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ABSTRACT

Cystic fibrosis (CF) is a single gene Mendelian disorder characterized by pulmonary disease
and pancreatic insufficiency. Pulmonary disease is the major cause of death in CF patients.
Although some cystic fibrosis transmembrane conductance regulator (CFTR) genotypes are
associated with less severe disease, patients possessing the same genotype show great
variation in pulmonary disease severity and progression. Genes involved in modulating the
inflammatory response and genes increasing susceptibility to infection are proposed as
modifiers of pulmonary disease severity. Polymorphisms selected for based on evidence
that they affect the function of the gene and prevalence of the putative risk allele: 1)
antiprotease gene alpha-1-antitrypsin (o;-AT), 2) innate immunity genes: mannose binding
lectin (MBL2) (promoter [G—C] at -221 and codon 52 (Arg52Cys, D allele), 54 (Gly54Asp,
B allele), and 57 (Gly57Glu, C allele), and pulmonary surfactant genes SPA-1 (Arg219Trp),
SPA-2 (Thr9Asn, Lys223GIn) and SPD (Thrl1Met), 3) antioxidant genes GSTMI1 and T1
(gene deletion polymorphisms), GSTP1 (Ile105Val) and GCLC repeats, 4) mucin genes
(MUC2 and MUCS5B). Pulmonary disease progression and survival in patients with chronic
Burkholderia cepacia complex (BCC) infection were also investigated controlling for
genomovar and RAPD type of the organism. BCC infection was associated with more
severe pulmonary disease progression and worse survival. o;-AT genotype was not a major
contributor to variability of pulmonary disease severity, but the results suggest that o;-AT
plasma levels during pulmonary infections may be affected by poor nutritional status. We
showed similar pulmonary disease progression and MBL2 genotype. Contrary to the
previous literature, wild-type MBL2 genotype was associated with steeper decline in
pulmonary disease over time following chronic infection with BCC, but genotype was not
associated with increased susceptibility to BCC infection. We showed inconsistant results
for the pulmonary surfactant gene polymorphisms, GSTMI, T1 and GSTP1 polymorphisms,
and number of repeats for GCLC and MUCS5B depending on the phenotype investigated. We
conclude that some of the variability in pulmonary disease severity and progression in CF is

explained by polymorphisms in secondary genes.
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black toy (laptop) which they seem to have made their mission to take possession.
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CHAPTER 1: OVERVIEW AND OBJECTIVES



1.0 INTRODUCTION

Cystic fibrosis (CF) affects approximately 1 in 2500 live births in Canada and the United
States (1, 2). Cystic fibrosis is a systemic disorder transmitted as an autosomal recessive
trait (1). In the late 1980s the gene responsible for the CF phenotype was identified (3-6).
The CF gene codes for a cellular membrane protein, the CF transmembrane conductance
regulator (CFTR), which forms a chloride channel and also regulates other channel proteins.
The CF gene is expressed in the epithelial cells of many organs including the sweat glands,
pancreas, lungs, gastrointestinal, and reproductive tract. The mutation disrupts exocrine
function by causing abnormal regulation of epithelial ion transport. Chronic and recurrent
pulmonary infections and digestive disorders, infertility, and ‘salty sweat’ characterize the
cystic fibrosis phenotype. The classic CF phenotype includes pulmonary disease, pancreatic
exocrine insufficiency and abnormal sweat gland function. The onset of pulmonary disease
in CF patients is associated with colonization of the airways, most commonly by the
pathogen Pseudomonas aeruginosa (7, 8). This provokes a vigorous local inflammatory
response that prevents the spread of the infection beyond the lung, however by doing so it
likely contributes to lung destruction(7-9). Precisely how the CF electrolyte transport defect

leads to persistent lung infection and inflammation is still not well understood.

With advances in treatment, patients who have CF are living beyond their adolescent years
into adulthood. The median age of survival has increased to well into the third decade. The
large variability in disease progression and degree of organ involvement has become even
more evident with the increased survival. Only a portion of this variability can be explained
by the individual’s CFTR genotype. Although some CFTR genotypes are associated with
less severe disease, patients possessing the same genotype show great variation in disease
severity and progression (1). Over 900 mutations have been identified in the CFTR gene, but
AF508 is the most common(10). Environment plays a significant role in explaining some of
the variability in disease severity and progression. Environmental influences include the
availability of therapeutic modalities as well as the psychosocial issues such as the patient’s
compliance to therapy and the patient’s coping mechanisms with their illness. However,
other genes may play a significant role in explaining this wide range of clinical outcomes

and disease progression. Variants in other secondary genes may act in concert to positively



or negatively contribute to disease severity and progression in CF. An understanding of the
complex interaction of other genes with the CFTR gene may help us gain a better
understanding of the cystic fibrosis phenotype and develop specific therapies. This chapter
will focus on a brief historical review of the discovery of the cystic fibrosis gene, and a
description of the gene’s structure, function, and the effect of the CFTR defect on the main
exocrine organ it affects, the lung. A review of the literature on possible modifier genes in
CF will be explored and this section will conclude with the study purpose, rationale, and

main and secondary hypotheses.

1.2 THE CF GENE

1.2.1 Discovery of the Cystic Fibrosis Gene

From early on it was known from population studies that cystic fibrosis was an autosomal
recessive disorder and that it affected a number of organs, including the lung airways,
pancreas and sweat glands. Knowledge that this disorder was recessive came from the
observation that offspring who had CF were born from apparently unaffected parents. The
basic defect is associated with decreased chloride ion conductance across the apical
membrane of epithelial cells and the defect persisted in cultured cells derived from
numerous epithelial tissues suggesting that the CF gene was expressed in these cells. It was
also known that the defect lay in epithelial cells due to the observation of increased chloride
in sweat, exocrine pancreatic obstruction leading to pancreatic insufficiency and intestinal
obstruction (meconium ileus in newborns). Unlike other genetic disorders where the amino
acid sequence of the protein that was defective was known (e.g. haemoglobinopathies,
phenylketonuria and alpha-1-antitrypsin), in CF the basic protein defect resulting in the
disorder was still unknown until the gene was discovered using positional cloning. From as
early as 1986 it was hypothesized that the defect was probably due to a failure of an
outwardly rectifying anion channel. Research in these early years focused on candidate
genes. These included a sodium inhibitory factor identified from CF saliva (11), ciliary
dyskinesia factor (12, 13), CF antigen on chromosome one and HLA (14). These studies

failed to show any positive associations.

In the late 1980s linkage analysis was used to search for the CF gene. The first step to

identify the primary defect in CF was to establish the chromosomal localization of the
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disease locus. Development and refinement of polymerase chain reaction during this era
facilitated this search; restriction fragment length polymorphism (RFLP) markers were used
to screen DNA that was obtained from families with 2 or more affected individuals to. The
relatively straightforward CF phenotype, knowledge that it was a recessive disorder (since
affected offspring were born to normal parents), and the large number of CF families

facilitated this work. Early work did not yield candidates.

In the mid 1980°s Eiberg and associates reported linkage between the CF locus and a
polymorphic locus which controlled activity of the serum aryl esterase paraoxonase (PON),
however although the location of the CF gene was narrowed down to one third of the
genome, the chromosomal location of PON was not known (15). The location of the CF
gene was narrowed down to one percent of the genome by Tsui and associates(3) who
showed that a DNA marker called DOCRI-917 was genetically linked in a set of 35 families
and was also linked to the PON locus, which by independent evidence had been linked to
the CF locus. The search for the CF gene had been narrowed down to 30 million base pairs;
the estimates of the genetic distances were calculated to be 5 centimorgans between the
DNA marker and PON and 15 centimorgans between the DNA marker and the CF locus(3).
In 1985 linkage was established between CF and polymorphic markers (i.e., D7S15, MET,
D758, COL1A2), all known to be located between bands 22 and 31 on the long arm of
chromosome 7 (3-6, 16-21). This still represented a very large region and two approaches
were used to pinpoint the CF gene. One approach was to proceed to isolate the CF gene by
directly looking for sequences that were preferentially expressed by epithelial cells and the
second approach was to define the physical map of the region. Genetic and physical
mapping studies showed the order and distance of the four markers that had been identified
(i.e., MET-D7S340-D75122-D7S8 with distances between them of 500, 10 and 980 kb,
respectively) (18).

Allelic and haplotype associations were shown between the CF locus and closely linked
DNA markers. Beaudet and associates investigated recombination events between CF and
these linked markers in 100 CF families with 2 or more affected children, the order between
these markers and the CF gene was established and flanking markers were MET and
pj3.11(D7S8) (22). Pancreatic insufficiency is a common pancreatic abnormality shared by

many CF patients but not all. Kerem and associates used two clinical subgroups of CF
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patients based on pancreatic sufficiency status (i.e., pancreatic insufficient (PI) and
pancreatic sufficient (PS)) and showed that pancreatic dysfunction could be explained by
different mutations on the basis of family studies and haplotype data (23, 24). PI CF patients
(85%) were more homogeneous than PS patients (15%); however these studies were based
on linked DNA markers whose exact relation to CF was not entirely certain (24).
Chromosome walking and jumping were used to link DNA molecules at great distances
from one another (400-500kb). This process was facilitated by the development of pulse-
field gel electrophoresis and the discovery of additional restriction enzymes. A restriction
map of the region was constructed which localized the CF locus with a number of closely
linked markers. Each one of these closely linked markers was used as a starting point for a
series of chromosomal walking and jumping experiments in order to clone and sequence
large DNA regions (19). These cloned regions (which were overlapping) were used to look
for candidate coding sequences that would be conserved in other animal species (rodent,
bovine, mouse, and chicken). They found one such sequence that was conserved but it was
fairly small (only 113bp long) and consequently represented only a small section of the
gene. Ultimately this coding sequence was identified as exon 1 of the CF gene. By
successive screening with cDNA libraries generated from a number of cell lines (i.e., a cell
carcinoma line, normal and CF sweat gland cells, pancreas and adult lung), they were able to
isolate an additional 18 clones. Ultimately Dr. Tsui and his collaborators were able to
deduce the coding region of the CF locus from the overlapping DNA clones (3). Together

these clones spanned 6.1 kb and encoded a protein which was 1480 amino acids long (3).

To visualize the transcript of the CF gene, mRNA samples were prepared from various
tissues. They found high mRNA levels in tissues which were affected by CF (e.g. nasal
polyps, pancreas, lung, sweat glands, colon, placenta, liver, parotid gland) and no detectable
mRNA expression in tissues not affected by the disease, such as the brain and adrenal gland.
They consequently surmised that the expression of the CF gene occurred in many of the

tissues examined, with higher levels in those tissues severely affected by CF (20).

RFLPs associated with the CF locus were used to establish the relation to CF of the DNA
segments isolated from the chromosome walking and jumping experiments and family
studies. Families where cross-over events between CF and other flanking DNA markers had

previously been discovered were used (24). The recombination breakpoints were localized
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in 2 families that were informative for the DNA markers tested and the CF gene localized to
a region between 2 markers (i.e., KM19 and D7S424) (25). Linkage disequilibrium was
detected for markers that were close to the CF gene (markers within 300kb interval) and not
for the markers further away. A similar conclusion was made by the investigators when they
utilized haplotype analysis (24). For these analyses, investigators used PI patients because
they appeared to be more homogeneous genetically. Most of these patients would later be

shown to be carriers of the most common and severe mutation in CF, deltaF508 (AF508).

Comparisons between cDNA clone sequences derived from CF and unaffected individuals
showed the most striking difference was a 3 base pair deletion, which resulted in the loss of
a phenyalanine residue (AF508 mutation). Sixty eight percent of CF chromosomes in the
general patient population had this 3 base pair deletion. In contrast none of the unaffected
individuals had this deletion. Extended haplotypes based on 23 DNA markers were
generated for the CF and wild-type (i.e., unaffected) chromosomes in the collection of
families previously used for linkage analysis. Five major groups of wild-type and CF
haplotypes were identified within the region of the CF gene, with one of them associating

with the most frequent CFTR mutation, the AF508 mutation.

The protein structure was next characterized and from the cDNA clones the characteristic
features of this protein were described to be two repeat motifs which included a
transmembrane spanning domain and sequence resembling ATP-binding folds. From these
characteristics and similarities with other membrane associated proteins it was predicted that
the CF gene product was likely involved in the transport of ions across a membrane,
although it was unclear how CFTR was involved in the regulation of ion conductance across
the apical membrane of epithelial cells. Validation that the gene identified was the correct
gene responsible for the disease came with the in vitro work showing the association of

mutant CFTR and defective chloride transport(26-28).

1.2.2 Structure, function and localization of the CFTR gene

The CFTR gene is a 250kb gene and has 27 exons that are transcribed into a 6.5kb mRNA,

which is translated to a 1480 amino acid product. The protein is a member of the ATP
binding cassette family. The protein is composed of two repeat motifs, each with a 6

transmembrane (loops) domains (TMD) and an intracellular nucleotide binding fold (NBF)
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separated by an intracellular hydrophilic regulatory domain (R). The protein is a chloride
channel activated by cyclic AMP mediated protein kinase A phosphorylation of the R
domain and ATP hydrolysis by the NBFs. The mature CFTR protein forms an apical

epithelial channel. The two transmembrane domains form the pore of the channel.

The regulatory domain and the NBFs are situated intracellularly. The regulatory domain,
which is encoded by exon 13, contains phosphorylation sites for protein kinase A and for
protein kinase C. Phosphorylation of the regulatory domain results in a conformational
change in this domain which moves it away from the pore of the channel and thus allows the
flow of chloride through the channel (i.e., phosphorylation of the regulatory domain results
in the opening of the channel). ATP hydrolysis occurs on the NBFs; hydrolysis of NBF-1
opens the CFTR channel and ATP hydrolysis of by NBF-2 closes the CFTR channel.

The activity of the channel is regulated by intracellular cAMP levels. Epithelial cells contain
receptors and respond to beta-adrenergic agonists, prostaglandins, adenosine and vasoactive
intestinal peptide. Cellular calcium concentrations are controlled by bradykinin, substance P,
leukotrienes and nucleotides such as ATP. These extracellular signals regulate the two main
second messengers: cAMP and calcium. Increase in cAMP activates cAMP dependent
protein kinase, which phosphorylates and thus activates CFTR chloride channels, basolateral
Na/K/Cl cotransporters and likely some of the basolateral K channels. In contrast to the
cAMP mediated chloride secretion, intracellular events that mediate chloride secretion
stimulated by increased cytosolic calcium are less clear. The increase in membrane anion
conductance by the calcium activated chloride channel is hypothesized to be mediated by a
calcium/calmodulin dependent protein kinase II (2, 29). One possible mechanism described
for the channel in intestinal epithelial cells is that increases in cytosolic calcium are
stimulated by acetylcholine through the M3 muscarinic receptor which increases
conductance of a basolateral membrane potassium channel (distinct from the cAMP-
regulated potassium channel) which results in membrane hyperpolarization and creates an
increased driving force for chloride exit through these calcium activated (alternative)

chloride channels (2, 30).

It is also thought that CFTR functions in ATP efflux and concomitant regulation of the

calcium activated chloride channel and as a cAMP dependent negative regulator of the
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epithelial Na channel. Loss of this regulatory function may account for the abnormal Na
transport characteristic of tissues which are affected by CF; however it is not clear if this is a
consequence of direct CFTR interaction with the epithelial sodium channel or a secondary
effect mediated by other regulatory proteins. The promoter region of the CFTR gene is
3.5kb and is a GC rich region with a major transcription start site and multiple minor
transcription start sites. A number of SP-1 and SP-2 binding sites have been identified as

well as sequences for cAMP and glucocorticoid response elements.

1.2.3 Classification of CFTR mutations
Close to 1000 mutations in the CF gene have been identified (10, 31). Defective CFTR can

result in defective protein production, defective processing and degradation in the
endoplasmic reticulum (ER), or a defective channel pore or gating properties. CFTR
mutations are grouped into 5 mechanistic classes based on demonstrated or predicted
molecular dysfunction.

Class 1: Includes mutations which cause defective synthesis. These mutations prevent
transcription into a stable full length mRNA, leading to defective protein products. There is
little or no full length protein that is produced and this causes loss of CFTR function.

Class II: Includes mutations with defective maturation of the protein (i.e., protein
processing). CFTR mRNA is formed, but the protein fails to mature and does not traffic to
the cell membrane. AF508 belongs to this class since this mutation disrupts the proper
folding of the CFTR protein such that the protein is rapidly degraded before leaving the
endoplasmic reticulum. At sub-physiological temperatures (23-30degrees Celsius) or upon
chemical modification (e.g. with glycerol) AF508 CFTR is folded and processed and is
functional at the apical membrane.

Class III: Includes mutations that have a defect in the channel regulation (blocked
activation). CFTR protein is produced and traffics to the cell membrane but fails to respond
to cyclic AMP stimulation. CFTR mutants are fully processed and properly localized but are
not activated by cAMP. A number of mutations in the NBF1 and NBF2 belong to this class
and these mutations disrupt binding and hydrolysis. Class III mutations can also affect
phosphorylation sites in the R domain, but these sites are thought to be redundant and the
domain confirmation may be sufficiently flexible to accommodate a mutation in the R

domain without significant functional consequences.



Class IV: Mutations in this category are defective in conductance through the channel and
represent milder mutations. CFTR protein is produced and traffics to the apical cell
membrane, however mutations result in decreased chloride conductance due to altered ion
conductance. Some of the mutations in this class (such as R117H, R334W, R347P) occur in
the TMDs that form the channel pore and reduce the amount of chloride current by altering
the rate of ion flow (R347P) or by changing the amount of time the channel remains open
(R117H). The mutation P574H occurs in NBF1 and also alters the duration of channel
opening.

Class V: These mutations are the result of abnormal splicing (decreased abundance).
Mutations influence the quantity of full length mRNA transcript and protein required for
normal function. This class includes promoter mutations, mutations that contribute to
alternate splicing or mutations that cause inefficient protein processing and consequently

reduced levels of functional protein.

1.2.4 Cellular mechanism of ion transport by normal and CF airway epithelia

There are at least three channels operating on the apical epithelial membrane: the epithelial
sodium channel, the CFTR channel and the calcium activated chloride channel. The
following channels are found on the basolateral membrane of airway epithelial cells: the
sodium-potassium ATPase (Na'-K'-ATPase) pump, the sodium-chloride-potassium

(Na"/2CI'/K") co-transporter, and the potassium pump.

In normal airway epithelial cells sodium is absorbed through the sodium channels on the
apical membrane and extruded through the basolateral membrane by the Na'-K'-ATPase
pump. This transport of ions results in the movement of water by osmosis, thus this cycle of
Na+ absorption also results in water absorption. These processes operate to limit the volume
of the periciliary fluid layer. Chloride also passes paracellularly following sodium
movement in an attempt to maintain electrical neutrality. Ion transport mechanisms also
exist to re-hydrate the airway surface. Low intracellular Na™ concentration created by the
Na"-K"-ATPase triggers movement of Na' into the cell from the basolateral surface through
the sodium-chloride-potassium (Na'/2CI/K") co-transporters. Chloride thus enters the cell
down a favorable Na' gradient created by the ATPase and exits the cell down this created
gradient toward the luminal surface through chloride channels. Water follows the chloride

movement enabling rehydration of the airway surface. Chloride transport into the airway
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lumen occurs via the CFTR channel, but this channel also stimulates extrusion through

another apical chloride channel named the calcium activated chloride channel.

The CFTR channel also controls activity of the epithelial sodium channel and inhibits
sodium movement through the epithelial sodium channel by switching the response to
cAMP from an increasing to a decreasing channel opening probability. Under basal
conditions sodium absorption predominates, but during periods of activity during which the
potential for airway dehydration exists, chloride secretion can be activated to maintain

periciliary fluid volume.

In CF this regulatory process is lost thus producing the increased sodium absorption; the
epithelial sodium channels have a greater open probability that results in increased net
sodium absorption, but also results in increased water absorption via osmosis and increased
paracellular movement of chloride. Sodium exits the cell through the basolateral Na™-K'-
ATPase pump. During periods of activity, chloride enters the cell through the basolateral
Na'/2CI'/K" co-transporters; however the CI” cannot be extruded into the airway through the
defective CFTR channel. Sodium absorption (via epithelial sodium channel) and chloride

extrusion (via calcium activated chloride channel) are both also compromised in CF.

1.2.5 Model for the development of airway disease in cystic fibrosis

CFTR controls fluid secretion from the apical surface of epithelial cells since the movement
of chloride and sodium determine the osmotic forces of water movement. There are two
competing theories to explain how these changes in airway surface lining fluid cause the
abnormalities which are responsible for the pulmonary phenotype in CF. Boucher’s group
(7, 8) postulates that the volume of the airway surface fluid is too little (or insufficient) for
two reasons:

= The defective CFTR cannot properly regulate fluid production.

= Fluid absorption is enhanced by the unregulated epithelial sodium channel.
Smith and associates (32-34) postulate that the volume of the airway surface lining fluid is
the same in CF and non-CF patients, but that sodium and chloride concentrations are what
differ. In their studies, measurements made on cultured normal and CF epithelial cells

indicated differences in the sodium and chloride concentrations between normal and CF
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cells, with higher salt concentration in CF cells. It is this high salt environment that is

postulated to inactivate naturally occurring antibiotics.

The hypothesis most supported is the depletion of the airway surface lining fluid layer. It is
hypothesized that airway destruction and obstruction in CF is due to volume depletion,
decreased mucocilliary clearance and resultant infection (2, 35). The cause of the reduced
ASL fluid is hypothesized to be due to the CFTR defect which results in accelerated sodium
transport, failure to regulate cAMP dependent chloride secretion which leads to reduced

periciliary lining fluid and failure of mechanical mucus clearance.

On normal airway epithelia a thin layer of mucus resides on top of the periciliary fluid layer.
The mucous layer is capable of donating and accepting water and when there is depletion of
liquid from the airway surface the mucous layer donates fluid until its height/volume ratio is
reduced to approximately 50 percent and thereafter liquid is donated by the periciliary liquid
layer(2, 36, 37). In the early stages of volume depletion, water is donated without it being
replenished from the mucous layer to the periciliary liquid layer. A point is reached when
the mucous layer can no longer donate liquid to the periciliary liquid layer and the

periciliary liquid layer is absorbed.

Depletion of the periciliary liquid layer has a number of effects. Depletion of the periciliary
liquid layer prevents the cilia from extending normally and beating and therefore
compromises ciliary-dependent mucus clearance. The concentrated mucins in the mucous
layer become more adhesive due to the volume depletion and this increased viscosity of the
mucous layer also contributes to hindering ciliary-dependent transport. As a result of the
periciliary liquid depletion there is adhesion of the previously mobile mucous layer to the
cell surface and this allows the contact of mucus with the cell surface glycocalyx which is
believed to effectively adhere the previously mobile mucous layer to the airway surfaces(2,
8, 36). This has two effects (36):

= [t abolishes mucus clearance due to failure of the cilia to extend and beat.

= [t degrades the ability of cough to remove mucus due to the physical adhesion of

mucus to airway epithelia surfaces.
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There is continued mucus secretion by goblet cells into immobile airway surface mucous
plaques. The net effect of this accumulation is to extend the height of the mucous plaques
and/or create mucous plugs. These mucous plaques in CF airways are characterized by:
» Increased mucus viscosity, which decreases the ability of soluble antimicrobial
factors (e.g., lysozyme, lactoferin) to diffuse within the mucous plaque.
= Increased viscosity that degrades the capacity of neutrophils to penetrate this niche.
= Increased height of the mucous plaques on airway surfaces coupled with accelerated
oxygen consumption by CF airway epithelia that fuels an increased sodium transport

and creates hypoxic niches at the bases of the mucous plaques.

Boucher and associates have shown that motile Pseudomonas aeruginosa is particularly
suited to this environment and the pathogen adheres to respiratory mucus (8). The increase
in CF airway epithelial oxygen consumption is due to the absence of the CFTR’s normal
inhibitory activity on the epithelial sodium channel. The consequential accelerated sodium
absorption on the apical membrane is fueled by an increased turnover rate of the ATP
consuming Na'-K'-ATPase pump leading to the two- or three-fold increase in epithelial

oxygen consumption(8).

The persistent mucin secretion into stationary mucus generates these thick airway plaques
and/or plugs. The combination of thickened mucus and raised oxygen consumption of CF
airway epithelium generates steep oxygen gradients within adherent mucin. Bacteria
deposited on the thickened mucus can penetrate into these hypoxic zones. The excessive
volume absorption having obliterated normal rotational mucus transport allows motile P.
aeruginosa to penetrate these static plaques and grow in hypoxic/anaerobic CF mucus. P.
aeruginosa responds to hypoxic mucus with alginate production and biofilm-like
macrocolony formation, which is the dominant phenotype of P. aeruginosa in CF airways
(2). Clearance of mucus is likely a key feature of innate lung defense and a fundamental
defect leading to chronic CF pulmonary infections is failure to clear mucus that contains

bound bacteria from the airway lumen.

1.2.6 Determinants of pulmonary disease severity in cystic fibrosis

It would seem that at some point early in a CF patient’s life infection sets up an

inflammatory response. Precisely how the CF electrolyte transport defect leads to persistent
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lung infection and inflammation is still not well understood. The most common CFTR
mutation (i.e., AF508) is generally associated with more severe pulmonary disease (38, 39).
However, even among AF508 homozygous individuals there is a wide variation in disease
severity (38) suggesting that there are other genetic and/or environmental factors that
influence pulmonary function. In contrast, a good correlation has been shown between
pancreatic sufficiency and CFTR mutation (40). A series of mutations have been identified
which are classified as mild for pancreatic status (i.e., pancreatic sufficiency) (41) and these
mutations are predominately missense mutations involving exons 5, 7, and 17 of the CFTR
gene (42, 43) which result in amino acid changes in the TMDs (44). The lack of a clear
association between CFTR genotype and pulmonary phenotype suggests that additional
factors are involved and these could be genetic modifiers. Santis et al. investigated the level
of lung function (FEV,| % predicted) in pairs of siblings who had CF and showed significant
association in %predFEV, (=0.84) between the siblings (45). Concordance of pulmonary
disease severity in first-degree relatives is suggestive evidence for shared genetic factors. In
addition, residual chloride secretion in intestinal tissue was more concordant in monozygous

than in dizygous twin pairs (46).

Some of the heterogeneity observed in pulmonary disease can be explained by CFTR
mutations; that is variability in disease severity based on the class of the CFTR mutation.
There are two other factors which also influence pulmonary disease severity. One such
factor is the environment, specifically availability of therapeutic modalities to the patient,
patient compliance to therapy recomendations and Burkholderia cepacia complex (BCC)
cross-infection. The other factor is genes other than CFTR that may contribute to pulmonary
disease progression. The concept of modifier genes as predictors of pulmonary disease

heterogeneity and recent modifier gene studies will be reviewed below.

1.3 CANDIDATE MODIFIER GENES INVESTIGATED

Currently, one modifier gene locus has been identified for meconium ileus. In a genome-
wide search for modifier genes in a CFTR-deficient mouse model of meconium ileus, a
major modifier locus was detected near the centromere of mouse chromosome 7 (47). The

orthologous region in humans is chromosome 19q13. A multicenter study of 197 CF sibling
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pairs confirmed linkage of meconium ileus to this region (10). The gene responsible for this
linkage has yet to be identified. This locus was not shown to modulate pulmonary disease

severity either in mouse models or in humans.

1.3.1 Alpha-1-antitrypsin gene

Alpha-1-antitrypsin (o;-AT) was one of the first candidate modifier genes investigated in
CF. Studies had shown extremely high levels of neutrophil elastase (NE) in the airways of
CF patients, which indicated that there is an imbalance between o;-AT and elastase in the
airways of patients with CF. The inflammatory process in response to pulmonary infection
in CF airways is characterized by a massive influx of neutrophils (48). Neutrophils
represent less than 5% of the cells recovered in bronchoalveolar lavage fluid in normal
individuals but in adults and children (1-5 years of age) who have CF, neutrophils may
comprise up to 95% of the cell population (49). Neutrophils contain a number of proteolytic
enzymes one of which, neutrophil elastase (NE), has been implicated in excessive
pulmonary damage observed in cigarette smokers and in CF patients. Elevated levels of NE
have been reported in the sputum of patients who have CF (50, 51). NE is capable of
causing direct lung damage by hydrolyzing all the major connective tissue proteins that
make up the lung and airway matrix. NE also affects adherence of P. aeruginosa to the
airway epithelium (52-54), impairs complement-mediated phagocytosis (particularly of P.
aeruginosa) (55-58), stimulates interleukin-8 (IL-8) secretion (59) and stimulates mucus
production (58, 60, 61). In normal hosts, the actions of NE are prevented primarily by alpha-
l-antitrypsin (o;-AT), a serine protease inhibitor that binds to NE and inhibits the
breakdown of elastic tissue in the lung. Normal to elevated levels of a,-AT have been
reported in the airway secretions (49) and plasma (49, 54) of CF patients. Elevated levels of

o1-AT have been reported during pulmonary infections in this patient population (53).

The a;-AT MZ genotype had been shown to be a risk factor for COPD (62). This candidate
gene has been investigated as a possible modifier gene in CF in the last decade with
conflicting results concerning the role that o;-AT may play in pulmonary disease
progression in CF. It is reasonable to hypothesize that individuals who have lower than

normal levels of a;-AT may be at increased risk for lung damage. Several mutations of the
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a1-AT gene result in a deficiency of this antiprotease. There is also evidence that o;-AT

genotype influences the acute phase response (55).

Doring and colleagues (57) showed no association between o;-AT S and Z alleles and
pulmonary disease severity in CF but they did show an earlier age of onset of P. aeruginosa
infection in CF subjects with these deficiency alleles (6 out of a total sample of 215).
Mahadeva and associates questioned this association and in fact showed that CF patients
who were heterozygous for the S and Z alleles (19 out of a total sample of 147) had higher
levels of pulmonary function than wild type individuals (63). In another study, the same
authors showed that the a;-AT Z and S deficiency alleles were not more prevalent in those
CF patients with severe pulmonary disease (dead or lung transplanted CF patients)(64).
Meyer and associates more recently showed similar age of onset of P. aeruginosa infection

in MZ (N=5) or MS (N=16) CF patients compared with matched wild-type CF patients (65).

Another polymorphism in the o;-AT gene studied in pulmonary diseases is the A allele of
the polymorphism (G1237A) in the 3' region of the gene. Kalsheker and associates showed
that the 3” mutation was associated with COPD (66). Morgan and colleagues provided in
vitro evidence that the association with COPD may be due to deficiency in the a,;-AT acute
phase response (55). Sandford and associates (67), however, did not find that the 3’
mutation attenuated the acute phase rise in o;-AT in their study of patients undergoing open-
heart surgery. Similarly, Madadeva and associates showed that the 3' mutation had no effect
on a,-AT levels in CF patients (63), whereas Henry and associates (68) showed less severe
pulmonary disease and fewer infective pulmonary exacerbations over 2 years in CF patients
who were heterozygous for the A allele. These data suggest that heterozygotes may have a

slower disease progression.

In CF cohorts, the association of a;-AT genotype and pulmonary disease severity is unclear
(57, 63, 64), the main limitation of these studies being their small sample sizes (number of
subjects with the deficiency alleles 6-20) and therefore the high possibility of type 2 error
(false negative)(69).
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1.3.2 Innate immunity genes

The majority of children diagnosed as having CF develop chronic pulmonary infection, most
often with P. aeruginosa, in late childhood. There is a positive association between age of
first colonization with this pathogen and ultimate respiratory failure in CF patients. Genes
regulating the first defense to bacterial and viral infections, especially during the first years
of life can have a major impact on survival. There are at least four potential genes, which
may increase the risk for developing bacterial and viral infections during infancy.
Homozygosity or compound heterozygosity for mannose binding lectin (MBL2) variants has
been shown to predispose young children to pulmonary infections with pathogens
commonly cultured from CF patients (70, 71). MBL2 is synthesized by the liver and
released upon IL-6 stimulation; it provides protection against bacterial and viral infections
especially in infancy before adaptive immunity becomes established and provides non-
specific defense against pathogens continually. MBL2 protein binds to mannose containing
proteins or carbohydrates on bacterial and viral surfaces which are then recognized by

alveolar macrophages which induce phagocytosis and release inflammatory cytokines.

The MBL2 gene is located on chromosome 10 and there are 3 missense polymorphisms at
codons 54, 57 and 52 of exon 1. Further variation due to a polymorphism in the promoter
region at position —221 has been shown to cause down regulation of gene expression and
consequently lower serum MBL2 concentrations (72). Another polymorphism in the
promoter region (at position at —550) is also associated with reduced MBL2 expression (73).
Garred and associates (72) showed reduced serum MBL2 levels in heterozygotes for the
coding polymorphisms, no MBL2 production in homozygotes for the variant alleles and
lower gene expression with the promoter region polymorphism in a CF cohort. They also
showed reduced lung function, earlier infection with P. aeruginosa, and also showed a trend
suggesting that CF patients who had the variant structural and promoter alleles were more
likely to become colonized with BCC. A closer look at their data however shows that the
main difference in pulmonary function over the eight year longitudinal interval studied was
that the MBL2 deficient group had a lower average lung function and one could not see a
progressive decline in pulmonary function, in fact the graphs in their study showed a steady
increase in pulmonary function in both groups which the investigators contributed to
changes in pulmonary function testing equipment. Further evidence of increased

susceptibility to BCC infection and MBL2 deficiency has come from Davies and colleagues
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(74) who showed that MBL2 binds to BCC and activates complement. Specifically, they
obtained BCC isolates from 10 CF patients and showed increased binding (61%) of MBL2
to BCC compared with non-mucoid strains of P. aeruginosa (2.9% binding). Gabolde and
associates (75) in their case-control study of CF patients, matched for age and sex with
normal healthy controls, showed a significant decline in lung function in those homozygous
or heterozygous for the variant structural alleles. In all studies, sample size limited the

power of their studies.

Three other innate immunity genes which are proposed as candidate modifier genes are
located in close proximity to MBL2; pulmonary surfactant protein genes SP-A1, SP-A2, and
SP-D are located in succession on the long arm of chromosome 10. The SP-A and SP-D
genes have been localized at 10q22-q23 and MBL2 placed at 10g21. As these genes are
located in close proximity to one another, it cannot be dismissed that any association found
between disease severity and MBL2 may be due to linkage disequilibrium with the
pulmonary surfactant genes. The SP-Al and SP-A2 genes are separated by an SP-A
pseudogene. The SP-A1 gene is flanked by the SP-D gene.

The pulmonary surfactant proteins SP-A (SP-A1 and SP-A2) and SP-D activate complement
through the alternative pathway of complement activation. Unlike MBL2, SP-A and SP-D
are synthesized within the lung predominately by alveolar type II cells and Clara cells. The
pulmonary surfactant genes function as opsonins by binding to specific receptors on
macrophages (76) and are also suggested to have both pro- and anti-inflammatory properties
(77, 78). These surfactant proteins have been shown to bind to a large number of pathogens,
including common pathogens found in CF sputum, although they differ in their interaction

with the pathogens.

Vandivier and associates (79) showed impaired clearance of apoptotic cells from CF airways
and reduced clearance of apoptotic cells in SP-D knockout mice. The authors speculated that
the severity of the inflammatory response may be enhanced by defective clearance due to
SP-A or SP-D deficiency. Results from knockout mice have shown that SP-A deficiency and
SP-D deficiency are associated with pulmonary infection (80-82). Polymorphisms within the
SP-A locus have been associated with pulmonary disease including respiratory distress

syndrome (83) and chronic obstructive pulmonary disease (84). SP-A and SP-D
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polymorphisms (9 polymorphisms in the SP-A genes and 2 in the SP-D gene) have shown

negative results in association studies of acute respiratory distress syndrome (85).
In summary the association of MBL2 genotype and pulmonary disease severity is unclear in
CF cohorts (72, 74, 75, 86). The pulmonary surfactant genes are good candidates as modifier

genes in CF.

1.3.3 Antioxidant genes

Glutathione (GSH) is an important factor in the prevention of oxidant-induced lung injury.
Reduced GSH has been shown in a number of pulmonary diseases including idiopathic
pulmonary fibrosis (87-89), acute respiratory distress syndrome (90, 91), COPD (92),
idiopathic respiratory distress syndrome (93) and in HIV-positive patients (94-97).
Decreased GSH levels have also been shown in CF patients (98) and in the CF mouse (99).
There are two groups of enzymes in the GSH synthesis pathway which have been
investigated as affecting GSH function. The glutathione S-transferases (GSTs) are involved
in detoxification of hydroperoxides by conjugating them with glutathione (H,0,; the reaction
is: 2 GSH + H,0, —GSSG + 2H,0) (100). There are several families of GSTs which have
been identified in humans and are referred to as a, p, @, and 6 (101). GSTMI1, GSTP1 and
GSTTI genes are polymorphic. The p class GST, GSTMI, is located on chromosome 1 and
the m class, GSTP1 is located on chromosome 11, and both are synthesized by the liver
(102). GSTT1 is located on chromosome 22 and is synthesized by the liver and red blood
cells. A rate limiting step in the glutathione synthesis pathway is the enzyme glutathione
cysteine ligase. The catalytic subunit of the gene contains a polymorphic GAG trinucleotide

repeat. In humans three alleles containing 7, 8, or 9 repeats have been identified.

Roum and associates (103) showed reduced levels of GSH in airway surface lining fluid, but
also showed reduced levels of oxidized GSH, thereby suggesting that the low GSH was
likely due to low GSH production and not excessive GSH oxidation. The CFTR is
permeable to oxidized GSH, and defective CFTR results in altered permeability to GSH.
Aerosolized GSH has been shown to reduce airway inflammation in CF (98). Transfection
of normal CFTR or synthetic chloride channels to CF epithelial cells restores GSH secretion

(104, 105).
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There are two functionally active GSTMI alleles and a null allele which produces no
protein. Those homozygous for the null allele have been shown to have increased risk for
some cancers, pulmonary emphysema and chronic bronchitis. Hull and Thomson
(106)showed that CF patients who have the null allele exhibited somewhat worse lung
function, clinical scores of disease severity and nutritional status. These patients were also
more likely to be positive for P. aeruginosa infection(106). Baranov and associates
(107)earlier showed CF patients who were homozygous for the null allele were more likely
to die before the age of five years. Of CF patients who were pancreatic sufficient and
manifested pulmonary symptoms in their study 51.1% were homozygous for the null allele
(total sample N=194)(107). Henrion-Caude and colleagues (108) showed a significant
association between CF liver disease and a GSTP1 polymorphism (exon 5 Ile105Val) in 106
CF children. No association with liver disease was shown for GSTM1 for this CF cohort.

1.3.4 Pro-inflammatory and anti-inflammatoryv mediators

Another group of studies have focused on investigating inflammatory and anti-inflammatory
genes as candidate modifier genes in CF. CF is characterized by chronic inflammation
focused on the airway lumen. Arkwright and associates (109) investigated inflammatory
(tumor necrosis factor alpha (TNFa), interferon gamma (IFN-y)), and anti-inflammatory
(interleukin 10 (IL-10), transforming growth factor-B1 (TGF-1)) cytokine genes as
candidate modifier genes in 261 CF patients. They showed the high producer TGF-f1
(+915) genotypes to be associated with more severe pulmonary disease progression and
carlier age of colonization with P.aeruginosa (109). In an earlier study Arkwright and
associates (110) showed more rapid pulmonary disease progression in CF patients
homozygous for the AF508 mutation (N=171) and another TGF-f1 polymorphism
(Leu+869Pro). This same polymorphism was investigated in the group’s more recent study
but no association was shown with pulmonary disease decline (109). Arkwright and
associates did not show a significant association for TNF-a and decline in pulmonary

function (109), which has been previously reported in a cohort of 53 CF children (106).

Major histocompatibility complex class II genes have been investigated as possible modifier
genes in CF. Aron and colleagues (111)investigated the contribution of this group of genes

to the inflammation seen in this population. MHC class II antigen has been shown to be
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expressed in CF nasal polyps (112). The investigators reported a significant association of
HLA-DR7 with the presence of P. aeruginosa infection implying that the HLA class II
region may modulate susceptibility to this pathogen (112). However, they did not show an
association of HLA-DR alleles with level of lung function. In summary, study sample sizes
are small and further study to replicate results on independent study sample of larger sample

size is necessary.

1.3.5 Additional modifier genes

Another family of genes which we propose as candidate modifier genes are the mucin genes.
Twenty mucin genes that have been characterized, six (MUC2, MUC4, MUCS5AC, MUCS5B,
MUCS8 and MUCI18) are known to be expressed in the respiratory tract (113-115). The main
characteristic of all mucin genes is the presence of a central domain composed of a variable
number of tandem repeats. Each repeat unit contains multiple sites for O-linked
glycosylation. There is marked inter-individual variation in the number of glycosylated side
chains on the mucus proteins MUC4 and MUCS5AC due to inherited variability in the
number of repeats. The MUC4 gene is one of the most polymorphic and the number of
tandem repeats varies from 145-395 between individuals (116). MUCSAC is also highly
polymorphic (117) and the protein forms a major constituent of respiratory mucin (118).
Although correlation of the degree of glycosylation and the visco-elastic properties of mucus
from individual subjects has not been studied it is likely that such a relationship does exist.
Increased glycosylation would be expected to increase mucus visco-elasticity and slow
mucociliary clearance of purulent broncho-pulmonary secretions. There is increased
secretion of mucus in CF which is stimulated by inflammation. There is also hypertrophy of
submucosal glands and goblet cell hyperplasia and metaplasia (extension of goblet cells into
the bronchioles where they normally do not occur). These phenomena also account for some
of the increase of mucus secretion. The increased viscosity of the mucus can be partially
explained by the CFTR defect and the effects of chronic inflammation. The mucin 2 gene
(MUC2) contains a variable number of tandem 69bp repeats (119, 120). These repeats
contain multiple glycosylation sites and were previously believed to be monomorphic (119),
but preliminary work in our laboratory has shown that this region is polymorphic. This may
have functional consequences since a mucin with a higher number of repeats will have a

higher number of glycosylation sites and this may alter the viscoelastic properties of the
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molecule. The MUCS5B gene contains highly variable number of tandem repeats in intron 36

(121).

1.4 STATEMENT OF THE PROBLEM

Variability in pulmonary disease progression in CF cannot be explained by the CFTR defect

alone. The CFTR defect in association with gene defects in other genes involved in

modulating the severity of the inflammatory response and response to infection may

contribute to more severe and rapid phenotypic progression of pulmonary disease in CF.

The main questions that this study addressed were:

Are genes other than the CFTR gene responsible for the variability in pulmonary
disease severity and pulmonary disease progression seen in CF?

Are genes other than the CFTR gene responsible for differential survival (i.e.,
clinical outcome; i.e., that is early lung transplantation or death) in CF?

Are genes other than the CFTR gene responsible for susceptibility to recurrent
pulmonary infections?

Are genes other than the CFTR gene responsible for age of first and chronic
infection with the respiratory pathogen P. aeruginosa?

Are genes other that the CFTR gene responsible for the variability in frequency of
pulmonary infections requiring intravenous therapy seen in CF patients?

Are genes (i.e., MBL2) other than the CFTR gene responsible for the variability in
pulmonary disease severity and pulmonary disease progression seen in CF patients
chronically infected with BCC?

Are genes (i.e., MBL2) other than the CFTR gene responsible for differential

survival in CF patients chronically infected with BCC?

The main secondary questions that this study addressed were:

Is there a difference in pulmonary disease severity and progression following chronic
infection with BCC based on genomovar group and random amplification of

polymorphic DNA (RAPD)-type?
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Is there a difference in pulmonary disease severity and progression in CF patients
infected with BCC only versus infected only with P. aeruginosa or infected with
both pathogens?

Is there a difference in survival following chronic infection with BCC based on
genomovar group and RAPD-type?

Is there a difference in survival among CF patients who are chronically infected with
BCC versus P. aeruginosa or infected with both pathogens and neither pathogen?
Are genes (i.e., MBL2) other than the CFTR gene responsible for increased
susceptibility to BCC colonization in CF?

1.5 MAIN STUDY HYPOTHESIS

Polymorphisms in genes other than CFTR influence CF disease severity and progression and

are associated with:

Worse pulmonary disease.

Accelerated pulmonary disease progression
Earlier infection with P.aeruginosa.
Susceptibility to B. cepacia complex colonization

Worse clinical outcome (early lung transplantation, death).

Specific Aims:

Primary aims:

1.

Determine whether alpha-1-antitrypsin deficiency is associated with more severe
pulmonary disease and pulmonary disease progression.

Determine whether MBL2 deficiency is associated with more severe pulmonary
disease and pulmonary disease progression, earlier chronic colonization with
P.aeruginosa and increased susceptibility to B. cepacia colonization.

Perform haplotypes analysis for MBL2 and determine if MBL2 is in linkage
disequilibrium with the adjacent pulmonary surfactant genes.

Determine whether the pulmonary surfactant genes are in linkage disequilibrium.
Determine whether pulmonary surfactant gene variants are associated more severe
pulmonary disease and pulmonary disease progression and earlier chronic

colonization with P. aeruginosa.
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6. Determine whether there is a relationship between length of the MUC2 and
MUCSAC tandem repeats and the severity of pulmonary disease in CF.

7. Determine whether the GST gene polymorphisms and the catalytic subunit of the
glutathione cysteine ligase gene are associated with more severe pulmonary disease,

pulmonary disease progression and earlier chronic colonization with P.aeruginosa.

Secondary aims:

1. Determine whether BCC colonization is associated with a more rapid decline in
pulmonary function and more severe clinical outcome taking into consideration
genomovar grouping of BCC.

2. Determine whether MBL2 deficiency and BCC colonization with genomovar III
versus II are associated with more severe pulmonary disease progression following
colonization.

3. Determine whether the pulmonary surfactant gene polymorphisms are associated
with susceptibility to P.aeruginosa colonization and with more severe pulmonary
disease progression following colonization.

4. Determine whether MBL2 deficiency and the pulmonary surfactant gene
polymorphisms are associated with differences in the frequencies of pulmonary

infections requiring IV therapy.

1.6 SIGNIFICANCE

The proposed study will extend current knowledge of secondary genetic factors in
pulmonary disease progression in CF. Polymorphisms in genes which modulate the severity
of inflammation and increase susceptibility to infection could contribute to a more rapid
progression of pulmonary disease if such polymorphism can be identified and this
information could be used in patients’ care. Our larger relative sample will help correct for
confounding genetic and environmental parameters, which have been a problem in previous

studies.
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2.0 METHODS AND PROCEDURES

The chapter describes clinic and patient study population recruitment, laboratory techniques
performed, clinical data (definition of variables, description of outcome and independent

variables) collected, hypotheses tested and statistical data analysis techniques.

2.1 SUBJECT AND ELIGIBILITY CRITERIA
Patients attending the following Canadian CF clinics were recruited:
Adult CF clinic at St. Paul’s Hospital (Vancouver, B.C.).
Children’s CF clinic at B.C. Children’s Hospital (Vancouver, B.C.),
Adult CF clinic at Victoria General Hospital (Victoria, B.C.),
Children’s CF clinic at Victoria Children’s Hospital (Victoria, B.C.).
Adult CF clinic at Hamilton Health Sciences (Hamilton, Ontario).
Children’s CF clinic at Hamilton Health Sciences (Hamilton, Ontario).
Adult CF clinic at Hotel-Dieu du Chum (Montreal, Quebec).
Children’s CF Clinic at Hospital for Sick Children (Toronto, Ontario).
Adult CF clinic at St. Michael's Hospital (Toronto, Ontario).
Adult CF clinic in Seattle (Seattle, Washington, U.S.A.).
An attempt was made to recruit all patients attending the participating clinics. The potential
study sample based on clinic patient numbers was 1265. Table 2.1 provides a description of
clinic participation for each gene studied. Patients attending the Toronto clinics only
participated in the investigation of the alpha-1-antitrypsin (a,-AT) gene as a potential
modifier gene and provided 2 years of clinical follow-up data. Patients attending the Seattle
clinic only participated in the investigation of the GST and GCLC genes as potential

modifier genes and only provided cross-sectional data.

The remaining genes were investigated on patients attending the Vancouver, Hamilton, and
Montreal clinics. The Victoria clinics did not participate in the investigation of the alpha-1-
antitrypsin gene and were recruited subsequently to increase sample size and used in our
investigation of innate immunity and antioxidant genes. Table 2.1 includes the number of

CF patients genotyped for each polymorphism by the center attended.
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Patients with a diagnosis of CF on the basis of clinical signs, elevated sweat chloride values
and/or positive genotyping for mutant CFTR allele(s) were recruited for the study. CF
patients who had received a lung transplant were also recruited and pulmonary function data

from prior to transplantation were collected for these CF patients.

In a separate sub-study we also recruited 31 consecutive patients from the St. Paul’s
Hospital adult CF clinic (mean age (£tSEM) 27.5(1.1) years) who developed an acute
pulmonary exacerbation, to measure serum o;-AT levels during the acute phase and 2-3

months later during a stable phase.

Details of the experimental procedures, the risks and benefits involved were explained to
subjects before obtaining written consent, which was approved by the Ethics Committees of
the institutions participating in this study (Appendix A).

2.2 LABORATORY TECHNIQUES

2.2.1 Extraction of genomic DNA from human whole blood

Ten milliliters of whole blood was collected from consenting CF patients. Samples for DNA
were collected in one 10ml or two 7ml EDTA lavender topped tubes and stored in a 4°C
fridge for between 0-4 days and then either immediately extracted or stored in a -20°C

freezer prior to extraction.

Thawed whole blood for each sample was transferred into a 50ml sterile centrifuge Falcon
tube and the tube was rinsed with 10ml of 0.1% IGEPAL CA-630 (octylphenyl-polyethylene
glycol) in sterile water and added to the Falcon tube. Additional 0.1% IGEPAL was added to
the Falcon tube to a final volume of 40ml. The tube with the sample mixture was mixed and
allowed to sit for 20 minutes for complete lysis of the red blood cells. The tube was then
spun for 20 minutes (in a Beckman Model TJ-6 Centrifuge at 2300RPM (1100g)) to pellet
the white cells. The supernatant was poured out and the cell pellet washed with 40ml of
0.1% IGEPAL and mixed on vortex for 5 -10 seconds. The sample tube was spun again (at
2300RPM for 20 minutes), the supernatant (which contained the remaining lysed red blood

cells) was poured off. The cell pellet was suspended in 10ml of digestion buffer containing
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50ul of 20mg/ml proteinase K. The sample was incubated overnight at 50°C with agitation
at 250 RPM. On the second day an equal volume (10ml) of phenol/chloroform/isoamyl
alcohol (25:24:1) and 1ml of 2M NaCl were added to each sample and mixed gently using a
vortex. The tubes were spun in the centrifuge (at 2300RPM for 20 minutes), then the upper
aqueous layer was transferred to a new 50ml Falcon tube. To precipitate the DNA, 2
volumes of 95% ethanol were added and the solution gently mixed. A 1.5ml sterile
microfuge tube with Iml 70% ethanol was prepared and using a sterile pipette tip the DNA
was spooled out of the falcon tube and added to the microfuge tube. The DNA-ethanol
mixture was centrifuged for 5 minutes at 14,000 RPM and the ethanol poured off and the
pellet air-dried under Kimwipes. The DNA pellets were finally dissolved in 500-800ul of TE
buffer (pH=8.0) at room temperature.

2.2.2 DNA OQuantification

The optical density (OD) of each sample was measured at a wavelength of 260 nm and 280
nm using an ultraviolet spectrophotometer. We measured a 100-fold dilution of the original
DNA solution. One OD260 unit corresponds to a double strand DNA concentration of 50
pug/ml. Proteins or RNA also absorb UV light at 260nm and 280nm. The purity of DNA
samples were estimated by the ratio A260/A280. A ratio of 1.7 to 1.9 was indicative of a
pure DNA sample.

2.3 GENOTYPING METHODS

2.3.1 Amplification of DNA using the Polymerase Chain Reaction

The purpose of the polymerase chain reaction (PCR) is to artificially replicate a short
sequence of DNA, in order to make millions of copies of this DNA sequence. Two
oligonucleotides are used as primers for a series of synthetic reactions that are catalyzed by a
thermostable DNA polymerase (e.g., Tag DNA polymerase). The oligonucleotides are
complementary to sequences that lie on opposite strands of the template DNA and flank the
segment we want to amplify. Genomic DNA is first heated (approximately 94°C) to
denature the double stranded DNA molecules in a solution containing an excess of the two
oligonucleotide primers and the four deoxynucleoside triphosphates (ANTPs). The reaction

mixture is then cooled (45-65°C) to allow the primers to anneal to their target sequences and
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then heated to an intermediate temperature (i.e., 70-75°C) which allows extension of the
annealed primers from their 3’ termini by Tag DNA polymerase. The cycle of denaturation,
annealing and primer extension is repeated 35-40 times using a thermal cycler. The
products of each round of amplification serve as the template for the next, effectively
doubling the amount of synthesized DNA with each cycle. Typically, this exponential
amplification is terminated when the amount of active Tag DNA polymerase is exhausted at

which time the selected DNA sequence has been amplified 10° times.

2.3.2 Genotyping using Restriction Fragment Length Polymorphisms

Restriction enzymes (restriction endonucleases) bind specifically to, and cleave double
stranded DNA at specific sites that are within or adjacent to particular sequences of
nucleotides. Restriction enzymes are purified from bacteria; many have been isolated and
they recognize specific sequences of double stranded DNA which are 4-8 nucleotides long,
although there are a few enzymes which recognize longer sequences. These enzymes cut
DNA at specific sequences and produce DNA fragments of specific sizes which are called
restriction fragments. Single nucleotide polymorphisms can create or destroy restriction
enzyme recognition sites. Therefore the presence or the absence of a recognition site can be
used to detect a polymorphism. The restriction enzyme is added to the PCR mixture and
digested in a specific restriction enzyme buffer and then analyzed on a gel. When more than

one PCR is performed in one reaction, this is defined as a multiplex PCR.

