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Rationale: Bronchopulmonary dysplasia (BPD) is a major complica-
tionof prematurebirth. Risk factors for BPDare complex and include
prenatal infection andO2 toxicity. BPDpathology is equally complex
and characterized by inflammation and dysmorphic airspaces and
vasculature. Due to the limited availability of clinical samples, an
understanding of the molecular pathogenesis of this disease and
its causal mechanisms and associated biomarkers is limited.
Objectives: Apply genome-wide expression profiling to define path-
ways affected in BPD lungs.
Methods: Lung tissue was obtained at autopsy from 11 BPD cases
and 17 age-matched control subjects without BPD. RNA isolated
from these tissue sampleswas interrogated usingmicroarrays. Stan-
dard gene selection and pathway analysis methods were applied
to the data set. Abnormal expression patterns were validated by
quantitative reverse transcriptase–polymerase chain reaction and
immunohistochemistry.
Measurements and Main Results: We identified 159 genes differen-
tially expressed in BPD tissues. Pathway analysis indicated previ-
ously appreciated (e.g., DNAdamage regulation of cell cycle) aswell
as novel (e.g., B-cell development) biological functions were af-
fected. Three of the five most highly induced genes were mast cell
(MC)-specific markers. We confirmed an increased accumulation of
connective tissue MCTC (chymase expressing) mast cells in BPD tis-
sues. Increased expression of MCTC markers was also demonstrated
in an animal model of BPD-like pathology.

Conclusions: We present a unique genome-wide expression data
set from human BPD lung tissue. Our data provide information on
gene expression patterns associated with BPD and facilitated the
discovery that MCTC accumulation is a prominent feature of this
disease. Theseobservations have significant clinical andmechanistic
implications.
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Bronchopulmonary dysplasia (BPD) is a lung disease of the pre-
mature infant defined by dependence on supplemental oxygen
for more than 28 days post-partum and/or at 36 weeks corrected
gestational age. In the United States, more than 500,000 babies
are born prematurely each year, with approximately 60,000 at
high risk for BPD (, 1,500 g) and 10,000 diagnosed with this
disease (1). The overall cost of treating infants with BPD in the
United States were estimated to be $2.4 billion annually, second
only for pediatric lung disease to the costs for treating asthma,
and far exceeding the cost of treating cystic fibrosis (2). The
incidence of BPD has increased over the last 30 years, largely
due to higher survival rates of premature babies. Unfortunately,
no effective therapies, other than those providing symptomatic
relief, are currently available.

Despite major advances in neonatal medicine, including sur-
factant therapy and the application of gentle ventilator strategies,

(Received in original form March 6, 2012; accepted in final form May 25, 2012)

Supported by University of Rochester Clinical and Translational Science Institute

grant NIH UL1 RR024160-03 and University of Rochester Strong Children’s Re-

search Center grant NIH T32HD057821.

Author Contributions: S.B. assisted with experimental design, led primary data

collection and analysis, and contributed to writing the manuscript. D.G. assisted

with primary data collection and analysis and contributed to writing the manu-

script. D.L.K. contributed to sample processing, immunohistochemistry, and to

primary data collection. H.L.H. contributed to sample collection and processing

and to primary data collection. S.K.S. contributed to sample collection and pro-

cessing and to primary data collection. V.A.L. contributed to sample collection

and processing and to primary data collection. L.M. led human sample collec-

tion. S.S. contributed to sample collection and processing and to primary data

collection. S.E.W. provided tissue samples for replication. T.J.M. directed exper-

imental design, primary data collection and analysis, provided animal specimens

for analysis, and was a main contributor to writing the manuscript. G.S.P. di-

rected human specimen collection and processing, assisted with experimental

design, primary data collection and analysis, and was a main contributor to

writing the manuscript.

Correspondence and requests for reprints should be addressed to Thomas J.

Mariani, Ph.D., Division of Neonatology and Center for Pediatric Biomedical

Research, University of Rochester Medical Center, 601 Elmwood Avenue, Box

850, Rochester, NY 14642. E-mail: tom_mariani@urmc.rochester.edu

This article has an online supplement, which is accessible from this issue’s table of

contents at www.atsjournals.org

Am J Respir Crit Care Med Vol 186, Iss. 4, pp 349–358, Aug 15, 2012

Copyright ª 2012 by the American Thoracic Society

Originally Published in Press as DOI: 10.1164/rccm.201203-0406OC on June 21, 2012

Internet address: www.atsjournals.org

AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Bronchopulmonary dysplasia (BPD) is a major complica-
tion of premature birth, particularly for infants born at less
than 32 weeks of gestation or weighing less than 1500 g. The
overall cost of treating infants with BPD in the United
States is estimated to be $2.4 billion, second only for pe-
diatric lung disease to the cost for treating asthma. Due
to the relatively limited availability of clinical samples,
an understanding of the molecular pathogenesis of this
disease and its causal mechanisms and disease-associated
biomarkers is limited.

