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The highly orchestrated interactions between the epithelium and mesenchyme required for normal lung
development can be disrupted by perinatal inflammation in preterm infants, although the mechanisms are
incompletely understood. We used transgenic (inhibitory kB kinase b transactivated) mice that condi-
tionally express an activator of the NF-kB pathway in airway epithelium to investigate the impact of
epithelial-derived inflammation during lung development. Epithelial NF-kB activation selectively
impaired saccular stage lung development, with a phenotype comprising rapidly progressive distal
airspace dilation, impaired gas exchange, and perinatal lethality. Epithelial-derived inflammation
resulted in disrupted elastic fiber organization and down-regulation of elastin assembly components,
including fibulins 4 and 5, lysyl oxidase likee1, and fibrillin-1. Fibulin-5 expression by saccular stage lung
fibroblasts was consistently inhibited by treatment with bronchoalveolar lavage fluid from inhibitory kB
kinase b transactivated mice, Escherichia coli lipopolysaccharide, or tracheal aspirates from preterm in-
fants exposed to chorioamnionitis. Expression of a dominant NF-kB inhibitor in fibroblasts restored
fibulin-5 expression after lipopolysaccharide treatment, whereas reconstitution of fibulin-5 rescued
extracellular elastin assembly by saccular stage lung fibroblasts. Elastin organization was disrupted in
saccular stage lungs of preterm infants exposed to systemic inflammation. Our study reveals a critical
window for elastin assembly during the saccular stage that is disrupted by inflammatory signaling and
could be amenable to interventions that restore elastic fiber assembly in the developing lung.
(Am J Pathol 2016, 186: 1786e1800; http://dx.doi.org/10.1016/j.ajpath.2016.02.016)
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Interactions between the epithelium and mesenchyme
drive critical molecular processes important for mammalian
lung development.1e3 During the initial stages of lung
development, epithelium-lined airways undergo branching
morphogenesis and divide and grow into the surrounding
mesenchyme, a process that is completed in the canalicular
stage.4 Subsequently, during the saccular stage, mesenchymal
differentiation and remodeling of the extracellular matrix
(ECM) results in the expansion of terminal airspaces, forming
respiratory saccules, which are the early gas-exchange units
stigative Pathology. Published by Elsevier Inc. All rights reserved.
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Epithelial NF-kB and Lung Development
in the immature lung.5 Many preterm infants are born at a
time when their lungs have just begun the saccular stage of
development. In these infants, exposure to perinatal inflam-
mation disrupts lung development, resulting in respiratory
failure and persistent pulmonary dysfunction.6

Both clinical studies and animal modeling suggest that
chorioamnionitis (infection/inflammation of the placenta
and amniotic membranes) frequently results in preterm
birth7e9 and that fetal exposure to amniotic inflammation
results in abnormal saccular stage lung development.10,11 In
the lung, epithelial cells serve a critical barrier function but
can also activate the innate immune system.12,13 In the
setting of chorioamnionitis, the airway epithelium is thus
positioned to be the initial responder to microbial products
in the fetal lung, triggering an inflammatory process that
could disrupt the highly orchestrated process of lung
development.

The master transcription factor NF-kB regulates innate
immune responses in the lung,14 and NF-kB activation has
been associated with abnormal lung development in experi-
mental models.15,16 In a mouse explant model of lung
development, activation of NF-kB in the mesenchyme was
reported to alter branching morphogenesis.17 Similarly, tar-
geted activation of NF-kB in fetal lung macrophages impairs
airway branching.16 In contrast, during alveolarization,
constitutive NF-kB activation was found in neonatal mouse
lung endothelial cells, and its pharmacologic inhibition
resulted in abnormal development.18 Thus, NF-kB activation
may have both cell typeeand developmental stageespecific
effects in the premature lung. The consequences of airway
epithelial NF-kB activation during different stages of lung
morphogenesis have not been investigated.

To test the hypothesis that the airway epithelium plays a
critical role in mediating the effects of fetal inflammation on
lung development, we used a previously described trans-
genic mouse model in which activated IkB kinase b (IKKb)
is conditionally expressed in the airway epithelium [inhib-
itory kB kinase b transactivated (IKTA) mice] to activate
NF-kB signaling.19 Our data in this work demonstrate that
the activation of innate immune signaling in the airway
epithelium within a sensitive developmental window during
the saccular stage results in deleterious changes to ECM
organization, thereby identifying new mechanisms by which
inflammation alters structure and function in the developing
preterm lung.

Materials and Methods

Study Approval

Animal experiments were approved by the Vanderbilt
University Institutional Animal Care and Utilization Com-
mittee (Nashville, TN). The protocol for the collection of
tracheal aspirates (TAs) was approved by the Institutional
Review Board at Vanderbilt University Medical Center
(protocol 090910). Autopsy lung sections were obtained
The American Journal of Pathology - ajp.amjpathol.org
using a protocol approved by the Institutional Review Board
at Seattle Children’s Hospital (Seattle, WA) (protocol 13209).

Reagents

Antibodies for Western blot analysis and immunostaining
were anti-FLAG antibody (600-403-383) from Rockland
Immunochemicals (Limerick, PA), anti-tropoelastin anti-
body (PR 385) from Elastin Products Company (Owens-
ville, MO), antiegreen fluorescent protein (GFP) antibody
(AB3080) from EMD Millipore (Billerica, MA), antie
fibulin-5 antibody (ab109428) from Abcam (Cambridge,
MA), antieb-actin antibody (A5316) from Sigma-Aldrich
(St. Louis, MO), antieGr-1/Ly-6G antibody (MAB1037)
from R&D Systems (Minneapolis, MN), antieE-cadherin
(13-1900) from Life Technologies (Carlsbad, CA), and
p-NF-kB p65 antibody (SC-101749) and Alexa-conjugated
secondary antibodies from Santa Cruz Biotechnology
(Dallas, TX). Rabbit polyclonal antiefibulin-5 antibody
(BSYN 1923) and adenovirus-encoding fibulin-5 or GFP
were generous gifts from Dr. Yanagisawa. Recombinant
human fibulin-5 was from R&D Systems. ProLong Gold
mounting media with DAPI and TO-PRO-3 were from Life
Science Technologies (Grand Island, NY). Escherichia coli
lipopolysaccharide (LPS) (O55:B5) was purchased from
Sigma-Aldrich.

