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Abstract 
The lung is a unique organ, playing a key role in physiology but also contributing 

to host defense.  The lung has therefore developed a complex innate immune system 

that includes ciliated mucus producing cells that trap and remove larger particles in the 

upper airways.  In the smaller airways, a specialized set of immune cells are found, 

including mast cells, innate immune responders that can pre-store mediators such as 

TNF-α.  In addition, a variety of host proteins play a vital role in the immune response in 

the lung.  The structural protein caveolin-1 (cav-1) is known to play a role in the uptake 

of pathogens and controls a variety of signaling pathways, although less is known about 

its functions in the lung.  Surfactant protein A (SP-A) is a secreted protein that is vital in 

the innate immune response by interacting with microbes and immune cells.  The goal of 

this work was to further elucidate the specific mechanisms by which cav-1 and SP-A 

affect the host responses, including inflammation and airway hyperreactivity (AHR), to 

pathogens and particulates.  Using a mouse model of environmental lung injury I show 

that cav-1 is vital in the host response to inhaled lipopolysaccharide (LPS).  Although 

cav-1 deficient mice had greater lung inflammatory indices compared to wild-type mice, 

they exhibited reduced AHR following LPS exposure. The uncoupling of these two 

parameters led me to investigate the role of cav-1 in the contraction of airway smooth 

muscle and the production of nitric oxide, both of which are known to regulate AHR.  The 

bronchi of cav-1 deficient mice contract less than those from wild-type mice although 

their structure and receptor independent responses were not altered.  The absence of 

cav-1 also resulted in increased nitrite levels in the lavage fluid and increased inducible 

nitric oxide synthase (iNOS) expression in the lung tissue.  Administration of the potent 
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and specific inhibitor of iNOS, 1400W, increased AHR to levels comparable to wild-type 

mice.  Following intranasal infection with Mycoplasma pneumoniae mast cell numbers 

increase in the lungs of mice and AHR is dramatically attenuated in SP-A-/- mice when 

mast cells are absent.  Using mice deficient in both SP-A and mast cells (SP-A-/- KitW-sh/W-

sh) engrafted with TNF-α-/- or TNF receptor (TNF-R-/-) mast cells, I find that TNF-α 

activation of mast cells via the TNF-R and not mast cell derived TNF-α, leads to 

augmented AHR during M. pneumoniae infection.  Additionally, infected SP-A-/- KitW-sh/W-

sh mice engrafted with TNF-α-/- or TNF-R-/- mast cells have decreased mucus production 

compared to those engrafted with wild-type mast cells, while burden was unaffected.  

Together, these data help to further elucidate the role of cav-1 and SP-A in innate 

immunity and may lead to the development of more effective human therapies. 
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1. Introduction  

1.1 The structure of the lung and its challenges 

The structure of the lung is optimized to allow for efficient gas exchange.  Air 

enters the nose and mouth and passes through the pharynx and into the 

tracheobronchial tree. Once the air travels through these conducting airways it enters 

the alveoli, the sites of gas exchange.  It is estimated that the human lung has close to 

300 million alveoli, and each of these contacts numerous capillaries.  There may be as 

many as 280 billion capillaries, accounting for 50 to 100 square meters of area available 

for gas exchange.  In these alveolar capillary units, oxygen from the external 

environment is exchanged for the carbon dioxide produced as waste by the body by 

passive diffusion. 

The large upper airways are supported by collagen, arranged in semi-circles in 

the trachea, and in plates in the smaller bronchi.  The bronchi branch repeatedly within 

the lung, each generation having a smaller diameter.  However, because the number of 

branches also increases with each generation, the total cross-sectional area actually 

increases.  Once cartilage is no longer present, the airways are termed bronchioles.  

The epithelium of the airways is composed of ciliated cells interspersed with mucus-

secreting goblet cells.  In bronchioles, Clara cells replace the goblet cells.  Within the 

first sixteen generations of the airways, gas exchange does not occur, and it is therefore 

referred to as anatomic dead space.  However, these airways play an important role as 

the first line in respiratory host defense.  Before air even reaches the trachea, it has 

been filtered by the nose and pharynx such that particles of greater than 10 µm are 

rarely found.  Particles that do make it to the trachea encounter a mucus-covered ciliated 

epithelium.  The goblet cells produce a complex mixture of mucopolysaccharies, which 
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trap invading particles.  The cilia that line the airways beat in waves creating a 

“mucociliary escalator” which removes the materials trapped within the mucus up into 

the pharynx where they can be swallowed or expelled by coughing and sneezing. 

 The alveolar spaces consist of alveolar epithelial type I (type I) cells, alveolar 

epithelial type II (type II) cells, and alveolar macrophages (AMs).  Type I cells are thin 

squamous cells that form a single layer and comprise most of the alveolar surface.  

Cuboidal type II cells are interspersed among the type I cells.  The type II cell is 

responsible for producing, secreting, and recycling pulmonary surfactant, which forms a 

lipoprotein layer lining the alveoli.  The main function of surfactant, a mixture of lipids 

and proteins, is to reduce surface tension and prevent collapse of the lungs at the end of 

expiration, although it also plays a role in host defense. The AMs are found within this 

fluid layer where they play a key role as a sentinel of the innate immune system, 

efficiently phagocytizing inhaled pathogens and particulates. 

1.1.1 Lung mechanics 

 Air moves from a region of higher pressure to one of lower pressure.  Therefore, 

in order to move air into the lungs, the pressure must be lower inside the lung than it is in 

the atmosphere.  Normal inspiration occurs by negative-pressure breathing, where the 

alveolar pressure is lowered below that of atmospheric pressure.  The alveoli cannot 

expand on their own, and their elastic recoil tends decrease their volume.  Instead they 

are dependent on the contraction of the inspiratory muscles to create a pressure 

gradient between the alveolar spaces and the pleural spaces, the area between the lung 

and the chest wall.  As this pressure gradient increases, the alveoli begin to fill with air, 

and the alveolar pressure drops below atmospheric pressure, allowing air to flow into the 

lungs. 
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 One of the factors that must be overcome in order to move air into the lungs is 

the resistance of the airways to airflow.  The parameters that contribute to this resistance 

include the length of the system, the viscosity of the air flowing in, and the radius of the 

airways.  Because the length of the system and the viscosity of the air are essentially 

constant, the diameter of the airways is the main determinant of airway resistance.  The 

trachea and bronchi contribute about 90% of total airway resistance, because they have 

the smallest total cross-sectional area.  The diameter of these airways is generally fixed 

due to the presence of cartilage.  However, when mucus accumulates, resistance 

increases dramatically.  The smaller bronchioles are normally only minor contributors to 

airway resistance.  However, because they lack cartilage their diameter can decrease 

suddenly when bronchoconstrictors cause the contraction of airway smooth muscle 

(ASM).  Bronchoconstriction is a normal reflex present in the airways used to protect the 

lower respiratory system from inhaled particles.  However, when high levels of 

bronchoconstrictors are present, such as during allergic reactions when histamine is 

released, breathing becomes difficult.  Delivery of inhaled bronchoconstrictors to the 

lung is used clinically in order to measure airway resistance in humans.  The 

development of resistance measurements greater than normal is known as airway 

hyperresponsiveness (AHR). 

 The flexiVent system was developed as a precise way of measuring airway 

mechanics, including airway resistance, in rodents.  While the mouse is anesthetized 

and ventilated, the forced oscillation technique is used.  A defined waveform is 

introduced into the open airway during a pause in breathing, and pressure and volume 

are continuously recorded.  Based on these measurements, airway resistance can be 

calculated.  The advantages of this method are that as many variables as possible are 
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controlled, including breathing frequency, tidal volume, and mean lung volume, and the 

influence of the upper airways (nose, pharynx) has been eliminated (Bates and Irvin 

2003).  The development of this instrument has been crucial because it allows for the 

measurement of airway resistance, a clinically important component of lung disease, in 

laboratory animals. 

1.1.2 Microbial and particulate challenges 

The lung is one of the most exposed organs in the body, encountering 

pathogens, particulates, and allergens with each inhalation, and therefore must have a 

specialized immune system to deal with these challenges without damaging the delicate 

structure of the lung.  In the naso-oropharynx and large airway, filtration, sneezing, 

coughing, and mucociliary clearance protects the lung.  Any particles that escape these 

defenses and travel to the alveolar spaces meet with opsonins, complement, and 

specialized innate immune cells such as AMs.  

Endotoxins, microbial components recognized by the immune system, are found 

ubiquitously in the environment both as the main component of organic dusts as well as 

in particulate air pollution.  Lipopolysaccaride (LPS) is a main component of the outer 

membrane of gram-negative bacteria, and is the prototypical example of endotoxin.  

Endotoxins are generally recognized by toll like receptors (TLRs), pattern recognition 

receptors that recognize conserved motifs expressed by pathogens.  TLRs are found on 

epithelial cells and AMs in the lung, leading to cytokine production and inflammatory cell 

recruitment.  Specifically, LPS is an agonist of TLR4.  Poltorak et al. first showed the in 

vivo significance of this receptor.  They reported that mice with a naturally occurring 

protection from LPS-induced sepsis had a mutation in the TLR4 gene (Poltorak et al. 

1998). 
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Bacterial pathogens also present a significant challenge to the lung. Mycoplasma 

pneumoniae (Mp) is a member of the mollicute class of organisms and is well 

established as a human pathogen.  Mp is one of the smallest self-replicating organisms 

known, both in terms of its genome size and its physical dimensions.  It is an atypical 

bacteria, in that it does not synthesize a peptidoglycan cell wall.  It also lacks the 

machinery to make several essential compounds, and therefore is an obligate parasite 

and is never found free-living.  When Mp colonizes the lung it causes atypical or 

“walking” pneumonia.  Mp is thought of as an extracellular pathogen in vivo, causing 

disease by association with the respiratory epithelium, but not by entering host cells. Mp 

has a specialized attachment organelle that allows it to bind to host cells.  The protein 

P1 adhesin is the main protein expressed in this attachment tip.  The functional 

importance of P1 was shown in a hamster model of Mp infection where antibodies 

against P1 were able to block adherence to the epithelium (Krause and Baseman 1983).  

Mounting evidence suggests that Mp is an important factor in exacerbations of chronic 

lung diseases, including asthma.  Especially in children, clinical reports suggest that Mp 

infection is more common in asthmatics than in normal controls and that colonization 

with Mp can lead to acute asthma attacks (Kraft et al. 1998; Seggev et al. 1986).  In 

addition, treatment with antibiotics in these patients leads to improved lung function 

(Kraft et al. 2002).  The cytokines and mucus produced in response to Mp infection are 

thought to play a major role in these exacerbations.  One of the major ways that Mp is 

sensed by the immune system is by binding to TLR2.  A recent study has shown that 

TLR2 deficient mice have significantly increased burden of Mp in their airways and that 

reconstitution of TLR2 in the airway epithelium alone is sufficient to rescue this 

phenotype (Wu et al. 2011).   
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1.2 Innate immune cells of the lung 

1.2.1 Alveolar macrophages 

Resident alveolar macrophages (AMs) in the lung continuously encounter inhaled 

substances due to their position in the fluid lining of the alveoli.  In a non-inflamed lung, 

they constitute about 95% of the cells in the alveolar space.  They are normally kept in a 

quiescent state in order to avoid unnecessary damage to the type I and type II cells.  

They are more immunosuppressive than monocytes or macrophages found in other 

tissues.  They downregulate the expression of CD11b and produce very little 

inflammatory cytokines.  In addition, they may be able to tolerize antigen-specific T cells 

because they have reduced expression of the costimulatory molecules CD60 and CD86.  

However, AMs express a variety of receptors including TLRs, and can be quickly 

activated by invading pathogens when needed.  AMs are highly effective phagocytes 

and also contribute to innate immunity by secreting antimicrobial peptides and 

proteases, lysozyme, and a wide range of cytokines and chemokines.  These responses 

are crucial in initiating a stronger immune response and recruiting other cells to the lung 

including neutrophils and T cells, leading to an effective clearance of pathogens.  AMs 

are also important in resolving inflammation within the lung.  They phagocytose 

apoptotic neutrophils, preventing them from causing unwanted damage to the lung 

epithelium. 

Although the mechanism by which AMs exert their suppressive effect is not 

entirely known, it appears to be species specific.  In rodents, AMs suppress T cell 

proliferation mainly by production of nitric oxide (NO), while in humans AMs mediate T 

cell suppression by cell-to-cell contact mechanisms and secretion of immunosuppressive 
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soluble factors.  The AM is a key cell in innate immunity in the lung because it is an 

effective phagocyte that serves as a sentinel in the alveolar space but also tends to 

suppress the immune response to innocuous antigens in order to limit damage to the 

gas exchanging epithelium. 

1.2.2 Dendritic cells 

It has been estimated that AMs are capable of handling a load of up to 109 

intratracheally instilled bacteria before the pathogens encounter the other sentinel of the 

alveolar space, the dendritic cell (DC) (MacLean et al. 1996).  DCs are professional 

antigen presenting cells that bridge the innate and adaptive immune responses.  In the 

alveoli, they are located just below the thin epithelium where they form tight junctions 

with Type I and Type II cells and reach out processes to “sample” the air spaces.  They 

express all of the receptors of the innate immune system, including TLRs, and are also 

able to effectively engulf and process antigen in order to present it on major 

histocompatability complex I and II.  After being activated, these cells traffic to the 

mediastinal lymph node, the draining lymph node of the lungs, and upregulate their 

expression of T cell co-stimulatory molecules.  There, they can present these antigen 

peptides to T cells and initiate a T helper (Th) cell response.  DCs are crucial in 

determining which Th subset naïve T cells are driven towards.  Th1 responses are 

important in clearing bacteria, while Th2 develops in response to parasites and Th17 

cells are important in antifungal immunity.  DCs are critical in providing a second line of 

innate defense in the lung and are able to initiate a robust adaptive response when 

needed. 
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1.2.3 Mast cells 

Mast cells (MCs) are highly granular immune cells that reside in all tissues 

exposed to the environment and were originally identified for their intricate involvement 

in allergic responses.  More recently, MCs have been described as sentinels of the 

innate immune system during bacterial infections and are found at sites of the body that 

contact the external environment.  In the lung, they are strategically placed just under 

the epithelium of the large airway, in close proximity to blood vessels and nerves.  This 

allows them to interact with invading pathogens and pass signals along to the 

vasculature, which enables recruitment of inflammatory cells and controls permeability.  

MCs can release pre-stored mediators associated with their granules, meaning they are 

often the first cells able to respond to a foreign stimulus.  The granules are composed of 

heparin, histamine, serotonin, proteases, and cytokines such as TNF-α.  In addition to 

these pre-stored mediators, MCs can also produce newly generated lipid mediators, 

such as leukotrienes, and a wide range of cytokines and chemokines.  On an individual 

cell basis, the amount of mediators produced by MCs exceeds that produced by more 

traditional immune cells like macrophages.  Taken together, these data highlight the 

effectiveness of the MC as an innate immune responder to invading pathogens. 

Although MCs have the ability to produce a wide range of mediators, their 

responses are often very stimulus specific.  They express almost all of the TLRs and 

CD48, the receptor for FimH, the adhesin expressed by Escherichia coli.  Engagement 

of these receptors leads to release of only certain mediators, meaning that although 

MCs activate a potent immune response, it is also specific.  In addition, MCs express the 

receptors for a variety of cytokines and lipid mediators, and can respond by producing 

more cytokines, possibly even in an autocrine fashion. 
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Two mouse models of MC deficiency are used commonly in the literature.  Both 

the W/Wv and the KitW-sh/W-sh mouse contain spontaneous mutations rendering them 

devoid of MCs in all tissues.  These mice have been vital in establishing the in vivo 

importance of MCs during lung disease and infection.  MC deficient mice have been 

shown to be more susceptible to Klebsiella pneumoniae infection, but protected from 

pathogenic responses to particulates (Jin et al. 2011; Sutherland et al. 2008).  Although 

originally overlooked, the MC is now recognized as a key player in the innate immune 

response in the lung. 

In order to deal with the immune challenges presented to the lung, it has 

developed a specialized immune system.  Mucociliary clearance is the first line of 

defense.  In order to deal with pathogens and particulates that are small enough to enter 

the alveolar spaces, a specialized set of immune cells exist.  In addition, a variety of host 

proteins are important in aiding the immune cells in the lung in responding to and 

clearing these particulates.  Two such proteins, one structural and one secreted, are 

discussed below. 

 

1.3 Lipid rafts, caveolae, and caveolin-1 

The plasma membrane of the cell consists of a lipid bilayer with embedded 

proteins.  The fluid mosaic model of the membrane describes the structure as a bilayer 

of phospholipids with proteins evenly dispersed.  However, there are areas of the 

membrane that are enriched in proteins that provide them with more structure.  Lipid 

rafts are one of these specialized membrane microdomains which are enriched in 

glycosphingolipids, glycophosphatidylinositol (GPI)-anchored proteins, and cholesterol.   
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Caveolae are a specialized subset of lipid rafts that usually form 50-100 nm 

invaginations at the cell membrane that are flask shaped or “cave-like”. In addition, they 

may also be flat or tubular.  They are found on almost all differentiated cell types and are 

well described on endothelial cells, adipocytes, epithelial cells including type I cells  

of the lung, and striated and smooth muscle cells.  Many cell types within the lung have 

large numbers of caveolae on their cell surfaces but their functions within the lung are 

not well understood.  Additionally, caveolae are found on immune cells such as AMs, 

DCs, and lymphocytes, which are recruited to the lung.  Caveolae are composed of 

glycosphingolipis, GPI-anchored proteins, and cholesterol similar to lipid rafts, but 

additionally contain the membrane protein caveolin-1 (cav-1) (Figure 1.1). 

Classical roles described for caveolae include cholesterol metabolism and 

various types of transport.  Transcytosis, the movement of macromolecules across the 

cell, has been linked to caveolae.  Albumin and insulin were both shown to be 

transported via this process in endothelial cells (Schnitzer et al. 1994).  Ligands, such as 

cholesterol, are encapsulated in caveoale and translocated directly to the endoplasmic 

reticulum (ER), or to the nucleus, as is the case for various hormones.  Potocytosis is 

the receptor mediated internalization of ions and small molecules via caveolae 

(Anderson et al. 1992).  The study of the internalization of folate helped to elucidate this 

process.  Folate receptors are GPI-anchored and found within caveolae.  Folate 

concentrations are increased as it binds the receptors and caveolae close off from the 

extracellular space.  This increased concentration favors the movement of the folate into 

the cell using an anion carrier.  Once folate is internalized, it is released into the 

cytoplasm (Ritter et al. 1995).  
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Figure 1.1: Structure of caveolae.  

Caveolae form at areas of the membrane enriched in sphingolipids and cholesterol.  
Caveolin-1, which forms a coat on the intracellular side of the membrane, is the marker 
protein of caveolae that distinguishes them from lipid rafts. 



 

 12 

1.3.1 Caveolae in signaling and microbial pathogenesis 

More recently a role for caveolae in signal transduction has emerged.  

Sargiacomo and colleagues were the first to identify signaling proteins within caveolae 

(Sargiacomo et al. 1993).  After their report that G proteins and c-Yes (p62) are localized 

to caveolae, other signaling proteins were found to reside there including, src family 

kinases and GTPases such as Ras and RhoA among others (Gingras et al. 1998; Liu et 

al. 1996; Mineo et al. 1996; Okamoto et al. 1998; Parolini et al. 1996).  In addition, 

numerous membrane bound receptors reside within cavaeolae or are recruited there 

after engagement of the receptor by its ligand including the epidermal growth factor 

receptor, the platelet-derived growth factor receptor, and the insulin receptor (Liu et al. 

1996; Mineo et al. 1996; Yamamoto et al. 1998).  Several receptors important in the 

immune response including TLR2, TLR4, and the TNF receptor (TNF-R) are also 

localized there (D'Alessio et al. 2005; Soong et al. 2004; Wang et al. 2009).  These 

findings support a model in which caveolae act as signaling platforms in the cell where 

they are able to compartmentalize receptors and their downstream signaling proteins 

leading to more rapid and effective activation of the pathway. 

