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Rationale: Little is known about the genetic regulation of granulo-
matous inflammation in sarcoidosis.
Objectives: To determine if tissue gene array analysis would identify
novel genes engaged in inflammation and lung remodeling in
patients with sarcoidosis.
Methods: Gene expression analysis was performed on tissues
obtained from patients with sarcoidosis at the time of diagnosis
(untreated) (n 5 6) compared with normal lung tissue (n 5 6).
Expression of select genes was further confirmed in lung tissue from
a second series of patients with sarcoidosis and disease-free control
subjects (n 5 11 per group) by semi-quantitative RT-PCR. Interactive
gene networks were identified in patients with sarcoidosis using
Ingenuity Pathway Analysis (Ingenuity Systems, Inc., Redwood, CA)
software. The expression of proteins corresponding to selected
overexpressed genes was determined using fluorokine multiplex
analysis, and immunohistochemistry. Selected genes and proteins
were then analyzed in bronchoalveolar lavage fluid in an indepen-
dent series of patients with sarcoidosis (n 5 36) and control subjects
(n 5 12).
Measurements and Main Results: A gene network engaged in Th1-type
responses was most significantly overexpressed in the sarcoidosis
lung tissues, including genes not previously reported in the context
of sarcoidosis (e.g., IL-7). MMP-12 and ADAMDEC1 transcripts were
most highly expressed (. 25-fold) in sarcoidosis lung tissues,
corresponding with increased protein expression by immunohisto-
chemistry. MMP-12 and ADAMDEC1 gene and protein expression
were increased in bronchoalveolar lavage samples from patients
with sarcoidosis, correlating with disease severity.
Conclusions: Tissue gene expression analyses provide novel insights
into the pathogenesis of pulmonary sarcoidosis. MMP-12 and
ADAMDEC1 emerge as likely mediators of lung damage and/or
remodeling and may serve as markers of disease activity.
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The primary cause of sarcoidosis remains a mystery, and the lack
of an established environmental cause, together with clustering of
cases within families and in certain ethnic groups, suggests that
genetic factors strongly contribute to disease pathogenesis. A
number of genetic variations are implicated as potentially
disease-predisposing or disease-modifying factors. Germline
polymorphisms of genes regulating Th1 immune responses,
particularly those of major histocompatibility complex II (1, 2),
IFN-g (3), IL-18 (4), and signal transducer and activator of
transcription 1 (STAT1) (5, 6), have been identified as potential
disease susceptibility genes. However, little is known about the
genetic regulation of granulomatous inflammation operating at
the tissue level in patients with active pulmonary sarcoidosis.

Recent technological advances provide access to enormous
genetic data sets with opportunities to discover novel disease
mechanisms. This approach has been applied to diseases of
unknown cause to create new hypotheses relating to disease
pathogenesis (7, 8) and is shown to have prognostic (9) and
diagnostic applications (10, 11).

Using the global genomic approach, we sought to identify
novel gene transcripts and transcript networks engaging in
common biological processes operating at the tissue level in
pulmonary sarcoidosis. Tissue gene transcript profiling con-
firmed previous investigations generally linking Th1-type im-
mune responses to sarcoidosis; however, the finding of highly
interactive gene networks featuring IL-7 and IL-15, and the

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The pathogenesis of sarcoidosis remains poorly under-
stood, including the genetic factors regulating granuloma-
tous inflammation at the tissue level. Genome-wide gene
expression profiling can provide novel insights into in-
teractive gene networks involved in the pathogenesis of
disease.

What This Study Adds to the Field

Using gene expression profiling, highly interactive gene net-
works were identified, including genes and gene products
not previously linked to the pathogenesis of sarcoidosis.
Among these, gene and protein expression of proteases
MMP-12 and ADAMDEC1 were greatly increased at the
tissue level and in bronchoalveolar fluid of patients with
sarcoidosis and correlated with the severity of lung disease.
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corresponding protein expression, has not been previously
reported. Furthermore, a gene network regulating macro-
phage-derived proteases, including matrix metalloproteinase
12 (MMP-12), a potent elastase, and ADAM-like, decysin 1
(ADAMDEC1), a recently discovered member of the metal-
loproteinase family, were dramatically overexpressed in the
lungs of patients with sarcoidosis. Expression of MMP-12 pro-
tein colocalized to macrophages within lung granulomas and
was associated with local depletion of elastin fibers. Moreover,
increased MMP-12 and ADAMDEC1 gene and protein expres-
sion in bronchoalveolar lavage (BAL) samples were associated
with more advanced disease. Some of the results of these studies
have been previously reported in abstract form (12, 13).

