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I. INTRODUCTION 
 

Impact, clinical manifestations, and risk factors for COPD 

 Chronic obstructive pulmonary disease (COPD) is a common and highly morbid 

respiratory disorder that is closely associated with long-term exposure to tobacco smoke.  

COPD is now the third leading cause of death in the United States and globally and was 

estimated to account for over $32 billion in direct healthcare expenditures in 2010 (1-3).  

Symptoms of COPD include dyspnea, chronic cough, and excess sputum production (4).  The 

diagnosis of COPD is made when individuals displaying these symptoms are found by 

spirometry to have irreversible obstruction to expiratory airflow (4).  Affected individuals develop 

increasingly severe exertional dyspnea that may progress to include resting dyspnea, chronic 

hypoxic and/or hypercarbic respiratory failure, and death in 35-67% of patients (5, 6).  In 

addition, patients with COPD are at risk for sudden increases in dyspnea, cough, and sputum 

production termed acute exacerbations of COPD (AECOPD).  The annual rate of COPD 

exacerbations has been estimated at 0.5-3.5 per patient, and these exacerbations are 

associated with decreased quality of life, accelerated decline in lung function, and increased 

mortality (5, 7-10).      

 The main risk factor for the development of COPD is chronic exposure to tobacco 

smoke.  In industrialized countries, the population-attributable risk for smoking as a cause for 

COPD is estimated at 77-84% for men and 61-62% for women, depending on age (11).  In 

addition to tobacco smoke exposure, exposure to air pollution is also thought to contribute to 

COPD risk (12).  In developing countries, indoor air pollution due to combustion of biomass 

fuels and coal is an important risk factor for COPD, particularly in women (13, 14).   

 Smokers with a first-degree relative with COPD have an increased risk of developing the 

disease, suggesting that genetic factors play a role in disease susceptibility (15).  Indeed, 

inactivating mutations in SERPINA1 (serpin family A member 1), the gene encoding the 
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antiprotease alpha-1-antitrypsin, were first identified as a cause for pulmonary emphysema in 

1963 (16).  Using data from genome-wide association studies (GWAS), Zhou and colleagues 

estimated the total heritability of COPD at 38% (17).  GWAS studies have identified and 

validated several risk loci for COPD phenotypes including CHRNA3/5 (cholinergic nicotine 

receptor alpha), IREB2 (iron regulatory binding protein 2), HHIP (hedgehog-interacting protein), 

FAM13A (family with sequence similarity 13, member A), and AGER (advanced glycosylation 

end product-specific receptor) (18-23).  However, unlike mutations in SERPINA1, the biological 

mechanism through which these single nucleotide polymorphisms contribute to COPD remain 

unknown, and the effect size of individual alleles for disease risk is small.    

Histopathology of COPD 

 Airflow obstruction in COPD results from the combined effects of multiple anatomic 

lesions, including abnormalities in small airways, large airways, and the lung parenchyma (24).  

Small airways disease is the earliest disease manifestation in COPD and accounts for the 

majority of airflow obstruction (25, 26).  Pathological changes observed in small airways in  

 
Figure 1: Histopathology of small 
airways disease in COPD.  
 
A) A normal small airway shown for comparison. 
B) An airway with the lumen partially filled with a 

bland mucus plug containing a few epithelial 
cells. C) A small airway with an active 

inflammatory process, where the exudate 
extends into the lumen. D) A small airway that 

has been narrowed by collagen deposition in the 
peribronchiolar space. Adapted from Hogg et al. 
(24) with permission. Copyright © 2009 Annual 
Reviews.  
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COPD include altered epithelial differentiation, mucus plugging, smooth muscle hyperplasia, 

immune/inflammatory cell accumulation, and fibrotic remodeling of the airway wall (Figure 1) 

(24, 27-29).  Together, these changes result in narrowing of small airways and obliteration and 

dropout of up to 90% of small airways in severe disease (30).  Centroacinar emphysema, the 

form primarily associated with cigarette smoke exposure, develops in proximity to diseased 

airways and results from alveolar wall cell death and/or failure of alveolar wall maintenance (31, 

32).  This results in a loss of elastic recoil in the lung, which contributes to airflow obstruction 

(33).  The physical proximity of centrilobular emphysema to small airways has led to speculation 

that injurious substances produced by inflammatory cells recruited to small airways promotes 

emphysematous lung destruction (34).  Large airways disease is also common in COPD, and 

commonly observed lesions include smooth muscle hyperplasia, submucosal gland hypertrophy 

and hyperplasia, and alterations in epithelial morphology such as goblet cell hyperplasia (35).  

Together, these abnormalities result in increased mucus production which can also contribute to 

airflow obstruction. 

The protease/antiprotease model of COPD pathogenesis 

 In 1963, Laurell and Eriksson reported congenital deficiency of the antiprotease alpha-1-

antitrypsin as a cause for early-onset pulmonary emphysema (36).  Alpha-1-antitrypsin is a 

serine protease inhibitor that is produced in the liver but accumulates in the lung, where it 

inhibits proteolytic enzymes such as neutrophil elastase (37).  Shortly after Laurell and 

Eriksson’s seminal finding, Gross et al. showed that intratracheal instillation of papain caused 

pulmonary emphysema in rats (38).  Additional experiments confirmed and extended this 

observation to show that a variety of enzymes capable of degrading elastin cause emphysema 

in animal models (39-43).  Further, it was found that transgenic mice lacking macrophage or 

neutrophil-derived elastase were protected from cigarette-smoke induced emphysema (44, 45).  

These findings suggested that emphysematous lung destruction in COPD occurs when 
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proteases produced by inflammatory cells recruited to cigarette smoke-exposed airways 

overwhelm local antiprotease production, a model which came to be known as the protease-

antiprotease hypothesis (46, 47).  While the protease-antiprotease model provided an 

explanation for how cigarette smoke damages the lung, this model failed to explain why patients 

with COPD continue to have inflammation in the lung and an accelerated decline in lung 

function after smoking cessation (48, 49).  Defects in efferocytosis and autoimmune responses 

have been proposed as stimuli for continued inflammation after smoking cessation (50-52). 

Structure of the airway epithelium in health and in COPD 

 The observation that small airways disease is the earliest anatomic lesion in COPD (25) 

has resulted in increased scrutiny on how alterations in the structure of the respiratory 

epithelium in small airways might contribute to COPD pathogenesis.  In humans, airways > 1 

mm in diameter are lined by a pseudostratified epithelium composed primarily of multiciliated 

cells, secretory cells, and basal cells (53).  The secretory cell lineage is further divided into 

goblet and Club (formerly Clara) cells, with goblet cells predominating in large airways and Club 

cells in small airways (54).  These cell types function in a coordinated manner to maintain the 

integrity of the respiratory epithelium, replenish cells lost due to normal turnover, and repopulate 

the epithelium in response to injury (53).  Multiciliated cells (MCCs) each contain several 

hundred cilia, which beat in a coordinated fashion to move inhaled irritants trapped in mucins 

(produced by goblet cells) toward the posterior oropharynx, where they are swallowed (55, 56).  

Club cells predominate in the lower airways and produce a variety of substances including Clara 

cell secretory protein (CCSP) and anti-proteinases.  Basal cells derive their name from the fact 

that they are located near the basement membrane in pseudostratified epithelium.  Lineage-

tracing experiments in mice have shown that basal cells are capable of self-renewal and can 

differentiate into ciliated and secretory lineages (57), and thus these cells are considered to be 

the main progenitor cell for the respiratory epithelium.  However, there is substantial plasticity 
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among cell types in the pulmonary epithelium, and transdifferentiation among ciliated, Club, and 

basal cells has been documented in animal models in response to injury (58, 59).  This may be 

particularly important for repopulation in the distal airways (<1 mm), where a simple cuboidal 

epithelium dominates and cells displaying typical basal cell markers are rare.   

 Structural changes in the respiratory epithelium in COPD include basal cell hyperplasia, 

loss of ciliated cells, goblet cell hyperplasia, and squamous metaplasia (60, 61).  In severe 

COPD, up to 80% of small airways are covered by structurally abnormal epithelium (61).  

Functional consequences for these changes include a dysfunctional mucociliary escalator, 

reduced epithelial integrity, formation of mucus plugs, and reduced regenerative capacity (27, 

62-64).  In addition, abnormal epithelial differentiation has been associated with loss of 

secretory immunoglobulin A (SIgA) in the small airways of patients with COPD (Figure 2) (61).   
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        Normal-appearing      Focal goblet cell       Extensive goblet          Stratification 
      hyperplasia            cell hyperplasia 
 

 
 
Figure 2: Spectrum of pathologic changes in the small airways of COPD patients. 
 
Top row: Hematoxylin and eosin (H&E)-stained 5 micron lung sections showing the range of pathologic changes in 
the small airways of COPD patients (x100). Row 2: Periodic acid-Schiff (PAS)-stained lung sections highlight mucus-
producing (predominantly goblet) cells in the area depicted in the small box in the top row (x400). Row 3 and 4: 

Epithelial remodeling is associated with reduced expression of pIgR and decreased SIgA transport to the mucosal 
surface (x100; insets x400). Adapted from Polosukhin et al. (61) with permission. Copyright © 2016 American 
Thoracic Society. The American Journal of Respiratory and Critical Care Medicine is an official journal of the 
American Thoracic Society. 
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Barrier function of the airway epithelium 

 Since the mucosal surface of airways is continuously exposed to an array of particulates 

and microorganisms, an intricate set of defenses is required to prevent bacterial invasion and 

limit inflammatory responses to bacteria and inhaled irritants (65-67).  In addition to maintaining 

mucociliary clearance, epithelial cells form tight junctions and maintain a thin airway surface 

liquid (ASL) layer that contains a number of epithelial-derived antimicrobial substances (65-68).  

In addition to these non-specific defense mechanisms, epithelial cells regulate mucosal 

immunity by controlling airway delivery of SIgA, which consists of two IgA monomers and 

secretory component (SC) joined by a J chain (69, 70).  Dimeric IgA (dIgA) is produced by 

plasma cells in the submucosa, and can bind to membrane-bound polymeric immunoglobulin 

receptor (pIgR) at the basolateral surface through formation of a disulfide bond (69).  Bound 

pIgR/dIgA complexes are endocytosed, transported to the apical surface of the cell, and then 

released into the ASL through an endoproteolytic cleavage event in the pIgR (Figure 3).  The 

portion of the pIgR that remains bound to dIgA is then referred to as SC, and the SC-dIgA 

complex is referred to as SIgA.  dIgA/pIgR complexes can neutralize intracellular antigens 

during transcytosis and facilitate their release into the ASL, or cleaved SIgA may bind airway 

antigens after release into the ASL (69).  While the IgA portion of SIgA provides antigen-specific 

responses, the SC contributes a variety of non-specific antimicrobial functions including 

protecting IgA from degradation by host and microbial proteases, improving bacterial 

adherence, and modulating host inflammatory factors (71).  Through a process known as 

immune exclusion, SIgA agglutinates airborne antigens and microorganisms, preventing them 

from activating or injuring airway epithelial cells (72-74). 
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Figure 3: Transport of dIgA/pIgR through the airway epithelium to form SIgA. 
 
