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Abstract

Cigarette smoke (CS) is the most common cause of chronic
obstructive pulmonary diseases (COPD), including emphysema.
CS exposure impacts all cell types within the airways and lung
parenchyma, causing alveolar tissue destruction through four
mechanisms: (1) oxidative stress; (2) inflammation; (3) protease-
induced degradation of the extracellular matrix; and (4) enhanced
alveolar epithelial and endothelial cell (EC) apoptosis. Studies in
human pulmonary ECs demonstrate that macrophage migration
inhibitory factor (MIF) antagonizes CS-induced apoptosis. Here, we
used human microvascular ECs, an animal model of emphysema
(mice challenged with chronic CS), and patient serum samples to
address both the capacity of CS to alter MIF expression and the
effects of MIF on disease severity. We demonstrate significantly
reduced serum MIF levels in patients with COPD. In the murine
model, chronic CS exposure resulted in decreased MIF mRNA and
protein expression in the intact lung. MIF deficiency (Mif2/2)
potentiated the toxicity of CS exposure in vivo via increased
apoptosis of ECs, resulting in enhanced CS-induced tissue
remodeling. This was linked to MIF’s capacity to protect against
double-stranded DNA damage and suppress p53 expression.
Taken together, MIF appears to antagonize CS-induced toxicity in

the lung and resultant emphysematous tissue remodeling by
suppressing EC DNA damage and controlling p53-mediated
apoptosis, highlighting a critical role of MIF in EC homeostasis
within the lung.
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Clinical Relevance

Our results strongly support a novel role for macrophage
migration inhibitory factor (MIF) as a determinant of disease
severity in mice and humans by impacting pulmonary
endothelial cell (EC) apoptosis and alveolar remodeling. This
work establishes a role for MIF in controlling DNA damage
and p53-derived apoptotic responses to cigarette smoke by
regulating double-stranded DNA breaks and caspase-3
activation in microvascular ECs. The identification of this and
other such factors may provide additional therapeutic targets
directed at ameliorating tissue obliteration in chronic
obstructive pulmonary diseases/emphysema.

In humans, pulmonary endothelial cell (EC)
apoptosis represents an early event in
cigarette smoke (CS)-induced lung
pathology, preceding other physiologic

manifestations of obstructive disease (1).
Numerous studies have identified increased
EC apoptosis in human chronic obstructive
pulmonary diseases (COPD)/emphysema,

and animal studies support a causal link
between cell death and airspace remodeling
(2–4). Importantly, the targeted induction
of EC death is sufficient to promote
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apoptosis of both ECs and type II alveolar
epithelial cells within the alveolar–capillary
unit, with the net result being
emphysematous tissue remodeling (5).
Thus, there is a critical interdependence
between alveolar epithelial and
microvascular ECs in the maintenance of
airspace structure, and loss of ECs within
the lung directly contributes to
emphysematous remodeling. Despite these
clinical and preclinical observations,
understanding of the molecular basis of CS-
induced EC apoptosis remains incomplete.
We sought to identify and characterize
intrinsic molecular regulators of
alveolar–capillary homeostasis and define
their contribution to disease severity and
CS-induced tissue destruction.

Macrophage migration inhibitory
factor (MIF) is a pleiotropic cytokine,
hormone, and enzyme with tautomerase
activity (6, 7). It is constitutively expressed
by multiple cell types, including pulmonary
microvascular ECs (8), vascular smooth
muscle (9), fibroblasts (10), and bronchial
epithelium (11) within the lung.
Furthermore, it is produced by multiple
leukocytes, including both B and T cells
(12) and macrophages (13), and is secreted
by both the anterior pituitary gland (14)
and pancreas (15). MIF is found in the
serum under basal conditions, and elevated
circulating levels of MIF have been
observed in humans in both acute and
chronic inflammatory disease states (16).
Extracellular MIF is capable of engaging
multiple recognized cell surface receptors,
functioning in an autocrine or paracrine
manner to activate signaling kinases, such
as extracellular signal–related kinase (ERK),
AKT, and AMP-activated protein kinase.
Each of these kinases has been linked to
prosurvival pathways. In addition,
intracellular pools of MIF modulate the
stability of transcription factors, including
hypoxia-inducible factor 1a (17), p53 (18),
and, as recent research shows, possibly
nuclear factor (erythroid-derived 2)–like 2
(19), leading to secondary effects on gene
expression. These three transcription
factors are critical regulators of cell fate in
the context of environmental stimuli
(i.e., hypoxia, DNA damage, and increased
reactive oxygen species, respectively), and
thus are critical determinants of
homeostatic responses to intracellular or
extracellular stressors. Animal models of
ischemic cardiac injury, bronchopulmonary
dysplasia, and radiation-induced lung

injury (19–21) demonstrate that loss of MIF
is associated with increased tissue damage.
We have identified MIF as a modulator of
the sensitivity of CS-induced human lung
EC apoptosis in vitro (22) antagonizing
p53-dependent activation of the
mitochondrial apoptotic pathway. Thus, we
hypothesize that MIF will impact on the
severity of CS-induced EC injury in vivo
and thus influence emphysematous tissue
remodeling through its effects on
alveolar–capillary homeostasis.