2.3.3 Amplification of DNA using Site Directed Mutagenesis Polymerase Chain

Reaction followed by Restriction Digestion

In this technique, a primer is used which contains a one base mismatch and gives rise to a
new restriction enzyme site following the PCR. Then an appropriate restriction enzyme is
used to cut the DNA fragment at this new site. This method is used when the polymorphism
does not lie within a naturally occurring restriction enzyme recognition site; therefore we

create a site which can be recognized by a known restriction enzyme.
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2.3.4 Amplification of DNA using allele-specific oligonucleotide PCR or Sequence

Specific Priming Polymerase Chain Reaction

In allele-specific oligonucleotide (ASP) PCR or sequence-specific priming (SSP) PCR, the
primer contains the specific polymorphic site. We used two allele specific primers that were
complementary to the respective two alleles. If the allele contains the specific polymorphism
then we obtain a PCR product. This is visualized on a gel where we obtain a band when the
allele is present. If the allele is not present no band is seen. In order to ensure that the PCR

has worked an internal control is used.

2.4 GENE POLYMORPHISMS INVESTIGATED AND GENOTYPING METHODS

2.4.1 Gene Polymorphisms investigated and genotyping techniques

Patients were genotyped for polymorphisms in the following genes:

a;-AT gene: We studied the S and Z mutations in exons 3 and 5, respectively and the Taql
polymorphism in the 3’ untranslated region.

Innate immunity genes:

MBL gene: promoter polymorphism (Y or X [G—C] at -221) and the 3 single base
structural polymorphisms at codons 52 (Arg—Cys, D allele), 54 (Gly—>Asp, B allele), and
57 (Gly—Glu, C allele).

SPA-1: we studied a polymorphism in exon 4 (C655T; Arg219Trp).

SPA-2: we studied two polymorphisms. One polymorphism in exon 2 (A26C;Thr9Asn) and
one in exon 4 (A667C; Lys223 Gln).

SPD: we studied a polymorphism in exon 1 (C32T; Thr11Met).

Other genes:

MUC?2 gene: we studied the imperfectly conserved repeats (mRNA sequence accession
number: NM_ 002457 (1)).

MUCS5Db gene: we studied the variable number tandem repeat region in intron 36 (genomic

DNA accession number: Y09788 (2, 3)).

GSTP1 gene: we studied the polymorphism in exon 5 (A313G; Ile105Val).
GSTMI1 and GSTT1 genes: we studied deletions of these two genes.

GCLC gene: we studied the trinucleotide repeat (GAC) upstream from the translation start
codon(4).
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Table 2.2 shows the gene polymorphisms studied and genotyping methods used. The
PHASE program (5, 6)was used to identify haplotypes for the MBL gene and the surfactant

genes.

2.4.2 Alpha-1-antitrypsin gene

The Z and S polymorphisms were examined by multiplex site directed mutagenesis PCR /
restriction fragment length polymorphisms (RFLP) assays using primers which amplified
regions of exon 5 and 3, respectively(7). Two mixtures were prepared; the first mixture
consisted of 0.5ul of 10uM EXS55 upstream primer (5’-TAA GGC TGT GCT GAC CAT
CGT C-3’) and 0.5ul of 10uM BYZ downstream primer (5’-CAA AGG GTT TGT TGA
ACT TGA CC-3’) for the Z mutation, and 1ul of 10uM EX35 upstream primer with a
mismatch to produce a Taql site (5’-GAG GGG AAA CTA CAG CAC CTC G-3’) and 1ul
of 10uM EX33 downstream primer (5’-ACC CTC AGG TTG GGG AAT CAC C-3’) for
the S mutation, 1ul (0.1png) DNA and water (6 pl ddH,0) to a final volume of 10ul was
heated (7 minute denaturation step at 94°C followed by 10 minutes at 80°C). Mixture 2 of
the PCR reaction contained 2ul 10xPCR buffer (by Invitrogen containing 500mM KCI,
200mM Tris-Cl, pH 8.4), 2ul 2mM deoxynucleoside triphosphates, 0.6ul 50mM MgCl,,
0.1ul Tag DNA polymerase (0.5U), with water (5.3 ul ddH,0) added to a final volume of
10ul. Mixture 2 was added to mixture 1 followed by thermal cycling (35 cycles were
performed consisting of 30 second denaturation at 94°C, 30 second annealing at 58°C, 30
second extension at 72°C and a final 5 minute extension at 72°C). Digestion of PCR
products was performed with restriction enzyme Tagl (0.5ul (10U)), 3ul 10xTagl buffer,
0.3ul 100X BSA and 6.2ul ddH,0) at 65°C for five hours. At the Z mutation site, the
restriction enzyme cuts the wild-type allele into 2 fragments (123bp and 21bp) and leaves
the Z allele uncut (144bp). At the S mutation site, the restriction enzyme cuts the wild-type
allele into 2 fragments (78bp and 20bp) and leaves the S allele uncut (98bp). The PCR
product was electrophoresed on a 2.5% agarose gel in a 0.5xTBE buffer and visualized with

ethidium bromide staining under ultraviolet light (Figure 2.1).

The 3 prime Tagl polymorphism (Gj237—A) was examined by PCR/RFLP using primers
which amplified a 373bp region. Each PCR reaction containing 1ul of 10uM P2 forward
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primer (5’-CTC TCA GGT CTG GTG TCA TCC C-3’) and 1pl of 10uM P4 reverse primer
(5’-GAC ACA GCA GCC AGG AAG TCC-3’), 1l (0.1png) DNA and 7 pl ddH,0 to a final
volume of 10ul was heated (7 minute denaturation step at 94°C followed by 10 minutes at
80°C) (Mixture 1). Mixture 2 of the PCR reaction contained 2ul 10xPCR buffer (by
Invitrogen containing 500mM KCI, 200mM Tris-Cl, pH 8.4), 2ul 2mM deoxynucleoside
triphosphates, 0.6ul 50mM MgCl,, 0.1ul Tag DNA polymerase (0.5U), with 5.3 ul ddH,0
added to a final volume of 10ul. Mixture 2 was added to mixture 1 followed by thermal
cycling (40 cycles were performed consisting of 30 second denaturation at 94°C, 30 second
annealing at 60°C, 30 second extension at 72°C). Digestion of PCR products was performed
with the restriction enzyme Taql (0.5ul (10U) Tagl, 3ul 10x Tagl buffer, 0.3ul 100xBSA
and 6.2ul ddH,0) at 65°C for five hours. The restriction enzyme cuts the wild-type G allele
into 2 fragments (191bp and 182bp) and leaves the A allele uncut. The PCR product was
electrophoresed on a 2.0% agarose gel in a 0.5xTBE buffer and visualized with ethidium

bromide staining under ultraviolet light (Figure 2.2).

2.4.3 Mannose-Binding Lectin gene

MBL2-B, C and D allele genotyping was performed by PCR-RFLP as described by Madsen

et al. (8) with some modification. The B and C alleles were detected respectively by Banl
and Mboll restriction enzyme digestion of the 329bp product that had been amplified by the
MBP1left upstream primer (5'-GTA GGA CAG AGG GCA TGC TC-3') and the MBP1right
downstream primer (5'-CAG GCA GTT TCC TCT GGA AGG-3'), followed by a 2%
agarose gel electrophoresis in a 0.5xTBE buffer and visualized with ethidium bromide
staining under ultraviolet light. Banl cleaves the A allele into two fragments (245bp and
84bp) and leaves the B allele undigested. Mboll cleaves the C allele into two fragments
(266bp and 63bp) and leaves the A allele undigested (Figure 2.3 A and B).

Specifically for MBL2-B, the PCR reaction contained 2ul 10xPCR buffer (by Invitrogen
containing KCIl, (NH4),SO4, Tris-Cl, pH 8.7), 0.6yl 50mM MgCl,, 2ul 2mM
deoxynucleoside triphosphates (ANTPs), 1ul of 10uM primer MBP1left and 1pl of 10uM
primer MBP1right, 1ul (0.25pg) DNA, 0.1ul Tag DNA polymerase (by Invitrogen), with
12.3 pl ddH,0 added to a final volume of 20ul. Following a 2 minute denaturation step at
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94°C, 35 cycles were performed consisting of 30 second denaturation at 94°C, 30 second
annealing at 60°C, 30 second extension at 72°C and a final 5 minute extension at 72°C.
Digestion of PCR products was performed with 0.25ul (10U/ul) of the restriction enzyme
0.25ul Banl (10U/ul), 2.5ul 10x NE buffer 4, and 2.25ul ddH,0 to a final volume of Sul at
37°C overnight (Figure 2.3 A).

Specifically for MBL-C, the PCR reaction contained 2ul 10xPCR buffer (by Invitrogen
containing KCI, (NHy4),SOy4, Tris-Cl, pH 8.7), 0.6ul 50mM MgCl,, 2ul 2mM dNTPs, 1ul of
10uM primer MBP1left and 1ul of 10uM primer MBP1right, 1ul (0.25ug) DNA, 0.1ul Taq
DNA polymerase (by Invitrogen), with 12.3 ul ddH,0 added to a final volume of 20pl.
Following a 2 minute denaturation step at 94°C, 35 cycles were performed consisting of 30
second denaturation at 94°C, 30 second annealing at 60°C, 30 second extension at 72°C and
a final 5 minute extension at 72°C. Digestion of PCR products was performed with 0.5ul
(5U/ul) of the restriction enzyme 0.5ul Mboll (5U/ul), 2.5ul 10x NE buffer 2, and 2ul
ddH,0 to a final volume of Sul at 37°C overnight (Figure 2.3B).

A MIUI restriction enzyme site was introduced into the amplification product of the D allele
by site-directed mutagenesis (SDM)-PCR. The PCR reaction contained 2pul 10xPCR buffer
(by Invitrogen containing KCl, (NH4),SO4, Tris-Cl, pH 8.7), 0.6pul 50mM MgCl,, 2ul 2mM
dNTPs, 1ul of 10uM primer MBP1left (5'-CAA CGG CTT CCC AGG CAA AGA CGC G-
3") and 1pl of 10uM primer MBPlright (5-ATC CCC AGG CAG TTT CCT CTG GAA
GG-3"), 1ul (0.25ng) DNA, 0.1ul Tag DNA polymerase (by Invitrogen), with 12.7 ul ddH,0
added to a final volume of 20ul. Following a 2 minute denaturation step at 94°C, 35 cycles
were performed consisting of 30 second denaturation at 94°C, 30 second annealing at 60°C,
30 second extension at 72°C and a final 5 minute extension at 72°C. Digestion of PCR
products was performed with 0.5ul (10U/ul) of the restriction enzyme 0.5ul Mlul (10U/pul),
2.5pl 10x NE bufter 3, and 2ul ddH,0 to a final volume of 5ul at 37°C overnight. The 121bp
product was visualized with ethidium bromide staining under ultraviolet light on a 3%

agarose gel following electrophoresis in a 0.5xTBE buffer. MIul cleaves the D allele into
two bands (21 bp and 100 bp) and leaves the A allele uncut (Figure 2.4A).
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MBL2-X/Y genotyping was performed by PCR using sequence-specific priming (SSP) PCR
as described by Madsen et al. (9) with some modification. Two upstream primers contain
alleles X and Y respectively (MBP-X: 5'-CAT TTG TTC TCA CTG CCA CC-3', MBP-Y:
5'-CAT TTG TTC TCA CTG CCA CG-3") and one downstream primer matches the
sequence of MBL2 (5-ACA TTC CTT GTG ACA CTG CG-3"). A PCR of the B-globulin
gene was used as a positive control (Figure 4B). The PCR was performed in a total volume
of 20 pl, containing 2ul 10xPCR buffer (by Invitrogen containing KCI, (NH4),SOy, Tris-Cl,
pH 8.7), 2ul 2mM dNTPs, 1 pl (0.25ng) genomic DNA, 0.5ul B-globulin-F (sense: 5°’-CAA
CTT CAT CCA CGT TCA CC-3), 0.5ul B-globulin-R (antisense: 5’-GAA GAG CCA AGG
ACA GGT AC-3) and 0.75pl 10uM of the specific primers described above in the presence
of 0.6ul 1.5 mM MgCl, and 1ul HotStarTagDNA Polymerase (by Qiagen) with 12.4 pl
ddH,0 added to a final volume of 20ul. PCRs were initiated by a 15 min polymerase
activation step at 95°C and completed by a final 5 min extension step at 72°C. The
temperature cycles for the PCRs were as follows: 35 cycles of 20 seconds at 94°C, 50
seconds at 65°C, and 20 sec at 72°C. The 154bp product was visualized with ethidium

bromide staining under ultraviolet light on a 1.5% agarose gel following electrophoresis in a

0.5xTBE buffer (Figure 2.4 B).

2.4.4 Pulmonary surfactant protein-A1l gene

The SPA-1 polymorphism in exon 4 (C655T; Arg219Trp) was examined by site directed
mutagenesis PCR/RFLP using primers which amplified a 159bp region (10). Each PCR
reaction contained 2pul 10xPCR buffer (by Qiagen containing KCI, (NH4),SOs, Tris-Cl, pH
8.7, and 15mM MgCl,), 2ul 2mM deoxynucleoside triphosphates, 1ul of 10uM sense (5°-
GCC ATT GCA AGC TTC GTG AA-3’) with a mismatch to produce a Taql site for the C
allele and 10uM antisense (5°’-CAC ACA CTG CTC TTT TCC TC-3’) primers, 1ul
(0.25ug) DNA, 0.1 hot start Tag DNA polymerase (Qiagen), with 12.9 pul ddH,0 added to a
final volume of 20ul. Following a 15 minute denaturation step at 95°C, 35 cycles were
performed consisting of a 30 second denaturation at 94°C, 30 second annealing at 60°C, 30

second extension at 72°C and a final 5 minute extension at 72°C.

Digestion of PCR products with restriction enzyme Taqgl (0.5ul (10U), 2.5ul 10xTaql

buffer, 0.25ul 100xBSA and 1.75ul ddH,0) was at 65°C for three hours. The restriction
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enzyme cuts the C allele into 2 fragments (138bp and 21bp) and leaves the T allele uncut
(159bp). The digested products were electrophoresed on a 3% agarose gel in a 0.5xTBE

buffer and visualized with ethidium bromide staining under ultraviolet light (Figure 2.5).

2.4.5 Pulmonary surfactant protein-A2 gene

Two polymorphisms were examined in the SPA-2 gene. The polymorphism in exon 4
(A667C; Lys223GlIn) was examined by site directed mutagenesis PCR/RFLP using primers
which amplified a 235bp region (11). Each PCR reaction contained 2ul 10xPCR buffer (by
Qiagen containing KCI, (NH4),SO4, Tris-Cl, pH 8.7, and 15mM MgCl,,), 2ul 2mM
deoxynucleoside triphosphates, 1ul of 10uM sense (5’-GAG CCT GCA GGT CGG GGA
AAA GC-3’) with a mismatch to produce a Hhal site for the C allele and 10uM antisense
(5’-CCT CCA GCT CTA ATA GCC ACA AGT-3’) primers, 1ul (0.25ug) DNA, 0.1ul
(0.5U) hot start Tag DNA polymerase (5U/ul , QIAGEN), with added water (12.9 pl ddH,0)
to a final volume of 20pul. Following a 15 minute denaturation step at 95°C, 35 cycles were
performed consisting of 30 second denaturation at 94°C, 30 second annealing at 60°C, 30
second extension at 72°C and a final 5 minute extension at 72°C. Digestion of PCR products
with restriction enzyme Hhal (0.25ul (5U)), 2.5ul 10xNEBy4, 0.25ul 100xBSA and 2ul
ddH,0 at 37°C overnight. The restriction enzyme cuts the C allele into 2 fragments (24bp
and 211bp) and leaves the A allele uncut (235bp). The digested products were separated on
a 3% agarose gel in a 0.5xTBE buffer and visualized with ethidium bromide staining under

ultraviolet light (Figure 2.6A).

The second SPA-2 polymorphism investigated in exon 2 (A26C; Thr9Asn) was examined
by site directed mutagenesis PCR/RFLP using primers which amplified a 150bp region (11).
Each PCR reaction contained 2ul 10xPCR buffer (by Qiagen containing KCI, (NH4)2SOs4,
Tris-Cl, pH 8.7, and 15 mM MgCl,), 2ul 2mM deoxynucleoside triphosphates, 1ul of 10uM
sense (5’-GCT GTG CCC TCT GGC CCT TA-3") with mismatch to produce a Msel site for
the A allele and 10uM antisense (5’-TCC TTT GAC ACC ATC TC-3’) primers, 1ul (0.1ug)
genomic DNA, 0.1ul hot start Tag DNA polymerase (5U/ul, Qiagen), with 12.9 ul ddH,0

added to give a final volume of 20ul. Following a 15 minute denaturation step at 95°C, 35
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cycles were performed consisting of 30 second denaturation at 95°C, 30 second annealing at

56°C, 30 second extension at 72°C and a final 5 minute extension at 72°C.

Digestion of PCR products with 5 pl restriction enzyme Msel mixture (0.5ul (10U/ul)
Msel, 2.5ul 10xNEB2 buffer, 0.25ul 100xBSA and 1.75ul ddH,0) was performed at 37°C
overnight. The restriction enzyme cuts the A allele into 2 fragments (18bp and 132bp) and
leaves the C allele uncut (150bp). The digested products were electrophoresed on a 3%
agarose gel in a 0.5xTBE buffer and visualized with ethidium bromide staining under

ultraviolet light (Figure 2.6 B).

2.4.6 Pulmonary surfactant protein D gene

The SPD polymorphism in exon 1 (32C/T, 11Thr/Met) was examined by site directed
mutagenesis PCR/RFLP using primers which amplified a 101bp region. Sequence was
obtained from Genbank (AH005286). Each PCR reaction contained 2ul 10xPCR buffer (by
Qiagen containing KCl, (NH4),SO4, Tris-Cl, pH 8.7, and 15mM MgCl,), 2ul 2mM
deoxynucleoside triphosphates, 1ul of 10uM sense (5’-CTC CTC TCT GCA CTG GTC CT-
3’) with mismatch to produce a Fspl site for the T allele and 10uM antisense (5’-ACC AGG
GTG CAA GCA CTG CG-3’) primers, 1ul (0.1pg) genomic DNA, 0.1ul (0.5U) hot start
Taq DNA polymerase (by Qiagen), with added 12.9 pl ddH,0 added to a final volume of
20ul. Following a 15 minute denaturation step at 95°C, 35 cycles were performed consisting
of 30 second denaturation at 94°C, 30 second annealing at 60°C, 30 second extension at

72°C and a final 5 minute extension at 72°C.

Digestion of PCR products with restriction enzyme Fspl (0.5ul (2.5U) Fspl, 2.5ul 10xNEB4
buffer, 0.25ul 100xBSA and 2ul ddH,0) was performed at 37°C overnight. The restriction
enzyme cuts the T allele into 2 fragments (82bp and 19bp) and leaves the C allele uncut
(101bp). The digested products were electrophoresed on a 3% agarose gel in a 0.5xTBE

buffer and visualized with ethidium bromide staining under ultraviolet light (Figure 2.7).
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2.4.7 Other genes
2.4.7.1 MUC2 gene

The MUC2 polymorphism was examined by PCR using primers which amplified the
repetitive threonine/serine/proline-rich subdomain (Genbank NM 002457). There is a region
of imperfectly conserved repeats (nucleotides 4228-5268 in GenBank accession # NM
002457) in this subdomain. Each PCR reaction contained 2ul 10xPCR buffer (500mM KCl,
200mM Tris-HCL (pH 8.4)), 0.56ul 50mM MgCl, (final concentration 1.4mM), 3ul 2mM
dNTPs, 2ul of 10uM sense (5’-GTGTCAATTGTTGCTGGCCC-3’ nucleotides 4181-4200
in Genbank NM 002457) and 10uM antisense (5’-CCAGCCAGTCCAATGCAGA-3’
nucleotides 5381-5400 in Genbank NM 002457) primers, 2ul (0.2ug) DNA, 0.1ul (0.5U)
Tag DNA polymerase (Invitrogen), and 3ul 50% glycerol, 2ul 0.1% Triton x-100, with 3.34
ul ddH,0 added to give a final volume of 20ul. Following a 3 minute denaturation step at
94°C, 40 cycles were performed consisting of 30 second denaturation at 95°C, 30 second
annealing at 64°C, 2 minute extension at 70°C and a final 6 minute extension at 72°C. The
PCR product was electrophoresed on a 1% agarose gel in a 0.5xTBE buffer and visualized

with ethidium bromide staining under ultraviolet light (Figure 2.8).

2.4.7.2 MUC5B gene

The variable number tandem repeat (VNTR) in intron 36 of the MUCS5B gene (Genbank
Y09788) was examined by PCR using primers which amplified the entire VNTR region (nt
4000-4451 - again these numbers are meaningless unless we know which sequence they
refer to). Each PCR reaction contained 2ul 10xPCR buffer (500mM KCI, 200mM Tris-HCI,
(pH 8.4)), 2ul 2mM deoxynucleoside triphosphates, 2ul of 10uM sense (5’-AGT GTG CAG
TGA CTG GCG AG-3’ nt 3967-3986) and 10uM antisense (5’-CTA GAG TTG CAG GTG
GCA GG-3’ nt 4655-4674) primers, 0.56pul 50mM MgCl, (final concentration 1.4mM), 2ul
(200ng) DNA, 0.1 (0.5U) Taq DNA polymerase (Invitrogen), 2ul 0.1% Triton x-100, and
3ul 50% glycerol, with 4.34 ul ddH,0 added to a final volume of 20ul. Following a 3 minute
denaturation step at 94°C, 30 cycles were performed consisting of 30 second denaturation at
95°C, 30 second annealing at 64°C, 2 minute extension at 70°C and a final 6 minute

extension at 72°C. The PCR product was electrophoresed on a 1.5% agarose gel in a
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0.5xTBE buffer and visualized with ethidium bromide staining under ultraviolet light

(Figure 2.9).

2.4.7.3 GSTP1 gene

The GSTP1 polymorphism in exon 5 (A313G; Ile105Val) was examined by PCR/RFLP
using primers which amplified a 433bp region. Each PCR reaction contained 2ul 10xPCR
buffer (by Qiagen containing KCl, (NH4),SO,, Tris-Cl, pH 8.7, and 15mM MgCl), 2ul
2mM deoxynucleoside triphosphates, 1ul of 10uM sense (5°-GTA GTT TGC CCA AGG
TCA AG-3’) and 10uM antisense (5’-AGC CAC CTG AGG GGT AAG-3’) primers, 1pul
(0.1ng) DNA, 0.1ug (0.5U) hot start Taq DNA polymerase (Qiagen), with added ddH,0 to a
final volume of 20ul. Following a 15 minute denaturation step at 95°C, 15 cycles were
performed consisting of 30 second denaturation at 95°C, 30 second annealing at 60°C, 60
second extension at 72°C and another 20 cycles were performed consisting of 30 second
denaturation at 95°C, 30 second annealing at 57°C, 30 second extension at 72°C and a final

5 minute extension at 72°C.

Digestion of PCR products with restriction enzyme BsSmAI (1.5ul BsmAI (7.5U), 2.5ul
10xNEB buffer3, and 1.0ul ddH,0) at room temperature overnight. The restriction enzyme
cuts the A allele into 2 fragments (104bp and 329bp) and the G allele at into three fragments
(104bp, 222bp and 107bp). The digested products were electrophoresed on a 1.5% agarose
gel in a 0.5xTBE buffer and visualized with ethidium bromide staining under ultraviolet

light (Figure 2.10 A).

2.4.7.4 GSTM1 and GSTT1 genes
The GSTM1 and GSTT1 gene deletions were examined by multiplex PCR as described by
Yim and associates (12)using the B-globulin gene as an internal control. The primer pairs for
each gene were as follows:

GSTMIF (sense):5’-GAA CTC CCT GAA AAG CTA AAG C-3’

GSTMIR (antisense): 5’-GTT GGG CTC AAA TAT ACG GTG G-3’

GSTTIF (sense): 5’-TTC CTT ACT GGT CCT CAC ATC TC-3’

GSTTIR (antisense): 5’-TCA CCG GAT CAT GGC CAG CA-3’

B-Globulin F (sense): 5’-CAA CTT CAT CCA CGT TCA CC-3°
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B-Globulin R (antisense): 5’-GAA GAG CCA AGG ACA GGT AC-3°

The PCR reaction contained 2ul 10xPCR buffer (by Qiagen containing KCI, (NH4)2SOs,
Tris-Cl, pH 8.7, and 15mM MgCl,), 2ul 2mM deoxynucleoside triphosphates, 0.5ul -
globulin F and 0.5ul B-globulin R, 0.75ul GSTM1-F and 0.75pul GSTM1-R, 0.5ul GSTT1-F
and 0.5pul GSTTI1-R primers, 1ul (0.1pug) DNA, 0.1ul (0.5U) hot start Taq DNA polymerase
(Qiagen), with 11.4 pl ddH,0 added to a final volume of 20ul. Following a 15 minute
denaturation step at 95°C, 35 cycles were performed consisting of 45 second denaturation at
94°C, 45 second annealing at 60°C, 45 second extension at 72°C and a final 5 minute
extension at 72°C. The PCR product was electrophoresed on a 2% agarose gel in a 0.5xTBE
buffer and visualized with ethidium bromide staining under ultraviolet light. Visualized on
the gel were: a 215bp fragment for GSTMI, a 480bp fragment for GSTT1, and a 268bp
fragment for the B-globulin gene (Figure 2.10 B).

2.4.7.5 GCLC gene
The trinucleotide repeat guanine-adenine-guanine (GAG) was examined by microsatellite
PCR as described by McKone and associates (4) for the Canadian cohort and the Seattle

cohort.

2.5. PHENOTYPIC DATA COLLECTION

2.5.1 Pulmonary function

The subjects performed post-bronchodilator spirometry (forced expiratory volume in one
second (FEV)) and forced vital capacity (FVC)) in accordance with ATS criteria (13). A
standard protocol was used by all centers. Values were expressed as a percent of the
predicted normal values based on age, gender and height (14). The best-recorded post-
bronchodilator measurements were used for this study. Predicted values were calculated
from equations derived for adults (14) and children (15). For patients who had received lung
transplantation, lung function data prior to transplantation were collected and used for

statistical analyses.
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2.5.2 Cross-sectional and longitudinal data sheets

Cross-sectional and longitudinal data were collected for the study. A list of variables and the
format of the variables are presented in Table 2.3 and 2.4 for cross-sectional data and Table
2.5 for longitudinal data. Data collected for the cross-sectional data sheet included dates to
calculate age of CF diagnosis, age of first infection with Pseudomonas aeruginosa and when
possible age of chronic infection with P. aeruginosa, age at infection with, and age of
chronic colonization with Burkholderia cepacia complex (BCC), age of transplantation and
death. We also created categorical variables for the presence of chronic infection with P.
aeruginosa to increase the study sample size as in some cases it was not possible to obtain
the age of first or chronic infection with this pathogen, but it was possible to categorize them
as chronically infected or not. Additional variables that were collected were CFTR
genotype, sweat chloride levels, pancreatic sufficiency status, and presence/absence of liver
disease, gastrointestinal reflux and diabetes mellitus. The subjects’ most current stable
clinical status data were entered in the cross-sectional data sheet as well (included lung

function, height, weight and date of clinic encounter). Stable clinical status is defined below.

Our objective was to collect over 2 years of longitudinal data for each subject and ideally up
to 10 years of continuous follow-up data. In some cases, for all the Canadian clinics, we
have more than 10 years of clinical data collected and this is for CF patients who became
transiently or chronically infected with BCC and data was collected for 2 intervals pre- (2
years) and post-acquisition of BCC (to most current encounter). Ultimately we have
collected a minimum of seven to ten years of continuous follow-up data for the Vancouver
and Victoria centers. Less than seven years of data were available for 11 (range 2.5-6.7
years) out of 107 patients from the Vancouver adult clinic and 5 out of 11 patients 1.0-3.6
years of data) from the Victoria children’s clinics due to their young age or transfer of a
patient from another center in Canada for whom we could not readily obtain the missing
data (2 out of 18 from the Adult clinic in Victoria). Ten years of data were collected from
the Vancouver B.C. Children’s hospital for 89 out of 122 patients and for the remainder of
the study sample due to their young age we were able to collect 2-5 years of clinical data for
25 patients and less than 2 years (1.2-1.9 years) of data for 8 patients. For the Montreal
clinic we were able to collect 3-10 years of clinical data. We collected 5-10 years of data on
100 out of the 146 CF patients who volunteered for the study. We collected over 5 years and

up to 10 years of clinical data on 61 out of the 92 CF patients who volunteered from the two
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Hamilton clinics. The Toronto centers only participated in the study of the alpha-1-
antitrypsin gene and longitudinal data (> 2 years) was not collected for the alpha-1-

antitrypsin gene analysis.

The following data were obtained for the longitudinal data file: pulmonary function (i.e.,
FEV, and FVC; absolute and percent predicted values when available), height, weight,
bacteriology (the primary pathogens Pseudomonas aeruginosa and BCC, as well as for
Staphylococcus aureus, Hemophilus influenza and Xanthomonas maltophilia) and reason for
visit. The date the clinical data were collected was recorded as the date of the encounter.
These data were obtained from the patients’ medical charts, as was information on
frequency and duration of hospitalizations for each year of data collection. In the
longitudinal data file, columns were available for entry of the date of admission and
discharge from hospital. Hospitalizations were coded based on whether they were for
pulmonary infections requiring intravenous (IV) antibiotic therapy, or for other non-
pulmonary reasons. In the case of hospitalizations for pulmonary infections, the duration of
therapy (start and end date for IV therapy) rather than the duration of hospitalization was
collected for the longitudinal data file. Therapy with home IV for pulmonary infections has
become the standard mode of treatment in the past seven years, in some cases patients are
admitted for 2-5 days and then discharged to continue with IV therapy at home. In other
cases patients are started immediately on home IV therapy without a short hospitalization.
Clinical data in this instance (i.e., pulmonary function, height and weight) were collected
close to the end of IV therapy (1-3 days prior to IV therapy completion) or 2-10 days
following completion of IV therapy to represent stable clinical status. Exam date for this
encounter is the date of clinical data collection. Bacteriology represents pathogens grown at

time of diagnosis with a pulmonary exacerbation.

Outpatient encounters were coded as clinic stable or clinic ill (from a respiratory
perspective). Since our main phenotype of study was pulmonary status, clinic visits were
coded as stable or ill based on a respiratory perspective. Sometimes CF patients may be seen
by the clinic during the interval of IV therapy and these encounters are also coded as such in
order to identify them and exclude them as pulmonary function is expected to be adversely

affected.

51



Longitudinal data collected from Hamilton for visits coded as clinic ill did not distinguish
between ill from pulmonary causes versus other (such as weight loss, hemoptysis, liver
disease, and diabetes). In cases where all the visits within a 12 month period were coded as
clinic ill, the clinic visit with the highest pulmonary function data, which was also similar
(higher or equal to) to pulmonary function data from the previous and/or subsequent 12
month interval which was coded as clinic stable was used as the encounter characterizing the

patient for this year and accepted as the stable value for this year.

2.5.3 Definition of stable clinical status and pulmonary exacerbation in CF

Stable clinical status was defined as the absence of pulmonary exacerbation over the
previous 4 weeks, absence of a current mild exacerbation requiring oral antibiotics and the
absence of two or more clinical symptoms (increased cough, sputum volume and purulence,
increased dyspnea, reduced weight and a fall in FEV;>10%). Pulmonary exacerbation was
defined as a pulmonary infection that required the administration of IV antibiotics based on

clinical signs assessed by the CF physician.

2.5.4 Identification and typing of B. cepacia Complex

Organisms suspected of being BCC were sent to the Canadian B. cepacia complex Research
and Referral Repository where BCC confirmation was performed as described in Henry and
associates (16). Isolates were checked for purity, and then screened for growth on BCSA agar
(17).  Organisms that were BSCA positive were set up to the API Rapid NFT strip
(Biomerieux Vitek Inc., Hazelwood MO), supplemented by glucose, maltose, lactose,
adonitol, xylose and sucrose oxidation / fermentation sugars and lysine and ornithine
decarboxylases. Organisms that matched the phenotypic identification criteria of Henry and
associates (16) were confirmed by species specific molecular probes. Epidemiologic typing of
BCC was performed by randomly amplified polymorphic DNA (RAPD) fingerprinting as
described in Mahenthiralingam and coworkers (18). Sequential isolates of BCC recovered
from individual patients were typed whenever possible over a minimum period of one year to

ensure consistency of colonization with a single strain type.
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2.5.4 Sub-study data collection: Measurement of alpha-1-antitrypsin levels during a

pulmonary exacerbation episode

The CF patients were recruited exclusively from the St. Paul’s Hospital adult CF clinic. In
total 31 consecutive patients from the CF clinic (mean age (xSEM) 27.5(1.1) years), who
developed an acute pulmonary exacerbation were recruited to participate in the study. We
measured a-AT levels during the acute phase and 2-3 months later during a stable phase.
Details of the experimental procedures, risks and benefits involved were explained to
subjects before obtaining written consent, which was approved by the Ethics Committee of

the institution in this study (Appendix A).

CF patients with a history of liver disease, or liver/lung transplanted were excluded from the
o,-AT levels study. Patients from the St. Paul’s Hospital CF clinic were recruited at the time
of admission for an acute pulmonary exacerbation. These patients were characterized into
two groups based on %predFEV, during clinical stability: mild/moderate pulmonary
impairment  (%predFEV,;>50%  predicted), and severe pulmonary impairment
(%opredFEV <50% predicted). For this group we calculated Schwachman-Kulczycki (S-K)
(19) and Brasfield (20) scores during clinical stability.

S-K scores were calculated for clinical status at the time of testing, which represented stable
(non-pulmonary exacerbation) clinical status. Radiographic data were obtained from the
patients’ medical charts, as was information on activity patterns, pulmonary and nutritional
status for S-K scoring. From a maximal score of 100 (maximum 25 per category), points
were deducted for the level or degree of:

= Inactivity, fatigue and non-participation in daily living.

= Pulmonary symptoms and finger clubbing.

= Growth and nutritional deficiencies.

» Chest radiographic abnormalities
S-K scoring was performed by me and the results were reviewed with Dr. Wilcox. The

guidelines for scoring were followed as described by Schwachman and Kulczycki (19).

Chest radiographs were scored utilizing the Brasfield clinical scoring system (20) by Dr.
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P.G. Wilcox, who was blinded to the identity of the patient. The severity of lung disease
was determined from a maximal score of 25, with points deducted for:

= Degree of hyperinflation.

= Peribronchial thickening.

= Nodular cystic structures (bronchiectasis).

= Areas of atelectasis or pneumonia.

= Assessment of overall severity.

We also obtained from the patients’ medical charts the number of days treated for
pulmonary infections over a 2-year period (number of hospitalization days). Blood samples
for measurement of a,-AT were obtained within the first two days of hospital admission and
repeated at days 4, 7, 10 and 13 of a 14-day therapeutic intervention for most patients. Stable
o,-AT levels were measured 2-3 months post-exacerbation during clinical stability. These
patients were also included in the larger study and were genotyped for the o,-AT

polymorphisms.

2.6 GENETIC ANALYSES

2.6.1 Haplotype construction

To calculated haplotypes we used PHASE version 1.0.1. PHASE is a Linux based program
for reconstruction of haplotypes (5). The mean error is half that obtained by the expectation-
maximization (EM) algorithm. We used this program to infer haplotypes for the 4 MBL

gene polymorphisms and for the pulmonary surfactant polymorphisms investigated.

2.6.2 Calculation of linkage disequilibrium and Hardy Weinberg equilibrium

Linkage disequilibrium and Hardy Weinberg equilibrium were calculated using Arlequin
version 2.0 software package (21). We used the program PHASE version 2 (5, 6) to infer
haplotypes probabilities. We used the chi-square statistic to test for linkage disequilibrium

between the MBL and pulmonary surfactant genes.
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2.7 STATISTICAL ANALYSIS
Specific statistical analyses used to investigate the proposed modifier genes are explained in
detail in section 2.5 for each modifier gene, or family of genes investigated. We used
univariate analysis of variance (ANOVA) for group comparisons. Cox Regression was used
for survival analysis. Data analysis was performed using SPSS statistical software (SPSS®
statistical software (Chicago, IL)) and Splus (Insightful Corporation).General statistical

methods are described in this section.

2.7.1 Description of outcome variables

The primary outcome variables used to characterize:

= Pulmonary disease severity was %predFEV.

* Pulmonary disease progression was %predFEV, over time; with time being the
longitudinal interval (prospective and retrospective) collected on the study subjects
for a maximum 10 year interval (or more for BCC infected CF patients).

= Survival was the end point of age of death or lung transplantation.

» First and chronic infection with P. aeruginosa was age of first and chronic infection
with the pathogen P. aeruginosa.

* Frequency of pulmonary infections was the frequency of encounters defined as
pulmonary infections that were treated with intravenous antibiotics in the
longitudinal data set for set time intervals investigated for statistical analyses (2 and

5 years) as described in section 2.7.6.

Forced expiratory volume in one second (FEV;) was performed in accordance with
American Thoracic Society criteria {Anonymous., 1995 #365}. FEV,; was expressed as
percent predicted values based on height, age and gender and calculated from equations
derived for adults {Crapo, 1981 #363} and children {Hibbert, 1989 #344}. Pulmonary
disease progression was defined as %predFEV, over time; with time being the longitudinal
interval (prospective and retrospective) collected on the study subjects. Pulmonary function
data from clinical encounters coded as stable were used for statistical analyses. A maximum
10 year interval of clinical data was collected for controls used for BCC infection study
(N=196) and 5-10 years of clinical data was collected for controls used in the MBL2 study
(N=428). For the BCC infected cohort, clinical data was collected retrospectively and

prospectively. Specifically for the BCC patients, FEV; was retrospectively collected for 2-5
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years pre-colonization with BCC and data post-acquisition of BCC were collected to July
2004 (or to time of death/lung transplantation). There were 90 (transient / chronic infection
N=20/70) and 39 (chronic infection) CF patients infected with BCC that comprised the study
group for the BCC infection and MBL2 study, respectively.

2.7.2 Description of independent variables

CFTR grouping.We used three different groupings for CFTR mutations. In Chapter 3, the

CFTR grouping for the o,-AT gene polymorphisms was fairly simplistic (and related to the
commonly occurring CFTR mutation deltaF508) as was the case with studies being
published at the time. Chapter 3 presents the a,-AT gene polymorphism study as published
in the journal American Journal of Respiratory and Critical Care Medicine in 1998 (22).
During the duration of the thesis study further research in CFTR mutations lead to the
categorization of CFTR in the literature into grouping based on the functional affect of the
mutations and our groupings for CFTR have incorporated this knowledge. There is still no
recognized or established grouping for presenting CFTR mutation classes in research

studies.

CFTR genotype was coded as follows for the investigation of the o,-AT gene:
= Homozygous AF508,
= Heterozygous AF508 (i.e., AF508/ other)
= Other.
Other included all other CFTR mutations; known and unknown. For subsequent genes
investigated in this study, the CFTR gene was coded based on the CFTR class of the
mutation. The following categories were developed based on the severity of the CFTR
mutation:
= CF class homozygous severe: Class 1, 2, or 3 mutations on both chromosomes
(homozygous for class 1, 2 or 3 mutations).
= CF class mild: Class 4 or 5 on one chromosome and either:
0 Class 4 or 5 on the second chromosome.
0 Class 1, 2, and 3 on the second chromosome.

0 Unknown or unclassified mutation on the second chromosome.
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= CF class heterozygous severe: Class 1, 2, or 3 on one chromosome and unknown or
unclassified mutation on the second chromosome.
= CF class unknown/unclassified: Unknown or unclassified mutations on both
chromosomes.
When we analyzed the GST and GCLC gene polymorphisms (chapter 5) the grouping CFTR
was collapsed into 2 groups in some cases. This secondary CFTR grouping was used where
there was a small number of subjects when grouped by GCLC grouping and mild CFTR
which otherwise caused estimation problems with the statistical models. In this grouping we
excluded subjects who were classified as CF class unknown/unclassified for two reasons: a)
small sample size and b) the unknown nature of the mutation(s) prohibited us from including
this group with either the severe or mild CFTR groups described below. The following two
CFTR groups were created:
= CF class severe: Included CF subjects classified above as CF class homozygous and
heterozygous severe.
= CF class mild: Same grouping as defined above (see 2).

Pancreatic sufficiency status.In some cases we were unable to use CFTR class grouping in

our statistical models as was the case in chapter 4 for BCC related analyses. In this particular
case we found that all BCC infected CF patients carried severe CFTR mutations. In this case
we also used the variable pancreatic sufficiency status as a measure of disease severity. CF
patients were categorized as pancreatic:
= Insufficient: The exocrine pancreas was affected and CF patients were required to
take fat metabolizing enzymes orally,

= Sufficient. The exocrine pancreas was functioning properly.

P. aeruginosa and BCC infection.Categorical variables described the infection status of CF

patients for P. aeruginosa and BCC. Specifically CF patients were categorized
independently for these two pathogens initially into the following four categories:
= Not infected
= Infection with the pathogen only on one encounter.
= Transient (Short-term/sporadic) infection: the CF patient showed infection with the
pathogen on more than one occasion but was limited to infection with the pathogen
for less than 6 months and thereafter did not show growth of the pathogen.

= Chronic infection with the pathogen.
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The grouping was also collapsed for use of the variables in our models into three categories:
= Not infected
= Transient

= Chronic
The age (day-month-year) of first and chronic infection with the pathogens were also
collected. In the case of BCC infection the pathogen was further characterized by

genomovar grouping and RAPD type (see Table 2.3).

2.7.3 Analysis of pulmonary disease progression

Mixed effects linear regression models were used to model the effect of the candidate
modifier gene genotype or haplotype on our primary outcome variable which we defined as
pulmonary disease progression, which is %predFEV, over the longitudinal interval.
Pulmonary disease severity was defined as the mean %predFEV, over the entire longitudinal
interval. Parameters also used as independent variables in our equations were current age,
sex (categorized as male (0), female (1)), age of CF diagnosis, CFTR genotype or pancreatic
sufficiency status (categorized as insufficient (0) and sufficient (1)), center code
(categorized as Vancouver (1), Montreal (2), Hamilton (3), Toronto (4), Victoria (5), and
Seattle, Washington, U.S.A (6)), body mass index (BMI) and infection with Pseudomonas
aeruginosa. The latter was used as a categorical variable (Pseudomonas aeruginosa (PA)

status as infected (1) and not infected (0)) in the mixed effects regression models.

The models investigated for each gene polymorphism are presented in Tables 2.6 -2.12.

a,-AT gene. We investigated 3 polymorphisms in two independent analyses for the o,-AT
gene. The S and Z polymorphisms were analyzed in one model with o,-AT deficiency
defined by the genotypes MS, SS and MZ. The base group was MM. The 3 prime mutation
in the untranslated region was investigated in the second model and the grouping was GG
versus GA and AA. We investigated whether there was a difference in the rate of decline in
%predFEV, (2-year interval). The models and variables used in the analyses are presented in

Table 2.6.
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MBL2 gene. We investigated four polymorphisms in the MBL2 gene. Subjects were
grouped for MBL polymorphisms based on the functional effect of the polymorphisms as
described in Garred and associates (23) into two groups; deficient and wild-type. We
investigated whether there was a difference in the rate of decline in %predFEV,; with P.
aeruginosa infection controlling for CFTR genotype, P. aeruginosa infection status and
gender. We next investigated whether there was a difference in the rate of decline in
%predFEV; with BCC infection; whether MBL deficiency and chronic infection with BCC
were associated with worse pulmonary disease progression in CF. The pre and post-
acquisition interval for BCC infection were included in the models as fixed and random
effects. Patients chronically infected with BCC regardless of genomovar group were
grouped together, based on our findings that the rate of decline in %predFEV; with BCC
infection was similar regardless of BCC genomovar. The models and variables used in the

analyses are presented in Table 2.7.

SPA-1 gene. We investigated the SPA-1 (C655T) polymorphism. The TT genotype was not
represented in our study cohort. We investigated whether having the less common CT
versus CC genotype was associated with a different rate decline in %predFEV,. The models

and variables used in the analyses are presented in Table 2.8.

SPA-2 gene. Inferred haplotypes generated by the PHASE program for the two
polymorphisms (A26C and A667C) studied in this gene were used to group the study cohort
into three groups based on whether there were zero (SPA-2CAO0), one (SPA-2CA1), or two
(SPA-2CA2) copies of the inferred haplotype CA and investigate whether there was a
difference in the rate of decline in %predFEV,. The base group in our models was the most
common diplotype (i.e., two copies of CA: SPA-2CA2). The models and variables used in

the analyses are presented in Table 2.9.

SPD gene. The grouping for the gene polymorphism was based on genotype into three
groups: CC, TT and CT. We first examined the rate of decline in %predFEV, based on our
SPD genotype grouping. In a reduced model we combined the CT and CC group, that is

having one or two copies of the polymorphism versus being homozygous for the common

59



allele TT, and examined the rate of decline in %predFEV,. The models and variables used in

the analyses are presented in Table 2.10.

GST genes and GCLC gene. We investigated whether having the gene deletion or not for
GSTM1 and T1 were associated with a different rate of decline in %predFEV,. The

grouping for the gene deletion was whether subjects had one or two gene deletions for
GSTMI and T1. In the case of the GSTP1 analyses our grouping was whether having one or
two G-alleles for the GSTP1 (Ile105Val) polymorphism were associated with different rates
of decline in %predFEV,. For the GCLC gene we elucidated the number of GAC repeats in
our study population and then investigated the commonly occurring ones. Our grouping for
GCLC was:

= Homozygosity for 7 GAC repeats (i.e., GCLC7/7),

= 7/8 GAC repeats (i.e., GCLC7/8),

= 7/9 GAC repeats (i.e., GCLC7/9), and

= Greater than 7 GAC repeats on both chromosomes (i.e., GCLCgr7; includes 8/8, 8/9

and 9/9 GAC repeats).

Genotypes 6/9 and 7/10 GAC repeats which were also observed in our study cohort were
rare and were not used in our analyses. We were unable to investigate P. aeruginosa
infection status and the GST and GCLC polymorphisms by CFTR genotype severity in all
cases due to the small number of patients who were carriers of mild CFTR mutations and
who were also not infected chronically with P. aeruginosa, which caused estimation
problems with the models. The models and variables used in the analyses are presented in

Table 2.11.

MUC?2 and MUCSB genes. CF patients were categorized into 2 groups for the MUC2

polymorphism: a) heterozygous / homozygous for 2 repeats and b) the common genotype in
the cohort (homozygous for 1 repeat). CF patients were grouped based on the common
genotype for the cohort for the MUCSB polymorphism into two groups: a) common
genotype, which was homozygosity for the 7 repeat allele and b) all others. Lastly, we
examined the two genes together and categorized our cohort into two groups; the common
diplotype observed (MUC2-MUCS5B/ MUC2-MUC5B=1-7/1-7, N=162) and all others
(MUC2-MUCS5B/ MUC2-MUC5B=1-3/1-7, 1-5/1-7, 1-7/1-8, 2-7/1-7, N=110). CFTR

genotype was not included in any of our statistical models as it was not well represented in
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the mucin gene groupings. We first examined the rate of decline in %predFEV, based on our
individual gene groupings and then for the diplotype grouping. The models and variables

used in the analyses are presented in Table 2.12.

2.7.4 Survival
Cox proportional hazards regression was used to investigate survival. Models used for each

gene are described in the respective chapter and tables. In our survival models:

Dependent variables were: The time to event (death or lung transplantation (coded
0/1=alive/deceased or lung transplanted) and current age or age of event. Current age was
used for CF patients who were still alive and age of event was used for deceased and lung

transplanted CF patients.

Main effects were: Modifier gene SNP(s), CFTR class. P. aeruginosa (PA) infection status
was also used in select models. Other variables also included in select models were: CF

diagnosis age, current %predFEV;, BMI and age.

Interactions were: Modifier gene* CFTR class, Modifier gene* PA infection status, Modifier

gene* CF diagnosis age.

Other variables used as main effect and for interactions terms were:
PSS instead of CFTR class
BCC infection status and BCC related variables: genomovar group, RAPD group type, and

BCC and P. aeruginosa co-infection.

2.7.5 Age of first infection and chronic infection with P. aeruginosa

Cox proportional hazards regression was used to investigate age of first infection and
chronic infection with P. aeruginosa. In our models investigating age of first infection (and

chronic infection) with P. aeruginosa):

Dependent variables were: Age of 1% infection (age of chronic infection), categorical

variable PA infection status (0/1=not infected/chronically infected).
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Main effects: Sex + Modifier gene SNP(s) + CFTR class + CF diagnosis age + current
%predFEV, + current BMI + current age.

Interactions: Modifier gene* CF diagnosis age, Gene * current %predFEV;.

2.7.6 Pulmonary infections requiring therapy with intravenous antibiotics

The Poisson regression model was used to investigate differences in the frequency of
pulmonary infections requiring IV therapy and our candidate modifier genes. The response
variable was the number of pulmonary infections requiring IV therapy over time. We used a
fixed time point from our longitudinal data collection file of January 1, 2000. To ensure that
each patient included in the analysis data set was alive or that we had knowledge of the
patient’s clinical status (dead or lost to follow-up) we determined that there were clinical
data available on the patient after the fixed time point of January 1, 2000. We investigated
two longitudinal time intervals:

=  Two years length of follow-up (January 1, 1998-January 1, 2000).

= Up to 5 years length of follow-up (January 1, 1995-January 1, 2000).
The total number of subjects who had the full 2 year length of follow-up was 257. For the 5-
year interval, cases who met the inclusion criterion for interval A were used. Cases who met
inclusion criteria for A were included for analysis of interval B. In our analysis we adjusted
the length of follow-up for cases that had less than 5 years of data to the length of follow-up

to reflect the shorter interval available.

2.8 HYPOTHESES TESTED
a,-AT gene
Pulmonary disease severity and progression
1. We hypothesized that heterozygosity for the Z and S alleles, or homozygosity for
the S allele of o;-AT would be associated with more severe pulmonary disease
severity and progression in CF.
2. We hypothesized that heterozygosity or homozygosity for the A allele for the 3’
Gi237—>A  polymorphism of o;-AT would be associated with more severe
pulmonary disease severity and progression in CF.

Frequency of pulmonary infections
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3. We hypothesized that MZ, MS, SS genotype for a;-AT would be associated with
a higher frequency of pulmonary infections requiring IV antibiotics over the 2-
year interval followed in the CF cohort.

4. We hypothesized that heterozygosity or homozygosity for the A allele for the 3’
Gi237—>A polymorphism of a;-AT would be associated with a higher frequency
of pulmonary infections requiring IV antibiotics over the 2-year interval followed

in the CF cohort

MBL2 gene

Pulmonary disease severity and progression

1. We hypothesized that CF patients who have an MBL2 deficient genotype would
show more severe pulmonary disease severity and progression (steeper decline) than
CF patients with a MBL2 wild-type genotype and this association would be further
exaggerated when also controlling for P. aeruginosa infection and CFTR genotype.
That is the rate of decline in %predFEV; would be:

MBL2 deficient > MBL2 wild-type

2. We hypothesized that the changes in pulmonary disease severity and progression
would occur and be more evident in statistical analyses when distinguishing the time
of BCC acquisition and specifically we hypothesized that:

a. There would be similar pulmonary disease progression (i.e., rate of decline in
pulmonary function) during the pre-acquisition with BCC interval for CF
patients who later become chronically infected with BCC compared with
non-BCC infected CF patients. That is for the 2-year pre-acquisition with
BCC interval we hypothesized that the rate of decline in pulmonary function
would be:

MBL2 deficient # MBL2 wild-type
BCCumaL2deficient = NO BCCmBL2deficient

BCCuBLawild-type = N0 BCCumBL2wild-type
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b. Once infected with BCC that CF patients with a deficient MBL genotype
would show more severe pulmonary disease severity and progression in the
post-acquisition interval than CF patients with a: a) MBL2 wild-type
genotype who are chronically infected with BCC and b) MBL2 deficient
genotype not infected with BCC. That is the rate of decline in %predFEV,
would be:

BCCupLadeficient > BCCumBLowild-type and

BCCMBLZdeﬁcient >No BCCMBLZdeﬁcient

Frequency of pulmonary infections

3.

We hypothesized that having an MBL2 deficient genotype compared with MBL2
wild-type would be associated with a different frequency of pulmonary infections
requiring IV antibiotics over the 2-year and 5-year interval followed in the CF

cohort.

Survival (death or lung transplantation)

4.

We hypothesized that CF patients with an MBL2 deficient genotype would show
worse outcome than MBL wild-type CF patients.

We hypothesized that CF patients with an MBL2 deficient genotype who were also
chronically infected BCC would show worse outcome.

We also hypothesized that CF patients infected chronically with both pathogens
(BCC and P. aeruginosa) would be more likely to experience an event than CF

patients infected with only one of the pathogens or neither of the pathogens.

Susceptibility to BCC and P. aeruginosa infection

7.

We hypothesized that MBL genotype is not directly associated with susceptibility to

BCC chronic infection.

. We hypothesized that MBL2 genotype is not associated with a different age of first

infection and chronic infection with P. aeruginosa.
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BCC infection, Genomovar and RAPD type grouping

Pulmonary disease severity and progression

1  We hypothesized that infection with BCC would be associated with more severe
pulmonary disease severity and steeper pulmonary disease progression compared to
CF patients not infected with BCC and specifically that the decline in %predFEV,

over time would be:

Chronic BCC # Controls (i.e., non BCC infected)
Transient BCC # Controls
Chronic BCC # Transient BCC

2 We hypothesized that chronic infection with BCC and P. aeruginosa would be
associated with more severe pulmonary disease severity and steeper pulmonary
disease progression compared to chronic infection with only one pathogen or

infection with neither pathogen. Specifically:

Chronic BCC > Controls (i.e., non BCC and P. aeruginosa infected)
Chronic P. aeruginosa > Controls (not infected with P. aeruginosa)

Chronic BCC and P. aeruginosa > Chronic BCC or Chronic P. aeruginosa # Controls

3 We hypothesized that infection with BCC genomovar 2 versus BCC genomovar 4
would be associated with different pulmonary disease severity and pulmonary

disease progression and specifically:

BCC genomovar 2 # Non-BCC infected
BCC genomovar 4 # Non-BCC infected
BCC genomovar 2 # BCC genomovar 4

4 We hypothesized that infection with BCC genomovar 4 RAPD-type 2 versus BCC
genomovar 4 RAPD-type 1,4,6 would be associated with different pulmonary

disease severity and pulmonary disease progression.

