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Abstract

The link between respiratory complications in prematurely born infants and susceptibility for 

developing chronic obstructive pulmonary disease (COPD) is receiving increasing attention. We 

have previously found that CCAAT/enhancer binding protein (C/EBP) activity in airway epithelial 

cells of COPD patients is decreased compared to healthy smokers, suggesting a previously 

unknown role for C/EBPs in COPD pathogenesis.

To investigate the role of the transcription factor C/EBPα in lung development and its potential 

role in COPD, mice with a lung epithelial-specific disruption of the C/EBPα gene (CebpaΔLE) 

were generated using Cre-mediated excision, and the resulting pathology was studied during 

development and into adulthood.

CebpaΔLE mice exhibit impaired lung development and epithelial differentiation, as well as 

affected vascularity. Furthermore, CebpaΔLE mice that survive until adulthood develop a severe 

pathological picture with irregular emphysema; bronchiolitis, including goblet cell hyperplasia, 

bronchiolar metaplasia, fibrosis and mucus plugging; and an inflammatory cell and gene 

expression profile similar to COPD.

CebpaΔLE mice display lung immaturity during development, and adult CebpaΔLE mice develop a 

majority of the histopathological and inflammatory characteristics of COPD. CebpaΔLE mice 

could thus provide new valuable insights into understanding the long-term consequences of lung 

immaturity and the link to susceptibility of developing COPD.
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A previously unknown role for a group of transcription factors called CCAAT/enhancer 

binding proteins (C/EBPs) has been established in the regulation of lung gene expression 

over recent years [1]. C/EBPα is an important regulator of differentiation in lung and other 

organs such as liver and adipose tissue, where it stimulates the expression of genes 

characteristic of the mature differentiated organ and inhibits proliferation [2–4]. C/EBPβ and 

C/EBPδ are also expressed in the lung [1–3] and despite a well-established role for C/EBPs 

in other tissues in the regulation of inflammation and immunological defences [1–3, 5–7], as 

well as having a key role in differentiation, only a few studies have addressed the 

involvement of C/EBPs in lung diseases [8, 9]. We have previously found that the activity of 

C/EBPβ was markedly decreased in airway epithelial cells of chronic obstructive pulmonary 

disease (COPD) and chronic bronchitis patients [10], suggesting a potential role for C/EBPs 

in the pathogenesis of COPD.

The increased number of survivors following extreme preterm birth with resulting 

pulmonary immaturity and often more acute complications, such as infant respiratory 

distress syndrome (IRDS) and long-term respiratory problems (chronic lung disease (CLD) 

of prematurity/bronchopulmonary dysplasia (BPD)), largely as a result of treatment, has 

resulted in an increased number of infants with respiratory problems surviving to adulthood 

([11–13], and reviewed in BUSH [14]). Lack of surfactant as a result of lung immaturity is a 

major cause of respiratory complications associated with preterm birth. Mice with a lung-

specific inactivation of C/EBPα analysed just after birth display pulmonary immaturity, 

including disrupted surfactant production; this has been suggested by MARTIS et al. [15] as 

a model for the respiratory complications associated with lung immaturity and preterm birth. 

Other genes (e.g. ADAM33) that have a role in lung development have also been suggested 

to have a role in COPD, discussed in a review by BUSH [14]. In that comprehensive review, 

it was suggested that the survivors of preterm birth, and especially those with CLD of 

prematurity (BPD), are an important cohort that may develop premature COPD later in life, 

a hypothesis further strengthened by more recent papers [12–14]. WONG et al. [13] reported 

a high prevalence of emphysema and pulmonary function abnormalities consistent with 

obstructive lung disease in young adult survivors of BPD, suggesting a susceptibility to 

development of COPD in survivors of BPD.

COPD is characterised by airflow limitation that is not fully reversible, and a chronic 

inflammatory response of the airways and lungs to noxious particles and gases, mostly 

cigarette smoke. The two main pathological lesions of COPD are destruction of lung 

parenchyma with enlargement of airspaces and loss of lung elasticity, i.e. emphysema, and 

inflammation of the small airways with airway wall thickening, infiltration of inflammatory 

cells, mucus plugging and peribronchiolar fibrosis [16–19]. Chronic bronchitis is a clinical 

diagnosis that is often, but not always, concurrent with COPD [16, 20]. COPD is a major 
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public health problem and is the fourth leading cause of chronic morbidity and mortality in 

the USA today [19].

In the current study, we investigated the role of C/EBPα in the lung epithelium during late 

lung development and in the adult lung by generation of mice with a lung epithelial-specific 

disruption of the C/EBPα gene (CebpaΔLE). During late lung development, CebpaΔLE mice 

displayed evidence of pulmonary immaturity with similarities to the histopathology in BPD 

infants [21], and adult CebpaΔLE mice developed a severe pathological picture with the 

majority of the histopathological and inflammatory hallmarks of COPD. The survival rates 

of prematurely born infants with BPD are constantly improving and C/EBPα lung-deficient 

mice could provide valuable new insights into the long-term consequences of BPD and the 

recently described increased risk of developing COPD in young adult survivors of BPD [11–

14].