Mouse Models

We have previously reported the generation of transgenic
mice expressing a FLAG-tagged form of activated human
IKKb under the control of seven repeats of the tetracycline
operatoreminimal CMV promoter and a tetracycline-
controlled transcription silencer under the control of the
Clara cell 10 kDa (CC10) promoter, in which both trans-
genes are transmitted as a single block.19,20 To selectively
activate IKKb and hence NF-kB in the airway epithelium,
hemizygous male mice that contain both transgenes were
crossed with homozygous female mice expressing reverse
tetracycline transactivator (rtTA) under the control of the
CC10 promoter (a gift from Dr. Jeffrey Whitsett).
Approximately half of the pups from these matings
expressed all three transgenes, thereby enabling the activa-
tion of NF-kB in the airway epithelium after treatment with
doxycycline (Dox). These mice were designated IKTA
mice, and the remaining pups in each litter that expressed
only the CC10ertTA transgene were used as littermate
controls. For transgene activation in fetal or neonatal lungs,
pregnant or lactating dams were administered 1 g/L of Dox
(Sigma-Aldrich) in drinking water. In all experiments, the
pregnant/lactating dams lacked the constitutively active
IKKb (cIKKb) transgene such that Dox did not lead to NF-
kB activation in the dams. In some experiments, we used
NF-kBeGFPeluciferase mice, a NF-kB reporter mouse
strain that expresses a GFP/luciferase fusion protein with
NF-kB activation.21
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Oxygen Saturation Measurement in PN2 Mouse Pups

Arterial oxygen saturation was measured using a small
animal pulse oximeter (MouseOx; Starr Life Sciences,
Oakmont, PA) using standard methods. Briefly, a MouseOx
collar sensor was placed on nonanesthetized pups, and after
a brief period for signal equilibration, oxygen saturation was
determined. Oxygen saturation readings were repeated
thrice in each animal over a 5-minute period, and the mean
value from these three readings was recorded as the final
oxygen saturation.

Histologic Examination, Immunostaining, and
Microscopy

Fetal and neonatal lungs were isolated and fixed overnight
in 10% formalin before paraffin embedding. Hematoxylin
and eosin staining of paraffin sections was performed using
standard methods, and images of hematoxylin and eosine
stained sections were obtained using a bright-field micro-
scope. For immunostaining, paraffin sections (5 mm thick)
were rehydrated and subjected to a brief period of antigen
retrieval using citrated buffer (pH 6.5) followed by sequential
incubation with the primary antibody and appropriate bio-
tinylated secondary antibodies. Staining was then detected
using NovaRED reagents (Vector Laboratories, Burlingame,
CA). NovaRED-stained sections were briefly counterstained
with hematoxylin before imaging using a bright-field
microscope.

For immunofluorescence imaging of lung sections, iso-
lated lungs were first processed in increasing concentrations
of sucrose, frozen in Tissue-Tek optimal cutting temperature
solution (Sakura, Torrance, CA), and stored at �80�C.
Cryostat sections were briefly fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) and per-
meabilized with 0.1% Triton X-100 (Thermo Fisher Scien-
tific, Grand Island, NY). After overnight incubation with the
primary antibody, sections were incubated with Alexa-
conjugated secondary antibodies before imaging with an
inverted fluorescent microscope (Olympus, Center Valley,
PA) or an SPE laser scanning confocal microscope (Leica
Microsystems, Buffalo Grove, IL). For fluorescent imaging
of lung fibroblasts, cells plated in chamber slides were fixed
with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, blocked in 5% donkey serum, and subsequently
incubated overnight with the primary antibody. Cells were
then incubated with Alexa-conjugated secondary antibodies,
stained with DAPI, and imaged using an inverted fluores-
cent microscope.

Hart’s Elastin Staining

Elastic fibers in lung sections were localized using Hart’s
elastin staining techniques as detailed previously.22 Briefly,
after rehydration, paraffin-embedded lung sections were
incubated overnight with resorcin-fuchsin (Electron
1788
Microscopy Sciences) to stain elastic fibers. Counterstaining
of elastin-stained sections was performed using tartrazine in
saturated picric acid (Electron Microscopy Sciences). Slides
were then imaged using a bright-field microscope.

Electron Microscopy

Murine lungs were minced into 0.5-mm3 pieces, fixed in 3%
glutaraldehyde, and stained with tannic acid and osmium
tetroxide. Fixed and stained lungs were subsequently dehy-
drated using a graded series of ethanol and counterstained
with propylene oxide before embedding in Epon. All
chemicals used for processing lung samples for electron
microscopy were purchased from Electron Microscopy Sci-
ences. Epon resin was purchased from Polysciences (War-
rington, PA). Thin sections were cut and imaged using an FEI
Tecnai T12 transmission electron microscope (FEI, Hills-
boro, OR) at the Vanderbilt cell-imaging shared resource.

Bronchoalveolar Lavage Collection

After euthanasia of adult mice, tracheostomywas performed, a
20-gauge blunt-tipped catheter was secured in the trachea, and
three 1-mL aliquots of sterile normal saline were sequentially
instilled and aspirated. The fluid collected from the three as-
pirations was pooled and centrifuged at 500� g for 10minutes
at 4�C to separate the supernatant from cells. The supernatant
was then aliquoted and stored at �80�C for future use.

Mouse Lung Fibroblast Isolation and Culture

Mouse lung fibroblasts were isolated using a modification of
previously described methods.23,24 Briefly, neonatal mouse
lungs were first perfused with sterile phosphate-buffered
saline and removed en bloc. Collected lungs were
dissected, finely minced, and enzymatically digested for a
brief period at 37�C in Dulbecco’s modified Eagle’s me-
dium containing collagenase type I (0.5 mg/mL; Sigma-
Aldrich) and collagenase type IA (0.5 mg/mL; Sigma
Aldrich), followed by pipetting to mechanically disperse
lung tissue. The resulting cell suspension was then collected
by centrifugation, resuspended in culture medium, and
sequentially filtered through 100-, 70-, and 20-mm sterile
filters. The filtrate from the 20-mm filter was plated on 100-
mm cell culture dishes and cultured in Dulbecco’s modified
Eagle’s medium with 10% fetal calf serum, passaged and
cryopreserved if needed for later use. For all experiments
using NF-kBeGFPeluciferase fibroblasts, passage 2 or 3
cells were first cultured in 12-well culture plates or chamber
slides in Dulbecco’s modified Eagle’s medium with 10%
fetal calf serum for 48 hours and then exposed to cell culture
treatments in serum-free medium for an additional 24 to 48
hours before RNA extraction or fixation.
For NF-kB pathwayeblocking experiments, fibroblasts

were cultured for 48 hours in the presence or absence of
adenovirus encoding a dominant-negative IkB mutant
ajp.amjpathol.org - The American Journal of Pathology
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(3 � 108 plaque-forming units per 1 mL) or Cre recombi-
nase (as a control).

In Vitro Fibulin-5 Rescue Experiments

Fibroblasts were cultured with 3 mg/mL recombinant human
fibulin-5 or adenovirus-encoding V5-epitopeetagged fibulin-5
(3.2 � 107 plaque-forming units per 1 mL) for a 24-hour
period in the presence of LPS or TAs (50 mL of TA per 500
mL of culture medium) in serum-free conditions. Control
experiments were performed using adenovirus-encoding
GFP or Cre recombinase. After exposure to adenoviral vec-
tors, cells were washed with phosphate-buffered saline, and
fresh serum-free culture medium (with or without LPS or TA)
was replaced for an additional 24 hours.