Survival (death or lung transplantation)
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5 We hypothesized that there would be a different outcome (i.e., rapid deterioration to

the event that is death or requiring lung transplantation) associated with CF patients

who were either transiently or chronically infected with BCC or not infected with the

pathogen.
6 We hypothesized that there would be a different outcome in CF patients associated
with chronic BCC infection when also considering co-infection in these patients with
P. aeruginosa (PA). Specifically:
Chronic BCC and PA # Chronic BCC and
No PA # No BCC or PA chronic infection
7 We hypothesized that being chronically infected with BCC genomovar 2 versus BCC
genomovar 4 would show a different outcome.
8 We hypothesized that infection with BCC genomovar 4 RAPD-type 2 versus BCC
genomovar 4 RAPD-type 1, 4, and 6 would show a different outcome.
SPA-1 gene
Pulmonary disease severity and progression
1. We hypothesized that having the less common CT versus CC genotype for the SPA-
1 polymorphism would be associated with different pulmonary disease severity and
pulmonary disease progression in CF.
2. We hypothesized that having the less common CT versus CC genotype for the SPA-

1 polymorphism and chronic infection with P. aeruginosa would be associated with

different pulmonary disease severity and pulmonary disease progression in CF.

Susceptibility to P. aeruginosa infection

3.

We hypothesized that having the less common CT versus CC genotype for the SPA-
1 polymorphism would be associated with a different age of first infection and

chronic infection with P. aeruginosa.

Frequency of pulmonary infections

4. We hypothesized that having the less common CT versus CC genotype for the SPA-

1 polymorphism would be associated with a different frequency of pulmonary
infections requiring IV antibiotics over the 2-year and 5-year interval followed in

the CF cohort.
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Survival (death or lung transplantation)

5. We hypothesized that having the less common CT versus CC genotype for the SPA-
1 polymorphism and chronic infection with P. aeruginosa would show a different
outcome (i.e., rapid deterioration to the event that is death or requiring lung

transplantation).

SPA-2 gene

Pulmonary disease severity and progression

1. We hypothesized that zero versus one versus two copies of the inferred haplotype
CA for the SPA-2 gene would be associated with different pulmonary disease
severity and pulmonary disease progression in CF.

2. We hypothesized that zero versus one versus two copies of the inferred haplotype
CA for the SPA-2 gene and chronic infection with P. aeruginosa would be
associated with different pulmonary disease severity and pulmonary disease
progression in CF.

Susceptibility to P. aeruginosa infection

3. We hypothesized that zero versus one versus two copies of the inferred haplotype
CA for the SPA-2 gene would be associated with a different age of first infection and
chronic infection with P. aeruginosa.

Frequency of pulmonary infections

4. We hypothesized that zero versus one versus two copies of the inferred haplotype

CA for the SPA-2 gene would be associated with a different frequency of pulmonary

infections requiring I'V antibiotics over the 2-year and 5-year interval followed in the

CF cohort.

Survival (death or lung transplantation)
5. We hypothesized that zero versus one versus two copies of the inferred haplotype

CA for the SPA-2 gene and chronic infection with P. aeruginosa would show

different outcome (i.e., rapid deterioration to the event that is death or requiring lung

transplantation).

67



SPD gene

Pulmonary disease severity and progression

1.

We hypothesized that the three genotypes for the SPD polymorphism would be
associated with different pulmonary disease severity and pulmonary disease
progression in CF.

We hypothesized that the three genotypes for the SPD polymorphism and chronic
infection with P. aeruginosa would be associated with a different pulmonary disease

severity and pulmonary disease progression in CF.

Susceptibility to P. aeruginosa infection

3. We hypothesized that the three genotypes for the SPD polymorphism would show

different susceptibility to first infection and chronic infection with P. aeruginosa.

Frequency of pulmonary infections

4. We hypothesized that the three genotypes for the SPD polymorphism would be

associated with a different frequency of pulmonary infections requiring IV

antibiotics over the 2-year and 5-year interval followed in the CF cohort.

Survival (death or lung transplantation)

5. We hypothesized that the three genotypes for the SPD polymorphism and chronic

infection with P. aeruginosa would show a different outcome (i.e., rapid

deterioration to the event that is death or requiring lung transplantation).

GST genes and GCLC gene

Pulmonary disease severity and progression

1.

We hypothesized that CF patients with some CFTR function (i.e. homozygous or
heterozygous for CFTR class IV or V mutations) and who do not have the deletion
polymorphism for GSTM1 and GSTT1 will have better pulmonary function and a
lower rate of decline in pulmonary function over time compared to CF patients who
have the deletion polymorphisms for GSTM1 and GSTT].

We hypothesized those CF patients who are homozygous or heterozygous for
isoleucine for the GSTP1 (Ile105Val) polymorphism and have some CFTR function
(i.e., mild CFTR genotype) will show increased pulmonary disease severity and a
steeper decline in pulmonary function over time compared to CF patients with a mild
CFTR genotype who are homozygous for the valine polymorphism for the GSTP1

gene.
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3.

We hypothesized that GSTT1, GSTM1 and GSTP1 polymorphisms resulting in
decreased levels of these enzymes, regardless of CFTR genotype will be associated
with more severe pulmonary disease severity and progression.

We hypothesize that CF patients who have a lower number of GCLC GAC repeats
will show worse pulmonary disease severity and a steeper decline in pulmonary
function over time.

We hypothesized that these associations will be exaggerated in CF patients who have

a severe CFTR genotype.

Susceptibility to pathogen (BCC or P. aeruginosa) infection

6.

We hypothesized that GSTT1, GSTM1 and GSTP1 polymorphisms resulting in
decreased levels of these enzymes, regardless of CFTR genotype will be associated
with increased susceptibility to chronic infection with common CF respiratory
pathogens P. aeruginosa and BCC.

We hypothesized that those CF patients who have a lower number of GCLC GAC
repeats, regardless of CFTR genotype, will be associated with increased

susceptibility to chronic infection with common CF respiratory pathogens.

Susceptibility to liver disease

8.

The GSTT1 and GSTMI1 deletion polymorphisms and GSTP1 (Ile105Val)

polymorphism will be associated with susceptibility to CF liver disease.

MUC2 and MUCS5B genes

Pulmonary disease severity and progression

1.

We hypothesized that variation in the length of the tandem repeats of MUC2 (i.e.,
higher number of repeats) would be associated with more severe pulmonary disease
severity and progression in CF.

We hypothesized that a higher number of repeats of the VNTR of the MUC5B gene
would be associated with more severe pulmonary disease severity and progression in

CF.

Susceptibility to pathogen (BCC or P. aeruginosa) infection

3.

We hypothesized that the prevalence of chronic infection with P. aeruginosa or BCC
is affected by MUCSB or MUC2 genotype. Specifically we hypothesized that:
Polymorphisms which may increase the viscosity of mucus such as higher number of

repeats of the VNTR of the MUCS5B polymorphism may contribute to earlier repeat
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infection with common CF pathogens followed by earlier chronic colonization with

P. aeruginosa or BCC.

. A longer length of the tandem repeats of the MUC2 polymorphism may contribute to

earlier repeat infection with common CF pathogens followed by earlier chronic

colonization with P. aeruginosa or BCC.
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Table 2.1. A description of participating clinics and contribution to sample size for modifier

gene analysis in the study.

Center AAT | MBL2 | Surfactant | GSTM1/T1/P1 | GCLC MUC2/5B

Vancouver 97 107 107 108/106/106 106 90/80
Adult

Vancouver 97 122 122 122/55/55 69 64/10
Children’s

Hamilton 46 44 45 45 45 43/45
Health
Sciences
Adult clinic

Hamilton 45 47 47 45 45 43/44
Health
Sciences
Children’s
clinic

Montreal 146 145 146 146/143/142 146 139/145
Adult

Victoria 0 11 11 11 18 0
Adult

Victoria 0 9 9 9 11 0
Children

Toronto 187 0 0 0 0 0
Adult

Toronto 106 0 0 0 0 0
Children

Seattle 0 0 0 101 101 0
Adult

71



Table 2.2. Summary of genes and polymorphisms studied and genotyping method utilized.

Gene Polymorphisms Genotyping method
AAT Sand Z multiplex SDM / RFLP
AAT 3 prime (Gj237—A) PCR/RFLP
MBL2 B and C allele PCR-RFLP
MBL2 D allele SDM PCR
MBL2-X/Y Promoter ASP
SPA-1 Arg219Trp (C655T) SDM PCR/RFLP
SPA-2 Thr9Asn (A26C) SDM PCR/RFLP
SPA-2 Lys223GIn (A667C) SDM PCR/RFLP
SPD 11Thr/Met (32C/T) SDM PCR/RFLP
GSTP1 Ile105Val (A313G) PCR/RFLP
GSTM1 Gene deletion multiplex PCR
GSTT1 Gene deletion multiplex PCR
GCLC GAC repeat PCR
MUC2 Imperfectly conserved | PCR

repeats (Thr/Ser/Pro rich

subdomain) upstream from

69 bp VNTR
MUCS5B 59 bp/repeat in intron 36 PCR
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Table 2.3. Demographic spreadsheet variables (Part 1): Clinical parameters.

Name of variable Number | Data values Data type
of
columns
ID code 1 Same value as for longitudinal | Continuous
spreadsheet
Center code 1 To be entered by Vancouver center | Continuous
Date of birth 3 Day-month-year Continuous
Date of CF diagnosis 3 Day-month-year Continuous
CFTR genotype 2 One column for each allele String
Sweat chloride level 1 Value in mmol/L Continuous
Pancreatic function 1 O=insufficient Categorical
1=sufficient
Sex 1 O=male Categorical
1=female
Other complicating 0=no disease
conditions I=disease present
2=disease not looked for
Diabetes mellitus 1 See row above Categorical
Liver disease 1 See shaded row above Categorical
GI reflux 1 See shaded row above Categorical
Meconium ileus 1 0=no Categorical
1=yes
Transplantation 1 0=no transplant Categorical
1=lung transplant
2=heart-lung transplant
3=liver transplant
Date of transplant 3 Day-month-year Continuous
Liver disease enzymes
Aspartate 1 In p/L Continuous
aminotransferase (AST)
Alanine 1 In p/L Continuous
aminotransferase (ALT)
Gamma 1 In w/L Continuous
glutamyltransferase
(GGT)
Alkaline  phosphatase | 1 In /L Continuous
(AP)
Home postal code 1 String

73




Table 2.4. Demographic spreadsheet variables (Part 2): Pathogen infection parameters and

current status (deceased/alive).

Name of variable Number | Data values Data type
of
columns
Date of 1*' P. aeruginosa | 3 Day-month-year Continuous
infection
Date of P. aeruginosa | 3 Day-month-year Continuous
chronic infection*
P. aeruginosa infection | 1 0=no growth Categorical
status 1=one time growth

2=sporadic growth
3=chronic growth

P. aeruginosa infection | 1 0=not chronically infected Categorical
status 1=chronically infected

Burkholderia ~ cepacia | 1 0=no growth Categorical
complex (BCOC) 1=one time or short-term growth

infection status 2=chronic growth

BCC genomovar group | 1 0=not infected Categorical

1=Genomovar |

2=Genomovar II (B. multivorans)
3.1= Genomovar Illa

3.2= Genomovar IIIb

4= Genomovar IV

5= Genomovar V (B. viethamesis)

BCC RAPD* group 1 0=not infected String
RAPD type entered as word
Date of BCC | 3 Day-month-year Continuous
colonization
Date of death 3 Day-month-year Continuous
Primary cause of death 1 1= death due to end stage respiratory | Continuous
disease (hemoptysis, right heart
failure)

2= death following transplantation
3= death due to BCC colonization
4= death due to non-CF cause (e.g.
motor vehicle accident)

5= death due to CF but not
respiratory related (liver disease,
pancreatitis)

** These dates may be the same as for 1* infection with the pathogen in many cases. More
recently there has been more aggressive treatment to eradicate this pathogen when patients
first grow it and therefore there are cases where the pathogen is successfully eradicated for
up to a few years. An attempt was made to elucidate the date of first infection and date of
chronic colonization.

*RAPD = Random Amplification of Polymorphic DNA
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Table 2.5. Longitudinal data spreadsheet.

Name of variable Number | Data values Data type
of
columns

ID code 1 Continuous
Name or initials 1 String
Status at encounter 1 I1=alive, Categorical

2=transplant, 3=deceased at

this encounter,

4=death post-transplant,

5=BCC acquisition
Date of encounter 3 Day-month-year Continuous
Height (cm) 1 In cm Continuous
Weight (kg) 1 In kg Continuous
Pathogen infection at 0=not present in sputum
encounter I=present in sputum
Staphylococcus aureus 1 0/1 Categorical
P. aeruginosa 1 0/1 Categorical
BCC 1 0/1 Categorical
H. influenza 1 0/1 Categorical
X. maltophilia 1 0/1 Categorical
Pulmonary function
FEVI 1 In liters Continuous
% predicted FEV1 (%) 1 In percent Continuous
FVC in liters 1 In liters Continuous
% predicted FVC (%) 1 In percent Continuous
Hospital admission date 3 Day-month-year Continuous
Hospital discharge date 3 Day-month-year Continuous
Reason for encounter 1 1= clinic visit, | Categorical
If coding is different than the 2=hospitalization or home IV
one presented in column 3 therapy for pulmonary
then please supply us with infection,

your codes.

3=clinic visit but ill

5=clinic visit, but on Home IV
antibiotics,

6= hospitalization for other
non-pulmonary complication,
9=specifics  of  wvisit /
hospitalization not available.
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Table 2.6. Models for statistical analysis of pulmonary disease severity and progression of

o,-AT polymorphisms for Chapter 3.

Gene Base group in | Model
polymorphism | model

Sand Z MM o,-AT coding: 1=MS, MZ, SS, or for the promoter

polymorphism 1=GA and AA
Tagl promoter | GG

polymorphism %predFEV,= Time + o,-AT genotype + Sex
in 3’ region (0/1=male/female) + CF diagnosis age + CFTR
(Gi237—>A) genotype + BMI

Alternatively using PSS instead of CFTR genotype

%predFEV,= Time + o,-AT genotype + Sex
(0/1=male/female) + CF diagnosis age + Current Age

+ Pancreatic sufficiency status + BMI

Including PA infection status’

%predFEV,;= Time + o,-AT genotype + Sex + PA
infection status + CF diagnosis age + Current Age

+CFTR grouping + BMI

%predFEV,= Time + a,-AT genotype + Sex +
Current age + PA infection status + CF diagnosis age

+ BMI

" PA status- P. aeruginosa infection status
" CFTR genotype is an abbreviation for the CFTR grouping into 3 groups (as described for

o,-AT analyses in section 2.4.1).
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Table 2.7. Models for statistical analysis of pulmonary disease severity and progression of
MBL2 gene polymorphisms and the effects of chronic BCC infection (on pre and post BCC

acquisition) on pulmonary disease progression for chapter 4.

Gene Base group in | Model
polymorphisms | model
MBL2 MBL deficient | Model 4.2.3-A

%predFEV, = Time + Sex (0/l=male/female) +
MBL2 deficiency (0/1=deficient/wild-type) + PA
infection status’  (0/1=not infected/chronically
infected) + CFTR genotype” + MBL2 deficiency *
Time

Including 2 and 3 way interactions of covariates.

Model 4.2.3-B

%predFEV, = Time + Sex + MBL2 deficiency + PA
infection status + BCC infection status (0/1=not
infected/chronically infected) + MBL2 deficiency *
Time + PA infection status * Time + BCC infection
status * Time + MBL2 deficiency * PA infection
status * Time + MBL2 deficiency * BCC infection
status * Time

Model 4.2.3-C (pre-acquisition of BCC)

%predFEV, = Time + Sex + MBL2 deficiency + PA
infection status + BCC infection status + MBL2
deficiency * Time + PA infection status * Time +
BCC infection status * Time

Model 4.2.3-D

%predFEV, = Time + Sex + MBL2 deficiency +
BCC infection status + AgePP (0/(>0)=pre-
colonization/days  post-colonization) + MBL2
deficiency * AgePP).

" PA status- P. aeruginosa infection status

* CFTR genotype is an abbreviation for the CFTR class groupings into 4 groups (see 2.4.1).
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Table 2.8. Models for statistical analysis of pulmonary disease severity and progression of

SPA-1 gene polymorphism for chapter 4.

Gene Base group in | Model
polymorphism | model

SPA-1 CC genotype | Model 4.2.3-E

%predFEV,= Time + Sex (0/1=male/female) + SPA-1
genotype (0/1=CC/CT) + SPA-1 genotype * Time).

Model 4.2.3-F

%predFEV,= Time + Sex + SPA-1 genotype + PA
infection status’ (0/1=not infected/chronically infected)
+ SPA-1 genotype * PA infection status + SPA-1
genotype * Time + PA infection status * Time + SPA-1

genotype * PA infection status * Time
Model 4.2.3-G

%predFEV,= Time + Sex + SPA-1 genotype + PA
infection status + CFTR genotype” + SPA-1 genotype *
PA infection status + CFTR genotype * SPA-1
genotype + SPA-1 genotype * Time + PA infection
status * Time + CFTR genotype” * Time + SPA-1
genotype * PA infection status * Time + CFTR
genotype * SPA-1 genotype * Time + CFTR genotype
* SPA-1 genotype * PA infection status * Time

" PA status- P. aeruginosa infection status

* CFTR genotype is an abbreviation for the CFTR class groupings into 4 groups (see 2.4.1).
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Table 2.9. Models for statistical analysis of pulmonary disease severity and progression of

SPA-2 gene polymorphism for chapter 4.

Gene Base group in model Model

SPA-2 2 copies of CA. Model 4.2.3-H

%predFEV, = Time + Sex (0/1=male/female) +
SPA-2CAO0 (0/1=1 or 2 copies of CA/0 copies of
CA) + SPA-2CA1 (0/1=0 or 2 copies of CA/1
copy of CA) + SPA-2CA0 * Time + SPA-2CA1

* Time.

Model 4.2.3-1

%predFEV, = Time + Sex (0/1=male/female) +
SPA-2CAO0 (0/1=1 or 2 copies of CA/0 copies of
CA) + SPA-2CA1 (0/1=0 or 2 copies of CA/1
copy of CA) + PA infection status + SPA-2CA0
* PA infection status + SPA-2CA1 * PA
infection status + SPA-2CA0 * Time + SPA-
2CAl * Time + PA infection status * Time +
SPA-2CA0 * PA infection status * Time+ SPA-
2CAT1 * PA infection status * Time.
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Table 2.10. Models for statistical analysis of pulmonary disease severity and progression of

SPD gene polymorphism for chapter 4.

Gene Base group in model Model

SPD TT genotype Model 4.2.3-]

%predFEV, = Time + Sex (0/1=male/female) +
SPD-CC (0/1=CT or TT/CC) + SPD-CT (0/1=CC
or TT/CT) + SPD-CC * Time + SPD-CT * Time.

Model 4.2.3-K

%predFEV, = Time + Sex + SPD-CC (0/1=CT or
TT/CC) + SPD-CT (0/1=CC or TT/CT) + PA
infection status + SPD-CC * PA infection status
+ SPD-CT * PA infection status + SPD-CC *
Time + SPD-CT * Time + PA infection status *
Time + SPD-CC * PA infection status * Time+
SPD-CT * PA infection status * Time.

Reduced model: CT and CC genotypes combined
Model 4.2.3-L

%predFEV, = Time + Sex (0/1=male/female) +
SPD-CC/CT (0=TT and 1=CC/CT) + SPD-
CC/CT * Time.
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Table 2.11. Models for statistical analysis of pulmonary disease severity and progression of

GSTs and GCLC polymorphisms for chapter 5.

Gene Base group in | Model
model
GSTM1 | Zero null in Longitudinal data set

and T1 GSTM1 or T1
Model 5.2.3-A

%predFEV, = Time + Sex (0/1=male/female) + 1 null
in GSTM1 or T1 (0/1=0 or 2 null copies/1 null copy) +
2 null in GSTM1 and T1 (0/1=0 or 1 null copies/2 null
copies) + 1 null in GSTM1 or T1 * Time + 2 null in
GSTMI1 or T1 * Time

Cross-sectional data set
Model 5.2.4-A

Current %predFEV; = Current age (yrs) + Sex + CFTR
genotype (0/1=severe/mild) + BMI + PA infection
status (0/1=not infected /chronically infected) + 1 null
in GSTMI1 or T1 + 2 null in GSTM1 and T1

GSTPI AA genotype Model 5.2.3-B

%predFEV, = Time + Sex (0/1=male/female) + GG
genotype for GSTP1 (0/1=0 or 1 copy of G-allele/ GG)
+ AG genotype for GSTP1 (0/1=0 or 2 copies of G-
allele/ AG) + GG genotype for GSTP1 * Time + AG
genotype for GSTP1 * Time

GCLC 7/7 GAC repeats | Model 5.2.3-C

%predFEV, = Time + Sex (0/1=male/female) +
GCLC7/8 + GCLC7/9 + GCLCgr7 (0/1 1=genotypes
with >7GAC repeats on both chromosomes) -+
GCLC7/8 * Time + GCLC7/9 * Time + GCLCgr7 *
Time
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Table 2.12. Models for statistical analysis of pulmonary disease severity and progression for

MUC?2 and MUCS5B polymorphisms for chapter 6.

Gene Base group in | Model
model

MUC2 Heterozygous / Model 6.2.3-A
homozygous for 2
repeats %predFEV; = Time + MUC2 (0/1= homozygous for
one repeat) + Sex (0/1=male/female) + MUC2 * Time

Model 6.2.3-B

%predFEV; = Time + MUC2 + MUC2 * Time + PA
infection status (0/1=not infected /chronically
infected) + MUC2 * Time + PA infection status *
MUC2 + PA infection status * Time + PA infection
status * MUC2 * Time

MUCSB | other than 7-7 Model 6.2.3-C
VNTR genotype
%predFEV; = Time + MUCS5B (0/1= 7-7 VNTR
genotype) + Sex (0/1=male/female) + MUCS5SB *
Time

Model 6.2.3-D

%predFEV; = Time + Sex + MUCS5B + PA infection
status (0/1=not infected /chronically infected) +
MUCS5B * Time + PA infection status * MUCS5B +
PA infection status * Time + PA infection status *
MUCS5B * Time

MUC2/ 1-7/1-7 repeats Model 6.2.3-E
MUCS5B %predFEV,; = Time + Sex (0/1=male/female) +
diplotype MUC2/5B diplotype (0/1=1-7/1-7) + MUC2/5B

diplotype * Time
Model 6.2.3-F

%predFEV, = Time + Sex (0/1=male/female) +
MUC2/5B diplotype + PA infection status (0/1=not
infected /chronically infected) + MUC2/5B * Time +
PA infection status * MUC2/5B + PA infection status
* Time + PA infection status * MUC2/5B * Time
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Figure 2.1.0,-AT S and Z alleles; Tagl digestion and visualization of PCR product on an
agarose gel. On Gel A, positive controls are in columns 1-3 and column 4 is the negative
control (i.e., no template DNA). Subjects in columns 4, 6 and 7 are homozygous wild-type
for the Z and S alleles. Subjects in columns 4 and 5 are heterozygous for the S allele (i.e.,
MS MM). On Gel B, the subject in column 2 is heterozygous for the Z allele (MM MZ), the
subject in column 9 is homozygous for the S allele (SS MM), and all other subjects are wild-
type for both the S and Z polymorphisms.

A.

Z 144bp
M 123bp

S 98bp
M 78bp

ol

Z 144bp
M 123bp

S 98bp
M 78bp

1l
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Figure 2.2. o;-AT 3 prime polymorphism; Taql digestion and visualization of the PCR

product on an agarose gel. The Taql enzyme cuts the wild-type G allele into two fragments (of size 191

and 182bp) and the A allele is left uncut (373 bp fragment). In the gel shown, subjects 1-4, 6, 7, 9 are

homozygous for the G allele, subject 5 is homozygous for the A allele and subject 8 is heterozygous for the G

allele.

«— A allele (373 bp)
«— G allele:

191 bp

182 bp
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Figure 2.3. MBL2 gene B and C alleles; the B (codon 54) and C (codon 57) alleles for
MBL2 gene were detected by restriction enzymes Banl and Mboll, respectively. A. Banl
cleaves the A allele into two fragments (245 bp and 84 bp) and leaves the B allele
undigested. Subjects 1, 2, 4-6 and 8 are homozygous wild-type (AA), subject 3 is
heterozygous wild-type (AB) and subject 7 is homozygous for the B allele. B. Mboll
cleaves the C allele into two fragments (266bp and 63bp) and leaves the A allele undigested.
Subjects 1 and 3-9 are homozygous wild-type (AA), subjects 2, 10 are heterozygous wild-
type (AC).

A.

100bp 1 2 3 4 5 6 7 8

329bp
245bp
84bp
B.
100bp1 2 3 4 5 6 7 8 9 10
329bp
266bp
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Figure 2.4. The D allele and the XY promoter polymorphisms for MBL2 gene. A. The Mlul
restriction enzyme site was introduced into the amplification product of the D allele (codon
52) by site-directed mutagenesis (SDM)-PCR; Mlul cleaves D allele into two bands (21 bp
and 100 bp) and leaves A allele uncut. Subject 1 is homozygous for the D allele, subjects 2-
5, 7-11 are homozygous wild type (AA), subjects 6,12 are heterozygous wild-type (AD) and.
B. The MBL promoter polymorphism was investigated by PCR using sequence-specific
priming. B-globulin was used as a positive control. The presence of a band on the gel at
154bp indicates the X or Y allele was present. In this gel, subjects 2, 5, 7, 9, 10 have at least
one X allele, whereas subjects 1, 3, 4, 6, and 8, who do not show a band at 154bp, are

homozygous for the Y allele.

A.

100bp1 2 3 4 5 6 7 8 9 1011 12

R 121bp
- - 100bp

1 2 3 4 5 6 7 8 910 N

«— B-globulin
<— 154bp
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Figure 2.5. Site directed mutagenesis PCR/RFLP for the SPA-1 polymorphism. A 159bp
region of the gene was amplified and the restriction enzyme Taql cuts the C allele into 2
fragments (138bp and 21bp) and leaves the T allele uncut (159bp). Subjects 1, 4, 6, 7 are
heterozygous (CT) and subjects 2, 3, 5, 8-10 are homozygous for the C allele.

159 bp
138 bp

21bp
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Figure 2.6. Exon 2 and 4 polymorphisms investigated in the SPA-2 gene. A. Site directed
mutagenesis PCR/RFLP for SPA-2 (A667C) polymorphism. A 235bp region of exon 4 of
the gene was amplified and the restriction enzyme Hhal cuts the C allele into 2 fragments
(24bp and 211bp) and leaves the A allele uncut (235bp). Subjects 1,3, 4, 8-10 are
homozygous for the C allele, subjects 2,6,7 are heterozygous (AC) and subject 5 is
homozygous for the A allele. B. A 150bp region of the gene on exon 2 was amplified and
the restriction enzyme Msel cuts the A allele into 2 fragments (18bp and 132bp) and leaves
the C allele uncut (150bp). Subjects 1, 5 are homozygous for the A allele, subject 2, 4, and 6
are heterozygous (AC) and subject 3 is homozygous for the C allele.

235 bp
211 bp

150bp
132bp
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Figure 2.7. Site directed mutagenesis PCR/RFLP of SPD polymorphism in exon 4. A 235bp
region of exon 4 of the gene was amplified and the restriction enzyme Fspl cuts the T allele
into 2 fragments (82bp and 19bp) and leaves the C allele uncut (101bp). Subjects 2, 6, and 7
are homozygous for the C allele, subjects 1 and 3-5 are heterozygous (CT) and subjects 8

and 9 are homozygous for the T allele.

101 bp
82 bp
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Figure 2.8. MUC2 polymorphism was examined by PCR using primers which amplified the
repetitive threonine/serine/proline-rich subdomain. Subjects differ in the number of
imperfectly conserved repeats which visualized on an agarose gel as differences in the size
of the amplified region (subjects 1 and 3 are heterozygous for 2 long repeats, subjects 2 and
5 are homozygous for 2 long repeats and subject 4 is homozygous for medium repeat). N =

negative control.

1 2 3 4 5 N _100bp

-—
e 1200bp
| — 600bp
100bp
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Figure 2.9. MUCS5B polymorphism was examined by PCR using primers which amplified
the repetitive threonine/serine/proline-rich subdomain. Subjects differ in the number of
imperfectly conserved repeats which is visualized on an agarose gel as differences in the
size of the amplified region. Subject 1 is homozygous for 7 repeats, subject 2 has 7/5
repeats, subject 3 has 3 repeats, subject 4 has 7/8 repeats, subject 5 has 5 repeats, subject 6
has 8 repeats, subject 7 has 7/6 repeats, subject 8 has 2/3 repeats, subject 9 has 7/4 repeats.

N = negative control.

100bp 1 2 3 4 5 6 7 8 9 N  100bp

700bp
600bp
500bp

400bp
300bp

200bp

100bp
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Figure 2.10. Polymorphisms investigated in GST genes P1, Tl and M1. A. PCR/RFLP of
the GSTP1 polymorphism in exon 5 (A313G). A 433bp region of exon 5 of the gene was
amplified and the restriction enzyme BSmAI cut the A allele into 2 fragments (104bp and
329bp) and the G allele into three fragments (104bp, 222bp and 107bp). Subjects 1, 3, 6, 8
are homozygous for the A allele, subjects 2, 4-5, 7, 9 are heterozygous (AG) and subjects 10
and 11 are homozygous for the G allele. B. = Multiplex PCR of the GSTM1 and GSTT1
deletions were examined by multiplex PCR using primers which amplified regions of exon 5
and 3. Genotype is shown in table beside the gel. Subjects 1 and 3 are null for GSTM1 and
subject 5 is null for GSTT]I.

A.

1 23 4 5 6 7 8 91011

P AP 329 bp
L R B X Rt — 227 bp
L L F T )7 bp

104 bp

100bp 1 2 3 4 5 6

GST-T1 GST-Ml1
1 + -
GST-T1 480bp 2 + +
3+ -
B-Globulin 268bp 4+ +
GST-M1 215bp 5 . +
6 + +
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CHAPTER 3: ALPHA-1-ANTITRYPSIN DEFICIENCY ALLELES IN CYSTIC
FIBROSIS LUNG DISEASE

A version of this chapter has been published and the citation is:

‘Frangolias D.D., Ruan J., Wilcox P.G., Berthiaume Y., Davidson G., Hennessey R., Corey
M., Tullis E., Zielenski J., Wilson W.M., Freitag A., Sandford A.. Alpha-1-antitrypsin

deficiency alleles in cystic fibrosis lung disease. American Journal of Respiratory Cell and
Molecular Biology. 29:390-396, 2003.’
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3.0. INTRODUCTION

Polymorphisms in the serine protease inhibitor gene, alpha-1-antitrypsin (o;-AT) were
investigated. Polymorphisms in the gene which have been shown to affect either the levels
of the protein produced or regulate expression of the gene were investigated. In this study
we investigated the associations of these polymorphisms on pulmonary disease severity and

progression, survival and succeptibility to infection with common CF pathogens.

3.1. RATIONALE AND MAIN HYPOTHESIS

The primary pathophysiological processes responsible for premature death and disability in
patients with cystic fibrosis (CF) are chronic pulmonary infection and inflammation. The
inflammatory process in response to pulmonary infection in CF airways is characterized by a
massive influx of neutrophils (1). Neutrophils represent less than 5% of the cells recovered
in bronchoalveolar lavage fluid (BALF) in normal individuals but in adults and children (1-5
years of age) with CF, neutrophils may comprise up to 95% of the cell population (2).
Neutrophils contain a number of proteolytic enzymes one of which, neutrophil elastase
(NE), has been implicated in the excessive pulmonary damage observed in cigarette smokers
and in patients with CF. Elevated levels of NE have been reported in the sputum of patients
who have CF (3, 4). NE is capable of causing direct lung damage by hydrolyzing all the
major connective tissue proteins that make up the lung and airway matrix. In additition,
excess NE adversely affects the airways in CF, by enhancing mucous secretion (5, 6), and
by interfering with the opsonization and elimination of bacterial pathogens, particularly P.
aeruginosa (5, 7). In normal hosts, the actions of NE are prevented primarily by alpha-1-
antitrypsin (a;-AT), a serine protease inhibitor that binds to NE and inhibits the breakdown
of elastic tissue in the lung. Normal to elevated levels of a,-AT have been reported in
airway secretions (2) and plasma (2, 8) in patients who have CF. Elevated levels of o;-AT

have been reported during pulmonary infections in this patient population (9).

The extremely high levels of NE in the airways of CF patients clearly indicate that there is
an imbalance between a,-AT and elastase in the airways of patients with CF. Since great

variation in disease severity and progression exists among CF patients possessing the same
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cystic fibrosis transmembrane conductance regulator (CFTR) genotypes (10, 11) it is
possible that genes other than the CFTR may contribute to pulmonary disease progression. If
this were the case, individuals who have lower than normal levels of o;-AT may be at
increased risk for lung damage. Several mutations of the o;-AT gene result in a deficiency
of this antiprotease. There is also evidence that a;-AT genotype influences the acute phase
response (12). Findings to date are inconclusive concerning the role that o;-AT may play in
pulmonary disease progression in CF (13-16). The main limitation of these studies is their

small sample sizes and therefore the high possibility of type 2 error (false negative).

The purpose of this study was twofold. First, to investigate whether the a;-AT gene (the Z,
S deficiency alleles and the 3° Gjz3;—>A mutation) is a modifier of pulmonary disease
progression in a large cohort of CF patients who were characterized by a heterogeneous
severity of pulmonary disease? Second, we wanted to measure o,-AT levels during a stable
clinical phase and the acute increases during pulmonary exacerbations in an adult group of
CF patients who had varying degrees of pulmonary dysfunction. The rationale was to
characterize the acute phase response to pulmonary infection in this patient group to help

tailor the possible future administration of anti-proteolytic therapeutic agents.

Our main hypothesis was that heterozygosity for the Z, S and/or the 3’ Gj237—>A alleles of
o;-AT would result in earlier onset of pulmonary disease, more rapid deterioration in
pulmonary function and consequently more severe pulmonary dysfunction after controlling

for other known predictors of pulmonary function decline.
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3.2 RESULTS

Tables 3.1 and 3.2 show demographic and clinical measures for our study cohort stratified
by a;-AT genotype. Prevalences of the S and Z alleles were similar to expected frequencies
(Z = 1-3% and S = 2-4%) in the normal Caucasian population(17-21). Heterozygosity for
the 3’ Gj237—>A mutation has been documented from smaller studies to be 5-15% (22, 23).
Figures 3.1 and 3.2 show %predFEV; and sample size by a,-AT genotype. Z and S alleles
of the a;-AT gene did not predict pulmonary disease severity and were not included in the

final regression equation (R”adj=0.23, p=0.0001)

Model 3.2-A

%predFEV;=70.1 + 0.76*CF diagnosis age — 1.29*Exam Age +7.43*Pancreatic sufficiency
status + 0.71*BMI

Base group for a;-AT was: MM genotype

The effect of the variable Center was included as a random effect; however, center to center
variability did not reach statistical significance (was less than 1% of the total variability). To
determine whether inclusion of patients < 18 years of age (who had less severe pulmonary
disease) could reduce the power to detect a significant association with a genetic modifier,
the analysis was repeated in the subset of patients over 18 years of age. This analysis
confirmed the lack of association of the Z and S alleles with disease severity seen in the
entire group (o-AT genotype p=0.96). To determine whether there was a specific
interaction of o;-AT genotype with AF508, which may have been obscured by the presence
of other CFTR alleles, we also ran this model selecting only those who were homozygous

AF508, however a;-AT genotype was not a significant predictor.
In the second model we included the categorical variable P. aeruginosa infection status,
available for 555 of the 714 study subjects. This model accounted for 25% of the variability

in cross-sectional pulmonary disease severity (R*adj=0.25, p=0.0001).

Model 3.2-B
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%predFEV;=79.21 — 1.23*Exam Age — 9.56* P. aeruginosa infection status + 0.66*CF
diagnosis age + 0.50*BMI

Burkholderia cepacia complex (BBC) colonization status (i.e., not infected (0) versus
chronic infection with the pathogen (1)) was available for 558 patients (from the Vancouver,
Hamilton and Toronto centers) and was evaluated as a predictor of pulmonary disease
severity. This parameter was not a significant predictor of pulmonary disease in our cohort.
The Toronto cohort did show higher prevalence of chronic BCC infection (26% of their
sample) compared to the Hamilton and Vancouver cohorts (9.5% and 10.2% of the study
samples, respectively). Similar analyses were used to investigate the 3’ Gj237—>A mutation
in the o;-AT gene and results showed that this mutation also was not predictive of
pulmonary disease severity. The base group used for this polymorphism in the mixed

effects regression analysis was GG genotype.

We did not show increased prevalence of death or lung transplantation in CF patients who
were homozygous or heterozygous for the Z, S or the 3> Gj37—>A alleles versus wild type
(Tables 3.1 and 3.2). CF patients who had died or who were lung transplant recipients were
significantly older (mean (ZSEM) = 28.6(£1.3) years) than CF patients who were still alive
(21.3(£0.4) years; p=0.0001), although both groups had been diagnosed with CF at similar
mean (£SEM) ages (3.7(£0.8) and 4.5(%0.3) years respectively, p=0.44). We showed similar
frequency of pulmonary exacerbations and duration of IV therapy (over 12 months) in the
a1-AT genotypic groups (Tables 3.1 and 3.2). BCC colonization was not more prevalent in
those CF patients who were carriers of the Z, S or 3’ alleles (data not shown). Liver disease
status was available for 553 of the study subjects. We did not show increased prevalence of
the Z or S alleles in patients identified with liver disease (7 out of 76) compared to wild type
patients (45 out of 477; p=0.58). Specifically, only 3 of the 16 patients heterozygous for the

Z allele were identified with liver disease.

Table 3.3 shows the anthropometric, clinical and lung function data as well as stable and
acute phase increases in a,-AT levels in our sub-study group investigating o,-AT levels. As
expected, there were significant differences between groups in measures of disease severity

(i.e., %predFVC, S-K and Brasfield scores). The stable status levels of a,-AT were within
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the normal range for the mild/moderate group and outside the upper limit of the normal
range in our laboratory for the severe group (Figure 3.3). The peak values for a,-AT during
pulmonary exacerbation were significantly elevated above normal in both groups, and
declined at a similar rate throughout the 14-day intervention. Although the levels in patients
with severe pulmonary disease were lower at most time points neither group returned to
normal in the 14-day period (Figure 3.3). The percent change in a,-AT levels from peak to
stable was greatest in patients with mild/moderate pulmonary disease, whose mean value
was within the upper limit of the normal range (0.95-1.77 g/L) at the time of stable status,

whereas that of patients with severe pulmonary disease was not.

There were no significant associations between spirometric and clinical measures and stable
or percent changes in a,-AT levels. The percent change in o,-AT levels was positively
skewed and was log base 10 transformed prior to regression analysis. Stepwise regression
identified BMI as a predictor of percent change in o,-AT (%change in o,-AT =-
50.5+3.5*BMI; adjusted R*=0.08, p=0.05). Significant correlation coefficients were shown
for BMI and stable a,-AT (r=-0.34, p=0.04) and percent change in o,-AT (r=0.32, p=0.05).
When we ran the above analysis selecting out the five S/Z subjects who were all in the

severe group, there was no change in the model.
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3.3 DISCUSSION

The results of this study indicate that the a;-AT gene is not a modifier gene in CF. In the
large study group Z and S polymorphisms were not associated with increased pulmonary
disease severity as defined by pulmonary function, frequency and duration of pulmonary
exacerbations, death or lung transplantation. Similarly, the A allele of the 3 prime mutation
in the a,-AT gene was not protective. We showed a blunted acute phase increase in o;-AT
to pulmonary infection in those CF patients in a malnourished state. Since we recruited
consecutive patients for the o,-AT levels study as they were admitted for a pulmonary
exacerbation it is conceivable that our cohort is biased towards more severe CF patients who
require more frequent IV antibiotic therapy. However patients with mild pulmonary disease
infrequently require admissions for pulmonary exacerbations and therefore such a bias is

difficult to avoid.

The o;-AT MZ genotype has been shown to be a risk factor for COPD (24). In CF cohorts,
the association of a;-AT genotype and pulmonary disease severity is unclear. Doring and
colleagues (13) found no association between o;-AT S and Z alleles and pulmonary disease
severity but they did show an earlier age of onset of P. aeruginosa infection in individuals
with these deficiency alleles (6 out of a total sample of 215). Mahadeva and associates
questioned this association and in fact showed that patients who were heterozygous for the S
and Z alleles (19 out of a total sample of 147) had higher levels of pulmonary function than
the wild type individuals (15). In another study, the same authors showed that the a,;-AT Z
and S deficiency alleles were not more prevalent in those CF patients with severe pulmonary
disease (dead or lung transplanted CF patients)(14). We also showed no difference in
outcome (death or transplant) for our cohort, but our cohort was followed prospectively for a

relatively short time interval (5.5 years).

Kalsheker and associates (22) showed that the 3’ mutation was associated with COPD (22).
Morgan and colleagues provided in vitro evidence that the association with COPD may be
due to deficiency in the a,-AT acute phase response (12).  However, Sandford and
associates (23) did not show that the 3’ mutation attenuated the acute phase rise in o;-AT in

patients undergoing open-heart surgery. Similarly, Madadeva et al. showed that the 3'
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mutation had no effect on o;-AT levels in CF patients (15). In a recent study by Henry and
associates (16) they showed less severe pulmonary disease and fewer infective pulmonary
exacerbations over 2 years in CF patients who were heterozygous for the A allele. These
data suggest that heterozygotes may have a slower disease progression. The results of our
study (which also included 7 homozygous individuals for the A allele) do not support the
findings of Henry and associates (16). None of our measures of disease severity showed the

A allele to be associated with less severe pulmonary disease.

In genetic association studies such as this, population stratification based on ethnicity can be
a confounding factor. However, as expected the vast majority of our study sample was
Caucasian, and therefore it is unlikely that the lack of association in this study represents a
type 2 error due to stratification. In a multicenter study such as this there may have been
differences in ethnic diversity between centers. To address this, and other potential
confounders, we created a categorical variable called CENTER. However, center was not a
significant predictor of lung function and center to center variability was small (less than 1%
of the total variability, which was less than the variability within centers). This result
suggests that there were no large ethnic (or other) differences between centers that could

have affected the association of genotype with measures of lung function.

Other possible confounders in our study include social class and environment (i.e., smoking
/ passive smoking, increased exposure to air pollutants and infectious agents) and
differences in center care. Center care is not likely a confounder in Canada as the care
received by CF patients across Canadian CF clinics is standardized and therefore it comes as

no surprise that the variable Center was not a significant predictor of lung function.

Interestingly, infusions of a;-AT have been shown to reduce NE to undetectable levels in
CF BALF (25). We showed CF patients with severe pulmonary disease (i.e.,
%predFEV,<50%) had a blunted acute phase rise in o;-AT (Figure 3.3). Also noted is a
much lower percent change in o,-AT levels from peak to stable in CF patients with severe
disease. Possible reasons for this difference are the higher baseline values in the severe
group and also the possibility that milder exacerbations in the severe group led to

hospitalization or initiation of home IV therapy compared to the mild/moderate group. CF
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patients with severe disease also had poor nutritional status, which has been shown in non-

CF cohorts to affect a;-AT levels.

The mean 20% increase in a,-AT during an acute infection reflects a relatively small acute
phase response. Voulgari and associates reported a 78% increase in a,-AT levels in
response to bacterial infection in a non-CF population (26). Kueppers measured o;-AT
levels in response to a typhoid vaccine injection in otherwise healthy males who were
homozygous wild type and heterozygous for the a,-AT deficiency alleles Z and S (27).
While there was a lower baseline o-AT levels in heterozygotes, a similar percent rise in
levels was seen across the groups. In the study by Kueppers (27), o,-AT levels were
monitored over 15 days; both the homozygous wild type and heterozygotes for the
deficiency alleles showed a gradual return to normal values unlike the pattern seen in our
group who had severe pulmonary disease. It may be that the high baseline level and blunted
acute phase increase in a-AT levels in our study is related to the chronic pulmonary
bacterial infection in CF. Alternatively, poor dietary intake and malabsorption leading to
malnutrition and cachexia could play a role. Morlese and associates measured the acute o;-
AT phase response to infection in nine 10-year old children who were also diagnosed with
severe malnutrition (28). These children showed a blunted acute phase increase in a;-AT to
bacterial infection. CF patients who showed heterozygosity for the S and Z polymorphisms
also showed BMI values indicative of malnutrition as well as a significantly lower percent

increase in o;-AT levels during pulmonary exacerbation.

In our analyses BMI was an important predictor of o;-AT levels even when the CF patients
who were heterozygous for the S and Z polymorphisms were selected out, suggesting that
BMI irrespective of o;-AT genotype is a predictor of percent change in a;-AT levels during
pulmonary exacerbation. While we did not show significant differences for BMI when our
cohort was grouped by pulmonary disease severity, the mean BMI for the severe group was
below 20 kg/m® (Table 3.3) indicative of poor nutritional status and malnutrition. All the
Canadian clinics promote patients to maintain normal body weight (i.e. adult BMI values
between 20-25 kg/m” and preferably between 22-25 kg/m?) in order to allow for weight loss
that usually occurs during periods of pulmonary exacerbation or other CF-related illnesses.
It is likely that a combination of poor nutritional status and chronic pulmonary bacterial
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infection, which is common in CF patients with severe pulmonary disease, contributes to the
pattern shown in stable and acute rise in a;-AT levels observed. An exogenous source of o;-
AT may be of potential benefit in malnourished CF patients with more severe pulmonary
disease during pulmonary exacerbation, while measures are taken to normalize their body

weight.

In this study we used the common lung function parameter %predFEV, as a measure of
disease severity. This parameter is universally used as a measure of pulmonary disease
severity and also correlates with measures of nutritional status (i.e., BMI in adults and
percent of ideal weight in children) and pancreatic sufficiency status. Clinical scoring using
Schwachman-Kulczycki (S-K) and Brasfield chest radiographic scores are also used, but
have not been commonly used in large-scale studies. A benefit of using S-K scores is that
this score takes into account pulmonary, nutritional, chest radiographic status and a measure
of activity or mobility. Exercise capacity (29) (30), quality of life (31-33) and sputum
volume (33), are alternative measures of pulmonary disease but these measures are not
commonly utilized in CF patients in clinical assessment. As our study showed that non-
pulmonary measures (i.e., BMI, PSS) affect pulmonary disease severity, this suggests that a

measure for multi-system CF disease severity such as BMI and PSS is essential.
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3.4 CONCLUSIONS
The results of our study show that o;-AT genotype is not a major contributor to the
variability of pulmonary disease severity in CF. Specifically o;-AT genotype did not
correlate with %predFEV,, pulmonary infections and death or lung transplantation. Our
study shows, however, that the levels of a;-AT during pulmonary infections may be affected

by poor nutritional status independent of a.;-AT genotype.
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Table 3.1. Clinical characteristics of study subjects stratified by a;-AT S and Z genotypes.

Values are shown as mean (SEM)*.

Total MM MS, SS or MZ | p-value
Sex (M/F) 378/338 317/299 61/39 0.08
Age (years) 22.8(0.4) 23.0(0.5) 21.8(1.1) 0.31
CFTR genotype 391/295/72 | 342/254/59 49/41/13 0.44
(AF508/AF508; AF508/other;
other/other)
Age of CF diagnosis (years) 4.7(0.3) 4.6(0.5) 5.5(0.9) 0.32
%predFEV, 64.8(0.9) 64.6(1.0) 65.7(2.7) 0.68
BMI (kg/m") 20.3(0.2) 20.4(0.2) 19.7(0.3) 0.22
Pancreatic sufficiency status 119/648 101/561 18/87 0.35
(sufficient/insufficient)
# of P. aeruginosa positive/not 478/85 421/67 57/18 0.04
colonized
Age of 1% infection with P. 11.1(0.5) 11.4(0.5) 9.1(1.1) 0.10
aeruginosa
Age of chronic P. aeruginosa 14.4(0.8) 14.9(0.9) 11.3(1.5) 0.16
infection
Frequency of IV Treatment/year | 0.9(0.1) 0.9(0.1) 0.7(0.2) 0.22
Days of IV Treatment/year 13.7(1.2) 14.1(1.3) 11.5(3.1) 0.41
Dead or lung transplanted / alive | 63/644 54/555 9/89 0.85

*The study sample varied between 713-716 for univariate analyses. For analysis of age of
first infection with P. aeruginosa and P. aeruginosa status the study sample size was 461 and
555, respectively. For analysis of age of chronic infection with P. aeruginosa the study

sample size was 159.
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Table 3.2. Clinical characteristics of study subjects stratified by al-AT 3’ G1237—>A

genotype. Values are shown as mean (SEM)*.

Total Gi237—G G"#' 5A or | p-value
Apz—A

Sex (M/F) 379/337 331/283 48/54 0.20
Age (years) 22.8(0.4) 22.7(0.4) 23.5(1.2) 0.49
CFTR genotype 391/296/72 | 343/244/60 | 48/52/12 0.14
(AF508/AF508; AF508/other;
other/other)
Age of CF diagnosis (years) 4.7(0.3) 4.6(0.3) 5.4(0.9) 0.38
%predFEV, 64.8(0.9) 64.9(1.0) 63.7(2.3) 0.64
BMI (kg/m°) 20.3(0.2) 20.4(0.2) 20.0(0.4) 0.49
Pancreatic sufficiency status 119/649 95/561 24/88 0.05
(sufficient/insufficient)
# of P. aeruginosa positive / not | 478/85 416/70 62/15 0.23
colonized
Age of 1% infection with P. 11.1(0.5) 11.3(0.5) 10.0(1.1) 0.36
aeruginosa
Age of chronic P. Aeruginosa 14.4(0.8) 14.5(0.9) 13.6(1.6) 0.71
infection
Frequency of IV Treatment/year | 0.9(0.1) 0.9(0.1) 0.9(0.2) 0.86
Days of IV Treatment/year 13.7(1.2) 13.5(1.6) 15.4(4.5) 0.60
Dead or lung transplanted / 63/644 53/551 10/92 0.71
alive

*The study sample varied between 713-716 for univariate analyses. For analysis of age of
first infection with P. aeruginosa and P. aeruginosa status the study sample size was 461
and 555, respectively. For analysis of age of chronic infection with P. aeruginosa the study

sample was 159.
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Table 3.3. Characteristics of the sub-group of patients in the acute phase o;-AT level study.

Total Mild/Moderate | Severe P-value
Gender (male/female) 24/15 7/7 17/8 0.22%*
Age (yrs) 27.5 (1.1)** | 28.3 (2.2) 27.1 (1.3) 0.60
CF diagnosis age (yrs) 3.1(1.0) 2.6 (1.4) 3.4(1.4) 0.73
Infection with P. aeruginosa*** | 2/34/3 0/12/2 2/22/1 0.43*
Age of chronic infection with P. | 14.6 (1.4) 17.8 (2.8) 12.8 (1.5) 0.09
aeruginosa
BMI 20.5 (0.5) 21.5(0.7) 19.9 (0.7) 0.11
%predFEV; (%) 43.7 (3.5) 67.8 (8.0) 30.2 (2.1) 0.0001
%predFVC (%) 64.0 (3.8) 88.3 (4.2) 50.5 (2.9) 0.0001
S-K score 59.5 (3.0) 75.0 (2.7) 50.8 (3.3) 0.0001
Brasfield score 13.7 (0.7) 16.9 (0.6) 11.9 (0.8) 0.0001
# of hospitalization days 38.7(5.1) 26.8 (3.5) 454 (7.4) 0.08
Stable o ;AT (g/L) 1.84 (0.06) | 1.73 (0.07) 1.90 (0.09) 0.19
Acute o, AT levels (g/L) 2.18(0.10) |2.38(0.23) 2.07 (0.09) 0.13
% change in o, AT 20.5(5.4) 36.7 (10.4) 11.4 (5.4) 0.02

*- Chi-square analysis.

*%_ Values are mean (SEM).

***_ Values are number (#) of subjects not infected with P. aeruginosa / # of subjects

chronically infected with P. aeruginosa / # of subjects infected with P. aeruginosa but not

chronically. One of the patients in the severe group not infected with P. aeruginosa was

chronically infected with Burkholderia cepacia complex.
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%predFEV 1 (%)

Figure 3.1. Comparison of pulmonary disease severity and Z and S alleles of the o;-AT

gene. Values are presented as mean+SEM.
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Figure 3.2.Comparison of pulmonary disease severity and the 3’ Gjz37—A mutation of the

o1-AT gene. Values are presented as mean+SEM.
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Figure 3.3. Alpha-1-antitrypsin levels during a pulmonary exacerbation and post-
exacerbation levels during stable clinical status. Levels are shown during the intravenous
antibiotic intervention period (14 day) and at a post-exacerbation (stable) time point by

pulmonary disease severity. Dotted lines show the range of normal levels for o;-AT.

—O— Mild/Moderate (N-14) —— Severe (N=25) ‘
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CHAPTER 4:INNATE IMMUNITY GENES AS POTENTIAL MODIFIER LOCI IN
CYSTIC FIBROSIS

A version of this chapter may be published in the future.
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4.0 INTRODUCTION

Polymorphisms in genes involved in innate immunity were investigated. Polymorphisms in
the coding region of the mannose binding lectin (MBL2) gene have been shown to affect the
levels of the protein produced and polymorphisms in the promoter region have been shown
to affect regulation. Numerous polymorphisms have been identified in the pulmonary
surfactant genes Al, A2 and D. It is not known at this time whether the polymorphisms
identified affect protein function and levels. In this study we investigated the association of
amino acid changing polymorphisms in the pulmonary surfactant genes and MBL2 gene
polymorphisms on pulmonary disease severity and progression, survival and succeptibility

to infection with common CF pathogens.

4.1 RATIONALE FOR THE INVESTIGATION OF INNATE IMMUNITY GENES
AS POTENTIAL MODIFIERS IN CF
Chronic colonization with Pseudomonas aeruginosa is a common phenotypic characteristic
in the CF population and an earlier age of chronic infection is associated with more rapid
pulmonary disease progression (1-4). Commonly, repeated infections with Staphylococcus
aureus and Haemophilus influenza describe the clinical course prior to colonization with P.
aeruginosa. A less common pathogen in the CF population is Burkholderia cepacia complex
(BCC), and colonization with this pathogen is associated with a more severe clinical
outcome. First line innate defenses against pathogens invading the airways are therefore

important in preventing colonization and possibly modulating the inflammatory response.