For a pathogen, it is attractive to enter a host cell in order to avoid the immune 

response and/or in order to replicate.  The endosomal/lysosomal fusion pathway 

presents a significant hurdle for the pathogen, and so many have evolved mechanisms 

in order to avoid degradation while still being internalized.  One such mechanism is entry 

via caveolae.  It is known that various pathogens can co-opt caveolae for more efficient 

entry into host cells.  This method is attractive to the pathogen because it avoids the 

endosomal/lysosomal pathway completely.  Until a report by Anderson et al., viral entry 

was generally thought to be initiated by fusion of the virion with the cell membrane or 
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through clathrin coated pits.  This study showed that simian virus 40 (SV40) enters host 

cells via caveolae and transits to the ER via an organelle they termed the ‘caveosome’ 

(Anderson et al. 1996) although later it was shown that SV40 can also enter the cell 

through a clathrin and caveolae independent pathway (Damm et al. 2005).  FimH-

expressing E. coli was shown to bind CD48 within caveolae leading to entry into MCs 

(Shin et al. 2000).  Parasites, such as Toxoplasma gondii actively penetrate the host cell 

membrane at caveolae (Mordue et al. 1999).  Although it seems implausible that such a 

wide range of microbes would use the same method of entry, the hypothesis is that each 

pathogen binds its cognate receptor, which either resides in or is then recruited to 

caveolae, initiating the endocytic pathway. 

1.3.2 Caveolin proteins 

 Cav-1 is a 22 kd integral membrane protein found specifically within caveolae 

and is required for their formation. Both the N and C termini of cav-1 face the cytoplasm 

and it forms homodimers at the cell membrane.  In the ER, groups of 14-16 cav-1 

monomers form.  These homo-oligomers interact with the glycosphingolipids and 

cholesterol at the cell membrane to form clusters that are 25-50 nm in diameter.  It is 

hypothesized that this self-assembly of cav-1 is responsible for the cave-like shape of 

the caveolae vesicles. 

Cav-1 itself has been identified as a signal transduction protein. Cav-1 contains a 

caveolin scaffolding domain (CSD) that binds to the caveolin-binding motif (CBM) of 

target proteins and the phosphorylation of tyrosine 14 on cav-1 may play a role in 

activation during signaling.  To date, cav-1 has been linked with various signaling 

pathways including many G proteins, cellular receptors, and kinases. 
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 Among the receptors that cav-1 regulates are TLRs.  Previous data have shown 

that cav-1 regulates TLR4, which recognizes LPS, a main component of the outer 

membrane of gram negative bacteria and TLR2 which binds to gram positive bacteria 

and fungi.  Additionally, cav-1 associates with endothelial nitric oxide synthase (eNOS) 

and inducible nitric oxide synthase (iNOS), down-regulating the production of NO (Bucci 

et al. 2000; Garcia-Cardena et al. 1997), and members of the Janus kinase signal 

transducer and activator of transcription (JAK-STAT) family, which are important in the 

production of proinflammatory cytokines. 

The development of the cav-1 deficient mouse has been vital in further 

characterizing the in vivo functions of cav-1.  The cav-1 null mouse is reported to be 

lacking all visible caveolae from all tissues and cell types that normally express cav-1, 

demonstrating the requirement for cav-1 in the formation of caveolae.  Several abnormal 

phenotypes were observed in the cav-1 null mouse including lung hypercellularity and 

thickened alveolar septa, pulmonary hypertension (PH) and fibrosis, abnormal 

vasoconstriction and vasorelaxation, and a reduction in life span (Razani et al. 2001).  

Some of these baseline phenotypes, including PH, are directly related to the increased 

NO production in these mice.  As mentioned above, cav-1 binds eNOS and decreases 

NO synthesis by this enzyme.  When cav-1 is absent, eNOS is hyperactive.  Zhao et al. 

elegantly demonstrated that by removing eNOS from the cav-1 mouse by creating a cav-

1-/- eNOS-/- mouse they could reduce NO production and subsequently inhibit the 

development of PH (Zhao et al. 2009).  Careful examination of the lung mechanics of the 

untreated cav-1-/- mouse revealed decreased compliance and increased resistance and 

elastance.  These phenotypes were linked to increased collagen deposition, increased 

albumin in the bronchoalveolar lavage (BAL) fluid, and increased numbers of elastic 
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fibers in the lung (Le Saux et al. 2008).  The cav-1 deficient mouse has been key in 

elucidating the role of caveolae and cav-1 in host defense.  Various studies have 

investigated the response of cav-1-/- mice to a wide range of pathogens. The cav-1-/- 

mouse is more susceptible to Salmonella enterica infection and emphysema (Chen et al. 

2010; Medina et al. 2006).  However, it is protected from Psuedomonas aeruginosa and 

hyperoxia (Jin et al. 2008; Zaas et al. 2009).  In addition, Wang et al. studied the effects 

of overexpression of cav-1 on the development of pulmonary fibrosis.  They report that 

delivery of cav-1 by adenovirus leads to decreased fibrosis and transforming growth 

factor β production in the lung (Wang et al. 2006b).  The cav-1-/- mouse has been shown 

to be protected from LPS induced sepsis through overproduction of NO by eNOS 

(Garrean et al. 2006).  Because cav-1 deficient mice are devoid of caveolae, the results 

of many of these studies illustrate the role of caveolae in uptake of the pathogen.  In 

addition, however, the role of cav-1 as a signaling protein leads to differential 

inflammatory and immune cell activation in the cav-1-/- mice. 

Cav-1 is a member of the caveolin family, which also includes cav-2 and -3.  

Cav-3 is muscle specific and has been associated with several skeletal and cardiac 

muscular disorders (Gazzerro et al. 2011).  Cav-2 is co-expressed with cav-1 but is the 

most divergent of the gene family, sharing only 50% homology with cav-1.  Cav-1 and -2 

form a hetero-oligomeric complex at the cell surface.  Cav-2 requires cav-1 for transport 

to the cell surface.  In the absence of cav-1, cav-2 remains in the cytoplasm and is 

degraded (Li et al. 1998).  Although cav-2 has been generally understudied, it can also 

act as a signaling protein, and there is evidence to suggest that some of the functions of 

cav-1 and the phenotypes of the cav-1-/- mice are actually attributable to cav-2, rather 

than cav-1 (Webley et al. 2004; Zaas et al. 2005; Zaas et al. 2009). 
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1.3.3 Caveolin-1 polymorphisms 

Polymorphisms in the cav-1 gene were originally observed in breast cancer.  

Cav-1 is a protein of interest in the cancer biology field because of its association with 

growth factor receptors and their downstream signaling proteins (Galbiati et al. 2001).  

Cav-1 downregulates cell proliferation, and therefore constitutes a tumor suppressor.  

Inactivating mutants of cav-1 have been linked with breast cancer tumors and oral 

squamous cell carcinomas (Han et al. 2004; Hayashi et al. 2001).  In addition, several 

diseases have been associated with single nucleotide polymorphisms (SNPs) in non-

coding regions of cav-1 including multiple sclerosis and prostate and colorectal cancer 

(Conde et al. 2006; Haeusler et al. 2005; Zarif Yeganeh et al. 2009). 

 

1.4 Surfactant proteins 

One of the main functions of the type II cell is to synthesize, secrete, and recycle 

surfactant.  Surfactant is a lipoprotein complex that mainly functions to reduce surface 

tension at the air-liquid interface of the lung, thereby preventing pneuomothorax.  

Following a stimulus such as a deep inhalation, the lamellar body, a specialize organelle 

of the type II cell, secretes a thin layer of surfactant to cover the alveolar epithelium.  

There, it forms an intricate meshwork known as tubular myelin.  In the large airways, 

surfactant is produced by clara cells and submucosal cells.  Some premature infants 

born before the surfactant producing machinery is fully functional develop infant 

respiratory distress syndrome, characterized by difficulty breathing that may progress to 

respiratory failure.  In 1990, the first surfactant replacement therapies were approved to 

treat this disorder and have greatly reduced the mortality associated with it.   
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Ninety percent of surfactant is composed of lipids, mainly 

dipalmitoylphosphatidylcholine.  The other ten percent is comprised of proteins that 

include the surfactant-associated proteins A, B, C, and D (SP-A, B, C, D).  SP-B and SP-

C are small and hydrophobic and mainly function in the surface tension reducing 

properties of surfactant.  They are tightly associated with the lipids and therefore are 

considered to be inaccessible to immune cells.  One study using SP-C identified that it 

can bind to bacterial LPS in a non-calcium dependent manner (Augusto et al. 2001).  

The SP-B deficient mouse dies of respiratory failure at birth; however, the SP-C deficient 

mouse lives to adulthood despite the development of severe pneumonitis and 

emphysema when maintained on certain genetic backgrounds (Clark et al. 1995; 

Glasser et al. 2001; Glasser et al. 2003).  More recent studies with the SP-C-/- mouse 

revealed its increased susceptibility to lung diseases and disorders such as Respiratory 

Syncytial Virus, P. aeruginosa infection, and pulmonary fibrosis (Glasser et al. 2008; 

Glasser et al. 2009; Lawson et al. 2005).  Development of a mouse with the expression 

of SP-B under the control of the doxycyline promoter revealed that SP-B plays a role in 

reducing lung inflammation in the adult mouse (Ikegami et al. 2005). 

SP-A and SP-D are both large, hydrophilic glycoproteins that are members of the 

collectin family of proteins and are known to have a variety of immune functions in the 

lung.  Collectins are soluble pattern recognition receptors distinguished by (N)-terminal 

collagen-like regions and carboxy-terminal domains with C-type lectin activity. In 

humans, mannose-binding lectin (MBL) is a serum collectin closely related to SP-A and 

SP-D.  The genes that encode these proteins are found on the long arm of chromosome 

10.  Their primary structure is between 26 and 43 kDa and contains a collagenous 

domain that varies greatly in length between the proteins and is found N-terminal to the 
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α-helical coiled-coil neck region.  The N-terminal non-collagenous domain lends stability 

to the protein due to its disulphide-bonding pattern and is important in oligomerization.  

These monomers form trimers which multimerize to form complex structures.  SP-A is an 

octadecamer (18-mer) that forms a bouquet-like structure while SP-D forms a cruciform 

dodecamer (12-mer) (Figure 1.2).  MBL forms an octadecamer bouquet similar to SP-A 

and both resemble the structure of the first component of the complement cascade, C1q, 

which lacks the lectin domain. 

1.4.1 Surfactant proteins in innate immunity 

The C-type lectin domain of the collectins is also known as the carbohydrate 

recognition domain (CRD), which binds to the complex carbohydrates found on various 

microorganisms in a calcium dependent manner.  The CRD has a low affinity for 

monosaccharides but tends to bind oligosaccharides with high affinity.  SP-A and SP-D 

have both distinct and common carbohydrate binding preferences.  Both bind strongly to 

mannose and glucose but poorly to galactose.  SP-D binds preferentially to inositol and 

glucose while SP-A prefers N-acteylmannosamine and L-fructose.  The main 

consequence of the binding of pathogens to the CRD is opsonization.  Although it is not 

known why SP-A and SP-D bind with different affinities to certain sugars, it is thought 

that they prefer clustered oligosaccarides as a mechanism of recognizing self versus 

non-self antigens.  Most carbohydrates in animals are terminated by sugars like 

galactose or sialic acid, which are poorly recognized by the collectins. 

One area of interest in surfactant protein research focuses on identifying 

receptors for these proteins on cells.  However, the identities of these receptors have 

remained elusive, at least in part due to the “stickiness” of both SP-A and SP-D, making 

it difficult to identify true specific binding to a cell.  However, to date several receptors 
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Figure 1.2: Structure of SP-A and SP-D. 

A) The trimeric collectin subunit of SP-A and SP-D.  B)  Following oligomerization, SP-A 
forms an octadecamer and SP-D forms a dodecamer. 
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have been described.  The C1q receptors including C1qR and calreticulin have been 

shown to bind SP-A and SP-D.  Chroneos et al. identified a novel receptor for SP-A, SP-

R210 which was later identified as MyoXVIIIA (Chroneos et al. 1996; Yang et al. 2005).  

Antibodies against this receptor block several key SP-A mediated functions.  A landmark 

paper described signal-inhibitory regulatory protein-α (SIRP-α) as a receptor for both 

SP-A and SP-D (Gardai et al. 2003).  In addition to demonstrating the binding of SP-A 

and SP-D to SIRP-α, this study also established the distinct effects of the binding via the 

head (CRD) or tail (collagen domain) region of the collectin.  Using collagen domain 

deletion mutants of SP-A and SP-D led to suppression of cytokine production following 

LPS stimulation in macrophages.  In addition, these mutants were found to bind SIRP-α 

expressing cells, indicating that the collagen domains interact with SIRP-α leading to 

suppression of inflammation.  This same study also identified that the tail domains of SP-

A and SP-D bound to a separate cell surface receptor, calreticulin, on macrophages 

when the head domains were engaged by natural ligands such as apoptotic cells.  The 

consequence of this binding orientation was increased proinflammatory cytokine 

production.  These data led to the hypothesis that SP-A and SP-D can help to maintain 

the non-inflamed state of the lung environment by binding to SIRP-α through the 

globular head domain, but can help to enhance the immune response during 

inflammation when the CRD is engaged by a pathogen or damaged cells via binding of 

the tail to calreticulin. 

SP-A and SP-D have also been shown to interact with receptors of the innate 

immune system, including TLRs.  SP-A binds directly to TLR2 and induces activation of 

TLR4 in the absence of any other stimuli (Guillot et al. 2002; Murakami et al. 2002).  SP-

A has also been shown to regulate LPS responses through other mechanisms.  SP-A 
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interacts with CD14, one of the major LPS receptors, and with LPS itself (Sano et al. 

1999; Van Iwaarden et al. 1994).  Sano and colleagues showed that purified human SP-

A interacts with rough LPS, but not smooth LPS, specifically via the lipid A moiety.  

Through a series of in vitro experiments they found that the collagenase-resistant 

fragment (CRF) of SP-A (which consists of the CRD plus the neck region) binds to rough 

LPS.  Interestingly, however they reported that the production of TNF-α by monocytes in 

response to smooth LPS was inhibited by addition of SP-A while cells stimulated with 

rough LPS were not affected by the presence of SP-A.  This led the authors to 

investigate if SP-A can also bind to monocytes.  They reported that human SP-A does 

indeed bind to cells through CD14, one of the receptors for LPS.  Preincubation of 

soluble CD14 with SP-A reduced binding of CD14 to smooth LPS, while it enhanced the 

binding to rough LPS, leading to the conclusion that the effects of SP-A on LPS 

stimulation are likely mediated mainly by the binding of SP-A to CD14 which 

consequently affects the ability of LPS to interact with CD14. 

In addition to interacting with TLRs, SP-A and SP-D also have other effects on 

the innate immune system.  Both have been shown to enhance the uptake of particles 

and pathogens by mechanisms including opsonization of pathogens, functioning as 

activation ligands, and regulating receptor expression on the cell surface.  Opsonization 

generally occurs by binding of the CRD of SP-A or SP-D to the pathogen.  A variety of 

pathogens have been shown to bind both SP-A and SP-D including fungal pathogens 

like Cyptococcus neoformans and Aspergillus fumigatus, bacteria such as E. coli and P. 

aeruginosa, viruses including Influenza A and Respiratory Syncytial Virus, and allergens 

such as pollen starch granules.  This leads to aggregation of the pathogens, making 

uptake more efficient on its own.  In addition, the collectin can act as an activation ligand 
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for immune cells like macrophages, neutrophils, and DCs, leading to an additional 

increase in phagocytosis. 

In addition to phagocytosis, collectins also regulate inflammatory mediator 

production, clearance of apoptotic cells and DNA, and can kill pathogens by direct lysis.  

As discussed above, production of a variety of cytokines can be influenced by the 

surfactant proteins.  In addition, SP-A has been shown to decrease NO production in 

response to LPS, but enhance its production following interferon-γ treatment in vitro 

(Stamme et al. 2000).  One of the mechanisms of timely clearance of the inflammatory 

response is phagocytosis of apoptotic cells.  SP-A has been shown to aid in this 

process.  Apoptotic neutrophil engulfment by macrophages was increased in the 

presence of SP-A (Schagat et al. 2001).  Finally, SP-A and SP-D contribute to innate 

host defense by direct microbial killing.  Both have been shown to inhibit the growth of 

several strains of E. coli, K. pneumoniae, and Enterobacter aerogenes by increasing 

membrane permeability (Wu et al. 2003).  Taken together, these studies illustrate a 

crucial role for SP-A and SP-D in regulating innate immune responses in the lung. 

Development of the SP-A and SP-D deficient mice (SP-A-/- and SP-D-/-) have led 

to a better understanding of the role of these proteins in the whole organism during lung 

disease.  In SP-A null mice, the structure of type II cells and the composition and surface 

tension remain unchanged, but tubular myelin structure is missing (Korfhagen et al. 

1996).  SP-A-/- mice have no baseline phenotype when unchallenged and respond 

normally to exercise and hyperoxia (Ikegami et al. 2000), while the SP-D-/- mouse 

accumulates lipids and proteins in the air-spaces (Korfhagen et al. 1998).  In addition, 

loss of SP-D in these mice leads to increased metalloproteinase production, which then 

causes the formation of foamy AMs and an emphysematous phenotype (Wert et al. 
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2000).  This phenotype has also been linked to over-production of NO by iNOS.  Chronic 

inhibition of the activity of this enzyme, reverses many of the abnormalities of the SP-D-/- 

mouse (Atochina-Vasserman et al. 2007).  More recently, a mouse was developed in 

which the SP-D gene is placed under the control of the doxycyline promoter (Zhang et 

al. 2002).  The lungs of this transgenic mouse develop normally while raised on 

doxycyline.  Once the drug is withdrawn later in life, the SP-D protein is removed and the 

mouse can be studied before the onset of the complicating phenotypes.  LeVine and 

colleagues first reported that SP-A-/- mice were more susceptible to group B 

streptococcus (LeVine et al. 1997).  Since then, these mice have been challenged with a 

wide range of pathogens, as well as studied in non-infectious lung injury models.  In 

general, surfactant deficient mice are more susceptible to infection and lung disease, 

although some exceptions have been found.   

1.4.2 Human variation in the expression of SP-A and SP-D 

An area of current interest in the surfactant literature is the exploration of the 

ways in which the expression level and function are controlled at the genetic level.  

Studies have identified gene polymorphisms, differences in expression levels, and 

alterations in DNA methylation status among others as ways of fine-tuning the amount of 

surfactant protein found within the lung and the way in which it behaves in innate 

immunity.  Humans have two genes which encode SP-A, namely SP-A1 and SP-A2, 

while SP-D is comprised of only a single gene locus.  Analysis of SP-A recovered from 

the BAL revealed that there is twice as much SP-A1 as SP-A2, suggesting that the 

trimers are composed of two monomers of SP-A1 and one of SP-A2 (see Figure 1.2). 

Although more than thirty genetic variants of each of the SP-A genes have been 

identified, only four SP-A1 alleles and six SP-A2 alleles are found in greater than one 
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percent of the population (DiAngelo et al. 1999).  Floros and colleagues identified an 

association between SP-A alleles and susceptibility to Mycobacterium tuberculosis 

infection (Floros et al. 2000).  They report alleles that are associated with protection and 

other alleles that lead to increased susceptibility to infection.  The same group identified 

SP-A/D polymorphism combinations that were protective against respiratory distress 

syndrome (Thomas et al. 2007).  Additionally, increased risk of the development of 

bronchopulmonary dysplasia in ventilated premature infants was associated with certain 

alleles of SP-B while two alleles of SP-A and –D were protective (Pavlovic et al. 2006).  

Genetic variants have also been linked to susceptibility to idiopathic pulmonary fibrosis 

and chronic obstructive pulmonary disease among others (Seifart et al. 2002; Selman et 

al. 2003).  An association between a variant of SP-A2 and the development of allergic 

rhinitis was observed in a Chinese cohort (Deng et al. 2011).  IgE levels and eosinophilia 

during aspergillosis was also observed to correlate with a variant in the collagen region 

of SP-A2 (Saxena et al. 2003). 

Not only are the variants associated with a variety of lung diseases, their activity 

has been shown to be altered in in vitro assays.  Wang and colleagues first reported that 

the SP-A gene products (SP-A1 or -A2) expressed alone are functional and can have 

distinct effects (Wang et al. 2000).  They showed that both SP-A1 and –A2 when 

produced as a single-gene product could stimulate TNF-α production by THP-1 cells and 

that certain combinations of alleles were more effective than others. Normal human SP-

A enhances the phagocytosis of P. aeruginosa by AMs.  Studies performed with the 

variants of SP-A produced by Chinese Hamster Ovary cells demonstrated that variants 

of SP-A2 enhanced phagocytosis to a greater extent than SP-A1 variants (Mikerov et al. 