Morphometry and Image Analysis

For morphometric evaluation of mouse lung sections,
TIFF images of hematoxylin and eosinestained sections
were first imported into ImageJ software version 1.49o
(NIH, Bethesda, MD). Airway branching was then quanti-
fied by a count of the number of completely enclosed distal
airspaces per high-power field. To determine the mean distal
airspace area, the airspace area of each distal saccule was
manually determined and averaged across the entire imaged
field. To quantify the number of neutrophils in IKTA and
control lungs, immunostaining was performed with Gr-1/
Ly-6G antibodies, and lung sections were imaged at �400
magnification. The number of Gr-1epositive cells in at least
four lung fields in each section (from each of four mice per
group) was determined. To determine the proportion of the
distal lung parenchyma occupied by elastic fibers in Hart’s
elastinestained sections, distal lung parenchyma was first
delineated in each TIFF image by manual subtraction of the
areas occupied by large airways, blood vessels, and distal
airspaces from the total image area. The area occupied by
insoluble cross-linked elastin was then determined after
thresholding for elastin stain color and expressed as a per-
centage of pixels above threshold.

For quantification of the in vitro elastin network orga-
nized by lung fibroblasts, cultured fibroblasts were immu-
nostained for elastin using standard techniques as detailed in
Histologic Examination, Immunostaining, and Microscopy
and imaged using an inverted fluorescence microscope.
The area occupied by elastin fluorescence was then manu-
ally identified in each image and expressed as a percentage
of total image area. At least 15 to 20 random microscopic
fields were imaged and quantified per treatment condition.
Images were analyzed using ImageJ software.

Real-Time Quantitative PCR

Total RNA was isolated from fetal and neonatal lungs or
lung fibroblasts with TRIzol reagent (Life Science Tech-
nologies) using standard procedures. First strand cDNA was
The American Journal of Pathology - ajp.amjpathol.org
synthesized using oligo-dT primers and Moloney murine
leukemia virus reverse transcriptase (Superscript II; Invi-
troGen, Grand Island, NY). PCR primers were designed
using PrimerQuest design tool (Integrated DNA Technolo-
gies, Coralville, IA; https://www.idtdna.com/Primerquest/
Home/Index). The sequences of the primers used in this
study were as follows: Il6, 50-AAGAGACTTCCATC-
CAGTTGCC-30 (forward), 50-TGAAGTCTCCTCTCCGG-
ACT-30 (reverse); Il1b, 50-ACAGAATATCAACCAAC-
AAGTGATATTCTC-30 (forward), 50-GATTCTTTCCTT-
TGAGGCCCA-30 (reverse); Cxcl1, 50-CCGAAGTCAT-
AGCCACACTCAA-30 (forward), 50-GCAGTCTGTCT-
TCTTTCTCCGTTAC-30 (reverse); Ccl2, 50-TGGCTC-
AGCCAGATGCAG-30 (forward), 50-GGTGATCCTCT-
TGTAGCTCTCCAG-30 (reverse); Tnf, 50-GACCCTCA-
CACTCAGATCATCTTCT-30 (forward), 50-CCACTTG-
GTTTGCTACGA-30 (reverse); Gapdh, 50-TGAAGGT-
CGGTGTGAACGG-30 (forward), 50-CGTGAGTGGAGT-
CATACTGGAA-30 (reverse); Eln, 50-CTGCCAAAGC-
TGCCAAATAC-30 (forward), 50-CCAACACCATAGC-
CAGGAAA-30 (reverse); Fbln4, 50-CATAACCTTCCTG-
GCTCCTAC-30 (forward), 50-GCGGTAACGACACT-
CATCTAT-30 (reverse); Fbln5, 50-TGTCAACACCTA-
TGGCTCTTTC-30 (forward), 50-GAAGCTGCACTCGTC-
CATATC-30 (reverse); Lox, 50-CAAGGGACATCGGA-
CTTCTTAC-30 (forward), 50-TGGCATCAAGCAGGT-
CATAG-30 (reverse); Loxl1, 50-CTATGACCTCCGAGT-
GCTATTG-30 (forward), 50-TCGTCCATGCTGTGGTA-
ATG-30 (reverse); Fbn1, 50-CAGGCTCTTCTGTGTC-
GATATT-30 (forward), 50-TGGCTGACAGCTACATTCA-
TAG-30 (reverse); and Fbn2, 50-GGAGTATCGCTGT-
CTCTGTTATG-30 (forward), 50-GATTCAGGTCACACT-
CGTTCA-30 (reverse). Two-step real-time PCR was per-
formed using an IQ5 thermocycler and SYBR Green
detection system (Bio-Rad, Hercules, CA). Gene expression
was normalized to Gapdh in each sample. For all PCR ex-
periments, fold-change in gene expression was calculated
using the 2�DDCT method.25

Immunoblot Assay and Densitometry Analysis

Lung tissue was homogenized in radioimmunoprecipitation
assay buffer with a protease and phosphatase inhibitor cocktail
(Sigma-Aldrich), and total protein was quantified using a
bicinchoninic acid protein assay kit (Thermo Fisher Scienti-
fic). Equal amounts of extracted protein from each sample
were separated on a polyacrylamide gel and subsequently
transferred to a polyvinylidene difluoride membrane (Bio-
Rad). After a brief period of blocking with 5% milk, mem-
branes were incubated with primary and secondary antibodies
before chemiluminescence detection. Blots were detected
using the ECL-Plus chemiluminescence detection system
(Thermo Fisher Scientific) and imaged using a Kodak X-Omat
2000 imaging system (Eastman Kodak Company, Rochester,
NY). For densitometry, TIFF images of blots were imported
into ImageJ software and analyzed using standard methods.
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Quantification of Total Lung Collagen Content

Total soluble collagen content of the whole right lung was
quantified using the Sircol assay (Biocolor, Carrickfergus,
UK) according to the manufacturer’s instructions. Briefly,
the right lung was homogenized in 0.5 N acetic acid with
0.1 mg/mL pepsin and incubated overnight at 4�C. The
homogenate was centrifuged and the supernatant was used
in the assay. Fifty microliters of the supernatant was incu-
bated with the Sircol dye for 30 minutes. Samples were then
centrifuged and unbound dye solution was removed. The
collagen-bound dye pellet was washed multiple times with
ice-cold acid-salt buffer and then solubilized in alkali
reagent. Absorbance was then measured at 555 nm, and OD
values were calibrated against the collagen standard pro-
vided by the manufacturer.

Lung Elastase Assay

Mouse lungs were homogenized in phosphate-buffered sa-
line and centrifuged at 1000 � g for 10 minutes at 4�C. The
total elastase content of the supernatant was measured in
duplicate using the EnzChek Elastase assay kit (Molecular
Probes, Grand Island, NY) as per the manufacturer’s sug-
gested methods. The protein content of each collected
sample was measured using a bicinchoninic acid assay kit
(Thermo Fisher Scientific). Elastase activity was then
normalized to the total protein content of each sample.

