, 20). As
macrophages produce MMPs and tissue
inhibitors of metalloproteinases (TIMPs)
(21), we evaluated whether Fra-1 modulates
their expression by CSC in BMDMs. CSC
significantly increased MMP-1a, MMP-1b,
and MMP-9 expression in Fra-1–sufficient
(Fra-1F/F) BMDMs, but this induction
was not observed in Fra-1–deficient
(Fra-1D/D) BMDMs (Figure 3). CS markedly
stimulated MMP-12 expression in both
Fra-1F/F and Fra-1D/D BMDMs (Figure 3);
however, the magnitude of induction was
significantly lower in Fra-1D/D BMDMs
than in their Fra-1F/F counterparts. CSC did
not increase the expression levels of MMP-2,
MMP-3, and TIMP-1 in both Fra-1F/F and
Fra-1D/D BMDMs (Figure E2). TIMP-2
expression was significantly decreased in
both groups of cells after treatment with
CSC. These results suggest that Fra-1
regulates CS-induced MMP-1, MMP-9, and
MMP-12 expression in macrophages.

Disruption of Fra-1 in Myeloid Cells
Reduces Chronic CS-Induced Lung
Inflammation and MMP Levels In Vivo
Given the importance of macrophages in
mediating CS-induced inflammatory
responses in the lung, we were interested in
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Figure 1. Generation of mice lacking Fos-related antigen-1 (Fra-1) in myeloid cells. (A) Schematic
representation showing generation of mice with a deletion of Fra-1 in cells of the myeloid lineage
(Fra-1D/DLysM mice). (B and C) PCR amplification of genomic DNA isolated from tails (B) and bone
marrow–derived macrophages (BMDMs) (C) of wild-type (WT), Fra-1F/F, and Fra-1D/DLysM mice.
Upper panels show amplification of Fra-1 wild-type (Fra-1 wt), Fra-1F/F, and deletion bands of Fra-1
(Fra-1D/D), and lower panels show that of Cre. (D) Quantitative RT-PCR (qRT-PCR) analysis of Fra-1,
c-Fos, and c-Jun expression in BMDMs isolated from Fra-1F/F and Fra-1D/DLysM mice after treatment
with vehicle or cigarette smoke condensate (CSC) for 6 hours. Data are expressed as mean 6 SD.
*P, 0.05 vehicle versus CSC.
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determining the role of macrophage-specific
Fra-1 signaling in mediating CS-induced
inflammatory responses. Fra-1F/F and
Fra-1D/DLysM mice were exposed to CS or
RA for 6 months, after which lungs were
fixed or lavaged for BAL fluid collection to
measure lung injury and inflammation,
respectively. As anticipated, chronic CS
elicited lung inflammation accompanied
predominantly by macrophagic infiltration
in the lungs of Fra-1F/F and Fra-1D/DLysM

mice (Figure 4). However, CS-induced
lung macrophagic inflammation was
significantly reduced in Fra-1D/DLysM

mice as compared with their Fra-1F/F

counterparts. We found no difference in the
number of neutrophils between the two
genotypes exposed to CS.

To determine if the reduction in
macrophage recruitment coincided with
a reduction in inflammatory cytokine
expression, we quantitated cytokine levels in
the BAL (cell-free) fluid. We observed
elevated levels of MIP-1a, MIP-1b, IL-12
(p40), and MIP-2a in BAL fluids of both
Fra-1F/F and Fra-1D/DLysM mice as
compared with their respective RA controls
(Figure 5A). However, their levels in the
lungs of Fra-1D/DLysM mice were markedly
lower than in their wild-type counterparts.
In contrast, we did not find significant
differences in CS-induced KC, IL-13, and
transforming growth factor-b1 levels
between Fra-1F/F and Fra-1D/DLysM mice
(Figure E3). Levels of MCSF were also
elevated in BAL fluid from smoke-exposed