METHODS

Patient Recruitment

Gene expression analysis was performed on lung tissues from patients
who met the operational diagnosis of sarcoidosis. Specifically, sarcoidosis
samples displayed well-formed, nonnecrotizing epithelioid granuloma in
the absence of identifiable infection or foreign objects, in accordance
with the diagnostic criteria described in the American Thoracic Society’s
Joint Statement on Sarcoidosis (14). Samples exhibiting signs of infection
and atypical pathological features, such as necrosis or fibrosis, were
excluded from analysis. Disease-free lung tissues were obtained during
surgical lung resections or in the immediate postmortem period from
patients who had submitted for organ donation for the purposes of
medical research. Each sample was verified to have normal lung
histology by a certified pathologist. Informed consent was provided for
the use of all tissues analyzed in these studies, which were performed in
compliance with the universities’ institutional review boards. In some
cases, sarcoidosis lung tissues were obtained from diagnostic video-
assisted thoracic surgery procedures. Presumably, these patients were
referred to thoracic surgeons after nondiagnostic bronchoscopy or by
physicians from smaller communities lacking pulmonology consultation
services. For the BAL studies, subjects were recruited at the time of
diagnostic bronchoscopy and were not using systemic medications for
sarcoidosis. Healthy control individuals were all nonsmokers with no
history of lung disease and were not on any medications at the time of
the study. BAL was performed by instilling three 50-ml aliquots of
warmed saline in a segmental bronchus. Processing of BAL specimens
was done as previously reported (15). Viability of cells exceeded 95% as
assessed by trypan blue exclusion. Total RNA was isolated from
resuspended cells and stored at 2808C for further analysis.

Isolation and Validation of High-Quality RNA for Gene Chip

Analysis and PCR

Total RNA was isolated from frozen lung tissue using TRIzol reagent
(Invitrogen Corp., Carlsbad, CA) according to the manufacturer’s
protocol and as described in the online supplement. The integrity of
purified total RNA samples was assessed qualitatively on an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and verified
by the presence of two discrete electropherogram peaks corresponding
to the 28S and 18S rRNA at a ratio approaching 2:1. Housekeeping
genes GAPDH and CAP1 were used to assess the quality of thesyn-
thesized, labeled cDNA and to normalize PCR results. Samples were
excluded from gene array analysis if the ratio between the 39 and 59

signals exceeded 4, with ideal values being between 1 and 2. RNA
degradation was shown to be comparable in all samples used for
Affymetrix analyses (see online supplement).

Gene Array

Samples were processed using high-density oligonucleotide HG-U133
Plus 2 arrays (Affymetrix, Inc., Santa Clara, CA), which analyze the
expression levels of over 47,000 transcripts and variants including
38,500 well-characterized human genes. Gene expression levels from
probe intensities were estimated using a robust multiarray analysis
method with quantile normalization and background correction (16).

Statistical analysis comparing the sarcoidosis and control groups
was performed using BRB Array Tools software developed by the

Biometric Research Branch of the U.S. National Cancer Institute
(http://linus.nci.nih.gov/BRB-ArrayTools). Array data were excluded
if less than 20% of expression data had at least a twofold change in
either direction from the gene’s median value; 6,533 probe sets passed
the filtering criteria. To identify differentially expressed genes
between the two groups, a modified t test with random variance
model was applied. The random variance model is an improvement
over the standard t test because it permits sharing information among
genes about within-class variation without assuming that all genes
have the same variance (17). To adjust for multiple test comparisons,
the Benjamin and Hochberg false discovery rate, which controls the
proportion of genes expected in a list of genes by chance, was applied.
Fold change between the two groups was estimated by the ratio of
geometric means of intensities in each group. By first applying a t-
distribution to obtain 95% confidence intervals for the difference in
means of logarithmic intensities and then using an exponential
transformation of these intervals, 95% confidence intervals for fold
changes were obtained. A gene was identified as differentially
expressed when the P value was , 0.005, the false discovery rate
was ,0.03, and the fold increase/decrease was >2.

Gene Network Analysis

Functional and network analyses of gene expression data derived from
the Affymetrix HG-U133 Plus 2 chips was performed using Ingenuity
Systems’ IPA software (Ingenuity Systems Inc., Redwood, CA), which
is described in greater detail in the DISCUSSION. Briefly, gene expression
changes are considered in the context of physical, transcriptional, or
enzymatic interactions of the gene/gene products and are grouped
according to interacting gene networks through the use of Ingenuity
Pathways Analysis. The score assigned to any given gene network takes
into account the total number of molecules in the data set, the size of
the network, and the number of ‘‘network eligible’’ genes/molecules in
the data set. The network score is based on the hypergeometric
distribution and is calculated with the right-tailed Fisher’s exact test.
The network score is the negative log of this P value.