Mannose binding lectin (MBL2) and pulmonary surfactant A (SPA) proteins have been
shown to interact with Staphylococcus aureus, a pathogen known to cause recurrent early
infections in the CF population and also recurrent infections and chronic colonization
following chronic colonization with the pathogen P. aeruginosa in this population. In
addition to binding to Staphylococcus aureus (5), MBL2 has been shown to bind to P.
aeruginosa and BCC (6). Davies and associates, using BCC isolates obtained from
chronically infected CF patients, showed that MBL2 binds to BCC and activates
complement, as measured by C4 deposition (6). SPA and SPD bind to pathogens, which are
known to be responsible for respiratory infections and include common CF respiratory

pathogens Staphylococcus aureus, P. aeruginosa and Haemophilus influenza (7). Although
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it has been suggested that direct binding of SPA and SPD to the pathogen is not always
necessary to trigger microbicidal activity, it is believed that the presence of these proteins
may somehow mediate host defense (8-11). Studies have shown that SPA (12) and SPD

(13) proteins enhance the alveolar macrophage phagocytosis of P. aeruginosa.

In this study we limited our investigation of innate immunity genes to polymorphisms in 4
genes: MBL2, SPA-1, SPA-2 and SPD. Other potential modifiers in the innate immunity
pathway which could potentially affect pulmonary disease severity, progression and
susceptibility to infection with CF pathogens are numerous. Genetic variations that disrupt
innate immune sensing of infectious organisms can affect the ability of the host to respond
to infection. Therefore variants in proteins which bind to pathogen, receptors on phagocytic
cells, proteins in the complement cascade, signaling molecules are all potential candidate
modifier genes for CF. Some potential candidates where variants have been identified
include: inflammatory mediators IL-lbeta, IL-1Ra, IL-8, IL-10, plasma complement
proteins of the classical, lectin and alternate pathway of complement activation, constituents
of host cells (alpha defensins and acyoxyacyl hydrolase of neutrophils, beta defensins of
epithelial cells), innate immune receptors (CD14, toll-like receptors 2, 4 and 6), serine

proteases (Mannose binding lectin associated serine protease, C1q, factor P).

4.1.1 Tissue distribution of innate immunity proteins

MBL2, SPA and SPD proteins are regulated hormonally and developmentally and are
influenced by inflammation. MBL2 is characterized as an acute phase protein and levels of
the protein are two thirds of adult levels at birth and increase to adult values within a few
weeks following birth (14). SPA and SPD are found in amniotic fluid as early as 16-20
weeks of gestation and increase during pregnancy. Levels of SPA and SPD can be increased

prematurely artificially with glucocorticoid treatment (15).

MBL2 and its associated serine proteases (MASP-1, 2 and 3 and MAp19) are synthesized by
hepatocytes and secreted into the plasma. Alveolar type II cells and unciliated bronchial
epithelial cells synthesize SPA and SPD proteins and they are secreted onto the airway
surface lining fluid (ASLF) (16). Lin and associates have shown that the SPA genes are also
expressed in the small and large intestine (17). SPD is also synthesized and secreted by

epithelial cells of the gastrointestinal mucosa and exocrine glands (18-20).
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4.1.2 Characteristics of innate immunity proteins

The human MBL2 and pulmonary surfactant A and D genes are located on the long arm of
chromosome 10 with MBL2 mapped to 10q11.2-q21 and SPA and SPD mapped to region
10922-q23. The order of the genes is (21) (Table 4.1):

Centromere  MBL2 SPA-2 SPA pseudogene SPA-1 SPD Telomere

There are two functional SPA genes and a SPA pseudogene (22). SPA-1 and SPA-2 genes
have similar DNA sequences and the organization of each SPA gene consists of four coding
exons which span a region less than 5 kb (23, 24). Sequence analysis of the three SPA genes
genomic sequences by Hoover and Floros suggests that an ancestral SPA sequence was
duplicated giving rise to SPA-1 and SPA-2. A subsequent duplication of SPA-2 produced
the SPA pseudogene (21). The orientations of the SPA-1 and SPA-2 genes are ‘head to
head’ in opposite transcriptional orientations and may share Cis-acting regulatory elements
(21). Of the genes listed above, the MBL2 locus is physically the farthest away from SPA
and SPD and is considered more distant in evolutionary terms (25). MBL2 is not in linkage
disequilibrium (LD) with any of the surfactant genes (21). SPD is closer from an
evolutionary perspective and in terms of physical distance to the SPA locus than MBL2 (21,
25). SPA-1 and SPA-2 are in strong LD (21).

4.1.3 Structure and function of innate immunity proteins

MBL2, SPA and the SPD proteins bind to carbohydrates commonly found on bacterial and
viral surfaces but not found in the host. MBL2, SPA-1, SPA2 and SPD proteins share a
similar primary structure. They are composed of four structural domains; polypeptide
subunits with N terminal segments which interconnect and form the center of the molecule,
a collagen-like domain, an acidic hydrophobic neck domain, and a C-type lectin
carbohydrate recognition domain that binds carbohydrates in a calcium dependent manner
(26, 27). MBL2, SPA-1 and SPA-2 proteins form a three dimensional structure that
resembles a ‘flower or tulip bouquet’, which is similar to the structure of the first component
of the classical complement pathway molecule Clq (28, 29). SPD is similar in structure and
amino acid composition to MBL2, SPA-1 and SPA-2 proteins, but assembles into an X-like

formation.
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The MBL2 protein is made up of six 96 kDa subunits and each subunit consists of three
identical 32 kDa polypeptide chains. MBL2 is shown to opsonize numerous pathogens,
which are summarized in Table 4.2. A comprehensive study by Neth and associates
investigated MBL2 binding and complement activation of multiple isolates of clinically
obtained pathogens (30). They showed that MBL2 binds to specific pathogens and promotes
C4 deposition (30). Davis and associates investigated two pathogens commonly infecting
CF patients (mucoid and non-mucoid isolates of P. aeruginosa and of BCC obtained from
CF patients) and showed that significant amount of MBL2 binds to BCC and that lesser
amounts bind to mucoid strains of P. aeruginosa. MBL2 binding to BCC specimens resulted
in complement activation as measured by C4 deposition (6). Younger and co-workers also
showed intermediate binding of MBL2 to P. aeruginosa, and they found that the alternative
pathway accounted for the majority of opsonized P. aeruginosa (31). Younger and co-
workers showed that opsonization of P. aeruginosa (strain UI-18) in a murine model was
preserved, even when the function of Clq and MBL2 were inhibited, suggesting that the

alternative pathway was important in initiating opsonization of this pathogen (31).

The MBL2 gene contains four exons and each encodes one of the four regions of the protein.
Specifically, exon 1 encodes the N-terminal segment, exon 2 encodes the collagen-like
domain, exon 3 encodes the neck region, and exon 4 encodes the carbohydrate recognition
domain. Three polymorphisms have been identified in exon 1 that encode a region of the
protein that interacts with collectin receptors and the MBL2-associated serine proteases
(MASP). These three polymorphisms encode different structural variants of the MBL2
protein (32-35). The polymorphisms result in three different amino acid substitutions (codon
52 (Arg—Cys, D allele), codon 54 (Gly—Asp, B allele) and 57 (Gly—Glu, C allele)) that
prevent the correct assembly of the MBL2 protein subunits into a trimeric structure making
the molecule unstable and decreasing the binding capacity to ligands (36). Interaction
between the variant MBL2 and the MASPs still occurs, however, there is lack of
complement activation (as measured by C4 deposition) and it is believed that the reason for
this is reduced capacity of the variant MBL2 to bind ligand (36). Additionally variant MBL2
is shown to be more susceptible to matrix metalloproteinase proteolysis (37). The wild type
allele is denoted as A for all three polymorphisms. Two promoter polymorphisms have been

identified at positions -550 (H/L genotype) and -221 (Y/X genotype) which both involve a
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single nucleotide substitution of G to C (29). The promoter haplotypes HY, LY and LX (HX
was not observed) lead to high, intermediate and low MBL2 levels, respectively (29, 38, 39).
The LX promoter haplotype is only found with the wild-type coding allele for exon 1 (29).
A single nucleotide substitution of G to C has also been documented at position +4 but this
polymorphism has not been shown to have an affect on MBL2 levels (38). Haplotype
reconstruction and LD analysis performed on a sample consisting of 69 Eskimos, 120
Caucasians and 61 native black Africans in the study by Madsen and associates (29) showed
LD between promoter variants except in the black African cohort. They also showed strong
LD between the promoter and structural polymorphisms. The X promoter allele was only
found in haplotypes with the L promoter allele and only with the A allele for the three
coding polymorphisms. The B, C and D coding alleles were only observed with the high
expression promoter (i.e., HY) haplotype (29).

MBL2 levels increase up to threefold after stimulation. The B, C and D coding alleles are
associated with low plasma MBL2 protein concentrations (40-42). Intermediate plasma
MBL2 protein concentrations are expressed in those who are heterozygous wild-type.
Garred and co-workers (43) measured plasma levels of MBL2 protein in the CF population
and showed absent or very low MBL2 levels in CF patients who were homozygous or
heterozygous for the coding polymorphisms regardless of promoter haplotype. Low,
intermediate and high MBL2 plasma levels were associated with XX, XY and YY promoter
genotypes, respectively (in individuals who were wild-type for the exon 1 polymorphisms)

(43).

Unlike MBL2, SPA and SPD proteins do not associate with MASPs and do not activate
complement. While SPD is believed to have strictly antimicrobial functions, SPA proteins
are also required for the structure and / or stability of surfactant aggregates. SPA and SPD
are synthesized and released following an inflammatory stimulus and their mode of action
is:
= Direct binding of SPA and SPD protein via their carbohydrate recognition domains
to mannose carbohydrate on the pathogen’s surface (to aggregate and opsonize
pathogens directly)(7, 8), or
=  Modulation of macrophage function (potentially by increasing the activity of the

macrophage mannose receptor and other receptors on immune cells)(7, 11).
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It is believed that SPA and SPD proteins bind to a number of different immune cell
receptors including the MBL2 macrophage mannose receptor (7). SPA exhibits a similar
acute phase response as MBL2 protein after LPS aerosolization (44) and intratracheal
instillation (45). SPA binds to the common CF pathogens, Staphylococcus aureus and P.
aeruginosa. SPA functions as an opsonin and binds to Staphylococcus aureus and the Clq
receptor of the phagocytes and stimulates phagocytosis by alveolar macrophages (8, 46, 47)
Macrophage uptake of non-opsonized Staphylococcus aureus, as well as P. aeruginosa,
have also been shown to occur in the presence of SPA (48). SPA protein binds to Gram
negative bacteria by interacting with the pathogen’s LPS, specifically SPA has been shown
to bind to LPS via a lipid A domain (49, 50). It is believed that SPA binding to Gram
negative bacteria is dependent on the LPS structure (7, 48). In the case of the pathogen
Mycobacterium tuberculosis, SPA acts as a ‘Trojan horse’ for the pathogen. SPA binds to
Mycobacterium tuberculosis via its carbohydrate recognition domains and then binds to the
macrophage mannose receptor stimulating its uptake (51), and the pathogen can multiply

within the macrophage.

In the European population, there are at least 153 and 110 polymorphisms in the SPA-1 and
SPA-2 genes, respectively (Seattle SNPs, http://pga.gs.washington.edu/). Three (Alal9Val,
Leu50Val, Arg219Trp) of the polymorphisms identified in SPA-1 and three (Asn9Thr,

Ala91Pro, GIn223Lys) of the polymorphisms identified in SPA-2 are amino acid changing
(52). Floros and associates investigated in a cohort of 239 the LD between SPA-1 and SPA-
2 and found to be strong (22). Many of the SPA-1 and SPA-2 haplotypes previously
reported by Flores and associates (22) are rare and only four SPA-1 and SPA-2 gene
haplotypes (i.e., 6A%-1A°, 6A°-1A", 6A°-1A° and 6A°-1A?) are observed in Caucasians (53).
Table 4.3 shows the common single nucleotide polymorphisms that make up the SPA-1 and
SPA-2 haplotypes as reported by DiAngelo and associates (52).

SPA and SPD bind to a broad range of pathogens with some overlap (Table 4.2) but differ in
their mode of interaction with the pathogen (7). For example in the case of Gram-negative
bacteria, Van Iwaarden and associates (50) showed that SPA binds to the lipid moiety of
LPS, whereas SPD interacts with the core oligosaccharides of the Gram-negative bacteria
(7). One receptor that SPD has been proposed to bind to is GP-340 found on alveolar

macrophages, although other receptors have been purported to exist, but have not been
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identified at this time. It is also hypothesized that SPD binds to pathogen and somehow
mediates modifications in the presentation of pathogen to host defense cells (54). SPD has
been shown to bind to pathogens which infect CF patients: P. aeruginosa (48) and
Haemophilus influenza (9, 55, 56). Three polymorphisms in the coding region of the SPD
gene have been described; Thr11Met and Thr160Ala (52) and Thr270Ser (52, 57).

The clinical implications of SPA-1, SPA-2 and SPD polymorphisms are unclear and there is
no consensus on the normal range for these three proteins, or correlations between
concentrations of these proteins and genotypes (28). Lower levels of these proteins have
been reported in serum and BALF in patients who have cystic fibrosis, adult respiratory
distress syndrome, and chronic smokers and in patients characterized as having an increased
risk of pneumonia (58, 59). Lower levels of these proteins are used as clinical indicators for
lower respiratory tract infections, type Il cell hyperplasia and acute lung injury in respiratory
diseases (60-64). Mikerov and associates(65) have shown differences in the abilities of SPA-
1 and SPA-2 proteins to increase phagocytosis of P. aeruginosa by alveolar macrophages
and that SPA-2 variants tested (i.e., IA° and 1A) were more active than SPA-1 variants (6A*
and 6A%). Increased susceptibility to infection and mortality have been shown in SPA and
SPD knock-out mice (66-68) and associations shown between respiratory diseases and

known polymorphisms (69-73).

4.1.4 Complement activation pathways

The complement system comprises a series of enzymatic and non-enzymatic proteins, which
are required for the operation of the innate immune system. The complement pathway is
activated in three ways with the latter two involved in first line defense against pathogen
infection:

» The classical pathway

= The alternate pathway

= The lectin pathway
In the 1940s, researchers proposed that an antibody-independent pathway, the alternative
pathway, existed and that complement could be activated by bacterial surfaces. It was later
shown that there are pattern recognition receptors expressed by the host that allow the host
to recognize pathogen-associated molecular patterns (PAMPs) and thus distinguish

pathogens from self antigens (74, 75). The lectin pathway is a recent discovery dated to
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1987 (76, 77) and a better understanding of this pathway came when the MASPs were
identified (14, 78). The lectin and alternative pathways provide a non-adaptive first line of
defense against microbial infection since complement activation does not require specific
antigen to bind to pathogen surfaces as required in the classical pathway. In addition, the
response to pathogen invasion is an immediate activation compared with the classical
pathway where there is a five to seven day delay before the production of the required
antibody. The three pathways merge at the activation step of C3. Figure 4.1 summarizes the
alternate and lectin pathways of complement activation and compares them to the classical

pathway of complement activation.

The classical pathway is triggered by antibody binding to antigen on the pathogen surface
and is part of the adaptive humoral immune response. The binding of immunoglobulin M
and G (IgM and IgG) antibodies to the pathogen surface and to Clq activates the
complement cascade. The elimination of pathogens is achieved through a series of reactions,
which involve plasma proteins that interact with the bound antibodies and are recognized as

complement receptors by phagocytes that are stimulated to engulf the pathogen.

The alternative pathway is initiated by structures on the pathogen surfaces and in this
pathway SPA and SPD proteins coat the surface of pathogens (opsonization) facilitating the
uptake by macrophages and neutrophils. The alternative pathway of complement activation
does not require the presence of specific antibody. C3 freely circulates in the plasma and can
undergo spontaneous cleavage in plasma to generate fragments C3b and C3a. C3 contains an
intramolecular thioester bond, which, once exposed to the molecular surface of invading
pathogens, forms a covalent bond with it and facilitates the phagocytosis of pathogens

through the C3 receptors on phagocytic cells.

C3b only binds to pathogen; if it does not bind to pathogen, it becomes inactivated by cell
surface proteins on host cells. Pathogen cells lack these proteins and C3b covalently binds to
the pathogen surface and also binds to additional proteins (i.e., factor B which is cleaved by
factor D forming the C3b,Bb complex which is structurally and functionally homologous to
C4b,2b of the classical pathway). C3b,Bb is the C3 convertase of the alternative pathway;
the complex is further stabilized on the pathogen surface by binding to factor P. The

stabilized C3b,Bb then acts in the same way as the C3 convertase of the classical pathway
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converting circulating C3 molecules to C3b that coat the pathogen surface and C3a
molecules which mediate local inflammation. Some of the C3b molecules bind to existing
C3b,Bb complex and form C3b2,Bb. This is the alternative pathway of C5 convertase
activation leading to the activation of the terminal complement components through binding
and cleavage of C5 by C3b molecules. The C5b that is generated initiates the lytic pathway

and C5a is a potent inflammatory mediator.

The C-lectin pathway is also initiated in an antibody-independent manner. MBL2 (and the
ficolins) bind to carbohydrates (mannose and N-acetylglucosamine) on the surface of
pathogens. MBL2 is structurally similar to complement C1 subcomponent, Clq, and the
mode of activation for MBL2 is through associated serine proteases called MBL2-associated
serine proteases (MASP). MBL2 associates through its collagen-like domain with serine
proteases called MASP-1 and MASP-2 (41) and MASP-3 (79). Current research suggests
that MASP-2 is the main enzyme responsible for activation of the lectin pathway (80). The
MASP proteases are similar in structure, function and activation to Clr and Cls of the
classical pathway. Specifically, binding of MBL2 to mannose containing proteins or
carbohydrate groups on the surface of pathogens results in conformational changes to
MASP-2; MASP-2 activates C4 and C2 and the C3 convertase C4b2a complexes are
generated (81). MBL2 is also associated with a truncated form of MASP-2 called small
MBL2-associated protein (sMAP). The MBL2-MASP-sMAP complex circulates in the
blood and once MBL2 binds to a pathogen, the MASPs are activated acquiring proteolytic
activities. Circulating in the complexed form MASPs are an inactive proenzyme (82, 83).
The activated lectin pathway ultimately generates C3b and C3a. The killing of the pathogen
via the MBL2 lectin pathway is mediated by the host-mediated terminal lytic complex and

by clearance after promoting phagocytosis by macrophages.

4.1.5 Review of the literature for MBL2, SPA and SPD: Clinical correlates

The deficiency polymorphisms in the MBL2 gene have been investigated as potential risk
factors for infections. The coding polymorphisms in exon 1 result in mutant MBL2
molecules, which do not participate in opsonization or complement activation (38). The B
polymorphism is unable to bind MASP (82) and both the B and C polymorphisms are unable
to activate complement (27, 84). MBL2 deficiency has been associated with increased risk

of ear infections (85), respiratory infections (86-88) and other infections (87, 89) in non-CF
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children . Kielgast and associates showed a potential association between viral infections
and low umbilical cord serum MBL2 levels (90). Worse prognosis from viral and bacterial
infections has been shown in immuno-compromised adults with low serum MBL2 levels
(89, 91-93). Garred and co-workers showed an increased frequency of hospitalizations for
infections in children with MBL2 deficient genotypes (91). The MBL2 D allele at codon 52
polymorphism is considered a potential contributor to chronic necrotizing pulmonary
aspergillosis (94). Yang and co-workers have shown an association for increased
hospitalizations for pulmonary infections in COPD patients with the MBL2 B allele at codon
54 (95). Neth and co-workers showed that children with febrile neutropenia who were
undergoing chemotherapy for cancer had on average longer hospitalizations if they had an
MBL2 deficient haplotype (5). Peterslund and associates showed a higher frequency of
bacteremia and pneumonia in a group of patients undergoing chemotherapy for cancer, who

also had low MBL2 levels (96).

MBL2 deficiency is common. It has been suggested that there is an evolutionary selection
advantage to explain why these deficiency alleles are maintained in the population. In this
respect, Garred and associates (97) have shown that MBL2 protein binds to Mycobacterium
leprae and patients infected by Mycobacterium leprae are more likely to be MBL2 wild-type
(based on MBL2 protein levels) compared with a control group of healthy blood donors
residing in the same area. Similarly, an MBL2 haplotype associated with low MBL2 protein
levels is protective against infections with Plasmodium falciparum (98), with
Cryptosporidium parvum in AIDS patients (99), and Leishmania chagasi (100). Garred and
colleagues concluded that during infection with intracellular pathogens the opsonic

mechanisms of host defense are used by some pathogens to invade host cells (92, 97, 101).

Polymorphisms in the MBL2 gene resulting in reduced levels of this protein have been
investigated in multiple CF cohorts to date. In three of these studies, MBL deficiency was
associated with more severe pulmonary disease, earlier colonization with Pseudomonas
aeruginosa (43, 102) and increased susceptibility to BCC colonization(43, 103). Choi and
associates(104) only showed an association for the MBL2 structural deficiency alleles and
pulmonary disease severity in CF patients who were homozygous for the delta F508 CFTR
mutation. While these studies suggest that MBL?2 is a modifier gene in CF, the possibility of

type one error due to small sample size (105) cannot be dismissed at present. Also of
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relevance for the further investigation of these polymorphisms in the CF population are the
findings of Davis and colleagues (6), who have shown high levels of MBL2 binding to BCC
isolates (obtained from colonized CF patients) and observed that MBL2 protein binding to
BCC resulted in complement activation. However, the authors in their recent
epidemiological study state that MBL2 may not be important in BCC infection (106),
however their study design is limited to investigating susceptibility to BCC infection and not
whether infection with BCC affects long term pulmonary disease course. In this study
(106)they showed a decline in pulmonary function and oxygen saturation, and a higher
frequency of hospital admissions for pulmonary infections requiring IV therapy over the
short interval they investigated (one year interval) in CF patients who were MBL2
homozygous for the deficiency alleles. They did not show differences in infection rates with
P. aeruginosa and BCC and homozygosity for the MBL2 deficiency alleles (106). Carlsson
and co-workers (107) investigated deficiency alleles for MBL2 and MASP-2 in a CF cohort.
In their study, they did not show an association between MBL2 or MASP-2 deficiency
genotypes and pulmonary disease severity, but did show worse pulmonary disease severity
in a subgroup of CF patients (N=27) who were colonized with Staphylococcus aureus.
Staphylococcus aureus is a pathogen to which MBL2 protein has been shown to binds to
(Table 4.2). Choi and associates showed worse %predFEV| in CF patients who were carriers
of the MBL2 structural deficiency polymorphisms (104). In the study of Trevisiol and
associates (102) of a small Italian CF cohort (N=47) showed lower mean %predFEV, and
earlier median age of chronic infection with P. aeruginosa in MBL2 deficient patients. The
authors state that the association of worse pulmonary function in MBL2 deficient patients
was only shown in those CF patients who were infected with P. aeruginosa were carriers of
a severe CFTR genotype(102). Considering the sample size and distribution of CF patients
for MBL2 genotype, P. aeruginosa infection status and CFTR genotype their conclusions
are based on a very basic descriptive analysis of the data. MBL2 deficiency genotype (0/0,
A/0, XA/0, XA/XA) was studied in a larger multicenter study and they did not show an
MBL2 deficiency genotype to be associated with severe pulmonary disease even when

chronic infection with P. aeruginosa was considered in their models (108).

SP-A deficiency and SP-D deficiency are associated with increased risk of infection and
death from infection in SPA and SPD knockout mice. LeVine and associates (67) infected

mice lacking SPA, or SPD and wild-type mice with group B Streptococcus or H. Influenza
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and showed deficient uptake of both pathogens by alveolar macrophages in the knock-out
mice. There were differences in the bacterial killing, degree of inflammation and oxidant
production between SPA knock-out mice and SPD knock-out mice. One study showed that
SPD deficient mice developed chronic inflammation, emphysema and lung fibrosis (109).
This study and others show that SPA and SPD have related but also potentially distinct
functions in response to pathogen infection in the lung (67, 110-112). Sano and associates
showed that SPA and SPD bind to LPS but differ in the mechanism by which they modulate
the LPS-CD14 interaction (113). The SPD protein has been shown to enhance and suppress
inflammatory mediator production and the outcome is dependent on the receptor SPD binds
to and the binding orientation of the molecule (114). If the carbohydrate recognition
domains of SPD protein are complexed with pathogen carbohydrates or lipid ligands then
SPD functions to stimulate phagocytosis and proinflammatory responses, but if SPD is not
complexed with ligands then it functions to block proinflammatory mediator production (57,
113). Leth-Larsen and colleagues hypothesize that the different molecular weight forms of
SPD related to the coding polymorphisms are linked to the different functions associated
with SPD (discussed below) (57).

The SP-A loci have been investigated as a site for candidate genes for respiratory distress
syndrome (RDS) (69, 115-118). Kala and associates showed a positive association for RDS
and the SP-A loci (69). Haataja and co-workers identified an SPA-1-SPA-2 haplotype (6A?,
1A%) that was over-represented in RDS infants and showed that this association was
dependent on the degree of prematurity and also homozygosity for threonine at the SPB
(Ile131Thr) polymorphism (116). The SPA-1-SPA-2 haplotype 6A*-1A* was shown to be
protective for RDS (115, 116). Homozygosity for the T allele for the SPD (Thrl1Met;
C32T) gene was shown to be associated with increased susceptibility to severe respiratory
syncytial virus infection (70). Choi and associates investigated SPA gene polymorphisms in
a CF cohort and showed significantly worse %predFEV, and S-K clinical scores in CF
patients with the SPA-1 6A° allele and SPA-2 1A' allele, and this association was also
present when investigating the SPA-1-SPA-2 haplotype (6A%/1A")(104). SPA-1, SPA-2, and
SPD gene polymorphisms were investigated as candidate modifier genes for COPD. Guo
and associates showed an association between one silent SPA-1 (non amino acid changing)
polymorphism at position 60 and increased risk for COPD (72). Lin and colleagues

investigated all known polymorphisms in SP-A and SP-D as candidate genes variants in
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acute respiratory distress syndrome (ARDS) and showed no significant associations between
variant alleles and ARDS (119). Leth-Larsen and associates genotyped 206 Danes for the
three coding polymorphisms in SPD and measured serum levels of SPD. They showed
higher serum levels of SPD in those subjects who were TT versus CC and CT (mean value
was 1035 ng/ml for TT versus 849.6 and 744.1 ng/ml for TC and CC) for the Thrl1Met
polymorphism and no significant differences in serum levels associated with the other two
coding polymorphisms. There were two structurally different variant forms of the protein in
serum from TT individuals (a high and low molecular weight protein). The low molecular
weight form associated with the TT genotype was similar to the protein found in serum from
CC individuals. The average distribution of high to low molecular weight SPD protein in
serum was 1 to 1.6 for TT individuals and 1 to 5.1 for CC individuals. The high molecular
weight variant was shown to preferentially bind to the Influenza A virus and Gram-positive
and Gram-negative pathogens, while the low molecular weight variant bound to simpler
ligands like LPS (57). The authors (57) also showed that the high molecular weight variants
had differential:

= Binding capacities to pathogens,

= Aggregation,

= (learance of pathogen.
Similarly Mikerov and associates(65) have shown differences in the abilities of SPA-1 and
SPA-2 proteins to increase phagocytosis of P. aeruginosa by alveolar macrophages and
showed that SPA-2 variants tested (i.e., A’ and 1A) were more active than SPA-1 variants

(6A* and 6A?).

The investigation of polymorphisms in SPA and SPD as potential candidate genes in
pulmonary disease pathogenesis is still in its infancy and while variants in these genes have
been described, the exact effects these variant alleles have on gene transcription and
translation and protein function are still unclear. Variations in the levels of surfactant
proteins in patient populations as well as data from mouse knock-out studies of these
proteins, and association studies investigating surfactant polymorphisms have shown
possible associations with pulmonary diseases. There will be the added difficulty when
investigating the SPA gene polymorphisms as this protein is encoded by two genes with
several allelic polymorphisms. Current findings show that the surfactant genes are potential

targets for investigations into pulmonary disease pathogenesis.
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4.1.6 Review of the literature for Burkholderia cepacia complex infection in CF

In CF, impaired airway epithelial chloride transport leads to a milieu favoring colonization
by bacteria, particularly Staphylococcus aureus and P. aeruginosa. Over two decades ago,
another microbe, originally named Pseudomonas cepacia and now known as Burkholderia
cepacia complex (BCC), came to the foreground as a colonizer of CF patients with a
prevalence varying widely between clinics. In the literature this pathogen has been
associated with an accelerated decline in clinical status and increased mortality in CF
patients colonized with BCC versus P. aeruginosa (120-123), while others have noted a
varied response with BCC colonization of CF patients with many reporting no difference in
outcome (124-126). In our earlier case-control study, we showed increased mortality and
pulmonary exacerbations in BCC infected CF patients, but no differences in pulmonary
disease progression (change in %predFEV; and FVC in pre- and post-acquisition interval).
Lewin and associates specifically showed in their retrospective study a higher mortality in
the first year post-acquisition in 124 CF patients infected with BCC compared with a similar
number of patients colonized with P. aeruginosa but, of interest, not in the second year
following acquisition of BCC (124). Taylor and colleagues (127)showed a more rapid
deterioration and increased mortality associated with CF patients exhibiting severe
pulmonary disease (%predFEV<40%) at the time of BCC acquisition, while those patients
infected with BCC exhibiting mild and moderate disease at the time of acquisition
maintained a stable clinical status in that first year of monitoring. Co-infection with P.

aeruginosa and BCC has been shown to result in a more severe decline in pulmonary function (123,

128, 129).

A number of more recent studies have reported worse outcomes for CF patients who acquire
BCC. Chaparro and associates (130) reviewed the Toronto experience for lung
transplantation in CF patients chronically colonized with BCC GEN IIIA, RAPD-type 2
(GEN=genomovar and RAPD= random amplification of polymorphic DNA) and showed
reduced 1, 2 and 3 year survival compared to CF patients who received a lung transplant and
were chronically infected with P. aeruginosa. De Boeck and colleagues reported on the
Belgian experience of poor 5-year survival in CF patients infected with either GEN IIIA or
GEN II (131). Aris and associates showned higher mortality in post-lung transplant CF
patients who were chronically infected with GEN III compared to CF patients in their study
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who were chronically infected with either GEN II, P. aeruginosa or other CF respiratory
pathogens (132). CF patients infected with GEN IIIA strains in their study were all negative
for the cable pilin gene (132), and therefore were not RAPD group 2. Infection with
genomovar II is postulated to be associated with a more benign clinical course, based mostly

on clinical experience, but this association has not been directly studied.

Infection with BCC has a number of implications for patient management in CF. Patient to
patient transmission of BCC infection, at least of specific genomovar and RAPD groups, has
been clearly shown (133-136). With the overall increase in mortality associated with BCC
infection, clinics have instituted rigorous cohorting of CF patients infected with BCC from
non-BCC infected CF patients. The possibility of variable pathogenicity of different BCC
genomovars provides support for an extension of this cohorting by segregating BCC
infected CF patients based on genomovar and RAPD grouping; however, this has yet to be

investigated.

The heterogeneity in clinical course in CF patients infected with BCC may be related to
variability in BCC species. Application of molecular techniques has established the
complexity of BCC, with a number of distinct genomovars described. Currently, BCC has
been ordered into ten genomovar groups identified and named as distinct species (137-146).
Limited information is available to characterize any epidemiological BCC genomovar
differences. The possibility of increased virulence of specific genomovars has been
extrapolated from the observations of spread of common strains amongst CF patients with
environmental contacts. BCC has been shown to adhere to respiratory epithelial cells (147,
148), and BCC secretory products induce the release of proinflammatory cytokines
(interleukin 6 and 8) and prostaglandin E2 from these cells which is proposed to contribute
to the excessive inflammation that characterizes this infection (149). Sajjan and co-
workers(147) have shown that while CF airway mucus still functions in trapping BCC, it has
impaired ability to kill the pathogen or prevent BCC related epithelial damage. It is also
suggested that CF airway mucus may lack bactericidal agents (147). The GEN IIIA RAPD-
type 2 (also known as ET12 lineage) has been found by Sajjan and colleagues (150) in the
epithelial cells in the terminal and respiratory bronchioles, in hyperplastic epithelia, within
inflamed alveolar septac and in luminal and parenchymal macrophages. BCC has been

shown to form biofilms and co-colonize biofilms with P. aeruginosa (151). Others have also
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shown that BCC persists in macrophages under in vitro conditions and is able to replicate
and resist killing by oxidative burst (152, 153). The pattern of distribution of BCC in the CF
airways appears different from the common pathogens that colonize CF patients; Pp.
aeruginosa 1s confined to the airway lumen. BCC, particularly in more severe cases, has been
shown to cross the epithelial barrier into the parenchyma and into capillaries (154). With
these advances, we can now examine whether variability in clinical course can be explained

by genomovar differences.

MBL2 binding to BCC should result in complement activation but also in the activation of
alveolar macrophages and therefore should modulate the lung defense system through the
regulation of inflammatory cytokines. Garred has implied that susceptibility to BCC
infection is associated with an MBL2 deficiency status (43). In their experience, they
reported that seven of the 10 patients who became chronically infected with BCC during an

8-year data collection interval had an MBL2 deficient genotype.

In order to address the effect of modifier genes on BCC susceptibility and infection we first
have to address a number of questions, which have not been previously investigated. At this
time, there is only one study, a case control study, which addressed pulmonary disease
progression pre-and post-colonization with BCC (155). Based on the BCC taxonomy
information that is available it is important to elucidate whether the differences observed in
pulmonary disease progression and survival are related to genomovar group and/or RAPD
type group. At this time we cannot rule out that co-infection with P. aeruginosa may explain
most of the heterogeneity observed in pulmonary disease progression and survival.
Therefore, before addressing the specific questions related to MBL2 as a potential modifier

gene in CF, these questions need to be addressed and will be in this study.
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4.2 RESULTS

4.2.1 Hardy Weinberg equilibrium and linkage disequilibrium

Table 4.4 shows Hardy Weinberg equilibrium (HWE) results and the frequencies of the
MBL2 and pulmonary surfactant SPA-1, SPA-2 and SPD gene polymorphisms in the study
cohort. We showed deviations from HWE for two of the polymorphisms investigated in the
MBL2 gene: MBL2-B and D where we showed a deficiency of heterozygotes (18% versus
27% for B-allele, p = 0.00001 and 12% versus 14% for D-allele, p=0.02; Table 4.4). The
prevalence of the MBL2 promoter and structural polymorphisms were within the ranges
reported in the literature for CF (43) and non-CF cohorts (29, 86, 87). Turner (81)
summarized the literature concerning MBL2 allele frequencies and found the B allele varied
between 0-16%, the C allele between 0-29% and the D allele between 0-6%. The frequency
for the SPD (Thrl1Met) allele was within the reported range for Caucasian populations
(52.8-70.8%) (53, 57) with similar distribution of genotypes (TT-35.4%, CT-47.1% and CC-
17.5%(57)). The SPA-1 polymorphism was also not in HWE and we showed a deficiency in
the T-allele, specifically our cohort did not have any CF patients with a TT genotype (Table
4.4). We also showed a deficiency in heterozygotes for the SPA-2 (Thr9Asn) polymorphism
(Table 4.4). Reported frequencies for the SPA genes SNPs are based on commonly
occurring haplotypes based on known polymorphisms in the two genes as described in
DiAngelo and associates (52), but we were unable to extrapolate the frequency of the alleles
for individual SNPs as the percentages for the haplotypes are given without reference to

counts.

In order to address the possibility that there may be preferential death in a genotype, we also
examined HWE after stratifying the subjects by age (<25 and > 25 years of age). Our results
are shown in Tables 4.4 and 4.5. The deviation from HWE for the MBL2-B and MBL2-D
alleles occurred, respectively, in the adult and children’s group (Table 4.5 and 4.6).
However, the values (frequency of alleles) were within reported ranges in the literature (81).
We did not show deviations from HWE for the pulmonary surfactant polymorphisms when

stratified by age (Table 4.6).

The results for LD are presented in Table 4.7. The MBL2 gene polymorphisms were not all

in LD. The MBL2 gene polymorphisms (except for the B-allele) were not in LD with the
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pulmonary surfactant polymorphisms investigated, and this observation concurs with
literature findings (21). In our study, we showed weak LD between the MBL2 B-allele and
the SPA-2 (A26C) polymorphism. We showed strong LD between the SPA-1 (C655T) and
SPA-2 gene polymorphisms investigated in this study (A26C, A667C).

Inferred haplotype probabilities using the software package PHASE (156, 157) are presented
in Tables 4.7 and 4.8. The inferred haplotypes for the four MBL2 SNPs inferred using
PHASE (156, 157) are shown in Table 4.8. The low expression promoter for MBL2 was
shown to always be found with the wild-type allele for the three exon 1 coding
polymorphisms (i.e., for haplotype XAAA N=215, 22%) and six inferred haplotypes were
shown with the high expression promoter allele and the coding polymorphisms, as

previously documented in the literature (158).

Haplotypes probabilities were inferred for the four pulmonary surfactant gene
polymorphisms investigated (Table 4.9), for SPA-1 with the two SPA-2 polymorphisms
(Table 4.10), and for the two SPA-2 polymorphisms (Table 4.11). The CA haplotype was
the most common inferred haplotype for the SPA-2 SNPs (frequency=61%). The CAC
haplotype was the most frequent inferred haplotype across the three SPA SNPs investigated
(frequency=44%). The inferred haplotype results were used for grouping our cohort for the
SPA-2 SNPs into three groups based on having zero; one or two copies of the CA haplotype.
Because of the number of inferred haplotypes for the three pulmonary surfactant genes and
the low LD across SPA-1 and SPA-2 with SPD, we did not use the inferred haplotypes
information to group the study cohort, instead we individually investigated the SPD

polymorphism.

4.2.2 Descriptive data results and study cohort grouping

Table 4.12 presents the data for the cohort used for investigating MBL2 deficiency. In
addition, the characteristics of the BCC (transiently and chronically infected) and control
groups are presented in Section 4.2.7 and in Table 4.20. Susceptibility to BCC infection in
MBL2 deficient versus wild-type CF patients was investigated using logistic regression. We
did not show differences in BCC colonization in CF patients who were MBL2 deficient

(5.7%) compared to MBL2 wild-type (5.3%, p=0.50).

133



The T allele for the SPA-1 gene polymorphism was rare and only occurred in heterozygous
form in the study cohort. The descriptive clinical characteristics of the study cohort
presented in Table 4.13 for the SPA-1 polymorphism were based on whether the T allele
was present (i.e., CT genotype) or not (CC genotype). Inferred haplotypes generated by the
PHASE program for the two polymorphisms (A26C and A667C) studied in the SPA-2 gene
were used to group the study cohort based on whether there were zero, one, or two copies of
the most common inferred haplotype CA (Table 4.14). SPD genotype was used to group the
study cohort into three groups (Table 4.15).

4.2.3 Pulmonary disease progression: mixed effects regression on %predFEV;

MBL2 gene:The subjects were grouped for MBL2 polymorphisms based on the functional
effect of the polymorphisms as described in Garred and associates (43). We first
investigated whether there was a difference in the rate of decline in %predFEV,; with P.
aeruginosa infection. We showed no association with rate of decline in %predFEV,; and
MBL2 deficiency status when controlling for CFTR genotype, P. aeruginosa infection status

and gender.

Model 4.2.3-A

%predFEV; = Time + Sex (0/1=male/female) + MBL2 deficiency (0/1=deficient/wild-type)
+ PA infection status (0/1=not infected/chronically infected) + CFTR class mild+ CFTR
class heterozygous severe + CFTR unknown/unclassified + MBL2 deficiency * Time

Base group was MBL deficient

In the reduced model (removing non-significant terms), we showed a similar rate of decline
in %predFEV irrespective of MBL2 gene grouping. The p-values for the interaction terms
were not significant: MBL2 deficiency * Time (p=0.77), MBL2 deficiency * P. aeruginosa
infection status (p=0.74), MBL2 deficiency * P. aeruginosa infection status * Time
(p=0.66). The only significant interaction term in the model was P. aeruginosa infection
status * Time (p=0.001), indicating a steeper decline in %predFEV, when chronically

infected with P. aeruginosa.
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Model 4.2.3-A (reduced model)

%predFEV; = Time + Sex (0/1=male/female) + MBL2 deficiency (0/1=deficient/wild-type)
+ PA infection status (0/1=not infected/chronically infected) + MBL2 deficiency * Time

Base group was MBL deficient

We next investigated whether there was a difference in the rate of decline in %predFEV,
with BCC infection. Since there is the belief that different genomovars of BCC have a
variable effect on pulmonary disease progression and survival, we first investigated whether
this was the case and examined if there were differences in pulmonary disease progression
post-acquisition of BCC, and whether there were differences based on the BCC genomovar.
These analyses are presented at the end of the results section entitled ‘BCC infection and
pulmonary disease progression and survival’ (in Section 4.2.7). Based on these results, which
showed no differences in pulmonary disease progression in CF patients chronically infected
with BCC GENII versus GEN IIIA, we did not stratify by BCC genomovar for the MBL2
analyses. Descriptive data on the study cohort available for statistical analysis are presented

in Table 4.22.

In our linear mixed effects models we investigated whether MBL2 deficiency and chronic
infection with BCC were associated with more rapid pulmonary disease progression in CF.
In the first model we used a dummy variable to categorize patients into CF patients not
infected with BCC and CF patients chronically infected with BCC (regardless of the
genomovar group they were infected with). In this model, we did not distinguish the pre-
and post-acquisition interval with BCC. Our model was similar to the model described

above including all two-way, three-way and four-way interactions with the variable Time.

Model 4.2.3-B

%predFEV; = Time + Sex (0/1=male/female) + MBL2 deficiency (0/1=deficient/wild-type)
+ PA infection status (0/1=not infected/chronically infected) + BCC infection status
(0/1=not infected/chronically infected) + MBL2 deficiency * Time + PA infection status *
Time + BCC infection status * Time).

Base group was MBL deficient
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The p-values for the interaction terms with MBL deficiency (i.e., MBL2 deficiency * Time,
p=0.78; MBL2 deficiency * PA infection status * Time, p=0.46; MBL2 deficiency * BCC
infection status * Time, p=0.81 and MBL2 deficiency * BCC infection status * PA infection
status * Time, p=0.90) were not significant. The following interaction terms, which did not
include MBL deficiency status were significant (PA infection status * Time, p=0.003; BCC
infection status * Time, p=0.0006) showing a steeper decline in %predFEV, over time in CF

patients who are chronically infected with either P. aeruginosa or BCC.

In the next model, we used the longitudinal data collected during the pre-acquisition with
BCC interval for the CF patients chronically infected with BCC and compared to the
longitudinal data collected from CF patients not infected with the BCC pathogen (Table
4.16, model 1). Patients chronically infected with BCC regardless of genomovar group were
grouped together. We showed no significant differences (p=0.63) in the rate of decline in

%predFEV, over time in MBL2 deficient versus wild-type CF patients.

Model 4.2.3-C (pre-acquisition of BCC)

%predFEV; = Time + Sex (0/1=male/female) + MBL2 deficiency (0/1=deficient/wild-type)
+ PA infection status (0/1=not infected/chronically infected) + BCC infection status
(0/1=not infected/chronically infected) + MBL2 deficiency * Time + PA infection status *
Time + BCC infection status * Time).

Base group for MBL2 was MBL deficient. Time for the BCC infected patients was BCC

pre-acquisition interval

In the third model, the pre and post-acquisition intervals for BCC infection were included in
the models as fixed and random effects. Patients chronically infected with BCC regardless
of genomovar group were grouped together. In this model, we examined if the rates of
decline in %predFEV; were different for MBL2 deficient and wild-type groups following
infection with BCC (Table 4.16, model 2).

Model 4.2.3-D
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%predFEV; = Time + Sex (0/1=male/female) + MBL2 deficiency (0/1=deficient/wild-type)
+ BCC infection status (0/1=no BCC infection/ BCC colonization) + AgePP (0/(1-
+o0)=pre-colonization/days post-colonization) + MBL2 deficiency * AgePP).

Base group for MBL2 is MBL deficient

Our results showed that significant differences existed between MBL deficient and wild-
type groups and rate of decline in %predFEV, in CF patients chronically infected with BCC
(p=0.001).

Additional comparisons are shown in Table 4.16 model 2 (labeled comparisons). In model 2
comparison 1, we have not distinguished BCC infection status (i.e., BCC infected or not
infected) and simply examined pre and post-acquisition. Our results show a significantly
different rate of decline in %predFEV, in CF patients who are MBL deficient versus wild-
type (p=0.02). In comparison 2, we examined only controls (i.e., not infected with BCC) and
showed no significant difference in the rate of decline in %predFEV, in CF patients who are
MBL deficient versus wild-type (p=0.45). In comparison 3, we examined only CF patients
chronically infected with BCC (not distinguishing genomovar group) and showed a
significantly steeper rate of decline in %predFEV, in CF patients who were MBL2 wild-type
(p=0.02). In comparison 4, we examined only CF patients who were MBL2 deficient and
looked at the rate of decline in %predFEV, in those CF patients who were chronically
infected with BCC versus controls (not infected with BCC) and showed a significantly
steeper rate of decline in %predFEV; in CF patients who were MBL2 deficient and
chronically infected with BCC (p=0.01). In our last comparison 5, we examined only CF
patients who were MBL2 wild-type and looked at the rate of decline in %predFEV| in those
CF patients who were chronically infected with BCC versus controls (not infected with
BCC) and showed a significantly steeper rate of decline in %predFEV, in CF patients who
were MBL2 wild-type and chronically infected with BCC (p<0.0001).

SPA-1 gene:In our linear mixed effects models we investigated whether having the less
common CT versus CC genotype for the SPA-1 (C655T) polymorphism was associated with
a different rate of decline in %predFEV,. We showed a similar rate of decline in

%predFEV | irrespective of SPA-1 genotype
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Model 4.2.3-E

%predFEV;= Time + Sex (0/1=male/female) + SPA-1 genotype (0/1=CC/CT) + SPA-1
genotype * Time).
Base group for SPA-1 was CC

The p-value for the interaction term SPA-1 genotype * Time was 0.57. In a second model
we included P. aeruginosa infection status (0/1=not infected/chronically infected) including
interaction terms (i.e., SPA-1 genotype * P. aeruginosa infection status (p=0.82), P.
aeruginosa infection status * Time (p=0.13), SPA-1 genotype * P. aeruginosa infection

status * Time (p=0.73)), but did not show significance.

Model 4.2.3-F

%predFEV;= Time + Sex (0/1=male/female) + SPA-1 genotype (0/1=CC/CT) + PA
infection status (0/1=not infected/chronically infected) + SPA-1 genotype * PA infection
status + SPA-1 genotype * Time + PA infection status * Time + SPA-1 genotype * PA
infection status * Time

Base group for SPA-1 was CC

In our final model (i.e., model 4.2.3-G) we included CFTR genotype with P. aeruginosa
infection status (0/1=not infected/chronically infected) including the following interaction
terms in our final reduced model: SPA-1 genotype * Time (p=0.005), SPA-1 genotype * P.
aeruginosa infection status * Time (p<0.0001), and SPA-1 genotype * P. aeruginosa
infection status * CF class (base group is homozygous for 2 severe mutations, p=0.02). In
this model we showed that
= The slope is steeper if a patient has a CT genotype compared to a CC genotype.
* The mean %predFEV, is lower if they have at least one mild CFTR mutation, are
chronically infected with P. aeruginosa and have a SPA-1 genotype of CC compared
to any other 3-way combination (i.e., for the interaction term: SPA-1 genotype * P.

aeruginosa infection status * CF class).
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Model 4.2.3-G

%predFEV;= Time + Sex (0O/1=male/female) + SPA-1 genotype (0/1=CC/CT) + PA
infection status (0/1=not infected/chronically infected) + CFTR genotype + SPA-1 genotype
* PA infection status + CFTR genotype * SPA-1 genotype + SPA-1 genotype * Time + PA
infection status * Time + CFTR genotype * Time + SPA-1 genotype * PA infection status *
Time + CFTR genotype * SPA-1 genotype * Time + CFTR genotype * SPA-1 genotype * PA
infection status * Time

Base group SPA-1 was CC. CFTR genotype is an abbreviation for the CFTR class

groupings.

SPA-2 gene:Inferred haplotypes generated by the PHASE program for the two
polymorphisms (A26C and A667C) studied in the SPA-2 gene were used to group the study
cohort based on whether there were zero (SPA-2CAO0), one (SPA-2CA1), or two (SPA-
2CAZ2) copies of the most common inferred haplotype CA. The clinical characteristics of the
cohort based on this grouping are presented in Table 4.14. We showed a similar rate of
decline in %predFEV, based on our SPA-2 grouping, that is between SPA-2CA0 and SPA-
2CA2 (p=0.37), between SPA-2CA1 and SPA-2CA2 (p=0.21) and between SPA-2CA0
versus SPA-2CAT1 (p=1.00).

Model 4.2.3-H

%predFEV; = Time + Sex (0/1=male/female) + SPA-2CAO0 (0/1=1 or 2 copies of CA/0
copies of CA) + SPA-2CA1 (0/1=0 or 2 copies of CA/1 copy of CA) + SPA-2CAQ0 * Time +
SPA-2CA1 * Time.

Base group for SPA-2 was 2 copies of CA (i.e., SPA-2CA2).

In a second model we included P. aeruginosa infection status (0/1=not infected/chronically
infected) including interaction terms (i.e., SPA-2CAO0 and SPA-2CA1) * P. aeruginosa
infection status (p=0.40 and 0.25), P. aeruginosa infection status * Time (p<0.0001), (SPA-
2CAO0 and SPA-2CA1) * P. aeruginosa infection status * Time (p=0.17 and 0.15)), but did

not show significance with our gene polymorphism of interest.
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Model 4.2.3-1

%predFEV; = Time + Sex (0/1=male/female) + SPA-2CAO0 (0/1=1 or 2 copies of CA/0
copies of CA) + SPA-2CA1 (0/1=0 or 2 copies of CA/1 copy of CA) + PA infection status +
SPA-2CAQ * PA infection status + SPA-2CAl * PA infection status + SPA-2CA0 * Time +
SPA-2CAL * Time + PA infection status * Time + SPA-2CAO0 * PA infection status * Time+
SPA-2CAL * PA infection status * Time.

Base group for SPA-2 was 2 copies of CA (i.e., SPA-2CA2).

The model was reduced but did not show any significant results for the gene polymorphism
(p-values for main effects SPA-2CA0 and SPA-2CA1 were 0.34 and 0.32, respectively),
except for a significant P. aeruginosa infection status * Time interaction (p<0.0001)
meaning a steeper decline in %predFEV, in those CF patients who were also chronically

infected with P. aeruginosa versus not infected with the pathogen.

SPD gene:The grouping for the SPD gene polymorphism (C32T) was based on genotype
into three groups: CC, TT and CT. We showed a similar rate of decline in %predFEV, based
on our SPD genotype grouping.

Model 4.2.3-]

%predFEV; = Time + Sex (0/1=male/female) + SPD-CC (0/1=CT or TT/CC) + SPD-CT
(0/1=CC or TT/CT) + SPD-CC * Time + SPD-CT * Time.
Base group was SPD-TT.

The p-value for the interaction terms SPD-CC * Time + SPD-CT * Time were 0.93 and
0.80, respectively, showing no difference in the rate of change in %predFEV, between SPD-
CC and SPD-TT and between SPD-CT and SPD-TT. There was a similar rate of decline in
%predFEV, for SPD-CC versus SPD-CT (p=0.86). In a second model we included P.
aeruginosa infection status (0/1=not infected/chronically infected) including interaction
terms (i.e., (SPD-CC and SPD-CT) * P. aeruginosa infection status (p=0.95 and 0.20), P.
aeruginosa infection status * Time (p<0.0001), (SPD-CC and SPD-CT) * P. aeruginosa
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infection status * Time (p=0.49 and 0.17)), but did not show significance with our gene

polymorphism of interest.

Model 4.2.3-K

%predFEV; = Time + Sex (0/1=male/female) + SPD-CC (0/1=CT or TT/CC) + SPD-CT
(0/1=CC or TT/CT) + PA infection status + SPD-CC * PA infection status + SPD-CT * PA
infection status + SPD-CC * Time + SPD-CT * Time + PA infection status * Time + SPD-
CC * PA infection status * Time+ SPD-CT * PA infection status * Time.

Base group was SPD-TT.

The model was reduced, but we did not show any significant results for the gene
polymorphism (p-values for main effects SPD-CC and SPD-CT were 0.59 and 0.49,
respectively), except for a significant P. aeruginosa infection status * Time interaction
(p<0.0001) meaning a steeper decline in %predFEV, over time in those CF patients who

were chronically infected with P. aeruginosa versus not infected with the pathogen.

Lastly, in a reduced model we combined the CT and CC group that is having one or two

copies of the polymorphism versus being homozygous for the common allele (i.e., TT).

Model 4.2.3-L

%predFEV; = Time + Sex (0/1=male/female) + SPD-CC/CT (0=TT and 1=CC/CT) + SPD-
CCICT * Time.
Base group was SPD-TT.

In this model we showed similar rate of decline in %predFEV,; for SPD-TT versus SPD-
CC/CT (p=0.86). Then we included CFTR genotype and P. aeruginosa infection status
(0/1=not infected/chronically infected) in the model including interaction terms (i.e., SPD-
CC/CT * P. aeruginosa infection status (p=0.25), P. aeruginosa infection status * Time
(p=0.0001), SPD-CC/CT * P. aeruginosa infection status * Time (p=0.14)). CFTR genotype

was not a significant predictor and interaction terms were dropped from the final reduced
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model above, leaving the variable in the model only as a main effect. We did not show

significance with our gene polymorphism of interest.