Desmosine Enzyme-Linked Immunosorbent Assay

Desmosine enzyme-linked immunosorbent assay kits were
purchased from American Research Products (Waltham, MA)
and used per the manufacturer’s suggested methods. Each
sample was measured in duplicate. Measured OD values were
imported into Prism software version 6.0 (GraphPad, La Jolla,
CA), standard curves were plotted, and concentrations of tested
samples were determined and normalized to total protein
content.

TA Collection

TA samples were obtained in the first 24 hours of life from
intubated preterm infants born between 23 and 30 weeks’
gestation. Samples were collected and processed as previ-
ously described.15,26 Briefly, endotracheal suctioning was
sterilely performed and the aspirate was collected in a spec-
imen trap. After centrifugation at 1000 � g at 4�C for 5
minutes, the supernatant was separated, and samples were
coded, aliquoted, and stored in a de-identified manner at
�80�C until later use. The protein content of each collected
TA sample was measured using a bicinchoninic acid assay kit
(Thermo Fisher Scientific). Clinical data documented for each
study sample included the presence or absence of maternal
chorioamnionitis, as confirmed by a placental pathologic
examination performed as a part of standard clinical care.
1790
Preterm Human Lung Tissue Sections

De-identified paraffin-embedded human lung sections were
obtained from tissues collected at autopsy from preterm
infants born between 26 and 32 weeks who died in the
first 3 weeks after birth with a diagnosis of necrotizing
enterocolitis, a condition associated with systemic inflam-
mation (cases, n Z 3). Lung sections from gestational
ageematched stillborn infants without histologic evidence
of fetal lung inflammation or maternal history indicative
of amniotic sac infections were also obtained (controls,
n Z 3). Sections were immunostained for fibulin-5 or
subjected to Hart’s staining for elastic fibers.

Statistical Analysis

Comparisons between groups were performed using the
t-test or a one-way analysis of variance followed by the
Tukey post hoc test. All analyses were performed using
Prism version 6.0 (GraphPad). P < 0.05 was used for
determining statistical significance.

Results

Activation of Epithelial NF-kB Alters Saccular Stage
Lung Development

We used transgenic IKTA mice to generate NF-kBede-
pendent lung inflammation during discrete intervals of
lung development. Figure 1A illustrates the mating strat-
egy used for obtaining IKTA mice and littermate controls.
Pregnant dams were placed on Dox from embryonic days
(E) 13 to 18 (pseudoglandular to canalicular stage) or from
E13 to postnatal day (PN) 0 (pseudoglandular to mid-
saccular stage). In addition, to test the effect of transgene
activation exclusively during the saccular stage, lactating
dams were given Dox from PN0 to PN2. Although Dox
administration from E13 to E18 did not cause any changes
in airway branching or distal lung architecture in E18
IKTA lungs, dramatic dilation of distal lung structures,
along with scattered areas of hemorrhage and airspace
collapse/thickening, were evident in IKTA mice treated
with Dox from E13 to PN0 and from PN0 to PN2
(Figure 1, BeG). Morphometric evaluation confirmed that
airway branching was similar between IKTA and control
mice (Figure 1H) and quantified the degree of distal
airspace dilation in saccular stage IKTA lungs (Figure 1I).
Dilated terminal saccules in IKTA lungs were most
prominent toward the periphery of the lung and could be
identified visually as areas of lucency subjacent to the
pleural surface in the lungs of postnatal mice (Figure 1, J
and K). Saccular stage IKTA mice appeared cyanotic and
were smaller than littermate controls (Figure 1, LeM).
IKTA mice had impaired gas exchange, as evidenced by
reduced oxygen saturation (Figure 1N). All IKTA pups
treated with Dox from E13 to PN0 died within 24 hours
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Airway epithelial NF-kB activation dis-
rupts saccular stage lung development. Pregnant or
lactating dams were treated with doxycycline in
drinking water from embryonic days (E) 13 to 18
(denoted E18), E13 to postnatal day (PN) 0 (denoted
PN0), or PN0 to PN2 (denoted PN2), after which
lungs were harvested. A: Schematic illustration of
the mating strategy for generating inhibitory kB
kinase b transactivated (IKTA) mice and littermate
controls (CTRL). BeG: Representative hematoxylin
and eosinestained lung sections at E18 (B and E),
PN0 (C and F), and PN2 (D and G). Arrow denotes an
area of hemorrhage; arrowhead denotes an area of
airspace collapse in PN2 IKTA lungs (G). H and I:
Morphometric evaluation of terminal airway counts at
E18 (H) and mean distal airspace area in control and
IKTA lungs at E18, PN0, and PN2 (I). J and K:
Representative images showing distal PN2 control (J)
and IKTA (K) lungs. L: Representative image showing
control and IKTA pups from the same litter at PN2
(Dox PN0 to PN2). M and N: Body weight (M) and
oxygen saturation (N) in PN2 IKTA and control pups.
Data are expressed as means � SEM. n Z 10 to 15
lung fields per lung (H and I); n Z 3 to 4 pups per
group (H and I); n Z 10 pups per group (M and N).
*P < 0.05. Original magnification, �200. CC10, Clara
cell 10 kDa; CMV, cytomegalovirus; cIKKb, constitu-
tively active IkB kinase b; hGH, human growth hor-
mone; tTS, tetracycline-controlled transcription
silencer; rtTA, reverse tetracycline transactivator.

Epithelial NF-kB and Lung Development
after birth, and IKTA pups treated with Dox from PN0 to
PN2 uniformly died by PN4. Other organs in IKTA mice
appeared grossly normal, consistent with a prior study
showing that transgene expression in this model is limited
to the lungs.19

Because transgene activation limited to the canalicular
stage (E18) did not appear to affect lung development, we
verified that the FLAG-tagged cIKKb transgene was simi-
larly expressed during the canalicular and saccular stages.
Immunostaining and Western blot assays detected similar
transgene expression in E18 and PN2 IKTA lungs (Figure 2,
AeG) with FLAG-tagged cIKKb staining localized to the
bronchiolar epithelium and scattered distal epithelial cells in
IKTA lungs at both stages (Figure 2, B and E). Densitom-
etry analysis of Western blots confirmed similar FLAG
expression in E18 and PN2 IKTA lungs (Figure 2G). In
addition, cell counts of FLAG-positive cells in the distal
lung (excluding bronchiolar epithelial cells) also
The American Journal of Pathology - ajp.amjpathol.org
demonstrated a similar proportion of FLAG-positive cells
around distal airspaces at both stages (means � SD: E18,
7.2% � 1%; PN2, 8.8% � 1.2%). In both E18 and PN2
IKTA lungs, we found increased mRNA expression of
inflammatory cytokines (Figure 2, H and I) and an
influx of inflammatory cells, predominantly neutrophils
(Supplemental Figure S1). Together, these data indicate that
airway epithelial NF-kB activation leads to inflammation
during both the canalicular and saccular stages, but that lung
development is selectively disrupted during the saccular
stage.