Semi-Quantitative RT-PCR and Real-Time PCR

Expression of select human genes (ADAMDEC1, MMP12, HLA-
DRB1, STAT1, CXCL9, CCL5, IL-7, IL-15, CAP1, and GAPDH) was
confirmed in an additional set of lung tissue samples using semi-
quantitative reverse transcriptase–polymerase chain reaction (RT-
PCR), as detailed in the online supplement. Isolated tissue RNA was
reverse-transcribed to cDNA and amplified using RT-PCR after first
determining the optimal number of cycles needed for appropriate PCR
amplification. The PCR product corresponding to each gene for every
sample was further examined by high-resolution gel electrophoresis
and semi-quantitated by band intensity analysis normalized to that of
the housekeeping genes.

Human gene expression for MMP12 and ADAMDEC1 was de-
termined in cells derived from BAL using real-time PCR with
normalization to that of GAPDH (see the online supplement).

Cytokine Analysis

Multiplex quantification of cytokine expression was conducted in lung
tissue homogenates. Frozen lung samples (z0.5 g) were processed into
tissue homogenates, as described in the online supplement, and the
concentration of each cytokine was analyzed from a 50-ml sample. A
custom-made Bio-Plex Human Cytokine panel that included IL-1b, IL-
1ra, IL-2, IL-6, IL-7, IL-8, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15,
granulocyte macrophage colony-stimulating factor (GM-CSF), macro-
phage colony-stimulating factor (M-CSF), macrophage inflammatory
protein-1 (MIP-1), and tumor necrosis factor (TNF)-a was used
according to the manufacturer’s recommendations using the Bio-Plex
200 Analysis System (Bio-Rad Laboratories, Inc., Hercules, CA).
Concentrations determined from standards were normalized per mg
tissue homogenate protein.

Immunohistochemistry

Frozen lung tissue samples obtained from patients with sarcoidosis and
control subjects were processed and cut at 4 mm for slide preparation
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and immunohistochemical staining according to standard techniques.
Immunoreactivity was evaluated using the following anti-human mouse
monoclonal primary antibodies: anti–MMP-12 (1:150; R&D Systems,
Inc., Minneapolis, MN), anti-CD68 (1:150; Dako North America, Inc.,
Carpinteria, CA), anti-ADAMDEC1 (1:150; Abnova Corp., Taipei
City, Taiwan), and anti–TIMP-1 (1:150; R&D Systems, Inc.).

Tissue Elastin Staining

Unstained slides prepared from the frozen lung tissue samples as
indicated above were routinely stained and evaluated for the presence
of elastin fibers using Verhoeff’s elastic stain and van Gieson’s
counterstain according to standard techniques (18).

MMP-12 and ADAMDEC1 Protein Expression

Bronchoalveolar lavage fluid (BALF) was concentrated tenfold (by
volume) using Amicon Ultra-15 centrifugal filters (Millipore, Burlington,
MA). The total protein content was determined with the bicinchoninic
acid protein assay (Pierce Biotechnology, Inc., Rockford, IL). For
Western blot analysis, 10 mg of total protein was loaded per lane as
previously described (19), and protein detection was determined using
an anti-human rabbit polyclonal antibody to MMP-12 (Abcam Inc.,
Cambridge, MA) and an anti-human mouse polyclonal antibody to
ADAMDEC1 (Novus Biologicals, Inc., Littleton, CO). Densitometry
was assessed using ImagePro software with between-group differences
assessed by Tukey’s test.

Characteristics of Patient Populations Tested

Whole-genome RNA expression in granulomatous pulmonary tissue was
profiled in six patients with active pulmonary sarcoidosis, which was then
compared with the profiles in normal lungs from six control subjects, as
our training set. All of the patients included in the microarray experi-
ments were recruited from the greater Columbus, Ohio area. Demo-
graphic data for each experimental group are summarized in Table 1
(Group 1). There was a trend toward younger age, with whites out-
numbering African Americans in the sarcoidosis group, which is in
keeping with regional trends. The control group included histologically
normal lung tissue obtained from patients undergoing lung resection for
benign tumors or noninflammatory infiltrates (n 5 4) and samples
obtained from organ donors (n 5 2). The percentage of smokers in
the control group was higher, although this did not achieve statistical
significance. All patients were HIV negative. Genome-wide gene
expression results were then validated for selected genes by semi-
quantitative RT-PCR in a second series of subjects (patients with
sarcoidosis [n 5 11] and control subjects [n 5 11]) who were recruited
from the same demographic group (Table 1, Group 2). For the patients
with sarcoidosis, the lung biopsy material was obtained by surgical or
transbronchial biopsy, whereas disease-free lung tissues were obtained
from organ donors or from those who had undergone resection of a lung
tumor. With respect to the latter, histologically normal lung tissue was
obtained at least 1 cm from the tumor.

