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Rationale: The molecular mechanisms underlying acute exacerba-

tions of idiopathic pulmonary fibrosis (IPF) are poorly understood.

We studied the global gene expression signature of acute exacer-

bations of IPF.

Objectives: To understand the gene expression patterns of acute

exacerbations of IPF.

Methods: RNAwasextracted from23stable IPF lungs, 8 IPF lungswith

acute exacerbation (IPF-AEx), and 15 control lungs and used for

hybridization on Agilent gene expression microarrays. Functional

analysis of genes was performedwith Spotfire and Genomica. Gene

validations forMMP1,MMP7, AGER, DEFA1–3, COL1A2, and CCNA2

were performed by real-time quantitative reverse transcription-

polymerase chain reaction. Immunohistochemistry and in situ termi-

nal deoxynucleotidyltransferase dUTP nick end-labeling assays were

performed on the same tissues used for the microarray. ELISA for a-

defensins was performed on plasma from control subjects, patients

with stable IPF, and patients with IPF-AEx.

Measurements and Main Results: Gene expression patterns in IPF-AEx

and IPF samples were similar for the genes that distinguish IPF from

control lungs. Five hundred and seventy-nine genes were differen-

tially expressed (false discovery rate , 5%) between stable IPF and

IPF-AEx. Functional analysis of these genes did not indicate any

evidence of an infectious or overwhelming inflammatory etiology.

CCNA2 and a-defensins were among the most up-regulated genes.

CCNA2 and a-defensin protein levels were also higher and localized

to the epithelium of IPF-AEx, where widespread apoptosis was also

detected. a-Defensin protein levels were increased in the peripheral

blood of patients with IPF-AEx.

Conclusions: Our results indicate that IPF-AEx is characterized by

enhanced epithelial injury andproliferation, as reflected by increases

in CCNA2anda-defensins andapoptosis of epithelium. The concom-

itant increase in a-defensins in the peripheral blood and lungs may

suggest their use as biomarkers for this disorder.
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Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic
interstitial lung disease with a median survival of 2.5–3 years
(1), and is largely unaffected by currently available medical
therapies (2). Although most patients experience a gradual
disease course characterized by steady worsening of symptoms,

lung function, and gas exchange, some experience rapid dete-
riorations that are of unknown etiology. These deteriorations
have been defined as acute exacerbations of IPF (IPF-AEx) (3–
10). The pathological hallmark of IPF-AEx is diffuse alveolar
damage superimposed on the usual interstitial pneumonia
pattern characteristic in IPF (7). IPF-AEx can occur at any
time during the disease course, and the risk of an exacerbation
does not appear to be linked to the level of pulmonary function
derangement, age, or smoking history (11). Little is known
about the pathogenesis of IPF-AEx. Along with histopathology
of diffuse alveolar damage, there is evidence of loss of alveolar
epithelial cell integrity (12). It has been suggested that IPF-AEx
may represent a response to a clinically occult infection (4, 13)
but direct evidence of an association with infections is still
missing (9).

Gene expression profiling was previously applied to stable
sporadic (14–20) and familial IPF (21). To generate new
hypotheses regarding the molecular events that underlie IPF-
AEx and to identify new potential biomarkers for this syn-
drome, we analyzed global gene expression patterns in the lungs
of patients undergoing IPF-AEx and compared them with
stable IPF and control lungs. Some of the results have been
previously reported in the form of an abstract (22).

METHODS

See the online supplement for details on methods.

Study Population

Lung tissue samples for microarray analysis were obtained through the
University of Pittsburgh Health Sciences Tissue Bank (Pittsburgh, PA)
as previously described (15) (and see the online supplement). Those
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included 23 lungs from patients with IPF, 8 lungs from patients with
acute exacerbation of IPF (IPF-AEx; obtained from explanted lungs or
via the warm autopsy protocol) (23), and normal lung histology
samples from control subjects. Plasma samples of patients with stable
IPF (n 5 10), patients with IPF-AEx (n 5 16), and healthy control
subjects (n 5 12) were obtained from Asan Medical Center (Seoul,
South Korea). The diagnosis of IPF was based on the American
Thoracic Society and European Respiratory Society definition (24).
The definition of IPF-AEx was based on criteria provided by Collard
and colleagues (3) or Akira and colleagues (25). All cases were
reviewed by expert pulmonologists and pathologists. Detailed clinical
information about the subjects with IPF-AEx is provided (see Tables
E1 and E2 in the online supplement).