The present study identifies MIF as
a novel modifier of disease severity in CS-
induced injury and emphysematous
remodeling, and provides evidence that MIF
is a critical determinant of lung EC
homeostasis in the face of oxidative injury.
Furthermore, it shows that MIF acts
predominantly in ECs within the
alveolar–capillary unit to antagonize DNA
damage and to suppress subsequent p53
induction, thus preventing EC cell death
and apoptosis-mediated tissue remodeling.
Here, we demonstrate, for the first time,
that serum MIF is significantly decreased in
patients with COPD, most markedly in
patients with the most severe disease,
implicating relative MIF deficiency (Mif2/2)
in the severity and/or susceptibility of
humans with CS-induced lung disease.

Materials and Methods

Reagents and Cells
Cell and molecular reagents are detailed in
the MATERIALS AND METHODS in the online
supplement.

Human Subjects
All study protocols related to human studies
were approved by the Institutional Review
Board of the Johns Hopkins University.
Written, informedconsentwas obtained from
all participants at the time of sample
collection.PatientswithCOPDwere recruited
from clinical populations at the Johns
Hopkins Hospital, Johns Hopkins Bayview
Medical Center, and from theNationalHeart,
Lung, and Blood Institute Lung Tissue
Research Consortium. Healthy, nonsmoking
subjects supplied serum for control reference.

Animals and Treatments
All animal protocols were approved by the
Johns Hopkins University Institutional
Animal Care and Use Committee. Mif2/2

mice with a C57BL/6 background

(generation N10) were generated as
previously described (18, 23). At 8–10
weeks of age, mice were exposed to CS or
filtered air for 3 days to 24 weeks. CS
exposure was performed as previously
described (24), with minimal adjustments
(detailed in the online supplement).

Lung Morphometry
At 15 hours after the last CS exposure, mice
were anesthetized with ketamine/xylazine
(75 mg/kg, 15 mg/kg) and tracheostomized
(detailed in the online supplement).

Bronchoalveolar lavage (BAL) was
performed on the right lung, which was
removed and flash frozen for RNA and
protein analysis. The left lung was inflated
with agarose under pressure (30 cmH2O) and
fixed in buffered formalin (Z-fix; Anatech
Ltd., Battle Creek, MI). Lung volumes were
estimated by water displacement. The fixed
left lungs were systematically divided into
three sections as previously described (25),
with minimal modifications (detailed in the
online supplement). For morphometric
analysis, lung slices were stained with
hematoxylin and eosin, and systematic
random sampling of each section was
performed to obtain unbiased representative
pictures of each lung. The indirect
stereological method for quantifying mean
chord length (Lm) and lung alveolar surface
area (Sav) (26) was completed using freely
available software (STEPanizer) (27)
(detailed further in the online supplement).

Western Blotting
and Immunohistochemistry
Western blotting and
immunohistochemical protocols and
reagents are detailed in the MATERIALS AND

METHODS in the online supplement.

Statistical Analysis
For comparisons among groups of normally
distributed data sets, Student’s t test or
ANOVA with post hoc Bonferroni correction
was used. For nonnormally distributed data,
the Mann Whitney or Kruskal-Wallis test
with post hoc Bonferonni correction was
used. Values are presented as means (6 SE).

Results

MIF Levels Are Significantly Reduced
in Humans with COPD
We have previously demonstrated that MIF
modifies EC injury in vitro in response to
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acute CS exposure by antagonizing p53-
mediated mitochondrial apoptosis (22). To
explore if alterations in MIF occur in the
context of human COPD, we quantified
circulating MIF levels in the serum of
normal control subjects (n = 18) and in
subjects with COPD. This was defined by
irreversible airflow obstruction (i.e., forced
expiratory volume in 1 s/forced vital
capacity ratio of , 0.7 and a forced
expiratory volume in 1 s ,90% predicted;
n = 32). Patient demographics are in Table
E1 in the online supplement. Serum MIF
levels were significantly lower in patients
with COPD compared with healthy,
nonsmoking control subjects (950 pg/ml
versus 1,541 pg/ml; P = 0.03; Figure 1A).