After synthesis as an integral membrane protein in the rough endoplasmic reticulum (RER), pIgR enters the Golgi 
apparatus and is packaged into vesicles in the trans-Golgi network (TGN). These vesicles are targeted to the 
basolateral membrane through interactions between residues in a 17 amino acid portion of the carboxy-terminal 
cytoplasmic domain and adaptor coat proteins such as AP-1 (Step 1) (75-77). pIgR may undergo spontaneous 

clathrin-mediated endocytosis, or may form a disulfide bond with dIgA which dramatically increases the rate of 
transcytosis (Step 2). Endocytosis is mediated by phosphorylation of tyrosine and serine residues on pIgR, via 

activation of p62
Yes

, and by hydrolysis of Rab3b (78-81). Following endocytosis, pIgR/dIgA complexes are delivered 
first to basolateral early endosomes (BEEs) and then to apical recycling endosomes (AREs) in a microtubule-
dependent process (82). During intracellular transport, dIgA can bind and neutralize intracellular antigens (Step 3). At 

the apical surface, an endoproteolytic cleavage event releases a portion of pIgR (the secretory component or SC) 
and dIgA into the ASL, together forming SIgA (Step 4). SIgA can then neutralize airway antigens present in the ASL 
(Step 5).  A small amount of pIgR is recaptured at the apical membrane and recycled via apical early endosomes 

(AEEs) (82). Adapted with permission from Kaetzel (83). Copyright © 2001 by John Wiley & Sons, Ltd.     
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Function of SIgA in the gut 

 Whereas the role of SIgA in the respiratory epithelium has only recently been 

investigated (61, 67, 84-88), the importance of SIgA in maintaining mucosal homeostasis in the 

gut has been well-studied and extensively reviewed (69, 71, 72, 89, 90).  Up to 3 g of SIgA is 

produced by the intestinal epithelium each day (91, 92).  The majority of this IgA is germline-

encoded, low affinity, and cross-reactive with numerous bacterial antigens; however, in 

response to bacterial challenge, plasma cells in the lamina propria can produce specific, high-

affinity IgA antibodies through somatic hypermutation (93).  This dual-capability helps SIgA 

promote tolerance to commensal intestinal bacteria in homeostatic conditions while contributing 

to a robust immune response in response to bacterial challenge (71, 73, 94).  pIgR-/- mice, 

which lack SIgA at all mucosal surfaces, have increased susceptibility to bacterial infection in 

multiple body sites, highlighting the importance of SIgA in prevention of infection (95-97).  While 

immune exclusion is thought to represent the primary mechanism through which SIgA maintains 

mucosal homeostasis, it is important to note that during transit across the airway epithelium 

vesicle-bound SIgA can neutralize viruses including HIV (69, 71).  Conversely, some viruses 

and bacteria may hijack pIgR/SIgA to gain entry into deeper tissues (98, 99). 

 In addition to preventing infection, SIgA helps to maintain tolerance with the mucosal 

microbiome, and mice and humans with defective SIgA secretion show increased susceptibility 

to inflammatory bowel and celiac disease (100, 101).  pIgR-/- mice have been shown to have a 

less diverse total colonic microbiota but a more diverse adherent microbiota, suggesting that 

SIgA prevents outgrowth of select bacterial species while preventing bacteria from adhering to 

the mucosal epithelium (90).  Additionally, the affinity of IgA differs between bacteria, and 

influences the composition of the intestinal microbiome in health and disease (102-107).  

Conversely, the luminal microbiome modulates IgA levels both through regulation of PIGR 

expression and through degradation.  PIGR expression is upregulated by NF-B activation, 
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which results from bacterial activation of Toll-like and other pattern recognition receptors.  

MyD88-deficient mice, which have diminished NF-B responses to bacteria, have decreased 

pIgR expression and SIgA transcytosis compared to WT littermates (108).  Further, in vivo 

studies suggest that the composition of the gut microbiome modulates intestinal SIgA levels 

through variable production of bacterial proteases capable of cleaving SIgA (101). 
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II. QUESTIONS ADDRESSED BY THIS DISSERTATION 
 

Role of SIgA in mucosal homeostasis of the lung 

 In contrast to the gut, the role that SIgA plays in maintaining mucosal homeostasis in the 

airways has only recently begun to be investigated.  Pilette and colleagues first reported that 

reduced SC (the portion of the pIgR that remains bound to IgA) is reduced in the airways of 

patients with COPD and that lower levels of SIgA correlate with increased disease severity (85).  

Subsequently, Polosukhin et al. reported that loss of SIgA in individual airways is associated 

with increased bacterial invasion, NF-B pathway activation, increased numbers of airway 

neutrophils and macrophages, and fibrotic airway wall remodeling (109).  Based on these 

findings, we hypothesize that SIgA deficiency may contribute to protease/antiprotease 

imbalance in COPD and provide an explanation for ongoing lung damage in patients with COPD 

who no longer smoke.  We propose that in airways with abnormal epithelial differentiation, loss 

of SIgA predisposes the airway epithelium to bacterial invasion, which in turn activates 

inflammatory signaling pathways in airway epithelial cells.  This results in recruitment of 

neutrophils and macrophages, which produce proteases that contribute to protease/antiprotease 

imbalance and lung damage.  Further, we propose that once remodeling and loss of SIgA are 

established, chronic inflammation due to bacterial invasion acts to perpetuate abnormal 

differentiation within small airways.  In this manner, a cycle of inflammation, abnormal epithelial 

remodeling, and lung damage is established that may persist after smoking cessation. 

 In Chapter IV of this dissertation, we will utilize an animal model of SIgA deficiency to 

determine whether SIgA deficiency plays a causal role in COPD pathogenesis and establish 

whether airway bacteria are the primary stimulus for continued inflammation in SIgA-deficient 

airways.  Additional experiments will explore whether loss of SIgA modulates the lung 

microbiome in the lung as has been shown in the gut (102-105) and whether loss of SIgA 

augments lung damage induced by cigarette smoke.  In Chapter V of this dissertation, we will 
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use this same model to explore whether repetitive bacterial challenge increases lung 

inflammation and damage in SIgA-deficient airways above levels induced by endogenous 

bacteria, and whether anti-inflammatory treatment can prevent lung damage induced by 

repetitive bacterial challenge.   

Mechanism of reduced SIgA in the airways of patients with COPD 

 In Chapter VI of this dissertation, we will change our focus to examine why pIgR 

expression is reduced in the small airways of patients with COPD.  Polosukhin et al. previously 

reported that reduced SIgA in the airways of patients with COPD results from reduced PIGR 

transcription in remodeled airways (61).  This finding was later confirmed by Gohy and 

colleagues, who also showed that reduced PIGR expression by human bronchial epithelial cells 

(HBECs) isolated from patients with COPD persists in vitro in air-liquid interface (ALI) culture 

(87).  Because transcytosis of each molecule of dIgA across the airway epithelium requires a 

molecule of pIgR, reduced PIGR expression will necessarily result in reduced transport of dIgA 

across the airway epithelium, assuming an excess of dIgA relative to pIgR.   

 Basal expression of PIGR is regulated in part through binding of upstream stimulatory 

factor (USF) 1 and 2 and activator protein 2 (AP2) to an E-box motif at position -71 (-74 in mice) 

(69, 110, 111).  PIGR expression can be markedly upregulated through binding of inflammatory 

transcription factors including interferon regulatory factor (IRF) 1 and 3, STAT6, NF-B, and 

HNF-1 (69), which may be directly induced  through activation of Toll-like and PRRs or indirectly 

via inflammatory cytokines such as IL-4, IFN-, and TNF (112-114).  COPD is an inflammatory 

disease characterized by increases in IL-4, TNF, and several other pro-inflammatory cytokines 

(115, 116).  Thus, it is likely that decreased expression of PIGR in COPD patients results from a 

loss of pIgR-expressing cells in remodeled airway rather than reduced transcription of PIGR in 

individual cells.  Evidence for this was again provided by Gohy et al., who found that PIGR was 
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reduced in the airways patients with severe COPD relative to controls, but increased in the 

airways of smokers without airway remodeling (87). 

 Given that airway remodeling in COPD is generally associated with a loss of multiciliated 

cells, we speculate that these cells are the primary source of pIgR in the airway epithelium, and 

thus play a unique role in maintaining epithelial homeostasis.  In Chapter VI, we provide 

evidence that the differentiation factor p73, recently shown to be critical for the development of 

multiciliated cells (117, 118), is required for pIgR expression.  Additional studies show that CS 

suppresses p73 expression in vitro and in vivo, potentially through an NF-B-dependent 

mechanism, and that p73 is reduced in the airways of patients with COPD. 
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III. MATERIAL AND METHODS FOR CHAPTERS IV AND V 
 

Animal models 

 pIgR-/- mice, backcrossed onto a C57Bl/6 background for a minimum of 8 generations 

(119), were obtained from the Mutant Mouse Resource Research Center at the University of 

Missouri.  WT and pIgR-/- mice were housed in standard microisolator cages in a centralized 

animal care facility and provided food and water ad libitum.  Germ-free mice pIgR-/- were 

surgically derived by sterile embryo transfer and maintained in sterile flexible film Trexler 

isolators at the National Gnotobiotic Rodent Resource Center (University of North Carolina 

School of Medicine, Chapel Hill, NC).  Within Trexler isolators, mice were housed in standard 

microisolator cages with sterilized bedding and provided with sterilized rodent chow and water 

ad libitum.  Sterility was documented on a monthly basis by fecal Gram stain, aerobic and 

anaerobic cultures, and polymerase chain reaction (PCR) for 16s rRNA of the feces and 

bedding.  For selected mice, sterility of feces was also documented by Gram stain and cultures 

at the time of necropsy.   For all experiments male and female mice were sacrificed from age 2-

12 months and compared to age-matched WT mice as indicated.  For the microbiome and 

germ-free experiments, WT and germ-free mice were housed together.  For all other 

experiments, WT and pIgR-/- were housed separately.  All procedures involving mice were 

approved by the Institutional Care and Use Committee of Vanderbilt University. 

In vivo treatments 

 WT or pIgR-/- mice were exposed to mainstream cigarette smoke (CS) from two 3R4F 

research cigarettes (Center for Tobacco Reference Products, University of Kentucky) once daily 

for two weeks, followed by four 3R4F cigarettes twice daily until sacrifice at 8 months.  

Cigarettes were smoked sequentially, one 5 second puff/minute for a total of 7 puffs/cigarette, 

using a nose-only exposure system (inExpose, Scireq, Montreal, CA).  Control animals were 
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housed in identical nose-only cages but were exposed to filtered air only.  For NTHi nebulization 

studies, mice were placed in a whole-body nebulization chamber (inExpose, Scireq) and 

exposed to 10 mg of aerosolized NTHi lysate delivered by a 5 L/min pump.  Control animals 

were treated with aerosolized phosphate-buffered saline (PBS).  For repetitive nebulization 

experiments, mice were treated with 10 mg of aerosolized NTHi lysate once weekly for 4 

months.  All animals were harvested 4 days after the final nebulization treatment.  For the SIgA 

pretreatment experiment, one hour prior to nebulization, 50 L of a 0.34 mg/mL solution of IgA 

from pooled human colostrum (Sigma-Aldrich) or 50 L sterile PBS was administered 

intratracheally after intubation of isofluorane-anesthetized mice.   

Roflumilast administration 

 For studies using roflumilast, 200 L of 0.5 mg/mL suspension of roflumilast or vehicle 

(4% methylcellulose, 1.3% PEG400, ~ 5 g drug/mg animal weight) was administered by oral 

gavage once daily, 5 days/week for the duration of treatment.  The roflumilast suspension was 

freshly prepared each week and stored at 4°C.    