4.2.4 Survival analysis

Our survival models were run using CFTR class grouping and alternatively using PSS. The
reason for this was that the number of CF patients with a mild CFTR genotype (i.e.,
homozygosity or heterozygosity for class 4 or 5 mutation) was small and in some cases mild
CFTR genotype was not represented in our gene polymorphism groupings and this caused

estimation problems with the statistical models.

MBL2 deficiency status was not a significant predictor of survival. The first question we

addressed was:

Is there a difference in survival (i.e., time to death or lung transplantation) between MBL2
deficient versus MBL2 wild type CF patients? MBL2 deficiency was not a significant
predictor of survival (Table 4.17).

The second question we addressed was:

Is there a difference in survival based on MBL2 genotype and whether the CF patient is
chronically infected with BCC? MBL2 deficiency was not significantly associated with age
of chronic BCC infection (RR=0.93, Clys: (0.5-1.75), p=0.83) or age of transient or chronic
infection with BCC (RR=0.98, Clpos: (0.60-1.62), p=0.95). CF patients used in the
investigation of the effect of BCC infection and genomovar species on pulmonary disease
progression and survival were not included in entirety in the MBL2 analyses as some of the

patients died prior to collection of blood for MBL2 genotyping.

To explore the possibility of a potential bias in our cohort who consented to the study and
blood was obtained for genotyping (versus BCC infected CF patients for whom we were
unable to obtain blood for MBL2 genotyping before their death), we looked at the number of
CF patients whom we had genotyped for MBL2 and had died or had received a lung
transplant for any major differences in patient numbers based on MBL2 genotype. Of the CF

patients chronically infected with BCC who were genotyped for MBL2 there were six deaths
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in the MBL2 wild-type and six deaths in the MBL2 deficient groups. In the group transiently
infected with BCC there were four and three deaths in the MBL2 wild-type and deficient
groups, respectively. There were no BCC infected patients who had undergone lung
transplantation and were MBL2 deficient. There were three and two patients, respectively,
who were lung transplantation recipients and infected either chronically or transiently with
BCC, and had a MBL2 wild-type genotype. Of these transplanted patients noted above only
one of them chronically infected with BCC was still alive. It would appear that a descriptive
examination of the data does not reveal differences in the number of deaths in BCC infected
CF patients who were MBL2 wild-type or deficient in our study cohort. However, of the
lung-transplanted patients an MBL2 wild-type genotype was found in all cases in our study
cohort. It appears that our study cohort was not biased for MBL2 genotype. MBL2

deficiency was not predictive of survival (Table 4.17).
SPA-1 genotype, SPA-2 haplotype, and SPD genotype were not predictive of survival.
CFTR class, P. aeruginosa infection status, sex and modifier gene * P. aeruginosa infection

status were included in the models. The results are presented in Table 4.17.

4.2.5. Effect of modifier genes on P. aeruginosa infection status

We investigated whether polymorphisms in the pulmonary surfactant genes and MBL2
deficiency contributed to infection with P. aeruginosa. We separately investigated age of
first infection and age of chronic infection with the pathogen and results are presented in
Tables 4.17 and 4.18, respectively. CFTR class was included in the models. We did not
show a significant effect of MBL2 deficiency and genotype for SPA-1, SPA-2 and SPD on

age of first and chronic infection with P. aeruginosa.

4.2.6 Frequency of pulmonary infections requiring intravenous antibiotic therapy

We used Poisson regression to investigate the effect of the modifier gene polymorphisms on
the mean frequencies of pulmonary infections requiring IV therapy. We investigated two

time intervals:

= Two years retrospectively; the interval was January 1, 1998 to January 1, 2000

(N=357),
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= Up to 5 years retrospectively; the interval was January 1, 1995 (is the earliest

possible start interval) to January 1, 2000 (N=357).

We only analyzed patients who had data within the 2 year interval labeled A. The inclusion
criteria were:

= Patients in the data set had to have a clinic visit after January 1, 2000.

= Patients had to have data for at least the 24-month interval prior to January 2000.
In the case of the 5-year interval, the patients who had more than 2 years but less than 5
years of data were used in this analysis and the analysis was adjusted for the time interval
available for the patients. All patients included in the 2-year interval had data to be included
as well in the 5-year interval. The response variable was number of pulmonary infections
requiring IV therapy with separate models used for intervals A and B. We accounted for
gender, P. aeruginosa infection (BCC infection status for MBL2 deficiency only) status and
CFTR class. In the case where not all four CFTR classes were represented in the study

cohort, we used the variable PSS.

We showed a significant difference in the mean frequency of IV therapy for pulmonary
infections over 5 years (32% higher) in CF patients who were CT versus CC for the SPA-1
polymorphism (p=0.005, N=357). For the SPA-2 polymorphisms investigated, we used the
number of copies of the CA haplotypes as the grouping variable. We showed that CF
patients who had zero copies of the CA haplotype had significantly lower mean frequency of
pulmonary infections over 5 years by 26.5% than CF patients who had 2 copies of the CA
haplotype (p=0.01, N=357). We did not show significant differences in the mean frequency
of pulmonary infections in CF patients who had one versus two copies of the CA haplotype
(p=0.69). The 2-year analyses were not significant for either the SPA-1 or SPA-2

polymorphisms investigated.

For the SPD polymorphism we showed that having a CT genotype was associated with a
lower mean frequency of pulmonary infections over the 2-year (21%, p=0.04) and 5-year
(21%, p=0.002) intervals compared to CF patients with a TT genotype. There were no
significant differences in the mean frequency of pulmonary infections over the 2-year and 5-
year interval investigated for CF patients who were CC versus TT. Our analyses also

showed that CF patients who were chronically infected with P. aeruginosa had significantly
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higher mean number of pulmonary infections compared to those CF patients not infected
with the pathogen for both the 2 (28.0%, p<0.0001) and 5 (33.1%, p<0.0001) year time

intervals.

MBL2 deficiency was not associated with significant differences in the mean frequency of
pulmonary infections over the two (p=0.32, N=356) and 5-year (p=0.89, N=356) interval.
To examine MBL2 deficiency including the variable BCC infection status we used the
variable PSS as a measure of disease severity instead of CF class since all CF patients who
were chronically infected with BCC in our cohort were homozygous for severe CFTR
mutations. In our first model we used as covariates: gender, BCC infection status and PSS.
We did not show significant differences in the mean frequency of pulmonary infections over
two (p=0.14, N=356) and five years (p=0.59, N=356) for MBL2 deficient CF patients,
however chronic infection with BCC was associated with significant differences in mean
frequency of pulmonary infections over two (p<0.0001, N=356) and five years (p<0.0001,
N=356). In the second model, we also included as a covariate P. aeruginosa infection status.
We did not show significant differences in the mean frequency of pulmonary infections over

two (p=0.43, N=356) and five years (p=0.72, N=356) for MBL2 deficient CF patients.

4.2.7BCC infection and pulmonary disease progression and survival

4.2.7.1 BCC infection and pulmonary disease progression

The characteristics of the BCC (transiently and chronically) infected and control groups are
presented in Table 4.20. We identified 93 patients who were transiently or chronically
infected with BCC and longitudinal data were available on 90 of these individuals. The
majority of CF patients infected with BCC were infected with genomovar II and IIIA. There
were 16 (10) and 48 (2) CF patients chronically (transiently) infected with GEN II and GEN
IITA, respectively. There were 1(0), 0(4), 1(1) and 5(3) CF patients chronically (transiently)
infected with GEN I, IIIB, IV and V, respectively. The small numbers prevented us from
including these latter groups in our models. There were no CF patients who carried known
mild CFTR genotypes (homozygous or heterozygous for class 4 or 5 mutations) and were
either transiently or chronically infected with BCC (p=0.0001). The remainder of the cohort
consisted of:

= Fifty five patients who were homozygous for CFTR class 1, 2, or 3 mutations,
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= FEighteen patients who were heterozygous for class 1, 2 or 3 mutation and one
mutation classified as unknown or unclassified and
= Twenty one CF patients who were homozygous for two unknown or unclassified
CFTR mutations.
The mixed effects regression models were initially run including CFTR genotype as a fixed
effect. Given that BCC infected patients were characterized only with severe CFTR
genotypes, we alternatively used pancreatic sufficiency status (PSS) as a measure of CF
disease severity. PSS proved not to be a significant predictor in our models and thus both
variables (CFTR genotype and PSS) were excluded from the final models (Table 4.21). The
effect of the center variable was included as a random effect; however, center-to-center

variability was small (less than 1% of the total variability).

We have previously shown that CF patients who become chronically infected with BCC do
not differ in clinical course from CF controls (without BCC infection) prior to infection with
BCC (155). In the present study, we investigated the estimated rate of decline in %predFev,
over time for up to 5 years pre-acquisition of BCC using linear mixed effects models to
validate our previous results. Our analysis showed similar rate of decline in %predFEV, in
the pre-acquisition interval for transiently (-2.09 %/year) and chronically (-1.51 %/year)
BCC infected groups and for the controls (-1.38 %/year). Table 4.21 summarizes our linear
mixed models results for the post-BCC acquisition interval. In model 1, we showed a more
rapid decline in %predFEV; in CF patients chronically infected with BCC compared with
CF controls not infected with BCC (p=0.04). Comparisons were also made to the non-
infected control group (Table 4.21 model 1). In this model we treated the transiently BCC
infected group as a separate group (not shown in Table 4.21). Our results show the
transiently BCC infected group has an estimated rate of decline in %predrev, over the follow
up time which is intermediate between the non-infected controls (p=0.13) and the chronic
BCC infected patients (p=0.43). The rate of decline in %predrFev, in the transiently BCC
infected group is not statistically significantly different from either the control or the
chronically infected with BCC groups. The rate of decline in %predFEV, was similar when
comparing different BCC genomovars and RAPD types in chronically infected CF patients
(Table 4.21, model 2). In this model, we further investigated the rate of change in
%predFEV, between CF patients infected with GEN II and GEN IIIA. The rate of decline in

%predFEV; in the post-acquisition interval with BCC was not statistically different for GEN
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IITA RAPD-type groups, these groups were collapsed and the analysis rerun for the
truncated GEN IIIA group and the results are shown in Table 4.21 (model 2- labeled
collapsed GEN IIIA).

4.2.7.2 BCC and P. aeruginosa infection and pulmonary disease progression

We next investigated whether concurrent chronic infection with P. aeruginosa would further
contribute to decline in %predFEV. These results are shown in Table 4.21 model 3. The P.
aeruginosa infected CF patients were treated to have a single rate of decline in %predFEV,
prior to their infection with BCC and we are assuming that this single line is a good
representation of the patients’ rate of decline in %predFEV, for the BCC post-acquisition
interval. While the majority of co-infected patients first harbored P. aeruginosa, seven
acquired the organism after BCC infection. Because of the small numbers, however, we
were unable to investigate the order of co-infection in our regression models, although our
main interest was whether there was a cumulative effect of infection with both pathogens.
Of the CF patients colonized with P. aeruginosa, 12 were transiently infected and 36 were
chronically infected with BCC. The mean time from age of first infection with P.
aeruginosa to co-infection with BCC was 3.7(1.8) years for transiently infected and 5.2(1.2)
years for patients chronically infected with BCC. There were seven patients who were
chronically infected with BCC and subsequently became infected with P. aeruginosa (time
to co-infection with P. aeruginosa 0.6-13.5 years post-acquisition of BCC). CF patients who
were already infected (or were identified within 8 months post-BCC infection to be infected
with P. aeruginosa) were included for analyses in model 3 in the co-infection group. In
model 3, we investigated the rate of decline in %predFEV, for CF patients infected
chronically with P. aeruginosa or BCC, or both pathogens versus those infected with neither
pathogen. Our results show that concurrent chronic infection with BCC (regardless of
genomovar) and P. aeruginosa contributed to a greater deterioration in %predFEV;
compared to the decline in %predFEV, exhibited by BCC or P. aeruginosa infection alone

or CF controls infected with neither pathogen.

4.2.7.3 BCC infection and survival

We addressed three questions in our survival analysis with Cox Proportional Hazards

modeling:
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Question 1: Are there survival differences between transient and chronic BCC infected
patients and patients not infected with BCC? Gender and PSS (but not CFTR class groups)
were significant effects and were therefore included in the model. We showed that BCC
infection, whether chronic (RR =3.93, Cly9s5(2.4, 6.4), p<0.0001) or transient (RR=6.46,
Cloo5(2.9, 14.4), p<0.0001) (relative to controls), adversely affected survival.

Question 2: Are there survival differences among CF patients chronically or transiently
infected with BCC and controls with and without co-infection with P. aeruginosa? In this
model, we compared transiently and chronically BCC infected groups against our BCC
uninfected cohort but in this case divided the uninfected with BCC group into 2 groups;
those who were chronically infected and those who had never been infected with P.
aeruginosa. The BCC infected group was also divided for a further analysis in BCC infected
CF patients with and without co-infection with P. aeruginosa. We were unable to explore
the question of whether there are survival differences with co-infection versus infection with
P. aeruginosa or no pathogen including the BCC transiently infected group due to
estimation problems fitting the model (small N for BCC transiently infected patients with
none of the patients chronically infected with P. aeruginosa). We did not adjust for the order
of infection with P. aeruginosa, i.e., whether P. aeruginosa preceded or followed BCC
infection, as we were interested in whether there was an additive effect of infection with
both pathogens. We showed:

= Chronic infection with P. aeruginosa in the control group was associated with a
significantly higher likelihood of death or lung transplant compared with non-
infection with both pathogens (RR=4.1, Clys(1.4, 12.0), p=0.01).

= CF patients who were chronically (RR=13.6, Clyos(4.4, 42.0), p=0.0001) or
transiently (RR=22.7, Cly95(6.2, 83.0), p=0.0001) infected with BCC showed a
significantly higher likelihood of death or lung transplant relative to non-infected
controls.

» CF patients chronically infected with BCC and co-infected with P. aeruginosa
showed a significantly higher likelihood of death or lung transplant (RR=6.7,
Cloos(1.7, 26.8), p=0.007) than non-infected controls.

= There were no significant differences in death or lung transplant between CF patients
chronically infected with BCC only and controls infected with P. aeruginosa

(RR=2.0, CIy05(0.8, 4.7), p=0.12).
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= There were no significant differences in death or lung transplant between CF patients
chronically infected with BCC only and chronically infected with BCC with co-
infection with P. aeruginosa (RR=1.6, Cl5(0.6, 3.8), p=0.33).

= CF patients chronically infected with BCC with co-infection with P. aeruginosa
showed a significantly higher likelihood of death or lung transplant (RR=3.1,
Cloos(1.7, 5.4), p<0.0001) than controls infected with P. aeruginosa.

Question 3: Are there survival differences between genomovar IIIA and genomovar II
infected patients? We showed that genomovar IIIA infected patients have a higher risk of
death or lung transplant compared to genomovar II infected patients (RR=7.60, Cly95(0.9,
57.5), p=0.05). Our analysis did not show differential survival of genomovar IIIA RAPD-
type 1, 4, 6 infected patients compared to genomovar I[IIA RAPD-type 2 (RR=2.0, p=0. 18).

4.2.7.4 Frequency of pulmonary infections requiring IV therapyv 12 and 24 months pre-

and post-colonization with BCC

We did not show differences in the frequency of pulmonary infections treated with IV
antibiotic therapy in the BCC GEN IIIA versus GEN II group, nor in the GEN IIIA RAPD-
type 2 versus GEN IIIA RAPD-type 1, 4, 6 groups for:

= The 12 and 24 month pre-colonization (p>0.05) interval investigated, and

= The 12 and 24 month post-colonization intervals investigated (p>0.05) (results not

shown).
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4.3 DISCUSSION

4.3.1Innate immunity genes: MBL2. SPA and SPD

The innate immunity genes investigated in this study produce proteins, which are involved
in the host response to bacterial infection. The pulmonary surfactant SPA-1, SPA-2 and SPD
genes produce proteins that are predominately involved in innate immunity in the lung,
whereas the MBL2 protein is identified as an acute phase serum protein produced by the
liver. In this study we investigated polymorphisms in these four genes as potential modifiers
of pulmonary disease severity and progression in CF. These genes are located on the long
arm of chromosome 10 and are closely related in structure and function (26, 27). The MBL2
polymorphisms have been investigated, although the effects of these polymorphisms have
not been clearly elucidated. Polymorphisms on the pulmonary surfactant genes have been
identified and their effects are being investigated. Our study showed that CF patients who
were homozygous for the C allele for the SPA-1 gene polymorphism were more likely to
become chronically infected with P. aeruginosa at an earlier age and to experience a steeper
decline over time in %predFEV,. However, the CT genotype was associated with a steeper
decline in %predFEV, over time and a higher mean frequency of pulmonary infections
compared with the CC genotype. We used the inferred haplotypes generated by the program
PHASE and grouped our subjects based on the number of copies of the common CA
haplotype present for the SPA-2 gene polymorphisms investigated. We showed no
differences in survival, age of first and chronic infection with p. aeruginosa and pulmonary
disease progression. A 26.5% lower mean frequency of pulmonary infections over 5 years
was shown for CF patients who had zero versus two copies of the CA haplotype. Our
subjects were grouped based on genotype for the SPD polymorphism investigated and we
showed a significant finding for frequency of pulmonary infections (i.e., higher frequency)
requiring IV antibiotic therapy in patients who were TT versus CT genotype (and no

differences for CC versus either CT or TT).

The polymorphisms investigated in the MBL2 gene are not in LD (except MBL2-B with
SPA-2) with the pulmonary surfactant gene polymorphisms investigated in this study.
Therefore the MBL2 gene polymorphisms were investigated as independent potential
modifiers in CF. The functional effects of the promoter polymorphism and the three exon 1

polymorphisms are to reduce levels of circulating MBL2 protein; thus the grouping was
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based on these functional effects (i.e. MBL2 wild-type and deficient groups). We showed
that MBL2 deficiency was associated with pulmonary disease progression in CF, but only in
those patients who became infected chronically with BCC. Our analyses revealed that
MBL2 deficiency is not associated with susceptibility to BCC infection, but that once
infected with the pathogen CF patients who have a wild-type genotype experience a more
rapid decline in %predFEV,; over time. MBL2 deficiency was not associated with earlier
infection with P. aeruginosa. MBL2 deficient CF patients who were chronically infected
with P. aeruginosa did not show a higher frequency of pulmonary infections requiring IV
antibiotic therapy, nor was infection with this pathogen associated with a different (i.e.,

more rapid) pulmonary disease progression in MBL2 deficient CF patients.

The MBL2 genotype resulting in normal levels of the protein was shown in the current study
to be predictive of a greater rate of decline in %predFEV; following chronic colonization
with BCC. This result was contrary to our hypothesis and differs from studies which have
explored the association between MBL2 genotype and pulmonary disease in CF. Garred and
associates(43) reported increased susceptibility to BCC infection in CF. In their experience 7
of the 10 patients who became chronically infected with BCC during the study interval had
an MBL2 deficient genotype (43). They reported in their CF cohort better pulmonary
function in their MBL2 wild type group (defined as YA/0 and A/A) (N=130) and showed an
improvement in pulmonary function over the 8 years that their cohort was retrospectively
followed (43). Gabolde and associates (103) matched the 11 MBL2 deficient patients out of
169 CF patients who were genotyped as MBL2 wild-type on sex and age and showed a
lower mean %predFEV, in the MBL2 deficient and a trend towards higher frequency of

colonization with P. aeruginosa.

There were limitations, however, in some previously published studies that question the
associations between susceptibility to infection, disease progression and MBL2 deficiency.
The study of susceptibility to infection in Garred and associates (43) was merely a
descriptive presentation of affected CF patients with BCC infection in their cohort. In this
study, they show a progressive improvement in pulmonary function over the study interval
in the MBL2 wild-type group, but is not addressed in the article; instead they discuss mean
pulmonary function over the study interval. In the case-control study by Gabolde and

associates(103) a lower mean pulmonary function in age and sex matched MBL2 wild-type
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and deficient CF patients was shown. The sample size in this study was small. In addition, in
the study by Garred and associates (43) differences at baseline were noted between MBL2
wild-type and deficient groups. The mean %predFEV, for their MBL2 wild-type group was
approximately 68% at the start of the data collection interval compared to approximately
53% in their MBL2 deficient group (defined as XA/0 and 0/0). The longitudinal data did not
show a significant decline over time. The initial difference in %predFEV, in the two MBL2
groups could reflect a coincidental higher rate of P. aeruginosa colonization in the MBL2
deficient group, a factor not controlled for in their longitudinal analysis. Factors other than
environment and modifier genes, which could affect pulmonary disease severity and
progression in CF patients, is CFTR genotype (mild versus severe genotype). While these
factors alone do not explain pulmonary disease severity and progression, they do contribute
and therefore should be controlled for in the statistical models, especially when examining a
small cohort. Their results were, however, corroborated in a later study on an independent
cohort of similar size by Davies and associates (106) who showed lower lung function and
oxygen saturation, and a higher frequency of hospital admissions for pulmonary
exacerbations requiring IV therapy over a one year interval investigated in MBL2 deficient

CF patients.

In a more recent study Choi and associates (104), they only showed more severe pulmonary
disease in a sub-group of CF patients, who were MBL2 deficient and carriers of two severe
CFTR mutations (homozygous delta F508). In another study, this one by Carlsson and co-
workers (107), they showed worse pulmonary disease severity, but only in those CF patients
(N=27) who were colonized with Staphylococcus aureus; a pathogen documented to be
recognized by the MBL2 protein. Others and we have shown that there is a steeper decline
in %predFEV, over time when CF patients are chronically infected with P. aeruginosa.
There is no doubt that repeated infections with Staphylococcus aureus and Hemophilus
influenza, which in the early stages of CF pulmonary disease are the most common CF
infecting pathogens, set up the environment in the lungs conducive to subsequent chronic
infection with P. aeruginosa (1, 2). This does not necessarily mean that MBL2 genotype
accounts for some of this variability. Chronic infection with P. aeruginosa should be
controlled for when investigating the effect of MBL2 deficiency on pulmonary disease and
survival. Therefore, a positive association between MBL2 deficiency alleles and P.

aeruginosa infection may be indirectly due to other factors such as early recurrent infections
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with other pathogens, or recurrent or chronic infection with the pathogens BCC or
Staphylococcus aureus at the time of investigation, or biased sample. However, whether
this difference in disease progression is directly related to MBL2 deficiency is not
definitively answered by previous studies (43). In summary, previous findings on CF
cohorts were based on small cohort sizes (i.e., 146-164) with a small number of BCC
infected patients (6.8%), BCC genotype was not documented, P. aeruginosa infection status
was not accounted for in their models, and pre- and post-colonization with BCC clinical
status was not investigated, study interval and analyses did not reflect long-term CF

pulmonary disease progression.

In our study, MBL2 deficiency and wild-type groups were similarly defined as in previous
studies (43, 103). Unlike previous studies, we stringently classified our BCC infected
patients according to BCC infection status, BCC genomovar grouping, and collected
%predFEV, data spanning the pre-and post-colonization interval (and only included values
from stable encounters) for use in our linear mixed effects regression models. By doing so,
we showed MBL2 wild-type genotype to be associated with more rapid decline in
%predFEV, in CF patients infected with BCC. There was a similar rate of decline in
%predFEV, for controls and for BCC infected patients in the pre-acquisition interval. Our
findings show that once colonized with this pathogen, pulmonary disease progression
proceeds at a more accelerated rate in MBL2 wild-type CF patients. Our results shed light
into the contradictory results in previous studies. It is reasonable to show an increased
frequency of infections in non-BCC infected MBL2 deficient CF patients, and a steeper rate
of decline in pulmonary function limited to MBL2 deficient CF patients infected with
Staphylococcus aureus. Worse pulmonary disease severity in MBL2 deficient CF patients
infected with Staphylococcus aureus was shown by Carlsson and associates(107). The
ability of BCC to survive and multiply intercellularly would then result in a steeper rate of
decline in pulmonary function in BCC infected CF patients who are MBL2 wild-type. We
also looked at survival and found that MBL2 genotype was not a significant predictor of
survival when age at BCC acquisition and BCC infection status were included in the model.
The possibility exists that our study subjects infected with BCC may be biased for MBL2
genotype as we only have MBL2 genotype data on CF patients recruited for the study from

1997 onwards. Therefore, selection bias may be a confounder if the MBL2 gene is a
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modifier gene in CF. Follow-up for a longer duration will ultimately help to elucidate the

relationship between MBL2 genotype and survival in BCC infected CF patients.

The design of our study did not permit us to elucidate mechanisms responsible for increased
pulmonary disease progression in MBL2 wild-type genotype CF patients infected with BCC.
One potential mechanism is a heightened immune response in the airways of MBL2 wild-
type patients. This more exuberant inflammatory response could contribute to airway
damage accelerating the manifestation of structural changes such as bronchiectasis and
further the cycle of bacterial proliferation and fixed airflow obstruction seen in CF. An
environment favorable to BCC colonization exists in the CF airways: mucus hypersecretion
and dehydration leading to inspissation of secretions, increased adherence of thick mucus to
airway cells, ciliary dysfunction and potentially reduced or inactivated bactericidal agents
(147) all contribute to colonization. We propose that the uptake of opsonized BCC by
macrophages may serve as a vehicle for intracellular survival of this organism. Davies and
associates (6) showed that MBL2 protein binds in significant amounts to BCC isolates
obtained from colonized CF patients and in intermediate levels with mucoid strains of P.
aeruginosa obtained from colonized CF patients. MBL2 binding to BCC specimens resulted
in complement activation as measured by C4 deposition (6). A heightened immune response
in MBL2 wild-type CF patients may also contribute to lung damage. Younger and co-
workers have also shown that MBL2 opsonizes P. aeruginosa (strain UI-18), although their
results show that the alternative pathway and the surfactant proteins account for the majority

of opsonization of P. aeruginosa (31).

A precedent for MBL2 sustaining infection has been reported for other infections in both
normal and immuno-compromised hosts. In this respect, wild-type MBL2 protein levels are
positively associated with infection with M. tuberculosis or Mycobacterium leprae (92, 97,
101), Plasmodium falciparum (98), Leishmania chagasi (100), and Cryptosporidium parvum
in AIDS patients (99). Garred and colleagues concluded that during infection with
intracellular pathogens the opsonic mechanisms of host defense are used by some pathogens
to invade host cells (97, 101). BCC has also been shown in vivo to survive and replicate
within macrophages (152, 153). Furthermore BCC (GEN IIIA RAPD-type 2) has been
found to adhere to respiratory epithelial cells (147, 148) and has been found in respiratory

epithelial cells and other airway cells from CF lung explants (150). Garred and associates
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showed a high incidence of M. tuberculosis and M. leprae in Ethiopians with MBL levels
associated with wild-type MBL2 genotype. These pathogens seem to depend on
phagocytosis as their mode of entry into host cells (92, 97). While there have been no
previous data to link BCC infection and MBL levels and genotype, our data and the previous
literature support our proposal that BCC may be another pathogen capable of intracellular
survival and replication in macrophages and possibly other cells. The pattern of distribution
of BCC in the CF airways seems to differ from the common pathogen that colonize CF
patients, P. aeruginosa which is confined to the airway lumen. BCC has been shown to form
biofilms and co-colonize biofilms with P. aeruginosa (151), but has also been shown to
cross the epithelial barrier into the parenchyma and into capillaries (154). BCC secretory
products induce the release of proinflammatory cytokines (interleukin 6 and 8) and
prostaglandin E2 from respiratory epithelial cells which are proposed to contribute to the

excessive inflammation that characterize BCC infection (149).

Given the discrepancy between our results and previous work on CF cohorts (43, 103, 106),
the relationship between pathogen susceptibility, disease progression and MBL2 genotype
needs to be examined in a larger independent CF cohort. This will necessitate
characterization and approximation of disease severity at the onset of BCC acquisition and a
significant duration of follow-up to properly address important disease outcome measures.
In addition, a record of infection with the pathogen .Staphylococcus aureus during the study
interval would also seem prudent since it is a pathogen that MBL protein recognizes and
binds to. Such work is important in gaining a better understanding of the reasons for
heterogeneity of bacteriology and pulmonary disease progression in CF and in ultimately

designing intervention strategies.

The T-allele in the SPA-1 polymorphism (Arg219Trp) was not found in homozygous form
in our study cohort and was not in Hardy Weinberg equilibrium (Table 4.4). The expected
count was five (Table 4.4). To ensure that the deviation from HWE was not due to
genotyping error, we sequenced patients who were identified as having a CT and CC
genotype and sequencing confirmed the genotyping assay. Of relevance to this present study
is the differential survival of CF patients with a specific genotype for the modifier gene
investigated which would then affect the distribution of genotypes for this gene

polymorphism in the surviving CF population. There were no CF patients with a SPA-1
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genotype TT for the polymorphism investigated. Deviations from HWE occur when there is
consanguineous or assortative mating, natural selection, population stratification, genotyping
error or differential survival in the presence of a contributing risk factor; in this case, CF.
This deviation in HWE is unlikely to be due to population stratification, as our study sample
was predominantly Caucasian CF patients. Consanguineous or assortative mating is also
unlikely. Genotyping error due to error in reading the gels or entering the genotype onto the
data sheet was kept low by having two individuals read the gels and the data entered was
triple checked, although by one person. To validate the genotyping, a number of samples

were sequenced, which confirmed our genotyping results.

A logical explanation for this deviation from Hardy-Weinberg equilibrium could be natural
selection, which would mean that homozygosity for the T allele (or some other
polymorphism in the SPA-1 or SPA-2 genes, which is in LD with the SPA-1 (Arg219Trp)
polymorphism, has a significant effect on survival. If this is limited to CF patients then the
deviation in Hardy-Weinberg equilibrium could be due to differential survival in CF
patients. Differential survival is the most probable reason that explains our results. CF
patients with a TT genotype may either die at a very young age; we did not include CF
patients in our study sample who were less than 5 years old, as we would not be able to
investigate our primary outcome variable, that is, pulmonary disease severity and
progression. It is also possible that a CF fetus with a TT genotype is aborted during the
gestation period or dies within the first years of life and may be either diagnosed or not as
having CF at the time of death. We did not show a significant survival advantage in our CF
cohort for CF patients with a CC genotype relative to CF patients who carried the T-allele at
this locus. It appears that homozygosity for the T-allele may have a deleterious effect on

survival and therefore is rare.

A number of polymorphisms have been reported in the SPA-1 gene and the SPA-2 gene that
are in LD (22). There are additional polymorphisms in the SPA-1 gene that are amino acid
changing (i.e., Alal9Val and Leu50Val) or silent (non-amino acid changing; Pro62Pro). The
SPA-1 and SPA-2 gene haplotypes formed by the known polymorphisms across the two
genes have been defined and are denoted as alleles 6A-6A* for SPA-1 and 1A-1A° for SPA-
2 (52). There are four SPA-1 and SPA-2 gene haplotypes (i.e., 6A%-1A°, 6A>-1A", 6A*-1A°

and 6A°-1A%) which are observed in Caucasians (53). The T-allele for the SPA-I
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(Arg219Trp) polymorphism investigated in this study is only observed in the less common
SPA-1 haplotype, 6A*. A survival effect therefore could potentially explain the deviations
from Hardy-Weinberg equilibrium observed in the study cohort. In our study, haplotypes
using PHASE were reconstructed for the two SPA-2 polymorphisms (Table 4.11) and for
the SPA-1 and SPA-2 polymorphisms (Table 4.10). We identified the T-allele in two of the

six reconstructed diplotypes.

We also investigated one of the three known amino acid changing polymorphisms in the
SPD gene (C32T; Thrl1Met). We showed LD between the two SPA-2 polymorphisms and
the SPD (C32T) polymorphism, the SPA-1 polymorphism was not in LD with SPD

polymorphism investigated.

There have been limited studies investigating SPA and SPD polymorphisms in pulmonary
disease. In this study, select polymorphisms in these genes were investigated as potential
modifiers of pulmonary disease progression and disease severity in CF. A recent study by
Choi and associates investigated SPA gene polymorphisms in a CF cohort and showed
significantly worse %predFEV, and S-K clinical scores in CF patients with the SPA-1 6A°
allele and SPA-2 1A' allele (6A*/1A")(104). The SPA-1, SPA-2 and SPD proteins have
antimicrobial functions and are synthesized, predominantly by alveolar type II cells and
Clara cells within the lung and are secreted into the airway surface lining fluid (16). SPA is
also required for the structure and / or stability of surfactant aggregates. SPD is currently
thought to have a predominantly antimicrobial role and has been shown to bind to
glycoconjugates expressed by Gram negative bacteria which include known CF colonizers
P. aeruginosa and Hemophilus influenza (54, 159) and has also been shown to bind to
lipopolysacharide from P. aeruginosa (31). SPA has been shown to act as an opsonin
binding directly to Staphylococcus aureus (48) and Hemophilus influenza type A (46) and
also shown to enhance the uptake of non-opsonized Staphylococcus aureus and P.
aeruginosa by alveolar macrophages (48). Leth-Larsen (57) showed that serum levels of
SPD were affected by the SPD (Thrl1Met; C32T) polymorphism investigated in this study;
the levels of the SPD protein were highest in subjects with a TT genotype and the TT
genotype showed two structurally different forms of SPD in the serum; a high and a low
molecular weight protein compared to subjects with a CC genotype who showed

predominately the low molecular weight form. These different molecular weight SPD forms
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were shown to have different binding characteristics to pathogens; the high molecular
weight form was critical in the binding, aggregation and clearing of pathogen (Gram
positive and negative bacteria), whereas the low molecular weight form bound to simpler
ligands like LPS (57). Wu and co-workers (160) showed SPA and SPD proteins also
function to increase microbial cell membrane permeability likely in a similar manner to
lysozyme and defensins (i.e. involving ionic interactions between the positively charged
residues of the host defense protein and the negative charges of the microbial cell
membrane). Further work is needed to investigate the polymorphisms in the SPA-1, SPA-2
and SPD genes and whether the polymorphisms affect the proteins’ structure and function,
but based on our current knowledge of their function and the CF phenotype the pulmonary

surfactant genes are good candidates to further investigate as potential modifier genes in CF.

We showed associations for the SPA-1 gene polymorphism (Arg219Trp) and pulmonary
disease severity, susceptibility to P. aeruginosa infection and pulmonary discase
progression. Having a CT genotype was associated with a steeper decline in pulmonary
function compared to the decline exhibited by the patients with a CC genotype. The SPA
protein has been shown to bind to this pathogen (48). Data from mouse knock-out studies of
the SPA and SPD proteins have shown deficient uptake of pathogens by alveolar
macrophages, in addition to increased inflammation and inflammatory cell recruitment in
the lung following pathogen infection (67, 110-112). Haataja and co-workers (116)
identified a SPA-1-SPA-2 haplotype (6A%, 1A%) that was over-represented in RDS infants.
Karinch and associates (161) showed low levels of SPA mRNA associated with the 1A%6A?
haplotype. Low SPA levels have been shown in the lungs of infants who have died from
RDS (117, 162). Least investigated is the SPD gene, where three coding polymorphisms
(Thr11Met, Thr160Ala and Thr270Ser) have been identified (52, 57). Lahti and coworkers
showed a positive association between severe respiratory syncytial virus infection and
homozygosity for the T allele for the SPD (Thrl1Met; C32T) gene polymorphism (70).
Leth-Larsen and associates showed that the polymorphism at position 11 (Thrl1Met; C32T)
influenced the structure, function and concentration of the protein in the serum (57). The
SPA-1, SPA-2, and SPD gene polymorphisms were investigated as potential candidate
modifier genes for COPD by Guo and associates (72) and they showed one positive

association with the silent SPA-1 (non amino acid changing) polymorphism at position 62
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and increased risk for COPD. Their study investigated each polymorphism independently as

a potential disease modifier and the power of this study is questionable.

Our study adds to the accumulating evidence for the importance of these genes in pulmonary
disease pathogenesis. These genes may potentially play a role in preventing pathogen
colonization or extending the interval to chronic colonization in CF airways, in addition to
mounting an inflammatory response. Our data suggest that the T-allele in SPA-1
(Arg219Trp), or other polymorphisms in the SPA-1 or SPA-2 genes with which it is in
strong LD, is associated with differential rate of pulmonary disease progression in CF as
well as risk of infection and colonization with common CF pathogens. While we did not
show differences in pulmonary disease progression, and age of colonization with P.
aeruginosa, the TT genotype for the SPD (Thrl1Met) gene polymorphism was associated
with a higher mean frequency of pulmonary infections compared to the CT genotype.
However for SPD, we did not show differences in the mean frequency of pulmonary
infections over the two time intervals for CF patients who were CC versus TT. While
variants in these three genes have been described, the exact effects these variant alleles have
on gene transcription, translation and protein function are unclear. There is added difficulty
when investigating SPA as there are two proteins encoded by two genes (i.e., SPA-1 and
SPA-2) with several allelic polymorphisms, which are not differentiated in functional

studies.

Preliminary results from our study show a difference in pulmonary disease progression for at
least one of the polymorphisms investigated and therefore suggest that the SPA proteins
produced from the variant alleles somehow affect the protein structure, function, or both.
We also showed differences in the frequency of pulmonary infections over time, which were
not necessarily in concordance with results regarding, rate of decline in pulmonary function
for the SPA-2 polymorphisms. For the SPD polymorphism, we also showed differences in
the frequency of pulmonary infections over time, but no differences in pulmonary disease

progression or survival.

There is much research still needed to elucidate the functions of the pulmonary surfactant
proteins and the potential effects of the polymorphisms. It is unclear whether homozygosity

or heterozygosity for the polymorphisms in the case of the pulmonary surfactant genes A
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and D affect protein levels, or result in low levels of the proteins, or defective protein that is
degraded and results in the complete absence of these proteins from the lungs. The variant
alleles in exon 1 of the MBL2 gene result in defective MBL2 protein. MBL2 deficiency has
been shown to increase susceptibility to infection in immuno-compromised patients, but
may also have a protective effect. This may also be the case with the polymorphisms in the
surfactant genes. Heterozygosity for the deficiency alleles for the MBL2 gene results in low
levels of the protein that is insufficient for the acute phase response to pathogen invasion.
Defective MBL2 protein caused by the exon 1 polymorphisms may have a protective effect
and deficiency is argued to be advantageous as it prevents invasion of pathogens that may
use this avenue as a vehicle for intracellular entry. While for healthy individuals this
deficiency may not pose a problem, in the case of an immuno-compromised patient this may
significantly compromise the normal innate immunity response to pathogen infection and

colonization.

Our results for the polymorphisms investigated for the pulmonary surfactant genes are more
difficult to interpret. While there are many polymorphisms, documented in the three
pulmonary surfactant genes, we only investigated a fraction of these. We showed a steeper
decline in pulmonary function over time for the CT genotype for the SPA-1 polymorphism.
We also showed a higher frequency of pulmonary infections requiring IV therapy in CF
patients who showed a CT genotype. We hypothesize that the latter finding implies an
inadequate innate immune response by CF patients with a CT genotype to clear the pathogen
effectively resulting in more frequent pulmonary infections requiring I'V therapy to maintain
a stable clinical status. The steeper decline in %predFEV; over time in CF patients with a
CT genotype shows that CF patients with this genotype experience a heightened immune
response to the pathogen, but the inability to effectively clear the secretions or reduce the
pathogen burden in CF contributes to a more exuberant chronic inflammatory response and

consequent lung damage

Until the function of the altered pulmonary surfactant proteins is elucidated, it will remain
unclear whether these polymorphisms and the translated proteins produced contribute to the
heterogeneity in CF pulmonary disease and are protective or accelerate pulmonary damage.
We showed an association with pulmonary disease progression and BCC infection in MBL2

wild-type CF patients. In our study, wild-type MBL2 genotype was associated with more
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rapid decline in %predFEV; in CF patients once infected chronically with BCC. The
function of innate immunity proteins in chronic diseases such as CF and their effect or
contribution to disease progression may be different than is predicted or observed in the
otherwise healthy population during an acute infection. Normal response to inflammation
and infection in the case of chronic disease may contribute to tissue damage and permanent
deterioration of clinical status. The potential role of SPA gene polymorphisms in pulmonary
disease progression will require the elucidation of the effects of the variant alleles on protein

structure and function.

4.3.2 BCC infection in CF

In this study, we confirmed that chronic infection with BCC has an adverse effect on
pulmonary disease progression, with a steeper decline in %predFEV,; shown in the post-
acquisition interval. Although we showed comparable rates of decline in %predFEV, for the
different BCC genomovar groups, chronic infection with GEN IIIA was associated with
increased mortality compared to GEN II. We did not show survival differences among GEN
IIIA infected patients based on RAPD-type. Co-infection with P. aeruginosa was associated
with more rapid pulmonary disease progression than BCC or P. aeruginosa infection alone.
Chronic infection with BCC was associated with worse survival than transient BCC

infection or P. aeruginosa infection alone.

Differences in chronic pathogen infection in the lungs are considered one of the important
explanations for the heterogeneous clinical course in CF. P. aeruginosa is the most common
respiratory pathogen infecting adult CF patients and co-infection with BCC has been shown
previously to result in a deterioration in clinical status (123, 128, 129). Previous studies,
however, were not based on investigating longitudinal data. In our study, we controlled for
clinical status, co-infection with P. aeruginosa and identified the time of chronic infection
with BCC, and then compared pulmonary disease progression pre and post-acquisition of
BCC. In our study, we showed that infection with P. aeruginosa was associated with a
decline in %predFEV, of 2% per year compared to 0.5% per year if CF patients were not
infected with this pathogen. Co-infection with P. aeruginosa and BCC was characterized by
more rapid pulmonary disease progression (4% per year). CF patients who were infected
solely with BCC showed a similar yearly rate of decline in %predFEV; (i.e., 2% per year) as

CF patients harboring only P. aeruginosa. Additionally co-infection with both pathogens
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was associated with worse survival compared with CF patients who were infected with
neither P. aeruginosa nor BCC. Of interest was our finding that even transient growth of
BCC was associated with significantly reduced survival. We interpret our results to suggest
that susceptibility to BCC infection is a potential marker of disease severity, as it seems that
CF patients who are already characterized with moderate or severe pulmonary disease
severity are more likely to become infected with the pathogen. Once infected chronically

with BCC this pathogen may augment pulmonary disease progression.

A number of studies have reported worse outcomes for CF patients who acquire BCC.
Chaparro and associates (130) reviewed the Toronto experience with lung transplantation in
CF patients chronically infected with GEN IIIA, RAPD-type 2 and showed reduced 1, 2 and
3 year survival compared to CF patients who received a lung transplant and were chronically
infected with P. aeruginosa. De Boeck and collegues (131) reported on the Belgian
experience of poor 5-year survival in CF patients infected with either GEN IIIA or GEN II.
Lewin and associates previously showed in their retrospective study a higher mortality in the
first year post-acquisition in 124 CF patients infected with BCC compared with a similar
number of patients colonized with P. aeruginosa but, of interest, not in the second year
following acquisition of BCC (124). Taylor and colleagues (127) showed a more rapid
deterioration and increased mortality associated with CF patients with advanced lung
dysfunction (%predFEV;<40%) at the time of BCC acquisition, while those patients
infected with BCC who had mild and moderate disease at the time of acquisition maintained
a stable clinical status in that first year of monitoring. While the interpretation of this latter
study is limited by the absence of a control group, their data are in agreement with our
results. As we show, the level of pulmonary disease at the time of acquisition of BCC as
well as co-infection with other pathogens such as P. aeruginosa could explain some
variability in clinical course and survival. In our study, there was only one death in our

chronically infected BCC cohort within the first twelve months post-colonization.

Application of molecular techniques has established the complexity of BCC, with a number
of distinct genomovars described. Limited information is available to characterize any
epidemiological BCC genomovar differences. The possibility of increased virulence of
specific genomovars has been extrapolated from the clinic observations of spread of

common strains amongst patients with environmental contacts. Furthermore, a very
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discrepant clinical course is described for CF patients with BCC, ranging from relentless
progressive infection (‘cepacia syndrome’) to a benign outcome. By collaborating with
centers across Canada we were able to gain adequate representation of CF patients infected
with the most common BCC genomovars infecting this population; genomovar II and IIIA.
We also examined if there were differences in virulence and clinical course between BCC
GEN IIIA species RAPD-type 1, 2, 4, and 6. In our study, we showed higher mortality for
GEN IIIA patients compared to GEN II. Sufficient representation of other genomovars was
not achieved to enable a broader survival comparison. In our cohort, 65% of CF patients
chronically infected with GEN IIIA had died or received a lung transplant compared to only
12% of CF patients not infected with BCC. These findings suggest an increased
pathogenicity for this genomovar in CF patients and are consistent with the observations of
Aris and co-workers (132). These investigators showed higher mortality in post-lung
transplant CF patients who were chronically infected with GEN III compared to CF patients
in their study who were chronically infected with either GEN II, P. aeruginosa or other CF
respiratory pathogens (132). CF patients who were infected with GEN IIIA strains in their
study and the sputum samples collected from the patients were all negative for the cable
pilin gene (132), and therefore were not RAPD group 2. Infection with genomovar II is
postulated to be associated with a more benign clinical course, based mostly on clinical
experience, but has not been directly studied. There are several caveats from our work that
question this purported survival disadvantage for patients infected with GEN IIIA. First is
our finding that the decline in %predFEV, post-acquisition of BCC was similar in CF
patients infected with GEN IIIA and GEN II. Spirometric measurements are a reasonable
predictor of outcome in CF, with most mortality attributed to progressive lung disease.
Nonetheless, the estimated rate of decline in %predFEV| may not discriminate key mortality
factors and perhaps other parameters such as measures of systemic and local inflammation,
not measured in this study, would have been more predictive. Arguably most important was
our observation that CF patients infected with genomovar IIIA had more severe pulmonary
disease at the time of acquisition of BCC. We therefore acknowledge the possibility that
worsening survival may merely reflect more advanced disease at the time of infection with
GEN IIIA rather than this organism being the driver of increased mortality. This question
can be answered by the further study of BCC genomovar cohorts matched for pulmonary

disease severity at the time of BCC acquisition.
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In our study, we were unable to investigate GEN IIIB and GEN I, IV and V due to small
sample sizes. In our cohort, we had CF patients who became infected with GEN IIIB and
grew the pathogen for a short term, suggesting that this pathogen has different
characteristics from GEN IIIA and does not seem to be a likely chronic colonizer of CF
patients. We do however concede that the number of patients with GEN IIIB was small
(N=4) and this organism has been shown to chronically colonize CF patients in the United
States (163) (the GEN III strain designated in this reference article as PHDC is classified as
GEN IIIB (personal communication from D. Henry)). Further investigation on a large cohort
of patients infected with GEN IIIB is necessary. There were 3 and 5 CF patients who were
infected transiently or chronically with GEN V, respectively. As there were no deaths or
lung transplants in these genomovar groups (i.e., GEN, I, IIIB, IV and V) we were unable to

investigate them in our survival models.

Infection with BCC has a number of implications for patient management in CF.
Transmission of infection, at least of specific genomovar and RAPD groups, has been
clearly shown (133-136, 164). With the overall increase in mortality, clinics have instituted
rigorous cohorting of patients with BCC infection. The possibility of variable pathogenicity
of different BCC genomovars provides support for an extension of this cohorting separating
all BCC infected CF patients; however, this needs further investigation. These
recommendations must be balanced against the social costs of further isolating CF patients

and the further burden that this would place on our clinics and hospitals.
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4.4 CONCLUSIONS

In this study, we have investigated polymorphisms in the pulmonary surfactant genes SPA-
1, SPA-2, SPD and MBL2 that have been shown to have antimicrobial functions and are
involved in innate immunity as possible candidate modifier genes in Cystic Fibrosis. MBL2
deficiency appears to be a predictor of pulmonary disease progression following chronic
infection with BCC in CF patients. Contrary to the previous literature, wild-type MBL2
genotype was associated with more severe decline in %predFEV, over time following
colonization with BCC, but was not associated with increased susceptibility to BCC
infection. Further studies incorporating greater representation of BCC genomovars, larger
numbers with characterization of MBL2 genotypes and longer prospective follow-up are

required to expand upon our findings.

We showed a varied response for the pulmonary surfactant gene polymorphisms depending
on the response variable investigated. Our results show that in CF, these genes and their
polymorphisms impact on the effect that CFTR dysfunction has on the respiratory system.
The interaction between the CFTR mutations (mild and severe) and variant alleles in the
innate immune genes have a complex effect on the clinical course of CF patients. The
measure of disease severity used to study modifier genes in CF will also potentially

influence the significance of such associations.

We showed an augmented decline in clinical course with acquisition of BCC which was
further augmented by co-infection with P. aeruginosa. Our survival results showed similar
mortality with infection with either BCC or P. aeruginosa. We showed, however, higher
mortality in the BCC infected group who was co-infected with P. aeruginosa compared to
non-infected controls or controls infected only with P. aeruginosa. CF patients infected with
both pathogens did not show a significant difference in risk of death or lung transplant
compared to infection with BCC only. Although mortality was higher in CF patients
infected with GEN IIIA, the estimated decline in %predFEV, over time was similar among
CF patients chronically infected with BCC genomovar II and IIIA. These findings provide a
clear rationale for segregating BCC infected CF patients irrespective of BCC genotype.
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Table 4.1. The chromosomal organization of the MBL2 and the pulmonary surfactant genes

(SPA-1, SPA-2, and SPD) on chromosome 10.

Gene Location (bp), in the chromosome 10 reference
sequence (NC 000010.9)

MBL2 54,195,146 — 54, 201,466

SPA-2 81,305,608 — 81,310,101

SPA-1 81,360,664 — 81,363,921

SPD 81,687,476 — 81,698,841
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Table 4.2. Summary of pathogens that MBL2, SPA and SPD proteins have been shown to

bind to.

Pathogen MBL2 SPA SPD
Staphylococcus aureus (30) (8,47, 48)

Haemophilus influenza type A (30, 56, 165) | (46, 56, 166) (55, 56)
Haemophilus influenza type B (30)

P. aeruginosa (6) (31,48, 167) (31, 54)
Burkholderia cepacia complex (6)

Listeria monocytogene (165)

Neisseria meningitides, Neisseria (165, 168)

cinera, Neisseria suflava

Mycoplasma pulmonis (10)

Mycobacterium tuberculosis (51, 169)

Escherichia coli (9, 48) 9
Candida albicans (30, 170)

Cryptococcus neoformans (171)

Herpes simplex virus type 1 (50, 172)

HIV-1 and HIV-2 (173)

Aspergillus fumigatus (30) (174, 175) (54, 174-176)
Klebsiella pneumoniae (30) (54)
Pneumocystis carinii (177, 178) (54, 174-176)
Mycobacterium and Mycobacterium | (179)

leprae

Respiratory syncytial virus (167) (180)
Pollen grains (pollen from: (181)

Lombardy poplar (Populus nigra

italica), Kentucky blue grass (Poa

pratensis), cultivated rye (Secale

cerale), and short ragweed

(Ambrosia elatior).

Whole mite extracts (182) (182)
(Dermatophagoides pteronyssinus)

and allergens (from faecal pellets

from house dust mites

Escherichia coli (30) (54)
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Table 4.3. SPA-1-SPA-2 haplotypes are presented as reported in DiAngelo and associates

(73). Three SNPs were investigated in the present study and are identified in the table.

SPA-2 SPA-1
Alleles

Alleles C— SPA-2 \\ SPA-1 —T
1A C C C C C C G G C 6A
1A° C C |G A T G |A A |C 6A°
1A' A T |G C T C |A A |[C |6A’
1A® C C |G C T c |G A [T 6A"
1A° A T |G A
1A° C T |C C
Nucleotid | C/AA | TC | C/G | AA/ GC/T |C/IG | CCG/ | AC | C/T
e change |G C/T | CT CC G TC | A G/A | GG
AA 223 140 |91 9 19 50 62 133 | 219
number
AA GlIn/L Asn/ Ala/Va | Leu/ Arg/
change ys Thr 1 Val Trp
SNP + + +
investigat
ed *

* The SNPs that were investigated in the present study are identified by the symbol +.
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Table 4.4. Distribution of genotypes, allele frequencies and Hardy Weinberg equilibrium for
MBL2, SPA-1, SPA-2 and SPD gene polymorphisms.

MBL2 YY YX XX Y X P-value
PROMOTER

Observed 289(59.7%) | 173 (36.0%) | 22 (5.0%) | 751(78.0%) | 217 (22.0%) | 0.83
Expected 291(60.0%) | 168 (35.0%) | 24 (5.0%)

MBL2-B AA AB BB A B

Gly54Asp)

Observed 364(75.0%) | 87 (18.0%) | 35(7.0%) | 815(84.0%) | 157 (16.0%) | 0.00001
Expected 342(70.0%) | 132 (27.0%) | 13 (2.6%)

MBL2-C AA AC CcC A C

(Gly57Glu)

Observed 467(96.0%) | 19 (4.0%) 0 (0%) 953(98.0%) | 19(2.0%) 0.91
Expected 467(96.0%) | 19 (4.0%) 0 (0%)

MBL2-D AA AD DD A D

(Arg52Cys)

Observed 420(86.0%) | 59 (12.0%) | 7 (1.4%) 899(92.5%) | 73 (7.5%) 0.02
Expected 416(85.0%) | 68 (14.0%) | 3 (0.6%)

SPA-1 TT CT CcC T C

(Arg219Trp)

Observed 0(0%) 102 (20.6%) | 392(79.0%) | 102(10.0%) | 886 (90.0%) | 0.04
Expected 5(1.0%) 91 (18.4%) | 397(80.4%)

SPA-2 AA AC CcC A C

(Thr9Asn)

Observed 232(47.9%) | 185 (38.2%) | 67 (13.8%) | 649(67.0%) | 319 (33.0%) | 0.01
Expected 218(45.0%) | 214 (44.2%) | 53 (10.9%)

SPA-2 AA AC CcC A C

(Lys223Gln)

Observed 19 (3.9%) 146 (30.0%) | 321(66.0%) | 184(19.0%) | 788 (81.0%) | 0.89
Expected 17 (3.6%) 149 (30.7%) | 319(65.6%)

SPD TT CT CcC T C
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(Thrl1Met)

Observed

182(37.0%)

233 (48.0%)

71 (14.6%)

597 (61%)

375 (39%)

0.97

Expected

183(37.4%)

230 (47.0%)

72 (15.0%)
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Table 4.5. Distribution of genotypes, allele frequencies and Hardy Weinberg equilibrium for

MBL2 gene polymorphisms based on age grouping (i.e., <25 and >25 years of age).