MATERIALS AND METHODS

Animals

Mice with a lung-specific deletion of the C/EBPα gene (Cebpa) were achieved by Cre-

mediated excision [22]. The Cre recombinase was specifically expressed in the lung 

epithelium under the control of the 3.7-kb human surfactant protein (SP)-C promoter in 

Sftpc-cre+ hemizygous transgenic mice (kindly provided by T. Okubo and B. Hogan (Dept 

of Cell Biology, Duke University Medical Center, Durham, NC, USA)) [23, 24]. The 3.7-kb 

human SP-C promoter is active in all lung epithelial cells and commences expression from 

at least embryonic (E)10 [24]. Sftpc-cre+ mice on the ICR background were crossed with C/

EBPa floxed mice (Cebpafl/fl mice [25]) on a mixed 129 and C57BL/6 background, 

generating compound mutants (observed frequency of 62%) hemizygous for the Cre 

transgene and heterozygous for the floxed Cebpa allele (Sftpc-cre+;Cebpafl/+ mice). The 

Sftpc-cre+;Cebpafl/+ compound mutants were crossed with homozygous C/EBPα floxed 

mice (Cebpafl/fl), generating compound mutants with a lung epithelial-specific disruption of 

the C/EBPα gene (CebpaΔLE mice). CebpaΔLE animals were killed at embryonic day 18.5 

(E18.5), at postnatal day 9 (P9), and at 3 months of age (adult). For genotyping, DNA was 

extracted from tail biopsies using a QIAamp DNA mini kit (Qiagen, Hilden, Germany), and 

for PCR against Cebpafl/fl we used the following primers: 5′- CCC GAC CCT CTA TAA 

AAGC −3′ and 5′- TAG AGT TCT CCC GGC ATG G −3′. For PCR against Sftpccre+ we 

used the following primers: 5′- TCG ATG CAA CGA GTG ATG AG −3′ and 5′- TTC 

GGC TAT ACG TAA CAG GG −3′. Sftpc-cre+ mice were also crossed with the B6;129S4-

Gt(ROSA)26Sortm1Sor/J strain (kindly provided by Å. Bergström (Dept of Biosciences and 

Nutrition, Karolinska Institutet, Stockholm, Sweden)) and sacrificed at P15. The animal 

studies were approved by the Southern Stockholm Animal Welfare Ethics Committee and 

performed in compliance with international guidelines and Swedish law.

Histology, immunohistochemistry and histological analysis

Embryos and lungs were isolated from the embryonic and postnatal stages described. Lungs 

were fixed at a constant pressure of 20 cmH2O. The number of animals per group analysed 

varied between three and five. Histology, immunohistochemistry and histological analysis 
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were performed as previously described [2] with the following differences: some sections 

were briefly counter-stained using methylene green (Sigma, St Louis, MO, USA) solution 

(0.5% methylene green in0.1 M sodium acetate buffer, pH 4.2). Tissues were stained with 

Miller’s Elastin/van Gieson. Histological images were compared using the Pages and 

Preview software (Apple, Cupertino, CA, USA). All sections were classified according to 

standard histopathological criteria.

Antibodies

Primary antibodies used were: anti-C/EBPα (14AAx) and anti-pro-SP-C (M-20) (both Santa 

Cruz Biotechnology, Santa Cruz, CA, USA); anti-thyroid transcription factor-1 (clone 

8G7G3/1) (NeoMarkers, Fremont, CA, USA); anti-α-smooth muscle actin (α-SMA; clone 

1A4), anti-fibronectin (A0245) and anti-von Willebrand factor (vWF) (all DAKO, Glostrup, 

Denmark); anti-epithelial-cadherin (E-cadherin) (BD Biosciences, San Jose, CA, USA); 

anti-phospho-histone H3 (Ser10) (Upstate, Charlottesville, VA, USA). The anti-Clara cell 

protein antibody (CC16) has been previously described [26] as well as the anti-cytokeratin 

(CK)-8 antibody [27] and the anti-forkhead box J1 (FoxJ1) antibody [28] (the latter a kind 

gift from S. Brody (Dept of Internal Medicine, Washington University School of Medicine, 

St Louis, MO, USA)). Biotinylated secondary antibodies were all from Vector Laboratories 

(Burlingame, CA, USA).

LacZ staining

Lungs from mice of P15 were fixed with 0.2% glutaraldehyde and 2% paraformaldehyde in 

PBS (pH 7.4) for 30 min at room temperature, rinsed for 90 min in PBS with 2 mM MgCl2 

and 0.01% NP40, and stained with X-Gal (2 mM MgCl2, 0.01% NP40, 5 mM potassium 

ferricyanide, 5 mM potassium ferrocyanide and 1 mg mL−1 X-Gal in PBS) overnight on a 

shaker at 37°C, embedded in paraffin, sectioned at 7 μm, and counter-stained with Nuclear 

Fast Red (Vector Laboratories).

Mean linear intercept

Mean linear intercept measurements were made using modified Image J software (a kind gift 

from J.S. Lee (Dept of Medicine, University of Pittsburg, Pittsburg, PA, USA); available at 

http://rsb.info.nih.gov/ij/). Ten 8-bit pictures from each animal were analysed. Large airways 

and blood vessels were manually removed from the image. A line grid composed of 1,353 

lines was laid over the images, and the number of lines that ended on or intercepted alveolar 

tissue was then counted. The ratio of surface area to tissue volume and mean linear intercept 

was calculated using a method developed by Dunnill [29] and adapted by MCCOMB [30].