Another independent group of patients with sarcoidosis (n 5 36)
and healthy control subjects (n 5 12) underwent bronchoscopy and
BAL. These patients were recruited by informed consent at the
Cleveland Clinic Foundation (Cleveland, OH); all were nonsmokers,
and none was using systemic immunosuppressants before bronchos-
copy. The clinical characteristics of these patients are summarized in
Table 2. Some subjects were not used for all studies due to availability
of samples. The patients with sarcoidosis were prospectively stratified
into ‘‘severe’’ and ‘‘nonsevere’’ phenotypes based on whether there was
an indication for systemic treatment of sarcoidosis at the time of
bronchoscopy or any time during follow-up (19, 20). Treatment
decisions were made at the discretion of the treating physician; all
samples were prospectively phenotyped before inclusion in these
studies. Subjects with unclear treatment indications or indeterminant
follow-up data were not included. In brief, the decision to treat for
pulmonary disease was predicated upon the demonstration of de-
teriorating pulmonary physiology (i.e., 10% decline in serial FVC) or
substantial pulmonary symptoms in the presence of significantly
abnormal pulmonary function tests. All but one of the patients in the
severe group had advanced Scadding chest X-ray (CXR) stages (II–IV).
The median chest X-ray follow-up for these subjects was 29 months.

RESULTS

General Characteristics of Differentially Expressed

Genes in Lung Tissue from Patients with Sarcoidosis

and the Control Group

We were interested in identifying functionally related genes that
distinguished the patients with sarcoidosis from the control
subjects. Using the gene expression cutoffs described above, it
was observed that the permutation P values were , 0.02 for the
patients with sarcoidosis versus the control subjects. There were
436 differentially expressed transcripts representing 319 unique
genes (i.e., by at least twofold) in the patients with sarcoidosis
compared with the control subjects. The false discovery rate was
,3%. The gene list is available for review on the National
Center for Biotechnology Information’s Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc).

Interacting Gene Networks Overexpressed in Lungs of

Patients with Sarcoidosis Relative to Control Subjects

A unique feature of the IPA tool is the capacity to prioritize the
gene expression data according to gene networks that are known

TABLE 1. PATIENT DEMOGRAPHICS FOR TISSUE GENE
EXPRESSION ANALYSES

Variable

Control

(n 5 6)

Sarcoidosis

(n 5 6)

Control

(n 5 11)

Sarcoidosis

(n 5 11)

Age, years* 51 6 10 41 6 9 62 6 8 47 6 7

Sex (male/female) 3/3 2/4 6/5 4/7

Race (white/black/other) 4/2/0 4/2/0 8/3/0 6/5/0

Smoking history (yes/no/unknown) 5/1/0 3/2/1 7/3/1 5/4/2

PFT data (% predicted)*

FVC 85 6 13 83 6 14

TLC 84 6 11 89 6 12

DLCO 71 6 16 73 6 20

CXR stage

1 0 0

2 4 7

3 2 4

4 0 0

Definition of abbreviations: CXR 5 chest X-ray; PFT-pulmonary function test.

* Mean 6 SD.

TABLE 2. CHARACTERISTICS OF PATIENTS INCLUDED
IN BAL ANALYSES

Sarcoidosis

Variable

Control

(n 5 12)

Nonsevere

(n 5 18)

Severe

(n 5 18)

Age, years* 34 6 9 39 6 7 48 6 9

Sex (male/female) 6/6 14/4 10/8

Race (white/black/other) 7/4/1 16/1/1 8/10/0

Smoking history (none/former/active) 10/2/0 13/3/2 16/1/1

BAL differential*

Lymphocytes, % 5 6 4 16 6 13 19 6 13

PMNs, % 1 6 2 1 6 1

CXR stage

1 10 1

2 7 8

3 1 2

4 0 7

FVC, % predicted n/a 94 6 15 79 6 22

DLCO, % predicted* n/a 95 6 17 77 6 22

Definition of abbreviations: BAL 5 bronchoalveolar lavage; CXR 5 chest X-ray;

PMN 5 polymorphonuclear leukocyte.

* Mean 6 SD.
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to interact, as reflected by the capacity of the genes or gene
products (e.g., enzymes) to influence the function of one another.
This interacting network of genes, referred to as the ‘‘interac-
tome,’’ potentially provides novel insight into the disease mecha-
nism. For instance, interactive gene networks corresponding to cell
movement and immune functions were most highly overexpressed
in the lung tissues of patients with sarcoidosis (Figure 1A), among
which STAT1, IL-7, IL-15, and specific chemokine genes (CCR5,
CXCL9) are shown to be highly engaged. The network score was
61, indicating that there was a 10261 chance of this many genes
being present in the network by random chance (see METHODS).
MMP12 and ADAMDEC1, which are represented in a different
gene network (network score .13), were among the genes most
highly overexpressed (.25-fold) in the lungs of patients with
sarcoidosis. These genes are regulated by IL-13 (Figure 1B).