What This Study Adds to the Field

We present a comprehensive data set describing gene ex-
pression changes in the lung tissue of subjects with BPD.
These studies improve our understanding of the molecu-
lar pathogenesis of BPD, and reveal that accumulation
of connective tissue mast cells is a significant feature of
disease pathology.
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premature infants remain at risk for morbidity and mortality due
to the complications of BPD. In addition to gestational age at
birth, there are a number of contributing risk factors for BPD
including infant birth weight and growth rate, infection associ-
ated with lung inflammation, barotrauma, and oxygen toxicity,
and environmental tobacco smoke exposure. Similarly, disease
is associated with complex and heterogeneous pathology.
Clinical interventions, which have significantly increased sur-
vival of very premature infants, have resulted in a change in
BPD-associated lung pathology. The “new” BPD is com-
monly described as arrested lung development, primarily as-
sociated with failure of alveogenesis and peripheral vascular
dysmorphia (3).

Pathological heterogeneity and the relative lack of clinical
samples available for detailed molecular studies have signifi-
cantly hampered progress in the development of disease-
associated biomarkers and therapeutic interventions. Efforts
have been made over the past few years to identify putative bio-
markers relevant to the disease processes occurring in BPD
(4–8), (for review, see Reference 9). However, correlation with
severity of respiratory disease and risk of chronic lung disease
has overall been poor (10). Various animal models of BPD, such
as in nonhuman primates and rodents, have helped to under-
stand the relationship between risk factors and disease patho-
genesis (11–15). Although animal models are valuable tools,
due to their marked differences in immune systems and lung
structure, there remain significant limitations regarding the clin-
ical relevance of observations made using these animal models.
Additional information on disease-associated biomarkers de-
rived from human specimens is highly warranted.

Our group has developed a unique biorepository of lung
tissues obtained from premature infants, including subjects diag-
nosed with and without BPD. This collection has been previously
described (3, 16–19). In the current study, we characterized
genome-wide expression patterns in BPD and non-BPD tissues
in an effort to gain a better understanding of disease-related
processes.

METHODS

Human Tissue Samples and RNA Isolation

Tissues were obtained under protocols approved by the Institutional
Review Board and Privacy Board of the University of Rochester. Con-
sent for autopsy, including a release of tissue for research, was obtained
before collection of tissues. The study meets the requirements of the
Health Insurance Portability and Accountability Act (privacy) compli-
ance. All tissues and data were deidentified before release to investi-
gators. Lung samples were harvested within 6 hours of death and snap
frozen in liquid nitrogen. Estimated gestational age (EGA) was based
on obstetrical dating of the last menstrual period and early trimester
ultrasound fetal measurements, confirmed by physical examination
assessment at birth. Data from this sample collection have been pre-
viously published (16–20). Twenty-eight of these samples were se-
lected for genome-wide expression profiling, including 11 BPD and
9 non-BPD control cases, matched for gestational age at birth and at
death, as well as 4 cases with culture-positive, acute overwhelming
sepsis and 4 cases of early postnatal acute cardiovascular collapse sec-
ondary to immaturity or necrotizing enterocolitis (Table 1). Histopath-
ological sections from four subjects with a diagnosis of BPD, obtained
at the Cincinnati Children’s Hospital Medical Center, were used for
replication.

Frozen tissuewas homogenized in Trizol regent (Invitrogen, Carlsbad,
CA), and total RNAwas purified using a protocol including an on-column
DNase I treatment (MiniPrep kit; Agilent Technologies, Santa Clara,
CA). The quality of purified RNAwas assessed using a Bioanalyzer (Agi-
lent Technologies). Only RNA samples with an RNA concentration
greater than 100 ng/ml and an RNA integrity number greater than 6
were used for microarray analysis.

Microarray Profiling

RNA samples were analyzed using the Affymetrix GeneChip U133 Plus
2.0 microarray (Santa Clara, CA). RNA from individual samples was
analyzed according to manufacturer’s recommendations. Expression
values were extracted from. CEL files using Robust Multiarray Aver-
age (RMA) as implemented in BioConductor (http://www.bioconductor.
org). Raw and RMA normalized data files are accessible at the NCBI
Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/geo/).

Data Analysis

Significance in gene expression difference between 11 BPD cases and
9 non-BPD control cases was defined using t test P less than 0.05 and
fold change greater than or equal to 2. Genes meeting these criteria
were used for pathway analysis. Ingenuity Pathway Analysis software
was used.

Quantitative Reverse Transcriptase–Polymerase

Chain Reaction

Quantitative reverse transcriptase–polymerase chain reaction (qPCR)
was performed as previously described (26) using predeveloped com-
mercial (Applied Biosystems, Carlsbad, CA) or noncommercial (http://
pga.mgh.harvard.edu/primerbank) assays (see Table E1 in the online
supplement). Gene expression levels were calculated relative to PPIA
(cyclophilin A) as an internal, endogenous control, according to the
ddCT method.