To begin to address the relationship
between MIF and disease severity, the
GOLD (Global Initiative for Chronic
Obstructive Lung Disease) criteria was used
to further classify patients in a COPD
cohort, as previously described (28). In this
cross-sectional analysis, patients with severe
COPD (GOLD stage IV) had significantly

lower circulating MIF than subjects with
less severe COPD (stages II and III; P =
0.03; Figure 1B). Thus, we observed
significantly lower circulating MIF in
patients with COPD, and this was most
pronounced in those with severe disease,
implicating MIF in human disease severity.

Chronic Smoke Alters MIF Expression
in the Intact Lung
To address the effects of chronic CS
exposure on MIF expression in vivo, wild-
type C57BL/6 mice were randomized to
exposure with filtered air or CS for 6
months. Whole-lung homogenates were
analyzed for MIF mRNA and protein.
Chronic CS exposure resulted in a
significant decrease in total lung MIF
mRNA (Figure 2A). Similarly, MIF protein
expression was significantly decreased
with chronic CS relative to air controls
(Figures 2B and 2C). These changes in MIF
expression were associated with
enhanced activation of caspase-3
(Figure 2D), a marker of CS-induced

apoptosis in the lung. Thus, MIF mRNA
and protein expression were significantly
decreased in the setting of chronic CS
exposure in the intact murine lung
coincident with activation of the apoptotic
pathway.

MIF Suppresses CS-Induced DNA
Damage In Vivo
Cell culture, animal data (29), and human
pathology (30) demonstrate double-
stranded DNA breaks (DSBs) as one
mechanism of CS-induced cellular injury
in the lung. DNA damage results in cell
cycle arrest, senescence, or cell death in the
form of apoptosis, orchestrated by the
transcription factor, p53, a major effector
of the DNA damage response (31). In
response to DSBs, histone H2AX is
phosphorylated (termed gH2AX) by the
ataxia telangiectasia mutated (ATM)
kinase, making gH2AX a marker of both
DSBs and ATM kinase activity. To test if
MIF functions to suppress DNA damage in
the face of CS, Mif1/1 and Mif2/2 mice
were randomized to air or CS for 0.5
months, and lung gH2AX levels were
analyzed by immunohistochemistry and
Western blot. In air-exposed mice, basal in
situ staining for gH2AX was minimal and
similar between genotypes. In contrast,
Mif2/2 animals demonstrated significantly
increased numbers of gH2AX-positive cells
in lung parenchyma compared with Mif1/1

mice after exposure to CS (13.6 6 2.2
versus 2.5 6 1.7 cells/high power field; P ,
0.05; Figures 3A and 3B). This was
confirmed by Western blot analysis
(Figures E1A and E1B).

Microvascular ECs are susceptible to
CS-induced DSBs in vitro (29); thus, we
evaluated the extent of DNA damage in
ECs in vivo. Using lectins, which bind
alveolar (microvascular) and not extra-
alveolar (macrovascular) ECs, we costained
microvascular ECs and gH2AX by
immunofluorescent microscopy (32).
In vivo, the majority of cells with CS-
induced DSBs in Mif2/2 mice were
microvascular ECs (Figures 3C and 3D).
This differed significantly with Mif1/1 both
in absolute numbers and as a proportion of
damaged cells identified (P , 0.05). DSBs
were not observed in large blood vessels
(identified on phase contrast). Therefore,
MIF deficiency potentiated CS-induced
DSBs and ATM kinase activation within
microvascular ECs in the intact lung.

Figure 1. Serum macrophage migration inhibitory factor (MIF) concentrations are reduced in patients
with severe chronic obstructive pulmonary diseases (COPD). Serum MIF levels were significantly
reduced in subjects with COPD when compared with nonsmokers (A). In patients with COPD, serum
MIF was significantly reduced in severe, GOLD (Global Initiative for Chronic Obstructive Lung Disease)
IV disease (B). Values are expressed as median and 95% confidence interval (CI) (C). *P , 0.05,
nonsmokers versus COPD; **P , 0.05, GOLD IV versus GOLD II and III.
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MIF Suppresses CS-Mediated p53
Expression In Vivo
ATM kinase is a well established positive
regulator of p53 expression. We next asked
if the enhanced ATM kinase activity, as
reflected by increased gH2AX (Figure 3), was
associated with increased p53 expression
in vivo. Protein and mRNA were extracted
from the lung of CS-exposed Mif2/2 and
Mif1/1 mice, and p53 expression was
quantified via Western blotting and
quantitative PCR (Figure 4). Both were
significantly enhanced in CS-exposedMif2/2

mice relative to CS-exposed Mif1/1 or air-
exposed animals. CS-induced p53 expression
is ATM kinase–dependent (29), and p53
triggers activation of proapoptotic bcl-2–like
protein and EC death via the mitochondrial
apoptotic pathway (22). MIF functions
upstream of ATM kinase; thus, ATM kinase
provides a molecular link between MIF
effects in response to CS and p53 expression.