Epithelial-Derived Inflammation Disrupts Elastin
Organization in Saccular Stage Lungs

Because epithelial-driven inflammation in IKTA mice cau-
ses marked structural changes to lungs during the saccular
stage, which is a time of rapid remodeling of the ECM
1791
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Figure 2 Conditional expression of the FLAG-tagged constitutively active IkB kinase b (cIKKb) transgene results in inflammation during both the
canalicular and saccular stage. Doxycycline in drinking water was provided to pregnant dams [embryonic days (E) 13 to 18] or lactating dams [postnatal days
(PN) 0 to 2], after which lungs were collected. AeG: FLAG epitope expression in control (CTRL) and inhibitory kB kinase b transactivated (IKTA) lungs at E18
(AeC) and PN2 (DeF) by immunohistochemistry and Western blot analysis. G: Densitometry of FLAG Western blots from E18 and PN2 IKTA lungs. H and I: Gene
expression of select cytokines and chemokines in E18 (H) and PN2 (I) lungs measured by quantitative RT-PCR. Data are expressed as means � SEM. n Z 4 per
group (G); n Z 6 pups per group (H and I). *P < 0.05. Original magnification, �400.
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compartment in the distal lung, we postulated that alter-
ations in ECM composition or structure might contribute to
lung dysfunction following the transition from in utero gas
exchange to spontaneous breathing. As both collagen and
elastin are critically important for structural integrity and
tensile strength in the developing lung parenchyma, we
investigated whether differences in these matrix proteins
were apparent in saccular stage IKTA lungs. Immuno-
staining for collagens I and IV failed to show differences
between PN2 control and IKTA lungs (Supplemental
Figure S2, A and B). In addition, no quantitative changes
in total lung collagen content were identified (Supplemental
Figure S2C).

Elastin, a key component of the ECM, is produced and
assembled around distal airspaces during the later stages of
fetal lung development.27 Using Hart’s elastin stain, we
identified nascent strands of elastin fibers around the distal
airspaces that appeared similar in IKTA and control lungs at
E18; however, at PN0 and PN2, the organized meshwork of
elastic fibers encircling the terminal saccules of control
lungs was markedly abnormal in IKTA lungs (Figure 3,
AeF). IKTA lungs at PN2 demonstrated a discontinuous
and disorganized-appearing pattern of elastic fibers, which
1792
was confirmed by immunofluorescence and electron mi-
croscopy (Figure 3, GeJ). Of note, elastin fiber assembly
around developing blood vessels appeared normal in
IKTA mice at PN2, indicating that abnormalities in elastin
structures were limited to the distal lung parenchyma
(Supplemental Figure S3). Despite differences in the
appearance of elastin bundles, Western blot analysis for
soluble elastin (Figure 3K) and quantitative image analysis
of Hart’s stained sections (Figure 3L) showed no differences
in total elastin content between PN2 control and IKTA
lungs. Together, these data show that epithelial-derived
inflammation disrupts elastic fiber organization in the
saccular stage lung parenchyma without a concurrent
change in total lung elastin content.

Critical Elastin Assembly Components Are Altered in
Saccular Stage Lungs with Epithelial-Derived
Inflammation

We reasoned that the faulty elastin structure in saccular
stage IKTA mice could have been due to either abnormal
elastin assembly or increased elastin destruction. To inves-
tigate whether altered expression of important elastin
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Elastic fiber organization is disrupted
in saccular stage inhibitory kB kinase b trans-
activated (IKTA) lungs. Pregnant or lactating dams
were treated with doxycycline (Dox) in drinking
water until lung harvest at embryonic day (E) 18
(Dox E13 to E18), postnatal day (PN) 0 (Dox E13 to
PN0), or PN2 (Dox PN0 to PN2). AeF: Represen-
tative photomicrographs of Hart’s elastinestained
lung sections from control (CTRL) (AeC) and IKTA
(DeF) lungs. Closed arrows denote elastic fibers
around terminal airspaces in controls at PN0 (B)
and PN2 (C). Open arrows denote fragmented
elastic fibers in IKTA lungs at PN0 (E) and PN2
IKTA (F). G and H: Tropoelastin immunostaining in
PN2 control (G) and IKTA (H) lungs. I and J:
Representative transmission electron microscopic
images of PN2 control (I) and IKTA (J) lungs. Red
arrows denote elastic fibers; asterisk denotes
collagen bundles. K: Representative Western blot
for soluble tropoelastin protein in lung tissue
homogenates at PN2. L: Morphometric quantifi-
cation of area occupied by insoluble elastin in PN2
control and IKTA lungs. Data are expressed as
means � SEM. n Z 10 imaged fields for each of
four separate control and IKTA lungs. Original
magnification, �400 (AeF); �630 (G and H);
�30,000 (I and J).

Epithelial NF-kB and Lung Development
assembly components was involved in the distinct differ-
ences in elastic fiber organization in E18 and PN2 IKTA
lungs, we quantified gene expression of critical elastin as-
sembly components, including elastin (Eln); short fibulins
(Fbln4 and Fbln5); members of the lysyl oxidase family of
cross-linking enzymes, lysyl oxidase (Lox) and lysyl oxi-
dase likee1 (Loxl1); and microfibrillar components fibrillins
1 and 2 (Fbn1 and Fbn2). Expression of Eln, Fbln5, and
Loxl1 were significantly greater in saccular stage lungs of
control mice at PN2 compared to E18, indicating important
developmental regulation of these elastin assembly compo-
nents (Figure 4A). These developmental increases in the
expression of Fbln5 and Loxl1 were markedly attenuated in
the saccular stage lungs of IKTA mice at PN2 (Figure 4A),
implicating these genes as potentially important in dysregu-
lated lung structure in saccular IKTA lungs. Expression of
Fbln4 and Fbn1 were also inhibited in PN2 IKTA lungs
compared to those in controls; however, mRNA for these
genes were not significantly up-regulated in control lungs at
PN2 compared to those at E18. Detailed investigation of the
ontogeny of these elastin assembly components in the lungs
of wild-type mice revealed increased levels of expression of
Fbln5 and Loxl1 in the immediate postnatal period
(Figure 4B). In contrast, expression of Fbln4 and Fbn1 did
not increase until PN5. Western blot analysis confirmed the
The American Journal of Pathology - ajp.amjpathol.org
up-regulation of fibulin-5 protein in the perinatal period from
E18 to PN2, with decreased expression in PN2 IKTA lungs
(Figure 4, C and D). Overall, these studies indicate that
epithelial-driven inflammation prevents the normal develop-
mental up-regulation of the critical elastin assembly compo-
nents fibulin-5 and LoxL1 during the saccular stage.

To investigate whether destruction of elastic fibers might
also contribute to the observed fragmented appearance of
elastin, we measured elastase activity in PN2 IKTA lungs.
Administration of Dox from PN0 to PN2 did not increase total
lung elastase activity in IKTA lungs compared to that in
control lungs (Supplemental Figure S4A). In addition, we did
not detect an increase in desmosine, a marker of elastin
degradation, in lung homogenates from IKTAmice compared
to that in littermate controls (Supplemental Figure S4B),
suggesting that degradation of previously formed elastic fi-
bers is not the primary mechanism of disrupted elastic fiber
organization in saccular stage IKTA lungs.