Fra-1F/F mice, although it was not
detectable in their respective RA controls.
On the other hand, MCSF was not
detectable in BAL fluid from RA and
smoke-exposed Fra-1D/DLysM mice. An
increase in the levels of IL-10 was observed
in Fra-1F/F mice exposed to CS, but its
levels in the BAL fluid from Fra-1D/DLysM

mice exposed to RA or CS were below the
detection limits of the multiplex ELISA
assay (Figure 5B). IFN-g levels were
similarly increased in both genotypes
exposed to CS (Figure 5B). The levels of
MCP-1, IL-6, TNF-a, IL-1b, and IL-12
(p70) were found to be largely undetectable
in the BAL samples of both genotypes (data
not shown). These results demonstrate
that myeloid-specific Fra-1 regulates
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Figure 2. Effect of Fra-1 deletion on CS-induced inflammatory mediator expression in BMDMs. BMDMs isolated from Fra-1F/F and Fra-1D/DLysM mice
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CS-induced inflammatory responses in the
lung by selectively modulating cytokine
gene expression.

One of the major MMPs secreted by
macrophages is MMP-12, which has been
shown to be required for CS-induced
emphysema in mice (22). Therefore, we
quantitated MMP-12 levels in the BAL
fluid of Fra-1F/F and Fra-1D/DLysM mice
exposed to RA or CS for 6 months. An
increase in MMP-12 levels was observed
in the BAL fluids of both Fra-1F/F and
Fra-1D/DLysM mice exposed to CS as
compared with their RA counterparts.
However, Fra-1D/DLysM mice had
significantly reduced levels of MMP-12
compared with Fra-1F/F mice (Figure 5C).

Fra-1 Deficiency in Myeloid Cells
Does Not Affect CS-Induced Alveolar
Space Enlargement
Having observed decreased levels of CS-
induced lung inflammation in Fra-1D/DLysM

mice and a reduction in CS-induced
inflammatory cytokine and MMP (MMP-1,
MMP-9, and MMP-12) expression in
Fra-1D/D macrophages in vitro, we sought to
determine the role of macrophage-specific
Fra-1 signaling in the development of
emphysema. Alveolar space enlargement
was assessed by measuring Lm and alveolar
surface area in Fra-1F/F and Fra-1D/DLysM

mice exposed to RA and chronic CS.
Histological evaluation of lung sections
indicated emphysematous changes in both

Fra-1F/F and Fra-1D/DLysM mice exposed to
CS compared with corresponding RA
control groups (Figure 6A). There was
a significant increase in Lm (Figure 6B) and
alveolar surface area (Figure 6C) in both
Fra-1F/F and Fra-1D/DLysM mice. Lm was
increased by around 20% and alveolar
surface area by 36% (Figures 6B and 6C),
both in Fra-1F/F and Fra-1D/DLysM mice as
compared with their corresponding RA
counterparts. However, there were no
significant differences either in Lm or
alveolar surface area between Fra-1F/F and
Fra-1D/DLysM mice, suggesting that the
absence of Fra-1 in myeloid cells alone is
not sufficient to attenuate the development
of emphysema induced by CS.

Fra-1 Distinctly Modulates
CS-Induced Cytokine and
ECM Expression in AMfs
To determine whether Fra-1 deficiency
affects CS-induced inflammatory and ECM
gene expression in AMfs, we isolated
resident AMfs from the lungs of Fra-1F/F

and Fra-1D/D mice and treated them
immediately with CSC for 6 hours. As
shown in Figure 7A, CSC significantly
increased Fra-1 mRNA expression in wild-
type AMfs, whereas its expression was
significantly lower in Fra-1D/D cells. c-Fos
was modestly induced by CSC in wild-type
AMfs, but the basal level expression of
c-Fos was significantly higher in Fra-1D/D

AMfs, and it was not induced further by
CSC. We found no significant differences in
CSC-induced c-Jun expression between the
wild-type and Fra-1D/D AMfs (Figure 7A).
Analysis of inflammatory cytokine and
chemokine expression in Fra-1F/F and
Fra-1Δ/Δ AMfs treated with CSC revealed