Preparation of NTHi lysates 

 NTHi strain 1479 (a gift from Dr. Brahm Segal, University of Buffalo) was grown 

overnight on chocolate agar plates (Hardy Diagnostics, Santa Maria, CA) and then used to 

inoculate 20 mL of brain-heart infusion media (Sigma-Aldrich, St. Louis, MO) containing 10 

g/mL nicotinamide adenine dinucleotide and 10 g/mL Hemin (both from Sigma-Aldrich).  The 

culture was incubated for 4 hours at 36°C with constant shaking and then used to inoculate an 

additional 200 mL of liquid media.  After another 4 hours of growth, bacteria were pelleted, 

boiled for one hour, sonicated twice for one minute each, and filtered through a 0.22M 

polyethylsulfone filter (EMD Millipore, Darmstadt, Germany) using 1 mL of added PBS for each 
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pellet generated from 50 mL of liquid culture.  Protein concentration was adjusted to 1.5 mg/mL 

in PBS using Bradford assay (Pierce, Rockford, IL). 

Lung harvest technique and BAL 

 After perfusion with normal saline, the left lung was isolated, removed, and flash-frozen 

in liquid nitrogen, while the right lung was inflated using a 25-cm pressure column containing 

10% neutral buffered formalin.  The frozen left lungs were stored at −80oC and used for protein 

analyses.  The right lungs were fixed overnight in 10% formalin and then embedded in paraffin 

for histological analyses.  Bronchoalveolar lavage (BAL) was performed using two 500 L 

aliquots of sterile PBS.  Fluid was combined and centrifuged at 400 g for 10 min. to separate 

cells from supernatant.  Supernatant was stored at −80°C and then used for cytokine and 

chemokine measurements.  Separate animals were utilized for histological analyses and BAL. 

Histology and immunohistochemistry 

 5 μm serial sections were cut from each tissue specimen and H&E and Masson 

trichrome staining was performed.  Additional serial sections were used for immunostaining with 

rabbit polyclonal anti-IgA (#PAB9360, Abnova, Taipei City, Taiwan; 1:100) to detect SIgA on 

airway epithelial surface, rabbit polyclonal anti-neutrophil elastase (#ab68672, Abcam; 1:200) to 

detect neutrophils, rabbit polyclonal anti-CD68 (#ab125512, Abcam; 1:200) to detect 

macrophages, or rabbit polyclonal anti-phospho-p65 (Ser276, Santa Cruz Biotechnology; 1:100) 

to detect NF-B pathway activation.  FISH was performed using a probe for the conserved 

portion of prokaryotic 16S rRNA. 

Morphometry 

 To quantify neutrophils and alveolar macrophages in alveolar tissue, these cells were 

identified by specific immunostaining, counted in 10 randomly non-overlapping tissue fields, and 

divided by the total number of alveoli present.  Airway wall remodeling was evaluated by 
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measurement of subepithelial connective tissue volume density (VVairway) according to published 

recommendations (27, 61).  Only cross-sectional distal airways, covered predominantly by Club 

cells, were analyzed.  Emphysematous changes of lung parenchyma were quantified using 

alveolar septal perimeter measurements and measurement of mean linear intercept on 10 

randomly chosen fields of alveolar tissue at 200X magnification.  All morphometric 

measurements were made using Image-Pro Express software (Media Cybernetics, Silver 

Springs, MD). 

Immunodetection of IgA/NTHi binding 

 50 L of a 0.2 mg/mL solution of NTHi (prepared as described above) was adsorbed 

onto a nitrocellulose membrane using a 96-well vacuum manifold.  The membrane was washed 

twice with 0.1% PBS-Tween20 and then blocked for 30 minutes.  After another two washes with 

0.1% Tween20 in PBS (PBST), human SIgA from pooled colostrum (Sigma-Aldrich) was added 

and incubated for 1 hour.  The membrane was again washed twice with 0.1% PBST, blocked for 

30 minutes, and then incubated with rabbit polyclonal anti-IgA (Dako, Carpinteria, CA) to detect 

binding between NTHi and human IgA. 

NF-B measurement 

 Nuclear extracts were prepared from flash-frozen lung tissue using the NE-PER kit 

(Pierce, Rockford, IL).  10 µg of nuclear protein were separated on a 10% acrylamide gel.  

Western blot analysis was performed with antibodies against NF-κB p65 (Santa Cruz 

Biotechnology; 1:1000) or p84 (Genetex; 1:1000) with the Odyssey infared system (LI-COR). 

MMP-12 and NE measurement 

 Whole tissue lysates were prepared from flash-frozen lung tissue using the cOmplete 

Lysis-M kit (Roche Diagnostics, Indianapolis, IN) and protein was separated on a 10% 

acrylamide gel.  Western blot analysis was performed with Rabbit polyclonal antibodies against 
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MMP12 (#ab52897, Abcam; 1:1000), sheep polyclonal antibodies against neutrophil elastase 

(#61-86-20, Invitrogen, Camarille, CA; 1:1000) or rabbit polyclonal against β-actin (#A2066, 

Sigma-Aldrich, Saint Louis, MO; 1:2000). 

Fluorescence imaging 

 Fluorescence imaging was performed according to a previously established protocol 

(120).  Folate-PEG-Cy5 was purchased from Nanocs Inc., NY (excitation wavelength - 650 nm, 

emission - 670 nm).  Animals were injected intravenously with 500 nmol/kg and fluorescent 

imaging was performed using a Pearl Impulse system (LI-COR, Lincoln, NE).  Data were 

collected and analyzed using Pearl Impulse software (LI-COR).  

16S rRNA quantification 

 Total prokaryotic burden was quantified using the Femto Bacterial DNA Quantification 

Kit (Zymo Research, Irvine, CA).  Proprietary probes targeted the V1/V2 region of prokaryotic 

16S rRNA.  DNase/RNase-free water was used as a negative control.   

Microbial community analysis 

 Lung tissue from 2 WT and 3 pIgR-/- mice was immediately flash frozen in liquid nitrogen 

after harvest.  25 mg of tissue from each mouse was homogenized and total genomic DNA 

extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).  DNA was 

quantified and normalized to 2 ng/l (Qubit 2.0 Fluorometer) prior to PCR amplification.  Each 

sample was amplified in triplicate, parallel reactions with the universal 16S rRNA gene primers 

27F (AGAGTTTGATCMTGGCTCAG) and 338R (GCTGCCTCCCGTAGGAGT) with barcoded 

adaptor sequences using NEBNext Master Mix (New England Biolabs, Ipswitch, MA).  The 

amplicons were purified using Agencourt Ampure magnetic beads (Beckman-Coulter, Brea, CA) 

before being pooled.  Sequencing was performed with paired end 250 bp reads on an Illumina 
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MiSeq at the Georgia Genomics Facility.  The software package QIIME (121) was used for 

analysis of the microbial community dataset.   

Chemokine measurements 

 KC levels were measured using Milliplex® magnetic beads according to the 

manufacturer’s instructions with assistance from the Hormone Assay and Analytical Services 

Core of Vanderbilt University. 

Statistical analysis 

 Mice were randomly assigned to the study groups and, where possible, researchers 

were blinded to the study groups until the time of statistical analysis.  All animals were included 

in each analysis.  Results are presented as mean ± standard deviation unless otherwise 

indicated.  For experiments conducted over several time points or with multiple comparisons, a 

two-way ANOVA with a Bonferroni post-test was used.  Pair-wise comparisons were made 

using Student’s t-test.  p < 0.05 was considered to be significant. 
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IV. AIRWAY BACTERIA DRIVE A PROGRESSIVE COPD-LIKE PHENOTYPE IN PIGR-/-
 MICE 

 

This chapter was published in the journal Nature Communications (122). 

Rationale 

Chronic obstructive pulmonary disease (COPD) is a common smoking-related lung 

disease defined by fixed obstruction in expiratory airflow and characterized by chronic 

inflammation, fibrotic remodeling of small airways, and emphysematous destruction of lung 

parenchyma (123).  Fibrotic narrowing of small airways occurs early in the course of COPD and, 

along with reduced elastic recoil, contributes to airflow obstruction (25, 27, 124).   For many 

years, the predominant hypothesis regarding COPD pathogenesis has been that inhalation of 

toxic particles and gases, primarily from cigarette smoke, results in oxidant-mediated injury, 

airway inflammation, and disruption of the protease/anti-protease balance favoring lung 

parenchymal destruction (52, 125, 126).  However, this theory does not fully explain the central 

role of small airways in this disease or continued airway inflammation and disease progression 

after smoking cessation (48, 49).  

To protect the lungs from continuous exposure to inhaled irritants, particulates, and 

microorganisms, the airway epithelium forms tight junctions, supports an efficient mucociliary 

clearance apparatus, and maintains a thin airway surface liquid layer that contains a number of 

components with non-specific protective activity such as lactoferrin, lysozyme, and defensins 

(55, 65, 68).  In addition, epithelial cells support an antigen-specific secretory IgA (SIgA) barrier 

that covers and protects the airway surface (71, 72, 84).  In small airways, polymeric IgA (pIgA) 

is produced by sub-epithelial plasma cells and transported from the basolateral to apical surface 

of epithelial cells through binding to the polymeric immunoglobulin receptor (pIgR).(69, 127)  At 

the apical surface, pIgR is cleaved to release the secretory component of pIgR joined to pIgA 

(together forming SIgA) into the airway surface liquid.  Through a process known as immune 

exclusion, SIgA agglutinates airborne antigens and microorganisms, preventing them from 
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activating or injuring airway epithelial cells (72-74).  In patients with COPD, widespread 

structural abnormalities of the airway epithelium are common and correlate with decreased 

expression of pIgR and disruption of the SIgA barrier in individual airways (61, 65, 85, 87, 128).  

We have shown that the level of SIgA on the luminal surface of individual small airways 

correlates inversely with the degree of airway wall remodeling in COPD patients and mean SIgA 

levels in all small airways across a section of excised lung predicts severity of airflow 

obstruction (61).  In addition, reduced levels of SIgA are present in bronchoalveolar lavage 

(BAL) from patients with severe COPD (61, 88).  To date, however, the contribution of SIgA 

deficiency to COPD pathogenesis has not been determined.  Therefore, we studied mice with 

genetic deletion of pIgR, which cannot form SIgA on mucosal surfaces.  Our studies indicate 

that pIgR-/- mice develop progressive COPD-like airway and parenchymal remodeling as they 

age that result from persistent activation of inflammatory signaling by the lung microbiota, thus 

pointing to a causative role for SIgA deficiency in persistent inflammation and disease 

progression in COPD. 

 

Results 

LUNG INFLAMMATION AND REMODELING IN PIGR-/- 
MICE 

We obtained pIgR-/- mice (C57BL/6 background) (119, 129) and performed 

immunofluorescence microscopy to show that SIgA was not detectable on the airway surface 

(Figure 4A-B).  Although pIgR-/- mice appeared healthy at birth and demonstrated no 

histopathologic changes in the lungs compared to wild-type (WT) littermate controls at 2 months 

of age, pIgR-/- mice developed COPD-like changes with fibrotic small airway remodeling and 

emphysematous destruction of the lung parenchyma by 6 months of age that continued to 

worsen in 12 month-old mice (Figure 5A, C-E).  Despite the presence of airway wall remodeling 

in pIgR-/- mice, airway epithelial structure appeared intact without evidence of goblet cell 

hyperplasia or stratification.  Similar to COPD patients, (130, 131) aging pIgR-/- mice displayed 
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fragmentation and degradation of the elastin network in alveolar walls and around small airways 

(Figure 5B).  Importantly, unlike other genetic models of COPD, (43) the lack of COPD-like 

changes in 2 month-old (young adult) pIgR-/- mice indicates that this phenotype is not related to 

developmental defects resulting from in utero pIgR deficiency. 