Inflammation Decreases Fibulin-5 Expression and
Alters Elastic Fiber Assembly by Saccular Stage Lung
Fibroblasts in Culture

Fibroblasts are primarily involved in the production of
elastin and its assembly components in the distal lung;
1793
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Figure 4 Critical elastic fiber assembly components are down-regulated in saccular stage inhibitory kB kinase b transactivated (IKTA) lungs. A: Gene
expression of critical elastin assembly components in embryonic day (E) 18 and postnatal day (PN) 2 control (CTRL) and IKTA lungs, as measured by
quantitative RT-PCR. B: Ontogeny of expression of Fbln4, Fbln5, Loxl1, and Fbn1 during lung development in wild-type mice. C and D: Western blot analysis of
lung tissue homogenates for fibulin-5 protein in E18 and PN2 lungs. Representative Western blot images (C) and densitometry analysis (D). Data are expressed
as means � SEM. n Z 4 per group. *P < 0.05 versus E18 controls (A), for expression of Fbln5 and Loxl1 at PN1 versus expression at E15 (B), and for fibulin-5
protein expression versus expression in E18 control lungs (C and D); yP < 0.05 versus PN2 controls (A), for expression of all four genes at PN5 versus
expression at E15 (B), and for fibulin-5 protein expression versus expression in PN2 control lungs (C and D); zP < 0.05 for expression of Fbln5, Loxl1, and Fbn1
at PN14 versus expression at E15 (B); and xP < 0.05 for expression of Fbln5 in adult lungs versus expression at E15 (B).
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therefore, we postulated that soluble inflammatory media-
tors produced by the airway epithelium in IKTA mice might
activate inflammatory signaling in the lung mesenchyme
and suppress the expression of these factors in fibroblasts.
Therefore, we performed fluorescent immunostaining for an
activated form of the transcription factor p65 (RelA)
component of NF-kB (phosphoserine 276)28,29 in the lungs
of IKTA and control mice. We found a marked increase
in immunostaining of phospho-p65 in mesenchymal cells in
IKTA lungs compared to that in control lungs (Figure 5A),
suggesting that activation of NF-kB in the airway epithe-
lium can initiate a wave of NF-kB activation in other cell
types, including fibroblasts in the lung mesenchyme.

Next, we tested whether bronchoalveolar lavage fluid
from IKTA mice could activate NF-kB and inhibit elastin
assembly component expression in primary lung fibroblasts
1794
from PN2 mice. For these studies, we isolated lung fibro-
blasts from PN2 NF-kBeGFPeluciferase mice, a reporter
mouse strain for NF-kB activation, and cultured these cells
in the presence of bronchoalveolar lavage fluid from
IKTA and control mice. We found that bronchoalveolar
lavage fluid from IKTA mice reduced the expression of
fibulin-5 (Figure 5B) and activated the NF-kB pathway
(Figure 5C); however, no differences in the levels of
expression of Loxl1, Fbln4, or Fbn1 were identified
(Figure 5B).
Based on these findings, we tested whether NF-kB acti-

vation in saccular stage fibroblasts could be involved in the
down-regulation of fibulin-5 expression by saccular stage
lung fibroblasts. We treated cells with E. coli LPS, which
activates NF-kB through Toll-like receptor 4. Consistent
with other studies, LPS activated the NF-kB pathway
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 Epithelial inflammation in inhibitory kB kinase b transactivated (IKTA) lungs results in NF-kB activation and decreased fibulin-5 expression by
interstitial fibroblasts. A: Representative images of control (CTRL) and IKTA lung at postnatal day (PN) 2 immunostained for phosphoserine 276 in the
transcription factor p65 (RelA) component of NF-kB as a marker of NF-kB activation. Arrow denotes cells in the interstitium with phospho-p65 staining. B and
C: Lung fibroblasts were isolated from PN2 NF-kBeGFPeluciferase (NGL) mice and cultured in the presence of bronchoalveolar lavage (BAL) fluid from adult
control or IKTA mice that were treated with doxycycline in drinking water (1 g/L) for 7 days (50 mL of BAL per 500 mL of culture medium). B: Gene expression
of elastin assembly components in cells treated with control or IKTA BAL. C: Representative immunostaining for green fluorescent protein as an indicator of
NF-kB activation in NGL fibroblasts treated with control or IKTA BAL. D and E: PN2 NGL fibroblasts were treated with IKTA BAL or lipopolysaccharide (LPS) (800
ng/mL). Luciferase expression (D) was quantified as a measure of NF-kB activation and gene expression of select elastin assembly components (E) was
assessed using quantitative RT-PCR (RT-qPCR). F: Adenoviral vectors expressing a dominant negative IkB-a (DN IkB Adv) or control (Cre recombinase; CTRL
Adv) (1500 multiplicity of infection) were added to PN2 NGL fibroblasts treated with 800 ng/mL of Escherichia coli LPS for 24 hours, and Fbln5 expression was
then quantified by RT-qPCR. Data are expressed as means � SEM. n Z 4 per group. *P < 0.05 versus control BAL-treated cells (B), versus untreated control
cells (E and F). Original magnification, �200 (C); �400 (A). TO-PRO-3, Life Science Technologies (Grand Island, NY).
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(Figure 5D) and reduced the expression of Fbln5 in PN2
NF-kBeGFPeluciferase lung fibroblasts. Although the
expression of Loxl1 also trended to be lower with LPS
treatment, this did not reach statistical significance
(Figure 5E). Overexpression of a dominant inhibitor of the
NF-kB pathway in PN2 fibroblasts, using an adenoviral
vector, restored fibulin-5 expression after LPS treatment
(Figure 5F). These results support the idea that the propa-
gation of NF-kB activity from epithelial cells to fibroblasts
in saccular stage IKTA mice regulates the expression of
elastin assembly components.