Select Human Gene Expression in Lung Tissues by RT-PCR

Confirms Genome-wide Affymetrix Results

In a subsequent series of patients with sarcoidosis and control
subjects, selected genes that were differentially expressed in
sarcoidosis tissues in association with an interactive network
(Figure 1; Table 3) were evaluated by semiquantitative RT-
PCR analysis (Figure 2). The patients with sarcoidosis exhibited
distinct increases in MMP12, ADAMDEC1, IL-7, and IL-15
expression levels compared with the control subjects, as was
observed by Affymetrix.

Cytokine Analysis in Lung Tissues of Patients with Sarcoidosis

In keeping with the tissue gene expression data, quantitative
cytokine protein analysis confirmed increased expression of IL-
7 and IL-15 proteins in lung tissues relative to control subjects.
In addition, IL-1ra (288.3 6 40.0 vs. 113.0 6 15.3 ng/mg tissue
protein; P , 0.05), IL-2, IL-12 (p40), IL-12 (p70), IL-13, GM-
CSF, and TNF-a protein expression were significantly increased
in the patients with sarcoidosis (Figure 3), even though there
was no significant change in their respective levels of mRNA
expression. By contrast, and in keeping with gene expression
results, tissue concentrations of IL-1b, IL-6, IL-8, IL-10, M-
CSF, and MIP-1a were not statistically different in the patients
with sarcoidosis relative to control subjects.

Lung MMP-12 and ADAMDEC1 Protein Expression Levels Are

Highest in the Vicinity of Granulomatous Inflammation

The expression of MMP-12 protein was greatest in the areas of
active granulomatous inflammation and colocalized with CD68
expression (Figure 4), identifying macrophages, which are known
to produce MMP-12 (21). Tissue inhibitor of metalloproteinase 1
(TIMP-1), an endogenous inhibitor of MMP-12 (22), was uni-
formly expressed throughout the lung tissue, including the
granulomas, and the expression level did not differ among the
two groups (not shown). To the extent that high levels of MMP-
12 protein expression were not opposed by increases in TIMP-1,
it follows that the target of MMP-12, elastin, would be diminished
in areas of MMP-12 overexpression (Figure 4). In contrast to
MMP-12, ADAMDEC1 expression was greatest in lung tissues
adjacent to the granulomas (Figure 4).

MMP12 and ADAMDEC1 Gene Expression are Elevated

in the BALF of Patients with Sarcoidosis and

Correlate with Clinical Phenotype

The expression of MMP12 and ADAMDEC1 was determined
in cells from BALF obtained from an independent series of
patients with sarcoidosis and healthy control subjects (Figure 5).
As in the lung tissue, higher MMP12 expression was observed in
the BAL cells obtained from patients with active pulmonary

sarcoidosis (3.03-fold higher in sarcoidosis; P , 0.004). A trend
was also observed for elevations of ADAMDEC1 expression
compared with healthy control subjects (2.38-fold increase; P 5

0.07). Because macrophages are the major producers of MMP-
12 and ADAMDEC1 (23), they are the likely source of these
gene transcripts. In this regard, there was no significant corre-
lation between the percentage of lymphocytes or neutrophils
and the abundance of mRNA to either protein.

There was also a significant correlation between BAL
MMP12 expression and sarcoidosis phenotype (Figure 5), and
there was a nonsignificant trend (1.92-fold higher expression;
P 5 0.17) toward increased ADAMDEC1 expression in the
BAL cells of patients with sarcoidosis with severe compared
with nonsevere disease.

Similar to the gene expression data, Western blot analysis of
acellular BALF from patients with sarcoidosis was enriched in
MMP-12 (Figures 6A and 6C; P 5 0.003 vs. control subjects)
and ADAMDEC1 (Figures 6B and 6D; P 5 0.056). There were
differences apparent between sarcoidosis phenotypes, with
more unbound MMP-12 (P , 0.001) and ADAMDEC1 (P ,

0.001) in the BALF from severe versus nonsevere phenotypes.