MIF Suppresses CS-Induced
Apoptosis In Vivo
Based on the observed effects of MIF on
p53-dependent human EC apoptosis in
response to CS in vitro (22), we rationalized

that increased p53 would be linked to
increased cell apoptosis in vivo. To test this,
lung sections from air- and CS-exposed (0.5
and 6 mo) mice were stained for cleaved
caspase-3, the enzymatic effector of
apoptosis (Figures 5A and 5B). In situ
quantification demonstrated a significantly
increased number of cleaved caspase-
3–positive cells in the parenchyma ofMif2/2

mice challenged with CS compared with
Mif1/1 animals exposed in parallel (Figures
5C and 5D, upper panels). There was no
difference in the frequency of cleaved
caspase-3–positive cells between genotypes
under basal conditions (air exposed) when
comparing age-matched mice. In the
presence of MIF, short-term exposure to CS
was sufficient to increase apoptosis above
air-exposed, age-matched mice (3.4/HPF
versus 7.1/HPF; P = 0.02; Figure 5C, upper
panel). This increase in cell death was lost
by 6 months of CS exposure (5.4/HPF
versus 6.2/HPF; P = 0.2; Figure 5D, upper
panel), with basal frequencies of apoptosis
being higher in the lungs of these older
mice. In contrast, there was a significant
increase in CS-induced apoptosis within the
parenchyma of Mif2/2 mice at 0.5 months

(2.5/high-powered field [HPF] versus
15/HPF; P , 0.0001; Figure 5C, upper
panel), which trended down by 6 months
(Figure 5D, upper panel), but remained
elevated above air-exposed littermates
(5.2/HPF versus 7.3/HPF; P = 0.002). Thus,
the absence of MIF was associated with
increased and persistent cell death after CS
exposure without demonstrable differences
in air-exposed animals, further implicating
MIF in cytoprotective responses in the
lung after oxidative challenge.

MIF Antagonizes CS-Induced
Endothelial Apoptosis in the
Intact Lung
To address the contribution of MIF
to EC apoptosis, we performed
coimmunohistochemistry for both cleaved
caspase-3 and the EC marker,
thrombomodulin (33) (Figures 5C and 5D,
middle panels). In the presence of MIF
(Mif1/1 animals), there was a relative
resistance of microvascular ECs after
subacute exposures to CS, with no
significant difference in EC apoptosis
observed relative to age-matched air-
exposed animals. After prolonged exposure
to CS (6 mo), there was a trend toward an
increase in microvascular EC apoptosis,
which did not meet statistical significance
(1.8/HPF versus 2.7/HPF; P = 0.07;
Figure 5D, middle panel). In the absence of
MIF, there were no differences at baseline
(air exposed) after 0.5- or 6-month
exposure relative to Mif1/1 mice
(Figure 5D, middle panel). In contrast,
exposure to both short-term and prolonged
CS resulted in significant increases in
microvascular EC apoptosis in Mif2/2 mice
when compared with Mif1/1 mice (1.8/
HPF versus 9.8/HPF at 0.5 mo [P = 0.001]
and 2.6/HPF versus 4.1/HPF at 6 mo [P =
0.02]; Figures 5C and 5D, middle panels).

Non-EC apoptosis was significantly
increased after 0.5 months of CS exposure
(1.6/HPF versus 5.5/HPF; P = 0.01);
however, there was no difference between
genotypes (5.5/HPF versus 5.1/HPF; P =
0.8). Despite the apparent lower mean in
the knockout mice, there was not a
statistically significant difference between
genotypes at baseline (1.6/HPF versus
0.2/HPF; P = 0.07; Figure 5C, lower panel).
After 6 momths, the frequency of apoptosis
in non-ECs did not differ between
exposures or genotypes (Figure 5D, lower
panel). Thus, MIF deficiency preferentially

Figure 2. Chronic smoke alters MIF expression in the intact lung. Wild-type C57BL/6 mice were
exposed to cigarette smoke (CS) or filtered air. Gene expression and Western blotting were used to
study alterations in MIF and cleaved caspase-3. Lung MIF mRNA was significantly reduced after
exposure to CS (A). Tissue MIF was significantly decreased with chronic CS relative to air controls (B).
The resulting protein intensities were normalized to b-actin (C). Chronic CS was associated with
enhanced cleavage of caspase-3 relative to air controls (D). n = 5 per arm. Values are expressed as
means 6 SEM.
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enhanced microvascular EC sensitivity to
CS-induced apoptosis in the intact lung.