Because we found that fibulin-5 was highly expressed in
saccular stage lungs, and that its expression was consistently
down-regulated by inflammatory stimuli, we investigated
whether fibulin-5 provides critical regulation for elastic as-
sembly by saccular stage lung fibroblasts. For these studies,
The American Journal of Pathology - ajp.amjpathol.org
we cultured saccular stage lung fibroblasts with LPS or
vehicle for 48 hours and evaluated extracellular elastin fiber
assembly. In control (vehicle-treated) cells, both fibulin-5
and elastin were organized as a dense reticular network in
the extracellular space (Figure 6, A and B). In contrast,
minimal immunostaining of fibulin-5 was detected in LPS-
treated cells (Figure 6C), and elastic fiber network forma-
tion was markedly reduced (Figure 6D). We then tested
whether adenoviral delivery of Fbln5 or exogenous re-
combinant fibulin-5 protein could rescue elastin network
formation in LPS-exposed cells. Efficient transfection of
lung fibroblasts was confirmed in initial experiments using
adenovirus-encoding GFP (Supplemental Figure S5). When
Fbln5 was overexpressed using an adenoviral vector in
LPS-treated cells, we observed partial restoration of the
extracellular elastin network (Figure 6, E and F). The
1795

http://ajp.amjpathol.org


Figure 6 Inflammation reduces fibulin-5 expression and disrupts
elastic fiber assembly by saccular stage lung fibroblasts. Postnatal day (PN)
2 NF-kBeGFPeluciferase fibroblasts were grown to confluence and cultured
with or without 800 ng/mL of lipopolysaccharide (LPS) for 48 hours. In
some experiments, LPS-treated cells were treated with adenoviral fibulin-5
(Fbln5 Adv), control adenovirus expressing Cre recombinase (CTRL Adv), or
recombinant fibulin-5 protein. AeG: Representative immunostaining for
fibulin-5 (A, C, and E), and elastin (B, D, F, and G) in PN2 NGL fibroblasts.
The boxed areas correspond to the insets at higher magnification. H:
Quantification of the area occupied by elastin in immunostained images.
Data are expressed as means � SEM. n Z 15 to 20 random microscopic
fields per group from two separate experiments. *P < 0.05 versus untreated
control cells; yP < 0.05 versus LPS-treated cells. Original magnification,
�200 (main images); �600 (insets).

Benjamin et al
addition of recombinant fibulin-5 to the cell culture medium
also resulted in a rescue of the elastin network in LPS-
treated cells (Figure 6, G and H). Collectively, these data
indicate that fibulin-5 is important for proper extracellular
assembly of elastic fibers produced by saccular stage lung
fibroblasts.
1796
Inflammatory Mediators Down-Regulate Fibulin-5
Expression and Disrupt Elastic Fiber Assembly in
Preterm Human Lungs

Because we observed decreased fibulin-5 expression and
altered elastin organization by saccular mouse lung fibro-
blasts exposed to inflammatory stimuli, we investigated
whether epithelial lining fluid from inflamed preterm human
lungs could also disrupt elastin assembly by saccular stage
lung fibroblasts. For these experiments, day of life 1
TAs were collected from preterm infants with or without
exposure to histopathologically confirmed maternal cho-
rioamnionitis. The addition of TA from neonates exposed to
chorioamnionitis to the culture medium of saccular stage
mouse lung fibroblasts, but not TA from control subjects,
resulted in reduced Fbln5 expression and impaired extra-
cellular elastin network formation (Figure 7, A and B). This
reduced-elastin network was reversed by Fbln5 over-
expression (Figure 7, B and C).
Next, we examined whether inflammation in saccular

stage human lungs was associated with reduced fibulin-5
and abnormal organization of elastic fibers. We obtained
saccular stage autopsy lung sections from stillborn infants
(controls; n Z 3) and from preterm infants with systemic
inflammation as a result of necrotizing enterocolitis (cases;
n Z 3). Immunoreactive fibulin-5 was seen outlining the
distal airspaces in lung sections from controls, but reduced
fibulin-5 expression was detectable around the terminal
saccules in the lung sections from preterm infants exposed
to inflammatory stimuli (Figure 7D). Although the elastic
fibers in control lungs were arranged circumferentially
around the terminal airspaces, they were discontinuous and
demonstrated a frayed appearance in the saccular stage
lungs of the preterm infants with systemic inflammation
(Figure 7D). Taken together, these data indicate that expo-
sure to inflammation during the saccular stage alters elastin
organization and disrupts the ECM scaffold in the devel-
oping lung mesenchyme.
Discussion

These studies identify a critical window for elastin assembly
in the lung parenchyma during the saccular stage of lung
development. During this period, epithelial-driven inflam-
mation impairs developmentally specified up-regulation of
elastin assembly components, particularly fibulin-5, resulting
in a dysfunctional elastin network that severely disrupts the
structure and function of the developing saccular stage lung.
Expression of the elastin assembly protein fibulin-5 by
saccular stage lung fibroblasts can be inhibited by pro-
inflammatory stimuli that activate the NF-kB pathway, sug-
gesting that a network of inflammatory signaling initiated by
the epithelium is involved in disrupting elastic fiber assembly.
Several lines of evidence support a nonredundant role for

elastin in maintaining structural integrity in the saccular
ajp.amjpathol.org - The American Journal of Pathology
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Figure 7 Inflammation in the saccular stage human lung down-regulates fibulin-5 expression and alters elastic fiber organization. AeC: Postnatal day (PN)
2 NF-kBeGFPeluciferase (NGL) lung fibroblasts were cultured for 48 hours in serum-free conditions in the presence of tracheal aspirates (TA) from preterm
infants with or without exposure to chorioamnionitis. A: Expression of Fbln5 in mouse lung fibroblasts treated with TAs from infants exposed to antenatal
inflammation (Chorio TA) compared to control infant TA (CTRL TA). B: Representative immunostaining of elastin in NGL fibroblasts treated with CTRL or Chorio
TA and Chorio TA with the addition of adenoviral vector expressing fibulin-5. C: Quantification of the area occupied by the elastin network in immunostained
images. Fibroblasts treated with Chorio TA with the addition of adenoviral vector expressing Cre recombinase (CTRL Adv) were also included as controls in these
experiments. D: Autopsy lung sections were collected from age-matched stillborn infants (control) or infants exposed to early systemic inflammation because
of necrotizing enterocolitis (case) and immunostained for fibulin-5 or stained with Hart’s stain for elastic fibers. Images shown are representative photo-
micrographs of lung sections from a stillborn control and an infant exposed to early systemic inflammation immunostained for fibulin-5 or stained with Hart’s
stain for elastic fibers. The boxed areas correspond to the images at higher magnification. Data are expressed as means � SEM. n Z 5 per group (A); n Z 15
to 20 microscopic fields per group (C). *P < 0.05 (A), versus CTRL TA treatment (C). Original magnification, �200 (B); �400 (D, main images); �600 (D).

Epithelial NF-kB and Lung Development
stage. Elastin-knockout mice develop fewer dilated distal
airspaces in the saccular stage, suggesting roles for elastin in
terminal airway branching and/or providing structural sup-
port to developing saccules.30 In addition, mice deficient in
lysyl oxidase, a collagen and elastin cross-linking enzyme,
demonstrate fragmented elastic fibers and disrupted saccular
lung development.31 Our results indicate that elastin orga-
nization around developing terminal airspaces is critically
important in maintaining the structural framework in
developing saccular stage lungs. This function is clearly
different from the well-established role of elastin organiza-
tion at septal tips, an essential prerequisite for normal sec-
ondary septation and alveolarization.32,33 Thus, it appears
that perturbations in the elastin assembly process can affect
lung development in both the saccular and alveolar stages of
lung development.