2007).  Development of transgenic mice expressing variants of SP-A1 and SP-A2 
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revealed that tubular myelin formation is altered when only SP-A1 or SP-A2 is expressed 

(Wang et al. 2010).  In addition, BAL samples from human patients with differing ratios of 

SP-A1/SP-A revealed a similar finding.  Further exploration of these mice and the 

creation of a transgenic mouse expressing the “normal” human SP-A1 and –A2 will help 

elucidate the role of these altered proteins during lung infection and disease in vivo. 

Regulation of the surfactant proteins at the level of DNA methylation status has 

also been explored.  Lin et al. investigated the association between two types of lung 

cancer and the methylation status at eleven different CpG sites within the genes for SP-

A1, -B, -C, and –D (Lin et al. 2007).  They reported that two sites within SP-A1 and two 

sites within SP-D are hypermethylated in adenocarcinoma and squamous cell 

carcinoma.  They also found that SP-A1 and SP-D were expressed at a higher level in 

normal lung tissue from these patients than in the cancerous tissue, which suggests that 

methylation may reduce the gene expression of these transcripts. 

Posttranslational modifications of SP-A and SP-D have also been shown to affect 

their function.  Because surfactant lines the surface of the lung, it is likely to be the first 

target of reactive oxygen and nitrogen species.  Oosting and colleagues first reported 

that exposure of SP-A to ozone can affect its structure and function (Oosting et al. 

1991).   Ozone exposure caused oxidation of tryptophan and methionine residues and 

disrupted the ability of SP-A to self-aggregate, aggregate lipid vesicles, and bind 

mannose.  More recently it has been shown that oxidized SP-A causes increased 

cytokine production by THP-1 cells and decreases its ability to promote phagocytosis 

(Mikerov et al. 2008; Wang et al. 2002).  There are two cysteine residues within the N 

terminus of SP-D and these have been shown to be targets of S-nitrosylation (Ginhoux 

et al.).  Formation of the SNO-SP-D disrupts the multimeric structure of the protein, is 
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chemoattractant for macrophages, and is found in vivo following mouse exposure to 

bleomycin (Guo et al. 2008). 

In addition, under certain disease states serum and BAL levels of SP-A and SP-

D have been shown to be altered.  The amount of the surfactant proteins found within 

the BAL of a large cohort of cystic fibrosis patients was studied and revealed that SP-A 

and SP-D levels tend to decrease (Griese et al. 2004; Postle et al. 1999).  It is 

hypothesized that the reduced amounts of SP-A and SP-D may play a role in the 

decreased ability of these patients to clear lung infections.  A recent study has 

suggested that the ratio of SP-A1 to SP-A2 may be altered by age and disease state.  A 

gradual decline in the SP-A1/SP-A ratio was observed with age, and also in cystic 

fibrosis patients compared to controls and tended to be higher in samples that were 

culture positive versus culture negative (Tagaram et al. 2007).  Additionally, the SP-A1 

to total SP-A ratio is increased in asthmatics (Wang et al. 2011).  Taken together, these 

data illustrate the numerous ways in which the expression and function of the surfactant 

proteins can be regulated and indicate that their tight regulation is critical in controlling 

immune functions.  It also raises the possibility that altered expression patterns of the 

surfactant proteins may be used as an indicator of susceptibility to the development of 

certain lung diseases. 

 

1.5 Hypothesis 

Previous studies have shown that cav-1 and SP-A both play a role in innate host 

defense in the lung.  Cav-1 is known to be involved in the uptake of pathogens and in 

the orchestration of a variety of signaling responses.  SP-A can aggregate microbes and 

particulates and lead to more efficient activation of the immune response.  However, less 
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is known about the specific mechanisms by which cav-1 and SP-A affect host responses 

such as the development of airway inflammation, hyperreactivity, and the function of 

specific immune cells of the lung.  The hypothesis tested in this thesis is that 

endogenous secreted and structural factors, such as SP-A and cav-1, modulate 

inflammation and AHR induced by TLR agonists in the lung.   
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2. Methods 

2.1 Animals 

The cav-1 null mouse (Cav1tm1Mls/J – cav-1-/-) and its matched wild-type control 

(B6129SF2/J - WT) were purchased from Jackson Laboratories.  Heterozygotes were 

obtained by crossing the cav-1-/- and WT mouse.  These heterozygotes were then bred 

to obtain littermate WT and cav-1-/- mice. 

SP-A-/- mice on the C57BL/6 background were crossed with KitW-sh/W-sh MC 

deficient mice (The Jackson Laboratory, 005051), also on a C57BL/6 background, to 

create SP-A-/- KitW-sh/W-sh double-knockout mice. WT C57BL/6 mice were bred in house to 

account for environmental conditions. TNF−α-/- (005540) and TNF-R-/- (003242) mice 

were also purchased from The Jackson Laboratory. 

All mice were age (8–12 wk) and sex matched.  Mice were housed and bred in 

pathogen-free facilities at Duke University and handled according to approved 

Institutional Animal Care and Use Committee protocols. 

 

2.2 Mouse genotyping 

All mice resulting from crosses of cav-1 heterozygote breeding pairs were 

genotyped from cut toes prior to weaning to distinguish cav-1-/-, cav-1+/-, and cav-1+/+ 

littermates. 

During the cross of KitW-sh/W-sh mice with SP-A-/- mice, genotypes were determined 

based on coat color for Kit (KitW-sh/W-sh mice are white, KitWT/W-sh mice are black and white 

(Figure 2.1), and KitWT/WT mice are black) and by polymerase chain reaction (PCR) 

genotyping for SP-A.  Primer sequences are found in Table 2.1. 
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Figure 2.1: KitWt/Wsh mice. 

Coat color of mice heterozygous for the Kit locus. 
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Table 2.1: Primer sequences. 

Primer Name Species Sequence 
 

Application 

Cav-1 common 
Reverse 

Mouse CTC TGC CAA GGA CAG CTC GAG 
TCC AGG AT 

Genotyping 

Cav-1 WT 
Forward 

Mouse TGA CGC GCA CAC CAA GGA GAT 
TGA CC 

Genotyping 

Cav-1 KO 
Forward 

Mouse CAC GAG ACT AGT GA GAC GTG 
CTA CTT CC 

Genotyping 

SP-A WT 
Forward 

Mouse ATC AGT AGC CAC GAT GCT TG 
 

Genotyping 

SP-A WT 
Reverse 

Mouse GCA ATG GGA CAG AAG TTT GTG Genotyping 

SP-A KO 
Forward 

Mouse TTT TGT CAA GAC CGA CCT GTC 
C 

Genotyping 

SP-A KO 
Reverse 

Mouse AAC TCG TCA AGA AGG CGA TAG 
AAG 

Genotyping 

TNF-α Forward Mouse CAT CTT CTC AAA ATT CGA GTG 
ACA A 

Real-time PCR 

TNF-α Reverse Mouse TGG GAG TAG ACA AGG TAC AAC 
CC 

Real-time PCR 

iNOS Forward Mouse AGC AAC TAC TGC TGG TGG TG Real-time PCR 
iNOS Reverse Mouse TCT TCA GAG TCT GCC CAT TG Real-time PCR 
Mp P1-adhesin 
Forward 

Mp CGC CGC AAA GAT GAA TGA C Real-time PCR 

Mp P1-adhesin 
Reverse 

Mp TGT CCT TCC CCA TCT AAC AGT 
TC 

Real-time PCR 

Cyclophilin 
Forward 

Mouse AGC ACT GGA GAG AAA GGA TTT 
GG 

Real-time PCR 

Cyclophilin 
Reverse 

Mouse TCT TCT TGC TGG CAT T Real-time PCR 

β-actin Forward Mouse GAT TAC TGC TCT GGC TCC TAG 
C 

Real-time PCR 

β-actin Forward Mouse GAC TCA TCG TAC TCC TGC TTG 
C 

Real-time PCR 
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2.3 LPS aerosol exposure 

Smooth LPS (0111:B4 from Sigma) stock containing 5 x 105 endotoxin units per 

mg was purchased as a lyophilized powder.  Immediately before use the LPS was 

diluted in phosphate buffered saline (PBS, Invitrogen) to 0.07 mg/mL and vortexed for 15 

minutes.  Mice were placed in individual compartments within a stainless steel wire-cage 

exposure rack that sits inside a 60 L Hinner-style chamber and exposed to aerosolized 

LPS or PBS (sham) for 1.5 hours using a Collison 6-Jet Nebulizer (BGI Instruments).  

The concentrations of endotoxin generated in these experiments were approximately 40-

80 µg/m3 as measured by limulus amebocyte lysate assay (BioWhittaker).  Necropsy 

was performed four hours after the start of the aerosol. 

 

2.4 Bronchoalveolar lavage (BAL)  

Following administration of a lethal dose of pentobarbital sodium, the lungs were 

lavaged with 3 mL of 0.1 mM EDTA in PBS, 1 mL at a time.  The first milliliter was 

centrifuged at 1200 rpm for 8 minutes and the supernatant was aliquoted and stored at -

80°C for future use.  The pelleted cells were resuspended in PBS and combined with the 

other lavage cells.  These cells were then counted using a hemocytometer and trypan 

blue staining to obtain total BAL cell counts. 

 

2.5 Bicinchoninic acid (BCA) protein assay 

Total protein in cell free BAL was measured using the bicinchoninic acid (BCA) 

protein assay kit (Pierce) following manufacturer’s instructions.  The plate is read on a 

FLUOstar Optima microplate reader (BMG LabTech). 
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2.6 Differential Counts 

Cell types were differentiated on cytospin preps using hematoxylin and eosin 

(H&E, EMD Biosciences) staining. Cell differentials were determined from at least 500 

cells using standard morphological criteria under light microscopy. 

 

2.7 Lung histology 

Four hours after aerosol exposure, BAL was performed and then the lungs were 

inflated by gravity flotation with 4% paraformaldehyde fixative.  After 24 hours lungs 

were transferred to 70% ethanol.  Lungs were paraffin embedded, sections were cut at 4 

µm thickness and stained with H&E.  Following blinded analysis, representative images 

were taken at 10X magnification using light microscopy. 

 

2.8 Multiplex Assay 

Cytokine and chemokine protein levels in the cell free BAL were determined 

using the Mouse Inflammatory 4-Plex Panel with the addition of MIP-1α, KC, and IL-5 

beads (Invitrogen) according to manufacturer instructions.  The plate was read on the 

BioPlex Array System (BioRad). 

 

2.9 Determination of respiratory mechanics 

Four hours after the start of LPS exposure, total lung resistance was determined.  

Mice were anesthetized with pentobarbital sodium (60 mg/kg), tracheostomized, and 

connected to a computer-controlled small animal ventilator (flexiVent, SCIREQ).  The 
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animals were then administered a neuromuscular blockade and given five minutes to 

adjust to the ventilator at a set PEEP of 3 cmH2O.  Bronchospasm was induced with 

methacholine (MCh) in 0.9% NaCl at increasing concentrations through a nebulizer or 

through an intravenous catheter where noted.  Total lung resistance (RT) measurements 

were then taken every 20 seconds for 5 minutes ensuring that the parameters calculated 

had peaked. 

 

2.10 Histology of bronchi 

Following BAL procedure the lungs were excised and the main left lobe was 

removed at the main bronchi just after it branched off of the trachea.  The lobe was fixed 

in 4% formaldehyde, paraffin embedded, and sections were cut perpendicular to the 

bronchi at a thickness of 4 µm.  Sections were stained with H&E and visualized under 

light microscopy. 

 

2.11 Immunoblot and densitometry 

One lobe of the lung was excised following BAL procedure and snap frozen in 

liquid nitrogen.  Homogenate was subsequently made in lysis buffer (20 M Tris-HCl, 1 

mM DTPA, 5mM EDTA, 0.1% NP-40, 1 mM PMSF, and 1X protease inhibitor cocktail 

(Sigma).  The protein concentration of each lysate was determined by BCA and 5 µg of 

total protein was diluted in Laemmli sample buffer with β-mercaptoethanol and boiled for 

5 minutes.  Proteins were resolved by SDS-PAGE and transferred to nitrocellulose 

membrane using a 4-15% gradient Tris-HCl gel and the Criterion Gel System (BioRad).  

After blocking with 3% bovine serum albumin, the following antibodies were used: goat-
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anti mouse muscarinic receptor 3 (M3, Santa Cruz), rabbit-anti mouse GAPDH (Cell 

Signaling), rabbit biotin anti-goat (Zymed), Cy5 goat anti-rabbit (JacksonImmuno 

Research), and Cy3 strepavadin (BioLegend).  The blot was read on the Typhoon 

system (GE Healthcare Life Sciences) and densitometry was performed using the 

ImageQuant software (GE Healthcare Life Sciences). 

 

2.12 Force measurements of isolated bronchial rings 

Following aerosol exposure, animals were sacrificed with a lethal dose of 

pentobarbital sodium. The airways were excised and main stem bronchi were isolated. 

Contractile responses were evaluated as described by Du et al. (Du et al. 2005) with the 

following modifications. After bronchial rings were excised and placed in the Kreb’s 

buffer bath with 5% oxygen, they were constricted with 80 mM KCl (final concentration) 

for 15 minutes to determine the viability of the bronchial rings.  Approximately 5 minutes 

after the excess KCl was washed out, the rings were treated stepwise with 10 nM to 3 

µM cumulative doses of carbachol at 5 minute intervals, which allowed the contractile 

responses (isometric tension) of the bronchial rings after each carbachol challenge to 

reach steady state.  Ten minutes after the addition of the final dose of carbachol, the 

rings were treated with 10 nM to 10 µM cumulative doses of isoproterenol at 5 minute 

intervals, which allowed the relaxation responses (isometric tension) of the bronchial 

rings after each isoproterenol dose to reach steady state.  Force was measured and 

data were analyzed using the PolyView software program (Polybytes).  An example 

trace of raw data is shown in Figure 2.2.  The isometric tension of bronchial rings caused 

by the addition of KCl is graphed relative to the length and weight of the ring. The  
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Figure 2.2:  Example of data obtained from PolyView software during treatment of 
bronchial rings.   

Trace of force generated over time by addition of KCl, carbachol, and isoproterenol to 
tissue bath with bronchial rings. 
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tension following the addition of carbachol and isoproterenol is graphed as a percentage 

of the tension following the maximum dose of carbachol and this maximum tension did 

not differ between groups. 

 

2.13 Greiss Assay 

Nitrite in the BAL was assayed with modifications to the methods of Schmidt et 

al. (Schmidt et al. 1992). 200 µl of BAL was mixed sequentially with 100 µL of Griess 

reagent (6 mM sulfanilamide and 6 mM NED, in 1.5N HCl) in a 96-well microplate and 

incubated for 10 min at room temperature in the dark. The absorbance at 540 nm was 

then measured using a microplate reader (Molecular Devices) and compared with 

dilutions of a known standard (NaNO2).  

 

2.14 RNA Extraction 

RNA was isolated from one lobe of snap frozen lung tissue using Trizol 

(Invitrogen) according to manufacturer’s instructions. 

 

2.15 Quantitative real-time PCR 

1 µg of RNA was reverse transcribed using M-MLV Reverse Transcriptase 

(Invitrogen) according to manufacturer's instructions. Real-time PCR reactions were set 

up containing 250 nM primers for iNOS or Cyclophilin using IQ Sybr Green Super Mix 

(BioRad).  See Table 2.1 for primer sequences.  Cyclophilin and iNOS reactions were 

run on the same plate in separate wells using 50-100 ng of cDNA. Values were 

calculated using ΔΔCt method. Control sample values, WT saline, were then averaged 



 

 37 

and each sample was compared to this average value to obtain a relative fold change 

over control.  These values were used for statistical analysis.  

 

2.16 Measurement of S-nitrosothiol in BAL 

S-nitrosothiol (SNO) was quantified in cell-free BAL by mercury-coupled, 

photolysis-chemiluminescence detection, as previously described (Stamler et al. 1992). 

 

2.17 Administration of NO inhibitors 

Thirty minutes prior to LPS exposure, WT and cav-1-/- mice were given 100 

mg/kg of 1400W, a selective inhibitor of iNOS, or L-NG-Nitroarginine methyl ester (L-

NAME), an inhibitor of all NOS isoforms (Caymen Chemical), in sterile saline IP. 

Additional doses of 100 mg/kg were given 2.5 and 4.5 hours after the initial dose. 

Vehicle treatment consisted of IP injections of saline. 

 

2.18 Preparation of human SP-A 

Human SP-A was purified from the BAL of patients with alveolar proteinosis via 

butanol extraction as previously described (McIntosh et al. 1996). In brief, the surfactant 

was pelleted by centrifugation at 105 g for 60 min, then extracted with butanol. The 

butanol-insoluble proteins were resuspended in 30 mM octylglucoside, 150 mM NaCl, 5 

mM tris(hydroxymethyl)aminomethane (Tris), pH 7.4.  Octylglucoside is utilized because 

of its high critical micelle concentration and because it can be removed by detergent 

dialysis, although we have not proven that the SP-A is totally free of octylglucoside.  The 

SP-A, which remained insoluble at this step, was then solubilized in 5 mM Tris, pH 7.40.  
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In these studies, we used SP-A that was isolated from patients with alveolar proteinosis 

and which we have used and shown to be functional in all assays tested.  SP-A was 

treated with polymyxin agarose to reduce endotoxin contamination, and all SP-A 

preparations were tested for endotoxin by the Limulus amebocyte lysate assay QCL-

1000 (Lonza) and were found to have <0.5 pg endotoxin/µg SP-A. 

 

2.19 Mp infection 

Mycoplasma pneumoniae from ATCC (#15531) were grown in SP4 broth 

(Remel) at 35°C in the absence of carbon dioxide and passaged until adherent.  After 

passage 3 when some adherence was observed, aliquots were frozen in heat-

inactivated fetal bovine serum (Gemini Bio-Products) mixed with 20% sterile saline.  

From these frozen passage 3 stock, T-225 flasks were filled with 150 mL of SP-4 broth 

and 4x107-108 P3 colony forming units (CFUs) were added per flask.  Cultures were 

incubated for 4-8 days at 35°C with in carbon dioxide.  When color change/adherence 

was noted, the Mp was harvested.  For each flask the adherent monolayer was rinsed 

with PBS and 2.5 mL freezing media was added.  The monolayer was scraped and 

stocks were frozen at -80°C.  The following day, an aliquot was thawed and serial 

deletions were plated.  After 7-14 days CFUs were counted and recorded for the stock.  

For infection, passage 4 stocks were thawed, spun down, and resuspended in sterile 

saline.  Mice were anesthetized by IP injection of 10 µl/g body weight of a 12% ketamine 

(100 mg/ml) and 5% xylazine (20 mg/ml) solution in saline.  Once mice no longer 

responded to pain stimuli they were suspended by the front incisors and administered 

108 CFUs of Mp in 50 µL via intranasal installation.  Sterile saline was given as a control.  

Data were collected 12 or 72 hours post infection. 
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2.20 TNF-α  enzyme-linked immunosorbent assay (ELISA) 

The first mL of cell-free BAL obtained from experimental mice was analyzed for 

levels of TNF−α by ELISA (BD Biosciences) according to the manufacturer’s instructions. 

 

2.21 Bone marrow derived mast cell culture and reconstitution 

Bone marrow was collected from C57BL/6, TNF-α-/-, or TNF-R-/- mice and 

cultured in the presence of 5 ng/mL recombinant IL-3 and 5 ng/mL recombinant Stem 

Cell Factor (R&D) as previously described (Jin et al. 2011). After 4-6 weeks cell 

populations consisted of >95% MCs as assessed by Toluidine blue staining of cytospins 

or by expression of c-Kit and FcɛRI on cell surface by fluorescence activated cell sort 

analysis.  Ten million BMMC in 200 µL of PBS were injected retro-orbitally into 4–6 week 

old C57BL/6 SP-A-/- KitW−sh/W−sh mice. Mice were analyzed approximately 1 month 

following injection. 

 

2.22 Mp quantitation 

After lungs were lavaged, RNA was isolated from lung tissue using Trizol 

Reagent (Invitrogen, Carlsbad, CA).  Complimentary DNA was made from the extracted 

RNA (3 mg) using random primers and M-MLV Reverse Transcriptase Kit (Invitrogen, 

Carlsbad, CA). Real-time PCR Data was collected on the CFX96 Real-Time PCR 

Detection System (Bio-Rad, Hercules, CA). Data was analyzed with Bio-Rad CFX 

Manager Software based on the fold change of normalized target gene expression, Mp 

P-1 adhesin, relative to housekeeper gene, β-actin or cyclophilin.  The Mp burden was 
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assessed for treated and non-treated mice; however, no expression was detected in 

saline-treated or non-treated mice. Mp was assessed in human BAL samples after 

centrifugation at 10,000 rpm for 20 minutes by real-time PCR for P1-adhesin and results 

were verified by culturing in SP-4 broth for 2-3 weeks at 350C with no carbon dioxide.  