MIF Deficiency Enhances CS-Induced
Tissue Remodeling
To test the hypothesis that MIF modifies the
severity of CS-induced emphysematous
tissue remodeling, Mif1/1 and Mif2/2 mice
were randomized to prolonged CS exposure
(6 mo, 5 d/wk) or filtered air for the
same duration of time. Lung tissue was
subjected to morphometric analysis under
basal conditions (air-exposed, age-matched
animals) and in the setting of chronic CS.
Using systematic random sampling, caudal,

middle, and cranial left lung regions were
analyzed for alterations in tissue
architecture, with quantification of airspace
enlargement defined by increased Lm.

Baseline analysis revealed a modest, but
statistically significant, increase in the
cranial and middle Lm in Mif2/2 mice
relative to age-matched Mif1/1 mice (29.7
versus 32.0 [P = 0.01] and 30.2 versus 32.4
[P = 0.02], respectively; Figure E2). Thus,
in the absence of MIF, there were statistically
significant differences in airspace
morphology under basal conditions, which
may reflect a contribution of MIF in
normal lung development and/or in

the maintenance of lung structure with
aging.

In response to CS, airspace enlargement
was visually detected in caudal regions
regardless of genotype (Figures 6A–6D,
Figure E3), and morphometric analysis
confirmed that tissue remodeling in
response to CS predominated in the caudal
regions, highlighting a heterogeneous
distribution of airspace enlargement and
enhanced lower-lung damage due to CS in
this model (Figures 6A–6D). In response to
CS, airspace enlargement in Mif1/1 mice
was significant in the cranial and middle
lung regions (29.7 versus 31 [P = 0.03] and
30.3 versus 32.5 [P = 0.04], respectively;
Figures E2 and E3), and tended to be
enlarged in the caudal regions (31.0 versus
33.2; P = 0.07) relative to air controls.

Regional remodeling was significantly
enhanced in the absence of MIF. In Mif2/2

mice, the caudal lung demonstrated
significant increases in Lm when compared
with CS-exposed Mif1/1 mice (33.2 versus
36.5; P = 0.007) or air-exposed littermates
(32.9 versus 36.5; P = 0.002; Figure 6,
Figure E3). Even after adjusting for
multiple comparisons, Mif2/2 mice
exposed to CS demonstrated a significant
increase in the absolute Lm relative to
smoke-challenged Mif1/1 mice (P , 0.008;
Figure 6, Figure E3). In addition to the
effects observed in absolute Lm in response
to CS, quantification of the relative change
in Lm highlighted the effects of both MIF
deficiency and CS exposure on airspace
enlargement (Figure 6F). The calculated
mean whole-lung Sav (34) did not differ
between genotypes at baseline, and was
lower in Mif2/2 mice after smoke. This did
not reach statistical significance secondary
to large variability in the replicates (P =
0.09; Table E2). Importantly, the validity of
the calculated Sav requires homogeneity of
remodeling throughout the lung,
a condition present at baseline, but not
observed after CS-induced remodeling.

Discussion

Emphysema, a common form of COPD,
contributes to an estimated 2.5million deaths
andahealth care cost approaching 38.8billion
dollars annually in the United States alone
(35). It is a debilitating disease characterized
by the irreversible destruction of the lung
architecture, with enlargement of the
airspaces driven by enhanced apoptosis (34).

Figure 3. MIF antagonizes CS-induced endothelial cell (EC) double-stranded DNA breaks (DSBs)
in vivo. Lungs from Mif1/1 and Mif2/2 animals exposed to filtered air or CS for 0.5 months were
harvested and sectioned for immunohistochemistry (A and C). MIF-deficient mice exposed to CS
demonstrated a significant increase in gH2AX-positive parenchymal cells relative to air-exposed Mif2/2