After identifying COPD-like changes in the lungs of pIgR-/- mice, we quantified 

inflammatory cells in the lungs.  At 2 months of age, WT and pIgR-/- mice showed similar 

numbers of neutrophils and macrophages in lung parenchyma and in BAL; however, by 6 and 

12 months of age, pIgR-/- mice had a marked increase in inflammatory cells compared to 2 

month-old mice and to age-matched WT controls (Figure 6A-E).  Macrophage accumulation in 

the lungs of pIgR-/- mice was similar at 6 and 12 months of age, but the neutrophil influx 

continued to increase between 6 and 12 months of age.  In addition, lymphocytes were found to 

be increased in lungs of pIgR-/- mice compared to WT controls. Total lymphocyte counts in BAL 

were 789±135 in 12 month-old WT mice compared to 3027±287 in 12 month-old pIgR-/- mice 

(p<0.001). 

We recently developed a non-invasive in vivo molecular imaging technique that utilizes a 

fluorescent probe (folate-PEG-Cy5) to identify activated macrophages based on expression of 

folate receptor beta (FR).(120)  As shown in Figure 7A-B, increased fluorescent signal was 

detected over the lungs of 12 month-old pIgR-/- mice compared to age-matched WT controls, 

indicating an increase in activated macrophages in the lungs of these mice.  Interestingly, we 

observed no difference in the fluorescent signal over the abdomen of pIgR-/- mice, suggesting 

that increased macrophage activation was limited to lungs.   

Activated macrophages and neutrophils can produce matrix metalloproteinase (MMP)-12 

and neutrophil-derived elastase (NE) respectively, which have been linked to emphysematous 

remodeling (132-135).  Therefore, we measured MMP-12 and NE in lung homogenates and 

found significantly increased levels of both these enzymes in 12 month-old pIgR-/- mice 

compared to age-matched WT mice (Figure 7C).  Together, these data indicate that pIgR-/- mice 
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develop a persistent inflammatory and destructive environment in the lungs as they age, likely 

contributing to the COPD phenotype observed in these mice. 
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Figure 4: pIgR-/- mice lack SIgA in small airways. 
 
A) Immunofluorescence staining for IgA (green) showing SIgA on the epithelial surface of a small airway from a wild-

type (WT) mouse and no detectable SIgA on the airway surface of a pIgR
-/-

 mouse (200X; insets 1000X). Scale bar = 

50 m. B) Western blot for secretory component in bronchoalveolar lavage fluid from WT and pIgR
-/-

 mice. SIgA from 

human colostrum was used as a positive control. 
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Figure 5: pIgR-/- mice develop progressive COPD-like small airway and parenchymal 
remodeling. 
 
A) Representative images of small airway remodeling (Masson’s trichrome, 200X) and emphysema (H&E, 200X) in a 

12 month-old pIgR
-/-

 mouse compared to a WT control. Scale bar = 50 m. B) Immunostaining for elastin in 12 

month-old WT and pIgR
-/-

 mouse shows reduction and fragmentation of elastin in inter-alveolar septa in a pIgR
-/-

 
mouse compared to the intact elastin network in WT mouse (100X; insets 1000X). C-E) Morphometric analysis 

showing increased wall thickness (VVairway), mean alveolar septal perimeter length, and mean linear intercept in 
pIgR

-/-
 and age-matched WT littermate controls at the indicated ages. Five-10 mice per group; * = p<0.01 compared 

to 2 month-old pIgR
-/-

 mice and age-matched WT controls, ** = p<0.001 compared to all other groups (two-way 
ANOVA).  
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Figure 6: pIgR-/- mice develop progressive airway and parenchymal inflammation. 
 
A) Representative immunostains for neutrophils using antibodies to neutrophil elastase (NE) or macrophages using 

antibodies to CD68 in 12 month-old WT and pIgR
-/-

 mice. Positive cells are stained brown (indicated by red arrows) 

(200X). Scale bar = 50 m. B-E) Neutrophil (NE+) and macrophage (CD68+) counts in lungs of pIgR
-/-

 and age-

matched WT littermate controls at the indicated ages and neutrophil and macrophage counts in BAL fluid. Five-7 
mice per group; * = p<0.05 compared to 2 month-old pIgR

-/-
 mice and age-matched WT mice; ** = p<0.01 compared 

to all other groups (two-way ANOVA). 
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Figure 7: Macrophage and neutrophil activation in pIgR-/- mice. 
 
A) Representative image of folate-PEG-Cy5-derived chest fluorescence 4 hours after IV probe injection in 12 month-
old WT and pIgR

-/-
 mice. B) Photon emission from the chest normalized to background prior to injection of probe. 

Three-4 mice per group; * = p<0.05 (Student’s t-test). C) Western blot and densitometry for MMP-12 (two bands at 45 

and 54 kDa) and NE (29 kDa) in lung tissue from 12 month-old WT and pIgR
-/-

 mice. Band densities of MMP-12 and 
NE were normalized to β-actin. Six mice per group; * = p<0.01 compared to WT mice (Student’s t-test). 
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BACTERIAL INVASION AND NF-B ACTIVATION IN PIGR-/-
 MICE 

Since loss of mucosal immunity in pIgR-/- mice results in chronic inflammation in the 

lungs, we wondered whether lack of SIgA could render small airways more susceptible to 

invasion by airway bacteria with subsequent activation of inflammatory signaling in epithelial 

cells.  Therefore, we performed fluorescent in situ hybridization (FISH) on lung sections from 

WT and pIgR-/- mice using probes specific for the conserved portion of the bacterial gene 

encoding 16S ribosomal RNA (16S rRNA) (Figure 8A, top panels).  While a significant 

proportion of airways in pIgR-/- mice showed bacteria localized within the airway epithelium 

(between the apical epithelial border and basement membrane), this was almost never 

observed in WT airways. In contrast, the percentage of airways with bacteria present in the 

airway lumen did not differ between WT and pIgR-/- mice (Figure 8B). These findings suggest 

that an impaired mucosal immune barrier in pIgR-/- mice allows migration of colonizing airway 

bacteria across the apical epithelial border. 

Bacteria can initiate innate immune signaling in the epithelium through activation of Toll-

like receptors, leading to activation of the NF-B pathway.  To investigate whether this pathway 

was activated in pIgR-/- mice, we performed fluorescent immunostaining for an activated form of 

the p65(RelA) component of NF-B (phosphoserine 276)(136-138) (Figure 8A, bottom 

panels).  While detection of phospho-p65 (Ser276) staining in nuclei of airway epithelial cells 

was rare in WT mice, a marked up-regulation of phospho-p65 was detected in lungs of 6 and 12 

month-old pIgR-/- mice.  We also evaluated NF-B activation in lung tissue by western blot and 

found increased p65 in nuclear protein extracts from pIgR-/- mice compared to age-matched WT 

controls, further supporting increased NF-B activation in these mice (Figure 8C).  In addition, 

we identified a significant increase in the concentration of the NF-B dependent chemokine KC 

in BAL fluid from pIgR-/- mice compared to age-matched WT mice (Figure 8D).  The 

combination of bacterial localization within the airway epithelium and increased epithelial NF-B 
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activation in pIgR-/- mice supports the conclusion that loss of surface SIgA allows colonizing 

bacteria to penetrate the epithelial barrier and activate inflammatory signaling. 

To determine whether pIgR deficiency alters the density or composition of the lung 

microbiome, we analyzed bacterial abundance and taxonomy in the lungs of age-matched WT 

and pIgR-/- mice.  First, we measured total bacterial DNA by qPCR targeting the V1/V2 portion 

of bacterial 16s rRNA in 9 month-old mice and found no difference in total bacterial burden in 

the lungs of WT and pIgR-/- mice (Figure 8E).  Subsequently, we used high throughput amplicon 

sequencing to evaluate microbial communities in whole lung tissue from 6 month-old WT and 

pIgR-/- mice.  As has been reported previously (139), Proteobacteria and Firmicutes were the 

most common bacterial phyla present in the lungs of both groups of mice (Figure 9).  Compared 

to WT mice, pIgR-/- mice had a two-fold increase (400 vs. 194) in the number of detected 

operational taxonomic units (OTUs).  Analysis by Random Forests, a supervised machine 

learning technique, was used to classify microbial taxa that discriminate the mouse genotypes 

(140).  Ten OTUs that best discriminate the genotypes are shown in Figure 10.   
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Figure 8: Bacterial invasion and NF-B activation in the lungs of pIgR-/- mice. 
 

A) Immunofluorescent detection of bacteria (FISH probe for 16S rRNA, red, top panels) or NF-B [phospho-p65 

(Ser276, red, bottom panels], IgA (green, top panels), and DAPI (blue) from 12 month-old WT and pIgR
-/- 

mice 
(1000X). In WT mice, bacteria with bound SIgA were identified within the airway lumen (yellow on merged image, 
identified by arrow), whereas bacteria intercalated within the epithelium were identified in pIgR

-/-
 mice (red, identified 

by arrow). Bottom panels show phopsho-p65 localized to nuclei (arrows). Scale bar = 50 m. B) Box and whisker plot 

(showing median, 25
th

-75
th

 percentile, and range) for intraepithelial (intercalated) and luminal bacteria in airways of 12 
month-old WT and pIgR

-/-
 mice as identified by FISH for bacterial DNA. Seven mice per group; * = p<0.001. C) 

Western blot and densitometry for p65 component of NF-B (normalized to p84) in nuclear protein extracts from 
lungs of 12 month-old WT and pIgR

-/-
 mice. Six mice per group; * = p<0.05 (Student’s t-test). D) KC protein levels in 

BAL fluid. Six mice per group; * = p<0.05 compared to 2 month-old pIgR
-/-

 mice and age-matched WT controls; ** = 
p<0.05 compared to all other groups (two-way ANOVA). E) Total bacterial DNA was quantified from lung tissue in WT 

and pIgR
-/-

 mice using qPCR and primers specific for V1 region of prokaryotic 16s rRNA. Ten mice per group. 
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Figure 9: Distribution of bacterial phyla and classes in lung tissue in WT and pIgR-/- mice. 
 
Distribution of bacterial phyla and classes in lung tissue as determined by 16S sequencing from lungs of individual 12 
month-old WT and pIgR

-/-
 mice. 
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Figure 10:  Average abundance of OTUs with feature importance by genotype. 
 
Average abundance of OTUs (circle) as ranked according to random forest analysis of important features (FI) in 
treatment analysis of all sequences (error rate = 0.75% ± 0.5% SD). Abundance of OTUs in individual samples are 
represented as the tick mark. WT mice are shown in blue and pIgR

-/-
 mice are shown in orange.  
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SIGA MODULATES THE ACUTE INFLAMMATORY RESPONSE TO NTHI 

 To investigate whether pIgR deficiency directly alters the inflammatory response to 

bacterial products, we treated 2 month-old WT or pIgR-/- mice with lysates prepared from non-

typeable Haemophilus influenzae (NTHi).  Although NTHi is not a mouse pathogen, NTHi was 

selected for study because it is the most common bacterium identified in the respiratory tract of 

patients with COPD both during disease exacerbations and stable periods (141, 142).  

Compared to WT mice, pIgR-/- mice treated with aerosolized NTHi lysate had increased 

inflammation as determined by neutrophil influx after 24 hours (Figure 11A-B).  To determine 

whether exogenous SIgA could mitigate inflammation induced by NTHi lysates, we obtained 

SIgA from pooled human colostrum, showed that this SIgA binds to proteins in NTHi lysates, 

and delivered SIgA into the lungs of pIgR-/- mice by intratracheal (IT) injection (Figure 11C-D).  