Quantitative RT-PCR

Snap-frozen lung tissue was homogenised with a Polytron PT1200 (Kinematica, Lucerne, 

Switzerland). Total RNA was isolated using TRIzol reagent (Life Technologies, Inc., Grand 

Island, NY, USA) according to the manufacturer’s instructions. RNA integrity was assessed 

in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA 

(2 μg) was reverse transcribed with a high-capacity RNA-to-cDNA kit (Applied Biosystems, 

Foster City, CA, USA). The cDNA was amplified using Taqman master mix, probes and 
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primers, and quantified according to the manufacturer’s instructions with an ABI PRISM 

Sequence Detector 7700 (Applied Biosystems). All primers and probes were from Applied 

Biosystems. HPRT1 and 18S RNA were used as housekeeping genes for normalisation, and 

non-transcribed RNA was used as a negative control. All real-time PCR assays were 

performed in duplicate.

Proliferation ratio

A quantitative measurement of the ratio of phospho-histone H3-positive cells was performed 

by analysing a minimum of 500 cells in at least four areas per specimen using the Image J 

software.

Statistical analysis

All data are expressed as mean. Statistical analysis was performed using an unpaired t-test 

with Prism software (GraphPad Prism 5.02; GraphPad, San Diego, CA, USA). Differences 

were considered statistically significant when p<0.05.

RESULTS

Generation of mice with a lung epithelial-specific disruption of the gene for C/EBPα

Mice with a lung-specific disruption of the gene encoding C/EBPa (CebpaΔLE mice) were 

produced by crossing of Sftpc-cre+ mice with C/EBPα floxed mice (Cebpafl/fl mice [25]). 

Sftpc-cre+ mice were also crossed with Rosa26 reporter mice (ROSA26Sortm1Sor/tm1Sor) that 

harbour the β-galactosidase gene (LacZ), to generate mice expressing LacZ in all cells 

where Cre is expressed, as well as in all cells originating from precursor cells where Cre has 

been expressed [31]. LacZ was expressed in all lung epithelial cells in about half of the 

Sftpccre+;ROSA26Sortm1Sor mice, whereas it was totally absent in the remainder of the 

Sftpc-cre+;ROSA26Sortm1Sor mice and in all ROSA26Sortm1Sor mice (fig. 1a and b). Both 

Cebpafl/fl and CebpaΔLE mice were born in the expected Mendelian ratios. However, about 

56% of the CebpaΔLE mice died within hours of birth due to respiratory distress, in 

accordance with previous publications [15, 32–34]. When followed for up to 3 months, none 

of the CebpaΔLE mice surviving the perinatal period died. The extent of C/EBPα gene 

disruption was assessed at P9 (alveolar stage) as well as at 3 months of age (adult stage). 

CebpaΔLE mice that still expressed C/EBPα in the lung epithelium (71%) were excluded 

from the study. Hereafter, “CebpaΔLE mice” refers to mice that lack expression of C/EBPα 
in the lung epithelium. Consistent with previous findings [2], C/EBPα was expressed in 

alveolar type II cells as well as in cells in the conducting airway epithelium in lungs of 

Cebpafl/fl littermates (fig. 1c and d).

Pulmonary immaturity in CebpaΔLE mice

At E18.5 (saccular stage) the future respiratory region of the lungs in Cebpafl/fl mice 

consisted of saccules lined by both squamous type I pneumocytes and cuboidal type II 

pneumocytes. At P9 (alveolar stage) the alveolar walls were being formed by septation in the 

Cebpafl/fl mice indicating structural maturation typical of these times of gestation (fig. 1e 

and g) [35]. On the contrary, CebpaΔLE mice displayed an abnormal lung histopathology at 

E18.5 (saccular stage) and P9 (alveolar stage), characterised by prominent interstitial tissue 
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in the alveolar septa and enlarged airspaces lined by undifferentiated cuboidal epithelial cells 

instead of differentiated type I and type II pneumocytes (fig. 1 and h).

Adult CebpaΔLE mice develop bronchiolitis, emphysema, mucus plugging of the airways, 
macrophage accumulation and peribronchiolar lymphoid infiltrates

In adult (3 months of age) and fully mature Cebpafl/fl mice, the alveolus is lined by 

squamous type I pneumocytes as well as secretory alveolar type II pneumocytes. The 

alveolar septae contains thin capillaries, elastic and collagen fibres as well as elastin-

secreting myofibroblasts and a few fibroblasts (fig. 2a, c, e and g). In contrast, adult 

CebpaΔLE mice surviving the perinatal lethality demonstrate a histopathological picture with 

the following. 1) Enlargement of airspaces and destruction of alveolar septa (as defined by 

free non-anchored arteriole), consistent with emphysema. The distribution of the 

emphysematous changes within the acinus was somewhat difficult to determine based on the 

irregular distribution. A definitive proximal acinar distribution could not be detected, so the 

classification as irregular emphysema is preferred (fig. 2b). 2) Abnormal cuboidal epithelial 

cells lining the alveolar ducts and alveoli adjacent to the bronchioles (bronchiolar 

metaplasia, fig. 2d and f), mild centrilobular interstitial fibrosis (fig. 2f), dilated bronchioles 

containing necrotic material surrounded by a continuous layer or fragments of bronchiolar 

epithelium (bronchiolar ectasia, fig. 2d), goblet cell hyperplasia (compare fig. 2i and j) as 

well as mucus plugging of the bronchioles (fig. 2d). These findings are pathologically 

defined as terminal bronchiolitis. 3) Extensive bronchiolar, alveolar and interstitial 

macrophage infiltration, existence of peribronchiolar lymphocyte infiltrates as well as 

airway neutrophilia and eosinophilia (fig. 2d, f and h).