Immunohistochemistry

Immunostaining was performed on formalin-fixed, paraffin-embedded
lung tissue sections as previously described (19). For human samples,
total mast cell numbers were identified by tryptase expression (M7052,
1:1000; Dako, Carpinteria, CA), and the connective tissue mast cell
subpopulation (MCTC) was identified by chymase expression (MCA1930,
1:500; ABD Serotec, Raleigh, NC). The number of mast cells per field
(2003) was defined in 10 random fields and was summarized as the total
number of cells/field for each subject. At least eight non-BPD and 11 BPD
samples were studied. Control slides were stained with either secondary
antibody alone, purified IgG, or preimmune serum. For some analyses, the
anatomical location of the cell (parenchyma, mucosal, perivascular, peri-
bronchiolar) was further defined. In this case, data were normalized for the
number of specific fields containing that anatomical feature. For mouse
samples, mast cell numbers were identified by chymase (Cma1; Mcp5)
expression (MCA1930, 1:200; ABD Serotec), using the Mouse-on-Mouse
kit (Vector Labs, Burlingame, CA).

Animal Model

Generation and analysis of mice deficient in expression of both FGFR3
and FGFR4 (FGFR3/4) was performed as we recently described (21).
Whole lung tissue RNA was isolated from FGFR3/4 mutant and wild-
type control mice at 1 month of age and subjected to qPCR analysis for
CPA3, TPSAB1, and TPSB2 using gene-specific primers.

Statistical Analysis

Statistical analysis of microarray data was performed as described
above. For qPCR and immunohistochemistry (IHC), group means and
group variation were used to calculate significance according to the non-
parametric Mann-Whitney U test.

RESULTS

Subject Demographics

From our biorepository collection, we studied lung tissue sam-
ples from a total of 28 subjects (Table 1). Eleven of these sub-
jects died with a clinical and pathological diagnosis of BPD.
Nine control subjects without BPD, matched for age at birth
and death, displayed evidence of mild lung pathology (pneu-
monia, respiratory distress syndrome, or alveolar hemorrhage).
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Another eight subjects with significant, non-BPD pulmonary pa-
thology, primarily consisting of inflammation associated with sep-
sis, were used as an additional comparison group. Our primary
analysis was to distinguish all the subjects with BPD (n¼ 11) from
all control subjects with mild lung pathology (n ¼ 9). Subanalyses
examined gene expression patterns stratified by age, as defined by
“early” (, 27 wk EGA at birth;, 35 wk EGA at death) or “late”
(. 27 wk EGA at birth;. 35 wk EGA at death) gestation. When
matched for age at birth or death, only one sample was reclassi-
fied; sample 51 was defined as late at birth, but early at death.

Pathways Affected in BPD

RNA was isolated from grossly dissected distal lung tissue and
processed as described in METHODS. All RNA samples studied
passed quality control assessments and were interrogated for
genome-wide expression using the Affymetrix Hu133 Plus 2.0
array, essentially as previously described (22, 23). Normalized
and background corrected data were extracted using RMA. The
entire preprocessed data set has been made publicly available
(NCBI Gene Expression Omnibus, http://www.ncbi.nlm.nih.gov/
geo/).

Prior studies have indicated a significant diminution of vessel
formation in BPD lungs. Therefore, we examined the microarray-
based expression patterns of vascular molecules, including cell
surface proteins (PECAM, TIE2, FLT1, ENG), growth factors

(VEGF, ANG1), and signaling molecules (HIF1A, HIF3A) in
our data set. Seven of nine genes examined (and 19 of 26 probe
sets examined) demonstrated evidence for reduced expression
(fold change , 2) in BPD when compared with controls (Table
E2). Among the seven vascular marker genes demonstrating re-
duced expression, HIF3A and TIE2 were significantly reduced
(P, 0.05) in BPD tissue. Additionally, we examined expression
of nitric oxide synthase (NOS) genes, because nitric oxide has
been implicated in BPD pathogenesis (24–26). All three NOS
genes (NOS1, NOS2, NOS3) showed some evidence for de-
creased expression, and NOS2 was significantly reduced (P ,
0.02) in BPD. These data validate that our approach is able to
reliably capture known alterations associated with BPD pathol-
ogy and provide novel molecular insight.

We focused further studies on a set of 159 genes with significant
differences in expression between BPD and controls (P , 0.05;
greater than twofold change) as defined by our microarray data
set. A complete list of these genes is presented in Table E3. We
tested for canonical pathways overrepresented in these 159 genes
using Ingenuity Pathways Analysis software (Figure 1). Discov-
ered biological processes significantly associated with BPD
included cell-cycle regulation (DNA damage-related, Polo-like ki-
nase) and immune-cell regulation (immunodeficiency signaling,
B-cell development). Additionally, gene expression in BPD was
associated with specific developmental and biochemical pathways,
including some previously shown to be important specifically in the

TABLE 1. SUBJECT DEMOGRAPHICS INCLUDING AGE AND PATHOLOGICAL DIAGNOSIS

Sample ID Phenotype Diagnosis GA at Birth (wk) GA at Death (wk)