Our findings are distinct from the increased, yet disorga-
nized, distribution of elastin observed in the lungs of human
infants with established bronchopulmonary dysplasia34,35 or
that seen in neonatal lung injury models in which animals
undergo prolonged exposure to mechanical ventilation or
The American Journal of Pathology - ajp.amjpathol.org
hyperoxia during the late saccular and alveolar stages of
development.36e38 It is likely that in these settings, increased
production of elastin occurs as a compensatory mechanism
to persistent injury/inflammation. However, it is unclear
whether this response results in a functional improvement in
elastin organization in the distal lung. In emphysema, where
the mature elastin scaffold is disrupted, a similar compensa-
tory increase in the production of elastin occurs,39,40 but
developmental programs required for correct assembly of
elastic fibers are not activated, and structural integrity of the
lung remains impaired.41

Fibulin-5 is an important adaptor molecule in the elastin
assembly process. Along with tropoelastin, which forms
the amorphous core in elastic fibers, the short fibulins, fibulin 4
and 5, are components critical for the assembly of ECM
components.42,43 Although both fibulins have distinct non-
compensable roles during elastic fiber formation, fibulin-5 is
expressed at greater levels in the lung.42 In addition, although
fibulin-4 is important for both elastin and collagen organiza-
tion, fibulin-5 functions specifically in elastin assembly.42

Consistent with findings from a previous report,44 we
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observed that fibulin-5 expression is developmentally regu-
lated in the lung, with a distinct peak in expression during the
saccular stage, coincident with the period of early organization
of elastic fibers in the lung.

Mutations in FBLN5 in humans result in autosomal
recessive cutis laxa, a condition characterized by childhood-
onset pulmonary emphysema.45 Isolated deletion of Fbln5
in mice does not result in a profound neonatal lung
phenotype but rather in progressive emphysema with
age,46,47 and in saccular stage Fbln5�/� mice, thin strands of
elastic fibers can assemble around terminal airspaces, albeit
to a lesser extent compared to those in wild-type control
lungs.48 This finding suggests some redundancy in fibulin-5
function with other elastin assembly components during
normal development. Indeed, in Fbln5-deficient mouse
lungs, the assembly of elastin may occur by an alternate
pathway using fibulin-4.48 Along with Fbln5, we found
reduced levels of expression of Fbln4, Loxl1, and Fbn1 in
saccular stage IKTA mouse lungs, potentially explaining the
more severe neonatal phenotype seen in IKTA mice
compared to that in mice with Fbln5 deficiency. Yet, our
finding that the restoration of fibulin-5 expression alone
resulted in a significant enhancement in elastic fiber orga-
nization by fibroblasts treated with LPS or TA from infants
exposed to antenatal inflammation suggests that fibulin-5 is
a critical determinant of elastin organization in the setting of
inflammation. These findings indicate that restoration of
fibulin-5 activity could be a therapeutic target for preventing
early lung structural changes resulting from perinatal
inflammation.

Available data suggest that NF-kB activation can have
variable effects on the lung, depending on cellular context,
the specific component(s) of the NF-kB pathway that are
activated, and the developmental stage.49 In adult mice,
high-level transgene expression in IKTA mice causes pa-
thology consistent with the acute respiratory distress syn-
drome, resulting in a high mortality during the first 2 weeks
of Dox treatment.19 In contrast, prolonged treatment with
lower-dose Dox results in emphysema with evidence of
interalveolar septum destruction and elastin degradation
after 4 to 6 months of persistent inflammation.50 During
saccular stage lung development, IKKb-driven activation of
NF-kB in the airway epithelium results in robust neutro-
philic inflammation, elastin fragmentation, and perinatal
mortality. Although these studies suggest that altered elastin
structure occurs in both neonatal and adult IKTA lungs, it
appears that altered elastin assembly plays a less important
role than does elastin degradation in adult IKTA lungs,
likely because elastin assembly occurs primarily during the
perinatal period, with little expression of elastin assembly
components in the adult lung. Although we measured
elastase activity in whole lungs from embryonic and
neonatal IKTA mice, technical limitations prevented
assessment in subcompartments of the lung. Thus, our
results do not rule out the possibility of localized areas of
increased elastase activity resulting from neutrophilic
1798
inflammation, which could also contribute to the disorga-
nization of elastic fibers in perinatal IKTA mice.
In contrast to the findings from our studies, Londhe et al51

showed that RelA overexpression under control of the sur-
factant protein C promoter in the alveolar epithelium results
in accelerated lung maturity, with no evidence of lung
inflammation. Although not specifically examined by these
investigators, it may be that the profile of NF-kBe
dependent mediators produced in this model is substantially
different from that in IKTA mice. Also, because recruited
inflammatory cells may be involved in mediating the
epithelial cell-to-mesenchymal cell crosstalk in IKTA lungs
that represses elastin assembly, the lack of inflammatory cell
recruitment from RelA overexpression may explain the
differential phenotypes observed in these two models.
In addition to epithelial NF-kB activation, we found

evidence of NF-kB activation in mesenchymal cells in
IKTA mice, suggesting that a wave of NF-kB activation
mediates the parenchymal abnormalities in IKTA lungs.
From this perspective, the absence of an airway branching
phenotype during the canalicular stage in IKTA mice is
somewhat surprising, particularly because we have previ-
ously shown that activation of NF-kB signaling in mesen-
chymal cells during the canalicular stage reduces expression
of fibroblast growth factor 10, which is important for
branching morphogenesis.17 IKTA mice treated with Dox
during the canalicular stage from E13 to E18 had normal
proximal and distal lung structures at E18; however, after
delivery at PN0, these mice were cyanotic and died in the
immediate postnatal period (data not shown). Although this
phenotype may simply reflect continued inflammation after
withdrawal of Dox, it is possible that inflammatory changes
during the canalicular stage are sufficient for priming the
saccular stage lung to disrupted lung function after birth.
Future studies may shed light on these issues by addressing
whether the observed phenotype during saccular stage lung
development results from direct effects of inflammatory
mediators produced by the epithelium or indirect effects of
mediators produced by activated and/or recruited inflam-
matory cells. Differences in inflammatory mediators pro-
duced by epithelial cells or inflammatory cells during the
canalicular and saccular stages could determine whether the
NF-kB signal is propagated to fibroblasts. Relevant to this
point, transgenic expression of Il1b in the mouse airway
epithelium during the saccular stage has been shown to alter
lung development.52 As NF-kB drives the transcription of
multiple pro-inflammatory genes, the cumulative effects of
these factors may explain why lung abnormalities in our
model are more severe than with conditional Il1b expression
alone; however, the findings from this study supports the
idea that the saccular stage is particularly vulnerable to the
effects of epithelial-derived inflammation.
In summary, here we have demonstrated that activating

innate immune pathways in the airway epithelium disrupts
elastic fiber organization and alters saccular stage lung
development. We propose that interventions to restore
ajp.amjpathol.org - The American Journal of Pathology
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down-regulated components of elastin assembly could
prove beneficial in supporting normal lung development in
premature infants.
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