<25 yrs of age

MBL2 YY YX XX Y X P-
PROMOTER value
Observed 171 (60.2%) | 100(35.2%) | 13 (4.6%) | 442 (78.0%) | 126 (22.0%) | 0.94
Expected 172 (60.5%) | 98 (34.5%) | 14 (4.9%)

MBL2-B AA AB BB A B

(Gly54Asp)

Observed 214 (75.1%) | 65 (22.8%) | 6 (2.0%) | 493 (86.0%) | 77 (14.0%) 0.92
Expected 213 (74.8%) | 67 (23.4%) | 5(1.8%)

MBL2-C AA AC CC A C

(Gly57Glu)

Observed 275 (96.5%) | 10 (3.5%) 0 (0%) 560 (98%) 10 (2.0%) 0.96
Expected 275 (96.5%) | 10 (3.5%) 0 (0%)

MBL2-D AA AD DD A D

(Arg52Cys)

Observed 429 (92.3%) | 32 (6.9%) 4 (0.9%) 890 (96%) | 40 (0.4%) 0.002
Expected 426 (92.6%) | 38 (8.2%) 1 (0.2%)

>25 yrs of age

MBL2 YY YX XX Y X P-
PROMOTER value
Observed 118 (59.0%) | 73 (36.5%) |9 (4.5%) | 309 (77.0%) | 91 (23.0%) 0.86
Expected 119 (59.7%) | 70 (35.1%) | 10 (5.2%)

MBL2-B AA AB BB A B

(Gly54Asp)

Observed 151(75.1%) | 40 (19.9%) | 10 (5.0%) | 342 (85.0%) | 60 (15.0%) 0.009
Expected 145(72.4%) | 51 (25.4%) |4 (2.2%)

MBL2-C AA AC CcC A C

(Gly57Glu)

Observed 193(96.2%) | 8 (4.0%) 0 (0%) 394 (98%) | 8 (2.0%) 0.96
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Expected 193 (96.1%) | 8 (3.9%) 0 (0%)

MBL2-D AA AD DD A D

(Arg52Cys)

Observed 172 (85.6%) | 28 (13.9%) | 1(0.5%) |372(93%) | 30(0.7%) 0.99
Expected 172 (85.6%) | 28 (13.8%) | 1 (0.6%)
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Table 4.6. Distribution of genotypes, allele frequencies and Hardy Weinberg equilibrium for

SPA-1, SPA-2 and SPD gene polymorphisms based on age grouping (i.e., <25 and >25

years of age).

<25 yrs of age

SPA-1 TT CT CcC T C P-
(Arg219Trp) value
Observed 0 (0%) 48 (16.8%) | 237 (83.2%) | 48 (8.0%) | 522 (92%) | 0.30
Expected 2 (0.7%) 44 (15.4%) | 239(83.9%)

SPA-2 AA AC CcC A C

(Thr9Asn)

Observed 140 (49.3%) | 107 (37.7%) | 37(13.0%) | 387(68%) | 181 (32%) | 0.08
Expected 132 (46.4%) | 123 (43.4%) | 29(10.2%)

SPA-2 AA AC CcC A C

(Lys223Gln)

Observed 10 (3.5%) 97 (34.0%) | 178 (62.5%) | 117(21%) | 483 (79%) | 0.77
Expected 12 (4.2%) 93 (32.6%) | 180 (63.2%)

SPD TT CT CcC T C

(Thr11Met)

Observed 108 (37.9%) | 131 (46.0%) | 46(16.1%) | 347(61%) | 223 (39%) | 0.84
Expected 106 (37.1%) | 136 (47.6%) | 44(15.3%)

>25 yrs of age

SPA-1 TT CT CcC T C

(Arg219Trp)

Observed 0 (0%) 46 (22.9%) | 155(77.1%) | 46(11.0%) | 356 (89%) | 0.19
Expected 3 (1.3%) 41 (20.3%) | 158 (78.4%)

SPA-2 AA AC CcC A C

(Thr9Asn)

Observed 92 (46.0%) | 78 (39.0%) | 30 (15.0%) | 262 (66%) | 138 (35%) | 0.15
Expected 86 (42.9%) |90 (45.2%) |24 (11.9%)

SPA-2 AA AC CcC A C

(Lys223Gln)
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Observed 9 (4.5%) 49 (24.4%) | 143 (71.1%) | 67 (17%) | 335 (83%) | 0.22
Expected 6 (2.8%) 56 (27.8%) | 140 (69.4%)

SPD TT CT CcC T C

(Thr11Met)

Observed 74 (36.8%) | 102 (50.7%) | 25 (12.4%) | 250 (62%) | 152 (38%) | 0.5336
Expected 78 (38.7%) | 95 (47.0%) | 29 (14.3%)
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Table 4.7. Pairwise linkage disequilibrium results for MBL2 and pulmonary surfactant gene

polymorphisms.

Pairwise Linkage Disequilibrium D’ (D/Dmax) | p-value | R’
MBL2 gene

MBL2PROM and MBL2-B (Gly54Asp) 0.998 <0.0001 | 0.05
MBL2PROM and MBL2-C (Gly57Glu) 0.987 0.02 0.006
MBL2PROM and MBL2-D (Arg52Cys) 0.997 <0.0001 | 0.02
MBL2-B (Gly54Asp) and MBL2-C (Gly57Glu) 0.204 0.69 0.0002
MBL2-B (Gly54Asp) and MBL2-D (Arg52Cys) 0.879 0.0006 | 0.01
MBL2-C (Gly57Glu) and MBL2-D (Arg52Cys) 0.961 0.23 0.001
MBL2 gene with pulmonary surfactant genes

SPA-1 (Arg219Trp) and MBL2PROM 0.067 0.71 0.0001
SPA-1 (Arg219Trp) and MBL2-B (Gly54Asp) 0.11 0.61 0.0003
SPA-1 (Arg219Trp) and MBL2-C (Gly57Glu) 0.09 0.23 0.001
SPA-1 (Arg219Trp) and MBL2-D (Arg52Cys) 0.03 0.41 0.0007
SPA-2 (Thr9Asn) and MBL2PROM 0.02 0.87 0.004
SPA-2 (Thr9Asn) and MBL2-B (Gly54Asp) 0.21 0.05 0.0003
SPA-2 (Thr9Asn) and MBL2-C (Gly57Glu) 0.18 0.58 0.002
SPA-2 (Thr9Asn) and MBL2-D (Arg52Cys) 0.01 0.90 0.005
SPA-2 (Lys223GIn) and MBL2PROM 0.02 0.56 0.001
SPA-2 (Lys223GIn) and MBL2-B (Gly54Asp) 0.03 0.43 0.001
SPA-2 (Lys223GIn) and MBL2-C (Gly57Glu) 0.45 0.33 0.001
SPA-2 (Lys223Gln) and MBL2-D (Arg52Cys) 0.27 0.22 0.001
SPD (Thr11Met) and MBL2PROM 0.04 0.57 0.0007
SPD (Thr11Met) and MBL2-B (Gly54Asp) 0.05 0.41 0.007
SPD (Thr11Met) and MBL2-C (Gly57Glu) 0.10 0.57 0.0003
SPD (Thrl11Met) and MBL2-D (Arg52Cys) 0.08 0.40 0.0007
Pulmonary surfactant genes

SPA-1 (Arg219Trp) and SPA-2 (Thr9Asn) 0.83 <0.0001 | 0.15
SPA-1 (Arg219Trp) and SPA-2 (Lys223Gln) 0.99 <0.0001 | 0.025
SPA-1 (Arg219Trp) and SPD (Thrl1Met) 0.14 0.07 0.0035
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SPA-2 (Thr9Asn) and SPA-2 (Lys223Gln) 0.40 <0.0001 | 0.077
SPA-2 (Thr9Asn) and SPD (Thrl1Met) 0.19 <0.0001 | 0.028
SPA-2 (Lys223GlIn)and SPD (Thr11Met) 0.28 <0.0001 | 0.029
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Table 4.8. List of haplotypes for MBL2 gene polymorphisms.

MBL2 N (%) %
YAAA 530 55
XAAA 215 22
YBAA 133 14
YACA 16 2
YAAD 69 7
YBAD 1 0.1
YBCA 2 0.2
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Table 4.9. List of haplotypes for SPA-1, SPA-2 and SPD gene polymorphisms found using
PHASE.

SPD(C32T)-SPA-1(C655T)-SPA-2(A667C)-SPA-2(A26C) N %
TCAA 436 | 44.9
TCCT 47 4.8
TAAA 19 2.0
CCAA 138 | 142
CAAA 52 5.3
TCCA 48 49
CACA 71 7.3
CCCA 72 7.4
CCCT 39 4.0
TACA 42 43
TCAT 5 0.5
CCAT 3 0.3
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Table 4.10. List of haplotypes for SPA-1 and SPA-2 gene polymorphisms found using
PHASE.

SPA-2:SPA-1 N %
(SPA-2(A26C)—SPA-2(A667C)—SPA-1(C655T))

CCT 73 7.5
CCC 82 8.4
CAT 75 7.7
CAC 432 44.4
ACT 4 0.4
ACC 15 1.5
AAT 15 1.5
AAC 276 28.4
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Table 4.11. List of haplotypes for SPA-2 polymorphisms found using PHASE.

SPA-2 N (%) %
(SPA-2(A26C)-SPA-2(A667C)

CA 591 61
CC 197 20.3
AA 60 6.2
AC 124 12.8
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Table 4.12. Clinical characteristics of study cohort by MBL2 genotype grouping.

Wild-type Deficient p-value**
N 252 200
Sex (Male/Female) * 126/126 104/96 0.37
Age of CF diagnosis (yrs) 4.4(0.5) 4.8(0.6) 0.54
Current age (yrs) 23.5(0.7) 25.0(0.8) 0.13
%predFEV, (% of predicted) 63.1(1.8) 63.4(1.9) 0.92
BMI (kg/m") 19.8(0.2) 20.6(0.2) 0.009
CFTR genotype*" 174/53/17/8 133/49/11/7 | 0.80
PSS (sufficient/insufficient) 33/219 21/179 0.24
PA infection status (not infected 103/149 61/138 0.02
/chronically infected) ™"
PAI age (yrs) 13.5(0.8) 13.8(1.1) 0.80
N=146 N=120
PAC age (yrs) 14.6(1.0) 14.7(1.1) 0.92
N=94 N=85
Current status (alive/deceased or 209/43 168/32 0.43
transplanted)

* CFTR genotype: homozygous for severe mutations (class 1,2, or 3) / Heterozygous for
severe mutation (class 1,2 or 3) and the other mutation is classified as unknown or
unclassified / homozygous or heterozygous for mild mutation class 4, or 5 / homozygous or
heterozygous for 2 unknown or unclassified mutations.

** P-value denotes univariate ANOVA or chi square results.

+ Values presented are number of patients.

++ PA denotes P. aeruginosa and PA1 and PAC denote first infection and chronic infection

with P. aeruginosa.
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Table 4.13. Clinical characteristics of study cohort by SPA-1 genotype grouping.

CC CT p-value**
N 364 89
Sex (Male/Female) * 182/182 48/41 0.29
Age of CF diagnosis (yrs) 4.2(0.4) 6.2(1.0) 0.04
Current age (yrs) 23.8(0.6) 25.5(1.2) 0.19
%predFEV, (% of predicted) 62.9(1.5) 65.1(2.6) 0.50
BMI (kg/m") 20.0(0.2) 20.6(0.4) |0.14
CFTR genotype*" 248/18/85/13 | 60/10/17/2 | 0.09
PSS (sufficient/insufficient) " 36/328 18/71 0.01
PA infection status (not infected 131/233 33/55 0.81
/chronically infected) ™"
PAI age (yrs) 13.4(0.8) 14.2(1.5) | 0.64
N=215 N=52
PAC age (yrs) 14.5(0.8) 15.0(1.8) | 0.80
N=145 N=35
Current status (alive/deceased or 303/61 81/8 0.07
transplanted)

* CFTR genotype: homozygous for severe mutations (class 1,2, or 3) / Heterozygous for
severe mutation (class 1,2 or 3) and the other mutation is classified as unknown or
unclassified / homozygous or heterozygous for mild mutation class 4, or 5 / homozygous or
heterozygous for 2 unknown or unclassified mutations.

** p-value denotes univariate ANOVA or chi square results.

+ Values presented are number of patients.

++ PA denotes P. aeruginosa and PA1 and PAC denote first infection and chronic infection

with P. aeruginosa.
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Table 4.14. Clinical characteristics of study cohort by SPA-2 genotype grouping. The

grouping is based on whether patients have zero, one, or two copies of the CA haplotype.

2 copies |1 copy of| 0 copies of | p-value**
of CA CA CA
N 179 233 74 486
Sex (Male/Female) * 86/93 124/109 39/35 0.48
Age of CF diagnosis (yrs) 3.9(0.5) 4.5(0.6) 5.2(1.0) 0.51
Current age (yrs) 22.9(0.8) | 23.6(0.8) 25.2(1.2) 0.32
%predFEV, (% of predicted) 60.3(2.2) | 65.4(2.0) 64.3(3.2) 0.21
BMI (kg/m”) 19.9(0.2) | 20.1(0.2) 20.3(0.4) 0.68
CFTR genotype*" 120/45/6/8 | 159/51/16/7 | 53/13/7/1 0.31
PSS (sufficient/insufficient) 17/162 24/209 14/60 0.08
PA infection status (not infected | 65/112 88/141 27/44 0.94
/chronically infected) ™
PAI age (yrs) 12.4(1.0) | 13.5(1.0) 15.1(2.1) 0.39
N=106 N=131 N=39
PAC age (yrs) 14.0(1.0) | 15.0(1.2) 13.7(2.1) 0.78
N=77 N=83 N=24
Current status (alive/deceased 148/31 186/37 65/9 0.59
or transplanted)

* CFTR genotype: homozygous for severe mutations (class 1,2, or 3) / Heterozygous for
severe mutation (class 1,2 or 3) and the other mutation is classified as unknown or
unclassified / homozygous or heterozygous for mild mutation class 4, or 5 / homozygous or
heterozygous for 2 unknown or unclassified mutations.

** P-value denotes univariate ANOVA or chi square results.

+ Values presented are number of patients.

++ PA denotes P. aeruginosa and PA1 and PAC denote first infection and chronic infection

with P. aeruginosa.
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Table 4.15. Clinical characteristics of study cohort by SPD genotype grouping.

TT CT CC p-value**
N 174 217 62
Sex (Male/Female) 86/88 109/108 35/27 0.62
Age of CF diagnosis (yrs) 4.3(0.5) 4.6(0.5) 5.0(1.3) 0.84
Current age (yrs) 23.8(0.8) | 24.3(0.7) 24.7(1.5) 0.80
%predFEV, (% of predicted) 62.2(2.2) |64.9(1.9) 61.1(3.5) 0.52
BMI (kg/m") 19.7(0.2) | 20.4(0.2) 20.5(0.4) 0.10
CFTR genotype*" 118/44/4/8 | 139/20/52/6 | 51/4/6/1 0.01
PSS (sufficient/insufficient) " 15/159 32/185 7/55 0.18
PA infection status (not infected | 64/110 78/138 22/40 0.98
/chronically infected) ™"
PAI age (yrs) 12.7(0.9) | 13.7(1.0) 15.7(2.3) 0.35
N=105 N=122 N=40
PAC age (yrs) 14.2(1.1) | 14.9(1.1) 15.0(2.3) 0.88
N=71 N=84 N=25
Current status (alive/deceased 144/30 183/34 52/11 0.88

or transplanted)

* CFTR genotype: homozygous for severe mutations (class 1,2, or 3) / Heterozygous for
severe mutation (class 1,2 or 3) and the other mutation is classified as unknown or

unclassified / homozygous or heterozygous for mild mutation class 4, or 5 / homozygous or

heterozygous for 2 unknown or unclassified mutations.

** P-value denotes univariate ANOVA or chi square results.

+ Values presented are number of patients.

++ PA denotes P. aeruginosa and PA1 and PAC denote first infection and chronic infection

with P. aeruginosa.
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Table 4.16. Mixed effects models for pulmonary disease progression considering MBL2

deficiency and BCC infection status.

MBL2

Mixed model equation

Pre-acquisition interval

Model 1

Difference in pre-acquisition slope for MBL2 deficient

and wild-type.

MBL2 deficient
MBL2 wild-type
Comparison of MBL2

deficient and wild-type**

Rate of change* =-1.02 SE=0.13 CI: (-1.26, -0.77)
Rate of change =-2.54 SE=0.59 CI: (-5.75, -3.24)
p-value=0.63

Model 2

Difference in slopes in MBL2 deficient and wild type
for BCC infected.

Chronic BCC and MBL2
deficient
Chronic BCC and MBL2
wild-type

Pre-Post change in

%predFEV, comparisons:
MBL2 deficient Vs wild-type
Controls": MBL2 deficient Vs

wild-type

Chronic BCC: MBL2
deficient Vs wild-type
MBL2 deficient: Chronic
BCC Vs Controls

MBL2 wild-type: Chronic
BCC Vs Controls

Rate of change =-2.54 SE=0.59 CI: (-5.75, -3.24)

Rate of change =-4.50 SE=0.64 CI: (-3.69, -1.39)

p-value=0.02
p-value=0.45

p-value=0.02

p-value=0.01

p-value <0.0001

* Rate of change=change in %predFEV/year.

** Includes BCC infected (pre-acquisition interval only) and controls.

" Control group includes CF patients who were transiently infected with BCC. The slopes

for controls are presented in model 1.
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Table 4.17. Survival analysis of the time to event (death or lung transplantation) for CF

patients.
Model RR P-value | Lower Clgs | Upper
Clos
MBL2 (N=476)
MBL2 (Deficient=0/Wild-type=1) 1.42 | 0.64 0.33 6.02
Sex (Male=0/Female=1) 1.47 |0.10 0.93 2.32
CFTR class (mild=1) 0.27 |0.21 0.03 2.11
CFTR class (1,2,3/unknown=1) 0.64 | 0.15 0.35 1.18
CFTR class (unknown/unknown=1) 0.32 |0.27 0.04 2.36
PA infection status (chronically infected=1) | 0.84 | 0.05 0.99 11.32
MBL2 * PA status 0.84 |0.83 0.18 3.86
SPA-1 Model (N=477)
SPA-1 (CC=0/CT=1) 0.82 | 0.81 0.16 4.15
Sex (Male=0/Female=1) 1.36 | 0.20 0.85 2.15
CFTR class (mild=1) 0.27 |0.21 0.03 2.12
CFTR class (1,2,3/unknown=1) 0.61 |0.12 0.33 1.13
CFTR class (unknown/unknown=1) 0.29 |0.22 0.04 2.10
PA infection status (chronically infected=1) | 1.23 | 0.80 0.24 6.32
SPA-1* PA status 1.05 | 0.26 0.47 17.35
SPA-2 Model (N=477)
SPA-2 (1 copies of CA) 1.87 | 0.46 0.36 9.78
SPA-2 (0 copies of CA) 0.65 |0.73 0.59 7.26
Sex (Male=0/Female=1) 1.38 | 0.18 0.86 2.21
CFTR class (mild=1) 0.25 [0.19 0.03 1.99
CFTR class (1,2,3/unknown=1) 0.61 |0.11 0.33 1.12
CFTR class (unknown/unknown=1) 0.29 |0.05 0.04 2.13
PA infection status (chronically infected=1) | 4.29 | 0.05 1.00 18.31
SPA-2 (1 copies of CA)* PA status 0.43 |0.34 0.08 2.45
SPA-2 (0 copies of CA)* PA status 1.28 |0.85 0.10 16.22
SPD Model (N=477)

186




SPD (CC genotype) 0.54 |0.48 0.10 2.98
SPD (CT genotype) 0.24 |0.11 0.04 1.38
Sex (Male=0/Female=1) 1.48 |0.09 0.94 2.35
CFTR class (mild=1) 0.38 |0.36 0.05 3.00
CFTR class (1,2,3/unknown=1) 0.65 |0.17 0.35 1.20
CFTR class (unknown/unknown=1) 0.32 [ 0.26 0.04 2.32
PA infection status (chronically infected=1) | 1.43 | 0.51 0.49 4.14
SPD (CC genotype)* PA status 222 1041 0.34 14.58
SPD (CT genotype)* PA status 4.84 10.09 0.79 29.58

Variables used in the Survival models:

Dependent variables: Event=death or lung transplanted coded as 1 ((0=alive), current age or
age of event.

Main effects: Gene, CFTR class, PA infection status,.

Interactions: Gene * PA infection status.
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Table 4.18. Effect of innate immunity gene polymorphisms on age of first P. aeruginosa

infection.
Model RR P-value Lower Upper
Clos Clos
MBL2 (N=179)
MBL2 (deficient=0/Wild-type=1) 0.89 0.44 0.66 1.20
Sex (Male=0/Female=1) 1.21 0.19 0.91 1.63
CFTR class (mild=1) 0.06 0.006 0.01 0.45
CFTR class (1,2,3/unknown=1) 0.64 0.01 0.45 0.91
CFTR class (unknown/unknown=1) 0.62 0.26 0.27 1.42
SPA-1 (N=267)
SPA-1 (CC=0/CT=1) 1.01 0.96 0.71 1.44
Sex (Male=0/Female=1) 1.24 0.15 0.93 1.66
CFTR class (mild=1) 0.06 0.006 0.01 0.45
CFTR class (1,2,3/unknown=1) 0.64 0.01 0.45 0.92
CFTR class (unknown/unknown=1) 0.64 0.28 0.28 1.45
SPA-2 (N=276)
SPA-2 (1=1 copies of CA), base group | 0.74 0.20 0.47 1.17
is 2CA
SPA-2 (1=0 copies of CA) 0.89 0.48 0.65 1.22
Sex (Male=0/Female=1) 1.22 0.19 0.91 1.63
CFTR class (mild=1) 0.07 0.006 0.01 0.46
CFTR class (1,2,3/unknown=1) 0.65 0.02 0.45 0.91
CFTR class (unknown/unknown=1) 0.66 0.32 0.29 1.51
SPD (N=267)
SPD (1=CC), case group is TT 0.74 0.18 0.47 1.15
SPD (1=CT) 1.05 0.74 0.77 1.44
Sex (Male=0/Female=1) 1.26 0.12 0.94 1.68
CFTR class (mild=1) 0.06 0.005 0.01 0.43
CFTR class (1,2,3/unknown=1) 0.62 0.008 0.43 0.88
CFTR class (unknown/unknown=1) 0.61 0.24 0.27 1.39
* Formula:
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Dependent variables: Age of 1% infection (age of chronic infection), PA infection status
(0/1=not infected/chronically infected).

Main effects: Sex + Modifier gene SNP(s) + CFTR class

Interactions: Modifier gene* CFTR class

" CFTR class: The comparison is CFTR class noted in table versus base group of

homozygous severe CFTR class 1, 2, or 3.
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Table 4.19. Effect of innate immunity gene polymorphisms on age of chronic P. aeruginosa

infection.
Model RR P-value Lower Upper
Clos Clos
MBL2 (N=183)
MBL2 (CC=0/CT=1) 0.94 0.66 0.69 1.26
Sex (Male=0/Female=1) 1.19 0.24 0.89 1.61
CFTR class (mild=1) 0.47 0.45 0.07 3.37
CFTR class (1,2,3/unknown=1) 0.75 0.11 0.53 1.06
CFTR class (unknown/unknown=1) 0.57 0.18 0.25 1.30
SPA-1 (N=184)
SPA-1 (CC=0/CT=1) 0.98 0.91 0.68 1.40
Sex (Male=0/Female=1) 1.20 0.23 0.89 1.61
CFTR class (mild=1) 0.49 0.48 0.07 3.49
CFTR class (1,2,3/unknown=1) 0.75 0.11 0.53 1.07
CFTR class (unknown/unknown=1) 0.58 0.19 0.25 1.32
SPA-2 (N=184)
SPA-2 (1=1 copies of CA), base group | 0.96 0.81 0.69 1.33
is 2CA
SPA-2 (1=0 copies of CA) 1.20 0.45 0.75 1.93
Sex (Male=0/Female=1) 1.19 0.25 0.88 1.62
CFTR class (mild=1) 0.51 0.50 0.07 3.62
CFTR class (1,2,3/unknown=1) 0.74 0.10 0.52 1.06
CFTR class (unknown/unknown=1) 0.53 0.14 0.23 1.24
SPD (N=184)
SPD (1=CC), case group is TT 0.87 0.56 0.55 1.39
SPD (1=CT) 0.96 0.80 0.70 1.32
Sex (Male=0/Female=1) 1.19 0.26 0.88 1.60
CFTR class (mild=1) 0.49 0.47 0.07 3.48
CFTR class (1,2,3/unknown=1) 0.74 0.10 0.52 1.06
CFTR class (unknown/unknown=1) 0.56 0.17 0.24 1.29
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* Formula

Dependent variables: Age of chronic infection with PA, PA infection status (0/1=not

infected/chronically infected).
Main effects: Sex + Modifier gene SNP(s) + CFTR class

Interactions: Modifier gene* CFTR class.
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Table 4.20. Clinical characteristics of study subjects used for investigating BCC genomovar
and pulmonary disease progression (chronically and transiently infected with BCC and the
control group). Values are shown as mean (SEM) and the p-values are from univariate

analysis of variance. The p-values from chi-square analysis of categorical variables are also

presented.
BCC infected BCC infected Control -3 P-value
(sporadic)-1 (chronic)-2
Sex (M/F) 6/14 36/34 105/88 0.11
Age (years) 16.3(1.5) 24.7(1.0) 22.2(0.8) 0.005*
2>3>1; 3>1
Age of CF diagnosis 1.5(0.5) 2.4(0.8) 5.4(0.7) 0.01
(years) 1>2>3
%predFEV, 67.9(6.9) 42.7(3.0) 69.5(2.1) 0.005
3>2>1; 2>1
BMI (kg/m”) 18.3(0.7) 19.2(0.3) 19.9(0.2) 0.03
PSS 0/20 65/5 165/28 0.06
(insufficient/sufficient)
# of P. aeruginosa 8/12 18/52 84/109 0.03
positive/not colonized
Age of 1% infection 7.9(1.2) 11.4(1.2) 12.6(0.8) 0.09
with P. aeruginosa N=20 N=47 N=149
Age of chronic P. 9.6(1.3) 11.6(1.3) 13.9(0.9) 0.16
aeruginosa infection N=I11 N=35 N=102
Dead or lung 14/6 35/35 167/26 0.0001
transplanted / alive
Age of BCC infection | 11.6(1.3) 18.6(1.0) 0.001
(yrs)
%predFEV, at BCC 76.2(5.5) 62.4(3.0) 0.04
acquisition

* P-value and significant post-hoc comparisons are presented. 1, 2, 3 represent transient

BCC infection, chronic BCC infection and control group, respectively.
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Table 4.21. Linear mixed effects models for BCC infection and pulmonary disease

progression.

Model 1 Difference in post-acquisition slope in chronic BCC
Vs transient BCC Vs non-infected controls

Controls Rate of change* =-1.44 SE=0.15 CI: (-1.74,-1.13)

Transient BCC infection

Chronic BCC infection

Comparisons:

Chronic Vs controls
Transient Vs chronic BCC

Transient Vs controls

Rate of change =-2.77 SE=0.86 CI: (-4.46,-1.08)
Rate of change =-3.52 SE=0.41 CI: (-4.33,-2.72)

p-value=0.04
p-value=0.43
p-value=0.13

Model 2 Difference in post-acquisition slope in chronic BCC
GEN IIHA Vs chronic BCC GEN II versus non-
infected controls

Controls

Chronic BCC GEN II Rate of change =-1.42 SE=0.15 CI: (-1.72,-1.11)

Chronic BCC GEN IIIA (RAPD-type
1,4,6)

Chronic BCC GEN IIIA (RAPD-type 2)
Chronic BCC GEN I/IV/V

Comparisons to non-infected controls:
Controls Vs GEN 11

Controls Vs GEN IIIA (RAPD-type 1,4,6)
Controls Vs GEN IIIA (RAPD-type 2)
Comparison of GEN IITA RAPD-type
RAPD-type 1.4.6 Vs RAPD-type 2
Comparison of GEN IIIA to GEN II:
GEN IIIA (RAPD-type 1,4,6) Vs GEN 11
GEN IIIA (RAPD-type 2) Vs GEN 11
Collapsed GEN IITA

Chronic BCC GEN IIIA(RAPD-type

Rate of change=-3.56 SE=0.91 CI: (-5.34,-1.78)

Rate of change =-4.19 SE=0.71 CI: (-5.57,-2.80)
Rate of change =-2.80 SE=0.70 CI: (-4.17,-1.43)

p-value =0.02
p-value=0.0001
p-value=0.05
p-value=0.16

p-value=0.59
p-value=0.51

Rate of change =-3.51 SE=0.50 CI: (-4.48,-2.53)
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1,2,4,6)

Comparisons:

GEN IIIA Vs controls
GEN IITA Vs BCC GEN 11

Slopes for GEN II and controls are as above

p-value=0.00004
p-value=0.96

Model 3: Concurrent P. aeruginosa

Difference in post-acquisition slope in chronic BCC

infection Vs non-infected controls based on whether also
infected with P. aeruginosa (PA)

Controls no PA Rate of change =-0.46 SE=0.24 CI: (-0.93, 0.01)

Controls with PA Rate of change =-2.01 SE=0.19 CI: (-2.37, -1.64)

Chronic BCC no PA Rate of change =-2.20 SE=0.66 CI: (-3.50,-0.91)

Chronic BCC with PA Rate of change =-4.28 SE=0.51 CI: (-5.28,-3.28)

Comparisons:
Chronic BCC no PA Vs Controls with PA

Chronic BCC with PA Vs Controls with
PA

p-value=0.02
p-value <0.0001

* Rate of change=change in %predFEV/year
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Table 4.22. Clinical characteristics of study subjects used for investigating BCC genomovar
and MBL2 deficiency and pulmonary disease progression. Values are shown as mean (SEM)
and the p-values from univariate analysis of variance. The p-values from chi-square analysis

of categorical variables are also presented.

Total BCC infected | Total control | P-value
used for MBL2 used for
MBL2

Sex (M/F) 20/19 219/208 0.50
Age (years) 26.0(1.5) 24.0(0.5) 0.28
Age of CF diagnosis (years) 3.2(1.3) 5.0(0.4) 0.21
%predFEV, 47.7(4.2) 65.1(1.4) 0.001
BMI (kg/m") 20.1(0.5) 20.2(0.2) 0.90
PSS (insufficient/sufficient) 3/35 54/373 0.29
# of P. aeruginosa positive/not | 12/26 159/267 0.30
colonized*
Age of 1% infection with P. 13.8(2.0) 13.6(0.7) 0.94
aeruginosa*
Age of chronic P. aeruginosa 12.7(1.7) 14.7(0.8) 0.38
infection*
Dead or lung transplanted / 25/13 371/56 0.001
alive
Age of BCC infection (yrs) 18.8(1.5)
%predFEV, at BCC acquisition | 68.1(4.3)

*For longitudinal analysis of MBL2 and pulmonary disease progression the total sample
sizes available for calculation of age of 1% infection and chronic infection with P.

aeruginosa were 30/246 and 22/162 (chronic/control), respectively.
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Figure 4.1. Schematic overview of the three pathways that activate complement. The MBL2
protein activates complement through the lectin pathway. The activated plasma complement
proteins can directly activate complement cascade through the alternative pathway. Their
effect is immediate compared to the classical pathway, which requires 5-7 days for antibody

production. Diagram adapted from Janeway and Travers (183).
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CHAPTER 5: GLUTATHIONE METABOLISM ASSOCIATED GENES AS
POTENTIAL MODIFIER GENES IN CYSTIC FIBROSIS

A version of this chapter may be published in the future.
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5.0 INTRODUCTION

In this chapter we investigated genes which are involved in the removal of reactive oxygen
species by glutathione peroxidases; genes that can influence glutathione synthesis and
function (glutathione-S-transferases and the rate limiting enzyme glutamate cysteine ligase
catalytic subunit). The effect of an amino acid changing polymorphism in glutathione-S-
transferases P1 and gene deletions in glutathione-S-transferases M1 and T1, and a repeat
polymorphism in the glutamate cysteine ligase catalytic subunit gene and their effects on
pulmonary disease severity and progression, survival and succeptibility to infection with

common CF pathogens were investigated.

5.1 RATIONALE FOR THE INVESTIGATION OF GLUTATHIONE
METABOLISM GENES AS POTENTIAL MODIFIERS IN CF

The respiratory epithelium is a protective barrier that modulates inflammatory and metabolic
responses to oxidative stress. The respiratory epithelium is exposed daily to oxidants which
are generated as part of normal metabolism by the body as well oxidants which are inhaled
and include: mineral dust, ozone, nitrogen oxides, ultraviolet and ionizing radiation, car

exhaust (1) and cigarette smoke (2). Reactive oxygen species (ROS) are generated as part of:

= Cellular respiration in the mitochondrial electron transport chain by the
cyclooxygenase pathway and other cellular enzymes (xanthine oxidase, cytochrome
P450 oxidase),

= Normal host defense and chronic inflammation by inflammatory cells (i.e.,
neutrophils, eosinophils and alveolar macrophages (3)) and respiratory tissue

(alveolar and bronchial epithelium and endothelium (4, 5)).

Most ROS are due to reduction of molecular oxygen and generation of superoxide anions
(O7). Other ROS include hydrogen peroxide (H,O,), nitric oxide, and hydroxyl radicals.
ROS are removed by antioxidants and a complex system of antioxidant defense has evolved
to maintain cellular homeostasis and includes numerous antioxidant enzymes such as

glutathione peroxidases, catalase, superoxide dismutases, hemeoxygenase and others.
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Oxidative stress results when there is an imbalance between oxidants and antioxidants. A
build up of ROS has been shown to lead to peroxidation of cell membrane lipids, depletion
of nicotinamide nucleotides, increases in intracellular calcium ions, cytoskeleton disruption
and DNA damage (6). Oxidative stress has been implicated in contributing to tissue injury in

numerous respiratory disorders (7).

In this chapter we explore genes which are involved in the removal of ROS by glutathione
peroxidases. Reduced glutathione (GSH) is involved in metabolism, amino acid transport
and protection of the cell from reactive molecules and toxic compounds of endogenous and
exogenous origin (8). GSH, also called L-y-glutamyl-L-cysteinyl-glycine, is a ubiquitous
tripeptide which is produced by both animals and plants from the amino acids glutamine,
glycine and cysteine. Cysteine is the rate-limiting amino acid in the reaction. The sulfur-
hydrogen (thiol) group is a potent reducing agent and GSH is one of the two most important
water-soluble antioxidants available (ascorbic acid is the other). GSH exists in two forms:
the antioxidant reduced form (GSH) and the oxidized form which is a sulfur-linked

compound and is also known as glutathione disulfide (GSSG) (Figure 5.1).

Water-soluble antioxidants are present in the cell cytosol and are also found extracellularly.
GSH can be recycled. The CFTR protein is implicated in modulating epithelial reduced
glutathione transport. The CFTR channel is permeable to chloride, but has also been shown
to be permeable to other larger organic anions including reduced glutathione (9, 10). GSH is
present in the airway surface lining (ASL) fluid, blood plasma, semen and saliva. In recent
years abnormal transport of reduced glutathione in CF has been implicated in the lung
pathology that has been documented in this disease. In addition, there are similarities in the
lung pathology seen in CF with that in other diseases where GSH deficiency has been
implicated. GSH is an important antioxidant and helps protect the lung from repeated and

chronic exposure to reactive oxygen species.

GSH deficiency in the airway surface lining (ASL) fluid has been reported in: chronic
obstructive pulmonary disease (COPD) (11), acute respiratory distress syndrome (12),
idiopathic pulmonary fibrosis in non-smokers (13), idiopathic respiratory distress syndrome
(14) and in HIV-positive patients (15-18). Konstan and coworkers (19) and others (20-22)

have shown the presence of inflammation in the absence of infection in CF patients. In
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addition, others have shown constitutively elevated levels of inflammatory mediators and
cytokines in CF patients (23, 24). High levels of neutrophils have been reported in the
bronchoalveolar lavage (BAL) fluid of CF patients, and have even been shown in CF
patients who have stable and mild pulmonary disease during initial and early pulmonary
infections (25). While CF patients in the early stages of pulmonary disease are capable of
clearing pathogens without the use of antibiotic intervention (25), this is not the case over
longer follow-up. Abman and colleagues have shown that as early as 2 years of age the
capacity of CF patients to clear pathogens without adjuvant therapy is reduced and chronic
colonization is common despite the continuous high influx of neutrophils into the CF

airways (26).

GSH regulates inflammation and the immune response and promotes mucolysis. GSH
deficiency leads to an enhanced inflammatory response and elevated levels of inflammatory
cytokines which in turn leads to macrophage and neutrophil recruitment into the airways
(27, 28). Depletion of extracellular GSH has been shown to compromise antioxidant
capability and specifically oxidant-derived inactivation of the antiprotease system has been
shown to result in unchecked activity of neutrophil elastase (29), which can contribute to
lung damage. GSH can reduce the viscoelasticity of mucus by cleaving the disulfide bonds
of secreted mucins (30). An increase in mucin secretion in the presence of P. aeruginosa has
also been shown in GSH deficiency (31). Indirectly, GSH depletion has also been shown to
lead to increased neutrophil elastase levels which also stimulate mucin secretion (32).
Considering that CF is characterized by high levels of neutrophil elastase, mucus
hypersecretion and increased mucus viscosity, deficiency in extracellular GSH will likely
contribute to the pattern of lung damage shown in CF. Most likely some of this lung damage
can be attributed to further oxidation of oxidized glutathione (GSSG) into long-lasting

oxidants (chloramines) which have been shown to damage lung tissue (33, 34).

5.1.1 Tissue distribution and function of GSH

GSH is made by virtually every cell of the body. Redox equilibrium for GSH is established
within each of these cells and the efflux of GSH from the cells establishes redox equilibrium
outside the cells as well. The extracellular redox equilibrium varies with each body system
and for the ASL fluid the level of GSH is 140 times the normal levels of GSH in blood

plasma. GSH is synthesized in the cytoplasm and levels have been reported to range from 1-
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10 mM (35), but up to 400 mM have been reported in ASL fluid of healthy non-CF patients
(36). The lung is the major importer of GSH and ASL fluid contains high levels of GSH (36,
37). However, in CF, GSH levels are low in the ASL fluid (10) and also in the plasma (38).

5.1.2 GSH deficiency is a common characteristic in CF

Deficit in GSH levels in ASL fluid to 5-10% of normal and plasma levels to 50% of normal
have been reported in CF patients (39). A systemic deficiency in GSH has been shown in
CF and other chronic diseases. This extracellular deficiency has been purported to lead to
oxidant damage of airway epithelial cells and lung fibrosis, and is associated with reduced
pulmonary function and increased adhesion of bacteria to airway epithelial cells (11, 40-42).
Additionally, reduced intracellular GSH levels have been shown in the peripheral blood
lymphocytes of CF patients (43). Boxer and associates (44) showed increased release of
hydrogen peroxide by leukocytes in the case of intracellular GSH deficiency. GSH directly
neutralizes hydrogen peroxide (HOCI; the reaction is: 2 GSH + HOCI —-GSSG + H,0 +
HCI) (44). Specifically, defective CFTR is hypothesized to create an antioxidant imbalance.
The chronic oxidative stress in CF is exacerbated by decreased antioxidant capacity in the
ASL fluid and plasma. GSH deficiency also causes oxidant injury to, and impairs the
function of, the liver (45, 46) and the pancreas (47) and is associated with a number of

clinical disorders (48-50).

Gao and co-workers have shown low levels of GSH in the apical fluid from CF airway
epithelial cells and they showed that this decreased GSH content is due to defective GSH
efflux (10). Lindsell and Hanrahan showed that chemical clamping of the CFTR channel in
baby hamster kidney cells resulted in cessation of GSH efflux (9). Velsor and associates in
their in vivo work demonstrated that absence of CFTR gene product:

= Affects (reduces) GSH and oxidized GSH concentrations in ASL fluid,

= Increases activities of airway antioxidant enzymes and,

= May stimulate oxidative stress in CFTR knock-out mice (51).
In their experiments (51) they investigated levels of GSH and oxidized GSH, glutathione
reductase (GR), glutathione peroxidase (GPx) and y-glutamyltransferase (y-GT). They
showed increased activity of GR and GPx and unchanged activity for y-GT in ASL fluid and

increased levels of some oxidative stress markers (i.e., thiobarbituric acid reactive
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substances and 8-hydroxy-2-deoxyguanosine) in the lung tissue from CFTR knock-out mice

(51).

Gao and associates (52) investigated restoring apical GSH content by pharmacologically
increasing chloride secretion to increase GSH secretion. They used a synthetic peptide
which could induce transepithelial chloride and fluid transport in a number of cell types
including CF airway epithelial cells (IB3-1). They used this synthetic chloride channel-
forming peptide (N-K4-M>GlyR) to bypass CFTR-dependent chloride transport. They
illustrated that GSH efflux was dependent on chloride permeability and not CFTR protein
per se. The synthetic peptide formed another chloride channel on the apical surface of
airway epithelial cells and allowed for GSH transport. They also increased potassium
movement through the basolateral membrane with the use of chlorzoxazone (a basolateral
potassium channel activator) which had two effects which ultimately led to more GSH
secretion to the apical surface; a) increased potassium recycling through basolateral
potassium channels (i.e., K' channel and Na'/K'/CI" co-transporter) and thus increased
apical chloride secretion, b) chlorzoxazone hyperpolarized the cells allowing increased

potassium leakage to the basolateral fluid (52).

The presence of residual levels of GSH in CF shows that there are some cells in the CF
patient that are capable of GSH efflux (43). To be capable of GSH secretion these cells
would therefore possess alternate channels redundant to the CFTR channel and CFTR co-
stimulation. One likely candidate for this function is the ABC transporter family protein,
multidrug resistance protein (MRP), and cells that normally express MRP are cells involved
in transport and/or detoxification and include hepatic cells and cells derived from
hemocytoblasts such as red blood cells, neutrophils, monocytes and macrophages, and
lymphocytes (T and B cells). The low levels of GSH reported by Lands and associates (43)
suggest that cells capable of GSH transport through alternate channels are GSH depleted in
CF. Neutrophils produce superoxide and hydrogen peroxide. It seems, however that the
neutrophils even in the excess numbers seen in CF airways are inefficient at fighting
infections. The stepwise killing process of pathogen for neutrophils involves pathogen
internalization (phagocytosis) and then fusion of the phagosome with intracellular granules
where the pathogen is killed via oxygen dependent and independent pathways. The

intracellular granules contain preformed antimicrobials in concentrated form and enzymes
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which convert oxygen into ROS. Depleted intracellular GSH decreases the effectiveness of

these cells in superoxide production (44).

Chronic and severe GSH deficiency reduces the effectiveness of the antiprotease system. CF
is characterized by an imbalance between o;-AT and neutrophil elastase (NE) in the airways
of patients with CF. Low levels of extracellular GSH do not prevent small water soluble
oxidants from inactivating the major antiproteases of the lower and upper respiratory tract
i.e. a;-AT and secretory leukoprotease inhibitor (SLPI), respectively. Therefore an
imbalance with unbound neutrophil elastase is created (25, 53) contributing to injury of the
connective tissue of CF airways. Unbound NE has been shown to cleave lung elastin,
fibronectin, immunoglobulins, complement receptors on neutrophils and receptors on T and
B-cells (54). High levels of NE have also been associated with inhibition of ciliary beating,
stimulation of mucus secretion from goblet cells and with facilitation of adhesion of P.
aeruginosa to airway cells (54).GSH is also implicated in lung surfactant maintenance; a)
oxidant damage may degrade surfactant (55), b) GSH deficiency is associated with failure to
maintain adequate levels of phosphatidylcholine (56); consequently pulmonary surfactant

levels may be insufficient and therefore contribute to pathogen invasion.

Kokura and colleagues have shown neutrophil-endothelial cell adhesion is adversely
affected by GSH depletion (57). The reduced extracellular GSH also results in a negative
feedback for resynthesis of oxidized GSH (GSSG) to GSH by glutathione reductase and
reduced nicotinamide adenine dinucleotide phosphate (NADPH). Instead GSSG is further
oxidized to chloramines which are oxidants with a long half life. Studies have shown
diminished reduction of GSSG in a GSH deficient environment (33, 34) and elevated levels
of glutathione reductase implying low use of this enzyme in CF patients (58). In this case
there is likely further oxidation of GSSG (59, 60) and this shift to oxidation has been shown
to decrease glutamate cysteine ligase activity (61). Alterations in cell structure which
include injury to epithelial and endothelial cells have been shown to result from GSH
depletion (62). These changes compromise the integrity of the lung tissue and facilitate
adhesion of pathogens (63). GSH deficiency also directly stimulates mucin hypersecretion
(31, 64) and contributes to the increased viscosity of mucus (35, 65). Extracellular GSH is

used to breakdown mucus; GSH facilitates the cleavage of disulfide bonds in mucus and
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makes mucus “thinner” (i.e., less viscous). Additional consequences of GSH deficiency
include: a) increased lipid peroxidation, and b) potential effects on the level and diffusion of

nitric oxide species (65).

Given the variable clinical course in CF patients with the same CFTR genotype and the role
of GSH in antioxidant defenses, differences in the ability to synthesize GSH may help
explain some of the heterogeneity observed in pulmonary disease course. Glutathione is
likely an important factor in the modulation of oxidant-induced lung injury in CF. Genetic
determinants of glutathione synthesis and function therefore may modify CF lung injury.
Genes that can influence glutathione synthesis and function can therefore be potential

modifier genes in CF lung and liver disease.

5.1.3 Modifier genes to explain the heterogeneity in pulmonary and liver disease

severity in CF

5.1.3.1 Pathway for glutathione synthesis and metabolism and potential modifier genes

for pulmonary disease severity in CF

Figure 5.1 shows the pathway of glutathione synthesis and metabolism. GSH is synthesized
in the cytoplasm and this synthesis is catalyzed by two enzymes which utilize ATP. The rate
limiting step is glutamate cysteine ligase which catalyzes the ligation of glutamic acid to
cysteine. The availability of cysteine is the rate limiting factor in the reaction. Cysteine is
generated from the essential amino acid methionine. An essential amino acid is defined as
one which cannot be synthesized by the body but is required by the body and needs to be
obtained from foods or from the turnover of endogenous protein. When cells are confronted
with GSH depletion or oxidative stress, glutamate-cysteine ligase catalytic subunit (GCLC)
gene expression is upregulated (11, 66, 67). In mammalian species the enzyme glutamate
cysteine ligase is composed of two catalytic subunits. The larger catalytic subunit (73 kDa)
is encoded by the GCLC subunit on chromosome 6p12 (68). The smaller modifier subunit
(31 kDa) is encoded by the gene glutamate cysteine ligase regulatory subunit (GCLR) on
chromosome 1p22 and is thought to have a regulatory function on the kinetic efficiency of
GCLC (69). GCLC can carry out all the catalytic activity required and is feedback inhibited
by GSH, thereby ensuring homeostatic control over GSH synthesis (11, 66, 67). Upstream

of the GCLC translation start codon (10 base pairs from the 5° start codon) a GAC
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trinucleotide repeat has been reported (70). Common repeats shown in the Caucasian
population are 7, 8, and 9 GAC repeats (71). Variation in the size of the repeat is
hypothesized to influence transcription rate, transcription efficiency, possibly RNA stability
and may also potentially result in nucleotide differences in the regulatory sequences or
within the coding region (68). Walsh and co-workers have shown a positive association
between the number of GAC repeats and GSH levels (68). McKone and associates(72)
investigated the association of GCLC GAC repeat polymorphisms in a CF cohort of patients
recruited from the Seattle adult CF clinic and also used our Vancouver adult and children’s
CF clinic study cohort to increase their sample size. They used similar grouping, as in our
study, for GAC repeat genotype but varied in their grouping for CFTR genotype from
grouping used in the present study. Using cross-sectional data they showed a trend between
GAC repeat genotype and %predFEV; (p=0.10), and a significant association (p=0.001)
within the CF patients with a mild CFTR genotype (i.e., homozygous or heterozygous for at
least one class 4, or 5 mutation). Their mild CFTR genotype group also included CF patients
with mutations classified as unknown or unclassified (72). Additionally, two single
nucleotide polymorphisms in the GCLC gene have been recently identified and shown to

result in GSH deficiency (73, 74).

The second reaction leading to reduced glutathione synthesis involves the combining of y-
glutamylcysteine with glycine to generate GSH and this reaction is catalyzed by glutathione
synthase (Figure 5.1). The enzyme glutathione synthase does not have a regulatory role (11).
One of the applications of GSH is for free radical scavenging. Therefore, other possible
candidates in the GSH pathway are the glutathione S-transferase (GST) isoenzymes. GST
conjugates reactive compounds to GSH prior to excretion from the body. GST also acts as a
glutathione peroxidase and converts lipid peroxides to a hydroxyl form and oxidizes GSH to
GSSG. GSSG can be recycled back to GSH again by the enzyme glutathione reductase,
which uses coenzyme NADPH as a source of electrons. Oxidant stress causes alterations in
redox balance by affecting changes in the GSH:GSSG ratio which in turn influence the

expression of transcription factors including NF«kB.

There are two supergene families that encode proteins with glutathione S-transferase

activity. There are 16 genes that encode proteins expressed in tissue cytosol and six genes
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that encode proteins expressed in cell membranes. There are eight distinct gene families that
encode cytosolic soluble GST enzymes:

= Alpha on chromosome 6p

=  Mu on chromosome 1p (GSTM)

= Theta on chromosome 22q (GSTT)

* Pion chromosome 11q (GSTP)

= Zeta on chromosome 14q

= Sigma on chromosome 4q

= Kappa (expressed in mitochondria, unknown chromosomal location)

= Chi or omega on chromosome 10q
GSTM1 and GSTP1 are expressed in airway epithelial cells. Polymorphisms have been
described for the mu, pi and theta class clusters. There are 5 mu genes situated in tandem
(telomere-GSTM4-GSTM2-GSTM1-GSTMS5-GSTM3-centromere) and spaced 20 kb apart
on chromosome 1p13.3 (75). GSTM enzymes detoxify alpha and beta unsaturated carbonyls
which are products of cigarette smoke, lipid peroxidation, damaged DNA and quinine-
containing oxidation products of catecholamines (76-79). Individuals homozygous for the
deletion of GSTMI express no protein. Homozygosity for the null GSTM1 genotype is
common, with reported frequency of 40-60% in Europeans, Japanese and white Americans
(and 25% in black Americans) (80) and has been associated with increased risk for some
cancers (81, 82), pulmonary emphysema in combination with lung cancer (83), severe
chronic bronchitis in heavy smokers (84) and lung cancer in heavy smokers (85, 86).

Deletion of GSTM1 has been investigated in a few studies in small CF cohorts.

Baravov and co-workers showed that homozygosity for the GSTM1 deletion was associated
with earlier CF diagnosis and death prior to the age of 5 years (87). Hull and Thomson (88)
investigated homozygosity for the GSTM1 deletion in 53 CF children. Prevalence for
homozygosity of the GSTM1 deletion genotype in their cohort was 49%. In their study they
showed worse chest radiographic scores and S-K clinical scores in CF patients who were
homozygous for the GSTM1 deletion polymorphism. There sample was homogeneous for

CFTR genotype severity with all their patients homozygous for severe CFTR mutations.

GSTP1 is located on chromosome 11q13. The GSTP1 enzyme is involved in detoxification

of carcinogens and mutagenic compounds; GSTP1 metabolizes, low molecular weight
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halogenated compounds and reactive epoxides (thymine hydroperoxide, arachidonic acid
hydroperoxide). The gene is composed of 7 exons and in exon 5 there is a polymorphism at
codon 105 which results in an amino acid change from isoleucine (ATC) to valine (GTC).
The consequence of this amino acid substitution is a change in catalytic activity. The
prevalence of the valine polymorphism is 31% (89). A seven fold higher efficiency for diol
epoxides of polycyclic aromatic hydrocarbons has been shown for GSTP1 enzymes
containing valine at codon 105 rather than isoleucine (90). The GSTP1 (Ilel105Val)
polymorphism has been associated with bladder and testicular cancer (91) and lung cancer in
smokers (92). He and co-workers investigated the GSTP1 Ile105Val polymorphism and the
null mutations for GSTM1 and T1 in COPD patients who smoked and were part of the Lung
Health Study and they showed a more rapid decline in %predFEV, in patients who had the
cumulative effect of the presence of the null polymorphisms in GSTM1 and GSTT1 and the
Ile/Ile genotype for GSTP1 at codon 105 (93). Others have shown homozygosity for valine
for GSTP1 at codon 105 to be associated with reduced airway hyperresponsiveness and

atopy in adults (94, 95) and children (96).

There are 2 GSTT genes that have similar structures with identical intron and exon
boundaries and are separated by 50 kb (97). The chromosomal location of GSTTI is
22q11.2. GSTTI1 is expressed in the liver and red blood cells. The frequency of the GSTTI1
gene deletion is 38% and the prevalence of homozygosity for the deletion is 14% in
Caucasians (98). Individuals homozygous for the deletion express no protein (98).
Individuals who have a null genotype have been shown to have reduced ability to conjugate
GSH with environmental carcinogens and toxins (dibromoethane, dichloromethane, ethylene
oxide, methylene chloride and methyl bromide) (98-100). Decreased metabolism of these
compounds in human blood has been attributed to the GSTT1 gene deletion (98, 101, 102).
Wiebel and associates showed that having two functional GSTT1 alleles was associated with
double enzyme expression (103). Deletion of GSTT1 has been previously investigated and
has been associated with more rapid decline in pulmonary function in smoking COPD

patients (93), susceptibility to cancer (104), and worse prognosis from cancer (104, 105).