Primer sequences are listed in table 2.1. 

 

2.23 Gravity fixation and immunohistochemistry for mast cells 

Lungs were inflated with a 10% solution of neutral buffered formalin and inflated 

by gravity fixation, paraffin embedded, cut at approximately 10 µm thickness and 

mounted on slides by Surgical Pathology at the Duke University Medical Center and one 

set of each was stained with periodic acid-Schiff (PAS) to visualize mucus within the 

airways. To identify MCs within the tissue, basic protocols for immunohistochemistry 

were followed and sections were first blocked with 10% donkey serum. MC granules 

were stained with Avidin-FITC (BioLegend), airway cilia were stained with anti-

acetylated-tubulin (Sigma) and visualized with pre-absorbed conjugated rhodamine 

donkey anti-mouse IgG (Jackson ImmunoResearch Labs, Inc.) and cellular nuclei were 

stained with 1M 4',6-diamidino-2-phenylindole (DAPI). Slides were viewed at either 10x 

or 40x magnification on a Nikon Eclipse 50i light microscope. Images were captured 

using a Nikon Infinity 2 camera. MCs per whole lung section were blindly counted at 40X 

magnification in order to verify nuclei or presumptive MCs. 
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2.24 In vitro mast cell assays 

Peritoneal lavage was performed on WT mice using PBS without calcium and 

magnesium.  Mast cells were isolated using CD117 iMAG beads according to 

manufacturer’s instructions (BD Biosciences).  Cells were preinucbated with 10 µg/mL 

SP-A for 30 minutes at 37°C.  Mp was added at a multiplicity of infection (MOI) of 100:1.  

Cell free supernatant was collected after 2, 5, and 14 hrs of incubation at 37°C and TNF-

α levels were assessed by ELISA (BD Biosciences).  For analysis of RNA transcript 

abundance, cell pellets were collected after 1 hr and real-time PCR was performed as 

described above using primers for TNF-α and β−actin.  See Table 2.1 for primer 

sequences. 

 

2.25 Isolation of BAL from humans 

BAL was performed using 300 ml of warm saline in either the right middle lobe or 

lingula.  BAL fluid was immediately stored on ice after the addition of an equivalent 

amount of DTPA.  All asthma subjects received albuterol post bronchoscopy and were 

observed until spirometry returned to 90% of their pre bronchoscopy, post bronchodilator 

baseline.  The protocol was approved by the Duke University Institutional Review Board 

and written informed consent was obtained from each participant.  Subjects were 

recruited from the Research Triangle Park community in the greater Durham area. 

Subject using inhaled corticosteroids within four weeks of study, leukotriene modifiers, 

theophylline and MC stabilizers within two weeks of the study and long acting beta 

agonists within 48 hours of study were excluded.  BAL samples were centrifuged at 

10,000 rpm for 20 minutes and cell-free lavage was analyzed by Luminex for TNF−α 

levels. Groups were sorted into subjects that had low levels of TNF−α (less than 15 fold 
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over the average of TNF−α for normals) and those that had high levels of 

TNF−α (greater than 45 fold over the average of TNF−α for normals) prior to Mp 

analysis. 

 

2.26 Statistical analysis 

Statistical analyses were performed using Prism software (GraphPad Software).  

Data are expressed as mean ± standard error of the mean.  A repeated-measures 

analysis of variance (ANOVA) with the Bonferroni post hoc test was used to determine 

differences in AHR and ASM responses.  Multiple group comparisons were made using 

ANOVA with post hoc analyses to determine which group means differed.  When two 

group comparisons were made, the Student’s t test was used.  Prior to any statistical 

analyses, outliers were excluded using the Grubb’s test.
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3. Caveolin-1 is critical in the development of AHR 
following LPS aerosol exposure in mice 

3.1 Introduction 

Caveolin-1 (cav-1) is the hallmark protein of caveolae, which are flask-like 

invaginations in the cell membrane closely related to lipid rafts (Rothberg et al. 1992).  

Cav-1 is abundantly expressed in the lung in both the airway and alveolar epithelium as 

well as in ASM (Jasmin et al. 2006) and the capillary endothelium (Gosens et al. 2007; 

Newman et al. 1999; Prakash et al. 2007).  In addition, cav-1 is expressed in 

hematopoetic cells such as AMs and neutrophils (Hu et al. 2008; Wang et al. 2006a).  

Classical roles described for caveolae include cholesterol metabolism and receptor 

mediated endocytosis; however, more recently a role in signal transduction has emerged 

(Cohen et al. 2004).  Cav-1 acts as a docking site for receptors, which, upon stimulation, 

are recruited to caveolae where they are able to interact with signaling molecules 

leading to rapid and effective activation of the signaling pathway.  Caveolae 

compartmentalize signaling molecules mainly by the caveolin-scaffolding domain of cav-

1, which can bind to signaling proteins via their caveolin-binding motifs (Couet et al. 

1997; Garcia-Cardena et al. 1997).  In particular, cav-1 has been implicated in the 

regulation of several inflammatory signaling cascades including MAPK and NF-κB 

(Garrean et al. 2006; Jasmin et al. 2006; Soong et al. 2004; Wang et al. 2006a).  Cav-1 

is known to be highly expressed within the lung but the extent of its functions there is not 

well elucidated.   

Endotoxins, which are composed mainly of lipopolysaccharide (LPS), are found 

ubiquitously in the environment both as the main component of organic dusts as well as 

in particulate air pollution. Inhaled endotoxin adversely affects lung function and 
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enhances inflammation, and can act as a natural adjuvant to increase the severity of 

atopic asthma (Becker et al. 2002; Rizzo et al. 1997).  The major consequences of 

endotoxin exposure are the development of airway inflammation, production of 

proinflammatory cytokines/chemokines, and increased AHR (Jagielo et al. 1996; Kline et 

al. 1999; O'Grady et al. 2001).  The background level of endotoxin in the environment is 

less than 10 EU/m3 although higher levels are found in industrial areas, and the highest 

exposures are found among residents of rural areas where livestock are raised (Madsen 

2006; Schulze et al. 2006).  Indoor exposure to endotoxin occurs at high levels in certain 

industrial workplaces and also as a result of tobacco smoke (Bakirci et al. 2007; Bunger 

et al. 2007; Rylander and Michel 2005; Sebastian et al. 2006).  Since LPS accounts for 

most of the biological activity of endotoxins, LPS aerosol exposure is a well-accepted 

model of endotoxin challenge in mice (Hollingsworth et al. 2004; Liebers et al. 2008). 

Nitric oxide (NO) is a gaseous signaling molecule that participates in a broad 

range of important physiologic processes, including vasodilation, neurotransmission, and 

host defense and is ubiquitous within the respiratory system.  It is formed by three 

different nitric oxide synthase isoforms, namely neuronal NOS, inducible NOS (iNOS), 

and endothelial NOS (eNOS)  iNOS is found in AMs, type II cells, lung fibroblasts, airway 

and vascular smooth muscle cells, endothelial cells, and airway epithelial cells.  Its 

expression is regulated at the level of gene transcription and is induced by endotoxin as 

well as various proinflammatory cytokines, viruses, bacteria, and allergens.  In the 

airways of asthmatics, increased iNOS was found in airway epithelial cells (Redington et 

al. 2001).  eNOS is constitutively expressed in pulmonary endothelial cells and may also 

be found in epithelial cells. The effects of NO are cell type and concentration specific 

and are highly dependent on the microenvironment.  The damaging effects of NO 
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include nitrosative stress, where the production of NO in the microenvironment of 

oxidative stress leads to nitration, which can evoke DNA damage, inhibition of 

mitochondrial respiration, protein dysfunction, and cell damage.  Therefore, increased 

NO levels during exacerbated disease can be harmful.  However, it has also been 

shown that NO and related NO species can act as bronchodilators and have anti-

inflammatory effects (Ricciardolo et al. 2006).  It is known that cav-1 associates directly 

with eNOS and that the scaffolding domain of cav-1 on its own can downregulate the 

activity of both eNOS and iNOS (Garcia-Cardena et al. 1997).  Although numerous 

studies have focused on the role of cav-1 in eNOS derived NO production, less is known 

about the consequences of cav-1 mediated downregulation of iNOS. 

The primary aim of this study is to investigate the role of cav-1 in the pulmonary 

response to inhaled endotoxin exposure.  We hypothesize that cav-1, via interactions 

with specific cell signaling pathways within the lung, influences the development of 

inflammation as well as AHR.  The data demonstrate that cav-1 regulates the 

development of inflammation, AHR, ASM function, and NO production in a murine model 

of environmental airway injury.  Despite higher levels of inflammation in the lungs of 

endotoxin exposed cav-1 null (cav-1-/-) animals, AHR is significantly reduced.  The 

uncoupling of inflammation and AHR may be due to direct effects of cav-1 on ASM and 

NO production.  The importance of cav-1 in the response to inhaled LPS may provide 

potential therapeutic targets for the treatment of airway injury and offer insight into the 

genetic basis of susceptibility to LPS-induced lung disease. 
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3.2 Results 

3.2.1 Cytokine and total protein levels are increased in the lungs of 
cav-1 mice in an LPS inhalational model of lung injury 

A well-described murine model using a single dose LPS aerosol exposure is 

used as a model of endotoxin induced airway disease (Pastva et al. 2011).  As a marker 

of lung injury and inflammation, total protein and inflammatory cytokine levels in the BAL 

were measured.  As expected following treatment with LPS, WT mice have a two-fold 

increase in the total protein in their BAL.  However, cav-1-/- mice have a significantly 

more protein in their BAL both at baseline and after treatment with LPS (Figure 3.1).  In 

addition to BAL protein content, cytokine levels in BAL fluid were directly measured.  

There were no differences in any of the cytokines measured between WT and cav-1-/- 

sham treated mice.  In contrast, four hours after the beginning of LPS exposure cav-1-/- 

mice had significantly elevated levels of proinflammatory cytokines and chemokines in 

the BAL compared to WT mice (Figure 3.2).  MIP-1α, IL-6, IL-1β, and TNF-α levels were 

all significantly increased in the cav-1-/- mice compared to WT controls. LPS treatment 

also led to an increase in the BAL levels of KC and GM-CSF, but there was no 

significant difference between the cav-1-/- and WT mice.  Additionally, IL-5 levels were 

undetectable in all samples (data not shown). 

The significantly greater levels of inflammatory cytokines in cav-1-/- mice 

demonstrate that cav-1 plays an important role in regulating the development of airway 

inflammation after exposure to LPS.  Based on these data it appears that cav-1 down-

regulates the overall production of inflammatory cytokines and chemokines, and in its 

absence widespread increases in these markers of inflammation occur. 
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Figure 3.1: Loss of cav-1 leads to increased total protein in the BAL. 

BAL was collected 4 hours after LPS aerosol exposure (cav-1-/- LPS and WT LPS).  Cav-
1-/- (cav-1-/- sham) and WT (WT sham) mice were exposed to PBS as a sham treatment.  
Total protein concentration was determined by BCA (***, p < 0.001, *, p < 0.05, n = 8 - 
12). 
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Figure 3.2: Cytokine levels are increased in cav-1-/- mice following LPS aerosol. 

Cytokine and chemokine levels in the BAL were measured by Multiplex.  Cav-1-/- mice 
(cav-1-/- LPS) had increased cytokine and chemokine levels following LPS exposure 
including A) MIP-1α, B) IL-6, C) IL-1β, D) TNF-α, E) GMCSF, and F) KC in their BAL 
compared to WT mice (WT LPS). There were no differences in cytokine and chemokine 
levels in the BAL of PBS treated WT and cav-1-/- mice (WT sham and cav-1-/- sham), 
which were used as controls (***, p < 0.001, **, p < 0.01, n = 8 – 11). 
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3.2.2 Total cell counts and neutrophil infiltration do not differ between 
WT and cav-1 mice 

As an additional measure of lung inflammation following LPS injury, total BAL cell 

counts and cell differentials were collected. In the PBS-treated (sham) condition, cav-1-/- 

animals had a slight increase in the cell counts in their BAL compared to WT mice 

(Figure 3.3).  Four hours after the start of LPS aerosol exposure, BAL cell counts were 

significantly increased in both groups.  However, there was no difference in total BAL 

cell counts between LPS-treated cav-1-/- and WT mice (Figure 3.3).  Similar percentages 

of neutrophils were observed in the BAL of both WT and cav-1-/- mice treated with LPS 

(Figure 3.3).  LPS aerosol exposure induces a large neutrophil influx into the BAL that 

appears to be independent of cav-1 expression. 

In order to assess the recruitment of inflammatory cells into the lung tissue, 

sections were stained with H&E to visualize cell recruitment.  Some baseline pathology 

of increased cellularity exists in the cav-1-/- mice as previously described (Razani et al. 

2001), although the cellularity is non-inflammatory in nature.  Following LPS exposure, 

accumulation of peribronchial and perivascular infiltrates consisting mainly of neutrophils 

occurs in WT mice as well as recruitment of inflammatory cells to the alveolar spaces.  In 

cav-1-/- mice there appears to be increased numbers of inflammatory infiltrates in the 

lung tissue compared to WT following LPS aerosol (Figure 3.4). 

3.2.3 AHR is reduced in cav-1 mice despite higher levels of 
inflammatory mediators 

In order to determine if cav-1 plays a role in the development of AHR in response 

to LPS, LPS-treated mice were given increasing doses of the muscarinic receptor 

agonist MCh in order to evaluate AHR.   Measurements were made using the forced 
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oscillation technique via the flexiVent system.  Both sham treated groups had similar 

levels of RT.  As expected following LPS aerosol exposure, WT mice developed a robust 

increase in RT to MCh.  In contrast, the cav-1-/- mice treated with LPS had approximately 

a 50% reduction in their maximal RT compared to their WT controls that were exposed to 

LPS (Figure 3.5).  We also measured the pressure volume curves during normal 

inhalation and exhalation in WT and cav-1-/- mice to further characterize their airway 

physiology.  We noted that the loops do not significantly change following LPS exposure 

in either group.  However, loss of cav-1 leads to a shift to the right in the curves, 

indicating that more pressure is required to reach the same lung volume in these mice, 

both at baseline and after LPS treatment (Figure 3.6). 

Providing the MCh challenge during measurements of AHR via aerosolization is 

preferred because the agonist is delivered directly to the airway and this is the way the 

challenge is performed clinically in humans (Figure 3.5A).  However, we also 

administered the MCh intravenously (Figure 3.5B) in order to rule out the possibility that 

a difference in delivery of the aerosol between WT and cav-1-/- mice contributes to the 

differences in AHR observed.  Our results show that the route of MCh challenge does 

not affect the development of AHR.  Thus, it appears that cav-1 plays a vital and 

previously unrecognized role in the acute development of LPS-induced AHR. 

While airway inflammation and AHR often correlate in many models of airway 

disease, these results have identified an uncoupling of these two parameters after LPS 

exposure in cav-1-/- mice.  In the acute period post-exposure to LPS, the cav-1-/- animals 

have increased inflammation but decreased AHR compared to the WT mice. 
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Figure 3.3: Cell counts and differentials do not differ between WT and cav-1-/- 
mice. 

BAL was collected 4 hours after LPS aerosol exposure (cav-1-/- LPS and WT LPS).  Cav-
1-/- (cav-1-/- sham) and WT (WT sham) mice were exposed to PBS as a sham treatment.  
A) Total cell counts were determined from BAL fluid of cav-1-/- and WT mice. B)  Cell 
differentials were determined from H&E stained cytospins of cells recovered from BAL 
fluid. 
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Figure 3.4: Cav-1-/- mice have more inflammatory infiltrates in their lung tissue 
following LPS exposure. 

Following BAL, lungs were inflated with 4% formaldehyde by gravity.  Paraffin embedded 
sections were cut and stained with H&E.  Sham treated cav-1-/- mice (cav-1-/- sham) 
have a baseline pathology of increased cellularity (non-inflammatory) compared to WT 
(WT sham).  Following LPS treatment, perivascular and peribronchiolar infiltrates are 
found in WT mice (WT LPS) and this inflammation is increased in cav-1-/- mice (cav-1-/- 
LPS).  Representative images taken at 10X by light microscopy and are representative 
of sections from three mice per group.  The scale bar is 100 µM in all photomicrographs. 
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Figure 3.5: Cav-1-/- animals have decreased AHR following LPS aerosol exposure. 

Total airway resistance (RT) of wild type (WT LPS) and cav-1-/- (cav-1-/- LPS) mice to 
increasing doses of A) aerosolized or B) IV MCh was measured using the flexiVent 4 
hours after the initiation of LPS aerosol exposure. As a control, WT (WT sham) and cav-
1-/- mice (cav-1-/- sham) were exposed to aerosolized PBS (***, p < 0.001 WT LPS vs. 
cav-1-/- LPS and cav-1-/- LPS vs. cav-1-/- sham, *, p < 0.05 cav-1-/- LPS vs. cav-1-/- sham, 
n = 12 - 15). 
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Figure 3.6: Pressure-volume curves are shifted right in cav-1-/- mice. 

Lung compliance of WT and cav-1-/- mice was assessed 4 hours after sham (WT sham; 
cav-1-/-  sham) or LPS (WT LPS; cav-1-/- LPS) treatment by direct measurements using 
the flexiVent (n = 12 - 15). 
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3.2.4 Airway smooth muscle from cav-1 mice contracts less and 
relaxes more than WT, but has normal morphology and mass 

ASM responses are a main determinant of AHR and cav-1 is highly expressed in 

ASM (Gosens et al. 2007; Prakash et al. 2007).  Differences in ASM contraction may be 

responsible for the lower levels of AHR observed in cav-1-/- mice compared to WT mice 

exposed to LPS.  H&E stained histological cross sections of the main bronchi from WT 

and cav-1-/- mice were examined to look for visible morphological differences and to 

assess the amount of ASM present.  Visual analysis revealed no morphological 

abnormalities in the ASM from cav-1-/- mice (Figure 3.7).  The mass of ASM around the 

main bronchi also appears similar in both WT and cav-1-/- mice (Figure 3.7).  In order to 

test the mechanical properties of the ASM in cav-1-/- mice, intact bronchial rings were 

isolated from WT and cav-1-/- mice and exposed in a tissue bath to KCl.  KCl, which acts 

through voltage gated L-type channels, was added to induce maximum receptor-

independent contraction.  There were no differences in the response to KCl between the 

groups of bronchi, indicating that there is no overall defect in the contractile properties of 

the ASM from cav-1-/- animals and further confirms that the muscle mass is similar 

between the groups (Figure 3.8). 

Because MCh is a muscarinic receptor agonist, levels of the muscarinic receptor 

M3 in lung homogenates were analyzed by immunoblot in order to determine if lack of 

cav-1 expression affects the amount of M3 found in ASM.  Immunoblots revealed that 

there was no difference in expression between the groups (Figure 3.9).  Taken together, 

these data indicate that ASM from cav-1-/- mice have levels of smooth muscle and M3 

receptors comparable to WT mice. 
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 In order to investigate the role of cav-1 in receptor-mediated contraction and 

relaxation of ASM, bronchial rings from both WT and cav-1-/- mice were isolated for ex 

vivo studies to evaluate ASM function. Rings were first contracted with KCl (Figure 3.8) 

to induce contraction in order to ensure that the set-up is functional.  After the KCl was 

washed out of the system, carbachol was added to elicit contraction while isometric force 

was measured.  Both carbachol and MCh are muscarinic receptor agonists, so stepwise 

additions of 10 nM to 500 nM carbachol (cumulative concentrations) were used to mimic 

the contraction that would be expected during MCh challenge in vivo.  Isometric force 

measurement studies revealed that the bronchial rings lacking cav-1 are significantly 

less responsive to increasing doses of carbachol than those from WT mice both in the 

untreated (sham) and LPS-treated conditions (Figure 3.10).  A higher dose of carbachol 

was required to initially cause contraction in the cav-1-/- bronchi (100 nM in WT rings 

induced the first prominent contraction versus 200 nM in those lacking cav-1 

expression), and at subsequent doses the contraction was decreased by about 50% in 

the cav-1-/- rings compared to the WT controls.  However, all sets of rings reached 

comparable levels of contraction after adding carbachol in excess, again indicating that 

the contractile apparatus is functional in the cav-1-/- animals (3 µM carbachol - Figure 

3.10).  These data indicate that cav-1 plays an important role in positively regulating the 

contraction of ASM in response to a muscarinic receptor agonist ex vivo.   