The extent of alveolar enlargement and/or destruction over time in CebpaΔLE mice was 

determined by morphometric analysis of the mean linear intercept in the peripheral lungs 

(fig. 3a). A small, nonsignificant increase in alveolar size was seen in CebpaΔLE mice 

compared to Cebpafl/fl mice at E18.5 (saccular stage). The increase of the mean linear 

intercept was more pronounced at P9 (alveolar stage), and reached statistical significance, 

and a substantially increased alveolar size was evident after 3 months (adult) in CebpaΔLE 

mice.

The inflammatory profile in CebpaΔLE lungs resembles the profile in COPD

The expression of inflammatory genes suggested to have a role in COPD [36] was analysed 

by quantitative RT-PCR in the lungs of adult CebpaΔLE mice (fig. 3b). The expression 

profile with increased levels of tumour necrosis factor (TNF)-α and growth-related 

oncogene (GRO)-α (a murine interleukin (IL)-8 homologue) is similar to what has been 

previously described in stable COPD (reviewed in BARNES [36]). Together with the skewed 

T-cell immunoglobulin- and mucin-domain (TIM)-1/TIM-3 ratio (markers of T-helper cell 

(Th) type 1/Th2 differentiation), indicative of a Th1 dominance, this implies that not only 

are the numbers of macrophages and neutrophils elevated in the lungs of CebpaΔLE mice, as 

in COPD, but also the molecular inflammatory profile is similar. Both the histopathological 

picture and the inflammatory cell and molecular profile of CebpaΔLE mice display a clear 

similarity to human COPD.
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Disrupted differentiation of the conducting airways in CebpaΔLE mice

Antibodies against a panel of markers for airway epithelial cells, including CK-8, E-

cadherin, CC16 and FoxJ1, were used to study the histology of adult lungs, and the 

development of the airways in CebpaΔLE mice. CK-8 is selectively present apically in the 

future conducting airway epithelial cells in the lungs of both E18.5 (saccular stage) 

CebpaΔLE and Cebpafl/fl mice (fig. 4a and b). Cebpafl/fl mice in the alveolar stage of lung 

development (P9), as well as adult (3 months) Cebpafl/fl mice, express CK-8 in the distal 

conducting airway epithelium as well as in the proximal conducting airway epithelium. 

However, at these stages of lung development, CK-8 is located along the entire cell 

membrane and, in addition, a weak expression is seen in individual alveolar epithelial cells 

(fig. 1c and e), strongly resembling the pro-SP-C expression pattern of alveolar type II 

pneumocytes (fig. 4i and k). P9 and adult CebpaΔLE mice display the same CK-8 expression 

pattern in the conducting airway epithelium as Cebpafl/fl mice, but in contrast to Cebpafl/fl 

mice, CebpaΔLE mice also strongly express CK-8 in groups of cells located in the alveolar 

walls and the interstitium (fig. 4d and f).

CC16 is a small secretory protein, suggested to have a role in regulating inflammatory 

processes in the lung [37, 38], and is expressed by Clara cells as well as similar serous 

secretory cells of the more proximal conducting airway epithelium [39]. As illustrated in 

figure 5a, CC16 is expressed by the majority of airway epithelial cells in adult Cebpafl/fl 

mice. In contrast, in CebpaΔLE mice, CC16 displays an irregular expression pattern in the 

proximal conducting airway epithelium, with fewer CC16 expressing cells, many with an 

enlarged morphology and voluminous CC16 harbouring vesicles (fig. 5b). In the distal 

conducting airway epithelium, CC16 expression is readily detectable in CebpaΔLE mice as 

well as Cebpafl/fl mice (data not shown).

E-cadherin is a 120-kDa protein expressed in epithelial cells, where it is concentrated in 

cell–cell adherens junctions. In Cebpafl/fl mice, E-cadherin is readily located along the 

lateral cell membrane, connecting neighbouring epithelial cells lining both the proximal and 

distal conducting airways (fig. 5c). In contrast, in CebpaΔLE mice E-cadherin is expressed in 

cells lining the emphysematous airspaces with a cellular localisation typical of conducting 

airway epithelial cells, in addition to the expression in conducting airway epithelial cells. 

Furthermore, the epithelial marker E-cadherin is also expressed in cells interspersed within 

the lung interstitium of CebpaΔLE mice, where it displays a diffuse intracellular distribution 

(fig. 5d and data not shown). FoxJ1 is a transcription factor selectively expressed in ciliated 

airway epithelial cells [28]. Even though the airways of CebpaΔLE mice are disrupted, FoxJ1 

is expressed in the same proportion of cells in the conducting airways of Cebpafl/fl and 

CebpaΔLE mice at E18.5, P9 and in adults (fig. 5 and f, and data not shown; saccular, 

alveolar and adult stage, respectively). Together, the altered expression of these airway 

epithelial cell markers indicates disrupted differentiation of the conducting airways in mice 

lacking C/EBPα in the lung epithelium.

Disrupted differentiation of alveolar type II cells in CebpaΔLE mice

We used immunohistochemistry against the alveolar epithelial type II cell marker pro-SP-C 

to study alveolar epithelial differentiation in the development of the pathological lung 

Didon et al. Page 7

Eur Respir J. Author manuscript; available in PMC 2019 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phenotype of CebpaΔLE mice. SP-C-expressing alveolar epithelial cells in the lungs of 

E18.5, P9 and adult CebpaΔLE mice (saccular, alveolar and adult stage respectively) display 

an irregular dispersion within the hyperplastic alveolar walls mostly located in groups of two 

to three positive cells (fig. 4h, j and l). In contrast, SP-C-expressing cells in Cebpafl/fl mice 

were mostly located individually, with the characteristic distribution of type II pneumocytes 

(fig. 4g, i and k). The distribution of SP-C-expressing cells is truly irregular in adult 

CebpaΔLE mice (3 months) and the number of SP-C-expressing cells is increased compared 

to Cebpafl/fl mice. SP-C-expressing cells in P9 and adult CebpaΔLE mice (alveolar and adult 

stage) are located in the interstitial septa as well as cells lining the alveoli, as in adult 

Cebpafl/fl mice (fig. 4j and l).