At 24 hours after exposure to aerosolized NTHi lysates, pIgR-/- mice treated with IT SIgA 

showed a marked reduction in NTHi-induced lung inflammation and NF-B activation compared 

to pIgR-/- mice treated with vehicle (Figure 11E-G), indicating that the presence of SIgA limits 

the inflammatory response to bacterial antigens in the lungs. 
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Figure 11: SIgA modulates the acute inflammatory response to NTHi in vivo. 
 
A,B)  Neutrophil and macrophage counts in BAL fluid from 2 month-old WT and pIgR

-/-
 mice 24 hours after 

aerosolization of non-typeable Haemophilus influenzae (NTHi) lysate (10 mg). Six-8 mice per group; * = p<0.01 
compared to untreated mice (baseline), ** = p<0.01 compared to WT mice treated with NTHi (Student’s t-test). C) 
Dot-blot assay demonstrating protein binding between NTHi lysates and human SIgA from colostrum. D) 

Immunofluorescent detection of human SIgA (green) in the lungs of pIgR
-/-

 mouse 1 hour after intratracheal delivery 

of SIgA or vehicle (normal saline) (200X). Scale bar = 50 m. E,F)  Parenchymal neutrophil and macrophage counts 

24 hours after aerosol delivery of NTHi lysate to 2 month-old pIgR
-/- 

mice pretreated with intratracheal SIgA (50 L of 
0.34 mg/mL solution) or vehicle (normal saline).  Macrophage and neutrophil numbers were quantified by 
immunostaining for CD68 or NE, respectively. Five-6 mice per group; * = p<0.05 compared to mice pretreated with 

saline followed by NTHi (Student’s t-test). (g) Western blot and densitometry for p65 component of NF-B 

(normalized to p84) in lung nuclear protein extracts from 2 month-old pIgR
-/- 

mice pretreated with intratracheal SIgA or 
normal saline 1 hour prior to NTHi nebulization and harvested 24 hours later. Six mice per group; * = p<0.05 
(Student’s t-test). 
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BACTERIA DRIVE THE COPD-LIKE PHENOTYPE IN PIGR-/- 
MICE 

Given our observation that pIgR-/- mice have increased bacterial invasion across the 

mucosal surface of the airways, changes in microbial composition, and a heightened 

inflammatory response, we postulated that endogenous bacterial flora in pIgR-/- mice could be 

responsible for driving persistent inflammation and COPD-like remodeling in the lungs of these 

mice.  To test this concept, germ-free pIgR-/- and WT mice (C57BL/6 background) were 

generated at the National Gnotobiotic Rodent Resource Center (University of North Carolina at 

Chapel Hill) and maintained in sterile conditions.  In contrast to pIgR-/- mice maintained in 

standard housing, 6 month-old germ-free pIgR-/- mice were completely protected from small 

airway remodeling and emphysema (Figure 12A-E).  While the COPD-like remodeling 

progressed from 6-12 months of age in pIgR-/- mice housed in standard conditions, no evidence 

of small airway remodeling or emphysema was observed in germ-free pIgR-/- mice, even at 12 

months of age.  Neutrophils were essentially undetectable in the alveolar parenchyma from 

germ-free pIgR-/- and WT mice and macrophage counts in germ-free pIgR-/- mice were reduced 

to levels similar to WT mice (with standard or sterile housing) (Figure 12F-G).  To investigate 

the impact of reconstituting the microbiome in adult pIgR-/- mice, we removed a cohort of mice 

from germ-free conditions at 6 months of age and housed them in standard conditions for 6 

months.  As shown in Figure 12C-G, 12 month-old pIgR-/- mice (which were maintained in 

standard housing for 6 months) demonstrated similar levels of airway wall remodeling, 

emphysema, and inflammation to 6 month-old pIgR-/- mice raised in standard housing.  

Cumulatively, these results implicate airway bacteria as the primary driver of inflammation and 

COPD-like histopathologic changes in pIgR-/- mice.     
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Figure 12: Germ-free pIgR-/- are protected from COPD-like lung remodeling. 
 
A) Representative images of small airway remodeling (Masson’s trichrome, 200X) and emphysema B) (H&E, 200X) 

in a 6 month-old pIgR
-/-

 mouse in standard housing compared to a 6 month-old pIgR
-/-

 mouse housed in germ-free 

conditions. Scale bar = 50 m. C-E) Morphometric analysis of airway wall thickness (VVairway), alveolar septal 

perimeter length, and mean linear intercept in 6 and 12 month-old WT and pIgR
-/-

 mice maintained in standard 
housing, germ-free housing, or 6 months of germ-free housing followed by 6 months of standard housing as 
indicated. F,G) Parenchymal neutrophil (NE+) and macrophage (CD68+) counts in lungs of 6 and 12 month-old WT 

and pIgR
-/-

 mice maintained in standard housing, germ-free housing, or combination as indicated. Six-7 mice per 
group; * = p<0.001 compared to all other groups, ** = p<0.001 compared to age-matched WT controls housed in 
standard conditions (two-way ANOVA). 
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ROFLUMILAST BLOCKS COPD PROGRESSION IN PIGR-/- 
MICE 

Next, to investigate whether progressive small airway remodeling and emphysema in 

pIgR-/- mice occur in response to bacteria-induced inflammation, we utilized the anti-

inflammatory drug roflumilast, which inhibits phosphodiesterase-4.  Roflumilast is FDA-approved 

for use in COPD patients and has been shown to reduce inflammation in murine models of 

COPD (143-146).  For these studies, 9 month-old WT or pIgR-/- mice were treated daily by oral 

gavage with 100 µg of roflumilast (5 μg/g) or vehicle (4% methylcellulose, 1.3% PEG400) for 3 

months and lungs were harvested at 12 months of age.  Unlike pIgR-/- mice treated with vehicle, 

mice treated with roflumilast had no progression of small airway wall remodeling after starting 

treatment (Figure 13A).  Strikingly, 12 month-old pIgR-/- mice treated with roflumilast had 

reduced indices of emphysema compared to 9 month-old pIgR-/- mice, indicating that roflumilast 

not only blocks progression of emphysema in this model but apparently facilitates some 

resolution of the emphysematous destruction of lung parenchyma (Figure 13B-C).  Similar to 

mice housed in germ-free conditions, WT and pIgR-/- mice treated with roflumilast had very few 

neutrophils in the lung parenchyma (Figure 14A) and macrophage numbers were equivalent to 

vehicle-treated WT mice (Figure 14B).  Consistent with decreased inflammation, roflumilast 

treatment resulted in reduced MMP-12 and NE in lungs of pIgR-/- mice (Figure 14B).  In 

addition, NF-B activation and KC expression were reduced in lungs of roflumilast-treated pIgR-

/- mice compared with vehicle-treated pIgR-/- mice (Figure 14D-E).  Together, these data indicate 

that persistent bacterial-derived inflammation propels COPD-like remodeling in pIgR-/- mice. 
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Figure 13: Roflumilast blocks COPD-like lung remodeling in pIgR-/- mice. 
 
A-C) Morphometric analysis showing small airway wall thickness (VVairway), mean alveolar septal perimeter length, 

and mean linear intercept at the indicated ages in pIgR
-/-

 and WT mice treated with roflumilast or vehicle from 9-12 
months of age. 5-10 mice per group; * = p<0.01 compared to 12 month-old pIgR

-/-
 mice treated with roflumilast, ** = 

p<0.05 compared to 6 and 9 month-old pIgR
-/- 

mice (two-way ANOVA). 
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Figure 14: Roflumilast blocks lung inflammation in pIgR-/- mice. 
 
A,B) Parenchymal neutrophil and macrophage counts in 12 month-old WT and pIgR

-/- 
mice treated for 3 months with 

roflumilast or vehicle. Six-7 mice per group; * = p<0.01 (macrophages) or p<0.001 (neutrophils) compared to pIgR
-/-

 
mice treated with vehicle (Student’s t-test). C) Western blot and densitometry for MMP-12 and NE in lung tissue from 

12 month-old pIgR
-/- 

mice treated with roflumilast or vehicle. Band densities of MMP-12 and NE were normalized to β-

actin. 6 mice per group; * = p<0.05 (Student’s t-test). D) Western blot and densitometry for p65 component of NF-B 

(normalized to p84) in lung nuclear protein extracts from 12 month-old pIgR
-/- 

mice treated with roflumilast or vehicle. 
6 mice per group; * = p<0.01 (Student’s t-test). E) KC protein levels in BAL fluid from 12 month-old WT or pIgR

-/-
 

treated with roflumilast or vehicle. 6 mice per group; * = p<0.05 compared to pIgR
-/- 

mice treated with vehicle 
(Student’s t-test). 
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EFFECTS OF CIGARETTE SMOKE IN PIGR-/- 
MICE 

 To determine how spontaneous COPD-like remodeling in pIgR-/- mice compares to long-

term cigarette smoke (CS) exposure, we treated 2 month-old WT and pIgR-/- mice with 

mainstream CS twice daily for 6 months according to a protocol previously shown to induce 

emphysema (147).  WT mice treated with CS developed a similar degree of small airway wall 

remodeling and emphysema compared to sham-treated pIgR-/- mice; however, CS exposure 

worsened COPD-like remodeling in pIgR-/- mice (Figure 15A-D).  No evidence of structural 

airway epithelial changes, including goblet cell hyperplasia or stratification, or development of 

lymphoid aggregates or tertiary lymphoid follicles, was present in any group of mice (with or 

without CS treatment).  Compared to age-matched, sham-treated WT controls, increased 

inflammatory cells (neutrophils and macrophages) were observed in CS-treated WT mice and 

pIgR-/- mice with or without CS treatment (Figure 15E-F).  The only observed difference 

between CS-treated WT mice and sham-treated pIgR-/- mice was a mild increase in neutrophil 

influx in the CS-treated WT group.  In this study, the highest degree of remodeling and 

inflammation was present in CS-treated pIgR-/- mice, indicating an additive effect between pIgR-/- 

deficiency and CS exposure in this model.     
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Figure 15: Cigarette smoke increases airway remodeling and emphysema in pIgR-/- mice. 
 
A) Representative images of small airway remodeling (Masson’s trichrome, 200X) and emphysema (H&E, 200X) in 

WT and pIgR
-/-

 mice treated twice daily with mainstream cigarette smoke or sham control (filtered air) for 6 months 

(between 2 and 8 months of age). Scale bar = 50 m. B-D) Morphometric analysis of small airway wall thickness 

(VVairway), mean alveolar septal perimeter length, and mean linear intercept length. Five mice per group; * = p<0.01 
compared to WT mice treated with sham; ** = p<0.01 compared to all other groups (two-way ANOVA). E,F) 

Parenchymal neutrophil and macrophage counts in lung tissue from WT or pIgR
-/-

 mice. Five mice per group; * = 
p<0.01 compared to WT mice treated with sham; ** = p<0.01 compared to all other groups (two-way ANOVA). 
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Discussion 

This work elucidates an important role for the SIgA immune system in maintaining 

homeostasis in the lungs by showing that disruption of this first line of mucosal host defense 

leads to persistent activation of innate immunity, which is normally reserved as a second line of 

host defense.  Chronic innate immune activation, in turn, drives tissue injury and progressive 

lung remodeling.  Mice with a defective SIgA immune system in the lungs due to pIgR deficiency 

develop a pattern of small airway and parenchymal remodeling that recapitulates pathological 

changes seen in human COPD.  This phenotype worsens with aging, indicating that injury and 

remodeling due to pIgR/SIgA deficiency are additive and progressive.  pIgR-/- mice develop 

increased bacterial invasion into small airway walls, resulting in epithelial cell NF-B activation, 

leukocyte recruitment, and up-regulation of MMP-12 and NE expression.  Exogenous SIgA 

replacement reduces lung inflammation in response to bacterial lysates, thus showing a direct 

anti-inflammatory effect of SIgA in the lungs.  Chronic lung inflammation in pIgR-/- mice is 

abrogated by germ-free housing, implicating bacterial invasion into SIgA-deficient airways as 

the central driver of inflammation in pIgR-/- mice.  Long-term treatment with the anti-inflammatory 

drug roflumilast blocks progressive small airway wall remodeling and partially reverses 

emphysematous changes in SIgA-deficient mice with established disease, showing that 

inflammatory cells and mediators are responsible for COPD-like remodeling.  In addition, we 

found that long-term CS treatment of WT mice resulted in a COPD-like phenotype that was 

similar in magnitude to the spontaneous phenotype in age-matched pIgR-/- mice.  Together with 

prior publications showing widespread airway surface SIgA deficiency in COPD patients (61, 85) 

our data support the concept that reduced pIgR expression and acquired SIgA deficiency in the 

airways of humans contribute to chronic inflammation and disease progression in COPD.     