5.1.3.2 Liver disease in CF and modifier genes
The liver is a major site of GSH synthesis and GSH export and the hypothesis postulated is

that alterations in GSH transport contribute to CF liver disease. GSTT1 and GSTMI1 are
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expressed in the liver and were investigated in this study for their role in contributing to CF
liver disease. Studies have shown an association between GSH depletion in liver cells and
cirrhosis of the liver and end-stage liver disease (45, 46, 106, 107). GSTM1 and GSTP1 are
expressed in biliary epithelial cells and hepatic stellate cells and GSTM1 is also expressed in
hepatocytes (108, 109). CFTR is expressed in biliary epithelial cells and contributes to
ductal bile secretion and in CF the CFTR defect has been shown to impair ductal bile
secretion (110). The prevalence of liver disease in CF is 1% and it is the second leading
cause of death in CF patients after pulmonary disease and accounts for 2% of overall
mortality (111). The GST genes are potential candidate modifiers of CF liver disease as low
levels or low expression of different isoforms of these enzymes would affect (reduce)
conjugation of various electrophiles with GSH (112). The GSTM class accounts for more
than 50% of the cytosolic GST detoxifying activity (113). Henrion-Caude and associates
(112) genotyped 106 Caucasian CF patients attending 2 CF clinics in France for the GSTM1
deletion polymorphism and the GSTP1 (Ile105Val) polymorphism. They showed an
association with liver disease and the GSTPI Ile/Ile genotype and this relationship persisted
in CF patients who were homozygous or heterozygous for the CFTR delta F508 mutation.
Henrion-Caude and associates postulated that GSTP1 Ile/Ile genotype may be a modifier
gene in CF-related bile duct-type liver disease, as GSTP1 is expressed at high levels in
biliary epithelial cells (108). They also posed an alternative hypothesis that GSTPI1 is a

modifier gene of liver fibrosis.

5.1.3.3 Summary of literature findings

The findings to date show that the CFTR is a potential channel which is used to export GSH
extracellularly. The defective CFTR channel in CF would explain the low extracellular
levels of GSH and normal intracellular levels of GSH. In CF pulmonary disease, CF patients
who have some CFTR function, that is carry at least one mild CFTR mutation belonging to
class IV or V would allow some chloride conductance and would also have the ability to
transport GSH out of the cell. Whether partially functioning CFTR would be adequate for
GSH transport is unclear. CF patients who have two severe CFTR mutations (i.e., class I, II
or III) where there is no chloride conductance will also show no GSH transport through the
mutant CFTR. We thus hypothesize that patients with some CFTR function and who do not
have the deletion polymorphism for GSTM1 and GSTT1 will have better pulmonary

function and a lower rate of decline in pulmonary function over time compared with CF
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patients who have the deletion polymorphisms for GSTMI1 and GSTT1. We also
hypothesize those CF patients who are homozygous or heterozygous for isoleucine for the
GSTP1 (Ilel05Val) polymorphism will show increased pulmonary disease severity and
progression. GSTT1, GSTM1 and GSTP1 polymorphisms resulting in decreased levels of
these enzymes, regardless of CFTR genotype will be associated with earlier chronic
colonization with respiratory pathogens, more severe pulmonary disease severity and
progression. CF patients who have a lower number of GCLC GAC repeats will show worse
pulmonary disease severity and progression. The GSTT1 and GSTMI deletion
polymorphisms and GSTP1 (Ile105Val) polymorphism will be associated with susceptibility

to CF liver disease.
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5.2 RESULTS

5.2.1 Hardy Weinberg equilibrium

Table 5.1 shows Hardy Weinberg equilibrium (HWE) results and the frequencies of the
GSTPI (Ile105Val) polymorphism on the cross-sectional and the longitudinal study cohort.
Table 5.2 shows HWE results and the frequencies of the GCLC gene GAC repeats on the
cross-sectional and longitudinal study cohort. All polymorphisms were in Hardy Weinberg

equilibrium.

5.2.2 Descriptive data results and study cohort grouping

The clinical characteristics of the study cohort studied are presented in Tables 5.3 -5.5. Data
are presented for the entire cohort used in the cross sectional analysis and for the cohort used
for mixed effects regression modeling for the longitudinal data. Table 5.3 presents the
clinical characteristics of the study cohort stratified by the GSTM1 and T1 polymorphisms,
and Table 5.4 presents these characteristics for the group stratified by the GCLC
polymorphism. Table 5.5 presents the clinical characteristics for the group stratified by the
GSTP1 polymorphism.

5.2.3 Pulmonary disease progression: mixed effects regression on %predFEV;

In our linear mixed effects models we first investigated whether having the gene deletion or
not for GSTM1 and T1 and in a separate analysis whether having one or two G-alleles for
the GSTP1 (Ile105Val) polymorphism were associated with different rates of decline in
%predFEV,. For the GCLC gene we elucidated the number of GAC repeats in our study
population and then investigated the commonly occurring ones. We were unable to
investigate P. aeruginosa infection status and the GST and GCLC polymorphisms by CFTR
genotype severity in all cases due to the small number of patients who were carriers of mild
CFTR mutations and who were also not infected chronically with P. aeruginosa, which
caused estimation problems with the models. We did not show significant associations for
having one (p=0.40) or two gene deletions (p=0.71) for GSTMI and T1 and pulmonary
disease severity (p=0.40 for one deletion and p=0.71 and for two deletions) and pulmonary

disease progression (p=0.41 for one deletion and p=0.95 and for two deletions).

Model 5.2.3-A
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%predFEV; = Time + Sex (0/1=male/female) + 1 null in GSTM1 or T1 (0/1=0 or 2 null
copies/1 null copy) + 2 null in GSTM1 and T1 (0/1=0 or 1 null copies/2 null copies) + 1
null in GSTM1 or T1 * Time + 2 null in GSTM1 or T1 * Time

Base group for GSTMI1 and T1 was: zero null in GSTM1 or T1

We also investigated the GSTP1 (Ile105Val) polymorphism and showed no differences in
pulmonary disease severity (p=0.45 for AG and p=0.92 for GG versus AA) and pulmonary
disease progression (p=0.60 for AG and p=0.65 for GG versus AA) with GSTP1 genotype.

Model 5.2.3-B

%predFEV; = Time + Sex (0/1=male/female) + GG genotype for GSTP1 (0/1=0 or 1 copy
of G-allele/ GG) + AG genotype for GSTP1 (0/1=0 or 2 copies of G-allele/ AG) + GG
genotype for GSTP1 * Time + AG genotype for GSTP1 * Time

Base group was AA for GSTP1).

We showed the presence of uncommon GAC repeat alleles for GCLC in our study cohort,
however, we were unable to investigate these uncommon polymorphisms in our models
below due to limited patient numbers. We investigated GAC repeats for GCLC which were
represented in our cohort and clinical data for these groupings are presented in Table 5.4.
CFTR genotype was used as a covariate in our study. CFTR genotype for CF patients in our
cohort who were genotyped for CFTR was arranged into two groups for our models in this
section; a severe (homozygous for class 1, 2, 3 CFTR mutation, or class 1, 2, 3 and
unknown/unclassified CFTR mutation) and mild (one or two chromosomes with a class 4, or
5 mutation) CFTR severity genotype group. For pulmonary disease progression our
grouping for GCLC was:

=  Homozygosity for 7 GAC repeats (i.e., GCLC7/7),

= Heterozygosity for 7 GAC repeats: 7/8 GAC repeats (i.e., GCLC7/8),

= Heterozygosity for 7 GAC repeats: 7/9 GAC repeats (i.e., GCLC7/9), and

= Greater than 7 GAC repeats on both chromosomes (i.e., GCLCgr7; includes 8/8, 8/9

and 9/9 GAC repeats).

All other genotypes were rare and were not used in our analyses (i.e., 6/9 and 7/10 GAC

repeats).
229



We showed a significant main effect (i.e., pulmonary disease severity, p=0.014) for having
the genotype 7/9 versus 7/7 GAC repeats for GCLC, but no difference in pulmonary disease
progression for the comparison (i.e., the slope GCLC 7/9 * Time). However, comparisons of
GCLC 7/9 to 7/8 and to GCLCgr7 of the mean levels (comparing the main effects) and their
slopes (comparing the interaction terms gene polymorphism * Time) gave insignificant
results for GCLC7/9 versus GCLC7/8 and GCLC7/9 versus GCLCgr7 with respect to

pulmonary disease severity and progression.

Model 5.2.3-C

%predFEV; = Time + Sex (0/1=male/female) + GCLC7/8 + GCLC7/9 + GCLCgr7 (0/1
1=genotypes with >7GAC repeats on both chromosomes) + GCLC7/8 * Time + GCLC7/9
* Time + GCLCgr7 * Time

Base group for GCLC was 7/7 GAC repeats

5.2.4 Pulmonary disease severity: mixed effects regression on current %opredFEV;

In this section we used our cross-sectional data set to enlarge our sample size to up to 434,
which included subjects from Canadian clinics included in this study but for whom we did
not have longitudinal data available as well as the CF cohort from one adult clinic from
Seattle Washington, U.S.A., which is the U.S. cohort described in McKone et al(72). In our
model we included CFTR class genotype, nutritional status (BMI), current age, P.
aeruginosa infection status and sex. The cohort was grouped into two categories for CFTR

grouping as described in section 5.2.3,

Model 5.2.4-A

Current %predFEV; = Current age (yrs) + Sex (0/1=male/female) + CFTR genotype
(0/1=severe/mild) + BMI + PA infection status (0/1=not infected /chronically infected) + 1
null in GSTM1 or T1 (0/1=0 or 2 null copies/1 null copy) + 2 null in GSTM1 and T1 (0/1=0
or 1 null copies/2 null copies).

Base group was zero null in GSTM1 or T1
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Model 5.2.4-B

Current %predFEV; = Current age (yrs) + Sex (0O/1=male/female) +CFTR genotype
(0/1=severe/mild) + BMI + PA infection status (0/1=not infected /chronically infected) +
GG genotype for GSTP1 (0/1=0 or 1 copy of G-allele/ GG) + AG genotype for GSTP1
(0/1=0 or 2 copies of G-allele/ AG).

Base group was AA for GSTP1.

Model 5.2.4-C

Current %predFEV; = Current age (yrs) + Sex (0O/1=male/female) +CFTR genotype
(0/1=severe/mild) + BMI + PA infection status (0/1=not infected /chronically infected) +
GCLC7/8 + GCLC7/9 + GCLCgr7 (0/1 1=genotypes with >7GAC repeats on both
chromosomes).

Base group for GCLC was 7/7 GAC repeats

Overall we did not show significant associations between our candidate gene
polymorphisms and subjects’ most current collected %predFEV,, characterizing their
current pulmonary disease severity status, although other cross-sectional variables were
associated with %predFEV, (i.e., current age, BMI, P. aeruginosa infection status and sex).
We showed a p-value of 0.08 for having the genotype 7/9 versus 7/7 GAC repeats for the
GCLC gene polymorphism and pulmonary disease severity.

5.2.5 Survival analysis

Our survival models were run using CFTR class grouping and alternatively using PSS (or
the continuous variable sweat chloride levels) as not all CF genotype classes were found in
each candidate modifier gene category when including other covariates. The number of CF
patients with a mild CFTR genotype (i.e., homozygosity or heterozygosity for class 4 or 5
mutation) was small and therefore we ran our survival models using the alternate predictors
when necessary. Our results are presented in Table 5.6. We showed that being null for both
genes (i.e., GSTM1 and T1) was associated with a more rapid progression to our endpoint
(time to death or lung transplantation) compared with CF patients who have neither gene

deletion. However the RR and confidence intervals are very large and our result is suspect
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and is likely due too few subjects in the cell with an event for this genotype. For the same
reason the interaction with chronic infection with P. aeruginosa is suspect and will both be
considered as inconclusive for the study. We showed that being diagnosed with CF at an
earlier age and having either GSTM1 or T1 gene deletion was associated with a more rapid
progression. We showed that being diagnosed with CF at an earlier age and having either
GSTMI1 or T1 gene deletion were associated with a more rapid progression to our endpoint
compared with CF patients who have neither gene deletion and who were diagnosed with
CF at a similar age. Our analysis did not show differential survival for GSTP1 genotype. We
showed a marginal significant association (p=0.08) for the GCLC gene; a more rapid
progression to our endpoint (time to death or lung transplantation) in CF patients who had a
GCLC genotype of 7/8 GAC repeats compared with our base group 7/7 GAC repeats (Table
5.6).

5.2.6 Effect of modifier genes on P. aeruginosa infection status

We investigated whether polymorphisms in the GST genes and the GCLC gene contributed
to infection with P. aeruginosa. We separately investigated age of first infection and age of
chronic infection with the pathogen and results are presented in Tables 5.7 and 5.8,
respectively. CFTR class was included in the GCLC models and GSTMI1 and T1 deletion
polymorphisms. For the GSTMI1 and T1 deletion polymorphisms, we showed that fixing
%predFEV, (i.e., two CF patients having the same %predFEV) those patients with GSTM1
and T1 gene deletion are more likely to become chronically infected with P. aeruginosa at
an earlier age than those CF patients who have neither a M1 or T1 gene deletion, but there
were no differences for age of first infection with P. aeruginosa. We did not show
significant associations between age of first infection and chronic infection P. aeruginosa

and candidate modifier genes; GCLC and GSTP1.

5.2.7 Liver Disease and CF

Simple logistic regression was used to investigate the association of liver disease and
GSTMI and GSTP1 genotypes, while controlling for known confounders (chronic infection
with P. aeruginosa or BCC, CFTR severity genotype and current age). We show that
deletion of the GSTMI1 gene is a modifier gene for CF liver disease (p=0.05). Homozygosity
or heterozygosity for the GSTP1 (Ile105Val) Ile allele was not associated with liver disease

in CF (p=0.55-0.75). The variability explained by this model is however small (adjusted
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R*=0.06, p=0.05). The combination GST M1 and P1 analysis did not show a significant
association for liver disease (p=0.32-0.59). Liver disease measures are presented for the CF

cohort in Table 5.9.

Liver disease (present/not present) = Sex (0/1=male/female) + CFTR genotype + BMI +
GG genotype for GSTP1 (0/1=0 or 1 copy of G-allele/ GG) + AG genotype for GSTP1
(0/1=0or 2 copies of G-allele/ AG)+ GSTM1 (0/1=0 or null copy) + GSTM1* GSTPL1.
Base group was AA for GSTP1 and homozygous for class 1 mutations for CFTR genotype.
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5.3 DISCUSSION

In this study we investigated gene polymorphisms which would affect glutathione
production and cycling of reduced glutathione (GSH). We showed more severe pulmonary
disease in patients with 7/8 versus 7/7 GAC repeats in our cross sectional study cohort, but
no association of the GCLC gene GAC repeat with pulmonary disease progression. GST
transferases were investigated, specifically GSTM1 and GSTT1 gene deletions were
investigated as potential modifiers of pulmonary disease and we showed no association with
GSTM1 and GSTT1 gene deletions and pulmonary disease severity and pulmonary disease
progression. Lastly, the GSTP1 (Ile105Val) polymorphism was investigated and we showed
no association with pulmonary disease severity and pulmonary disease progression. We also
examined age of CF diagnosis, P. aeruginosa infection status and age of first and chronic
infection with this pathogen and showed no significant differences with the candidate gene
polymorphisms. We lastly showed that deletion of the GSTM1 gene was a significant
modifier gene for CF liver disease, although the variability explained by this association was
small. In this study we did not show an additional contribution of the GSTP1 gene

polymorphism as a significant modifier gene for CF liver disease.

Earlier research have shown that homozygosity for the GSTMI1 deletion in CF patients is
associated with earlier age of CF diagnosis and death prior to the age of 5 years (87), worse
chest radiographic scores and S-K clinical scores (88). Flamant and associates (114) showed
lung function at age nine years was better in CF children who carried the B-allele for
GSTM3, but found no associations of lung function and the deletion polymorphisms for
GSTM1 and T1 or the GSTP1 polymorphism. We investigated gene deletions of GSTM1
and T1 and did not show associations with pulmonary disease severity and progression. We
controlled for CFTR genotype, sex and age in both our cross-sectional and longitudinal
models. In our study cohort we categorized CF patients based on their CFTR genotype into
severe and mild CFTR genotype based on CFTR class. We excluded patients who had two
unknown or unclassified CFTR mutations, as the number of patients was small to consider
as a separate group and we did not want to dilute the other CFTR severity genotype groups.
Hull and Thomson (88) reported that their study cohort consisted of CF patients who carried
two severe CFTR mutations. The sample sizes of these two previous studies were small and

the associations reported may be due to type one error.
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We would expect that CF patients with mild CFTR genotype may show variable disease
course based on GSTM1 and GSTT1 genotype. We hypothesized that those CF patients with
mild CFTR genotype who were positive for the GSTM1 and GSTT1 deletions would have
more severe pulmonary disease and pulmonary disease progression. The number of patients
with mild CFTR genotype was rather small and it may be that an association exists but due
to our small sample size for this group we were unable to observe a significant association.
It is also equally likely that our larger overall sample size prevented us from observing false

positive associations, which may have been the case in previous studies (87, 88).

Imboden and associates showed a significant decline in %predFEV, over the 11 year study
interval investigated for GSTT1 gene deletion alone or in combination with GSTM1 gene
deletion in male smokers and non-smokers (89). He and associates (93) showed a positive
association for combined gene deletions of GSTM1 and GSTTI and the GSTP1
polymorphism genotype Ile/Ile at codon 105 in COPD patients who smoked and were
categorized by a rapid decline in pulmonary function. The GSTP1 polymorphism has also
been associated with lung cancer in smokers (92). We did not show a positive association
with the GSTP1 polymorphism and pulmonary disease severity and pulmonary disease
progression in our study cohort. We controlled for CFTR class, age and sex. As with the
GSTMI1 and GSTT1 models we were unable to include P. aeruginosa infection status as an
interaction term as there were estimation problems with the model that prevented analyses
including this variable. Chronic infection with P. aeruginosa is associated with more severe

pulmonary disease in CF (115-117).

The GCLC gene is characterized by a region of GAC repeats. In our study cohort the
frequency of the most common alleles were similar to frequencies reported for non-CF
populations. As our study cohort was large compared with other studies we also found more
rare alleles (i.e., low or high GAC repeats: 6 and 10 repeats). A positive association has been
shown between the number of GAC repeats and GSH levels (68). Variation in the size of the
repeat is hypothesized to influence transcription rate, transcription efficiency, possibly RNA
stability and may also potentially be associated with nucleotide differences in the regulatory
sequences or within the coding region (68). Walsh and co-workers and others have shown

GCLC gene expression to be up regulated when GSH levels are low and during oxidative
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stress (11, 66-68). Low GSH levels have been shown in CF (9, 10, 51). We therefore
hypothesized that CF patients who had a larger number of GAC repeats in the GCLC gene
would be protected. This may still be the case, however, the majority of our study cohort
was characterized by 7 and 8 GAC repeats and these 2 groups did not show differences in
pulmonary disease severity and progression compared with CF patients who were
characterized by at least one 9 or 10 GAC repeats. We showed a significant main effect for
%predFEV, (i.e., pulmonary disease severity for GCLC 7/9 versus GCLC 7/7 genotype, but
no difference in pulmonary disease progression (i.e., the slope GCLC 7/9 * Time compared
to the base group GCLC 7/7 genotype). Further comparisons of mean levels of %predFEV
and their slopes showed similar slopes for GCLC7/9 versus GCLC7/8 and GCLC7/9 versus
GCLCgr7 with respect to pulmonary disease severity and progression. It was unclear
whether this polymorphism would be important in CF patients with severe CFTR genotype,
as most studies have shown depleted GSH levels not only in serum and extracellular levels,
but also in immune cells (neutrophils and macrophages) which use an alternate channel for
GSH extrusion. We expected to see a significant difference in CF patients with a mild CFTR
genotype, where there is some functional CFTR protein and therefore ability of GSH to
traffic into the extracellular space. However our sample size for CF patients with mild CFTR
as defined in our study was a limitation. In a different analysis McKone and associates
showed a significant association between GAC repeats and cross-sectional %predFEV| in
the subgroup of CF patients with mild CFTR mutations (72). Our results incorporating their
study cohort into our study group and looking at the cohort’s current %predFEV, using a
different statistical technique (mixed effects regression) showed a similar trend to our
longitudinal results and the results of McKone and associates(72) but with a more significant
p-value of 0.08. The other main difference for cross-sectional analysis between this study
and the study by McKone and associates (72) was CFTR grouping; our grouping for mild
CFTR excluded CF patients with unclassified or unknown mutations. Although immune
cells have an alternate channel which is used for GSH trafficking, these cells have been
shown to be depleted as well in CF. It is unclear at this time whether CF patients with mild

CFTR genotype may have intermediate levels of extracellular GSH.

Liver disease is the second leading cause of death in CF patients. CFTR genotype does not
correlate with liver disease in CF. Since CFTR modulates GSH transport and in CF CFTR

dysfunction creates an antioxidant imbalance, liver detoxifying enzymes such as GSTP1 and
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GSTMI, both expressed by biliary epithelium, may be potential modifiers of CF liver
disease. CFTR is expressed in the biliary epithelium and it is assumed that in CF there is an
impairment of ductal bile secretion leading to obstruction of the bile ducts ultimately giving
rise to cirrhosis and end-stage liver disease. Henrion-Caude showed an association between
CF liver disease and homozygosity for the Ile allele for GSTP1 (Ile105Val) (112). They also
investigated the gene deletion polymorphism and another polymorphism on exon 7 for

GSTM1, but these two polymorphisms were not predictors of CF liver disease.

In our study we showed a significant association between liver disease and the GSTM1 gene
deletion and no significant association with the GSTP1 (Ile105Val) polymorphism. Liver
biopsy together with clinical examination, abdominal ultrasonography (hepatomegaly, liver
hyperechogenicity, nodularity of the liver edge and signs of portal hypertension) and liver
enzyme levels were used to diagnose liver disease for 50% of the study cohort, and clinical
examination and liver enzymes levels used to diagnose liver disease for the remainder of the
study cohort. Although serum levels of alanine transaminase, aspartate transaminase,
alkaline phosphates and gamma-glutamyltransferase were measured on our patient cohort,
aspartate transaminase and gamma-glutamyltransferase levels were most predictive of liver
disease. Our findings do not concur with the findings of Henrion-Caude and co-workers.
Our results are based on a much larger study cohort (N=285), and CF patients with unknown
CFTR genotype were excluded from the study cohort analyzed. The study by Henrion-
Caude consists of 106 children (age range 4-24 years). The genotyping methods we used did
not allow us to determine whether the patients were homozygous or heterozygous for the
GSTM1 gene deletion, whereas in the study by Henrion-Caude and associates they
distinguished all genotypes. Methods to diagnose liver disease were similar in both studies,
other than for liver biopsies performed in a section of our study cohort as an additional
parameter for diagnosis of liver disease. Current findings suggest that glutathione S-
transferases are candidate modifier genes which explain some of the risk for developing

liver disease in CF.
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5.4 CONCLUSIONS

We conclude that polymorphisms which affect levels of glutathione produced, released and
utilized are potential modifier genes in CF pulmonary disease. Our results show that the
deletion polymorphisms (GSTM1 and T1) contribute to adverse outcomes (death/lung
transplantation). For the GCLC gene GAC repeat polymorphisms we showed a significant
difference in pulmonary disease severity and survival in CF patients with a 7/8 GAC repeat
genotype versus 7/7 GAC repeat genotype, but no difference in pulmonary disease
progression. The GCLC GAC repeat polymorphism needs to be further investigated in an
independent CF cohort of larger sample size and more CF patients with mild CFTR
genotype. The deletion of the GSTM1 gene was shown to be a modifier gene for liver
disease in Cystic Fibrosis. It is probable that the oxidant burden in CF overwhelms the
ability of the immune system to keep up with production of GSH. Polymorphisms in genes
involved in glutathione production (GCLC) and in antioxidant response (GSTs) have an
effect on pulmonary disease in CF. Polymorphisms leading to reduced levels of GSTs

(deletion polymorphism in GSTM1 gene) may contribute to CF liver disease.
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Figure 5.1. Pathway of glutathione synthesis and metabolism.
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Table 5.1. Frequency of alleles and Hardy Weinberg equilibrium for GSTP1 gene

polymorphism in the cross-sectional and longitudinal study cohort.

AA AG GG A G P-
value
Cross-
sectional
Observed 233 208 54 (11.0%) | 674 316 0.83
(47.0%) (42.0%) (68.0%) (32.0%)
Expected 229 215 50 (10.0%)
(46.0%) (43.0%)
Longitudinal
Observed 191 167 40 (10.0%) | 549 247 0.83
(48.0%) (42.0%) (69.0%) (31.0%)
Expected 189 170 38 (10.0%)
(48.0%) (43.0%)
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Table 5.2. Frequency of alleles and Hardy Weinberg equilibrium for GCLC gene
polymorphism in the cross-sectional study and longitudinal study cohort. Genotypes noted
in shaded rows were not used in statistical analyses of clinical measures (i.e., pulmonary

disease severity and progression, survival, etc) due to low subject numbers.

Observed Expected Repeat Frequency | P-value

of repeat

Cross-sectional

9/9 29 (5.3%) 5.3% 7 672 (62.0%) | 0.67

8/9 38 (7.0%) 7.0% 8 158 (15.0%)

7/9 154 (28.4%) | 28.5% 9 251 (23.0%)

7/8 92 (17.0%) | 18.6% 6 1 (0.09%)

7/7 212 (39.1%) | 38.4%) 1 2 (0.2%)

8/8 14 (2.6%) 2.2%

7/1 2 (0.4%) 0.2%

9/6 1 (0.2%) 0.04%

Longitudinal

9/9 26 (5.9%) 5.3% 7 560 (64.0%) | 0.43

8/9 30 (6.8%) 6.0% 8 117(13.0%)

7/9 117 (26.6%) | 29.4% 9 200 (23.0%)

7/8 69 (15.7%) | 16.6% 6 1 (0.1%)

7/7 186 (42.3%) | 40.1% 1 2 (0.2%)

8/8 9 (2.0%) 1.5%

7/1 2 (0.4%) 0.3%

9/6 1 (0.2%) 0.05%
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Table 5.3. Clinical characteristics of study cohort by GSTMI1 and T1 grouping based on

having zero, 1 or 2 null alleles across the 2 gene polymorphisms.

Total No null One null 2 null p-value
Longitudinal study
cohort
Sample size 398 140(35%) 215(54%) 43(11%)
Current age (years) | 25.6 (0.5) 25.8 (1.0) 25.3(0.7) 26.1 (1.6) | 0.88
Current %predFEV; | 61.0(1.4) 59.7(2.4) 61.8(1.9) 61.4(4.1) |0.80
(% of predicted)
Current BMI 20.3(0.2) 20.4(0.3) 20.3(0.2) 20.2(0.5) |0.93
Age of CF diagnosis | 4.7(0.4) 5.1(0.8) 4.5(0.5) 4.4(1.3) 0.80
(years)
Sex (male/female) 203/195 70/70 115/100 18/25 0.36
PSS 354/44 124/16 194/21 36/7 0.45
(insufficient/sufficie
nt)
CFTR genotype* 272/91/24/11 | 96/34/5/5 151/44/14/6 | 25/13/5/0 | 0.25
P. aeruginosa 117/208 39/78 62/113 16/17 0.27
infection status (not
/chronically
infected)
PAT age 14.6(0.8) 14.6(1.2) 14.0(1.0) 18.1(2.9) |0.32
N=223 N=90 N=113 N=20
PAC age 15.3(0.8) 15.2(1.3) 14.6(1.1) 20.4(3.6) |0.18
N=152 N=62 N=78 N=12
Cross-sectional
study cohort
Sample size 498 180(36%) 271(54%) 47(9%)
Current age 26.9 (0.5) 26.8 (0.8) 27.0 (0.7) 26.8(1.5) | 0.98
Current %predFEV; | 60.4(1.2) 59.4(2.0) 60.9(1.7) 61.4(3.8) |0.83
Sex 254/244 91/89 144/127 19/28 0.27
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PSS 442/55 162/18 240/30 40/7 0.63
CFTR genotype* 341/116/29/12 | 127/41/6/6 186/61/18/6 | 28/14/5/0 | 0.36
P. aeruginosa 142/283 45/112 79/152 18/19 0.06

infection status

¥ CFTR genotype: homozygous for severe mutations (class 1, 2, or 3) / Heterozygous for

severe mutation (class 1, 2 or 3) and the other mutation is classified as unknown or

unclassified / homozygous or heterozygous for mild mutation class 4, or 5 / homozygous or

heterozygous for 2 unknown or unclassified mutations.

** p-value denotes univariate ANOVA or chi square results.
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Table 5.4. Clinical characteristics of study cohort by GCLC ligase gene grouping based on
number of GAC repeats genotype. In mixed effects regression and survival analyses the

groups 8/8, 8/9 and 9/9 are combined into the GCLCgr7 group.

Tota | 7/7 7/8 7/9 8/8 8/9 9/9* P-

1 value**
Longitudinal
study cohort”
Sample size 416 | 173 67 110 9 28 26

(42%) (16%) (26%) (2.0%) | (7%) | (6%)

Current age 252 | 254 243 24.6 25.8 27.3 25.5 0.85
(years) (0.5) | (0.8) (1.2) (1.1) (9.4) (2.2) (2.1)
Current 62.0 | 61.2 61.8 65.2 48.5 60.7 56.8 0.18
%predFEV, (1.4) | (2.2) (3.5) (2.5) (7.2) (5.6) (5.3)
(% of
predicted)
Sex 209/ | 90/83 36/31 54/56 5/4 14/14 | 15/11 | 0.94
(male/female) | 195
PSS 358/ | 155/18 | 58/9 96/14 8/1 24/4 25/1 0.62
(insufficient/ | 46
sufficient)
CFTR 272/ | 120/37/ | 44/14/3/ | 71/27/8/ | 6/3/0/0 | 19/6/3/ | 18/8/0/ | 0.88
genotype* 92/2 | 11/5 6 4 0 0

5/15
P. aeruginosa | 128/ | 69/77 16/42 32/57 2/5 7/13 4/16 0.08
infection 205
status (not /
chronically
infected)
Cross-
sectional
study cohort "
Sample size 516 | 199 90 146 14 35 29

244




(39%) (17%) (28%) (3.0%) | (7%) | (6%)
Current age 25.2 | 26.0 27.3 26.3 28.5 29.2 25.5 0.65
(0.5) | (0.8) (1.2) (0.9) (2.5) (2.0) (1.9)
Current 60.8 | 60.5 60.7 64.1 57.4 59.8 56.1 0.25
%predFEV, (1.4) | (2.0 (3.0 (2.1) (6.5) (4.9) 4.7)
Age of CF 26.6 | 26.0 27.3 26.3 28.5 29.2 25.5 0.65
diagnosis (0.5) | (0.8) (1.2) (0.9) (2.5) (2.0) (1.9)
Sex 257/ | 105/94 | 52/38 67/79 8/6 17/18 | 16/13 | 0.62
242
PSS 442/ | 180/18 | 79/11 127/19 | 12/2 28/7 28/1 0.31
56
CFTR 338/ | 136/45/ | 63/18/3/ | 96/36/9/ | 9/5/0/0 | 23/7/5/ | 20/9/0/ | 0.74
genotype™ 115/ | 13/5 6 5 0 0
30/1
6
P. aeruginosa | 151/ | 76/96 24/57 39/86 4/8 8/19 4/19 0.07
infection 2717
status

* and ** are explained in Table 5.3.

"Additional genotypes observed in the:
Cross-sectional data set were: 6/9 (N=1), and 7/10 (N=2).
Longitudinal data set: 6/9 (N=1), and 7/10 (N=2).
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Table 5.5.Clinical characteristics of study cohort by GSTP1 (Ile105Val) gene polymorphism

grouping based on genotype.

Total AA AG GG p-
value**

Cross-sectional study
cohort
Sample size 495 233(47%) 208(42%) 54(11%)
Current age (years) 26.9 (0.5) 26.6 (0.7) 27.5(0.7) 26.4(1.4) |0.59
Current %predFEV, 60.4(1.2) 59.5(1.8) 61.3(1.9) 61.2(3.6) |0.78
(% of predicted)
Sex (male/female) 252/243 114/119 113/95 25/29 0.41
PSS 440/54 208/25 184/23 48/6 0.99
(insufficient/sufficient)
CFTR genotype* 339/116/28/12 | 167/49/13/4 | 130/58/12/8 | 42/9/3/0 0.29
P. aeruginosa 142/280 69/134 58/115 17/31 0.96
infection status (not
infected/chronically
infected)
Longitudinal study
cohort
Sample size 398 191(48%) 167(42%) 40(10%)
Current age (years) 25.6 (0.5) 25.4 (0.8) 26.0 (0.8) 24.5(1.6) | 0.69
Current %predFEV, 61.0(1.4) 58.6(2.0) 63.2(2.2) 63.7(4.4) |0.31
(% of predicted)
Current BMI 20.0(0.2) 19.8(0.2) 20.2(0.3) 20.2(0.6) | 0.40
Age of CF diagnosis 4.8(0.9) 4.4(0.5) 5.3(0.7) 4.4(0.9) 0.54
(years)
Sex (male/female) 203/195 98/93 86/81 19/21 0.90
PSS 354/44 178/20 148/19 35/5 0.92
(insufficient/sufficient)
CFTR genotype* 272/91/24/11 | 138/37/12/4 | 103/47/10/7 | 31/7/2/0 0.24
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P. aeruginosa 14/258 67/125 58/110 16/24 0.80

infection status (not

infected/chronically

infected)

PAT age 14.6(0.8) 15.0(1.1) 14.4(1.3) 13.7(1.8) | 0.84
N=222 N=114 N=80 N=28

PAC age 15.3(0.8) 15.9(1.3) 14.5(1.2) 14.9(1.9) |0.72
N=152 N=76 N=60 N=18

Liver disease 341/57 161/30 145/22 35/5 0.75

(present/not present)

* and ** are explained in Table 5.3.
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Table 5.6. Survival analysis of the time to event (death or lung transplantation) for CF

patients.

Model RR P-value Lower Upper Cl o5
Clos

GSTMI1 and T1 (N=325)

GSTM1/T1 (one null=1), base group is 0 0.28 0.39 0.40 2.43

null

GSTMI/T1 (two null=1) 2.60x10° | 0.03 2.36 2.86x10°

Sex (Male=0/Female=1) 2.67 0.02 1.19 6.00

PSS (0/1=insufficient/sufficient) 1.2 0.90 0.18 6.95 x10°

CF diagnosis age 0.92 0.10 0.83 1.02

P. aeruginosa infection status (0/1=not 1.22 0.77 0.32 4.60

infected/chronically infected)

Current %predFEV, 0.90 <0.0001 | 0.86 0.94

Current BMI 0.94 0.35 0.83 1.07

GSTM1/T1 (one null=1)* CF diagnosis age | 1.19 0.03 1.02 1.40

GSTM1/T1 (two null=1)* P. aeruginosa 0.004 0.02 3.33x10° | 0.46

infection status

GSTP1 (N=398)

GSTP1 (AG=0/GG=1), base group is AA 0.11 0.92 0.04 33.06

GSTP1 (GG=0/AG=1) 0.29 0.46 0.08 2.26

Sex (Male=0/Female=1) 3.29 0.0006 1.67 6.52

CFTR class 3 (Heterozygous class 1,2 or 0.29 0.01 0.11 0.75

3/unknown or unclassified vs. homozygous

severe 1,2,3)

P. aeruginosa infection status (0/1=not

infected/chronically infected)

Diagnosis age 0.95 0.24 0.88 1.03

Current %predFEV, 0.87 <0.0001 | 0.83 0.91

Current BMI 1.01 0.85 0.88 1.14

GCLC (N=340)
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GCLC 7/8 (1=7/8 GAC repeats), base 2.19 0.08 0.91 5.22
group is 7/7 GAC repeats

GCLC 7/9 (1=7/9 GAC repeats) 1.36 0.51 0.54 3.41
GCLCgr7 (1=>7 GAC repeats on both 0.73 0.55 0.26 2.04
chromosomes

Sex (Male=0/Female=1) 2.83 0.007 1.33 5.98
PSS 0.61 0.63 0.08 4.50
CF diagnosis age 0.96 0.39 0.89 1.05
P. aeruginosa infection status (0/1=not 0.91 0.84 0.32 2.53
infected/chronically infected)

Current %predFEV 0.89 <0.00001 | 0.86 0.93
Current BMI 0.94 0.35 0.83 1.07
* Formula

Dependent variables: Age of 1% infection (age of chronic infection), PA infection status

(0/1=not infected/chronically infected).
Main effects: Sex + Modifier gene SNP(s) + CFTR class + CF diagnosis age + current
%predFEV, + current BMI.

Interactions: Modifier gene* CF diagnosis age, Gene * current %predFEV.
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Table 5.7. Age of first infection with pathogen P. aeruginosa.

Model RR P-value | Lower Clos | Upper Clgs
GSTMI and T1 (N=213)

GSTM1/T1 (one null=1), base group is O null | 0.99 | 0.98 0.40 243
GSTMI/T1 (two null=1) 0.37 ]0.19 0.08 1.62
Sex (Male=0/Female=1) 1.70 | 0.003 1.19 241
CFTR class (Mild CFTR class vs. base group | 0.12 | 0.04 0.02 0.91
homozygous severe 1,2,3)

CF diagnosis age 0.98 |10.25 0.94 1.02
Current %predFEV, 0.98 0.007 0.97 1.00
Current BMI 1.01 |0.84 0.94 1.07
GSTP1 (N=213)

GSTP1 (AG=0/GG=1), base group is AA 1.24 10.76 0.31 4.97
GSTP1 (GG=0/AG=1) 1.05 {0.92 0.41 2.68
Sex (Male=0/Female=1) 1.65 | 0.004 1.17 2.33
CFTR class (Mild CFTR class vs. 0.11 0.03 0.01 0.85
homozygous severe 1,2,3)

Diagnosis age 0.98 |10.30 0.94 1.00
Current %predFEV, 0.98 | 0.003 0.98 1.00
Current BMI 1.01 | 0.67 0.95 1.08
GCLC (N=222)

GCLC 7/8 (1=7/8 GAC repeats), base groupis | 1.46 | 0.55 0.42 5.02
7/7 GAC repeats

GCLC 7/9 (1=7/9 GAC repeats) 1.34 | 0.57 0.49 3.65
GCLCgr7 (1=>7 GAC repeats on both 0.75 |0.62 0.24 2.33
chromosomes

Sex (Male=0/Female=1) 1.74 | 0.005 1.24 2.45
CFTR class (Mild CFTR class vs. 0.13 | 0.06 0.02 1.06
homozygous severe 1,2,3)

CF diagnosis age 0.95 10.09 0.90 1.01
Current %predFEV, 0.98 |0.003 0.97 1.00
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Current BMI

1.01

0.85

0.94

1.08

* Formula

Dependent variables: Age of 1% infection (age of chronic infection), PA infection status

(0/1=not infected/chronically infected).

Main effects: Sex + Modifier gene SNP(s) + CFTR class + CF diagnosis age + current

%predFEV, + current BMI. CFTR class categories results which were significant are only

presented in the table.

Interactions: Modifier gene* CF diagnosis age, Gene * current %predFEV;.

results are only presented in the table if significant (p<0.05).
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Table 5.8. Age of chronic infection with pathogen P. aeruginosa.

Model RR P-value | Lower Clgs | Upper Clgs
GSTM1 and T1 (N=213)

GSTMI/T1 (one null=1), base group is O null | 1.22 | 0.67 0.49 3.05
GSTMI/T1 (two null=1) 0.22 |0.07 0.04 1.12
Sex (Male=0/Female=1) 1.18 | 0.40 0.81 1.73
CF diagnosis age 0.96 |0.10 0.92 1.01
Current %predFEV, 0.99 |0.02 0.97 1.00
Current BMI 094 |0.07 0.87 1.00
GSTM1/T1 (two null=1)* Current %predFEV, | 1.03 | 0.05 0.99 1.05
GSTP1 (N=148)

GSTP1 (AG=0/GG=1), base group is AA 0.57 10.55 0.09 3.59
GSTP1 (GG=0/AG=1) 091 10.85 0.34 245
Sex (Male=0/Female=1) 1.14 | 0.49 0.79 1.65
Diagnosis age 0.95 |0.06 0.90 1.00
Current %predFEV, 0.99 0.02 0.98 1.00
Current BMI 095 |0.15 0.88 1.02
GCLC (N=150)

GCLC 7/8 (1=7/8 GAC repeats), base groupis | 1.13 | 0.84 0.32 4.02
7/7 GAC repeats

GCLC 7/9 (1=7/9 GAC repeats) 1.41 |0.56 0.44 4.45
GCLCgr7 (1=>7 GAC repeats on both 0.77 10.66 0.23 2.51
chromosomes

Sex (Male=0/Female=1) 1.04 |0.83 0.72 1.49
CF diagnosis age 0.98 |0.58 0.91 1.05
Current %predFEV 0.99 ]0.11 0.98 1.00
Current BMI 094 |0.12 0.88 1.02
* Formula

Dependent variables: Age of 1% infection (age of chronic infection), PA infection status

(0/1=not infected/chronically infected).

252




Main effects: Sex + Modifier gene SNP(s) + CFTR class + CF diagnosis age + current
%predFEV, + current BMI. CFTR class categories results which were significant are only
presented in the table.

Interactions: Modifier gene* CF diagnosis age, Gene * current %predFEV,. Interaction

results are only presented in the table if significant (p<0.05).
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Table 5.9. Clinical characteristics of CF patients based on liver disease status.

No liver disease Liver disease p-value
Sample size 393 73
Age of CF diagnosis (years) 5.1(0.5) 2.6(0.6) 0.03
Current age (years) 23.7(0.6) 23.4(0.9) 0.85
Current %predFEV, (% of 64.4(1.5) 60.5(3.1) 0.29
predicted)
Current BMI (kg/m°) 20.1(0.2) 20.2(0.3) 0.76
Sex (male/female) 203/190 39/34 0.44
PSS (insufficient/sufficient) 343/50 71/2 0.006
CFTR genotype* 272/95/26 54/111/3 0.60
P. aeruginosa or BCC infections | 151/238 14/59 0.001
status (not infected/chronically
infected)
P. aeruginosa infection status 160/228 15/58 <0.0001
(not infected/chronically infected)
PA1 age (years) 14.0(0.8) N=218 10.0(1.2) N=46 | 0.03
PAC age (years) 14.9(0.9) N=139 11.7(1.5) N=34 | 0.10
GSTMI (null/gene) 187/156 38/19 0.06
GSTPI (Ile-1le/ Ile-Val/Val-Val) | 161/145/36 30/22/5 0.75

* CFTR genotype grouped by class severity into: 2 severe mutations (class 1,2 or 3), one

severe mutation and one mutation categorized as unknown or unclassified, one or two mild

CFTR mutation (i.e., class 4, or 5).
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CHAPTER 6: RESPIRATORY MUCIN GENES AS POTENTIAL MODIFIER
GENES IN CYSTIC FIBROSIS

A version of this chapter may be published in the future.
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6.0 INTRODUCTION
In this chapter we investigated mucin protein producing genes. We investigated the effect of
variable number tandem repeat polymorphisms in mucin genes MUC2 and MUCS5B and the
association between repeat number and pulmonary disease severity and progression, survival

and succeptibility to infection with common CF pathogens.

6.1 RATIONALE FOR THE INVESTIGATION OF MUCIN GENES AS
POTENTIAL MODIFIER GENES IN CF

A major characteristic of CF pulmonary disease is mucus hypersecretion and increased
viscosity of mucus and in this chapter we have investigated polymorphisms in mucin genes
expressed in the pulmonary system as potential modifier genes for CF pulmonary disease.
The respiratory tract epithelial responses associated with CF but also observed in patients
diagnosed as having asthma and chronic bronchitis include mucus hypersecretion, changes
in mucociliary escalator activity and release of inflammatory mediators (cytokines and lipid-
derived mediators). The CFTR defect is hypothesized to contribute to dehydration of the
airway mucus which leads to poor mucociliary clearance and creation of mucus plugs (1, 2).
P. aeruginosa lipopolysaccharide (LPS) (3, 4), proinflammatory cytokines (IL-1beta, TNF-
alpha) and neutrophil elastase (4) have been shown to increase transcription of mucin
mRNA levels via activation of the NF-kB pathway (5, 6). Mucin glycoproteins are the major
constituent of mucus and are implicated in the process of chronic infection and inflammation
in CF airways (7, 8). Pathogens commonly colonizing CF patients have all been shown to
adhere to respiratory mucins. A number of receptors on mucins have been identified that
bind to pathogens commonly infecting CF patients such as: P. aeruginosa (9-13),
Staphyloccocus aureus (12, 14), H. influenzae (12, 15) and Burkholderia cepacia complex
(BCC) (12, 16). Li and associates showed that bacterial exo-products of P. aeruginosa can
upregulate mucin gene transcription via activation of the NF-kB pathway (5). The murine
model of CF (CFTR knock-out mice) has been shown to be a poor model for the human
pulmonary disease manifestations of CF. Two reasons for this are the lack of mucus
producing cells (i.e., goblet cells) in the murine airways and expression of an alternate
chloride channel as the major chloride ion channel in mice. Mucus obstruction and
colonization of the airways with common pathogens colonizing human CF patients are

therefore not observed in the CFTR knock-out mouse. Mucins have a complex structure and
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their ultimate composition and viscosity are influenced by the respiratory milieu. In this
chapter we review the composition of airway secretions and structure of mucins and
investigate the role they play in CF pulmonary disease progression by exploring
polymorphisms in two mucin genes expressed in the respiratory tract as potential candidate

modifier genes in pulmonary disease severity and progression.

6.1.1 Composition of airway secretions and mucuciliary clearance

Airway secretions consist of surfactant, periciliary fluid and mucus. Mucus consists of two
phases, a superficial layer referred to as the gel phase or mucous layer and a liquid or
periciliary fluid layer which is called the sol phase. A thin layer of surfactant is sandwiched
in between the gel and sol phase. Surfactant is secreted by submucosal glands. Surfactant is
believed to promote spreading of the gel phase, preserving the integrity of the gel and sol
phases and contributes to energy transfer from the beating cilia to the mucus without the
cilia becoming entangled in the mucus (7, 17-20). The gel phase extends from the
bronchioles to the upper airways and forms a 5-20 um thick layer which rests on the tips of
the cilia. Macromolecules can be found to be densely distributed in the gel phase. The sol
phase appears as a continuous blanket which lies between the cell surface and the gel phase.
The height of this layer extends just short of the fully extended cilium (0.5-3.5pum in
thickness)(7, 18). Figure 6.1 shows the gel and sol phase lining respiratory epithelia in

normal and CF airways.

Airway mucus predominately consists of water, and secondarily of carbohydrates, proteins
and lipids (21, 22). The carbohydrates, lipids, and proteins make up 5-7% of the mucus (21,
22), and originate predominately from secreted mucins and secondarily from secreted
antimicrobial proteins and peptides, phospholipids, inhaled particles and cellular debris.
Cellular debris includes inflammatory cells (macrophages, neutrophils, eosinophils and

lymphocytes) and sloughed off epithelial cells.

Mucins are densely packed in the secretory granules of goblet cells and undergo massive
swelling due to hydration during exocytosis. Mucus is formed within the Golgi apparatus of
mucus producing cells and is secreted through vesicles into the airway lumen. Exocytosis is
characterized by fusion of the secretory granules with the apical membrane of the goblet cell

(23-26). Once the secretory granules fuse with the cell membrane, it is believed that there is
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an exchange of calcium ions in the vesicles for extracellular sodium ions and water resulting
in the hydration and release of the mucins from the secretory vesicles (27). The water for

the hydration of mucins is donated from the periciliary or sol phase (28).

The main cell type in the small airways, which is also the site of mucus obstruction and
plugging in CF, is the goblet cell. The massive swelling of released mucins from the
secretory cells is dependent on the hydration and osmolarlity of the surrounding milieu (29).
This mucin gel expansion is ultimately constrained by the active ion and water transport of
the airway ciliated epithelial cells. Active sodium ion transport (absorption) across the
airway epithelium regulates water absorption and chloride secretion and this process is
mainly regulated through the CFTR channel and promotes fluid secretion. Water flow is
transcellular and regulates the depth of the sol phase and the hydration of the gel phase. ATP

and UTP stimulate chloride secretion from normal and CF airway epithelial cells (30-32).

Cilia are responsible for the cranial movement of mucus and foreign particles out of the
airways. Ciliated cells line the surface of airways and by coordinated beating of these cilia
clear mucus and entrapped material from the pulmonary system are transported up to the
oropharynx and from there are either expectorated or swallowed. Mucociliary clearance is
dependent on:

= The viscoelasticity of secretions (33), and

= Properly functioning airway epithelial cilia (25, 28, 33).

6.1.2 Rheological properties of CF airway mucus and mucociliary transport

In CF, mucus is more viscous and adhesive. The CFTR defect contributes both directly and
indirectly to this increased viscosity and adhesiveness of airway mucus, although it is
unclear whether airway mucus is abnormal at birth and contributes to the early inflammation
and infection in CF. There is no chloride secretion by the CFTR under resting conditions
and absorption of sodium through the sodium epithelial channel is dominant. In the absence
of CFTR inhibition of sodium absorption, as occurs in CF, there is reduced airway fluid
volume. Specifically CF mucus becomes dehydrated once excreted by goblet cells and other
mucus-secreting cells and the observed outcome is thick and viscous mucus. CF sputum has
been shown to be more adhesive than sputum from patients diagnosed with other respiratory
diseases (i.e., fatal asthma and airway mucus from normals) and comparable with mucus
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from patients diagnosed with chronic bronchitis (19). An inverse relationship has been
shown between sputum adhesion and the ability to clear the secretions (19). The CFTR
defect contributes to the dehydration of the gel phase and a point is reached when the gel
phase can no longer donate liquid to the periciliary liquid phase. Mucus clearance is
abolished when the cilia are ultimately unable to fully extend and beat because of the
absorption of the periciliary liquid or sol phase and the increased airway mucus viscosity,

which contribute to the physical adhesion of mucus to airway epithelia surfaces (1, 2).

Considering both Welsh’s high salt hypothesis and more acidic respiratory milieu (34) and
Boucher’s low airway surface fluid(2), the post-translational structure of mucin proteins
would be affected and potentially contribute to the viscosity observed in CF mucus and its
impaired clearance. Another hypothesis set forward to explain CF airway disease and mucus
viscosity and impaired clearance considers the mucin polymer structure and the alterations
shown in CF mucus and the CF airway environment (dehydration and abnormal airway
pH)(35). They suggest that(35):

1. If CF mucus is more acidic than mucus from normal healthy individuals and mucin
polymerization is pH driven, this would result in an increased formation of disulfide
bonds between mucin molecules resulting in the formation of disulfide-linked
multimeric molecules.

2. Reduced levels of reduced glutathione (GSH) would favor the formation of inter-
chain disulfide bonds among non-O-glycocylated, cysteine rich domains and
produce mucin aggregation: MUC-SH + MUC-SH + GSSG—MUC-S-S-MUC +
GSH

3. Elevated levels of hypochlorous acid (HOCI) would favor the formation of
interchain disulfide bonds and sulfonamide bonds among non-O-glycocylated,
cysteine rich domains and produce mucin aggregation:

a. Sulfide bonds: MUC-SH + MUC-SH +HOCl— MUC-S-S-MUC + H,0O +
HCl
b. Sulfonamide bonds: MUC-SH + MUC-NH +HOCl— MUC-SO,-NH-MUC
+ H,O + HCI
4. Increased levels of myeloperoxidase may catalyze protein cross-links through

oxidation of tyrosine residues.
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Also contributing to the viscosity and viscoelasticity of mucus are products of inflammation.
CF chronic inflammation is characterized by high neutrophil influx and lysis of these cells
(and other inflammatory cells) within the airway lumen and the consequent release of
cytoplasmic proteins, neutrophil derived DNA and filamentous actin; all identified in CF
secretions (36, 37). Necrotic neutrophils release proinflammatory mediators which damage
the epithelium and recruit more inflammatory cells (38, 39). The high levels of neutrophil
elastase may also impair removal of apoptotic neutrophils by macrophages (39). The
neutrophil derived DNA and filamentous actin have been shown to increase the viscosity of
airway secretions by interweaving in the mucin gel and forming a rigid network within the
airway secretions (40, 41). In summary, defective CFTR affects the airway mileu and
contributes to mucus viscosity and impaired mucociliary clearance, but also contributes to
the process of inflammation. The products of inflammation and infection affect mucus

viscosity, viscoelasticity and mucociliary clearance.

6.1.3 Structure of mucin

Mucins are large molecular mass glycoconjugates (154 to >7000kDa) which contain 50-85
percent carbohydrates and a protein backbone. (7, 42). There are two types of mucins:

= Secreted gel forming mucins which form the mucous gel layer and

* Membrane tethered mucins or transmembrane mucins.
The membrane tethered mucins are synthesized by most epithelial cells, and are present on
epithelial cell surfaces and act as cell surface receptors. The protein is anchored to the apical
surface of epithelial cells by a transmembrane domain. Their role on airway epithelium
appears to be to protect the cells/host by binding to pathogens. High levels of expression
have been shown and they are hypothesized to function as activators of signaling pathways
resulting in innate non-immune defense and epithelial repair/proliferation or differentiation
during injury or stress (43). A number of common features have been shown for membrane
bound mucins; trasmembrane domain, short cytoplasmic tail and a highly glycocylated

extracellular domain(44).

In this study we investigated two secreted gel mucins, and this review will be limited to the
structure of secreted gel mucins. The protein backbone of secreted gel forming mucins is
called apomucin. The mucin protein is composed of tandemly repeating sequences of amino

acids; rich in serine and threonine which serve as the sites of O-linked glycosylation. The
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mucin oligosaccharides bind to the protein core initially through an alpha-O-glycosidic
linkage of N-acetyl-galactosamine to the hydroxyl end of the serine or threonine and this
reaction is catalyzed by a uridine diphosphate- N-acetyl-galactosamine-alpha- N-acetyl-
galactosamine transferase. Additional oligosaccharides (fucose, galactose, N-
acetylglucosamine, N-acetylneuraminic acid and carbohydrates) then bind to the N-acetyl-
galactosamine creating the oligosaccharide side chains of mucin proteins. The ratio of
protein and oligosaccharides in mucins is 4 to 1. Each oligosaccharide side chain linked via
O-linked glycosylation is described as having a core, backbone and periphery. The peptide
linked N-acetyl-galactosamine and the oligosaccharide directly attached to it form the core
region. Four core types have been identified based on the oligosaccharide attached to the N-
acetyl-galactosamine. The backbone, which can be linear or branched, is made up of
disaccharides formed by alternating galactose and N-acetylglucosamine. The periphery
contains acidic molecules (sulfate or peripheral sugars: fucose, N-acetylneuraminic acid, N-
acetylgalactosamine, galactose) which are the sites of hydration during exocytosis from the
secretory granules (45). The secreted gel-forming mucins form long polymers by linking end
to end with other mucin molecules by terminal disulphide bonds via the cysteine rich
domains on their amino and terminal carboxyl non-repetitive domains, thus forming large
disulfide linked polymers. Other intermolecular bonds (hydrogen bonds, ionic bonds, Van
der Waal’s forces) contribute to the formation of additional connections with other mucin
molecules, as well as with DNA from inflammatory cells and exoproducts from bacteria
(46). The disulfide bonds are believed to contribute to mucous viscosity, as reduction of
these bonds results in the loss of viscosity of mucous gels (47). Figure 6.2 shows the major
domains of secreting gel mucins and Figure 6.3 shows the protein backbone and

oligosaccharide structure of these mucins.