The mean forced vital capacity (expressed as a percentage of the
normal expected value) (FVC%) and diffusing capacity for carbon
monoxide (expressed as a percentage of the normal expected value)
(DLCO%) of patients with stable IPF and patients with IPF-AEx are
provided in Tables 1A and 1B. All studies were approved by the
Institutional Review Boards at the University of Pittsburgh and Asan
Medical Center.

Oligonucleotide Microarray Experiments

Total RNA extracted from snap-frozen lung tissue was used as
template for the generation of labeled cRNA that was hybridized to
Agilent 4 3 4 4k whole human genome microarrays and scanned with
an Agilent scanner (Agilent Technologies, Santa Clara, CA) as
recommended and previously described by us (16). The complete data
set is available in the Gene Expression Omnibus database (http://
www.ncbi.nlm.nih.gov/geo/; accession number GSE10667).

Real-time Quantitative Reverse Transcription-Polymerase

Chain Reaction

The same RNA samples used for microarray experiments were used to
run real-time quantitative reverse transcription-polymerase chain re-
action (qRT-PCR) on TaqMan system (Applied Biosystems, Foster
City, CA). PCR was performed with TaqMan universal PCR master
mix (Applied Biosystems) for the following genes: CCNA2, DEFA1–3,
AGER, COL1A2, MMP1, MMP7, and GUSB. The results were
analyzed by the DDCt method and (GUSB, encoding b-glucuronidase)
was used as a housekeeping gene. Fold change was calculated by taking
the average over all the control samples as the baseline.

Immunohistochemistry

OCT-embedded sections of normal and IPF-AEx samples were used
for fluorescence immunohistochemistry. Rabbit polyclonal antibody
against cyclin A2 (CCNA2; Abcam, Cambridge, MA), prosurfactant
protein C (Abcam), and mouse monoclonal antibodies for cytoker-
atin (Vector Laboratories, Burlingame, CA), vimentin (Vector
Laboratories), Ki-67 (Abcam), and a-defensins (Hycult Biotechnol-
ogy, Uden, The Netherlands) were used as described in the online
supplement. Each antigen–antibody complex was labeled with bio-
tinylated antibody against mouse or rabbit IgG, and visualized with
fluorescein green or Texas red (Vector Laboratories). Nuclei were
counterstained with 49,6-diamidino-2-phenylindole (Sigma-Aldrich,
St. Louis, MO).

ELISA

Plasma concentrations of a-defensins were determined with an ELISA
kit for a-defensins (DEFA1–3) (Hycult Biotechnology).

Western Blot

Total protein was denatured by adding Laemmli sample buffer (Bio-
Rad, Hercules, CA) 2-mercaptoethanol and boiling. Fifteen micro-
grams of total protein was used in the immunoblotting process.

Terminal Deoxynucleotidyltransferase dUTP Nick

End Labeling

Formalin-fixed, paraffin-embedded tissue samples were used for
the terminal deoxynucleotidyltransferase dUTP nick end labeling
(TUNEL) assay, done with an in situ cell death detection kit (Roche

Applied Sciences, Indianapolis, IN). After proteinase digestion the
sections were incubated in a mixture containing terminal deoxynucleo-
tidyltransferase and fluorescein isothiocyanate–labeled dUTP. The
TUNEL conjugates were labeled with alkaline phosphatase, visualized
with Vector red, and counterstained with hematoxylin. The samples
were observed under a light microscope.

Statistical Analysis

Array images were processed according to the Agilent Feature
Extraction protocol (26). All arrays were cyclic-LOESS normalized,
using the Bioconductor package as previously described (27). For
statistical analysis we applied significance analysis of microarrays
(SAM) (28). A q value of 5, which corresponds to a 5% false discovery
rate, was used as a cutoff of statistical significance in microarray data.
Data visualization and clustering were performed with Genomica (28),
Scoregene (29), and Spotfire DecisionSite 9 (TIBCO, Palo Alto, CA).
For qRT-PCR, the Student t test was used and significance was defined
as P , 0.05.