The transcription factor NK2 homeobox 1 (NKX2–1) expression, which together with C/

EBPα is one of the key regulators of lung epithelial development, was restricted to the 

conducting airways and to alveolar type II cells in the peripheral lung saccules of Cebpafl/fl 

mice at all ages (fig. A and C presented in the online supplementary material, and data not 

shown), as previously reported [15, 40]. The expression pattern of NKX2–1 in CebpaΔLE 

mice differs from that in Cebpafl/fl mice. In E18.5 CebpaΔLE mice (saccular stage), NKX2–1 

is expressed in the proximal conducting airways and only in cells grouped in small tubes in 

the saccule walls, mostly resembling undeveloped distal airways (online supplementary fig. 

B). As in the E18.5 CebpaΔLE mice (saccular stage), NKX2–1 is expressed in the airways 

and in what appears to be a mix of distal conducting airway epithelial cells and 

undifferentiated alveolar type II cells in the alveolar wall of P9 (alveolar stage) and adult (3 

months) CebpaΔLE mice (online supplementary fig. D, and data not shown). Together, these 

results indicate disrupted differentiation of the alveolar epithelium as well in the CebpaΔLE 

mice.

Increased proliferation in CebpaΔLE mouse lung

To investigate the relationship between cellular proliferation and C/EBPα expression during 

lung development, immunohistochemistry against phospho-histone H3 (P-H3), a marker for 

cell proliferation, was performed (fig. 6a–d and data not shown). As expected, CebpaΔLE 

mice have a higher ratio of proliferating cells than CebpaΔLE mice (fig. 6e).

CebpaΔLE mice have disrupted dispersion of airway smooth muscle cells around the 
conducting airways and a thickened interstitium encapsulating the vasculature network

Disruption of the C/EBPα gene could also have secondary effects on the development of the 

smooth muscle cells surrounding the proximal conducting airways, as well as the 

myofibroblasts surrounding the distal conducting airways and the alveolar wall. 

Furthermore, the vascular network of the lung could potentially be affected, therefore 

immunohistochemistry against the smooth muscle cell and myofibroblast marker α-SMA 

(fig. 6f and g), along with the venous endothelial marker vWF (fig. 6h–m), was carried out 

in addition to the Elastin/van Gieson stainings (fig. 2a–h). In both E18.5 Cebpafl/fl and 

CebpaΔLE mice (saccular stage), α-SMA was expressed around the proximal conducting 

airways and blood vessels, as well as in the mesenchyme surrounding the distal conducting 

airways (data not shown). Postnatally, at P9 (alveolar stage) and in adult (3 months of age) 

CebpaΔLE mice, smooth muscle cells around the conducting airways display a disrupted 
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distribution, whereas the distribution of smooth muscle cells around the lung arteries 

exhibited no difference between Cebpafl/fl and CebpaΔLE mice (fig. 6f and g, and data not 

shown). The lung vasculature network in CebpaΔLE mice was embedded in a thicker 

interstitium than in control littermates with a more profound difference in adult mice (fig. 

6h–m).

DISCUSSION

Mounting evidence suggests that CCAAT/enhancer binding proteins (C/EBPs) play a key 

role in the regulation of lung gene expression [1], and development of lung diseases such as 

COPD, asthma and lung cancer [8–10]. In the present study, we investigated the role of C/

EBPα in the lung epithelium during late lung development, and in the adult lung, by 

generation of mice with a lung epithelial-specific disruption of the C/EBPα gene 

(CebpaΔLE). During late lung development, CebpaΔLE mice displayed evidence of 

pulmonary immaturity with similarities to the histopathology in BPD infants [41], and adult 

CebpaΔLE mice developed a severe pathological picture with the majority of the 

histopathological hallmarks of human COPD and a markedly similar inflammatory cell and 

gene expression profile.

We used the lung epithelial-specific Sftpc-cre+ mice to inactivate the floxed C/EBPα gene 

(Cebpafl) to produce CebpaΔLE mice. To verify the activity and function of Crerecombinase 

from Sftpc-cre+ animals, we also crossed these mice with ROSA26Sortm1Sor reporter mice. 

Not all Sftpccre+;ROSA26Sortm1Sor mice expressed LacZ, suggesting that the human Sftpc-

promoter is inactive in some of the Sftpc-cre+ animals. A possible explanation for this could 

be a spontaneous inactivation of the human Sftpc-promoter, with a variable penetrance due 

to the mixed ICR/129/C57BL6 genetic background of the Sftpc-cre+;ROSA26Sortm1Sor 

mice. A potential for cellular toxicity of transgenic Cre-expression in the lung epithelium 

has been previously discussed [42]; however, all the Sftpc-cre+;ROSA26Sortm1Sor mice that 

express LacZ have normal lung histology, suggesting that Sftpc-promoter driven Cre 

expression is not toxic in this genetic background, a background shared by the CebpaΔLE 

mice.