MMP-1βMMP-1α

Fra-1F/F Fra-1Δ/Δ Fra-1F/F Fra-1Δ/Δ

Fra-1F/F Fra-1Δ/Δ Fra-1F/F Fra-1Δ/Δ Fra-1F/F Fra-1Δ/Δ

Vehicle
CSC

0

2

4

6

8

**

0

1

2

3
MMP-9

*

0

1

2

3

4

5

6
MMP-12

†

*
*

F
ol

d 
In

cr
ea

se
F

ol
d 

In
cr

ea
se

0.0

0.5

1.0

1.5

2.0
TIMP-2

* *

0

2

4

6

8

Figure 3. Effect of Fra-1 deletion on CS-induced matrix metalloproteinase (MMP) and tissue
inhibitor of metalloproteinase (TIMP) expression in BMDMs. BMDMs isolated from Fra-1F/F and
Fra-1D/DLysM mice (n = 5) were treated with vehicle or CSC (100 mg/ml) for 6 hours, and MMP and
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that MIP-1a, MIP-2a, KC, and IL-6 mRNA
levels were increased significantly in
response to CSC, but no significant
difference was observed between the two
genotypes (Figure E4). CSC-induced
IL-1b expression in Fra-1Δ/Δ cells was
significantly lower than in their Fra-1F/F

counterparts (Figure 7B). TNF-a expression
was not induced by CSC in AMfs of either
genotype (Figure E4). Analysis of MMP
expression revealed a significant increase in
MMP-2 and MMP-12 levels in AMfs of
both genotypes treated with CSC, but their
induction did not differ significantly
between the two genotypes (Figure E4).
MMP-9 was not induced by CSC in either
genotype, and MMP-3 was modestly
induced in Fra-1Δ/Δ cells (Figure E4).
CSC-induced TIMP-2 and TIMP-3

expression was similar between Fra-1Δ/Δ

and Fra-1F/F cells. We also evaluated INF-g
and IL-10 expression as markers of
M1- and M2-like macrophage phenotypes,
respectively. INF-g expression was not
altered significantly by CSC in either cell
type (Figure 7C). CSC-induced IL-10
expression in Fra-1Δ/Δ cells was
significantly lower than in their Fra-1F/F

counterparts (Figure 7C).

Discussion

Given the increased global incidence and
health care costs associated with the
morbidity of COPD, identifying the
mechanisms underlying chronic lung
inflammation in COPD is imperative to

develop novel treatment strategies for
mitigating this disease. Because the AP-1
transcription factor is a critical regulator of
tissue injury and inflammatory responses
(23), in the present study, we investigated
the exact role of Fra-1/AP-1 in mediating
CS-induced lung experimental emphysema.
Our studies provide genetic evidence that
Fra-1 is required for CS-induced lung
inflammatory responses, as the disruption
of Fra-1 specifically in myeloid cells
attenuated lung inflammation induced by
chronic CS (Figures 4 and 5). This decrease
in lung inflammation is mainly attributable
to the reduced levels of macrophages.
Interestingly, our results suggest that,
although Fra-1 is required for CS-induced
lung macrophagic inflammation, this
transcription factor–mediated signaling in
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myeloid cells alone is not sufficient to drive
CS-induced airway space enlargement
in vivo.

Several studies support an important
role for macrophages in mediating CS-
induced lung-inflammatory responses in
COPD (21). CS-induced infiltrated
macrophages secrete a number of
inflammatory mediators, such as TNF-a,
MIP-1a, MIP-2a, IL-6, and IL-1b, which
regulate inflammatory responses and
contribute to the pathogenesis of COPD
(5, 24, 25). We found a reduced number
of macrophages in the BAL fluid of
Fra-1D/DLysM mice exposed to CS (Figure 4),
and this was accompanied by decreased
levels of inflammatory cytokines, such as

MIP-1a, MIP-1b, MIP-2a, and IL-12 (p40)
(Figure 5A). Consistent with this result, we
found reduced levels of CS-stimulated
inflammatory cytokine expression in
BMDMs, further corroborating the
in vivo results of reduced cytokine
expression in mice lacking Fra-1 in
myeloid cells (Figure 2). MCP-1 is a potent
chemoattractant of monocytes, and is
involved in the recruitment of macrophages
in COPD (26). Moreover, increased levels
of MCP-1 have been observed in the
sputum samples of patients with COPD
(27). MCSF has also been shown to
aggravate emphysema and cause an
accumulation of AMfs in mice (28).
Consistent with these observations, we

found reduced levels of MCP-1 and MCSF
secreted by Fra-1D/D BMDMs (Figure 2B),
and no detectable levels of MCSF in the BAL
fluid from smoke-exposed Fra-1D/DLysM

mice (Figure 5A). This could account for
a decreased recruitment of macrophages in
the BAL fluid of Fra-1D/DLysM mice exposed
to chronic CS. Elevated levels of Fra-1
expression, along with IL-8 and TNF-a, has
been reported in CSC-treated macrophages
obtained from the blood of patients with
COPD (29). Our earlier studies have shown
that Fra-1 mediates endotoxin-induced
lung-inflammatory responses (30),
suggesting that this transcription factor plays
a larger role in regulating lung inflammation
induced by various toxic stimuli.