RESULTS

Compared with Control Samples, Global Gene Expression

Patterns of IPF-AEx and IPF Are Similar

When compared with control samples, the global gene expres-
sion patterns of IPF-AEx are almost identical to those of stable
IPF (Figure 1A). To better characterize this similarity we
looked at genes that characterized IPF lungs in previous studies
(Figure 1B) and compared their expression in IPF-AEx with
that in stable IPF (Figure 1C). Impressively, all the highlighted
genes were not significantly different between IPF and IPF-AEx
(Figure 1C; see also Table 2). These results indicate that
compared with control samples, IPF-AEx exhibits a fibrosis
signature that is identical to that of stable IPF.

To confirm this observation we performed qRT-PCR for
MMP1, MMP7, COL1A2, and AGER, which are among the
genes that consistently distinguish patients with IPF from
control subjects (16, 20) (Figure 2). As expected, COL1A2,
MMP1, and MMP7 were significantly higher and AGER was
significantly lower in IPF and IPF-AEx compared with control
samples, but there was no significant difference in their expres-
sion between IPF and IPF-AEx.

Direct Comparison of IPF-AEx and Stable IPF

To identify the subtler gene expression changes that distinguish
IPF-AEx from stable IPF, and to focus on clusters of genes that

TABLE 1. CHARACTERISTICS OF PATIENTS WITH STABLE
IDIOPATHIC PULMONARY FIBROSIS (IPF) AND PATIENTS
WITH ACUTE EXACERBATION OF IPF

Variable Stable IPF IPF-AEx

A. Patients from University of Pittsburgh Medical Center

Number of subjects 23 8

Average age, yr 61.71 (65.51) 68.25 (610.22)

Average FVC% 51.49 (611.29) 55.73 (615.85)*

Average DLCO% 40.26 (616.19) 36.61 (612.06)*

Male/female 19/4 6/2

B. Patients from Asan Medical Center

Number of subjects 10 16

Average age, yr 63.60 (69.94) 65.50 (610.30)

Average FVC% 81.1 (611.97) 55.0 (68.3)† (n 5 7)

Average DLCO% 66.40 (612.77) 38.9 (613.3)† (n 5 7)

Male/female 10/0 9/7

Definition of abbreviations: DLCO 5 diffusing capacity of carbon monoxide;

IPF 5 idiopathic pulmonary fibrosis; IPF-AEx 5 acute exacerbation of idiopathic

pulmonary fibrosis.

* Last before IPF-AEx.
† At the time of IPF-AEx.
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seemed differentially expressed in IPF and IPF-AEx (orange
quadrangles; Figure 1A), we performed a direct comparison of
IPF-AEx and stable IPF. We identified 579 significantly differ-
entially expressed genes (q , 5) (Figure 3A). Among them
were genes related to stress response such as heat shock
proteins and a-defensins and mitosis-related genes including
histones and CCNA2 (Figure 3B and Table 3).

Impressively, the gene expression signature of IPF-AEx
did not exhibit an increase in inflammatory response compared
with stable IPF. Genes known to be associated with the
general inflammatory response, adaptive or innate immunity,
were not significantly enriched in genes that characterize IPF-

AEx. Similarly, only 2 (the a-defensins DEFA3 and DEFA4)
of the 100 genes on the array that belong to gene ontology
(GO) annotations associated with response to viral infection
were significantly changed (see Figure E1 in the online
supplement).

CCNA2 Is Overexpressed in IPF-AEx

When compared with stable IPF, CCNA2 was one of the top 20
up-regulated genes, with a q value of 0 and a 2.27-fold increase
(Table 3). Considering that this gene is a regulator of the cell
cycle we chose to validate and localize its expression. qRT-PCR
confirmed themicroarray data (Figures 3B and 3C), andWestern

Figure 1. (A) When

compared with control

samples,geneexpression

signatures of acute exac-

erbation of idiopathic

pulmonary fibrosis (IPF-

AEx) and IPF are similar,

as demonstrated in the

heatmap. Every row rep-

resents a gene and every

columnapatient.Blue rec-

tangles 5 genes express-

ing similar patterns in IPF

and IPF-AEx; orange rec-

tangles 5 genes express-

ing different patterns in

IPF and IPF-AEx. (B) Di-

rect comparison of gene

expression between IPF

and control samples. x

axis 5 average gene ex-

pression in control sam-

ples; y axis 5 average

gene expression in IPF.