During the saccular period (E17.5–E18.5) of murine lung development, the terminal lung 

buds dilate, the mesenchyme and epithelium thin out and there is extensive growth of 

pulmonary capillaries in close proximity to squamous respiratory epithelial cells (type I 

pneumocytes) as the gas exchange surface forms [35]. The final stage of lung maturation, 

known as the alveolar period (P5–P30 in mice), completes lung development with formation 

of alveoli by septation of the saccular airspaces. The histopathological picture of CebpaΔLE 

mice during the saccular and alveolar period, with prominent interstitial tissue in the alveolar 

septa and enlarged airspaces lined by undifferentiated cuboidal epithelial cells instead of 

differentiated type I and type II pneumocytes, displays a resemblance to the respiratory 

complications associated with pulmonary immaturity [21]. However, pulmonary immaturity 

due to extreme preterm birth often results in chronic lung disease (CLD/BPD) mainly as a 

result of treatment, where lung inflammation is considered to be a central factor [43]. 

CebpaΔLE mice in the saccular and alveolar stages (E18.5 and P9) do not show any 

histopathological signs of inflammation and they are not subjected to any post-delivery 
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treatments (e.g. mechanical ventilation, high oxygen treatment or surfactant supplements). 

Models of BPD have been created in premature baboons and lambs [44, 45], and by a 

variety of different approaches in rodents [46–48], and several also exhibit an inflammatory 

component. Similarly to CebpaΔLE mice, mechanical ventilation of neonate mice with 

oxygen-rich gas increases the distal airspace size and induces remodelling without 

detectable lung inflammation [47], suggesting that the CebpaΔLE mice still could have a role 

in understanding the spectrum of complications associated with lung immaturity.

The diagnosis of COPD is based on clinical, radiological and functional features but there 

are well-recognised histopathological correlates including: 1) inflammation of the small 

airways with airway wall thickening, infiltration of inflammatory cells, mucus plugging and 

peribronchiolar fibrosis; and 2) destruction of lung parenchyma with enlargement of 

airspaces and loss of lung elasticity, i.e. emphysema [16–19]. In >90% of the cases of COPD 

in developed countries, the aetiological agent is long-time exposure to tobacco smoke and, 

more rarely, other environmental pollutants [18]. However, in light of recent publications by 

BUSH [14], WONG et al. [13] and others [11, 12], which suggest a strong relationship 

between respiratory complications in prematurely born infants and susceptibility for 

development of COPD as adults, factors other than tobacco smoke could also be of 

importance. CebpaΔLE mice display signs of lung immaturity both during early [15, 34] and 

late (seen in the present study) lung development, and go on to develop an adult lung 

phenotype with a histopathology similar to that seen in COPD, including bronchiolitis, 

mucus plugging and emphysema. In addition, the inflammatory cell profile, similar to 

human COPD, is dominated by neutrophils and macrophages and exhibits Th1 dominance, 

and the inflammatory gene expression profile, with increased levels of TNF-α and the 

murine IL-8 homologue GRO-α, has a clear resemblance to COPD [36]. It is tempting to 

speculate that these two pathological processes share at least some underlying mechanisms, 

a possibility that now is also underpinned by recent clinical and epidemiological findings 

[11, 12, 14].

Morphometric analysis of the lungs of CebpaΔLE mice showed that there is a tendency to 

alveolar enlargement already in the saccular stage (E18.5), which becomes more pronounced 

in the alveolar stage (P9). The histology does not show any signs of tissue destruction at 

these stages of development, suggesting that the alveolar enlargement is initially caused by 

primary alveolar hypoplasia. However, the alveolar enlargement in CebpaΔLE mice increases 

from ~40% at E18.5, to >200% in the adult emphysematic CebpaΔLE lung. This increase, 

together with the observed inflammation with inflammatory cells such as neutrophils and 

macrophages (both suggested to have a key role in the destructive processes in COPD) and 

the histological signs of tissue destruction in the adult lungs, indicates that tissue destruction 

is also a likely contributing factor, in addition to a primary alveolar hypoplasia. Thus, the 

adult histopathological picture appears to be a result of both impaired development and later 

tissue destruction.

C/EBPα is known to be a regulator of cellular differentiation; this is why we made a detailed 

characterisation of how the lungs in CebpaΔLE mice develop using a panel of cellular 

differential markers. The expression pattern of the airway and or alveolar epithelial cell 

markers CK-8, CC16, E-cadherin, SP-C, NKX2–1 and FoxJ1 clearly demonstrates that all 
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levels of the lung respiratory tree, including the alveolus and alveolar parenchyma, are 

affected to different extents by the lung epithelial-specific disruption of C/EBPα. CC16-

expressing cells in the proximal conducting airways of adult CebpaΔLE mice are reduced in 

number and display an enlarged morphology, with voluminous CC16 harbouring vesicles, 

suggesting that expression of the C/EBPα-regulated CC16 gene is affected [26, 49], further 

supported by the decreased CC16 mRNA levels in quantitative PCR analyses. Still, both 

CC16 and CK-8 exhibit a normal cellular expression in the disrupted distal conducting 

airway epithelium of CebpaΔLE mice. In adult mice, CK-8 is normally expressed in the 

conducting airway epithelium only; however, in the adult CebpaΔLE mice, CK-8 is also 

strongly expressed in groups of cells in the alveolar wall with resemblance to distal 

conducting airway epithelial cells, a process that pathologically could be described as 

bronchiolar metaplasia (lambertosis), as well as in cells within the interstitium. In CebpaΔLE 

mice, E-cadherin, normally exhibiting an expression specific for the conducting airways, is 

aberrantly expressed both in cells within the interstitium as well as in cells lining the 

alveolar/emphysematic airspaces in proximity of bronchioles, further indicating bronchiolar 

metaplasia.