and CS-challenged Mif1/1 mice (A and B). Mif2/2 mice had significantly higher gH2AX-positive (green)
ECs as detected by colocalization of isolectin staining (red) (C and D). Area of magnification denoted with
dashed lines (C). Arrow identifies double positive cells, * identifies H2AX positive/isolectin negative cells.
n = 5 per arm. Values are expressed as means 6 SEM. A.U., arbitrary unit; IB, immunoblot.
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Targeted EC apoptosis is sufficient to induce
emphysema (5), whereas pharmacologic
blockade prevents disease, arguing that EC
apoptosis is both sufficient and necessary
for development of emphysema (33, 36).
Furthermore, loss of EC viability is sufficient
to induce apoptosis of type II alveolar
epithelial cells (5), highlighting the
contribution of EC homeostasis in the
maintenance of normal alveolar structure.
We set out to identify new molecular
determinants of EC apoptosis and survival in
response to CS (22, 29), predicting that such
factors could represent novel determinants
of disease severity and pathologic tissue
remodeling. The capacity of MIF to regulate
the sensitivity of human pulmonary ECs to
CS in vitro made it an attractive candidate.
Our work provides evidence of altered MIF
expression in murine and human CS-
induced lung disease, and links enhanced
disease severity to the loss of MIF’s capacity
to suppress DNA damage and apoptosis in
microvascular ECs within the lung,
potentiating CS-induced tissue remodeling.

Here, we provide evidence that patients
with COPD have diminished serum MIF
relative to normal control subjects
(nonsmokers). Furthermore, we
demonstrate that patients with severe
disease (GOLD stage IV COPD) have
markedly lower circulating MIF than those
with milder disease. It remains to be
determined if this is a cause or consequence
in human disease, which cannot be
specifically addressed in a cross-sectional
study design such as this. However, in our
animal and human EC studies, MIF levels
inversely correlate with cellular injury and
tissue remodeling, implicating a causal
relationship in humans rather than an
epiphenomenon. Our results suggest the
possibility that individual variability in MIF
expression, which is genetically determined
(37), could account for the clinical
heterogeneity in susceptibility to CS-
induced emphysematous pathology in
humans.

In our animal model, we have
demonstrated CS-induced DNA damage in

the lung parenchyma that is antagonized by
MIF. Furthermore, our data indicate that
MIF functions predominantly to maintain
homeostasis of microvascular ECs. In
the absence of MIF, there was an increase
in DSBs, leading to increased ATM
kinase–dependent p53 expression. As
a consequence, MIF deficiency exacerbated
CS-induced lung cell death. The
cytoprotective effects of MIF in the context
of CS impact on the microvascular ECs
within the lung, as these are the primary
targets of DSBs and apoptosis in the
absence of MIF. CS-induced EC apoptosis
was observed rapidly (0.5 mo), at a higher
frequency (approaching fivefold greater),
and persistently (6 mo) in Mif2/2 mice
compared with Mif1/1 animals. This
occurred without evidence of basal
differences in age-matched mice.
Importantly, there was no difference
between the frequencies of CS-induced
non-EC death between genotypes, again
pointing to the enhanced dependence of
microvascular ECs on MIF in the setting of
CS. The enhanced EC apoptosis was linked
to increased emphysematous tissue
destruction manifested by a significant
increase in Lm in the lower lung zones
(i.e., middle and caudal regions).

The alveolar–capillary structure is
composed of multiple cell types. In addition
to the contribution of microvascular
ECs, the alveolar wall is composed
predominantly of type I and II epithelial
cells (pneumocytes). Homeostasis of both
ECs and pneumocytes are necessary for
maintenance of normal alveolar structure.
Both cell types are also destroyed during
human emphysematous remodeling. Our
in vivo data indicate that microvascular ECs
represent the major cellular target of DNA
damage and apoptosis in the absence of
MIF. Others have shown that targeted
killing of ECs in the lung is sufficient to
trigger apoptosis of type II pneumocytes
(5). Thus, it is possible that loss of these
cells in the alveolus may be a consequence
of EC death in our model or a direct effect
of CS exposure. Importantly, although we
observed apoptosis in other cell types in the
lung parenchyma, this did not differ as
a function of MIF expression. MIF
deficiency has also been linked to decreased
macrophage viability (38), and macrophage
numbers are significantly altered in both
patients with COPD and in animal models
of CS-induced lung disease (39). Thus, we
specifically assessed macrophage numbers,

Figure 4. CS-induced p53 expression is increased in the absence of MIF. Lungs from Mif1/1 and
Mif2/2 animals exposed to filtered air or CS for 0.5 months were harvested and homogenized for
Western blotting (A and B) and gene expression (C). Relative p53 protein expression was increased in
Mif2/2 mice exposed to CS (A). Representative Western blot (B). n = 5–6 per arm. There was
a significant increase in p53 mRNA in Mif2/2 animals in response to CS as assessed by comparative
quantitative PCR (C). *P , 0.05 Mif2/2 CS versus air and Mif1/1 CS.
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activation status, and/or viability. Although
we observed an increase in macrophage
frequency in the BAL fluid after short-term
CS exposure, this did not differ between
genotypes (Figure E4). Viability of both
naive (CD11b1) and activated (CD11c1)
f4/801 macrophages in the BAL fluid and
lung tissue increased after CS (Figure E5),
and, again, was not altered by MIF

expression. Thus, the effects of MIF on
macrophage number, viability, or activation
status do not contribute to CS-induced
tissue injury or remodeling in our model.