Lack of Correlation between MMP12 or ADAMDEC1

Expression with Age, Race, or Gender

Given the unequal distribution of the sarcoidosis and control
populations with respect to age, race, and gender (see Tables 1
and 2) and the limited size of the groups, multivariate regression
analyses of MMP12 and ADAMDEC1 expression with respect
to these clinical variables was not feasible. However, a negative
correlation by univariate regression analysis can identify genes
that are unlikely to be influenced by a specific clinical variable
(e.g., age) (24). In this regard, regression analysis of tissue
MMP12 and ADAMDEC1 expression derived from 22 subjects,
represented in Figure 2, did not correlate with age (r2 values of
0.06 and 0.13, respectively; NS). Despite a bias toward female
gender and African American race in the patients with sarcoid-
osis, nonparametric analysis (Wilcoxon rank-sum) of tissue
MMP12 and ADAMDEC1 expression with respect to race
and gender yielded nonsignificant relationships (P . 0.2 for
all comparisons). Similar findings were obtained when BAL
results were analyzed. However, there was a poor but significant
correlation between age and BAL cell MMP12 expression (r2 5

0.15; P 5 0.025), which was eliminated after controlling for the
presence of sarcoidosis and is consistent with the bias toward
more advanced age in the patients with sarcoidosis relative to
the control subjects (see Table 2). These observations should be
considered preliminary due to the limited sample sizes.

DISCUSSION

This genome-wide expression analysis of lung tissue derived
from patients with active pulmonary sarcoidosis identified
interacting gene networks that are likely to be critical for the
maintenance of granulomatous inflammation of the lung and
associated lung damage. Network analyses tools, such as those
used in these investigations, provide an unbiased interpretation
of gene array data based upon established interactions between
genes/gene products, thereby reducing user bias. Gene network
analyses also provide a template for interpreting large datasets
generated through genome-wide gene array analyses to identify
relevant biological processes. Not surprisingly, many of the
genes identified in the most over-represented network, such as
STAT1 and CCL5 (RANTES) (see Figure 1A), are recognized
to participate in Th1-type immune responses; however, there
were several unexpected or previously unreported findings. For
instance, IL-7 was not previously linked to pulmonary sarcoid-
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osis but is known to play a central role in the development of
granulomatous inflammation in the context of infections (25).
Furthermore, the tissue expression of two macrophage-derived
proteases, MMP-12 and ADAMDEC1, was dramatically in-
creased in the setting of granulomatous lung inflammation and
has not been previously reported. These findings were con-
firmed in an independent series of patients with sarcoidosis,

wherein the expression of these proteases in the BALF was
shown to correlate with disease severity.

Given the intense proinflammatory milieu attendant to
pulmonary sarcoidosis and the results of previous analyses
performed on BALF derived from patients with sarcoidosis, it
is surprising that IL-7 and IL-15 were the only cytokine genes
significantly overexpressed in patients with sarcoidosis relative

Figure 1. Interactive gene networks

in lung tissues derived from patients
with sarcoidosis. (A) The gene net-

work most highly overrepresented in

the sarcoidosis group relative to con-

trol subjects based on statistical anal-
ysis (see METHODS) includes STAT1, IL7,

and IL15. (B) The gene network in

which the two most highly overex-
pressed genes (MMP12 and ADAM-

DEC1) in the sarcoidosis lung samples

were found. Genes and gene prod-

ucts are represented by their com-
mon abbreviated names according to

established direct (solid lines) or in-

direct (dashed lines) interactions and

the specific nature of the interaction.
These include binding (straight line),

activation (arrow), inhibition (trun-

cated line), or either activation or in-
hibition (truncated line with arrow).

Genes that are significantly overex-

pressed in the sarcoidosis group

relative to control subjects are high-
lighted in red; green denotes reduced

expression, and white indicates no

difference in expression level. The

shape of each gene ‘‘node’’ denotes
the function of the gene product.
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to control subjects. The finding of increased IL-15 gene
expression in the lungs of our patients with sarcoidosis is
consistent with those of Muro and colleagues (26) and with
experimental evidence linking IL-15 to macrophage–T-cell
interactions in patients with active sarcoidosis (27). IL-15
expression in macrophages is regulated by IL-4 and GM-CSF,
a mechanism favoring granuloma formation in the context of
infections (28). IL-15 is highly expressed in alveolar macro-
phages derived from patients with sarcoidosis and is shown to
induce the release of IFN-g from T cells (27). Furthermore, IL-
15 regulates the expression of CXCR3, one of the genes
overexpressed in sarcoidosis lung tissues (see Figure 1), in T
cells derived from the lungs of patients with sarcoidosis (29).
Unlike IL-15, increased expression of IL-7 has not been
previously described in sarcoidosis; however, IL-7 protein is
shown to be essential for the expansion of T-cell populations
(25) and is expressed in the stroma surrounding infectious
granulomas (30), where it is thought to promote the clearance
of intracellular pathogens (31). A recent investigation indicates
that IL-7 is essential for CD41 T-cell responses to viral
infection and that IL-15 plays an accessory role in this process
(32). It is unclear whether these cytokines are essential for

pulmonary granuloma formation in the context of sarcoidosis,
but their known functions and central positioning within the
gene network that is most overrepresented in the lungs of
patients with sarcoidosis predicts that they would.