The role of cav-1 in β−agonist induced relaxation was investigated in the isolated 

bronchial rings using isoproterenol.  After pre-contraction with carbachol, increasing 

doses of isoproterenol (10 nM to 500 nM) were added to the tissue bath and isometric 

force was measured.  Although the untreated groups had no significant difference in 

their relaxation, the bronchi from LPS-treated mice lacking cav-1 were significantly more 
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Figure 3.7: Loss of cav-1 does not affect ASM morphology. 

Lung lobes were excised, fixed, and paraffin embedded.  Sections were cut 
perpendicular to the main bronchi and stained with H&E to visualize the ASM.  Airway 
lumen (L) and blood vessels (V) are noted on the images.  Representative images from 
A) WT and B) cav-1-/- lungs are shown.  Scale bar is 100 µM. 
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Figure 3.8: Cav-1-/- and WT mice have similar mass of ASM. 

In order to assess receptor independent contraction of ASM, the main bronchi were 
excised from WT and cav-1-/- mice in a tissue bath.  C) 80 mM KCl was added to the 
baths and force was measured and normalized to the length and weight of the rings (n = 
7 - 11). 
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Figure 3.9: Expression of M3 is not affect by the loss of cav-1. 

Following LPS or PBS (sham) exposure lung homogenates from WT and cav-1-/- mice 
were immunoblotted for M3 and GAPDH expression by Western blot.  A) Representative 
blot. B) Densitometry measurements of M3 expression relative to GAPDH (n = 9 - 12). 
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Figure 3.10: Cav-1-/- bronchi contract less than WT. 

Bronchial rings were excised from untreated or LPS exposed cav-1-/- and WT mice and 
suspended in a Kreb’s buffer bath.  A) Increasing doses of carbachol were added and 
force was measured.  Percent contraction relative to the maximum contraction elicited by 
3 µM carbachol was calculated for each ring.  B) Carbachol was added in excess (3 µM) 
and force was measured. (***, p < 0.001, ** p < 0.01, n = 7-11). 
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Figure 3.11: Cav-1 deficient bronchi relax more than WT. 

Following pre-contraction with carbachol in a Kreb’s buffer bath, increasing doses of 
isoproterenol were added to induce relaxation.  Percent relaxation relative to the 
maximum contraction elicited by 3 µM carbachol was calculated for each ring (***, p < 
0.001, *, p < 0.05, n = 7 - 11). 
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.relaxed than those from LPS exposed WT mice (Figure 3.11).  Thus, these distinct 

differences that were observed in the ex vivo model could account for the decreased 

AHR observed in the cav-1-/- mice in vivo following environmental airway injury. 

3.2.5 Cav-1 mice have increased levels of nitric oxide production 

NO has been described as a potent bronchodilator when administered during 

lung injury in mice and humans (Kacmarek et al. 1996).  Therefore, we hypothesized 

that increased NO production in cav-1-/- mice could lead to the decreased AHR observed 

with LPS induced lung injury.  Nitrite levels in the BAL were analyzed using the Greiss 

assay.  Both at baseline and following LPS exposure, cav-1-/- mice have increased levels 

of nitrite in their BAL (Figure 3.12). 

Since the majority of the NO produced following LPS exposure should be 

contributed by iNOS, quantitative real-time PCR was used to assess the expression 

level of iNOS in the lung.  A trend toward increased iNOS expression exists at baseline, 

and there is elevated iNOS expression in cav-1-/- lung tissue compared to WT following 

LPS treatment (Figure 3.13). 

S-nitrosothiols (SNOs) are bioactive NO compounds that have been implicated in 

bronchodilation and protection from AHR.  Measurement of SNO concentration in the 

BAL of sham treated mice revealed that cav-1-/- mice have increased levels at baseline 

compared to WT (Figure 3.14).  While none of the WT sham mice had detectable SNOs 

in their BAL, all mice from the cav-1-/- sham group had levels above the lower limit of 

detection. 
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Figure 3.12 Nitrite levels are increased in the BAL of cav-1-/- mice. 

BAL was collected 4 hours after LPS aerosol exposure (cav-1-/- LPS and WT LPS).  Cav-
1-/- (cav-1-/- sham) and WT (WT sham) mice were exposed to PBS as a sham treatment.  
Nitrite levels were assessed by the Greiss assay.  The data were normalized to the WT 
sham group within each individual experiment before being combined (**, p < 0.01, n = 7 
- 14). 
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Figure 3.13 iNOS expression is increased in the lungs of cav-1 deficient mice. 

Following BAL, lung tissue was excised 4 hours after LPS aerosol exposure (cav-1-/- 
LPS and WT LPS).  Cav-1-/- (cav-1-/- sham) and WT (WT sham) mice were exposed to 
PBS as a sham treatment.  Total RNA was extracted from 1 lung lobe and iNOS 
expression was assessed using quantitative real-time PCR analysis.  The data were 
normalized to the WT sham group within each individual experiment before being 
combined (**, p < 0.01, n = 7 - 14). 
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Figure 3.14: SNO levels are increased in the BAL of cav-1-/- mice. 

SNO concentrations were measured in cell-free BAL from sham treated WT and cav-1-/- 
mice (n = 3). 
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3.2.6 Administration of the iNOS inhibitor 1400W restores high levels 
of AHR in cav-1 mice 

In order to investigate the effect of increased NO production in cav-1-/- mice on 

their decreased levels of airway resistance, two different NOS inhibitors were 

administered in conjunction with LPS.  In order to assess the overall contribution of NO, 

the inhibitor L-NAME was used which blocks production of NO by all isoforms of NOS 

(but is most specific for eNOS).  Four hours after LPS aerosol exposure, AHR was 

evaluated using the flexiVent system as before.  Again there was no difference in RT 

between the saline treated groups, while the cav-1-/- mice treated with LPS have 

significantly reduced airway reactivity compared to WT mice.  Administration of L-NAME 

has no effect on saline treated mice.  However, when both WT and cav-1 deficient mice 

were treated with L-NAME in conjunction with LPS, their AHR is decreased by about 

50% (Figure 3.15).  These data indicate that the development of AHR in both WT and 

cav-1 deficient mice is dependent on NO production, but that inhibiting all NO production 

does not restore high levels of AHR in cav-1-/- mice. 

iNOS is the NOS that is responsible for most of the NO production during LPS 

induced lung injury and has significantly higher expression in cav-1-/- mice both at 

baseline and after LPS exposure.  In order to assess the specific role of iNOS derived 

NO in WT and cav-1 deficient mice, the iNOS specific inhibitor 1400W was used.  When 

LPS was administered and iNOS activity was blocked by administration of 1400W, the 

airway reactivity of WT mice was decreased, while cav-1-/- mice had significantly 

increased RT (Figure 3.16).  Interestingly, administration of 1400W to WT sham treated 

mice had no effect, while it increased airway resistance in the cav-1-/- sham animals.  

These data indicate a crucial role for iNOS derived NO in the decreased AHR 
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Figure 3.15 Administration of the global NOS inhibitor L-NAME reduces AHR in 
both WT and cav-1-/- mice following LPS. 

Total airway resistance (RT) was measured as before in WT and cav-1-/- mice treated 
with saline or LPS (WT sham, cav-1-/- sham, WT LPS, cav-1-/- LPS) and the same trends 
were observed as were reported in Figure 3.  In addition, RT of wild type (WT LPS L-
NAME) and cav-1-/- (cav-1-/- LPS L-NAME) mice to increasing doses of aerosolized Mch 
was measured using the flexiVent 4 hours after the initiation of LPS aerosol exposure 
and IP administration of the NOS inhibitor, L-NAME. As a control, WT (WT sham L-
NAME) and cav-1-/- mice (cav-1-/- sham L-NAME) were exposed to aerosolized PBS and 
were given IP injections of L-NAME (***, p < 0.001 WT LPS vs. WT LPS L-NAME, cav-1-

/- LPS vs. cav-1-/- LPS + L-NAME, WT LPS + L-NAME vs. cav-1-/- LPS + L-NAME, *, p < 
0.05 WT LPS vs. WT LPS + L-NAME and WT LPS L-NAME vs. cav-1-/- LPS + L-NAME, 
n = 4). 
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Figure 3.16 Administration of the iNOS specific inhibitor 1400W decreases AHR in 
WT mice, but increases AHR in cav-1-/- mice following LPS aerosol 

Total airway resistance (RT) was measured as before in WT and cav-1-/- mice treated 
with saline or LPS (WT sham, cav-1-/- sham, WT LPS, cav-1-/- LPS) and the same trends 
were observed as were reported in Figure 3.  In addition, RT of wild type (WT LPS 
1400W) and cav-1-/- (cav-1-/- LPS 1400W) mice to increasing doses of aerosolized Mch 
was measured using the flexiVent 4 hours after the initiation of LPS aerosol exposure 
and IP administration of the iNOS specific inhibitor, 1400W. As a control, WT (WT sham 
1400W) and cav-1-/- mice (cav-1-/- sham 1400W) were exposed to aerosolized PBS and 
were given IP injections of 1400W (***, p < 0.001 cav-1-/- LPS + 1400W vs. cav-1-/- LPS, 
cav-1-/- LPS + 1400W and WT LPS + 1400W, and WT LPS vs. WT LPS + 1400W, **, p < 
0.01 cav-1-/- sal + 1400W vs. cav-1-/- sal, *, p < 0.05 cav-1-/- LPS + 1400W vs. WT LPS + 
1400W, n = 6 - 11). 
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 observed in the cav-1-/- mice following LPS exposure and highlight the previously 

overlooked role of cav-1 in regulating NO produced by iNOS in the lung. 

 

3.3 Discussion 

The findings presented here reveal that cav-1 plays an important role in the 

development of AHR, the control of smooth muscle contraction and relaxation, and the 

production of NO.  Using a model of environmental airway injury the role of cav-1 in the 

response to inhaled endotoxin was evaluated.  A significant increase in the levels of 

inflammatory mediators was observed in the lungs of the cav-1-/- mice compared to WT 

controls when treated with LPS, as indicated by increases in cytokine and chemokine 

levels in the BAL.  The observed disconnect between AHR and inflammation in the cav-

1-/- mice is attributed to the role of cav-1 as a positive regulator of ASM contraction and a 

negative regulator of NO production. 

It has been previously reported that cav-1 downregulates inflammatory signaling 

following LPS stimulation of macrophages in vitro, leading to a decrease in the release 

of proinflammatory cytokines (Wang et al. 2006a).  Therefore, the increased levels of 

cytokines and chemokines that we observed in the BAL of cav-1-/- deficient mice may be 

attributed to AMs, but the possible contribution of other cell types cannot be excluded.  It 

was expected that AHR would be increased in the cav-1-/- mice due to this increased 

inflammation, but instead, a decrease in the AHR of cav-1-/- mice exposed to LPS for 1.5 

hours was observed compared to WT mice.  The AHR and inflammation data are 

interesting as they highlight an uncoupling of these two parameters in the cav-1-/- mice 

following LPS exposure.  This uncoupling has also been reported in other animal models 

and clinically they do not always occur together in human asthma (Bryan et al. 2000; 
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Djukanovic et al. 1990; Leckie et al. 2000; Pastva et al. 2011).  In addition to airway 

inflammation, contraction and relaxation of ASM are main contributors to AHR (Berend 

et al. 2008; Goldie et al. 1986; Woodruff et al. 2004).  We therefore chose to evaluate 

ASM properties in the cav-1-/- mice. 

In order to examine the role of cav-1 in ASM, an ex vivo model of isolated 

bronchial rings was used which revealed a role for cav-1 in the contraction and 

relaxation of ASM.  The effects of cav-1 on ASM function were independent of ASM 

structure, muscle mass, and expression of the muscarinic receptor M3.  We conclude 

that the decreased contraction and increased relaxation of bronchial rings isolated from 

cav-1-/- mice accounts for the decreased AHR observed in vivo.  The in vivo 

measurement of AHR in this study takes into account resistance contributed by both 

conducting airways as well as the small airways.  It is not possible to isolate smaller 

airways from the mouse lung, so we cannot evaluate the differences in contraction and 

relaxation of the small airways ex vivo, which may be contributing to the decreased AHR 

observed in the cav-1-/- mice in vivo.  However, it is expected that the phenotype of the 

cav-1-/- ASM in small airways would follow trends similar to those observed in the 

bronchi. 

These studies are the first to investigate ASM contraction using intact bronchial 

rings from the cav-1-/- mouse and correlate their isometric contractility with in vivo 

physiologic measures of AHR.  Although it would be expected that increased levels of 

inflammatory cytokines would lead to greater AHR, the data indicate that cav-1 affects 

AHR independent of inflammation and may be due to a direct result of cav-1 expression 

in ASM.  Previous data showed that muscarinic receptors are localized to caveolae and 

that cav-1 positively regulates calcium flux in human ASM (Gosens et al. 2007; Prakash 
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et al. 2007).  As has been previously reported, caveolae act as cell surface platforms, 

which organize members of a signaling cascade leading to rapid and effective activation 

of the pathway.  In addition, cav-1 itself has been described as a signaling protein in 

various pathways (Couet et al. 1997; Garcia-Cardena et al. 1997; Jasmin et al. 2006; Li 

et al. 1996).  The cav-1-/- mouse not only lacks cav-1 expression, but is also devoid of 

caveolae on the surface of all cells (Drab et al. 2001; Razani et al. 2001).  We speculate 

that caveolae and cav-1 are required for efficient signaling downstream of the M3 

receptor, resulting in calcium responses and contraction of ASM.  However, we 

hypothesize that the absence of caveolae and cav-1 leads to disorganization of the 

signaling pathway which in turn leads to the decreased carbachol-elicited contraction 

that we observed in cav-1-/- bronchi despite normal levels of M3 expression. 

In addition to airway inflammation and smooth muscle contraction, NO plays a 

role in the development of AHR.  We therefore chose to evaluate NO production in the 

airways of cav-1-/- mice.  One of the main outcomes of LPS exposure is the upregulation 

of iNOS expression and activity leading to the release of NO.  Although production of NO 

can be pro-inflammatory, it can also cause bronchodilation and therefore a decrease in 

airway resistance (Kacmarek et al. 1996).  Our data show that in the absence of cav-1, 

iNOS transcription is upregulated and levels of nitrite, a byproduct of NO production, are 

increased in the BAL.  These differences are seen both at baseline and after the 

administration of LPS.  It has been shown previously in vitro that the presence of cav-1 

can decrease the expression of iNOS but ours is the first to show this phenomenon in 

vivo (Felley-Bosco et al. 2000).  In addition, ours appears to be the first study to 

measure nitrite levels in the BAL of cav-1-/- mice, which may be a more important 
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indicator of NO activity in the lung than measurements of serum or lung homogenate 

levels that have been previously reported by other groups. 

Ours study is also the first to evaluate the effect of iNOS inhibition in cav-1-/- 

mice.  It has been previously reported that the cav-1-/- mouse has increased plasma 

levels of nitrite and several studies have investigated the relationship between eNOS 

and cav-1 (Zhao et al. 2002).  eNOS upregulation secondary to the loss of cav-1 leads to 

the development of pulmonary hypertension (Zhao et al. 2009), and previous data have 

implicated a role for NO derived from eNOS in the increased survival of cav-1-/- mice in a 

model of LPS-induced sepsis (Garrean et al. 2006; Mirza et al. 2010). In a different LPS 

sepsis model, Connelly et al. described a role for eNOS in controlling iNOS expression, 

which could potentially play a role in the increased iNOS expression and nitrite 

production in our model (Connelly et al. 2005).  Although data exist linking iNOS activity 

to cav-1, few studies have investigated the consequences of this relationship on airway 

inflammation and AHR (Bucci et al. 2000; Felley-Bosco et al. 2002; Garcia-Cardena et 

al. 1997).  Our data suggest that NO responses in the cav-1-/- mouse following 

environmental lung injury are mediated almost exclusively by iNOS.  Use of the potent 

and specific inhibitor of iNOS, 1400W, was able to completely abrogate the reduced 

AHR in these mice.  We suspect that the difference in dependence on NOS isoforms 

stems from the differences between our model and the model used by others (e.g. direct 

administration to the lung vs. IP injection).   

Our data also indicate that elevated levels of NO produced by iNOS in naïve 

mice are playing a role in maintaining airway homeostasis.  Although no difference in 

airway resistance was seen in untreated cav-1-/- mice compared to WT littermates, AHR 

was significantly increased in these cav-1-/- mice treated with systemic 1400W.  These 
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data indicate that at baseline, elevated NO measured in the BAL produced by iNOS is 

crucial in maintaining airway resistance at normal levels in the absence of cav-1.  SNOs 

are bioactive NO compounds, and low levels of airway SNOs have been associated with 

severe asthma (Gaston et al. 1998).  A specific SNO, S-nitrosoglutatione (GSNO), is 

found at high levels in the lung and can act directly as a bronchodilator and has been 

implicated in protection from AHR in the ova model of asthma in mice (Bannenberg et al. 

1995; Que et al. 2005).  We measured levels of total SNOs in the BAL of sham treated 

mice and found a trend toward elevated levels in cav-1-/- mice compared to WT (data not 

shown).  This increase may also contribute to the reduced AHR observed in cav-1-/- 

mice.  Taken together, our data highlight a previously overlooked role of cav-1 as a 

regulator of iNOS activity and expression in the lung. 

The difference in the effect of L-NAME and 1400W on AHR in the cav-1-/- mice is 

intriguing.  Although L-NAME is used as an inhibitor of all NOS isoforms, it is most 

specific for eNOS.  Therefore, we believe that some of the differences observed may be 

due to the importance of eNOS in regulating AHR in the cav-1-/- mice.  The importance of 

cav-1 in regulating eNOS has been extensively studied although to date, its role in 

airway physiology has not been addressed (Murata et al. 2007; Zhao et al. 2009).  A 

more detailed investigation of the role of eNOS in the development of AHR in the cav-1-/- 

mouse is an area of interest for future study. 

The role of cav-1 in regulating the development of airway inflammation and AHR 

is an area of great interest and clinical relevance due to the high level of expression of 

cav-1 within the lung.  These data are important as they increase our knowledge of how 

cav-1 is involved in the development of airway injury.  Future therapies may be targeted 

at modulating the expression of cav-1 in inflammatory diseases.  The development of 
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AHR in response to LPS exposure varies greatly within the human population (Kline et 

al. 1999).  It is known that polymorphisms of the cav-1 gene exist, but they have not 

been linked to any specific lung disorders or diseases (Haeusler et al. 2005).  We 

speculate that loss or alteration of cav-1 function with these polymorphisms may 

determine susceptibility to the development of environmental airway injury.  
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4. The TNF-Receptor on MCs, not mast cell derived 
TNF-α , is required for increased AHR in SP-A-/- mice 
following Mp infection 

4.1 Introduction 

Mycoplasma pneumoniae (Mp) is well established as a human pathogen. 

Annually, approximately 2 million persons are infected with Mp respiratory infections, 

with approximately 100,000 individuals requiring hospitalization. Since Mp are unable to 

synthesize amino acids needed for their survival, surface parasitism allows them to 

acquire the needed biosynthetic precursors. Studies have identified specialized tip 

organelles that these pathogen organisms utilize to mediate their interactions with host 

cells where they can adhere tenaciously to the airway epithelia (Baseman and Tully 

1997; Krause and Balish 2004). 

 Asthma is a chronic disease of airway inflammation and constriction that 

presents with heterogenous clinical phenotypes. While asthma can be caused by a 

myriad of triggering stimuli, such as air pollutants and allergens, symptoms are often 

exacerbated by colonization with Mp. Indeed, several recent studies have examined the 

relationship between Mp and asthma and findings suggest that as many as 50% of 

stable asthmatics may be colonized with Mp in their airways (Kraft et al. 1998; Kraft and 

Hamid 2006; Martin et al. 2001b). Interestingly, findings from airway tissue of asthmatics 

obtained by bronchoscopy with biopsy revealed significant increases in the number of 

MCs associated with patients that tested positive for the presence of Mp airway 

colonization in comparison to patients that tested negative for Mp burden (Martin et al. 