It has long been appreciated that remodeling of small resistance airways is an important 

determinant of airflow obstruction (25, 27).  Our data help to explain the central role of small 
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airways in COPD.  We propose that leukocytes recruited to small airways with acquired SIgA 

deficiency produce proteases that damage the airway walls, resulting in fibrotic remodeling and 

ultimately airflow obstruction.  In addition, products of activated leukocytes, including MMP-12, 

and NE, can cause destruction of elastin fibers and other components of the interalveolar 

septum adjacent to these small airways, leading to centrilobular emphysema.  While reduced 

pIgR expression and SIgA levels in COPD patient airways correlates with abnormal epithelial 

differentiation (61), the mechanism responsible for reduced pIgR expression and acquired SIgA 

deficiency in COPD is uncertain and is an important area for further study.  Once individual 

small airways develop pIgR/SIgA deficiency, our data suggest that inflammation may become 

self-perpetuating, potentially explaining the persistence of airway inflammation in COPD 

patients after smoking cessation (48, 49).  

Our studies indicate that the lung microbiota drives chronic lung inflammation and 

remodeling in the setting of defective mucosal immunity.  While pIgR-/- mice did not show 

evidence for widespread bacterial overgrowth in the lungs, these mice have increased bacterial 

invasion across the apical epithelial surface of small airways.  In initial studies, we noted an 

expansion in Alphaproteobacteria and higher community diversity in pIgR-/- mice.  Our analysis 

suggests that a number of OTUs may discriminate between WT and pIgR-/- mice; however, 

expansion of these findings using a much larger cohort will be required for more definitive 

conclusions.  These data do not exclude the possibility that systemic effects of an altered gut 

microbiome in pIgR-/- mice could also contribute to the development of lung remodeling.  Future 

studies should determine the composition of the murine lung and gut microbiome prior to and 

after the development of lung remodeling in WT and pIgR-/- mice and investigate whether the 

microbiome of pIgR-/- mice is intrinsically more inflammatory than that of WT mice.   

In addition to bacteria, viruses and environmental antigens could also impact chronic 

inflammation and COPD-like remodeling in the setting or mucosal immune deficiency.  In 

intestinal epithelial cells, pIgR is upregulated by dsRNA via TLR3, consistent with a role in 



 

44 

protection against viruses (148).  We have previously shown that SIgA-deficient airways have 

increased expression of CMV late antigen and EBV latent membrane protein compared to SIgA-

replete airways from the same individual (61).  While colonizing bacteria appear to be the most 

important driver of COPD-like lung remodeling in pIgR-/- mice housed in the protected 

environment of our animal care facility, environmental antigens and viruses could also be 

important drivers of inflammation and progressive disease in COPD patients with acquired SIgA 

deficiency in small airways.   

We found that roflumilast blocks inflammatory cell recruitment and prevents small airway 

wall remodeling and emphysema that develop in response to pIgR/SIgA deficiency.  Roflumilast 

reduces inflammation in the lungs of COPD patients and is FDA-approved for use in patients 

with severe COPD (149), where it has been shown to reduce disease exacerbations.  Our 

studies, however, suggest that roflumilast could have a disease-modifying effect in COPD and 

may be beneficial in patients with less advanced disease.    

In our models, pIgR deficiency and long-term CS exposure showed a similar degree of 

inflammation and COPD-like remodeling in the lungs; however, the combination of pIgR 

deficiency and cigarette smoking appeared to have an additive effect on small airway wall 

remodeling and emphysema.  This latter finding suggests that the effects of CS and pIgR 

deficiency are independent in this model.  We postulate that the lack of interaction between CS 

and pIgR/SIgA deficiency may be explained by a lack of structural remodeling of the airway 

epithelium (e.g. goblet cell hyperplasia or stratification) in our CS model, which may be 

necessary for repressing pIgR expression.  Ganesan and colleagues showed that the 

combination of chronic CS exposure and bacterial challenge can induce goblet cell hyperplasia, 

as well as tertiary lymphoid follicles, in mice (150).  Studies using combined stimuli that cause 

structural remodeling of airway epithelium in mice may be necessary to study the effects of 

acquired pIgR/SIgA deficiency in mouse models.  
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An implication of our findings is that patients with genetic IgA deficiency, the most 

common immunodeficiency in humans (151), might be at increased risk for the development of 

COPD.  To our knowledge, no large epidemiologic studies have evaluated whether IgA 

deficiency is associated with an increased risk for COPD.  However, patients with genetic IgA 

deficiency have normal or even increased levels of IgM (152, 153), which may compensate for 

lack of SIgA in small airways.  In contrast, reduced pIgR expression, which is present in airways 

of COPD patients (61), limits transport of both dimeric IgA and IgM to the airway surface. 

Nonetheless, future studies to investigate the incidence and progression of obstructive lung 

disease in IgA deficient individuals could be informative. 

In summary, our studies demonstrate that surface SIgA deficiency in small airways of 

pIgR-/- mice leads to persistent activation of innate immune responses to resident lung 

microbiota and generation of a phenotype that resembles important aspects of human COPD.  

Our findings highlight a critical role for pIgR/SIgA in maintenance of the immune-barrier function 

of the airway epithelium, and could explain several key aspects of COPD pathogenesis, 

including the central role of small airways and persistent airway inflammation even after 

smoking cessation.  Therapeutic strategies that restore normal immune barrier function to the 

small airways or deplete the airways of bacteria may be of therapeutic benefit to patients with 

COPD. 
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V. ROFLUMILAST ABROGATES NON-TYPEABLE HAEMOPHILUS INFLUENZA-INDUCED 

INFLAMMATION AND REMODELING IN PIGR-/-
 MICE 

 

Results 

INCREASED INFLAMMATION AND REMODELING IN PIGR-/- 
MICE TREATED WITH REPETITIVE 

BACTERIAL LYSATES 

 We first established the dose of NTHi lysate required to generate a robust inflammatory 

response in WT mice.  We found that a dose of 10 mg of NTHi lysate, administered via 

nebulization, resulted in a marked increase in bronchoalveolar lavage (BAL) fluid neutrophils 

and macrophages at 24 hours in WT mice (Figure 16A-B).  Further, we used an established 

(120, 122) non-invasive in vivo molecular imaging technique to show that macrophages 

recruited the the lungs of NTHi-exposed mice had increased expression of folate receptor- 

(FR-), a marker of activation (Figure 16C-D).  We then treated 2 month-old adult WT or pIgR-/- 

mice (both C57Bl/6 background) with 10 mg of aerosolized NTHi lysates once weekly for 4 

months and measured neutrophil, macrophage, and lymphocyte numbers in BAL fluid.  In 

agreement with our earlier data (Figure 6) (122), saline-treated pIgR-/- mice had significantly 

higher numbers of BAL neutrophils and macrophages than saline-treated WT mice, confirming 

that pIgR-/- mice spontaneously develop increased numbers of inflammatory cells in the airways 

(Figure 17A-B).  Compared to NTHi-treated WT mice, NTHi-treated pIgR-/- mice had a 1.8, 2.5, 

and 1.9-fold increase in BAL neutrophils, macrophages, and lymphocytes, respectively (p<0.05 

for all), implicating loss of the SIgA immunobarrier as a potentiator of chronic inflammation in 

mice serially exposed to bacterial products (Figure 17A-C). 

 In patients with COPD and animal models, proteases produced by inflammatory cells 

have been linked to fibrotic remodeling of small airways and emphysematous lung destruction 

(27, 44, 45, 61, 122).  Thus, we reasoned that increased numbers of inflammatory cells in NTHi-

treated pIgR-/- mice would be associated with more severe lung damage.  Using established 
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methods of morphometric analysis (27, 154), we found that NTHi-exposed pIgR-/- mice had 

significantly more severe small airway wall thickening and emphysema than NTHi-exposed WT 

mice, suggesting that higher numbers of inflammatory cells in these mice resulted in greater 

damage to the airways and lung parenchyma (Figure 18A-D).  Together, these data show that 

loss of the SIgA immunobarrier results in increased inflammation and lung remodeling in vivo in 

response to repetitive challenge with bacterial products. 
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Figure 16:  Acute inflammatory response to NTHi lysates in WT mice. 
 
A, B) BALF neutrophil and macrophage counts in WT mice 24 hours after nebulization with NTHi lysates. 6-8 
mice/group; * = p<0.001. C) Representative images of folate-PEG-Cy5-derived chest fluorescence in WT mice 24 
hours after nebulization with NTHi lysates. D) Photon emission from the chest 4 hours after probe injection 
normalized to background prior to probe injection. Three-7 mice/group; * = p<0.001 (Student’s t-test). 
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Figure 17:  Increased lung inflammation in pIgR-/- mice serially exposed to nebulized NTHi 
lyates. 
 
A) Neutrophil, B) macrophage, and C) lymphocyte counts in BAL fluid from WT and pIgR

-/-
 mice treated with 

nebulized sterile saline or NTHi once weekly for 4 months. Five-7 mice/group. * = p<0.01 compared to saline-treated 
WT mice; ** = p<0.01 compared to saline-treated WT mice; *** = p<0.05 compared to NTHi-treated WT mice and 
p<0.001 compared to saline-treated pIgR

-/- 
mice (Student’s t-test). 
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Figure 18:  Increased lung remodeling in pIgR-/- mice serially exposed to NTHi lysates. 
 