Blue lines indicate a two-

fold change between the

groups. Red circles indi-

cate fibrosis-related

genes (all significantly

different between IPF

and control samples).

(C) Direct comparison of

gene expression be-

tween IPF and IPF-AEx. x

axis 5 average gene ex-

pression in IPF; y axis 5

average gene expression

in IPF-AEx. Blue lines in-

dicate a twofold change

difference between the

groups. Red circles indi-

cate fibrosis-related

genes (all significantly

different between IPF

and control samples).

Note that they all fall be-

tween the blue lines and

are not differentially

expressed between IPF

and IPF-AEx.
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blots indicated an increase in CCNA2 protein (Figure 3D). To
localize CCNA2 overexpression we performed double-fluores-
cence labeling for CCNA2 with either cytokeratin or vimentin.

The double labeling demonstrated coexpression of CCNA2
with cytokeratin (Figures 4A–4C), but not with vimentin
(Figures 4D–4F), indicating that the increase in CCNA2 was

TABLE 2. GENES THAT DISTINGUISH STABLE IDIOPATHIC PULMONARY FIBROSIS (IPF) FROM CONTROL
SAMPLES DO NOT SIGNIFICANTLY DISTINGUISH IPF FROM ACUTE EXACERBATION OF IPF

Probe ID Gene Symbol

q Value Stable

IPF/Control

q Value

IPF-AEx/Stable

Direction Stable

IPF/Control

Direction

IPF-AEx/Stable

A_23_P2492 C1S 0 50.81235685 Up Up

A_23_P119943 IGFBP2 0 65.54015605 Up Up

A_23_P100660 SERPINF1 0 51.91200838 Up Up

A_23_P142533 COL3A1 0 76.39075568 Up Down

A_23_P207520 COL1A1 0 63.33144534 Up Down

A_23_P52761 MMP7 0 22.96815416 Up Down

A_23_P27133 KRT15 0 42.91521282 Up Down

A_23_P201706 S100A2 0 68.1759329 Up Up

A_23_P213745 CXCL14 0 11.47868805 Up Down

A_23_P7313 SPP1 0 75.66331514 Up Up

A_23_P1691 MMP1 0 63.33144534 Up Down

A_23_P108062 LGALS7 0 70.79949555 Up Down

A_23_P218047 KRT5 0 74.65137647 Up Down

A_23_P85209 IL13RA2 0 4.219172327 Up Down

A_23_P13907 IGF1 0 61.75314131 Up Down

A_23_P501010 COL17A1 0 15.70941508 Up Down

A_23_P87653 KRT6A 0 61.75314131 Up Up

A_23_P13094 MMP10 0 55.98632176 Up Up

A_23_P153571 IGFL2 0 7.018853253 Up Down

A_23_P93360 AGER 0 42.91521282 Down Down

A_24_P12626 CAV1 0 24.69547444 Down Down

A_23_P70398 VEGFA 0 31.68574174 Down Down

Figure 2. Relative gene expression levels of representative genes known to distinguish idiopathic pulmonary fibrosis (IPF) from control samples, and

their behavior in acute exacerbation of idiopathic pulmonary fibrosis (IPF-AEx) is shown. Gene expression levels of (A) MMP1, (B) MMP7, (C) AGER,

and (D) COL1A2 were measured by microarray (green columns) and real-time quantitative reverse transcription-polymerase chain reaction (qRT-

PCR) (pink columns) (*q , 5 by microarray and P , 0.05 by qRT-PCR).
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localized to epithelial cells and not fibroblasts. Confocal micros-
copy revealed localization of CCNA2 in the alveolar epithelium
as well as the basal portion of the bronchial epithelium (Figures
4G and 4H). To determine whether increases in CCNA2 were
associated with cellular proliferation, we double-labeled IPF-
AEx tissues with CCNA2 and Ki-67. CCNA2 and Ki-67 colo-
calized to the pulmonary epithelium (Figure 4I), suggesting
accelerated epithelial cell proliferation, potentially as a compen-
satory response of the injured epithelium.