Group 1: Control subjects

Early gestation

35 Control Extreme prematurity, RDS 23 23.9

52 Control HIE, NLD to very mild RDS 24.5 26.1

53 Control RDS, Pulmonary hemorrhage 24.4 25.0

56 Control NLD to very mild RDS, central line event 26.6 28.5

Late gestation

8 Control Neuromuscular abnormality, NLD 40 40.6

30 Control HIE, NLD 38.5 38.6

46 Control HIE, acute meconium aspiration 40.9 41.0

50 Control HIE, NLD 41 41.4

51 Control NLD to very mild RDS, central line event;

chorioamnionitis

32.3 32.7

Group 2: BPD

Early BPD

10 BPD BPD 26 27.7

11 BPD BPD; necrotizing enterocolitis 26 34.1

14 BPD BPD; necrotizing enterocolitis 26 28.4

17 BPD BPD; cytomegalovirus 1 25 34.1

49 BPD BPD; rhinovirus 1 24.7 31.8

58 BPD BPD, Acute pneumonia 25.4 34.0

Late BPD

18 BPD BPD 27 40.7

19 BPD Healed BPD; recurrent necrotizing enterocolitis 28 50.6

33 BPD BPD; cytomegalovirus 1 29.2 43.1

44 BPD BPD 28 45.0

47 BPD BPD; cor pulmonale 29.1 46.5

Group 3: Non-BPD lung disease

Acute inflammation, minimal prior lung disease

13 Others Chorioamnionitis; probable sepsis; RDS 27 27.1

29 Others Chorioamnionitis; RDS; pulmonary hemorrhage 28 28.1

39 Others Resolved mild RDS; necrotizing enterocolitis 32 33.1

40 Others Resolved mild RDS; necrotizing enterocolitis 31.2 32.3

Severe sepsis/ pneumonia

3 Others HIE; Necrotizing pneumonia; probable aspiration 42 43.3

5 Others Necrotizing enterocolitis; Escherichia coli sepsis 28 33.0

20 Others E. coli sepsis 31 31.6

24 Others Herpes simplex viral sepsis and pneumonia 27.7 28.4

Definition of abbreviations: BPD ¼ bronchopulmonary dysplasia; GA ¼ gestational age; HIE ¼ hypoxic ischemic encephalop-

athy; NLD ¼ no lung disease; RDS ¼ respiratory distress syndrome.
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lung (sonic hedgehog signaling, retinol metabolism). These results
largely confirmed prior knowledge that BPD has a complex
disease pathology associated with changes in cell proliferation,
oxidant stress–related DNA damage repair, inflammatory cell
infiltration, and ongoing developmental processes.

BPD-associated Gene Expression

Next, we analyzed global expression patterns for the 159 genes in
all samples (Figure 2), to assess age-related changes in expression
and disease specificity. Significant variability in expression of in-
dividual genes within subject groups was apparent, as expected
given the complex and diverse pathology associated with this dis-
ease. Even so, genes displaying consistent increases or decreases
in expression in BPD, as compared with controls, were apparent.
Although most gene expression changes identified in BPD lungs
were specific, a subset of genes induced in BPD tissues showed
similar changes in non-BPD lung disease tissues (Figure 2B). An-
other subset of genes displayed similar expression patterns in
BPD and sepsis only, not in non–sepsis-related lung injury (Figure
2C). Interestingly, a majority of the genes significantly affected in
BPD did not display evidence for age-dependent changes in ex-
pression in controls. However, a subset of genes showed a trend
for reduced expression over time in controls but persistent expres-
sion over time in BPD tissues (Figure 2D).

To further assess the reliability of our microarray data set,
and our methods for identifying disease gene expression bio-
markers, we validated expression of a set of genes by qPCR (Fig-
ures 3 and 4). Genes were chosen for validation studies based
on their inclusion in the set of 159 differentially expressed genes,
their magnitude of change in expression, and our interest in their
potential biological function. In addition to comparing all BPD
and all controls, we stratified our analysis by EGA to compare
disease-related patterns in subjects earlier in age (, 27 wk EGA
at birth; , 35 wk EGA at death) or later in age (. 27 wk EGA
at birth; . 35 wk EGA at death).

We confirmed a significant difference (P , 0.05) in expres-
sion between BPD and controls for seven out of a total of nine
genes tested, including CCL17, CEACAM6, COL8A1, CXCL5,

FABP4, HHIP, IGF1, SFN, and SLC27A6 (Figure 3). The ad-
ditional two genes showed some evidence for differential expres-
sion by qPCR, consistent with our microarray results. CCL17
was decreased twofold and demonstrated a trend for significance
in all samples (P ¼ 0.06). HHIP showed a twofold reduction in
all samples. In addition, we also examined the expression of
KITLG, BLP, and IL4, which have previously been reported
to be altered in BPD (Table E4). We observed no evidence for
difference in the expression of these genes in the microarray data
set. IL4 expression was virtually undetectable in lung tissue sam-
ples by qPCR (CT . 35). KITLG and BLP showed appreciable
expression levels but did not show any significant changes in their
expression by qPCR.

Identification of Mast Cell Gene Signature

Among the list of 159 BPD-associated genes, we examined those
with the greatest magnitude of change (Table 2). Three of the
top five most highly induced genes were mast cell–specific
markers, suggesting an increase in mast cells in BPD tissues.
Furthermore, nine probe sets, independently measuring these
three genes, were among the 25 most highly increased in BPD.
Interestingly, the single most highly induced gene encodes
CPA3, a marker specific for connective tissue–type mast cells
(MCTC), a subpopulation of mast cells that are not frequently
found within the lung but have been associated with chronic
obstructive pulmonary disease (COPD) and severe asthma (27).