The distribution of cells expressing the alveolar epithelial type II cell marker pro-SP-C is 

truly irregular in postnatal CebpaΔLE mice (alveolar and adult stage), with expression in cells 

located in the interstitial septa as well as cells lining the alveoli as in adult Cebpafl/fl mice. 

Furthermore, the number of SP-C-expressing cells is increased compared to Cebpafl/fl mice, 

as previously described by BASSERES et al. [34] in embryonic CebpaΔLE mice. In addition, 

the lung epithelial transcription factor NKX2–1 shows an altered expression pattern in 

CebpaΔLE mice with expression in the airways and in what appears to be a mix of distal 

conducting airway epithelial cells and undifferentiated alveolar type II cells in the alveolar 

wall. One possibility is that deletion of the C/EBPα gene that clearly inhibits lung epithelial 

cell differentiation gives rise to two different populations of cells with abnormal cellular 

morphology and localisation. One population of cells lining the emphysematous/alveolar 

airspaces expresses differentiation markers of both the conducting airway and the alveolar 

epithelium, something that pathologically would best be described as bronchiolar metaplasia 

or alveolar bronchiolisation, a lesion found in terminal bronchiolitis. The other population of 

cells expresses epithelial differential markers even though they are located in the thick 

alveolar interstitium of the CebpaΔLE lung. Hence, this altered cellular location together with 

the interstitial fibrosis suggests a parallel process to the bronchiolar metaplasia, where 

epithelial cells could have transdifferentiated to mesenchymal cells (epithelial–mesenchymal 

transition) and induced increased extracellular matrix deposition.

C/EBPα is an inhibitor of proliferation and is absent from proliferating cells in other organs 

such as liver and fat [4]. In accordance with this, and previous results in embryonic 

CebpaΔLE mice [15, 34], staining for P-H3, a marker for cell proliferation, revealed an 

increased cell proliferation in CebpaΔLE mice compared to Cebpafl/fl mice. Thus, an 

increased proliferation of type II pneumocytes, as suggested by BASSERES et al. [34], 

could also be a contributing factor to the lung phenotype of CebpaΔLE mice, in addition to 

the phenotype being a consequence of impaired differentiation and later destruction of the 

lung epithelium, as suggested by our results.
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Disruption of the C/EBPα gene also appears to have secondary effects on the development 

of the surrounding mesenchyme. Postnatal (alveolar and adult stage) CebpaΔLE mice have 

disrupted distribution of smooth muscle cells around the conducting airways. It remains to 

be determind whether this is a result of aberrant signalling between the epithelium and the 

mesenchyme, a process fundamental for lung development, or the result of adjusted 

dispersion of smooth muscle cells due to the altered architecture of the airways remains. 

Furthermore, CebpaΔLE mice have a thicker interstitium that embeds the lung vasculature 

network in similarity to the histopathology of BPD lungs [21]. The underlying mechanism 

behind this is unclear, but could be a result of impaired differentiation of airway and alveolar 

epithelial cells resulting in an increased extracellular matrix deposition and interstitial 

fibrosis.

In conclusion, disruption of the C/EBPα gene in the mouse lung epithelium results in an 

impaired differentiation of alveolar pneumocytes and epithelial cells of the conducting 

airways generating undifferentiated cell populations at birth, and a postnatal 

histopathological pattern of lung immaturity that has resemblances to BPD. Furthermore, 

adult CebpaΔLE mice surviving the embryonal lethality develop a severe pathological picture 

exhibiting the majority of the histopatho-logical hallmarks of COPD, including 

bronchiolitis, emphysema, and extensive macrophage, neutrophil and lymphocyte 

infiltrations, and an inflammatory gene expression profile with clear similarities to human 

COPD. Our results further suggest that the adult phenotype is due both to a primary alveolar 

hypoplasia, and a later destructive process possibly secondary to the observed inflammation. 

The relative contributions of these to the phenotype, and if and how they are linked remain 

to be addressed.

The survival rates of prematurely born infants with immature lungs are constantly improving 

and an increasing number of survivors of extreme prematurity reach adulthood. The C/

EBPa-deficient mice could provide valuable novel insights into the link between long-term 

consequences from lung immaturity and respiratory complications in infants and the risk of 

developing COPD in young adulthood. Such knowledge will be of importance for shaping 

future clinical practices and treatments as survivors of BPD constitute a constantly 

increasing patient group, as a result of the remarkable advances during recent decades in 

treatment and survival or prematurely born infants.
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FIGURE 1. 
Mice with a lung epithelial-specific disruption of the gene for CCAAT/enhancer binding 

protein α (C/EBPα) display pulmonary immaturity during late lung development. X-Gal 

staining of a) ROSA26Sortm1Sor mice and b) Sftpc-cre+;ROSA26Sortm1Sor mice at postnatal 

day (P)15 sectioned and counter-stained with nuclear fast red. The arrow indicates 

expression of LacZ (blue colour) in Sftpc-cre+;ROSA26Sortm1Sor mice (b) in the conducting 

airway epithelium, and the arrowhead indicates expression in alveolar type II pneumocytes. 

Insets in lower left corners are pictures of whole mount X-Gal stainings prior to sectioning. 

Immunohistochemical staining (DAB, brown colour) for C/EBPα in Cebpafl/fl (c) and 

CebpaΔLE mice (d) in adult lung; the arrow indicates expression of C/EBPα in Cebpafl/fl 

mice in the conducting airway epithelium and the arrowhead indicates expression in alveolar 

type II pneumocytes. Haematoxylin-eosin staining of e and g) Cebpafl/fl, and f and h) 

CebpaΔLE mice in the saccular (embryonic day (E)18.5) (e and f) and alveolar period (P9) (g 

and h) of lung development. Scale bars = 200 μm.