Previous gene expression analyses have shown that gene and
protein expression are not reliably linked, and our findings
support this. Elevated levels of Th1-related cytokines, including
IFN-g and IL-2, have been previously reported in BALF from
patients with sarcoidosis (31), and increased IL-2 gene expres-
sion has been observed in alveolar lymphocytes but does not
occur in circulating lymphocytes of patients with sarcoidosis
(32). Despite no significant increase in IL-2 gene expression, IL-
2 protein levels were increased in the lung tissue of patients with
sarcoidosis. Furthermore, MMP12 and ADAMDEC1, which
were highly expressed in lung tissues, are regulated by IL-13
(33, 34). IL-13 was not overexpressed at the gene transcript
level, whereas protein levels were significantly elevated in the
patients with sarcoidosis. In this regard, recent studies have
shown that protein expression is not directly related to mRNA
expression due, in part, to the actions of microRNAs, which are
capable of imperfectly base pairing with the target mRNA,
leading to mRNA translational inhibition (35). The role of
microRNAs and other mechanisms influencing gene translation
in the lungs during sarcoidosis has not been considered but is
likely to play a significant role in disease pathogenesis, including
the regulation of inflammatory pathways.

Among the gene candidates identified by gene array that are
most likely to directly contribute to lung pathology, MMP12
and ADAMDEC1 are of particular interest because both were
highly overexpressed in lung tissue (.25-fold) and BAL cells
(.2-fold) of patients with pulmonary sarcoidosis, and both
could contribute to lung injury. MMP12, which encodes a potent
tissue elastase, is generally expressed in macrophages, where it
can be up-regulated by several mediators, including IL-13, and
suppressed by TGF-b. It is known that MMP-12 participates in
lung remodeling (36) and fibrosis responses (37), and there is
strong evidence linking MMP-12 to alveolar destruction in
tobacco-induced models of emphysema in mice (38). Macro-
phage-specific transgenic overexpression of MMP-12 in rabbits
resulted in larger carrageenan-induced granuloma size (39). In
cutaneous granulomas from patients with sarcoidosis, expres-
sion of MMP-12 has been reported (40); however, a specific role

TABLE 3. STATISTICAL INFORMATION ON SELECT
DIFFERENTIALLY EXPRESSED GENES AFTER
GENE CHIP ANALYSIS

Gene

Affymetrix Overall

Transcript Rank Fold Difference* (95% CI) P Value q Value

MMP12 1 29.7 (4.4–198.5) 0.0003 0.0064

ADAMDEC1 2 25.0 (4.3–147.8) 0.0003 0.0058

CXCL9 5 9.5 (2.7–33.5) 0.0008 0.0103

STAT1 19 4.2 (2.2–8.4) 0.0002 0.0047

CCL5 21 4.0 (2.2–5.7) 0.0017 0.0157

HLA-DRB1 35 3.3 (1.6–9.8) 0.0001 0.0040

IL-7 77 2.7 (1.5–4.8) 0.0004 0.0077

IL-15 170 2.2 (1.4–3.5) 0.0011 0.0121

Definition of abbreviation: CI 5 confidence interval.

* Relative to control subjects.

Figure 3. Cytokine analysis in lung tissues of patients with sarcoidosis.
Bio-Plex Human Cytokine Bead Array analysis of lung tissue samples

identified a number of proinflammatory cytokine proteins that were

significantly elevated in the lungs of patients with sarcoidosis relative to

control subjects (mean 6 SEM; *P , 0.05; Wilcoxon Rank-Sum test
with a multiple comparison adjustment using the Bonferonni-Holm’s

procedure).

Figure 2. Semi-quantitative reverse transcriptase–polymerase chain

reaction (RT-PCR) analysis demonstrates enhanced select gene expres-

sion in lung tissues of patients with sarcoidosis. Semi-quantitative RT-

PCR analysis was performed on lung samples obtained from in
independent series of patients with sarcoidosis (n 5 11) and control

subjects (n 5 11), the clinical characteristics of which are shown in

Table 1 (mean 6 SEM; *P , 0.05; Wilcoxon Rank-Sum test with

a multiple comparison adjustment using the Bonferonni-Holm’s pro-
cedure). See online supplement for actual RT-PCR images.
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in pulmonary sarcoidosis has not been previously identified. We
demonstrate for the first time that MMP-12 is overexpressed at
the site of pulmonary granulomatous inflammation. Moreover,
the gene and protein expression levels of TIMP-1, an important
natural inhibitor of MMP-12 (37), were unchanged at the site of
granulomatous inflammation, and elastin fibers in the vicinity of
MMP-12 expression were depleted, suggesting that enzymatic
actions of MMP-12 were increased. Together with the finding of
increased expression of MMP-12 in the BALF in more severe
cases of sarcoidosis, these findings suggest that MMP-12 plays
an important role in facilitating lung remodeling, possibly by
recruiting inflammatory cells (41) and promoting fibrosis (37).