Mast cells have previously been suggested as playing a role in
BPD and have been observed in some animal models of this dis-
ease. qPCR for mast cell–specific marker expression, for both
mucosal-type mast cells (MCT) (TPSAB1, TPSB2) and MCTC

(CPA3) populations, was consistent with increases in these
cells, particularly in late-stage BPD samples (Figure 4). CPA3
showed an approximately threefold increase and was signifi-
cantly increased in late-stage BPD samples. TPSB2 was in-
creased 3.5-fold in late-stage BPD samples.

To confirm our gene expression data and more thoroughly
assess the microarray-based prediction of increased mast cells
in BPD lungs, we performed IHC for mast cell markers.

Figure 1. Canonical pathways affected in bronchopulmo-
nary dysplasia (BPD) lungs. To estimate general biological

mechanisms that are altered during BPD pathogenesis, we

performed pathways analysis using Ingenuity software, as

described in METHODS. We identified 159 genes whose ex-
pression was significantly altered in BPD lung tissue and

assessed overrepresentation by this gene set in known

pathways. Shown are “canonical” pathways, ranked by

Fisher-exact t test P value, listing the percentage of the
BPD-associated gene set in each pathway (dark gray bar),

versus the percentage of all genes in that pathway (light

gray bar).
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Immunostaining for tryptase (Figure 5 and Figure E1), a marker
for all mast cell subtypes, confirmed a significant increase in
total mast cell number in our subjects with BPD (6.8 vs. 1.5 cells/
field, P ¼ 0.005). No staining was observed in negative control
experiments (Figure E1).

Increased Connective Tissue Mast Cells Are Associated

with BPD

As mentioned above, mast cell subtypes in the lung have been ap-
preciated, each with different anatomical distributions and charac-
teristic secretory products. Therefore, we assessed the distribution

of tryptase-expressing cells in (1) the parenchymal region of the
lung, (2) adjacent to the airways, and (3) adjacent to the large/
intermediate vasculature (Figure E1). We tested for region-specific
differences between BPD and control tissues. We observed a sig-
nificant increase in tryptase-staining cells in BPD in the paren-
chymal region (6.5 vs. 1.3 cells/field, P ¼ 0.004) only, with no
differences in the airway or vascular regions (Figure E1). Inter-
estingly, at this early developmental stage, a majority of tryptase-
staining cells appeared to be in the parenchymal region, and not
the airway, for both groups. This observation is limited by the
proportion of tissue occupied by each region studied, especially for
large airways and vessels. In these predominantly peripheral lung

Figure 2. Gene expression pat-

terns in bronchopulmonary dys-

plasia (BPD) lungs. (A) Shown are
gene expression patterns for a set

of 159 genes significantly affected

(P value , 0.05, fold change . 2)

in BPD lung tissue as compared
with controls. Columns represent

individual subjects including (de-

fined at bar on top); early ges-
tation age control lungs (dark

blue), late gestation control lungs

(light blue), non-BPD lung injury

(aqua), non-BPD injury with sepsis
(orange), early gestation age BPD

(red), and late gestation BPD

(pink). Expression patterns for in-

dividual genes are in rows, with
high expression levels in red and

low expression levels in green, de-

fined as indicated by the scale bar.

Yellow boxes indicate areas rep-
resented in B–D. (B) As in A, high-

lighting a set of genes affected in

both BPD and in general injury
samples (including sepsis). (C) As

in A, highlighting a set of genes

affected in both BPD and sepsis-

associated samples only. (D) As in
A, highlighting a set of genes

whose expression is associated

with gestational age in control

subjects but not in subjects with
BPD.
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samples, each field has a larger proportion of parenchyma than
airways or vessel.

Gene expression profiling identified both generalmast cell (tryp-
tase) and MCTC-specific (CPA3) markers increased in BPD tissue.
Furthermore, excessive tryptase-expressing cell accumulation
was observed predominantly in the parenchymal region of the
lungs in BPD, a location where connective tissue mast cells are
typically found. Therefore, we performed immunostaining for
chymase, an MCTC-specific marker, in our tissues (Figure 6).
We observed a greater than 50-fold increase in chymase-expres-
sing cells in BPD (0.1 vs. 5.9 cells/field, P ¼ 0.0003). No staining
was observed in negative control slides (Figure E2). As expected,
the chymase-expressing MCTC mast cells were highly restricted to
the parenchymal region (97% of all positive cells in BPD, mark-
edly fewer but 100% of all positive cells in non-BPD).

Using an independent cohort of subjects obtained from Cin-
cinnati Children’s Hospital Medical Center, we attempted to
validate that increases in MCTC accumulation were not re-
stricted to our original study cohort. We investigated histopath-
ological specimens from four subjects with a diagnosis of BPD,
each of which showed a frequency of MCTC (1.3, 1.9, 2.1, 2.4
chymase-expressing cells/field) substantially above controls
(0.0–0.5 chymase-expressing cells/field). These data demon-
strate that the specific accumulation of MCTC represents a gen-
eral, and previously unappreciated, aspect of BPD pathology.