Under normal physiologic conditions,
MIF is detectable in the circulation. It is
produced and secreted by numerous cell
types and tissues, and functions via
autocrine and paracrine effects. Although

we demonstrate that MIF expression
decreases in the lung with chronic smoke,
and is lower in the circulation of patients
with COPD, at this point it remains to be
determined if MIF expression is reduced
systemically or in a subset of cells/tissues in
the context of disease. Such information will
be critical to define the mechanism(s) by
which MIF is decreased in this disease state.
Irrespective of the basal cellular and tissue-
derived sources of MIF, low circulating
levels predictably impact ECs that are in
direct contact with the blood. Our murine
data indicate that MIF mRNA is globally
reduced in the lung after chronic smoke
exposure. There are few defined molecular
mechanisms to suppress MIF transcription.
MIF is, however, sensitive to epigenetic
silencing. MicroRNA-451 can suppress MIF
expression (40) and, intriguingly, this
microRNA is up-regulated in the circulation
of human smokers (41), suggesting one
potential molecular mechanism of MIF
suppression in COPD. In addition, the MIF
promoter is repressed by histone deacetylase
inhibitors (42). Both histone deacetylase
expression and activity are reduced in
human COPD (43), suggesting a second
potential molecular mechanism to account
for the observed decline in MIF.

MIF has well established
proinflammatory functions, and has been
implicated as a positive regulator of
metalloproteases (MMPs), including
collagenases (MMP13 [44] and MMP1
[45]) and gelatinases (MMP2 [46] and
MMP9 [44]), but not elastase (MMP12). Of
the known MMPs responsive to MIF,
MMP2 and MMP9 are elevated in human
COPD (47, 48) and animal models of
emphysema (49). Despite these potential
molecular targets of MIF in CS-induced
disease, we were unable to identify
significant differences of the
proinflammatory cytokine, TNF-a,
expression or MMP2/MMP9 in our model
by quantitative PCR (data not shown) or
zymography, respectively (Figure E6),
based on genotype. Furthermore, we did
not detect altered total BAL cell counts
between genotypes, although lymphocyte
numbers were differentially affected by CS
(Figure E5). Thus, our loss-of-function and
clinical data argue against a model in which
the proinflammatory functions of MIF
promote COPD pathology.

Airspace enlargement is a well
documented age-related process (50, 51),
and it is recognized that genetically

Figure 5. Caspase-3 expression is increased in the absence of MIF with subacute and chronic CS
exposure. Lungs from Mif1/1 and Mif2/2 animals exposed to filtered air or CS for 0.5 or 6 months
were harvested and sectioned for immunohistochemistry. Representative fluorescent microscopy
images are shown of cleaved caspase-3 (red) and thrombomodulin (green) in the lung (A and B). Area
of magnification denoted with dashed lines (A). The frequency of cleaved caspase-3–positive
parenchymal cells was significantly increased in Mif2/2 versus Mif1/1 mice exposed to 0.5 months of
CS (P, 0.05) ([C] upper panel), and with 6 months of CS (P, 0.05) ([D] upper panel). The majority of
caspase-3–positive cells in Mif2/2exposed to 0.5 or 6 months of CS were ECs (both with **P , 0.05)
(middle panels [C and D]). Non-ECs were enhanced with 0.5 months with exposure (*P , 0.05), and
this did not differ with genoptype (lower panels [C and D]). No differences were observed under basal
conditions independent of genotype (n = 5–8 per arm). Nuclei were stained with 49,6-diamidino-2-
phenylindole (blue). Values are expressed as means 6 SEM. ns, not significant. *P , 0.05 air versus
CS. **P , 0.05 Mif1/1 versus Mif2/2.
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engineered strains of mice, hypersensitive
to CS, can also demonstrate evidence of
accelerated age-dependent lung remodeling
(52, 53). We observed differences in
baseline Lm inMif2/2 compared withMif1/1

mice housed in a filtered-air environment.
This observation suggests that MIF may
influence lung homeostasis and/or
development. MIF protein decreases in the
lungs of aging mice (19), indirectly
implicating it in age-related changes. In
neonatal mice exposed to hyperoxia, both
excess and insufficient MIF alters neonatal
alveolar development, suggesting that
there is an ideal “dose” of MIF for optimal
lung maturation (54). Despite the basal
difference in airspace morphology, the
effects of CS exposure on Mif2/2 animals
were more than an additive. Because all
studies used age-matched controls, aging
cannot account for the differences
observed between treatment arms.
Moreover, we did not observe differences
in basal DSBs or apoptosis, indicating that
the effects of MIF on DNA damage and EC
apoptosis in adult life are unlikely to
account for the basal differences in
alveolar morphology. Further studies will
be necessary to determine if the observed

basal differences in the adult lung are
a result of premature aging and/or
abnormal lung development.