Didon et al. Page 16

Eur Respir J. Author manuscript; available in PMC 2019 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
Elastin/van Giseon (EVG) staining of adult Cebpafl/fl (a, c, e and g) and CebpaΔLE (b, d, f 

and h) mice at increasing magnifications. Elastic fibres are coloured dark lilac, connective 

tissue red, muscle cells and erythrocytes yellow, and cell nuclei black–brown. b) Cross-

section with irregular emphysema, bronchiolitis and mild diffuse and follicular bronchiolitis. 

d) Bronchiolitis with bronchioloectasia (star), mucoid impaction (star), accumulation of 

macrophages (arrow) and moderate chronic inflammation (arrowhead). A tendency to 

bronchiolar metaplasia is seen in surrounding alveoli (open arrow). f) Bronchiolitis with 

mild fibrosis (open arrowhead), slight chronic inflammation (arrowhead), accumulation of 

macrophages (arrow) and bronchiolar metaplasia (lambertosis) of surrounding centrilobular 

airspaces (open arrow). h) Inflammatory infiltrate of macrophages (arrow), lymphocytes 

(arrowhead), plasma cells often with Russel bodies (open arrowhead) and few neutrophilic 

granulocytes (open arrow). i–j) Periodic acid-schiff (PAS) staining of adult Cebpafl/fl and 
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CebpaΔLE mice. Red/purple colour identifies mucin and carbohydrate macromolecules such 

as glycogen; arrows point out goblet cells. Scale bars = 200 μm.
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FIGURE 3. 
Mice with a lung epithelial-specific disruption of the gene encoding CCAAT/enhancer 

binding protein a (C/EBPα) exhibit increased alveolar size and an inflammatory gene 

expression profile resembling the profile in chronic obstructive pulmonary disease (COPD). 

a) Morphometric analysis (mean linear intercept) of the peripheral lung at embryonic day 

(E) 18.5, postnatal day (P)9 and in adult (3 months of age) mice. Error bars indicate SD. 

ΔLE: CebpaΔLE, i.e. mice lacking C/EBPα specifically in the lung epithelium; fl/fl: 

littermate controls. *: p<0.05. b) Expression of inflammatory genes suggested to have a role 

in COPD [36] were analysed by quantitative RT-PCR. Results are expressed as log2-fold 

induction (CebpaΔLE versus littermate controls) with error bars indicating SEM. T-cell 

immunoglobulin- and mucin-domain (TIM)-1 and TIM-3 are markers of T-helper cell (Th) 

type 1 and Th2 differentiation respectively. TNF: tumour necrosis factor; IL: interleukin; 

GRO: growth-related oncogene; MIP: macrophage inflammatory protein; SP: surfactant 

protein; SAA3: serum amyloid A3.
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FIGURE 4. 
Mice with a lung epithelial-specific disruption of the gene for CCAAT/enhancer binding 

protein α (C/EBPα) display impaired differentiation of the lung epithelium. 

Immunohistochemical staining against the a–f) conducting airway epithelial cell marker 

cytokeratin (CK)-8 and the g–l) alveolar type II pneumocyte marker pro-surfactant protein 

(SP)−C in Cebpafl/fl and CebpaΔLE mice at embryonic day (E)18.5, postnatal day (P)9 

(saccular and alveolar stage), and in adult (3 months of age) lungs. Arrows indicate positive 

cells in the alveolar region and arrowheads show positive cells in the conducting airway 

epithelium. Slides were slightly counter-stained with haematoxylin. Scale bars = 200 μm.
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FIGURE 5. 
Loss of CCAAT/enhancer binding protein α (C/EBPα) in the lung epithelium results in 

bronchiolar metaplasia. Immunohistochemical staining with DAB (brown) was performed 

on adult Cebpafl/fl and CebpaΔLE mice for: a and b) CC16, a C/EBP-regulated secretory 

protein of the conducting airways; c and d) E-cadherin, a marker for the conducting airway 

epithelial cells; and e and f) FoxJ1, a marker for ciliated epithelial cells of the airways. Scale 

bars = 200 μm.
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FIGURE 6. 
Loss of CCAAT/enhancer binding protein α (C/EBPα) in the lung epithelium results in 

increased proliferation, disrupted distribution of airway smooth muscle cells around the 

conducting airways, as well as a thickened interstitium encapsulating the vasculature. a–d) 

Immunohistochemical stainings were performed against the mitosis marker phospho-histone 

H3 (P-H3) on Cebpafl/fl and CebpaΔLE mice in the saccular, alveolar and adult stages of lung 

development (embryonic day (E)18.5, postnatal day (P)9 and 3 months of age, respectively). 

Arrows indicate positive cells. e) The ratio of proliferating cells was determined by counting 

the number of P-H3 positive cells per 1,000 cells. Error bars indicate SD. ΔLE: CebpaΔLE, 

i.e. mice lacking C/EBPα specifically in the lung epithelium; fl/fl: littermate controls. *: 

p<0.05. Immunohistochemistry against f and g) the smooth muscle cell marker α-smooth 

muscle actin (α-SMA), and h–m) von Willebrand factor (vWF), a marker for venous 

endothelial cells. All slides were slightly counter-stained with methyl green (a–d, l and m) or 

haematoxylin (f–k). Scale bars = 200 μm.
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