Increased Expression of MCTC Markers in a Mouse Model

of BPD-like Pathology

We previously reported lung development abnormalities in mice
lacking expression of both fibroblast growth factor receptor
(FGF)-3 and -4 (21, 28). The FGFR3/4 mutant mouse pheno-
copies certain aspects of human BPD pathology, including chronic
lung disease characterized by structural changes in distal lung
architecture consistent with developmental arrest, dysplastic
elastin fiber formation, and alveolar enlargement. Interestingly,
we also noted previously underappreciated proximal airway
phenotypes in this model that are reminiscent of pathology ob-
served in individuals with BPD (squamous changes to conduct-
ing airway epithelium, bronchiolar exudates). Critically, we
noted mild monocytic infiltrates in both the proximal and distal

airways. Given our observations demonstrating robust accumu-
lation of MCTC in human BPD lung samples, and the presence
of BPD-like pathologies in the FGFR3/4 mutant mouse lungs,
we tested them for the presence of mast cells. Similar to our obser-
vations in human lung tissue from subjects with BPD, we noted
significant increases in the expression of both general mast cell
(tryptase) markers TPSAB1 (4-fold, P , 0.05) and TPSB2 (3.5-
fold, P ¼ 0.05) and the connective tissue-type mast cell marker
CPA3 (4-fold, P , 0.05), at 1 month of age in the FGFR3/4
mice (Figure 7). Immunostaining for chymase supported these
data (Figure E3), showing immunoreactive cells in airway walls
and in distal airspaces of mutant mice. Dramatically fewer total
inflammatory cells, and chymase-staining cells, were observed in
control mice.

DISCUSSION

Using a unique biorepository of autopsy tissues, we sought to
comprehensively define gene expression changes from the lung
tissue of premature babies who died with a diagnosis of BPD. As
our population was relatively small, we presumed that we would
only be able to detect changes in expression that were both con-
sistent between subjects and large in magnitude. Initially, we
assessed the expression of vasculature-associated genes. We
detected a reduction in expression for many of these genes, con-
sistent with the well-described abnormalities in vascular mor-
phogenesis associated with BPD. Animal models of BPD have
been associated with reduced mRNA and protein for vascular
endothelial growth factor and its receptors (17, 29, 30). We also
identified significant changes in the expression of additional non-
vascular genes previously identified to be dysregulated in this
disease, including increases in IGF1 (31) and FABP4 (32). Vali-
dation of these expression patterns by qPCR demonstrated a high
degree of reliability for microarray-based predictions. Overall, we
validated significant changes in expression for 9 of 12 genes tested
by qPCR, indicating an observed false discovery rate of 25%.
Collectively, validated detection of genes previously identified
as differentially expressed in BPD strongly supports the methods
we used to identify gene expression biomarkers for BPD.

Figure 3. Gene expression validation. We used quantitative reverse
transcriptase polymerase chain reaction (qPCR) to confirm expression

patterns predicted by microarray analysis. We selected nine genes,

based on their magnitude of change and biological interest. Shown

are fold differences in expression (log scale) for each gene, compar-
ing all samples, or samples stratified by gestational age. All genes

demonstrated evidence for replication, with seven of nine displaying

significant differences between bronchopulmonary dysplasia and

controls. (*P value , 0.05; #P value , 0.10).

Figure 4. Mast cell–specific gene expression validation. We used quan-
titative reverse transcriptase polymerase chain reaction (qPCR) to confirm

expression patterns for mast cell–specific genes in bronchopulmonary

dysplasia (BPD) lung tissue. We selected 3 mast cell–specific genes that
were among the 10 most differentially expressed of the 159 significantly

affected gene set. Shown are fold differences in expression (log scale)

for each gene, comparing all samples, or samples stratified by gestational

age. All genes demonstrated evidence for significant increases in expres-
sion, with two of three displaying significant differences between BPD

and controls. (*P value , 0.05; #P value , 0.10).
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Our approach also facilitated the identification of “pathways”
associated with BPD, using analytical methods that are robust
to false discovery for individual genes. These analyses identified
pathways associated with known disease features, including
developmental, inflammatory, and cell proliferation processes.
Interestingly, we specifically identified a signature of DNA
damage-related cell cycle regulation, which has been suggested as
a specific mechanism contributing to disease processes in humans
and in animal models of disease (33, 34). We also observed dys-
regulation of genes associated with Hedgehog signaling, a path-
way previously shown to be critical for lung development in the
pseudoglandular/canalicular stages (35, 36) but whose role in BPD
pathogenesis is unclear. Furthermore, we identified evidence of
B-lymphocyte development alterations in BPD. Although inflam-
mation in general (and more recently, lymphocytes in particular)
has been widely appreciated as a component of disease pathology
(37, 38), a role for B cells has not been previously reported. We

suggest that further exploration of these pathways may provide
novel information regarding disease mechanisms.