A) Representative image of small airway wall fibrosis (Masson’s trichrome stain) in a WT or pIgR

-/-
 mouse treated 

with nebulized saline only and a pIgR
-/- 

mouse treated with repetitive NTHi lysates (top row, original magnification x 
200; bottom row original magnification x 1000).  Subepithelial collagen deposition is indicated by blue staining. Scale 

bar = 50 M. B) Morphometric analysis showing increased wall thickness (VVairway) in pIgR
-/-

 mice treated with NTHi 

lysates compared to saline-treated pIgR
-/-

 mice or WT mice treated with NTHi lysates. Five-12 mice/group. * = 
p<0.0001 compared to saline-treated WT mice; ** = p<0.0001 compared to saline-treated WT mice; *** = p<0.05 
compared to NTHi-treated WT mice and p<0.001 compared to saline-treated pIgR

-/- 
mice (Student’s t-test). C) 

Representative image of emphysema (H&E) in a WT or pIgR
-/-

 mouse treated with nebulized saline only and a pIgR
-/-

 

mouse treated with repetitive NTHi lysates (original magnification x 200). Scale bar = 50 M. D) Morphometric 

analysis showing increased wall thickness (mean linear intercept, MLI) in pIgR
-/-

 mice treated with NTHi lysates 
compared to saline-treated pIgR

-/-
 mice or WT mice treated with NTHi lysates. Eleven-12 mice/group. * = p<0.0001 

compared to saline-treated WT mice; ** = p<0.01 compared to saline-treated WT mice; *** = p<0.05 compared to 
NTHi-treated WT mice and p<0.0001 compared to saline-treated pIgR

-/-
 mice (Student’s t-test).  
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ROFLUMILAST PROTECTS AGAINST NTHI-MEDIATED LUNG REMODELING 

 We previously demonstrated that spontaneous lung inflammation and remodeling in 

pIgR-/- mice could be abrogated by anti-inflammatory treatment with the phosphodiesterase-4 

inhibitor roflumilast.  Roflumilast is currently FDA-approved for the treatment of severe COPD in 

patients with recurrent exacerbations, and has been shown to reduce inflammation in patients 

and murine models of COPD (143-146).  Further, we previously established that roflumilast 

could block inflammation and lung remodeling in pIgR-/- mice (Figures 13 and 14) (122).  To 

determine whether roflumilast is capable of blocking inflammation and remodeling induced by 

repetitive administration of NTHi lysates, we treated 2 month-old WT or pIgR-/- mice daily by oral 

gavage with 100 g of roflumilast (5 g/g) or vehicle (5% methylcellulose, 1.3% PEG400) for 

four months concurrently with weekly NTHi nebulization.  Roflumilast treatment resulted in 

reduced numbers of inflammatory cells in WT and pIgR-/- mice (Figure 19A-C).  In pIgR-/- mice, 

roflumilast-treated animals had a 57% reduction in BAL neutrophils, a 47% reduction in BAL 

macrophages, and 49% reduction in BAL lymphocytes compared to vehicle-treated animals 

(p<0.01 for all).  Further, we found that roflumilast treatment resulted in a 42% reduction in small 

airway wall thickness (VVairway) and an 18% reduction in mean linear intercept in pIgR-/- mice 

(p<0.01 and p<0.0001, respectively).  These data suggest that roflumilast can effectively block 

lung inflammation and remodeling in SIgA-deficient mice repetitively exposed to bacterial 

products. 
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Figure 19:  Roflumilast abrogates NTHi-induced inflammation and lung remodeling in mice 
exposed to NTHi lysates. 
 
A) Neutrophil, B) macrophage, and C) lymphocyte counts in BAL fluid from WT and pIgR

-/-
 mice treated daily with 

roflumilast or vehicle for the duration of NTHi exposure (4 months). Six-7 mice/group. * = p<0.05 compared to 
vehicle-treated WT mice; (B) ** = p<0.05 compared to vehicle-treated WT mice; *** = p<0.01 compared to roflumilast-
treated WT mice and p<0.05 compared to vehicle-treated pIgR

-/- 
mice (Student’s t-test). D) Morphometric analysis of 

small airway wall thickness (VVairway) in WT and pIgR
-/-

 mice treated daily with roflumilast or vehicle for the duration 
of NTHi exposure (4 months). Four-5 mice/group. * = p<0.01 compared to vehicle-treated WT mice; ** = p<0.05 
compared to vehicle-treated WT mice; *** = p<0.01 compared to vehicle-treated pIgR

-/-
 mice (Student’s t-test). (E) 

Morphometric analysis of emphysema (mean linear intercept) in WT and pIgR
-/-

 mice treated daily with roflumilast or 
vehicle for the duration of NTHi exposure (4 months). Eleven-12 mice/group. * = p<0.001 compared to vehicle-treated 
WT mice; ** = p<0.05 compared to vehicle-treated WT mice; *** = p<0.0001 compared to vehicle-treated pIgR

-/- 
mice 

(Student’s t-test). 
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Discussion 

 This work establishes that repetitive challenge with bacterial products can potentiate 

lung inflammation and remodeling in SIgA-deficient mice beyond levels induced by endogenous 

bacteria, and that anti-inflammatory treatment with roflumilast can effectively reduce lung 

inflammation and prevent small airway and parenchymal remodeling in a murine model of SIgA-

deficiency.  These findings suggest that localized SIgA deficiency within small airways may 

contribute to accelerated lung function decline in patients with COPD who have frequent 

exacerbations (9) and that roflumilast may have a disease-modifying effect in these patients.  

 There are several important limitations of this work.  First, the use of sterile bacterial 

lysates rather than live bacteria may underestimate the inflammatory response that would be 

generated by self-replicating bacteria, and thus overestimate the effectiveness of roflumilast in 

preventing bacteria-induced airway inflammation and remodeling.  Second, we cannot ascertain 

whether the clinical virulence of a given pathogen influences the magnitude of lung inflammation 

and remodeling in the setting of SIgA deficiency.  In addition, we cannot speculate which 

bacterial components are most important for driving inflammation in SIgA-deficient airways.  

Such questions will require testing of a panel of bacteria and/or different bacterial components, 

ideally in ex vivo models that recapitulate host-pathogen interactions in patients with COPD.  

Third, because we initiated treatment with roflumilast prior to the development of small airway 

wall thickening and emphysema, we cannot conclude that roflumilast can prevent further 

damage induced by bacterial products in vivo after lung damage.  However, our earlier data 

(Figures 13 and 14) showed that roflumilast can block further disease progression in pIgR-/- 

mice with established disease resulting from endogenous bacteria.   

 In summary, these data provide evidence that loss of SIgA in small airways may 

contribute to the accelerated decline in lung function noted in patients with COPD who have 

frequent bacterial respiratory infections, and suggest that roflumilast may provide a disease-

modifying effect for such patients. 
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VI. REGULATION OF PIGR BY P73 
 

Rationale 

 As discussed in Chapter II, available evidence suggests that loss of SIgA in the airways 

of patients with COPD is caused by a transcriptional block in PIGR expression associated with 

abnormal epithelial differentiation (61).  Given that airway remodeling in COPD is associated 

with a loss of airway multiciliated cells (MCCs), we speculated that these cells are unique in 

their ability to express PIGR.  A breakthrough in our understanding of the factors regulating 

PIGR expression was recently provided Marshall and colleagues, who used RNA sequencing to 

show that murine tracheal epithelial cells isolated from mice lacking p73 had reduced PIGR 

expression (117).  Functionally null p73 mice had almost a complete absence of MCCs, 

suggesting that p73 is a central regulator of MCC differentiation and providing additional 

evidence that MCCs are unique in their ability to express pIgR.  Marshall and colleagues went 

on to show that p73 binds a variety of transcription factors required for MCC differentiation 

including Myb, FoxJ1, and Traf3ip1 (117).  In a similar study, Nemajerova et al. confirmed the 

findings of Marshall et al. and showed that p73 is required for the early events of cilia formation 

including basal body docking and axonemal extension (118).  Given the importance of p73 in 

MCC differentiation, we speculated that loss of p73 might explain the reduction in ciliated cells 

and PIGR expression we previously noted in the small airways of patients with COPD (61).   

Results 

LOSS OF MCCS IS ASSOCIATED WITH REDUCED SIGA AND P73 IN THE AIRWAYS OF COPD 

PATIENTS 

To determine the relationship between p73, numbers of MCCs, and SIgA transcytosis in 

human airways, we performed immunostaining for α-tubulin and p73 (marking MCCs) and SIgA 

using lung sections from patients with COPD.  As shown in Figure 20A, airways covered 
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predominantly by α-tubulin/p73-expressing MCCs maintained an intact SIgA immunobarrier, 

while airways with few or no MCCs had virtually no SIgA.   

Further, there was a significant correlation between the percentage of airway epithelium 

occupied by ciliated cells and the intensity of IgA staining (as measured by actual pixel value, 

apv); and the percentage of airway epithelium occupied by p73+ cells (Figure 20B-C).  These 

data suggest that MCCs are critical for maintenance of the SIgA immunobarrier, and extend in 

vivo studies by Marshall et al. and Nemajerova et al. to show that in human airways loss of 

MCCs and p73 expression are interrelated. 

 

 

 

 

 

 



 

56 

 

Figure 20: p73-expressing MCCs are reduced in SIgA-deficient airways from COPD patients. 
 
A) Immunostaining for α-tubulin to detect MCCs, p73, and IgA in airways from a COPD patient.  White and yellow 

arrows show the edge of the epithelium in a SIgA replete and SIgA-deficient airway, respectively. Arrows indicate the 

mucosal surface. Scale bar = 100 M. B) Correlation between percentage of ciliated cells by α-tubulin staining and 

IgA level (absolute pixel value, apv) on the surface of 83 individual airways of 5 patients with COPD. r = 0.79, p<0.01. 
C) Correlation between percentage of ciliated cells and percentage of p73+ cells in individual airways. r = 0.74, 
p<0.01. 
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P73-/- 
MICE LACK PIGR IN SMALL AIRWAYS 

 We next obtained p73fl/fl mice (C57Bl6/J background) which contain loxP sites flanking 

exons 7-9 of TP73.  These mice were crossed with mice in which Cre is ubiquitously expressed 

(CMV.Cre), such that the resulting progeny lacked the DNA-binding domain, nuclear localization 

signal, and oligomerization domain of TP73.  In accordance with the findings of Marshall et al., 

murine tracheal epithelial cells from these functionally null (p73-/-) mice had almost a complete 

absence of pIgR, as determined by immunostaining (Figure 21A).  Further, we found that pIgR 

is co-expressed with FoxJ1 (a marker for MCCs) in MTECs from WT mice (Figure 21B), 

supporting the idea that MCCs are the source of pIgR expression in murine airways. 
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Figure 21: p73 is a critical regulator of pIgR expression in mouse airway epithelial cells. 
 

A) Immunostaining for pIgR in MTECs isolated from WT or p73
-/-

 mice.  p73
-/-

 cells are characterized by lack of cilia 
and no detectable pIgR staining (400X). B) Co-immunofluorescence shows that pIgR expressing cells are also FoxJ1 

positive. 
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DEFICIENCY OF PIGR OR P73 LEADS TO PROGRESSIVE COPD-LIKE PATHOLOGY IN MICE 

In Chapter IV, we showed that pIgR-/- mice, which lack SIgA in the airways, 

spontaneously develop small airway and lung parenchymal inflammation and remodeling by 6 

months of age (122).  Further studies showed that loss of the protective SIgA immunobarrier in 

pIgR-/- mice is associated with increased bacterial invasion into small airways, and that re-

derivation of pIgR-/- mice into germ-free housing prevents these mice from developing lung 

inflammation and remodeling (122).  More recently, we found that a 4-drug antibiotics cocktail 

administered in drinking water (vancomycin, neomycin, ampicillin, and metronidazole, “VNAM”) 

could halt the development of COPD-like small airway remodeling and emphysema in pIgR-/- 

mice (data not shown).  These studies suggest that the COPD-like phenotype observed in pIgR-

/- mice is caused by bacterial penetration into SIgA-deficient airways.  

 After noting that loss of MCCs is associated with reduced airway SIgA in patients with 

COPD (Figure 21A), we speculated that p73 deficient mice (which lack MCCs) would display 

reduced airway SIgA and would spontaneously develop bacterial invasion and COPD-like lung 

remodeling similar to pIgR-/- mice.  Airways from 12 month-old p73-/- mice had almost no 

detectable pIgR expression and lacked IgA on the airway surface (Figure 22A).  Bacterial DNA 

was frequently detectable within the epithelial layer of airways from p73-/- mice (15.4% of 

airways in cross section) and NF-B activation was apparent in the airway epithelium of almost 

all airways (Figure 22A).   

 Similar to age-matched pIgR-/- mice, 12 month-old p73-/- mice were noted to have 

extensive airway fibrotic remodeling (as measured by subepithelial connective tissue volume 

density, VVairway) and emphysema (as measured by mean linear intercept, MLI) (Figure 22B-C).  