2001b).  

 MCs are highly granular immune cells that reside in all tissues exposed to the 
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environment and are intricately involved in allergic responses and more recently have 

been described as sentinels of the innate immune system during bacterial infections.  

Depending on the type and strength of stimulus, MCs are able to discharge very specific 

mediators, including a variety of cytokines and chemokines, only minutes after the initial 

encounter with the pathogen or allergen.  Specific mediators, such as histamine and 

TNF-α, in addition to being newly synthesized in the ensuing hours after stimulation, are 

stored in a pre-formed manner and can be immediately released from granular stores 

upon activation of MCs. In addition, MCs express receptors for a variety of cytokines and 

chemokines and can therefore respond to intrinsic signals during infection (Juremalm 

and Nilsson 2005).  Engagement of these receptors leads to the release of inflammatory 

mediators commonly associated with asthma such as histamine, tryptases, and 

leukotrienes and can also alter the response of MCs to degranulation stimuli (Fifadara et 

al. 2009; Hughes et al. 1995; Pushparaj et al. 2009; van Overveld et al. 1991). It has 

been previously reported that mice lacking MCs infected with either Mycoplasma 

pulmonis or with M. pneumoniae in an allergic model had greater Mp burden than wild-

type mice (Michels et al. 2010; Xu et al. 2006), further suggesting the importance of MCs 

in mycoplasma clearance, whether directly or indirectly. 

 Primary pulmonary defense against environmental factors such as allergens, 

viruses and microbes is supplied by the pulmonary innate immune system, which is 

comprised of phagocytes as well as soluble mediators such as surfactant proteins. A 

major protein constituent of surfactant is the lung collectin, SP-A.  SP-A has a well 

established role in modulating innate immunity in the lung, specifically by enhancing 

phagocytosis of pathogens by AMs and neutrophils, by regulating DC functions (Brinker 
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et al. 2003), and by modulating the production of inflammatory cytokines (McIntosh et al. 

1996; Stamme et al. 2000). 

SP-A binding moieties have been identified on Mp and studies have shown that 

SP-A inhibits Mp growth in vitro (Kannan et al. 2005; Piboonpocanun et al. 2005).  We 

have also shown that SP-A-/- mice are more susceptible to Mp infection than are WT 

mice as demonstrated by significantly augmented airway hyperreactivity (AHR), mucus 

production, and cellular inflammation. Specifically, SP-A plays a vital role in curtailing an 

overzealous TNF−α response during the acute phase of the infection thereby protecting 

Mp infected mice from mucus hypersecretion and AHR (Ledford et al. 2009). While we 

discovered that inhibition of TNF−α by a transcriptional inhibitor could protect SP-A 

deficient mice from Mp-induced inflammation and AHR, the cell type responsible for the 

TNF−α-mediated response during Mp infection was not elucidated.  

Previously we demonstrated that SP-A binds to MCs in a calcium-dependent manner 

(Malherbe et al. 2005) and this led to our current hypothesis that MCs may be critical in 

SP-A-mediated regulation of airway reactivity and inflammation. Here, we now report 

new information on a key role played by airway MCs in modulating AHR that is observed 

in SP-A deficient mice infected with Mp. Using mice deficient in SP-A and MCs (SP-A-/- 

KitW-sh/W-sh) engrafted with either TNF−α deficient (TNF−α-/-) MCs or TNF receptor 

deficient (TNF-R-/-) MCs, we found that augmented airway responses during Mp infection 

is a result of TNF−α interactions with MCs via the TNF-R and not MC-derived TNF-α. 

Therefore, we describe a previously overlooked contribution of MCs as secondary 

responders to TNF-α during Mp infection. 
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4.2 Results 

4.2.1 SP-A negatively regulates mast cell TNF-α  responses to Mp 

MCs are ideally situated within the mucosa of the lung to respond quickly to Mp 

infection in the upper airway and they have reservoirs of pre-stored TNF−α, as well as 

the ability to quickly synthesize it upon stimulation (Marshall 2004).  Purified MCs were 

stimulated with Mp in vitro to determine if SP-A plays a role in limiting Mp-induced MC 

release of TNF−α. TNF−α released by the MCs stimulated with Mp peaked 12-14 hrs 

post stimulation and addition of exogenous human SP-A significantly inhibited this 

release (Figure 4.1). Analysis of MC RNA extracted after only 1 hr of Mp stimulation 

indicated that exogenous SP-A added at a physiologic concentration (10 µg/ml) also 

inhibited Mp-stimulated transcription of TNF-α (Figure 4.2). These findings suggest that 

SP-A can regulate release and production of TNF-α in response to Mp infection.  
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Figure 4.1 SP-A reduces Mp-stimulated secretion of TNF-α  by MCs in vitro. 

MCs were either non-stimulated (NS) with saline or stimulated with Mp (MOI of 100:1) in 
the presence of absence of SP-A (10 µg/ml) in vitro for 14 hrs.  Supernatants were 
analyzed for TNF-α release by ELISA (*p<0.05 and data are representative of 3 
independent experiments). 
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Figure 4.2 TNF-α  production is decreased at the transcriptional level in MCs in the 
presence of SP-A. 

MCs were either non-stimulated (NS) with saline or stimulated with Mp (MOI of 100:1) in 
the presence of absence of SP-A (10 µg/ml) in vitro for 1 hr. TNF-α transcription in MCs 
was assessed by RT-PCR and expressed relative to the housekeeper β-actin and as 
fold over the untreated control (*p<0.05 and data are representative of 3 independent 
experiments). 



 

 81 

4.2.2 Recruitment of mast cells into the lungs of Mp infected mice 

MCs not only contain pre-stored TNF-α, but can also quickly synthesize it upon 

stimulation and both of these appear to be regulated by SP-A (Figures 4.1 and 4.2). In 

addition, as previously published, high levels of TNF-α production in the SP-A-/- mice 

leads to negative outcomes during Mp infection.  In order to determine the contribution of 

MCs during Mp infection an in vivo mouse model was used.  We first investigated the 

distribution and numbers of MCs within the airways of both saline and Mp treated WT 

and SP-A-/- mice (C57BL/6 background).  Using FITC-avidin stain to identify granules 

within MCs in lung tissue sections, we observed that MCs are localized to the sub-

epithelial layer of the large airways and trachea in uninfected WT mice as previously 

reported (Brinkman 1968; Felley-Bosco et al. 2000; Marshall 2004). In addition, the 

number and localization of MCs is comparable between the WT and SP-A null lungs 

(Figure 4.3). 

At 72 hours post Mp infection, the number of MCs per lung section increased 

significantly both in WT and SP-A deficient mice (Figure 4.3).  Furthermore, we found 

that MCs are more often adjacent to the basement membrane of the airway epithelium in 

mice inoculated with Mp (Figure 4.4) and the presence of positively staining granules in 

some sections from Mp-infected lungs is consistent with MC degranulation (Figure 4.4).  

Additionally, we detected MCs in the lung parenchyma in close proximity to type II cells, 

which are known to produce and secrete SP-A (Figure 4.4). We found no significant 

effect of the lack of SP-A on the number or localization of MCs during Mp infection. 

These results indicate that MCs are recruited to the lung during Mp infection in both WT 

and SP-A-/- mice at similar levels and that their localization and granulation status may 

be altered during infection. 
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Figure 4.3 The total number of MCs in the lungs increases following Mp infection 

Mice were intranasally instilled with A) saline or B) 1x108 Mp and 3 days post-infection 
lungs were lavaged and inflated by gravity with formalin.  Paraffin embedded sections 
were cut and analyzed by immunohistochemistry for the presence of MCs.  Green, 
avidin marks MC granules. Red, acetylated-tubulin marks large ciliated airways; Blue, 
nuclei are marked with DAPI.  Representative images are shown here.  C) Slides from 
WT and SP-A-/- saline treated and Mp infected lungs were blindly assessed for the total 
number of tissue MCs stained per whole lung section (8 µm).  Images are taken at 10X 
(*p<0.05, n = 5). 
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Figure 4.4 MC localization and granulation status can be altered by Mp infection 

Mice were intranasally instilled with 1x108 Mp and 3 days post-infection lungs were 
lavaged and inflated by gravity with formalin.  Paraffin embedded sections were cut and 
analyzed by immunohistochemistry for the presence of MCs.  Green, avidin marks MC 
granules. Red, acetylated-tubulin marks large ciliated airways; Blue, nuclei are marked 
with DAPI.  Following infection, we find evidence that MCs are A) adjacent to large 
airways, B) Degranulated due to detection of extracellular MC granules (arrow), and C) 
sometimes localized in the lung parenchyma.  Images are taken at 40X. 
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4.2.3 Mast cells promote increased AHR in Mp-infected mice 

Our previous findings suggested that during Mp infection, SP-A plays an 

important role in maintaining airway homeostasis by limiting an overzealous TNF−α 

response (Ledford et al. 2009).  Since MCs play key roles in asthma, we sought to 

determine the role of MCs in airway reactivity during Mp infection. Therefore, we 

developed a mouse model deficient in both MCs and SP-A (SP-A-/- KitW-sh/W-sh) by 

crossing the MC deficient (KitW-sh/W-sh) and SP-A deficient (SP-A-/-) mice.  We then 

challenged these mice with Mp and assessed their AHR to MCh challenge 72 hours post 

infection using the flexiVent system.   

As expected, none of the saline treated animals developed significant AHR to 

MCh challenge.  Also, as has been described previously, WT mice develop elevated 

AHR during the MCh challenge as a consequence of Mp infection.  As we had previously 

reported, SP-A null mice treated with Mp develop significantly higher AHR than WT mice 

(Ledford et al. 2009). Interestingly, we found that by removing the MCs from the SP-A 

deficient mice (SP-A-/- KitW-sh/W-sh), AHR was reduced to baseline levels (Figure 4.5).  

These data indicate that MCs play a key role in the enhanced AHR observed in SP-A 

deficient mice. KitW-sh/W-sh mice respond only slightly to Mp infection (data not shown), 

similar to the SP-A-/- KitW-sh/W-sh mice, which are similar in AHR to the saline treated mice. 
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Figure 4.5 AHR is decreased in mice lacking MCs. 

WT, SP-A-/-, and KitW-sh/W-sh SP-A-/- mice were intranasally instilled with either saline or 1 x 
108 Mp and 3 days later RT was measured by flexiVent to an aerosolized methacholine 
challenge.  (**, p < 0.01, ^, p < 0.01, n = 12). 
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4.2.4 Loss of mast cells does not affect recruitment of cells into the 
BAL or total protein levels 

Additionally, we assessed the recruitment of inflammatory cells to the air spaces 

that are recovered in the BAL at both 12 and 72 hours post infection.  As expected, all 

saline groups of mice had greater than 95% AMs in their BAL (data not shown). 

Differential counts of H&E stained BAL cells from Mp infected mice revealed an increase 

in the number of PMNs, the main responder to Mp infection (Martin et al. 2001a), in the 

BAL of WT mice compared to SP-A-/- mice 12 hours post infection.  Interestingly, when 

MCs are absent, SP-A deficient mice recruit significantly fewer PMNs, similar to levels 

observed in infected WT mice (Figure 4.6).  By 72 hours post infection, the majority of 

the cells in the BAL were macrophages.  We found that SP-A-/- KitW-sh/W-sh mice had 

significantly fewer macrophages compared to mice lacking SP-A only but similar levels 

of neutrophils (Figure 4.6).  These results suggest that in the absence of MCs, the 

recruitment of neutrophils into the airspace during the acute phase and macrophages 

during the later phase of Mp infection is reduced. 

As a general indicator of lung injury, we measured total protein in the BAL of the 

mice 72 hours after Mp infection.  There were no differences between the groups, 

indicating that the changes in AHR are likely not associated with changes in total protein 

in the BAL (Figure 4.7). 
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Figure 4.6 BAL cell counts are not affected by loss of MCs at 12 or 72 hours post 
Mp infection. 

WT, SP-A-/-, and KitW-sh/W-sh SP-A-/- mice were intranasally instilled with either saline or 1 x 
108 Mp and cellular infiltration was assessed in BAL after 12 hrs or C) 72 hrs. (*, p < 0.05 
and is versus WT Mp group unless otherwise noted, n = 12). 
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Figure 4.7 BAL protein levels do not differ between WT, SP-A-/- and SP-A-/- KitW-sh/W-

sh mice following Mp infection. 

WT, SP-A-/-, and KitW-sh/W-sh SP-A-/- mice were intranasally instilled with either saline or 1 x 
108 Mp and 3 days later and total protein in BAL was measured by BCA (n = 12). 
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4.2.5 Recovery of AHR and TNF-α  levels in SP-A-/- KitW-sh/W-sh mice 
reconstituted with WT mast cells 

In order to assess more directly the role of MCs in the elevated AHR observed in 

Mp infected SP-A-/- mice, we performed a series of reconstitution experiments.  Retro-

orbital injection of bone marrow derived MCs (BMMCs) results in engraftment of the lung 

with significant numbers of MCs (Jin et al. 2011).  Approximately 30 days post injection 

we repeated the infection with Mp and assessed AHR after 72 hours.  Engraftment of 

SP-A-/- KitW-sh/W-sh mice with WT BMMCs was verified by immunohistochemistry 

throughout the lung tissue and in close proximity to large airways (Figure 4.8). 

Additionally, engraftment of SP-A-/- KitW-sh/W-sh mice with WT BMMCs restored high levels 

of AHR to MCh challenge as expected in Mp infected mice (Figure 4.9).  These data 

indicate that the loss of MCs, and not some secondary effect, was the cause of the 

decrease in AHR observed in SP-A-/- KitW-sh/W-sh  mice compared to mice lacking only SP-

A.  TNF-α levels in BAL were measured 12 hours post infection and, as previously 

reported, SP-A null mice had a significant increase in BAL TNF-α levels compared to 

WT mice (Ledford et al. 2009).  However, there was no difference in TNF-α levels 

observed in the SP-A-/- mice with MCs (SP-A-/-, SP-A-/- KitW-sh/W-sh  engrafted with WT 

BMMCs) or without MCs (SP-A-/- KitW-sh/W-sh)  and all were significantly elevated over WT 

infected mice (Figure 4.10).  
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Figure 4.8 MCs successfully reconstitute the lung following engraftment. 

SP-A-/- KitW-sh/W-sh mice were injected retro-orbitally with WT BMMCs.  Engraftment was 
verified (arrows) by immunohistochemistry in lung tissue after 4-6 weeks.  Paraffin 
embedded sections of gravity inflated lungs were stained to visualize MCs. Green, avidin 
marks MC granules. Red, acetylated-tubulin marks large ciliated airways; Blue, nuclei 
are marked with DAPI.  Image is taken at 10X. 
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Figure 4.9 Reconstitution with WT BMMCs restores heightened AHR in SP-A-/- KitW-

sh/W-sh mice. 

SP-A-/- KitW-sh/W-sh mice were engrafted for 4-6 weeks with WT BMMCS (SP-A-/- KitW-sh/W-sh 
(+WT MC)).  These mice were then intranasally infected with Mp or saline as a control.  
RT was measured by flexiVent to MCh challenge in mice that had been infected for 3 
days versus those that were saline treated and compared to WT, SP-A-/-, and SP-A-/- 

KitW-sh/W-sh mice (**, p < 0.01, # p < 0.01, ^ p < 0.05, n = 8 - 12). 
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Figure 4.10 TNF-α  production is increased in SP-A-/- KitW-sh/W-sh mice and rescued 
by WT BMMC engraftment. 

SP-A-/- KitW-sh/W-sh mice were engrafted for 4-6 weeks with WT BMMCS (SP-A-/- KitW-sh/W-sh 
(WTMC)).  These mice, along with WT, SP-A-/-, and SP-A-/- KitW-sh/W-sh mice, were then 
intranasally infected with Mp and BAL was collected 12 hours later. TNF-α was 
measured by ELISA (*p<0.05 vs. WT infected group, n = 8 - 12). 
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4.2.6 Recovery of AHR in SP-A-/- KitW-sh/W-sh mice reconstituted with 
TNF-α -/- bone marrow derived mast cells (BMMCs) but not TNF-R-/- 
BMMCs 

The above data revealed a key role for MCs in the elevated AHR in SP-A null 

mice and, as previously published, inhibition of TNF−α can attenuate this response 

(Ledford et al. 2009). However, high levels of TNF−α were still measured in mice lacking 

MCs suggesting that while MCs may be important in the augmented responses 

observed, MC-derived TNF−α may not be the key contributor to this phenotype. To 

better understand the contribution of TNF-α and MCs in this model of Mp infection, we 

engrafted SP-A-/- KitW-sh/W-sh mice with TNF-α-/- and TNF-R-/- BMMCs.  We found that the 

number of MCs per lung lobe did not differ between the groups, indicating that 

engraftment of the lung is not affected by the genotype of the MCs injected (Figure 

4.11).  Mice reconstituted with TNF-α-/- BMMCs and infected with Mp demonstrated an 

enhancement in reactivity to MCh that indeed paralleled the responsiveness to MCh 

observed in mice reconstituted with WT MCs (Figure 4.12).  However, Mp infected SP-A-

/- KitW-sh/W-sh mice receiving TNF-R-/- MCs had a significantly reduced response to the 

MCh challenge compared to mice reconstituted with either WT MCs or TNF-α-/- MCs. 

These data indicate that MC derived TNF−α is not the factor contributing to the high 

AHR in SP-A-/- mice infected with Mp but that TNF−α acting on MCs via their TNF-R is 

critical in regulating AHR during Mp infection.  
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Figure 4.11: Engraftment of the lung is not affected by the genotype of the MCs 
injected. 

SP-A-/- KitW-sh/W-sh mice were injected retro-orbitally with WT, TNF-α-/-, or TNF-R-/- 
BMMCs.  After 4-6 weeks of engraftment when mice were sacrificed, one lobe was fixed 
in paraformaldehye and paraffin embedded sections were stained with avidin to visualize 
MCs.  Total numbers of MCs per lobe were counted to compare between genotypes (n = 
3 – 11). 
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Figure 4.12 Increased AHR requires the expression of MC TNF receptors, but is 
not dependent on MC derived TNF-α . 

SP-A-/- KitW-sh/W-sh mice were engrafted with either TNF-α-/- BMMCs or TNF-R-/- BMMCs. 
RT was measured by flexiVent to a MCh challenge in mice that had been infected for 3 
days versus those that were saline treated. Responses were compared to WT, SP-A-/-, 
and SP-A-/- KitW-sh/W-sh mice treated with Mp or saline (**, ^, #, $ p < 0.01, n = 12). 



 

 96 

4.2.7 Mucus production in Mp-infected lungs is dependent on the 
mast cell TNF-α  axis 

Since another key feature of Mp infection is mucus hypersecretion we therefore 

sought to determine the effect of MCs on production of mucus in the SP-A deficient 

mice.  Lung histology was analyzed by PAS staining 72 hours after Mp infection.  As 

expected, saline treated mice of all genotypes had no PAS staining for the presence of 

muco-polysaccharides in airway epithelium (data not shown).  As has been previously 

reported (Ledford et al. 2009), WT mice have little mucus production in their large 

airways, while SP-A null mice in response to Mp infection demonstrate increases in 

airway staining for PAS (Figure 4.13).  In the absence of MCs, PAS staining was barely 

detectable in the large airways, mimicking what was seen in the WT mice, suggesting a 

role for MCs in mucus synthesis during Mp infection.  Engraftment with WT BMMCs 

resulted in dramatic mucus production.  Surprisingly, there was less detectable airway 

staining for PAS in mice that had been engrafted with either TNF-α-/- or TNF-R-/- MCs 

(Figure 4.13). 

4.2.8 Mast cells contribute to the reduction of Mp burden in lung 
tissue 

Mp binds to the airway epithelium during infection, and by 3 days after infection 

most of the bacteria are found within the lung tissue, not in the BAL.  In order to assess 

the role of MCs in controlling Mp burden in the lung, we used real-time PCR to measure 

the levels of Mp P1-adhesin in the lung tissue 72 hours after Mp infection.  As we 

reported previously, SP-A deficient mice have a significant increase in Mp burden 

compared to WT mice (Ledford et al. 2009).  In mice lacking SP-A and MCs, we found 

an even greater increase in Mp burden in the lungs (2-log increase).  When these  
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Figure 4.13 Mucus production is decreased in mice lacking MCs. 