In BPD tissues, we discovered a robust gene expression sig-
nature predictive of increased mast cell accumulation. The nor-
mal human lung contains a small number of tryptase-containing
mucosal mast cells, typically associated with larger airways,
which are involved in allergic responses. We validated the mast
cell–specific gene expression patterns by qPCR and by demon-
strating an approximately fivefold increase in the total number
of mast cells in BPD tissues, as defined by IHC for tryptase.
Increased mast cell accumulation has been previously identified
as a feature of BPD (39) and has been observed in some animal
models of disease (8, 40), but the significance of these prior
observations is not clear. Subramaniam and colleagues identi-
fied a role for increased expression of bombesin-like peptides
(BLP) in a baboon model of BPD (8). In this model, they ob-
served BLP-dependent increases in “parenchymal” mast cells

TABLE 2. RANKED LIST (BASED ON FOLD CHANGE BETWEEN BRONCHOPULMONARY DYSPLASIA AND CONTROL) OF 25 MOST
AFFECTED GENES AMONG 159 SIGNIFICANTLY DYSREGULATED IN BRONCHOPULMONARY DYSPLASIA

Gene Symbol Gene Title Probeset ID P Value Fold Change Gene Class

CPA3 Carboxypeptidase A3 (mast cell) 205624_at ,0.01 7.14 Mast cells

CCL18 Chemokine (C-C motif ) ligand 18 (pulmonary and

activation-regulated)

32128_at ,0.01 6.74 Chemokine

IGHA1 Immunoglobulin heavy constant alpha 1 217022_s_at 0.02 6.90 Immunoglobulin

CCL18 Chemokine (C-C motif ) ligand 18 (pulmonary and

activation-regulated)

209924_at ,0.01 6.27 Chemokine

TPSAB1 Tryptase alpha/beta 1 216474_x_at 0.01 6.16 Mast cell

TPSAB1 Tryptase alpha/beta 1 207134_x_at 0.01 5.15 Mast cell

TPSAB1 Tryptase alpha/beta 1 205683_x_at ,0.01 5.03 Mast cell

ALDH1A3 Aldehyde dehydrogenase 1 family, member A3 203180_at ,0.01 4.60

TPSAB1 Tryptase alpha/beta 1 217023_x_at 0.01 4.38 Mast cell

TPSAB1 Tryptase alpha/beta 1 210084_x_at 0.01 4.34 Mast cell

FABP4 Fatty acid binding protein 4, adipocyte 235978_at 0.01 3.87

PLUNC Palate, lung and nasal epithelium carcinoma associated 220542_s_at 0.03 4.28

FABP4 Fatty acid binding protein 4, adipocyte 203980_at 0.01 4.28

DNAJC5B DnaJ (Hsp40) homolog, subfamily C, member 5 beta 232798_at 0.01 4.14

TPSB2 Tryptase alpha/beta 1 /// tryptase beta 2 207741_x_at 0.01 4.10 Mast cell

ATP6V0D2 ATPase, H1 transporting, lysosomal 38kDa, V0 subunit d2 1553153_at 0.01 3.82 ATPase

ATP6V0D2 ATPase, H1 transporting, lysosomal 38kDa, V0 subunit d2 1553155_x_at 0.01 3.78 ATPase

CXCL13 Chemokine (C-X-C motif ) ligand 13 (B-cell chemoattractant) 205242_at 0.04 3.66 Chemokine

C1orf186 Chromosome 1 open reading frame 186 230381_at ,0.01 3.82 ORFs

MEG8 Maternally expressed (in Callipyge) 8 240083_at ,0.01 3.45

TPSAB1 Tryptase alpha/beta 1 215382_x_at 0.01 3.64 Mast cell

VSIG1 V-set and immunoglobulin domain containing 1 243764_at 0.02 3.45 Immunoglobulin

DNAJC5B DnaJ (Hsp40) homolog, subfamily C, member 5 beta 1554258_a_at 0.01 3.36

EREG Epiregulin 205767_at 0.01 3.30

TPSAB1 Tryptase alpha/beta 1 216485_s_at 0.01 3.29 Mast cell

Figure 5. Increased mast cell accumu-

lation in bronchopulmonary dysplasia
(BPD) lungs. We used immunohisto-

chemistry to identify tryptase-expressing

cells, a general mast cell–specific marker.

(A) Quantitative analysis of the number
of tryptase-expressing cells in BPD and

non-BPD control lungs. Shown are the

average numbers of stained cells/field
for each individual subject (dots), the

group means (bar), and interquartile

range (box). (B, C) Examples of staining

patterns in age-matched control subjects.
(D, E) Examples of staining patterns in

BPD lungs. Magnification is as indicated

on scale bars. A significant approximately

fivefold increase in tryptase-positive cells
is observed in BPD lungs.
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(8). In the baboon model, BLP showed both chemotactic and
pro-proliferative effects on mast cells. We did not observe any
significant differences in the expression of BLP, KITL, IL4, or
other factors known to promote mast cell accumulation or differ-
entiation. Ongoing studies are aimed at identifying mechanisms
responsible for regulating mast cell recruitment, differentiation,
and function in human BPD.

Functional and molecular heterogeneity of mast cells was first
described more than 20 years ago (41). Recently, there has been
a growing appreciation of the role of subpopulations of mast
cells, which differ in terms of their anatomical distribution and
molecular function, in human lung diseases. The phenotype of
mast cells previously associated with BPD in humans or in an-
imal models of similar disease, whether mucosal or connective
tissue type, was not determined. Our gene expression signature
included mast cell markers specific for MCTC. Furthermore,
a large proportion of the mast cells observed in BPD (and non-
BPD) tissues, identified by tryptase expression, were found in the
parenchymal region, where MCTC are typically observed. Using
IHC, we found an approximately 50-fold increase in chymase-
expressing cells, almost exclusively in the parenchyma region, in
our subjects with BPD. Furthermore, we validated the presence
of chymase-expressing MCTC in an independent cohort of pa-
tients. These data strongly suggest increased MCTC accumula-
tion is a feature of BPD. Excessive accumulation of connective
tissue mast cells (MCTC), expressing both tryptase and chymase,
has recently been identified in COPD (42) and severe asthma
(27). Future studies are warranted to define how this observa-
tion contributes to clinical and/or pathophysiological common-
alities among these diseases.