However, the pathology in p73-/- is even more severe than in pIgR-/- mice, suggesting that other 

abnormalities related to loss of MCCs likely contribute to the COPD phenotype in these mice.  

Together, our data support the model that loss of p73 prevents the development of MCCs, 

which are critical for pIgR expression, SIgA delivery, and mucosal homeostasis in the airways. 
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Figure 22: pIgR-/- and p73-/- mice have absent pIgR/SIgA and increased bacterial invasion and 

NF-B activation in the airways. 
 

A) Serial sections from lungs of 12 month-old WT, pIgR
-/-

, and p73
-/-

 mice were stained with H&E or immunostained 

with antibodies to α-tubulin, IgA, pIgR, NF-B [phospho-p65 (Ser276)], or bacterial 16S rRNA (by FISH). Both pIgR
-/-

, 

and p73
-/-

 mice have reduced MCCs and SIgA on the airway surface that is associated with bacterial invasion into the 

epithelial barrier and NF-B activation. Green arrows indicate the mucosal surface; red arrows indicate bacteria 

invading into the mucosa. Scale bar = 50 M. B, C) Morphometric analysis of small airway fibrotic remodeling 

(VVairway) and emphysema (mean linear intercept) in12 month-old WT, pIgR
-/-

, and p73
-/- 

mice. 
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CIGARETTE SMOKE SUPPRESSES P73 IN VITRO AND IN VIVO   

Given the association between cigarette smoking and COPD, we questioned whether 

cigarette smoke exposure affects p73 expression.  Therefore, we grew MTECs to confluence in 

submerged culture, transferred to air-liquid interface (ALI) culture to promote differentiation, and 

then added fresh cigarette smoke extract (CSE, 2.5% v/v in culture media) or vehicle 

(phosphate-buffered saline, PBS) daily from Day 2 to Day 16 in ALI culture.  CSE was 

generated by bubbling a combination of mainstream and sidestream smoke produced by three 

3R4F Research Cigarettes (Reference Cigarette Program, University of Kentucky, Lexington, 

KY) though PBS.  After 16 days in ALI culture, we fixed the cells and performed immunostaining 

for pIgR and p73.  As shown in Figure 23A, MTECs treated with CSE had a marked reduction 

in pIgR and p73 staining.  To test the relationship between CS exposure and p73 expression in 

the airways, we exposed WT mice to mainstream CS for 2 weeks.  For this study, mice were 

placed in a nose-only smoke exposure chamber (inExpose system, EMKA/SCIREQ, Tempe, 

AZ) and treated with two cigarettes once daily for 5 days followed by four cigarettes twice daily 

(5 days/week) for 2 weeks.  As shown in Figure 23B, untreated mice had diffuse p73 and pIgR 

staining in the airway epithelium.  In contrast, CS-treated mice had reduced expression of both 

p73 and pIgR, along with activation of NF-κB.  The finding of reduced pIgR was confirmed by 

western blot from whole lung lysates and SIgA levels were reduced in BAL (Figure 23C-D).   
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Figure 23: Cigarette smoke suppresses pIgR and p73 in vitro and in vivo. 
 
A) Immunostaining for pIgR or p73 and DAPI in WT MTECS treated daily from Day 2 to Day 16 in ALI culture with 
2.5% CSE or vehicle (control) (20X). B-D) Studies from untreated WT mice and WT mice exposed to cigarette smoke 
daily for 2 weeks (as described in text). B) Immunofluorescent detection of IgA (green) and pIgR (red) (top panels), 

NF-κB [phospho-p65 (Ser276)] (red) and DAPI (blue) (middle panels), and immunostaining for p73 (brown, bottom 
panels) in WT mice treated with CS or controls. C) Western blot for pIgR in whole lung lysates. Separate bands for 
pIgR and secretory component (SC) are identified. GAPDH is shown as a loading control. D) SIgA concentration 
measured by ELISA in BAL fluid. Mean ± SEM, 3 mice per group, *=p<0.05. 
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INVERSE RELATIONSHIP BETWEEN NF-KB ACTIVATION AND P73 EXPRESSION 

 Using a transgenic mouse model to express a constitutively active form of IKKβ (enzyme 

that activates classical NF-B signaling) in airway epithelium, our group recently showed that 

chronic activation of NF-B results in a severe COPD-like phenotype with airway wall 

remodeling, and diffuse emphysema (155).  Since NF-B has been reported to decrease p73 by 

targeting it for proteasomal destruction (156, 157), we wondered whether NF-B-driven 

signaling suppresses p73 in vivo.  Therefore, we evaluated p73 expression in these IKKβ-

transactivated mice (IKTA) mice (155, 158).  We found that 4 month-old IKTA mice treated for 2 

months with doxycycline had nearly a total absence MCCs (indicated by absent -tubulin 

staining) as well as p73 and pIgR staining in small airways (Figure 24A).  To test whether NF-

κB can downregulate p73 in epithelial cells, we cultured MDA-MB-231 adenocarcinoma cells 

which express p73 under basal conditions (159).  We treated these cells with TNF to activate 

NF-κB signaling and observed a substantial reduction in p73 at 24 hours (Figure 24B), 

suggesting an inverse relationship between NF-B pathway activation and p73 expression in 

vitro.  
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Figure 24:  Inverse relationship between p73 and NF-B activation 
 

A) Immunostaining for pIgR, phospho-NF-B (Ser276), p73, -tubulin, and pIgR in lung sections from 4 month-old 

IKTA mice with and without dox treatment.  There is virtually a complete lack of p73, -tubulin, and pIgR staining in 
the small airways of IKTA mice with the IKTA transgene activated (200X, insets 1000X). B) MDA-MB-231 cells were 

treated with TNFα (40 ng/ml) for 24 h. Western blots were done from nuclear protein extracts for NF-κB p65 (Ser276), 
p73, and p84 (loading control). n=4 separate experiments, *=p<0.01. 
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Discussion 

 Abnormal differentiation of the airway epithelium, including loss of ciliated cells and 

hyperplasia of basal and goblet cells, is a hallmark of COPD (54).  Here we show that the 

differentiation factor p73, recently found to be required for multiciliated cell differentiation (117, 

118), is required for pIgR expression.  This suggests that multiciliated cells are unique in their 

ability to express pIgR and maintain the SIgA immunobarrier.  We found that cigarette smoke 

exposure reduces p73 expression in vitro and in vivo.  These data suggest that p73 may be a 

crucial factor in the process through which chronic cigarette smoke exposure induces abnormal 

epithelial differentiation.  Further, we found an inverse relationship between NF-B pathway 

activation and p73 expression, suggesting that chronic inflammation resulting from loss of SIgA 

in the airways may perpetuate abnormal epithelial differentiation once it is established by 

cigarette smoke exposure.  Finally, we found that p73 is reduced in the airways of patients with 

COPD, reflecting the loss of ciliated cells in these airways and potentially explaining the 

persistence of abnormal airway remodeling in COPD. 
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VII. CONCLUDING REMARKS AND FUTURE DIRECTIONS 
 

In summary, this work provides a new conceptual framework for understanding how 

inflammation persists in the small airways of patients with COPD, driving ongoing lung damage 

after smoking cessation.  In the setting of epithelial remodeling, which is pervasive in COPD , 

the airway epithelium is no longer able to generate a normal SIgA immunobarrier, resulting in 

bacterial penetration into the airways, triggering of inflammatory signaling pathways in epithelial 

cells, neutrophil and macrophage recruitment, protease/antiprotease imbalance, and ultimately 

small airway remodeling and emphysema.  Thus we have defined localized SIgA deficiency in 

small airways as a driver of protease/antiprotease imbalance and disease progression in COPD.  

In addition, our work suggests that multiciliated cells (MCCs) are unique in their ability to 

express pIgR, and that the MCC differentiation factor p73 is required for pIgR expression.  Our 

work suggests that p73 levels are modulated by cigarette smoke in vitro and in vivo, which may 

explain how cigarette smoke initiates abnormal epithelial differentiation in COPD.  Finally, our 

work suggests that inflammation per se may suppress p73, which may explain why abnormal 

epithelial differentiation persists in SIgA-deficient airways after smoking cessation. 

While the current work focused on the role of airway bacteria in driving inflammation in 

vivo, it is important to recognize that SIgA is also important for the immune response to viruses 

and non-infectious irritants, and thus infection or reactivation of viruses or chronic exposure to 

inhaled irritants may also drive inflammation in SIgA-deficient airways.  This is an important 

question that must be answered prior to considering strategies to deplete or modulate airway 

bacteria as a therapeutic strategy.  Further, our studies into the impact of SIgA on the 

composition of the microbiome should be considered preliminary.  Future studies will be needed 

to confirm our observed effects of SIgA deficiency on the lung microbiome in a larger cohort, 

ideally with comparisons between the effects of tissue-specific deletion of SIgA in the lung and 

gut on the lung microbiome.   
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In this dissertation, we focused on how the innate immune system contributes to COPD 

pathogenesis in the setting of SIgA deficiency.  However, patients with COPD also have 

activation of the adaptive immune system, as evidenced by an accumulation of CD8+ T 

lymphocytes, CD4+ (predominantly Th1) T lymphocytes, and B lymphocytes (27, 160-163).  

Lymphocytic infiltration of the lung persists long after smoking cessation and is thought to 

contribute to the development of emphysema by stimulating alveolar cell apoptosis (50).  We 

speculate that chronic activation of the adaptive immune system may result from increased 

bacterial penetration into SIgA-deficient airways.  In support of this idea, B cells from lymphoid 

follicles are oligoclonal, suggesting an antigen-driven selection process (164).  Future studies 

will be required to determine whether adaptive immune cells accumulate preferentially in SIgA-

deficient airways and contribute to airway and parenchymal damage. 

Loss of multiciliated cells is a hallmark of abnormal epithelial differentiation in COPD.  

While the finding that p73-/- mice have nearly absent MCCs and pIgR provides indirect evidence 

that MCCs are unique in their ability to express pIgR, this has not been tested directly.  Future 

experiments using co-localization microscopy and cell-type specific deletion of PIGR will be 

required to confirm that only ciliated cells are capable of producing pIgR under homeostatic 

conditions and in response to injury.  Further, additional studies will be required to determine 

whether p73 regulates PIGR directly, through a transcriptional intermediate such as FoxJ1, or 

indirectly through preferential selection of ciliated versus secretory lineages.   

Finally, our work shows that cigarette smoke suppresses p73 production in vitro and in 

vivo.  This is an intriguing finding that might explain how cigarette smoke initiates abnormal 

epithelial remodeling in COPD.  Future studies will be required to determine whether cigarette 

smoke suppresses p73 at the mRNA or protein level, establish the minimum dose and duration 

of exposure that is required to suppress p73 in vivo, elucidate whether p73 re-appears following 

smoking cessation, and identify the mechanism(s) through which cigarette smoke-mediated p73 

suppression occurs.  Prior work has suggested that NF-B reduces p73 by targeting it for 



 

68 

proteasomal destruction (156, 157).  Consistent with this work, we found that mice with 

constitutive activation of NF-B in the airway epithelium have reduced p73.  If p73 suppression 

is inversely related to airway inflammation per se, this finding could suggest that p73 serves as 

a checkpoint to prevent MCC differentiation in severely injured airways, perhaps in order to fully 

repopulate the airway epithelium with multipotent progenitor cells. 

In summary, this work identifies altered mucosal immunity as a driver of chronic 

inflammation and disease progression in COPD.  This will hopefully lead to the development of 

new therapies for this common and incurable disease. 
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