IPF-AEx Lungs Exhibit Widespread Epithelial Apoptosis

To determine whether increased epithelial proliferation was
associated with epithelial cell death in IPF-AEx, we studied
apoptosis in IPF-AEx tissues by in situ TUNEL assay. We
observed significant and widespread positive epithelial TUNEL
staining in IPF-AEx tissues (Figure 4K). This pattern was
consistent with previous observations in IPF (30). In addition,
positive TUNEL stains were also observed in the hyaline
membranes typical of diffuse alveolar damage, a pathological
hallmark of IPF-AEx (Figure 4J). In control lungs, rare
TUNEL-positive structures were predominantly observed in
apoptotic bodies engulfed by alveolar macrophages (Figure 4L).

a-Defensin Expression Is Increased in Lungs and Peripheral

Blood of Patients with IPF-AEx

Gene expression of a-defensins (DEFA3 and DEFA4) was
significantly increased in IPF-AEx lungs compared with stable
IPF in the microarray data (Figure 3B), and the increase was
confirmed by qRT-PCR (Figure 5A). To determine whether a-
defensins may serve as peripheral blood markers for IPF-AEx,
we analyzed their levels in the plasma of patients with IPF-AEx

from Asan Medical Center. Plasma defensin concentrations
were significantly higher in patients with IPF-AEx compared
with control subjects (P 5 0.0007) or patients with stable IPF
(P 5 0.025) (Figure 5B). To determine the cellular origins of
a-defensins in IPF-AEx, we performed double labeling on IPF-
AEx lung sections with antibodies against a-defensins and
against the alveolar type II cell marker surfactant protein C
(SFTPC). These experiments identified alveolar type II cells as
the source of a-defensins in IPF-AEx (Figures 5C–5E).

DISCUSSION

In this study, we used gene expression microarrays to charac-
terize acute exacerbations of IPF. Compared with control
samples, IPF and IPF-AEx lungs exhibited similar gene ex-
pression signatures. However, on direct comparison of IPF and
IPF-AEx we identified differentially expressed genes and chose
to focus our validation on CCNA2 and a-defensins. CCNA2,
a general regulator of the cell cycle, was among the most up-
regulated genes in IPF-AEx. Increased CCNA2 protein ex-
pression was localized to proliferating epithelial cells but not
to mesenchymal cells. TUNEL staining was also positive and
localized to the epithelium in IPF-AEx. Gene expression levels
of a-defensins were up-regulated in IPF-AEx and their protein
expression was localized to the alveolar epithelium in IPF-
AEx. Plasma a-defensin concentrations were higher in patients
with IPF-AEx compared with those with stable IPF or control
subjects. Taken together, these results indicate the central role
of the pulmonary epithelium in IPF-AEx and suggest a poten-
tial role for a-defensins as peripheral blood biomarkers in IPF-
AEx.

Figure 3. Signature of

acute exacerbation of id-

iopathic pulmonary fi-

brosis (IPF-AEx) and

validation of upregula-

tion of CCNA2. (A) Direct

comparison of stable IPF

with IPF-AEx reveals 579

differentially expressed

genes between these

two groups, as shown in

the heatmap. (B) Among

them CCNA2 was one of

the most up-regulated

genes in the IPF-AEx

group. (C) CCNA2 gene

expression as deter-

minedby (green columns)

microarray was con-

firmed by (pink columns)

real-time quantitative

reverse transcription-

polymerase chain reac-

tion (qRT-PCR) and (D)

CCNA2 protein expres-

sion was determined by

Western blot (*q , 5 for

microarray and P , 0.05

for qRT-PCR).
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One impressive feature of our results is the relative similarity
of the gene expression patterns that distinguish IPF or IPF-AEx
from control lungs. We have previously reported the up-
regulation of matrix metalloproteinase-7 (MMP7), matrix met-
alloproteinase-1 (MMP1), collagens I and III, and osteopontin
(14–21), as well as down-regulation of caveolin-1 (31) and
advanced glycosylation end products-specific receptor (AGER)