In addition to inflammatory cytokines
and chemokines, MMPs secreted by
infiltrated macrophages also contribute to
the development of COPD/emphysema.
Through their proteolytic activity, MMPs
play an important role in ECM remodeling
and in the destruction of alveolar walls, and
also in inducing inflammatory responses in
the lung (6, 31). Among various MMPs,
MMP-1, MMP-9, and MMP-12 have been
shown to play an important role in COPD
pathogenesis, particularly emphysema
(22, 32, 33). Overexpression of human MMP-1
causes progressive emphysema in mice
(32). Elevated levels of MMP-9 were found
in lung macrophages of patients with
COPD (33, 34). Transgenic overexpression
of human MMP-9 in macrophages leads to
alveolar space enlargement in mice (35),
but deletion of MMP-9 in mice did not
affect the severity of CS-induced
emphysema (34). MMP-12–null mice show
a diminished inflammatory response to CS
and are resistant to the development of
emphysema, suggesting that MMP-12
plays a critical role in CS-induced lung
inflammation and emphysema (22).
Although our results show that Fra-1
deficiency in myeloid cells significantly
attenuated CS-induced MMP-12 expression
in BMDMs (Figure 3) and in the lung
(Figure 5C), deleting it had no significant
effect on the severity of emphysema
(Figure 6). Because deletion of Fra-1 did
not completely block CS-induced MMP-12
expression (Figures 3 and 5C), it is likely
that even the reduced MMP-12 present in
the BAL fluid of Fra-1D/DLysM mice is
sufficient to optimally promote airway
space enlargement in our experimental
settings. In addition, although
inflammation can contribute to and
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exacerbate COPD pathogenesis, both
epithelial and endothelial cell death is
required for the development of
emphysema (36, 37). Lung epithelial cells
also contribute to the secretion of proteases,
such as MMPs and elastase (37–39).
Therefore, whether a lack of difference
in CS-induced lung alveolar space
enlargement between the Fra-1F/F and
Fra-1D/DLysM mice is due to the presence
of a functional Fra-1 in other cell types of
the lung is unclear. Further studies using
lung–epithelial and endothelial-specific
Fra-1 knockout mouse models are
warranted to ascertain this notion.

Several studies have shown differential
responses of lung-resident AMFs and
infiltrated (exudated) macrophages
(BMDMs) to infectious and noninfectious
stimuli (40–42). Our data revealed that
AMfs and BMDMs respond differently to CS.
In contrast to BMDMs, MMP-9 and TNF-a
expression was not induced by CS in
AMFs. MMP-2 and MMP-3 expression
was not induced in either CS-stimulated
Fra-1D/D or Fra-1F/F BMDMs (Figure E2),
but their expression was stimulated to
a similar extent both in Fra-1D/D and
Fra-1F/F AMFs (Figure E4). We noted
a decreased expression of TIMP-2 in

BMDMs treated with CS, but its expression
was induced by CS in AMFs. We also
found that Fra-1 differentially regulates the
expression of inflammatory mediators in
AMfs and BMDMs in response to CS.
CS-induced MIP-1a and MIP-2a mRNA
expression was significantly lower in
Fra-1D/D than in Fra-1F/F BMDMs
(Figure 2), but these differences were not
noted between Fra-1D/D and Fra-1F/F

AMFs (Figure E2). However, IL-1b levels
were lower in both CSC-treated Fra-1D/D

AMFs and supernatants from smoke-
exposed Fra-1F/F BMDMs (Figures 2B and
7B). These results suggest that AMfs and
BMDMs respond differently to CS, and that
Fra-1 distinctly regulates inflammatory and
ECM gene expression in a cell-dependent
manner. It has been recently shown that
mouse tissue macrophages exhibit both
shared and distinct gene expression profiles
compared with infiltrated macrophages
(43). In a different study, exudated
(infiltrated) macrophages, but not
resident AMFs, were shown to produce
TNF-a and nitric oxide synthase-2 and
promote influenza infection–induced
pathology (44). In response to
noninfectious (bleomycin-induced) lung
injury, exudated macrophages, but not