SP-A-/- KitW-sh/W-sh mice were engrafted with WT, TNF-α-/-, or TNF-R-/- BMMCs. 3 days 
after infection with Mp, lungs were lavaged and formalin fixed and paraffin embedded.  
Sections were stained with PAS to visualize mucus within the airways.  A) 
Representative images were taken at 10X.  B) PAS stained sections of lung were scored 
(blinded) using a scale of 0 (no mucus) - 4 (mucus present in all large airways and 
mucus plugs in bronchioles). (***, p < 0.001, **, p < 0.01, * p < 0.05, n = 7 – 12). 
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Figure 4.14 Mp burden is dependent on the presence of MCs, regardless of their 
ability to make or respond to TNF-α . 

Mp burden in lung tissue at day 3 post-infection was measured by real-time PCR for Mp 
specific P1-adhesin gene relative to β-actin and is expressed as fold over WT Mp 
infected (*, p < 0.05, n ≥ 12). 
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mice were engrafted with WT BMMCs, the Mp burden levels were reduced to those of 

the SP-A deficient mice (Figure 4.14).  These data indicate that MCs are essential in 

controlling the Mp burden within the lung tissue. 

4.2.9 Association between high TNF-α  levels in the BAL and Mp 
infection in asthmatic patients 

Since it has been reported that some asthmatics test positive by PCR for Mp in the 

airway, we sought to determine if Mp positivity associated with elevated TNF-α  levels in 

BAL samples from human asthmatics. Lavage samples were obtained from normal and 

asthmatic subjects via bronchoscopy and assessed for TNF-α  levels by Luminex.  

Based on the results for TNF-α  levels, the samples from asthmatic subjects were 

grouped into a low TNF-α  producing group (defined as less than 15-fold over the 

average TNF-α  levels in normal subjects) and a high TNF-α  producing group (defined 

as greater than 45-fold over the average TNF-α  levels in normal subjects).  There were 

significantly higher TNF-α  levels in both the “low asthmatic” and the “high asthmatic” 

groups as compared to normal subjects (Figure 4.15). Interestingly, there was also a 

significant difference between the two groups of asthmatic subjects. Cells from the 

lavage samples of each subject were then analyzed for Mp positivity by quantitative real-

time PCR for the Mp specific P1-adhesin gene.  Additionally, Mp positivity was verified in 

samples from normal and asthmatic subjects by observing color change of samples after 

incubation of BAL for 2-3 weeks in Mp specific SP-4 broth. None of the normal subjects 

tested positive for Mp, whereas about 10% of asthmatic subjects with low TNF-α  levels 

were positive for Mp infection.  Interestingly, in asthmatic subjects with high TNF-α  

levels, about 50% of the asthmatic subjects tested positive (Figure 4.15).  While previous  
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Figure 4.15 Mp positivity is greater in the group of human asthmatics with high 
levels of BAL TNF-α . 

BAL was collected from a cohort of human asthmatics and normals.  A) TNF-α levels 
were determined by Mulitplex and the asthmatics were devided into a high TNF-α and a 
low TNF-α group. Levels of TNF-α were graphed as fold-over normals.  See Chapter 2 
for complete details.  B) Real-time PCR for Mp specific P1-adhesin and dilution of 
samples into SP-4 broth were both used to verify Mp positivity in subjects (normals, 
asthmatics with low TNF-α, and asthmatics with high TNF-α). (**, p < 0.01 comparing 
asthma groups to normals and also comparing the asthmatics with high TNF-α levels to 
asthmatics with low TNF-α levels, *, p < 0.05 by Fischer’s Test and is versus normals, n 
= 8). 



 

 101 

studies have shown that a subset of asthmatic subjects are colonized with Mp and that 

certain asthmatic subjects have elevated TNF-α levels in BAL, ours is the first to 

establish a temporal link between these two phenotypes (Howarth et al. 2005; Kraft et al. 

1998; Kraft and Hamid 2006; Martin et al. 2001b). 

 

4.3 Discussion 

These studies indicate a unique contribution by MCs in the response to Mp 

infection.  Not only do the findings presented here further the understanding of how the 

lung responds to Mp infection, but they also suggest a novel role of the TNF-R on MCs 

in mediating responses to pathogens.  We found that MC numbers increase in the lung 

during Mp infection in mice, which is in agreement with clinical data reporting that 

asthmatic subjects positive for Mp infection have significantly more MCs in their airway 

tissue than those asthmatics without infection (Kraft and Hamid 2006).  In addition, MCs 

are required for the enhanced AHR, mucus production, and the elevated Mp burden 

observed in the SP-A-/- Mp infected mice. The SP-A-/- KitW-sh/W-sh mice continue to have 

high levels of TNF-α in their BAL, yet have lower AHR as compared to SP-A-/- mice, 

indicating a pivotal role for MC products in mediating airway reactivity that is not 

dependent on MC TNF−α.  When these mice (SP-A-/- KitW-sh/W-sh) are reconstituted with 

either WT or TNF-α-/- BMMCs, AHR levels are increased during MCh challenge; 

however, an airway hyperresponsiveness phenotype is not re-established when TNF-R-/- 

MCs are engrafted. This strongly suggests that the Mp-induced elevation in AHR 

observed in the SP-A-/- mouse is critically and specifically dependent upon stimulation of 

MC TNF−α receptors. 
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Our data support a model in which SP-A has a profound effect on TNF−α, and 

shows that in the absence of SP-A, TNF−α acts on MCs via the TNF-R to induce 

elevated mucus production and AHR.  It has been previously reported by our lab and 

others that SP-A directly affects the production of TNF−α by macrophages stimulated 

with TLR4 agonists and we show here that SP-A inhibits Mp induced TNF−α production 

by MCs in vitro (Alcorn and Wright 2004; McIntosh et al. 1996; Sano et al. 1999). It is 

also possible that SP-A affects TNF−α production by airway epithelial cells. We 

speculate that the elevated TNF-α that occurs in the absence of SP-A interacts in the 

submucosa with the TNF-R on MCs causing release of a myriad of pre-stored and newly 

synthesized mediators. Many mediators from degranulating MCs, including cytokines, 

chemokines, lipid mediators, and histamine, may play a key role in the pathophysiology 

of the asthmatic lung (reviewed in (Hart 2001; Reuter et al. 2010)). Additionally, MC 

proteases stimulate tissue remodeling and enhance mucus secretion (Hart 2001). We 

hypothesize that it is one of these mediators, or some combination of them, that causes 

AHR and mucus production in the presence of a robust TNF-α response in mice infected 

with Mp.  

While the link between MC degranulation and mucus production has been shown 

(reviewed in (Hart 2001)), the direct contribution of MC derived TNF−α in regulation of 

mucus hypersecretion remains incompletely defined. Here we show novel findings that 

while engraftment of WT BMMCs results in dramatic increases in PAS positive cells of 

airways, engraftment of either TNF−α-/- BMMCs or with TNF-R-/- BMMCs resulted in 

significantly less PAS positive cells. These findings suggest a critical role for the TNF-

mediated pathway in MCs for the increased presence of muco-polysaccharides in airway 
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epithelium during Mp infection, which may contribute to Mp-induced exacerbations 

experienced by a subset of asthmatics that become colonized with Mp. 

The importance of MC derived TNF−α in lung pathophysiology has been 

described by several labs. Using the well-characterized ovalbumin model of asthma, 

Nakae et al. found that engraftment of KitW-sh/W-sh mice with TNF-α deficient BMMCs 

resulted in decreased lymphocyte recruitment and Th2 cytokine production compared to 

KitW-sh/W-sh mice engrafted with WT BMMCs (Kim et al. 2007; Nakae et al. 2007).  In a 

footpad model of E. coli infection, MC derived TNF-α was shown to be important for 

lymph node hypertrophy (McLachlan et al. 2003).  Based on these studies, we 

anticipated that TNF-α produced by MCs in the lung would be pivotal in mediating the 

host response to Mp.  However, when engrafting the MC deficient mice with BMMCs that 

are unable to produce TNF-α, mice still maintained a high level of increased AHR to 

MCh challenge.  Our data are interesting in that they show that it is not the TNF-α 

produced by MCs, but rather TNF-α acting via the TNF-R on MCs that is critical in 

modulating the host response to Mp. 

SP-A has been shown to bind to Mp by two distinct mechanisms, through surface 

disaturated phospholipids and by a specific surface protein, Mpn372 (Kannan et al. 

2005; Piboonpocanun et al. 2005). Additionally, it has been reported that SP-A 

attenuates Mp growth in vitro (Piboonpocanun et al. 2005). Our previous findings show 

that SP-A-/- mice have significantly more Mp colonization in the large airway compared to 

WT mice (Ledford et al. 2009).  We speculate that SP-A binds to the invading Mp and 

minimizes binding to airway epithelial cells and enhances mucociliary clearance and/or 

attenuates Mp growth.  While SP-A’s role as an opsonin that aides in the uptake of 
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numerous pathogens is well established, Mp typically only exists as an extracellular 

organism; thus, we speculate that SP-A acts via different mechanisms in the case of Mp. 

Previous mouse and clinical studies indicated a key role for MCs in mycoplasma 

infections.  Xu et al. reported that MC deficient mice (KitW-sh/W-sh) were more susceptible 

to the related strain M. pulmonis.  The MC deficient mice had higher mortality, lost more 

weight, and had higher bacterial burden than WT mice (Xu et al. 2006).  An additional 

recent study found that in the context of allergic inflammation, MC deficient mice (W/WV) 

were not able to clear Mp as efficiently as WT mice (Michels et al. 2010).  Our findings 

further strengthen the argument that MCs are involved in resolution of Mp infection as 

the mice lacking SP-A and MCs had the highest levels of Mp burden in lung tissue. 

Importantly, when MCs were reconstituted into the mice, the Mp burden was decreased 

nearly to the level detected in mice that had MCs. Interestingly, we found no difference 

in burden between mice engrafted with WT BMMCs, TNF−α-/- BMMCs, or with TNF-R-/- 

BMMCs, indicating that neither signaling through the MC TNF-R nor MC derived TNF−α 

are necessary for Mp resolution. We tested the ability of MCs to kill Mp directly using in 

vitro techniques and found that they were unable to reduce the number of Mp present in 

samples (data not shown).  

The current understanding of MCs and TNF-α levels and function in asthmatics is 

not complete, in part due to the complexity of the multiple phenotypes that encompass 

human asthma. TNF-α is one of the most studied cytokines in asthmatics and its primary 

role has been described as one of inducing adhesion molecules leading to 

transmigration of inflammatory leukocytes. Some research has delved into the aspect of 

how MC derived TNF-α affects the lung and asthmatic phenotypes, while to the best of 

our knowledge, no studies have examined the effect of TNF-α acting on MCs to initiate 
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degranulation and activation of newly synthesized mediators. Although anti-TNF 

treatment has met with mixed results (Berry et al. 2006; Erin et al. 2006; Howarth et al. 

2005; Morjaria et al. 2006; Rouhani et al. 2005), specifically targeting the TNF-R on MCs 

may prove to be a safer and more effective way of reducing symptoms in asthmatics 

with Mp infections. Historically, during microbial infections and asthma, the contribution 

of MCs to the inflammatory response have been primarily attributed to their ability to 

directly interact with allergens and/or pathogens and respond by releasing a panoply of 

pre-stored and recently synthesized mediators. Our findings provide evidence that MCs 

can also respond to locally produced cytokines, such as TNF-α, and therefore serve as 

secondary responders, bolstering responses initiated by activated epithelial cells and 

macrophages.
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5. Conclusions and significance 

5.1 Summary 

The goal of the studies discussed in this thesis was to examine the roles of two 

host proteins, cav-1 and SP-A, in innate host defense in the lung.  Cav-1 and caveolae 

have been implicated in pathogen uptake and in the control of a variety of cell signaling 

pathways, but its role in controlling lung inflammation and airway reactivity is not fully 

understood.  Although SP-A is known to be a key regulator of inflammatory mediator 

production, little is known about its ability to affect MCs, key innate immune cells in the 

lung.  In this work, I provide data indicating that cav-1 may play a dual role during 

endotoxin induced lung injury.  Although it appears that cav-1 is crucial for decreasing 

the inflammatory response, it is detrimental with regard to airway reactivity.  I show that 

loss of cav-1 leads to decreased ASM contraction and increased NO production, both of 

which may be contributing to the reduced AHR in these mice.  In addition, I show that 

SP-A can control release of TNF-α from MCs and I provide evidence that specific 

interactions between TNF-α and MCs during Mp infection lead to elevated AHR and 

mucus production, both of which may be important in asthma exacerbations in humans. 

In Chapter 3 I examine the role of the structural protein cav-1 in regulating airway 

inflammation and reactivity in a model of inhaled endotoxin exposure.  The main 

component of endotoxin is LPS, which is found ubiquitously in the environment and 

leads to proinflammatory cytokine production, immune cell recruitment, and AHR.  By 

comparing the response of cav-1-/- and WT mice, I found that cav-1 is required to reduce 

cytokine production and cell recruitment, but also plays a role in the development of 

elevated AHR.  I demonstrate that this disconnect between AHR and inflammation is 

related to the role of cav-1 in ASM contraction and relaxation and NO production.  Loss 
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of cav-1 in ASM leads to decreased contraction and increased relaxation in isolated 

bronchi ex vivo without affecting its structure, receptor independent contraction, or 

expression of the M3 receptor.  In addition, NO production and iNOS expression are 

increased in cav-1-/- mice compared to WT following LPS exposure.  Interestingly, 

administration of the iNOS specific inhibitor 1400W decreased AHR in WT mice, but it 

increased AHR in cav-1-/- mice treated with LPS.  By blocking NO produced by iNOS, 

AHR is returned to WT levels in these mice.  In addition, sham treated cav-1-/- have 

increased AHR when administered 1400W, while WT sham mice are not affected.  I 

speculate that these results may be a consequence of the role of cav-1 and caveolae in 

a variety of signaling pathways in the lung. 

Figure 5.1 illustrates a model in which cav-1 acts as a negative regulator of NO 

production and TLR4 signaling, leading to decreased cytokine production, while acting 

as a positive regulator of ASM contraction leading to airway reactivity.  When cav-1 is 

present, it organizes caveolae where receptors and other proteins accumulate.  I 

speculate that in ASM caveolae and cav-1 compartmentalize the M3 receptor and its 

downstream signaling proteins including its G protein, Gq.  This compartmentalization 

leads to effective activation of the M3 pathway leading to increased ASM contraction.  

Therefore, when cav-1 is absent, caveolae do not form, and the pathway leading to ASM 

contraction is less active, leading to the decreased contraction I observed in cav-1-/- 

bronchial rings.  Cav-1 is expressed in AMs and epithelial cells of the lung where I 

propose that it controls the production of inflammatory cytokines and NO.  When cav-1 is 

present, TLR4 and iNOS are located within caveolae.  There, I propose that cav-1 

directly binds to these proteins, down-regulating their activity.  In addition my data and 

data reported by others indicate that iNOS expression is also increased in the absence  
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Figure 5.1: Model illustrating the role of cav-1 in lung cells. 

In AMs and epithelial cells I propose that cav-1 acts as a negative regulator of TLR4 and 
iNOS, while in ASM cav-1 is a positive regulator of M3.  In cav-1-/- mice this leads to 
increased NO and decreased ASM contraction, which I hypothesize are the key factors 
leading to decreased AHR in these mice.  
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of cav-1 (Felley-Bosco et al. 2000).  Together, this leads to overproduction of cytokines 

by TLR4 and NO by iNOS in the absence of cav-1. 

In Chapter 4 I examine the role of MCs and the immune surfactant protein SP-A 

during Mp infection.  Previous data demonstrated the importance of SP-A in maintaining 

airway homeostasis by decreasing the TNF-α response in the lung during Mp infection 

(Ledford et al. 2009).  Here, I expand upon these findings to investigate the role of MCs, 

an innate immune cell that can release potent stores of TNF-α and newly synthesize it, 

and SP-A during Mp infection.  Data collected from human asthmatics indicates that high 

levels of TNF-α in the BAL correlate with Mp positivity.  In vitro, SP-A attenuates Mp 

induced release of TNF-α.  In a mouse model of Mp infection, I show that MCs are 

recruited to the lung during infection and that loss of MCs in the background of SP-A 

deficiency (SP-A-/- KitW-sh/W-sh) leads to a rescue of the high levels of AHR.  Interestingly, 

however, the SP-A-/- KitW-sh/W-sh mice have even higher levels of TNF−α in their BAL 

compared to WT and SP-A-/- mice despite their decreased AHR.  This led me to 

investigate the role of MCs as responders to TNF−α during Mp infection.  I report that 

engraftment of SP-A-/- KitW-sh/W-sh mice with WT or TNF−α -/- BMMCs led to restoration of 

high levels of AHR, while those engrafted with TNF-R-/- BMMCs remained low. 

These data point to a model in which invading Mp are bound by SP-A, preventing 

it from colonizing the large airways and limiting pathogenesis.  However, when SP-A is 

absent or dysfunctional, Mp binds to the airway epithelium causing overproduction of 

TNF-α from cells including AMs and neutrophils.  This TNF-α enters the submucosa 

where it encounters MCs and binds their TNF-R, leading to the release of a mediator 

that causes the development of airway reactivity (Figure 5.2).
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Figure 5.2: Model demonstrating the interaction of SP-A and MCs during Mp 
infection. 

SP-A binds Mp in the large airway and prevents it from over-colonizing airway epithelial 
cells. If SP-A is absent or dysfunctional, as may be the case in asthmatics, more Mp 
binds to airway epithelial cells and results in the overproduction of TNF-α from epithelial 
cells, AMs and/or neutrophils (PMNs). I speculate that this TNF-α enters the submucosa 
where it encounters tissue MCs and stimulates MC activation via the TNF-R. More MCs 
are present during Mp infection and TNF-R activation of these MCs leads to the release 
of mediator(s) that contribute to high levels of airway constriction. 
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In addition to the affects on AHR, the data presented in Chapter 4 indicate a role 

for MCs in mucus production and clearance of Mp burden.  In the absence of SP-A, 

mucus production in the large airways is increased.  I show that this hypersecretion is 

dependent on the presence of MCs, since mucus production is decreased in the SP-A-/- 

KitW-sh/W-sh mice and that the ability of MCs to make and respond to TNF-α are both 

involved in mediating the high levels of mucus.  Mp burden in the lung tissue is 

increased in SP-A-/- mice and is even greater in SP-A-/- KitW-sh/W-sh mice.  This indicates 

that SP-A and MCs may be involved in Mp clearance. Interestingly, this decrease in 

burden occurs whether or not the MCs can make or respond to TNF-α, implicating the 

involvement of another MC mediator in this process.  I speculate that SP-A plays a role 

in the clearance of Mp by preventing it from colonizing the large airway.  MCs also aid in 

clearance of Mp in vivo by a mechanisms that is independent of the TNF-α/TNF-R 

pathway.  These data also indicate that sometimes these responses can have 

unintended negative consequences.  Although MC products appear to be crucial for the 

clearance of Mp burden, they also lead to increased AHR and mucus production. 

Together, the data presented in this thesis increase our understanding of the 

many host factors that have evolved to help the lung deal with the pathogens and 

particulates that are constantly inhaled.  In addition, these findings highlight the role of 

certain host cells and proteins in preventing an overzealous immune response to limit 

damage to the delicate gas exchanging epithelium.  

 

5.2 Significance 

Every day the average person inhales over 10,000 L of air.  This air is laden with 

pathogens like bacteria, viruses, and fungi, particulates, pollutants, and allergens that 
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come in contact with the 750 square feet of surface area of the lung.  Because the lung 

is constantly encountering immune challenges and because its thin epithelium can be 

easily damaged with adverse effects on gas exchange, it has developed a specialized 

system of host defense.  The large upper airways filter air removing any larger 

particulates.  Mucus producing ciliated cells in the trachea and bronchi trap smaller 

particles and move them up and out of the airway.  Once inside the alveolar spaces 

pathogens encounter specialized immune cells like AMs, and the immune collectins, SP-

A and SP-D.  It is important that the lung be able to swiftly and effectively clear 

pathogens and apoptotic cells without creating a situation of run-away inflammation.  In 

addition, the immune cells must remain quiescent at baseline and be adapted to respond 

only to harmful antigens and not innocuous ones.  A breakdown of this control leads to 

the development of pathologies like asthma, allergy, and auto-immune diseases. 