(32), in IPF. All these genes behaved similarly in stable IPF and
IPF-AEx, as did the majority of all other genes that distin-
guished IPF from control samples. We did not detect any
dramatic shift in gene expression that would indicate a new
process or a dramatic shift in lung cellular phenotype or
content. Although we found increases in some genes associated
with response to stress (HMOX1 and HSP1A1), we did not find
any changes in known inflammation-related genes, such as IL-1,
IL-6, tumor necrosis factor-a, or NF-kB target genes in the
comparison of IPF and IPF-AEx. Interestingly, other genes
increased in acute lung injury such as AGER, a known marker
of generalized inflammation (33), were not increased in IPF-
AEx lungs. In fact, AGER was significantly decreased in IPF-
AEx compared with control samples, potentially reflecting loss
of type I alveolar epithelial cells (16, 32). Taken together, these
results do not support an overwhelming lung inflammatory
response as a potential mechanism for acute exacerbation. We
also did not find any gene expression patterns indicative of
a response of the lung to viral or bacterial infections, a mech-
anism observed in animals (34) but not yet confirmed in human
IPF-AEx (9, 35). Although our results do not rule out an occult
viral infection or a previous viral infection as the triggering
mechanism for IPF-AEx, neither do they support a role for an
active infection during the last phase of the syndrome.

Naturally, our analysis is limited by our dependence on tissue
harvested at explant or warm autopsy. It is entirely possible that
by the time the patients experienced the final deterioration all
evidence of response to an infection or infected tissue was
destroyed. In this context the finding of increased a-defensin
levels and the evidence of epithelial injury may be interpreted as
remnants of an infectious process that triggered the acute lung
injury but was cleared by the time the lungs were harvested.

TABLE 3. TOP 20 UP-REGULATED PROBES THAT DISTINGUISH
ACUTE EXACERBATION OF IDIOPATHIC PULMONARY FIBROSIS
(IPF-AEX) FROM STABLE IPF

Probe ID Gene Symbol

q Value

IPF-AEx/Stable

Fold Ratio

AEx/Stable

A_23_P31816 DEFA3 0 15.452

A_23_P326080 DEFA4 0 13.436

A_23_P219045 HIST1H3D 0 5.0072

A_32_P221799 HIST1H2AM 0 4.1309

A_23_P20022 HIG2 0 3.3581

A_23_P74059 NPPA 0 3.3542

A_24_P123616 HSPA1A 0 3.3534

A_23_P93258 HIST1H3B 0 3.0033

A_23_P329593 SEC24A 0 2.604

A_24_P933565 PGAP1 0 2.4868

A_23_P431734 SLC25A37 0 2.4823

A_23_P368740 HDAC10 0 2.4006

A_23_P381431 NPL 0 2.3955

A_23_P3643 DNASE1L2 0 2.3867

A_23_P48803 TMOD2 0 2.3068

A_23_P428184 HIST1H2AD 0 2.3003

A_23_P111132 HSPA1A 0 2.29

A_23_P58321 CCNA2 0 2.271

A_23_P333484 HIST1H3H 0 2.1118

A_23_P30799 HIST1H3F 0 2.0654

Figure 4. (A–C) Localization of CCNA2 in tissue obtained

from patients with acute exacerbation of idiopathic pul-

monary fibrosis (IPF-AEx) (original magnifications: A, 320;

B,320; C,320 merge): CCNA2 (green) is colocalized with

cytokeratin (red). (D–F) CCNA2 (green) does not colocalize

with vimentin (red) (original magnifications: D, 320; E,

320; F, 320 merge). (G and H) Confocal microscopy of

CCNA2 and cytokeratin. CCNA2 (green) and cytokeratin

are colocalized in the basal portion of bronchial epithelium

(G; original magnification, 340). Coexpression of CCNA2

and cytokeratin is also observed in the alveolar epithelium

(H; original magnification, 360). Coexpression of CCNA2

(green) and Ki-67 (red), a proliferation marker, is observed

in IPF-AEx tissue (I; original magnification, 340). In situ

terminal deoxynucleotidyltransferase dUTP nick end-label-

ing (TUNEL) reveals positive stains in hyaline membranes

(arrows in J; original magnification, 340) and alveolar

epithelium (arrows in K; original magnification, 340) in

lung tissues with diffuse alveolar damage superimposed

on the usual interstitial pneumonia pattern. In lungs with

normal morphology, TUNEL-positive structures are ob-

served predominantly in the alveolar macrophages (arrows

in L; original magnification, 340).
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Althoughwe cannot disprove this interpretation, we do think that
the lack of expression of viral response genes reduces the likeli-
hood of an active infection. A definite answer regarding the role
of infections will require sampling earlier at presentation and
longitudinal studies of the same patient, a task impossible with
lung tissue but attainable with bronchial lavage or peripheral
blood samples.