The role of ADAMDEC1 in the pathogenesis of lung disease
is less clear. ADAMDEC1 is a metalloprotease expressed in
macrophages and dendritic cells (21) of which little is known. It is
inducible by LPS (42) and is highly expressed in unstable carotid
artery plaques (43). In contrast to MMP-12, which was most
highly expressed within granulomas, ADAMDEC1 was highly
expressed in lung tissue adjacent to the granulomas. It is possible
that the ADAMDEC1 observed in the BALF was partially
derived from stromal cells, rather than alveolar macrophages.
Further investigations are needed to establish the roles of MMP-
12 and ADAMDEC1 in the pathogenesis of lung injury and as
biomarkers of disease activity in the context of sarcoidosis.

Figure 4. Immunohistochemical analyses of MMP-12 and
ADAMDEC1 protein expression in pulmonary sarcoidosis.

Immunohistochemical staining of frozen lung samples for

CD68, MMP-12, elastin, and ADAMDEC1 from represen-

tative control subjects and patients with sarcoidosis.
Granulomas labeled ‘‘G.’’ Comparison of anti-CD68

immunostaining with anti–MMP-12 showed colocaliza-

tion within the granulomas of sarcoidosis tissues. Elastin
staining was depleted in granulomas but was distributed

uniformly throughout the lung tissue otherwise. Anti-

ADAMDEC1 immunostaining was uniformly distributed

at lower levels in control lungs but was expressed at high
levels in tissue adjacent to granulomas in the lungs of

patients with sarcoidosis.

Figure 5. MMP12 and
ADAMDEC1 are overexpressed

in bronchoalveolar cells from

patients with sarcoidosis.

MMP12 and ADAMDEC1
(gene) expression were deter-

mined by real-time PCR in

bronchoalveolar lavage cells

obtained from an independent
series of normal subjects and

patients with sarcoidosis. RNA

expression was normalized to

housekeeping genes as de-
scribed in METHODS. Sarcoidosis

was associated with (A) increases in MMP12 and (B) ADAMDEC1 expression in bronchoalveolar lavage cells, which was highest in those with severe
disease (mean 6 SD; Tukey’s test). HC 5 healthy control subjects; NS 5 nonsevere; SEV 5 severe.
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The relatively small size of the patient population included
in the gene array analysis could be considered to be a limitation
of this study; however, this concern is obviated by several
factors. First, the IPA analysis approach, which assigns differ-
entially expressed transcripts to the most biologically relevant
networks based upon known molecular interactions and func-
tions, increases the statistical power of the study. For example,
the odds of a single gene transcript (e.g., STAT1) being
identified by chance is reflected by a false discovery rate of
,3% (see METHODS). However, the probability that multiple
differentially expressed transcripts within our data set would
associate with a given gene network is proportionate to the total
number of differentially expressed genes, the size of the gene
network, and the number of genes that are associated with the
gene network. This approach allows for the identification of
biologically relevant genes in relatively small experimental
groups (44, 45). Thus, despite the fact that the gene array data
depicted in Figure 1 was derived from only six patients with
sarcoidosis, the statistical probability that this particular cogent
gene network would be found merely by chance is extremely
low (e.g., 10261 for the gene network shown in Figure 1A). This
point is further substantiated by the confirmation of increased
expression of selected genes in additional lung (11 patients) and
BALF samples (36 patients).

In summary, this genome-wide oligonucleotide expression
analysis provides a number of novel insights into the pathogen-
esis of pulmonary sarcoidosis. As expected, many of the genes
or products of genes overexpressed in sarcoidosis participate in
Th1-type antigen responses, including HLA-DRB1, which has
been specifically linked to the pathogenesis of sarcoidosis (46,
47). The most significant finding of this analysis was the
identification of highly interactive gene networks, which regu-
late the expression of granuloma-promoting signaling proteins

(STAT1), inflammatory cytokines (IL-7, IL-15), and proteolytic
enzymes (MMP-12, ADAMDEC1), that are operating within
the lung compartment of patients with sarcoidosis. It is unclear
whether the genetic forces driving pulmonary sarcoidosis are
the same for other affected tissues. However, the expression
levels of MMP-12 and ADAMDEC1 in the BALF were shown
to correlate with disease severity. As such, it is interesting to
speculate that manipulation of genes or gene products identified
in these analyses would alter the course of the disease.
Additional studies are needed to confirm whether tissue gene
expression profiles have prognostic and diagnostic applications
in the setting of pulmonary sarcoidosis.
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