The studies presented here add to our knowledge of how the immune system of 

the lung deals with innate immune challenges and provide insight as to how these 

challenges might be better handled clinically.  LPS, the main component of the outer 

membrane of gram-negative bacteria, causes an influx of neutrophilic inflammation to 

the lung and the development of AHR.  My data further our understanding of the 

complex role that cav-1 plays in the innate immune response in the lung.  I show that the 

structural protein cav-1 is important in regulated the immune response in a mouse model 

of LPS inhalation.  Although expression of cav-1 leads to controlled cytokine release, it 

also reduces NO production, which results in increased AHR. 

Mp infection in humans causes walking pneumonia and leads to asthma 

exacerbations.  I show here that when SP-A is absent, over-activation of MCs leads to 

increased AHR and mucus production.  However, this increased activation of MCs is 
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also beneficial in that it helps to reduce the bacterial burden in the lung.  These 

phenotypes may also be the case in humans who express a less functional genetic 

variant of SP-A; thus, the results of my studies may lead to a better understanding of 

how to treat a specific subset of asthmatics that are prone to Mp infection and 

exacerbations of symptoms. 

It is interesting to note that the lung is constantly balancing its role in host 

defense from pathogens and its role in gas exchange.  Many of the defense 

mechanisms in the lung are like a “double edged sword.”  Although they are crucial in 

certain aspects of the immune response, they are detrimental in others.  As evidenced in 

the literature, some therapeutic interventions can result in better outcomes for one 

aspect of disease, but be detrimental in others.  For example, the use of ant-TNF 

therapy in asthmatics can be beneficial for some patients, have no effect in others, and 

can also have poor outcomes like increased infection rates in others (reviewed in 

(Brightling et al. 2008)).  Lowering TNF-α levels reduces some of the pathologies like 

AHR; however, this TNF-α is crucial in fighting invading microbes so these patients may 

also have increased incidence of lung infections. Therefore, careful dissection of the role 

of host proteins and immune cells and their response to microbial and particulate 

challenges is required in order to understand how to develop better treatments for 

patients. 
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5.3 Future Directions 

5.3.1 Investigation of how loss of cav-1 leads to increased cytokine 
production 

One of the main conclusions of my studies in Chapter 3 was that following LPS 

aerosol exposure, the levels of many proinflammatory cytokines and chemokines were 

elevated in the BAL of cav-1-/- mice compared to WT mice.  As shown in Figure 5.1, I 

believe that this results from the negative regulation of TLR4 by cav-1 in AMs or 

epithelial cells.  TLR4 recognizes LPS, leading to activation of the MyD88 and TRIF 

signaling pathways and ending with NF-κB activation and production of proinflammatory 

mediators.  

I propose a series of in vitro studies in order to investigate how cav-1 is involved 

in regulating TLR4 and in which cell types this occurs.  The two main candidate cells are 

airway epithelial cells and AMs.  Both express cav-1 and are known to produce 

cytokines in response to LPS and both make immediate and direct contact with inhaled 

LPS.  I would therefore start by isolating AMs from WT and cav-1-/- mice and treating 

them in culture with LPS.  Concurrently, I would use the human bronchial epithelial cell 

line (HBEs) as a model of the airway epithelial cells of mice.  I will create a knockdown of 

cav-1 via small interfering RNA (siRNA) and compare the response of these cells to 

ones receiving a control siRNA.  After treatment with LPS I will collect the supernatant 

and perform an ELISA to measure cytokine production.  I expect that the cav-1 null 

macrophages and the HBEs transfected with cav-1 siRNA to have greater cytokine 

responses based upon my in vivo data.  However, this assay will reveal if one of these 

two cells types does not depend on cav-1 for regulation of cytokine production.   
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If both cell types have increased production of cytokines when cav-1 expression 

is lost, I will turn to an in vivo model to determine which cell type is most important.  In 

order to do this I will first use bone marrow reconstitution to determine if cav-1 

expression in immune cells or structural cells is important for the overproduction of 

inflammatory cytokines.  By irradiating the WT mouse and reconstituting with bone 

marrow from the cav-1-/- mouse I will create a mouse that expresses cav-1 only in the 

structural cells and not in the immune cells.  I will also irradiate the cav-1-/- mouse and 

reconstitute with WT bone marrow, and in this case the mouse will express cav-1 only in 

hematopoietic cells and not in the structural cells.  As controls, I will irradiate WT and 

cav-1-/- mice and reconstitute with the same genotype of bone marrow.  I will then 

expose these 4 strains of mice to LPS and measure the BAL levels of cytokines.  I 

expect that the cav-1-/- control will have increased levels compared to the WT control as 

before.  If the mouse expressing WT structural cell and cav-1 deficient hematopoeitic 

cells has high levels of cytokines similar to that of the cav-1-/- mice, then I will conclude 

that cav-1 exerts its effects mainly in the immune cells.  However, if the mouse 

expressing cav-1-/- structural cells and WT immune cells has increased cytokine 

expression, then cav-1 controls TLR4 signaling in the airway epithelial cells.  These 

studies will narrow down the possible cell types contributing to the increased levels of 

cytokines in the BAL of cav-1-/- mice following LPS exposure. 

In order to more definitively identify the cell type making the high levels of 

cytokines, I will generate a conditional knockout of the cav-1-/- mouse.  By adding loxP 

sites around the cav-1 gene, I can then breed this mouse with one expressing Cre 

recombinase under the control of a gene specific for the cell type of interest.  The result 

of this cross is a mouse that lacks cav-1 expression in only one cell type.  By 
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investigating the response of mice with a cell or tissue specific knockout of cav-1, I can 

further definitively identify one specific cell type that is responsible for the high levels of 

cytokine production. 

Once the cell type has been identified, I will further investigate how cav-1 

specifically affects the TLR4 signaling pathway.  I will begin by determining if there are 

differences in the expression of TLR4 itself.  Then I will look for differences in the levels 

of downstream proteins like MyD88, TRIF, and IRAK.  Proteins that are overexpessed 

following LPS stimulation in the absence of cav-1 compared to WT cells are likely to be 

involved in the high level of cytokine production.  I suspect that cav-1 makes direct 

contact with TLR4 and other members of the signaling pathway, or at least caveolae are 

involved in compartmentalizing these proteins.  In order to test this, I will perform 

sucrose gradient fractionation to isolate the lipid raft fractions of the cell and perform a 

western blot to see if TLR4 and other signaling proteins are found in the same fractions 

as cav-1.  I will also perform a co-immunoprecipitation to pull down cav-1 and blot for 

possible binding partners.  These studies will give insight into the molecular mechanisms 

of how cav-1 regulates TLR4 signaling. 

These experiments will increase our knowledge of how cav-1 regulates TLR4 

signaling and in which cell types this control is important in vivo.  This may lead to a 

better understanding of how to control the immune response following endotoxin 

exposure. 

5.3.2 Investigation of cav-1 as a regulator of eNOS and iNOS in AHR 

One of the questions that remain from my data linking NO production to 

decreased AHR in the cav-1-/- mouse is the precise role of eNOS and iNOS in this 

model.  Although the results of the inhibitor studies shown in Chapter 3 indicate that 
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iNOS is the NOS isoform that mediates the decreased AHR in the cav-1-/- mice and also 

affects the baseline AHR in these mice, the use of inhibitors is not the best way to 

definitively determine the role of the NOS enzymes.  Therefore, I propose a series of 

studies to look at this in more detail. 

In order to confirm the results of the AHR obtained when NOS inhibitors were 

used, I will create double knockout mice.  By crossing the cav-1-/- mouse with the iNOS-/- 

or the eNOS-/- mouse I will create two lines of mice that are deficient in cav-1 and one of 

the NOS enzymes.  Based on the data collected when 1400W was administered, I 

expect that the cav-1-/- iNOS-/- mouse will have increased AHR at baseline and following 

LPS exposure compared to the cav-1-/- mouse.  However, using the genetic knockout of 

iNOS will confirm the specificity of 1400W and ensure that our dosing allowed for 

complete ablation of activity.  Although L-NAME is considered an inhibitor of all NOS 

enzymes, its activity is most specific for eNOS.  Therefore, I expect that the responses of 

the cav-1-/- eNOS-/- mouse might mirror those obtained by using L-NAME, although it will 

be interesting to see what the effect of blocking eNOS exclusively will be on the airway 

phenotype of the cav-1-/- mice.  It is also possible that loss of eNOS or iNOS activity from 

birth (rather than during the experiment only) will have some differential effect on the 

development of AHR, particularly in the sham treated animals. 

Assuming that the double transgenic mice appear as expected based on the 

inhibitor studies, I will want to follow up with further investigation of how cav-1 is involved 

in the iNOS pathway.  Although several studies to date have focused on cav-1 

controlling eNOS, less is know about iNOS.  Therefore, I propose a series of studies to 

better understand the role of cav-1 and iNOS in LPS induced lung injury.  Unlike eNOS, 

which is expressed almost exclusively in endothelial cells only, the expression of iNOS is 
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found in multiple cell types of the lung including macrophages, epithelial cells, and 

neutrophils.  In order to determine which cell type is contributing the iNOS derived NO in 

this model, I would create a mouse with LoxP sites inserted around the iNOS gene.  I 

would then cross this mouse with the cav-1-/- mouse and again with a mouse expressing 

Cre recombinase under a promoter specific for the candidate cell type in which I want to 

ablate iNOS expression.  The result of this triple transgenic cross would be a mouse that 

lacks cav-1 expression in all cells, but only lacks iNOS expression in the specific cell of 

interest.  By exposing these mice to LPS, and determining their AHR, I will find the cell 

type that is responsible for providing the NO that decreases AHR in cav-1-/- mice. 

Once I have established the cell type of interest, I will use this cell for in vitro 

studies to determine how cav-1 and iNOS interact.  Although data has implicated a direct 

binding of cav-1 and iNOS, the authors used a cell-free system.  I will therefore perform 

a co-immunoprecipitation in the cell type of interest to pull down cav-1 and then blot for 

iNOS to see if the two interact directly within the cell.  In addition, I will also perform a 

NOS activity assay in these cells to determine if the activity of the enzyme is increased 

in addition to its enhanced expression.  The results of these studies will lead to a better 

understanding of how cav-1 is involved in control of the NOS enzymes and may provide 

a potential therapeutic target. 

5.3.3 Identification of the mediator produced by MCs in SP-A-/- mice 

In Chapter 4 I describe a role for the TNF-R on MCs in mediating airway 

responses to Mp infection.  Using a mouse model, I show that when high levels of TNF-α 

are present in the lung, MC activation leads to increased AHR.  When the MCs lack the 

TNF-R, even though high levels of TNF-α are present, AHR remains low.  Although the 

data clearly implicate a product produced by MCs following Mp infection, the identity of 



 

 119 

this mediator has not been establish.  Therefore, I propose to determine the identity of 

this MC product.  MCs are known to secrete a variety of proteins and lipid mediators that 

can modulate AHR.  These include cytokines and chemokines, prostaglandins, 

leukotrienes, histamine, and serotonin among others (reviewed in (Marshall 2004)). 

In order to first determine which mediators are produced by MCs in response to 

TNF-α stimulation I will begin with in vitro studies.  Using BMMCs stimulated with 

recombinant TNF-α I will collect supernatants at a variety of time points and RNA from 

the cells in order to screen for mediator production and release.  The proteins that are 

released into the supernatant can easily be identified by ELISA, while secretion of lipid 

mediators can be determined by high-performance liquid chromatography.  Real-time 

PCR can also be used to confirm these results by determining if the genes are 

upregulated by BMMCs in response to TNF-α stimulation.  Once I have identified 

candidate mediators, a microarray of lung tissue from WT and SP-A-/- mice infected with 

Mp could be performed in order to determine which of these products is upregulated in 

vivo.  After these studies I should have a small list of candidate genes to investigate in 

the mouse model of Mp infection. 

In order to more definitely determine the importance of the candidate mediator(s) 

in vivo I will repeat the reconstitution of SP-A-/- KitW-sh/W-sh mice with BMMCs that are 

deficient in producing the products of interest.  Following Mp infection, AHR will be 

determined.  Mice reconstituted with the BMMCs lacking the mediator of interest will 

have AHR comparable to SP-A-/- KitW-sh/W-sh mice that received no reconstitution.  In 

addition, Mp burden will be measured in the lung tissue of these mice to determine 

which mediators are required for control of Mp burden.  It appears based on our data 

that MCs must be present and able to make and respond to TNF-α in order for Mp to be 
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cleared since SP-A-/- KitW-sh/W-sh mice reconstituted with either TNF-α-/- or TNF-R-/- 

BMMCs had levels of Mp infection comparable to the SP-A-/- KitW-sh/W-sh mice with no 

reconstitution, and all of these have burden that is significantly elevated over WT mice.  

Using these data, not only might I determine a MC mediator important in causing AHR, 

but I might also find a product that affects the clearance of Mp. 

These findings will further elucidate the intricate interactions of TNF-α and MCs 

during Mp infection and provide another possible target for controlling asthma 

exacerbations in patients with Mp colonization.  In addition, it will be interesting to see if 

this MC product that affects AHR also influences Mp burden.  Although our current 

model (Figure 5.2) indicates that blocking TNF-α in asthmatics with Mp infection would 

abrogate AHR, previously published work form our group also showed that using a 

transcriptional inhibitor of TNF-α resulted in decreased AHR, but increased Mp burden 

which may be deleterious to the patient (Ledford et al. 2009).  It would be ideal if a 

therapeutic target could be identified that when eliminated, Mp is still cleared, but AHR 

remains well controlled. 

5.3.4 Human genetic association studies 

As a follow up to the data presented in both Chapter 3 and Chapter 4 of this 

thesis, I propose to determine the association between polymorphisms of cav-1 and 

differences in the expression of SP-A in humans with acute lung injury (ALI) and Mp 

infection, respectively. 

5.3.4.1 Cav-1 SNPs and ALI 

Polymorphisms of the cav-1 gene are known to exist in the human population.  

These have been associated with cancers and multiple sclerosis among other diseases.  

However, to date only one study has looked at the association of cav-1 polymorphisms 
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with lung disease.  A recent study identified the association of a SNP in the cav-1 gene 

with development of bronchiolitis obliterans after lung transplant (Kastelijn et al. 2011).  I 

propose to determine if any polymorphisms of the cav-1 gene associate with the 

development of ALI and what the functional consequences of these polymorphisms are.  

I will perform association studies looking at known SNPs of cav-1 in a cohort of ALI 

patients and normal subjects.  I will then determine if there is a SNP that correlates with 

protection from ALI. 

In order to determine how the function of cav-1 may be affected by this SNP I will 

create a cell line expressing this mutated cav-1 sequence.  Ideally I will express this 

protein in a variety of cell types, starting with a macrophage cell line in order to 

investigate how the change in sequence affects the production of cytokines and NO, 

both of which are important in the pathogenesis of ALI.  I hypothesize that the cells 

expressing the SNP associated with protection from ALI will produce less inflammatory 

cytokines and NO than the cells in which cav-1 is knocked out.  It would also be 

interesting to see how the cav-1 with the SNP affects the contraction of ASM, so I could 

also express this protein in an ASM cell line and investigate how its responses are 

altered compared to WT cells. 

In order to investigate the in vivo effect of this SNP in cav-1, it would be 

informative to create a transgenic mouse that expresses this cav-1 gene in the place of 

the mouse gene.  As a control, I would make a mouse that expresses the normal 

sequence of human cav-1.  I could compare these two strains to the cav-1-/- mouse, 

repeating the LPS aerosol challenge to see what effect the sequence of cav-1 has on 

AHR, cytokine secretion, cell recruitment, NO production, and ASM contraction in intact 

bronchial rings.  I expect that these mice will have decreased cytokines and nitrite in 
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their BAL, but may have increased AHR compared to cav-1-/- mice due to decreased NO 

production.  However, this will depend on the effects of the cav-1 SNP on ASM 

contraction.  Identification of a SNP that correlates with protection from ALI and a 

detailed investigation of how this mutation affects the outcomes of LPS induced lung 

injury may lead to a better understanding of how to treat acute lung diseases. 

5.3.4.2 SP-A variants and Mp infection 

Variation in the expression of SP-A occurs at various levels during the production 

of the protein.  Differences in the gene sequence of SP-A can occur as well as 

differences in the ratio of the two SP-A genes, SP-A1 and SP-A2, that is expressed.  I 

propose as a follow-up to the studies implicating a role for SP-A and MCs in the control 

of Mp infection, a series of human studies looking at variation in SP-A expression and 

how it correlates with Mp infection.  Since our studies have shown that the mouse 

deficient in SP-A has increased AHR and Mp burden (Ledford et al. 2009), I hypothesize 

that humans colonized with Mp will be more likely to express a non- or less functional 

variant of SP-A. 

I will enroll a cohort of patients who are culture positive for Mp and a group of 

normal controls.  In order to avoid complicating phenotypes, I will ideally exclude any 

asthmatics or patients with other chronic lung diseases from the study.  The genotype of 

the SP-A genes of the patients will be determined and correlated with their Mp culture 

results.  Based on this, I will identify variants that associate both with increased and 

decreased risk of Mp infection.  I will choose two of these variants for in vitro study to 

determine what, if any, aspects of SP-A interactions are affected.  

One of the main ways in which SP-A affects the pathogenesis of Mp is by directly 

binding it, preventing it from attaching to the epithelium of the large airways.  Once 



 

 123 

representative variants associated with susceptibility to and protection from infection are 

identified, I will use a recombinant version of the proteins to determine how their 

functions differ from WT SP-A with regard to Mp.  It is known that SP-A binds to Mp 

through surface lipids and a protein MPN372 (Kannan et al. 2005; Piboonpocanun et al. 

2005).  I will repeat the binding studies using whole Mp, expecting to find that the variant 

SP-A associated with Mp susceptibility binds with less affinity to Mp than does WT SP-A 

and that the variant associated with increased infection rates binds less.  In order to 

determine if the variants bind more or less to the lipid or the protein on Mp, I will also 

perform in vitro binding studies with the variant SP-A and recombinant MPN372 to see 

how binding is affected.  To determine the effect of variant SP-A on lipid binding, I will 

use lipid extracts to try and competitively inhibit binding of Mp to WT or variant SP-A.  In 

order to investigate other aspects of the interaction between SP-A and Mp, I will perform 

in vitro studies like growth assays and stimulation of AMs and MCs with Mp in the 

presence of variant SP-A.  WT SP-A is known to be bacteriostatic toward Mp, but variant 

SP-A may lose its ability to limit Mp growth.  In addition, as I have shown in Chapter 4, 

Mp can directly cause the release of TNF-α by MCs and normal SP-A reduces this 

secretion.  I propose to investigate the effect of the variant SP-A on Mp induced TNF-α 

release, expecting that the variant associated with susceptibility to disease will not be 

able to limit TNF-α production.  I also hypothesize that the variant associated with 

protection from Mp infection will decrease the amount of TNF-α produced by MCs even 

more than WT SP-A.  

In order to more conclusively determine the effects of variant SP-A on the 

outcome of Mp infection, I propose the development of a transgenic mouse.  Using the 

background of the SP-A-/- mouse a transgene will be introduced that expresses the 
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variant human SP-A gene of interest.  As a control, a mouse expressing normal human 

SP-A will be made.  I will then repeat Mp infection studies in three strains of mice, SP-A-/-

mice, the transgenic mouse expressing normal human SP-A, and the transgenic mouse 

expressing the variant of human SP-A.  Analysis of the samples from these mice will 

indicate whether the variant mice are more or less susceptible to infection based on their 

survival, levels of TNF-α, bacterial burden, and AHR.  I expect that mice expressing the 

variant that is associated with protection from Mp infection in humans will also be less 

susceptible, while the opposite will be true of the variant associated with increased 

infection.  It will also be interesting to gather the full data set from these mice to see if 

the variants differentially regulate various aspects of disease.  The results of these 

studies may give insight into how best to treat patients with Mp infection based on their 

SP-A genotype. 

 

5.4 Conclusion 

In summary, my studies here further the understanding of how host proteins and 

specialized immune cells help to protect from the immune challenges presented to the 

lung on a daily basis.  I demonstrate that the structural protein cav-1 is important in 

mounting a controlled inflammatory response, but may be deleterious in maintaining lung 

homeostasis during challenge.  In addition, I show that the secreted protein SP-A and 

MCs cooperate to control Mp infection.  I also demonstrate that although the MC is 

effective in clearing Mp, its activation also results in increased AHR.  Taken together, 

these data highlight the “double edged sword” of the immune response in the lung; 

although a response may be beneficial in one aspect, it may prove harmful in another.  

The results of these studies lend insight into the mechanisms of how the lung deals with 
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innate immune challenges and may provide targets for future human therapies.
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