Infants with BPD remain at risk for reduced exercise toler-
ance, reactive airway disease, and progressive emphysema in
the first years of life and at least into young adulthood (43,
44). They continue to have increased sensitivity to environmental
stimuli, such as cigarette smoke, and to viral infections (45, 46),
with enhanced inflammation and bronchoconstriction. Persistent,
resident mast cells have been associated with similar symptoms
in patients with asthma. In fact, mast cell proteases were recently
identified as mediators of airway hypersensitivity in animal model
of asthma (47). Their ability to release histamine, leukotrienes,
bronchoconstrictive prostaglandins, and potentially tissue-
destructive peptidases make mast cells likely candidates to ex-
acerbate inflammatory responses to lung irritants.

If mast cells participate in BPD pathogenesis or symptomatol-
ogy, inhibition of mast cell secretion might be expected to be ther-
apeutic in the disease. Interestingly, cromolyn sodium, a commonly
used inhibitor of mast cell degranulation, has previously been

tested as a therapeutic for chronic lung disease in prematurity.
Two small randomized clinical trials were performed to assess
the early use of this therapy, in the first month of life, in preventing
BPD (48–50). Neither trial demonstrated a difference in mortality
or use of oxygen at 28 days or 36 weeks postmenstrual age. Use of
cromolyn in treatment of established chronic lung disease of the
newborn has not been studied in a randomized trial. However,
mast cells in the skin, which are predominantly connective tissue,
dual chymase-tryptase expressing mast cells like those demon-
strated to predominate in BPD lung tissue, are poorly inhibited
by cromolyn, and so it may not be expected to have efficacy for
BPD (51). Alternative methods of targeting mast cells, and
mast cell–derived mediators, for intervention in BPD may be
warranted.

To determine if mast cell recruitment occurs in animal mod-
els of neonatal chronic lung disease, we studied our recently
described model of FGFR3/4 deficiency (21). This line of mice
displays many BPD-like lung pathologies including airspace en-
largement and dysregulated elastogenesis, as well as an under-
appreciated monocytic cell accumulation, but lacks many BPD
features. This model was particularly relevant, as we previously
reported excessive IGF1 expression in these mice, as previously
reported in human BPD lungs (31), and as we confirmed in our

Figure 6. Increased connective tissue–

type mast cell accumulation in broncho-
pulmonary dysplasia (BPD) lungs. We

used immunohistochemistry to identify

chymase-expressing cells, a specific marker

for connective tissue–type mast cells. (A)
Quantitative analysis of the number of

chymase-expressing cells in BPD and non-

BPD control lungs. Shown are the average

numbers of stained cells/field for each in-
dividual subject (dots), the group means

(bar), and interquartile range (box). (B,C) Ex-

amples of staining patterns in age-matched

control subjects. (D, E) Examples of staining
patterns in BPD lungs. Magnification is as in-

dicated on scale bars. A significant approxi-

mately 50-fold increase in chymase-positive
cells is observed in BPD lungs.

Figure 7. Increased mast cell marker expression in animal model of

bronchopulmonary dysplasia (BPD). We used quantitative real-time

polymerase chain reaction to assess gene expression for the mast cell

markers CPA3, TPSAB1, and TPSB2 in whole lung tissue obtained from
wild-type (WT, n > 3) or FGFR3/4 compound deficient (KO, n > 3)

mice at 1 month of age. Shown are mean relative gene expression

values for each group and for each gene. (*P value , 0.05).
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current human specimens. In these mice, we found significant
increases in the expression of the mast cell markers identified in
our human BPD subjects, specifically including the MCTC marker
CPA3. These data suggest that accumulation of MCTC is a prom-
inent feature of human BPD, and at least one animal model of
the disease. Interestingly, Wagenaar and colleagues (52) have
reported increased expression of mast cell protease in newborn
rats exposed to hyperoxia. Furthermore, these data suggest the
FGFR3/4 mutant mouse may provide a useful model system for
assessing the mechanism of mast cell accumulation in BPD-like
lung injury and the physiological role of these cells in disease
pathogenesis.

In summary, to the best of our knowledge, this study provides
the first ever genome-wide analysis of expression changes at the
mRNA level in BPD lungs. Data analysis implicates previously
identified as well as novel genes and pathways that are involved
in disease pathogenesis. The data provide confirmation that
mast cell accumulation is a feature of human BPD. Furthermore,
they facilitated the novel observation that the disease-relevant
mast cells are multi-protease producing, connective tissue type,
as recently reported for COPD and severe asthma. These obser-
vations have significant clinical and mechanistic implications.

Author disclosures are available with the text of this article at www.atsjournals.org.
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