From a clinical and therapeutic
perspective, our data suggest that relative
MIF deficiency may predispose patients to
COPD/emphysema, and that normalization
of MIF could have a therapeutic advantage.
Our preclinical and in vitro data (22)
implicate the capacity of MIF to antagonize
p53 expression in its cytoprotective effects
against CS. Although p53-induced
apoptosis predisposes to pathologic
remodeling, p53 is also a tumor suppressor,
and prolonged and/or global p53
suppression would predictably increase risk
of malignancies, especially in the face of
chronic exposure to carcinogens, such as
CS. Importantly, the effects ofMIF deficiency
were observed in the microvascular ECs.
This cell type rarely gives rise to tumors
(i.e., angiosarcomas) in the lung, and these
tumors are not epidemiologically linked to
CS exposure. Moreover, our data indicate
that MIF does not directly impact on p53, but
functions upstream of CS-induced DSBs.
Thus, we predict that restoring physiologic
MIF would reduce CS-induced DNA
damage, promoting homeostasis and

eliminating the driving force for CS-induced
p53 expression in ECs.

Limitations of our analysis are
imparted by the animal model used, which
must condense a prolonged exposure in
humans into a restricted timeline.
Consequently, airspace remodeling is
relatively mild. Second, these studies were
performed in a relatively resistant
background strain, C57BL/6, to take
advantage of a genetic model. AlthoughMIF
expression was suppressed by chronic CS
in this strain, it remained detectable within
the lung after 6 months. Thus, the
reduced DSBs, delayed EC apoptosis
(observed at 6 mo, not 0.5 mo), and
a diminished airspace enlargement observed
in Mif1/1 mice, relative to Mif2/2,
demonstrate the persistent cytoprotective
role of MIF in response to CS exposure.

From a methodologic standpoint, the
most reliable and accurate stereologic
methods to quantify emphysematous
remodeling in small animal models are
highly debated. We used an unbiased
approach, including systematic random
sampling and the indirect/point-counting
method of unadulterated lung images to
estimate Lm. This is in contrast to the
mean linear intercept or direct method,
which can substantially bias the Lm
estimations, favoring larger values. Thus, in
the face of heterogeneous tissue destruction,
Lm derived from the point-counting
method represents the more accurate
assessment of regional alveolar remodeling.

Finally, our serum analysis has the
following limitations: (1) it is a cross-
sectional analysis; (2) we have insufficient
clinical data to address the relationship
between MIF and other clinically relevant
variables, such as emphysematous
remodeling quantified by high-resolution
chest tomography; and (3) it does not
define MIF levels directly in the lungs of
patients. Prior clinical studies suggest that
the lung is a major source of circulating
MIF (55), making it a reasonable
clinical surrogate. Despite these limitations,
this represents the first clinical link
between MIF and COPD, and provides the
framework for understanding the role of
this potential modifier in disease severity.

Despite acknowledged
environmental risks, it is well recognized
that individual susceptibility and severity
of COPD/emphysema is heterogeneous.
Although rare heritable risk factors
have been identified as typified by

Figure 6. MIF deficiency leads to increased sensitivity to emphysematous remodeling in vivo. Lungs
from Mif1/1 and Mif2/2 animals exposed to filtered air or CS for 6 months were sectioned for
morphometry. Differences in alveolar remodeling in Mif1/1 versus Mif2/2 mice are visually apparent in
CS-exposed caudal lung regions (C and D, respectively) compared with air-exposed mice (A and B,
respectively). Mif2/2 mice had significantly higher mean chord length (Lm) in the caudal lung regions
than Mif1/1 when exposed to CS (E), and the change in Lm from baseline was significant in Mif2/2

mice (F). Values are expressed as means 6 SEM.
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a1-antitrypsin deficiency, the contribution
of other molecular antagonists of tissue
destruction in emphysema is nascent.
Our results provide strong support for
a novel role for MIF as a determinant of
disease severity in mouse and man,
impacting on pulmonary EC apoptosis
and alveolar remodeling. It establishes

a role for MIF in controlling DNA
damage and p53-derived apoptotic
responses to smoke by regulating
DSBs and caspase-3 activation in
microvascular ECs. The identification
of this and other such factors
may provide additional
therapeutic targets directed at

ameliorating tissue obliteration in
COPD/emphysema. n
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