One of the remarkable features of our study is the localiza-
tion of increased CCNA2 expression to the alveolar epithelium,
rather than to fibroblasts or myofibroblastic foci. CCNA2 is the
main A-type cyclin present in somatic cells (36) and a mediator
of the cell cycle. The overexpression and localization of CCNA2
to epithelial cells but not to mesenchymal cells suggests that
IPF-AEx is probably an extension of the epithelial injury and
dysregulation that characterizes IPF (37) and definitely is not
a result of uncontrolled fibroblast proliferation. The fact that
the majority of CCNA2-expressing cells were also positive for
Ki-67, a proliferation marker, suggests that CCNA2 expression

represents a proliferative response of the epithelium. In light of
the positive TUNEL staining in the epithelium and hyaline
membranes, it is tempting to hypothesize that this enhanced
proliferation represents a failed compensatory response to in-
jury, localizing the pathogenesis of IPF-AEx to the epithelium.

One use of lung gene expression data is in the identification
of differentially expressed genes that encode secreted proteins.
Such secreted proteins may be detected in the alveolar fluid or
peripheral blood and thus be useful as potential surrogate
markers for disease activity (16). Previous studies suggested
that peripheral blood IL-8, KL-6, and most recently circulating
fibrocytes may be increased in IPF-AEx (38–40). In our study
the genes encoding a-defensins were significantly increased in
IPF-AEx lungs compared with stable IPF or control samples,
and their protein expression was increased in the plasma
of patients with IPF-AEx. a-Defensins are innate immunity
antimicrobial peptides abundant in neutrophil granules and
mucosal surfaces (41, 42). a-Defensins affect various immune

Figure 5. (A) Gene expression of a-defensins (DEFA1–3)

observed by microarray (green columns) or real-time

quantitative reverse transcription-polymerase chain reac-

tion (pink columns). Gene expression levels of a-defensins

are significantly higher in patients with acute exacerbation

of idiopathic pulmonary fibrosis (IPF-AEx) compared with

patients with stable IPF or control subjects. (B) ELISA for a-

defensins in plasma obtained from control subjects,

patients with stable IPF, and patients with IPF-AEx. Plasma

levels of a-defensins in patients with IPF-AEx are signifi-

cantly higher (*q , 5 for microarray and P , 0.05 for

ELISA). (C–E) Histological localization of a-defensins in

tissues from patients with IPF-AEx (original magnification,

360). (C, green) a-Defensins are present in cells express-

ing surfactant protein C (D, red and E, merge), suggesting

type II pneumocytes as one of the cellular sources for a-

defensins.
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functions. a-Defensins are involved in activation of the classical
complement pathway (43, 44). In vitro a-defensins induce the
production of heat shock proteins and type I collagens in human
lung fibroblasts (45), and stimulate cytokine production of
bronchial epithelial cells (46). Elevation of a-defensins has been
described in pulmonary alveolar proteinosis (47), a1-antitrypsin
deficiency (48), acute respiratory distress (49), and chronic lung
allograft rejection (50) and in patients with IPF but not in the
context of acute exacerbation (51). In this context, it is important
to note that we observed a-defensin expression in surfactant
protein C–expressing cells in IPF-AEx lungs—a finding that
suggests that the plasma increases in a-defensins may be in-
dicative of the lung microenvironment in IPF-AEx and again
highlights the central role of the epithelium in IPF-AEx.

In summary, this is the first study of lung gene expression
patterns in IPF-AEx lungs. Gene expression patterns indicate
that IPF-AEx represents an extension of the molecular process
that underlies IPF and not a new process. Although expression
patterns that distinguish stable IPF and IPF-AEx lungs from
normal lung are similar, we have identified genes that are
differentially expressed in a direct comparison of IPF and IPF-
AEx lungs. The increased expression of CCNA2 and a-defensins
is localized to the epithelium of IPF-AEx lungs, where wide-
spread proliferation and apoptosis are detected, suggesting that
the central molecular events in IPF-AEx are localized to the
alveolar epithelium. Taken together, our results indicate the
central role of alveolar epithelial injury in IPF-AEx and thus
support the study of agents that protect the epithelium as
therapeutic measures in this devastating syndrome. The identifi-
cation of increases in plasma concentrations of proteins originat-
ing from the pulmonary epithelium in patients with IPF-AEx
suggests their use as tools for evaluating patients with IPF during
the course of the disease.
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