AMFs, produced CXCL10 (41). It is
noteworthy that different culture
conditions could affect macrophage
cellular responses (45). In our studies,
BMDMs are cultured for 7 days with
L929-conditioned medium before
treatment with CS, whereas AMFs are
isolated from the lung and treated with
CSC immediately. This difference in
culture conditions could, in part,
explain the differences in Fra-1–mediated
gene expression in response to CSC.
Nonetheless, our in vivo results show
significantly reduced levels of macrophage
accumulation and inflammatory mediator
expression in the lungs of Fra-1D/DLysM

mice exposed to chronic CS (Figures 4 and
5A), suggesting that Fra-1 plays a key role
in modulating lung-inflammatory
responses during emphysema. It should be
pointed out that the present study,
although using Fra-1F/F mice as controls,
lacks an experimental group with the
wild-type mice expressing Cre, which
could potentially interact with locus of
X-over P1 (loxP)-like DNA sequences in
the genome.

Macrophages are shown to polarize
into either an M1-like (classically activated)
or M2-like (alternatively activated)
phenotype upon cigarette smoking (46).
Fra-1 is known to alter tumor-associated
macrophage polarization (47, 48). Thus, we
studied whether Fra-1 affects macrophage
polarization after CS exposure. As shown in
Figure 2B, INF-g levels were increased in
supernatants from Fra-1F/F BMDMs after
CSC treatment, whereas it was not
detectable in their Fra-1Δ/Δ counterparts.
IL-10 levels were modestly higher in the
supernatant of Fra-1F/F BMDMS, but were
undetectable in their Fra-1Δ/Δ counterparts.
In contrast, CSC significantly induced
IL-10, but not INF-g mRNA expression,
in AMFs of both genotypes (Figure 7C).
In mice exposed to chronic CS, INF-g
levels increased in the BAL fluids of both
genotypes. However, IL-10 levels were
modestly higher in the BAL fluid of
Fra-1F/F mice, but were undetectable
in Fra-1D/DLysM mice (Figure 5B).
Macrophage polarization is a complex
process consisting of multiple subtypes
and requires very thorough analysis using
appropriate markers, FACS analysis,
identical culture conditions, and multiple
time point analysis (45). Further detailed
studies are needed to define the exact role
of Fra-1 in macrophage polarization
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caused by acute and chronic CS exposure
conditions during the development of
COPD.

We have previously shown that CS
stimulates Fra-1 expression at the
transcription level via MMP-dependent
epidermal growth factor receptor–mediated
extracellular signal–regulated kinase 1/2
signaling (13, 49). In addition, we have
shown that extracellular signal–regulated
kinase 1/2 signaling is critical for cytokine
(TNF-a) -induced Fra-1 expression in
lung epithelial cells (50). Fra-1 requires
a dimerization partner, such as Jun (c-Jun,
Jun-B, Jun-D) and ATF (ATF-4) family
members to mediate its effects on gene
transcription (10). Dimerization of Fra-1
with Jun proteins is thought to play a key
role in suppressing chronic AP-1 activity

mediated by the Jun/Fos dimeric complex,
as Fra-1, unlike c-Fos, lacks a strong
transactivation domain (10). We also found
that not all cytokine expression induced
by CS was modulated by Fra-1, suggesting
that this transcription factor regulates
cytokine gene expression in a contextual
manner. Further studies using global
RNA sequencing and chromatin
immunoprecipitation sequencing are
warranted to define whether Fra-1
selectively regulates CS-induced cytokine
and ECM gene expression, and whether this
occurs via a c-Jun–dependent and/or
–independent manner using Fra-1– and/or
c-Jun–deficient macrophages and mouse
models.

To our knowledge, this study is the
first to demonstrate that the Fra-1/AP-1

transcription factor plays a significant role
in the regulation of CS-induced lung
macrophagic inflammation during
experimental emphysema. We propose
that either depletion of Fra-1 or
dampening its activation may be useful to
mitigate chronic CS-induced inflammation
in vivo. n
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