The final translated mucin products are complex macromolecules which undergo further
post-translational ~ modification by  glycosyltransferases,  sialotransferases  and
sulfotransferases in the Golgi compartments and are also further influenced by disease
which can also affect glycosylation and post-translational modifications to the mucin protein
backbone (7). The CFTR deltaF508 mutation and likely other CFTR mutation proteins
belonging to class 1 and 2 where the CFTR protein is either not produced or the protein
produced is degraded in the endoplasmic reticulum may lead to modifications in post-

translational sulfation and glycosylation processes for mucin (48, 49). Zhang and associates
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showed higher sulfate content in CF respiratory mucins and additionally showed that sulfate
content was related to CFTR genotype (50). The authors also showed differences in
glycosylation in secreted mucins from CF patients with severe pulmonary disease and that
bacterial infection may affect the expression of glycosyltransferases and sialotransferases in

airway mucus cells (50).

6.1.4 Origin of mucin secreting cells and mucin genes

Twenty mucin genes have been identified to date(44, 51). Secreted mucins include: MUC?2,
MUCS5AC, MUCS5B, MUC6, MUCS8, and MUC19. Transmembrane mucins include: MUCI,
MUC3A, MUC3B, MUC4, MUC11-18, and MUCI19. There are a few mucins which are not
easily classified; MUCO is classified as a secreted and membrane bound mucin(44, 51) and
MUC?7 is found in secretions, but is considered a secreted but not gel forming mucin, as it
exists in monomer form (44). Mucins found in the respiratory tract include MUC2,
MUCS5AC, MUC5B, and MUCS6 of the secreted mucins and MUC 1, MUC4 and MUCI18 of
the membrane bound mucins(44, 51). The principal secreted and membrane bound mucins
in the respiratory tract are MUC2, MUCSAC and MUCS5B of the secreted mucins and
MUC1 and MUC4 of the membrane mucins(44). Other mucins which are found in
secretions include MUC4, MUC6, MUC7, and MUCS, however the specific cells which
secrete the latter three mucins have not been elucidated (52-54). MUCSAC mucin is
secreted exclusively by goblet cells in surface epithelium (53) and MUCS5B mucin is
secreted by submucosal glands located in the lamina propria (52). MUC2 and MUC4 are
secreted by both cell types (52, 55) and MUC?2 is also expressed in non-respiratory tissues
(jejunum, ileum and colon) (54). Increased levels of MUC2, MUCS5AC and MUCS5B gene
products have been shown in CF compared with normal airways. A cluster of four gel-
secreted mucin genes spanning a region of more than 400 kb map to chromosome 11p15.4

to 15.5 and their order is (56-58):

Telomere-MUC6-MUC2-MUCS5AC-MUCS5B-Centromere

It has been suggested that this gene cluster arose by a series of gene duplications and
intragenic duplication events (56, 59). This cluster of mucin genes shows significant

homology in their proline-threonine-serine residue regions (PTS regions)(44, 51). Also
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noted is that a cluster of membrane bound mucins (MUC3A, MUC3B, MUC11, MUCI12
and MUC17) map to chromosome 7q22(44, 51).

Vinall and co-workers investigated these four genes (i.e., MUC2, MUCS5AC, MUCS5B and
MUCH6) using the 40 core Centre d’Etude du Polymorphisme Humain (CEPH) families (58).
The non-glycosylated protein region of these four genes has been shown to be conserved
across these genes and across species and this is believed to reflect the importance of the
cysteine residues in inter and intra-molecular cross-linking of mucin proteins (58).
MUCSAC and MUCS5B showed small inter-individual differences in length variation. A
number of variable number tandem repeat (VNTR) polymorphisms were observed within
the coding region of the MUCSAC gene. There was no evidence of VNTR polymorphisms
in the MUCS5B gene (58). MUCSAC and MUCS5B have uninterrupted cysteine rich domains
(60, 61) and this pattern is hypothesized to stabilize the structure (58) and limit VNTR
polymorphisms. MUC2 and MUC6, which are closer to the telomeric side of the cluster,
showed large tandem repeat regions that consist of VNTRs and these long stretches of
repeats have been hypothesized to be prone to VNTR polymorphisms (58). The authors (58)
showed that there was a bimodal distribution of MUC2 alleles with the large alleles being
double the size of the small alleles observed in their study group. In one family trio in their
study they documented a doubling in MUC?2 allele size. It was theorized that the bimodal
distribution observed indicates that these polymorphisms arose from duplications of the
tandem repeat regions of the genes (58, 62). Recombinations were detected between MUC2
and MUCS6 in the CEPH cohort. An intronic VNTR polymorphism in MUCS5B (intron 36)
together with the large and small alleles of MUCSAC were investigated in the CEPH
families in a follow-up study by Vinall and colleagues (63). They showed no linkage
disequilibrium between these gene polymorphisms (63). Results from the above studies
suggest that polymorphisms in these secreting mucin genes should be considered

independent genetic markers (63).

6.1.5 Mucin genes as modifier genes of CF pulmonary disease

In this study we wanted to investigate whether polymorphisms in respiratory secreted gel
mucin genes which would lead to increased viscosity were associated with pulmonary

disease severity and progression in CF. MUC2, MUCS5AC and MUC5B have been shown in
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CF airway secretions (64). Mucin genes 2 and 5B (MUC2, MUC5B) were investigated in
this study. The main characteristic of all mucin genes is the presence of a central domain
composed of a variable number of tandem repeats. Each repeat unit contains multiple sites
for O-linked glycosylation. Increased glycosylation would be expected to increase mucus
viscosity and slow mucociliary clearance of purulent broncho-pulmonary secretions. The
increased viscosity of the mucus can be partially explained by the CFTR defect, changes in
mucus producing cells (hypertrophy of submucosal glands, goblet cell hyperplasia and

metaplasia), chronic inflammation and bacterial colonization.

The MUC2 gene contains a 69 bp VNTR previously investigated by Vinall and co-workers
(63). This gene also contains a region of imperfectly conserved repeats upstream from this
VNTR which is a Thr/Ser/Pro rich subdomain (mRNA sequence accession number:
NM _002457) (65). These repeats contain multiple glycosylation sites and were previously
believed to be monomorphic, but preliminary work in our laboratory has shown that this
region is polymorphic. Length variation in the coding sequence of the gene will affect the
size of the mucin protein produced (prior to glycosylation) and the larger number repeats
will result in the transcription and translation of a larger mucin protein with an increased
number of glycosylation sites which will likely have an impact on the properties of the
mucin gel. A mucin with a higher number of repeats may have a higher number of
glycosylation sites and this may alter the viscoelastic properties of the molecule.
Additionally, a consequence of this polymorphism may be to influence the severity of
pulmonary disease in CF. Therefore, in the early stages of pulmonary disease progression
having a larger mucin protein with increased number of glycosylation sites may help in the
removal of pathogen. As severity of pulmonary disease increases this same mucin protein
may contribute to disease progression and contribute to stagnant mucus and compromised

clearance.

The MUCS5B gene did not show VNTR variation in the coding region (58, 60). The MUCS5B
gene has been shown to contain a highly variable number of tandem repeat region (59
bp/repeat) in intron 36 (genomic DNA accession number: Y09788) (56, 57). This region
contains a nuclear factor binding site and may be involved in the regulation and level of

expression of this gene (56, 57).
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The MUCSB polymorphism and MUC2 VNTR polymorphism were investigated by Vinall
and associates in atopic patients with and without asthma, smokers with and without COPD
and healthy volunteers (63). In their study they showed an association with longer mean
allele length for MUC2 in atopic patients without asthma and concluded that the longer
allele is protective against developing asthma (63). The purpose of this study was to
investigate the association of two MUC polymorphisms (a) the VNTR (59 bp/repeat) in
intron 36 of the MUC5B gene and b) the region of imperfectly conserved repeats rich in
Thr/Ser/Pro of the MUC2 gene in CF pulmonary disease severity and progression.

276



6.2 RESULTS

6.2.1 Hardy Weinberg equilibrium and frequency of genotypes

The polymorphisms investigated in MUC2 and MUC5B were not in HWE equilibrium (p-
values were 0.002 and 0.007, respectively). For MUC2, CF patients were characterized by
long, medium, or short imperfect repeat alleles and the genotypes observed in our cohort are
presented in Figure 6.4. For MUCS5B, CF patients are characterized by genotype for the

number of repeats on both chromosomes and the data are presented in Figure 6.5.

6.2.2 Descriptive data results and study cohort grouping

This was a multicenter study (N=311) with participating children’s (M/F=24/29) and adult
CF clinics (M/F=130/128). Demographic and clinical measures for our study cohort are
presented in Tables 6.1 and 6.2 grouped for the MUC2 and MUCS5B polymorphisms,
respectively. Variable measures are presented for the whole study group and as grouped for
analysis in our mixed effects models. For MUC2, the CF patients were characterized by
long, medium, or short imperfect repeat alleles and were grouped for mixed effects
regression analyses based on whether the subjects were homozygous for the long imperfect
repeat (N=305, 79.4%) or heterozygous for this repeat with a shorter allele (N=74, 19.2%)
(Table 6.1). For MUCS5B, CF patients were characterized by genotype for the number of
repeats on both chromosomes collapsed into (Table 6.2):
= Two low repeat alleles (i.e., the following genotypes: 2/2 (N=1, 0.3%), 2/7 (N=1,
0.3%), 3/7 (N=15, 4.4%), 3/5 (N=2, 0.6%), 5/5 (N=4, 1.2%), 5/7 (N=39, 11.4%), 5/8
(N=5, 1.5%)), and
= Two long VNTR alleles into two additional groups:
0 Genotype 7/7 (N=223, 65.4%) and
0 Genotypes 7/8 (N=45, 13.2%) or 8/8 (N=1, 0.3%).
There were four CF patients with a 6/9 genotype (N=1, 0.3%) or a 6/7 (N=3, 0.9%)

genotype and they were excluded from the mixed effects regression analyses.

6.2.3 Pulmonary disease progression: mixed effects regression on %predFEV;

MUC?2 gene.CF patients were grouped into: a) heterozygous / homozygous for 2 repeats and

b) the common genotype in the cohort (homozygous for 1 repeat).
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Model 6.2.3-A

%predFEV; = Time + MUC2 (0/1= homozygous for one repeat) + Sex (0/1=male/female) +
MUC2 * Time

Base group for MUC2 was heterozygous / homozygous for 2 repeats

We showed no difference in pulmonary disease severity (p=0.94) and a similar rate of
decline in %predFEV, based on our MUC2 grouping (i.e., MUC2 * Time, p=0.52),
controlling for sex (0/1=male/female, p=0.51). The model was also run including P.

aeruginosa infection status.

Model 6.2.3-B

%predFEV; = Time + MUC2 (0/1= homozygous for one repeat) + MUC2 * Time + PA
infection status (0/1=not infected /chronically infected) + MUC2 * Time + PA infection
status * MUC2 + PA infection status * Time + PA infection status * MUC2 * Time)

We did not show a significant association with pulmonary disease severity (p=0.57) or
pulmonary disease progression (i.e., MUC2 * Time, p=0.83). We also did not show
significant two and three way interactions with P. aeruginosa infection status (i.e., PA
infection status * MUC2, p=0.46 and PA infection status * MUC2 * Time, p=0.53).

MUCSB gene.CF patients were ultimately grouped based on the common genotype for the

cohort into two groups: a) common genotype, which was homozygosity for 7 repeat allele
and b) all others. CFTR genotype was not included as it was not well represented in the

mucin gene grouping. We showed no difference in pulmonary disease severity and MUC5B

genotype (p=0.12).

Model 6.2.3-C

%predFEV; = Time + MUC5B (0/1= 7-7 VNTR genotype) + Sex (0/1=male/female) +
MUCS5B * Time

Base group for MUCS5B was genotype other than 7-7 VNTR.

We did, however, show significant two (PA infection status * MUCS5B, p=0.02; PA

infection status * Time, p=0.004; MUC5B * Time, p=0.05) and three way interactions (PA
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infection status * MUCS5B * Time; p=0.02) for MUCS5B 7/7 genotype versus our base group
defined as other. Further examination of the slopes (i.e., rate of decline in %predFEV, per
year) showed no significant differences (MUBSB other and no PA infection=0.06%/year,
MUCSB 7/7 and no PA infection=-1.18%/year, MUC5B other with PA infection=-
1.71%/year and MUCS5B 7/7 with PA infection=-1.26%/year); the slopes for rate of decline

in %predFEV1 were not significantly different from zero.

Model 6.2.3-D

%predFEV; = Time + Sex (0/1=male/female) + MUC5B (0/1= 7-7 VNTR genotype) + PA
infection status (0/1=not infected /chronically infected) + MUC5B * Time + PA infection
status * MUCS5B + PA infection status * Time + PA infection status * MUC5B * Time

MUC2 and MUCS5B diplotype. We grouped our cohort into two groups; the common
diplotype observed (MUC2-MUC5B/ MUC2-MUC5B=1-7/1-7, N=162) and all others
(MUC2-MUCS5B/ MUC2-MUCS5B=1-3/1-7, 1-5/1-7, 1-7/1-8, 2-7/1-7, N=110). We showed

a similar rate of decline in %predFEV, based on our diplotype grouping. We showed similar
level of pulmonary disease severity (i.e., MUC2/5B diplotype main effect, p=0.86) and
pulmonary disease progression (i.e., MUC2/5B diplotype * Time, p=0.87) by MUC2/5
diplotype grouping.

Model 6.2.3-E

%predFEV; = Time + Sex (0O/1=male/female) + MUC2/5B5 diplotype (0/1=1-7/1-7) +
MUC?2/55 diplotype * Time
Base group for MUC2/5B diplotype was: 1-7/1-7 repeats

In a second model we also included P. aeruginosa infection status, however we did not
show a significant association with pulmonary disease severity (i.e. MUC2/5B diplotype *
PA status, p=0.23) and progression (i.e., MUC2/5B diplotype * PA infection status * Time,
p=0.53).

Model 6.2.3-F
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%predFEV; = Time + Sex (0/1=male/female) + MUC2/5B diplotype (0/1=1-7/1-7) + PA
infection status (0/1=not infected /chronically infected) + MUC2/5B * Time + PA infection
status * MUC2/5B + PA infection status * Time + PA infection status * MUC2/5B * Time

6.2.4. Survival analysis

MUC2 and MUC5B were not predictive of survival. CFTR class, P. aeruginosa infection
status, sex, current age and modifier gene * P. aeruginosa infection status were included in
the models. Results are presented in Table 6.3. Lastly we included the MUC2/MUCS5B
diplotype, as described above, in the model but did not show any differences based on
diplotype grouping and progression to our endpoint (time to death or lung transplantation)
(RR=1.40, p=0.70; Cl0s=0.26 and Cl95=7.39). Also being chronically infected with P.
aeruginosa (MUC2/MUCSB diplotype * P. aeruginosa infection status; RR=1.10, p=0.92;

Clp05=0.18 and Cl}9s=6.65) was not a significant interaction term.

6.2.5 Effect of modifier genes on P. aeruginosa infection status

We did not show significant differences in susceptibility to chronic infection with P.
aeruginosa and P. aeruginosa or BCC associated with the MUC2 and MUC5B gene
polymorphisms (Tables 6.4 and 6.5). We then investigated whether the polymorphisms in
the mucin genes contributed to age of first infection and age of chronic infection with P.
aeruginosa and the results are presented in Tables 6.6 and 6.7, respectively. CFTR class was
included in the models. If there were empty cells for CFTR grouping then the variable PSS

was used instead.

We showed that homozygosity for one repeat for the MUC2 polymorphism was associated
with earlier first infection with the pathogen P. aeruginosa. In addition, fixing %predFEV
(i.e., two CF patients having the same %predFEV;) those CF patients who were
homozygous for one repeat for the MUC2 polymorphism became infected with P.
aeruginosa for the first time at a later age than CF patients who were heterozygous or

homozygous for 2 repeats (Table 6.6, p=0.03).

In the case of the MUCS5B polymorphism, we showed that holding CF diagnosis age fixed,

being homozygous for 7 repeats was associated with later age of first infection with P.
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aeruginosa than when the CF patient was grouped other (p=0.02). We did not show a
significant effect of MUC2 and MUCS5B genotype on age of chronic infection with P.
aeruginosa. Also we did not show a significant effect of MUC2/5B diplotype on age of first

and chronic infection with P. aeruginosa.
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6.3 DISCUSSION

In this study we investigated variations in the length of the intronic VNTR in the MUC5B
gene as a potential modifier gene in CF. We also showed that the MUC2 gene contains a
region of imperfectly conserved repeats in the coding region and was investigated as a
potential modifier gene in CF pulmonary disease progression. Both genes are expressed in
the respiratory tree. Our hypothesis was that variation in the length of the tandem repeats of
MUC2 may potentially be associated with more severe pulmonary disease severity and
progression in CF. We showed that variations in the number of repeats was not associated in
our study cohort with pulmonary disease severity and progression or with survival, even
after also considering potential covariates in our models. We showed significant difference
in pulmonary disease severity and progression for the MUCS5B polymorphism (i.e., common
genotype versus others), but the individual slopes were not significantly different. We also
investigated whether MUC gene polymorphisms were associated with infection with
common CF pathogens, as a measure of disease severity. We did not show differences in the
prevalence of chronic infection with P. aeruginosa or BCC associated with MUCSB or
MUC2 genotype. We did show a later age of first infection in CF patients who had a 7-7
VNTR genotype for MUCSB versus other less common shorter or longer VNTR genotypes.
For MUC?2, we showed that CF patients who have the common genotype (homozygous for
one repeat) had an earlier age of first infection with P. aeruginosa, but no difference in age
of chronic infection with the pathogen. In addition, CF patients who were homozygous for
one repeat for the MUC2 polymorphism who also had similar pulmonary disease severity

became infected with the pathogen at a later age.

Increased viscosity of mucus can be partially explained by the CFTR defect, the chronic
inflammation and the subsequent changes in mucus producing cells (hypertrophy of
submucosal glands, goblet cell hyperplasia and metaplasia). Milder CFTR mutations
belonging to class 4 and 5, where there is some functional CFTR protein produced show a
milder pulmonary phenotype compared with patients who have CFTR mutations belonging
to classes 1, 2 and 3 where there is either no CFTR protein produced or there is defective
maturation or blocked activation of the protein (66). CF patients with severe CFTR
genotypes were investigated to see if a combination of a longer length VNTR for MUC5B

and larger number of incomplete repeats of MUC2 would be associated with more severe
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pulmonary disease progression and also affect survival. We hypothesized that
polymorphisms which may increase the viscosity of mucus may contribute to earlier repeat
infection with common CF pathogens followed by earlier chronic colonization with P.
aeruginosa or BCC and more rapid decline in %predFEV,. We did not find differences in
chronic colonization by P. aeruginosa or BCC and MUC2 and MUCS5B genotype. We also
did not show a significant association of mucin gene polymorphisms when CFTR genotype
severity, infection status (i.e., chronic infection) with common CF pathogens (P. aeruginosa,
BCC) and gender were included in the model to investigate pulmonary disease progression.
In our models the milder CFTR genotypes were associated with later age of first infection

with P. aeruginosa (Table 6.6, MUC 2 analysis)

MUC2, MUCSAC and MUCS5B have been shown in respiratory secretions (58, 63, 64, 67).
Vinall and colleagues (63) showed that atopic non-asthmatic individuals had a longer MUC2
mean allele length in comparison with asthmatic and COPD patients, and healthy volunteers.
The same investigators (63) and others (5, 68) have shown upregulation of MUC2 in
response to pathogen invasion and in response to inflammatory cytokines. In CF, Cheng and
associates (69) have shown altered sulfation/glycosylation of mucus in cultured CF nasal
epithelial cells. Voynow and colleagues (70) investigated MUCSAC, MUC2 and MUCI1
mRNA levels in normal and CF nasal epithelial cells and showed altered mucin gene
expression in non-inflamed CF nasal cells. It has been hypothesized that MUC2 may be
upregulated during inflammatory disease and the length of the MUC2 protein somehow
interacts with the more abundant MUC5AC and 5B producing a mucin gel with altered
physicochemical properties (63).

Pulmonary disease in CF is characterized by chronic P. aeruginosa infection, neutrophilic
inflammation, mucus hypersecretion and obstruction of the airways. Viscous mucus and
impaired clearance of mucus may contribute to a favorable environment for the creation of
biofilms by P. aeruginosa leading to chronic colonization with this pathogen (71). P.
aeruginosa contributes to mucus viscosity and impairment to mucociliary clearance. Li and
colleagues have shown that P. aeruginosa lipopolysacharide (LPS) upregulates transcription
of MUC2 in epithelial cells through inducible enhancer elements and showed that this
upregulation can be blocked by tyrosine kinase inhibitors genistein and tyrphostin AG 126

(3). It is likely that soluble P. aeruginosa products (e.g., pyocyanin) may impair mucociliary
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clearance in part through a pathway that involves neutrophils and is mediated by reactive
oxygen species (37, 72). Extracellular GSH depletion, which is documented in CF,
contributes to mucin hypersecretion directly and indirectly through the effect of GSH
depletion on neutrophils. GSH depletion also contributes to ineffective mucolysis and thus
contributes to increased mucus viscosity. The lipid A portion of P. aeruginosa LPS and the
LPS of other Gram-negative bacteria are all effective in stimulating upregulation of MUC2
and MUCS5AC (73). Infection with P. aeruginosa would also potentially increase mucus
secretion and viscosity. Kishioka and associates (74) showed that P. aeruginosa alginate
stimulates mucin and lysozyme secretion in ferret tracheal tissue to similar levels as shown
in CF sputum. They showed alginate stimulated secretion of mucin was greater than of
lysozyme and concluded that this meant that mucin secretion was predominately from
mucous versus serous cells (74). This would mean that the mucus secreted would have a
higher mechanical impedance (i.e. would be more rigid) and would be more difficult for the
CF patient to clear. The viscosity and post-transcriptional modification of secreted mucin is
therefore affected by various factors operating in the CF patient. Although the size of the
MUC?2 repeat will affect the degree of glycosylation, this may have an insignificant effect on

mucin viscosity compared with other factors, as described above.

In theory, mucin with a higher number of repeats may have a higher number of
glycosylation sites and could have two effects on pulmonary disease progression in CF.
Having longer MUC?2 alleles would result in a larger protein with an increased number of
glycosylation sites that may be beneficial in removal of pathogen in early disease. However
a mucin protein with a higher number of glycosylation sites may alter the viscoelastic
properties of the molecule and contribute to stagnant mucus and compromised clearance. In
more severe pulmonary disease, the effect of more viscid mucus may outweigh any benefits.
In our cohort we did not show differences in pulmonary disease progression or P.
aeruginosa infection status for MUC2. We showed variable pulmonary disease course for
CF patients based on MUC5B genotype, when controlling for P. aeruginosa infection status.
We also showed a variable effect based on MUC2 and independently for MUCS5B genotype
and age of first infection with P. aeruginosa, but no differences for age of chronic infection
with P. aeruginosa. Our results indicate that the polymorphisms investigated for MUC2 and
5B or polymorphisms which are in LD with these polymorphisms affect in some way

pulmonary disease severity and progression. In some cases due to missing data on clinical
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variables our study cohort was considerably reduced, therefore study sample size may have
been a limitation in our study. Variables for which there was appreciable data unavailable
were age of first and chronic infection with P. aeruginosa, in addition there were limited
patients with mild CFTR genotypes. Therefore, when we controlled for P. aeruginosa
infection status as well as CFTR genotype, empty cells were created and we were unable to
investigate interactions with our gene polymorphisms of interest. Vinall and associates
hypothesized that the VNTR in intron 36 may have a functional effect; this region contains a
protein binding site and may be involved in the regulation and level of expression of the
gene (56, 63). Our preliminary findings suggest that this polymorphism, as well as the
MUC2 VNTR should be investigated in a larger CF cohort.
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6.4. CONCLUSIONS

We hypothesized that variation in the length of the tandem repeats of the MUC2 gene
polymorphism and a higher number of repeats of the VNTR of the MUCS5B gene would be
associated with more severe pulmonary disease severity and progression in CF. The number
of repeats for the MUCS5B gene polymorphism was associated in our study cohort with
pulmonary disease progression. Although the polymorphisms investigated did not affect
survival or the prevalence of chronic infection with P. aeruginosa or Burkholderia cepacia
complex, we did show variability in age of first infection with P. aeruginosa. The
polymorphisms investigated in this study may have an affect on mucus viscosity, however
compared with other factors operating in the CF airways their contribution to the CF
pulmonary disease outcome variables investigated is likely minor. Nonetheless, our data
suggest that these polymorphisms augment disease course in CF and further examination
controlling for CFTR genotype on a larger CF cohort with a greater representation of mild

CFTR genotypes is worthy of further investigation.
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Figure 6.1. The effect of normal and abnormal ion transport on airway
mucociliary clearance. Excess epithelial absorption of sodium and
consequently fluid results in decreased volume of the sol phase and
ultimately a more concentrated gel phase. Ciliated cells line the surface of
airways and by coordinated beating of these cilia transport mucus and
entrapped material cranially up to the oropharynx. When the sol phase is
reduced cilia are unable to fully extend and beat and therefore mucociliary
clearance is compromised. Additionally in CF there is hypersecretion of
mucus which further contributes to obstruction.
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Figure 6.1. The effect of normal and abnormal ion transport on airway
mucociliary clearance. Excess epithelial absorption of sodium and
consequently fluid results in decreased volume of the sol phase and
ultimately a more concentrated gel phase. Ciliated cells line the surface of
airways and by coordinated beating of these cilia transport mucus and
entrapped material cranially up to the oropharynx. When the sol phase is
reduced cilia are unable to fully extend and beat and therefore mucociliary
clearance is compromised. Additionally in CF there is hypersecretion of
mucus which further contributes to obstruction.
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Figure 6.2. Schematic diagram of the four major protein domains in secreted gel-forming
mucins. There is a signal sequence in the amino terminus followed by a domain which
participates in oligomerization of mucins and a similar domain located further down the
structure which also participates in oligomerization of mucins (regions highlighted with
asterisks). The next domain consists of a large tandem repeating sequence of amino acid
residues that are rich in serine and threonine and O-linked glycosylation occurs at these sites.
The remainder of the mucin protein structure includes two unique non-repeating sequences.
The depicted regions are not to scale. Individual mucin gene proteins vary within these
domains.
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Figure 6.3. Schematic diagram of a mucin molecule. The general structure of a mucin molecule is
of a bottle-brush with many (hundreds of) oligosaccharides chains attached to the protein core
called apomucin. The oligosaccharide chains link to serine and threonine of the apomucin via N-
acetylgalactosamine (GaN) in an alpha-O-glycosidic linkage to the hydroxyl oxygen of the serine or
threonine. Each O-linked carbohydrate is defined by a core, a backbone and a periphery (shown in
the inset of the figure).F=fucose; G=galactose; Gn=N-acetylglucosamine.

g o=

Serine

‘ Threonine
/A,\ "\’\ Oligosacharide chain

/_J"

Periphery yyx

\ Backbone

/M' O Core

<>
(ofoxonomll
= =

f

e

— Og®@

®
0009
. Vs T

One molecule of mucin protein

Y

One parttial molecule of mucin protein

290



Figure 6.4. Distribution of genotypes for the MUC2 gene polymorphism. The numbers
represent the total cohort which was genotyped for this gene and includes patients who were

excluded from statistical analyses based on limited numbers of MUC2 genotype or CFTR

genotype.
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Figure 6.5. Distribution of genotypes for the MUCS5B gene polymorphism. The numbers
represent the total cohort which was genotyped for this gene and includes patients who were

excluded from statistical analyses based on limited numbers of MUCS5B genotype or CFTR

genotype.
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Table 6.1. Clinical characteristics of study cohort by MUC2 as grouped for analyses. The

grouping was based on having one or 2 long alleles.

Total* 2 long alleles | 1 long allele | P-
value
Current age (yrs) 24.8 (0.5) 25.0(0.6) 23.5(1.2) 0.82
Male/Female 196/180 151/146 40/34 0.09
CF diagnosis age (yrs) 4.5(0.4) 4.6(0.4) 4.2(0.8) 0.21
CFTR genotype* 259/81/28/11 | 204/65/22/9 51/16/5/2
PSS (insufficient/sufficient) | 332/47 262/38 66/8 0.80
PA status (not 133/238 106/187 25/48 0.94
infected/infected)
BCC status (not 338/14 275/25 70/2 0.42
infected/infected)
Current status 316/63 248/52 63/11 0.53
(alive/deceased or
transplanted)
PAT age (yrs) 14.5(0.8) 14.9(0.9) 13.3(1.7) 0.63
N=205 N=158 N=46
PAC age (yrs) 15.3(0.8) 15.6(0.9) 14.5(2.0) 0.61
N=140 N=106 N=33
Current %predFEV, (%) 61.3(1.5) 61.8(1.7) 59.7(3.2) 0.48
Current BMI (kg/m®) 20.3(0.2) 20.2(0.2) 20.3(0.4) 0.24

*Total measures include subjects with infrequent alleles as well.

** CFTR genotype: class 1, 2, 3 on both chromosomes/ class 1, 2, 3 on one chromosome
and unknown or unclassified on the other chromosome/ class 4,5 on one chromosome and
4,5 or 1,2,3 or unknown or unclassified on the other chromosome/unknown or unclassified
on both chromosomes. This last group was not included in univariate or mixed effects

regression analyses.
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Table 6.2. Clinical characteristics of study cohort by MUC5B genotype. Grouping was

based the three most common genotypes based on number of 59 bp repeats

Total* 5/7 7/7 7/8 P-
value
Current age (yrs) 26.8 (0.6) 27.9(1.7) | 27.2(0.7) 25.4(1.5) | 0.4l
Male/Female 161/158 19/24 108/103 21/21 0.26
CF diagnosis age (yrs) | 4.9(0.5) 5.6(1.2) 4.9(0.6) 4.2(1.0) 0.76
CFTR genotype** 223/67/23/9 | 29/14/1/0 | 147/41/16/8 | 29/9/3/1
PSS 284/38 42/2 183/29 38/4 0.29
(insufficient/sufficient)
PA status (not 91/223 9/34 65/145 11/29 0.70
infected/infected)
BCC status (not 298/24 42/2 194/18 40/2 0.69
infected/infected)
Current status 269/53 39/5 173/39 36/6 0.56
(alive/deceased or
transplanted)
PA1 age (yrs) 16.5(0.9) 18.7(2.9) 16.7(1.2) 15.6(2.0) | 0.71
N=164 N=22 N=108 N=26
PAC age (yrs) 16.6(1.0) 22.5(3.5) 15.6(1.1) 16.6(2.3) | 0.32
N=120 N=17 N=77 N=20
Current %predFEV, 58.1(1.5) 58.1(3.9) | 57.4(4.6) 59.6(4.1) |0.93
(%)
Current BMI (kg/m®) | 20.6(0.2) 20.6(0.5) | 20.6(0.2) 20.6(0.2) | 0.85

*Total measures include subjects with infrequent alleles as well.

** CFTR genotype: class 1, 2, 3 on both chromosomes/ class 1, 2, 3 on one chromosome
and unknown or unclassified on the other chromosome/ class 4,5 on one chromosome and
4,5 or 1,2,3 or unknown or unclassified on the other chromosome/unknown or unclassified
on both chromosomes. This last group was not included in univariate or mixed effects

regression analyses.
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Table 6.3. Survival analysis of the time to event (death or lung transplantation) for CF

patients classified by MUC2 and MUCS5B grouping.

Model RR P-value Lower Upper
Clos Clos
MUC2 (N=366)
MUC?2 (2 long alleles=1) 1.14 0.91 0.13 9.63
Sex (Male=0/Female=1) 1.28 0.34 0.77 2.13
Current age 0.49 0.001 0.42 0.56
CFTR: Mild 1= homozygous class 4,5 | 0.23 0.17 0.03 1.88
or 4,5/class 1,2,3 or unknown*
CFTR 1=class 1,2,3 / unknown* 0.54 0.11 0.26 1.15
CFTR 1= class unknown /unknown* 0.17 0.09 0.02 1.32
PA infection status 1.18 0.88 0.14 9.94
MUC?2 * PA status 1.66 0.66 0.17 15.99
MUCS5B Model (N=314)
MUCS5B (0/1=all others/common 2.05 0.51 0.24 17.53
genotype 7/7 repeats)
Sex (Male=0/Female=1) 1.34 0.74 0.77 2.35
Current age 0.48 <0.0001 2.08 0.57
CFTR: Mild 1= homozygous class 4,5 | 0.22 0.16 0.03 1.81
or 4,5/class 1,2,3 or unknown*
CFTR 1=class 1,2,3 / unknown* 0.41 0.05 0.17 0.98
CFTR 1= class unknown /unknown* 0.16 0.09 0.02 1.28
PA infection status 1.42 0.74 0.18 11.59
MUCSB (7/7 and 7/8=0/ 5/7=1) * PA | 1.02 0.99 0.11 9.86
status

* Base group for CFTR was homozygous class 1, 2, 3.
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Table 6.4. MUC2 and MUC5B do not influence susceptibility to chronic infection with P.

aeruginosa infection.

Model B SE(B) | P-value
MUC2 (N=366)

MUC?2 (2 long alleles=1) -0.07 | 0.29 0.82

Sex (Male=0/Female=1) -0.04 1 0.23 0.85
CFTR: Mild 1= homozygous class 4,5 or -2.70 | 0.56 1.41x10°
4,5/class 1,2,3 or unknown*

CFTR 1=class 1,2,3 / unknown* -0.64 | 0.27 0.02
CFTR 1= class unknown /unknown* -0.95 | 0.65 0.14

MUCS5B Model (N=314)

MUCSB (0/1=all others/common genotype 7/7 | -0.31 | 0.29 0.28

repeats)

Sex (Male=0/Female=1) 0.34 |0.27 0.19
CFTR: Mild 1= homozygous class 4,5 or -2.56 1 0.53 1.66x10°
4,5/class 1,2,3 or unknown

CFTR 1=class 1,2,3 / unknown -0.75 1 0.31 0.02
CFTR 1= class unknown /unknown -0.69 | 0.76 0.36

* Base group for CFTR was homozygous class 1, 2, 3.
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Table 6.5. MUC2 and MUC5B do not influence susceptibility to chronic infection with P.

aeruginosa or BCC infection.

Model B SE(B) | P-value
MUC2 (N=346)

MUC?2 (2 long alleles=1) 0.10 | 0.29 0.72

Sex (Male=0/Female=1) -0.09 | 0.24 0.69
CFTR: Mild 1= homozygous class 4,5 or -2.83 1 0.56 4.66x10”
4,5/class 1,2,3 or unknown*

CFTR 1=class 1,2,3 / unknown* -0.60 | 0.27 0.03
CFTR 1= class unknown /unknown* -0.67 | 0.66 0.31

MUCS5B Model (N=314)

MUCSB (0/1=all others/common genotype 7/7 | -0.18 | 0.29 0.54

repeats)

Sex (Male=0/Female=1) -0.40 | 0.27 0.15
CFTR: Mild 1= homozygous class 4,5 or -2.73 | 0.54 3.69x107
4,5/class 1,2,3 or unknown

CFTR 1=class 1,2,3 / unknown -0.78 | 0.32 0.01
CFTR 1= class unknown /unknown -0.31 | 0.84 0.71

* Base group for CFTR was homozygous class 1, 2, 3.
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Table 6.6. Effect of MUC2 and MUCS5B polymorphisms on age of first P. aeruginosa

infection.
Model RR P-value Lower Upper
Clos Clos
MUC2 (N=196)
MUC?2 (1= homozygous for 1 repeat ) 3.29 0.03 1.13 9.59
Sex (Male=0/Female=1) 1.33 0.13 0.92 1.92
CFTR: Mild 1= homozygous class 4,5 | 0.08 0.01 0.009 0.60
or 4,5/class 1,2,3 or unknown
CFTR 1=class 1,2,3 / unknown 0.74 0.18 0.48 1.15
CFTR 1= class unknown /unknown 0.57 0.29 0.20 1.63
CF diagnosis age 1.02 0.62 0.95 1.09
Current %predFEV, 0.99 0.82 0.98 1.01
Current BMI 1.04 0.17 0.98 1.12
Current age 0.87 2.2x10"° [ 0.84 0.90
MUC?2 * Current %predFEV, 0.98 0.03 0.96 1.00
MUC?2 * CF diagnosis age 0.95 0.17 0.88 1.02
MUCS5B (N=159)
MUCS5B (1=homozygous for 7 repeats ) | 2.49 0.11 0.81 7.59
Sex (Male=0/Female=1) 1.25 0.28 0.83 1.89
CFTR: Mild 1= homozygous class 4,5 | 0.06 0.008 0.008 0.49
or 4,5/class 1,2,3 or unknown
CFTR 1=class 1,2,3 / unknown 0.74 0.23 0.46 1.20
CFTR 1= class unknown /unknown 0.89 0.83 0.31 2.55
CF diagnosis age 1.02 0.37 0.97 1.08
Current %predFEV, 1.00 0.90 0.98 1.01
Current BMI 0.99 0.84 0.92 1.07
Current age 0.85 <0.0001 0.82 0.89
MUCSB * Current %predFEV, 0.99 0.26 0.97 1.01
MUCSB * CF diagnosis age 0.93 0.02 0.88 0.99

MUC?2 and 5B diplotype (N=134)
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MUC2/5B diplotype (1=homozygous 1.47 0.52 0.45 4.76
for 7 repeats )

Sex (Male=0/Female=1) 1.45 0.11 0.92 2.30
CFTR: Mild 1= homozygous class 4,5 | 0.002 0.42 9x107° 6315.66
or 4,5/class 1,2,3 or unknown

CFTR 1=class 1,2,3 / unknown 0.77 0.33 0.45 1.31
CFTR 1= class unknown /unknown 0.86 0.79 0.29 2.58
CF diagnosis age 0.94 0.10 0.88 1.01
Current %predFEV, 0.99 0.10 0.98 1.01
Current BMI 0.98 0.68 0.89 1.08
Current age 0.86 6.8x10"° [0.83 0.90
MUC2/5B * Current %predFEV, -0.009 | 0.36 0.97 1.01
MUC2/5B * CF diagnosis age 1.01 0.74 0.94 1.01
* Formula

Dependent variables: Age of 1% infection (age of chronic infection), PA infection status
(0/1=not infected/chronically infected).

Main effects: Sex + Modifier gene SNP(s) + CFTR class + CF diagnosis age + current
%predFEV, + current BMI + current age

Interactions: Modifier gene* CF diagnosis age, Modifier gene * current %predFEV .
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Table 6.7. Effect of MUC2 and MUCS5B polymorphisms on age of chronic P. aeruginosa

infection.
Model RR P-value Lower Upper
Clos Clos
MUC2 (N=136)
MUC?2 (1= homozygous for 1 repeat ) 1.89 0.22 0.68 5.22
Sex (Male=0/Female=1) 0.99 0.96 0.67 1.46
PSS (1=sufficient)" 2.01 0.18 0.72 5.58
CF diagnosis age 0.97 0.38 0.92 1.03
Current %predFEV, 1.00 0.83 0.99 1.04
Current BMI 0.97 0.37 0.90 1.04
Current age 0.87 0.87 0.84 0.90
MUC?2 * Current %predFEV, 0.99 0.15 0.97 1.00
MUC?2 * CF diagnosis age 0.98 0.61 0.92 1.05
MUCS5B (N=118)
MUCS5B (1=homozygous for 7 repeats ) | 1.78 0.30 0.60 5.24
Sex (Male=0/Female=1) 1.05 0.84 0.68 1.61
CFTR: Mild 1= homozygous class 4,5 | 0.73 0.79 0.07 7.43
or 4,5/class 1,2,3 or unknown
CFTR 1=class 1,2,3 / unknown 0.78 0.31 0.48 1.27
CFTR 1= class unknown /unknown 0.80 0.68 0.27 2.34
CF diagnosis age 0.97 0.27 0.91 1.03
Current %predFEV, 0.99 0.30 0.98 1.01
Current BMI 0.96 0.31 0.88 1.04
Current age 0.85 1.4x10"° | 0.82 0.88
MUCSB * Current %predFEV, 1.00 0.63 0.98 1.01
MUCSB * CF diagnosis age 0.99 0.80 0.92 1.06
MUC?2 and 5B diplotype (N=95)
MUC2/5B diplotype (1=homozygous 0.69 0.53 0.22 2.19
for 7 repeats )
Sex (Male=0/Female=1) 1.07 0.79 0.67 1.72
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PSS 1.58 0.47 0.46 5.56
CF diagnosis age 0.89 0.17 0.82 0.98
Current %predFEV, 0.98 0.07 0.97 1.00
Current BMI 0.95 0.34 0.85 1.06
Current age 0.85 3.8x107° | 0.81 0.90
MUC?2/5B * Current %predFEV, 1.00 0.97 0.98 1.02
MUC2/5B * CF diagnosis age 1.06 0.29 0.95 1.17

* See previous table for formula

+ PSS used instead of CFTR genotype.
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7.0 OVERALL CONCLUSIONS

The chapter summarizes the study’s findings, strength and weaknesses of the study,
implications to therapy and future directions. There have been a number of studies
published during this write-up and they are reviewed and discussed, where relevant, with

this study’s findings.

7.1 CONCLUSIONS FOR MODIFIER GENES INVESTIGATED

Cystic fibrosis is a systemic disorder transmitted as an autosomal recessive trait (1).
Knowledge of the gene which causes the disorder has helped in the understanding of the
function of the gene product and advances in therapeutic regimens have increased the life
expectancy of CF patients, but have not cured them of the genetic disorder. The classic CF
phenotype includes pulmonary disease, pancreatic exocrine insufficiency and abnormal
sweat gland function. The CF gene is expressed in the epithelial cells of many organs
including the sweat glands, pancreas, lungs, gastrointestinal, and reproductive tracts. While
the CFTR mutation affects numerous organs, it is mainly the effect of the disorder on the
pulmonary system that affects survival. Patients who have CF show a heterogeneous
pulmonary disease course and only a portion of this variability can be explained by the
individual’s CFTR genotype. Although some CFTR genotypes are associated with less
severe disease, patients possessing the same genotype show great variation in pulmonary
disease severity and progression (1). There is no doubt that environment plays a role in
explaining some of the variability in disease severity and progression. We hypothesized that
other genes may play a significant role in explaining this wide range of clinical outcomes
and pulmonary disease progression. Our main hypothesis was that genes other than CFTR
contribute to the heterogeneity we observe in pulmonary disease severity and progression.
Polymorphisms in secondary genes may act in concert to positively or negatively contribute
to disease severity and progression in CF. We selected genes to investigate which had
known polymorphisms and which, based on their protein function, could be involved in the
pathogenesis of pulmonary disease in CF. We selected genes which modulate the

inflammatory response to infection; innate immunity genes (MBL2, SPA-1 SPA-2 and
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SPD), the antiprotease gene alpha-l-antitrypsin (o-AT), genes that affect levels of
glutathione (the GAC trinucleotide repeat of the GCLC gene) and antioxidant response
(gene deletion polymorphisms in GSTM1 and T1, GSTP1 (Ile105Val)) and genes that could
affect viscosity of CF mucus (MUC2 and MUC5B). We will summarize our findings below
for each gene category following a brief introduction to our rationale for selecting these
genes.

ai-AT. In CF, infection provokes a vigorous local inflammatory response that prevents the
spread of the infection beyond the lung, however by doing so it likely contributes to lung
destruction (2-4). The inflammatory process in response to pulmonary infection in CF
airways is characterized by a massive influx of neutrophils (5). Neutrophils represent 95%
of the cells recovered in bronchoalveolar lavage fluid (BALF) in CF adults and children
compared to 5% in normal subjects (6). Neutrophils contain a number of proteolytic
enzymes one of which, neutrophil elastase (NE), has been implicated in the excessive
pulmonary damage observed in cigarette smokers and in patients with CF. NE is capable of
causing direct lung damage but also indirect damage by enhancing mucous secretion (7, 8),
and by interfering with the opsonization and elimination of bacterial pathogens, particularly
P. aeruginosa (7, 9). In normal hosts, the actions of NE are prevented primarily by alpha-1-
antitrypsin (a;-AT), a serine protease inhibitor that binds to NE and inhibits the breakdown
of elastic tissue in the lung. Three polymorphisms in the a;-AT gene which affect the
plasma levels of this protein were investigated in this study. We showed that a,-AT
genotype is not a major contributor to the variability of pulmonary disease severity in CF.
Specifically a;-AT genotype did not correlate with %predFEV, pulmonary infections and

risk of death or lung transplantation.

At first glance it would seem that low levels of this antiprotease do not contribute to disease
progression. Pancreatic insufficiency and recurrent infections do however take a toll on CF
patients and poor nutritional status is characteristic. On a sub cohort of adult CF patients we
monitored o;-AT plasma levels during a pulmonary infection requiring IV therapy and
levels were also measured during a period of stable clinical status. CF patients showed a
high baseline o;-AT level (stable clinical status) and a blunted acute phase increase in o-
AT levels. Our analysis showed that o;-AT levels are affected by nutritional status (as
measured by body mass index); CF patients with poor nutritional status had low o;-AT
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plasma levels during the acute phase response and for the duration of the IV therapy
interval/pulmonary infection. It is likely that a combination of poor nutritional status and
chronic pulmonary bacterial infection in CF patients with severe pulmonary disease
contributes to the pattern shown in the stable clinical periods and the blunted acute rise in

a1-AT levels and likely negates any effect we would see and attribute to o;-AT deficiency

genotype.

We therefore conclude that o;-AT may be a modifier of CF pulmonary disease, but that
differences in levels of o;-AT are also dependent on other factors which likely obscure the

effect of genotype on a;-AT levels in CF.

Innate immunity genes. CF pulmonary disease is characterized early on by recurrent

infections with the pathogens Staphylococcus aureus and H. influenzae followed by chronic
infection with Pseudomonas aeruginosa (2, 3) and in some cases with Burkholderia cepacia
complex (BCC). Innate first defenses are involved in eradicating pathogens invading the
airways and therefore are important in preventing colonization and possibly modulating the
inflammatory response. We investigated four innate immunity genes (mannose binding
lectin (MBL2) and pulmonary surfactant A (SPA-1 and 2) and D) which have been shown:
a) to bind to CF pathogens, b) have polymorphisms resulting in reduced levels of the

protein, and/or ¢) literature showing a deficient state affecting pulmonary status.

In many of our models investigating pulmonary disease progression we reported a
significant P. aeruginosa x Time interaction, showing a significantly steeper decline in
pulmonary function over time in CF patients chronically infected with p. aeruginosa versus
non-infected CF patients. We also showed a significantly steeper decline in pulmonary
function over time in CF patients chronically infected with both BCC and P. aeruginosa
versus being infected with only one pathogen or neither pathogen. Therefore preventing or
delaying chronic infection with these pathogens would potentially slow down pulmonary
disease progression in CF. The MBL2 protein has been shown to bind to two known CF
pathogens Staphylococcus aureus and BCC. The pulmonary surfactant genes A and D
produce proteins that bind to the common CF colonizer, P. aeruginosa. The scenario for the

progression of pulmonary disease in CF considering the knowledge obtained from our
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findings and other studies(10, 11) would suggest that early on CF patients who are MBL2
deficient would be prone to experience more frequent infections with Staphylococcus
aureus. These infections would, in turn, contribute to the chronic inflammatory state
characterized by a massive influx of neutrophils (5) and release of proteolytic enzymes

including neutrophil elastase (NE).

We did not show differences in pulmonary disease progression with MBL2 deficiency when
controlling only for CFTR genotype, gender and P. aeruginosa infection status. When the
pre- and post-acquisition intervals for BCC were distinguished in the model, MBL2
deficiency was shown to be a predictor of pulmonary disease progression following chronic
infection with BCC in CF patients. Contrary to the previous literature, wild-type MBL2
genotype was associated with more severe decline in %predFEV, over time following
colonization with BCC, but was not associated with increased susceptibility to BCC
infection. Interestingly, when including BCC infection status in the model (as a categorical
variable: chronically infected versus not infected) and not distinguishing the pre- and post-
acquisition interval for BCC infection we did not show differences in pulmonary disease
progression with MBL2 deficiency. Further studies incorporating greater representation of
BCC genomovars, larger numbers of subjects in whom there is characterization of MBL2

genotypes and longer prospective follow-up are required to expand upon our findings.

We showed a varied response for the pulmonary surfactant gene polymorphisms depending
on the response variable investigated. Our results show that in CF, these genes and their
polymorphisms impact on the effect that CFTR dysfunction has on the respiratory system.
The interaction between the CFTR mutations (mild and severe) and variant alleles in the
innate immune genes had a complex effect on the clinical course of CF patients. The
measure of disease severity used to study modifier genes in CF will also potentially

influence the significance of such associations.

GSTs and GCLC genes. Deficits in reduced glutathione (GSH) levels in ASL fluid (5-10%

of normal) and plasma levels (50% of normal) have been reported in CF patients (12). A
systemic deficiency in GSH has been shown in CF and other chronic diseases. This
extracellular deficiency has been purported to lead to oxidant damage of airway epithelial

cells and lung fibrosis, and is associated with reduced pulmonary function and increased
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adhesion of bacteria to airway epithelial cells (13-15). In this study we investigated gene
polymorphisms which would affect levels of glutathione produced (the GAC trinucleotide
repeat of the GCLC gene) and antioxidant response (gene deletion polymorphisms in
GSTMI1 and T1) and a coding variant GSTP1 (Ile105Val)) as potential modifier genes in
CF. We showed that polymorphisms in genes which affect levels of glutathione produced,
released and utilized are potential modifier genes in CF pulmonary disease. We showed that
the deletion polymorphisms (GSTM1 and T1) contribute to an earlier event (death/lung
transplantation). However, we did not show differences in pulmonary disease severity or
progression. We showed similar pulmonary disease severity and progression in CF patients
who are homozygous or heterozygous for isoleucine for the GSTP1 (Ilel05Val)
polymorphism. One of the limitations of this study may be the small number of patients with
mild CFTR mutations, which prevented us from exploring this group in our analyses.
Whether partially functioning CFTR would be adequate for GSH transport is unclear in the
literature. We hypothesized that patients with some CFTR function who do not have the
deletion polymorphism for GSTM1 and GSTT1 would have better pulmonary function and a
lower rate of decline in pulmonary function over time compared with CF patients who have
the deletion polymorphisms for GSTM1 and GSTTI1. CF patients who have two severe
CFTR mutations (i.e., class I, IT or III) where there is no chloride conductance will also
show no GSH transport through the mutant CFTR, therefore the relevance of the GST
polymorphisms would likely be realized only in the mild CFTR group. The potential effect
of these polymorphisms in CF patients with mild CFTR is discussed further below.

We hypothesized that CF patients who have a lower number of GCLC GAC repeats will
show worse pulmonary disease severity and progression. We showed a significant difference
in pulmonary disease severity and survival in CF patients with a 7/8 GAC repeat genotype
versus 7/7 GAC repeat genotype, but no difference in pulmonary disease progression. The
GCLC GAC repeat polymorphism needs to be further investigated in an independent CF
cohort of larger sample size which includes a larger number of CF patients with mild CFTR
genotype. The deletion of the GSTM1 gene was shown to be a modifier gene for liver

disease in CF.

It is probable that the oxidant burden in CF overwhelms the ability of the immune system to

keep up with production of GSH. We conclude that polymorphisms in genes involved in
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glutathione production (GCLC) and in antioxidant response (GSTs) have an effect on the
pulmonary disease process in CF, but the severity of the effect of the CF disease process
may make it difficult to investigate these genes as modifiers of pulmonary disease in CF
patients with severe CFTR genotypes. Polymorphisms leading to reduced levels of GSTs
(deletion polymorphism in GSTM1 gene) may contribute to CF liver disease.

Mucin genes. In CF, mucus has been shown to be more viscous and adhesive. The CFTR
defect contributes both directly and indirectly to this increased viscosity and adhesiveness of
airway mucus; however, the products of inflammation and infection also affect mucus
viscosity, viscoelasticity and mucociliary clearance. In this study we considered
polymorphisms in two mucin genes which may also contribute to the viscosity of CF mucus,
MUC2 and MUC5B. We hypothesized that a longer length of the tandem repeats of the
MUC2 gene polymorphism and a higher number of repeats of the VNTR of the MUCS5B
gene would be associated with more severe pulmonary disease severity and progression in
CF and earlier onset of infection with CF pathogens. The number of repeats for the MUC5B
gene polymorphism was associated in our study cohort with pulmonary disease progression.
Although the polymorphisms investigated did not affect survival or the prevalence of
chronic infection with P. aeruginosa or Burkholderia cepacia complex, we did show
variability in age of first infection with P. aeruginosa. The polymorphisms investigated in
this study may have an effect on mucous viscosity, however compared with other factors
operating in the CF airways, their contribution to the CF pulmonary disease outcome
variables investigated, is likely minor. Nonetheless, our data suggest that these
polymorphisms contribute to pulmonary disease severity and progression in CF and further
examination controlling for CFTR genotype on a larger CF cohort with a greater

representation of mild CFTR genotypes is worthy of further investigation.

7.2 CONCLUSIONS FOR BCC INFECTION SUB-STUDY

We showed an more rapid decline in lung function following acquisition of BCC which was
further augmented by co-infection with P. aeruginosa. There were no differences in
pulmonary disease progression when we compared the rate of decline in %predFEV, in the
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pre- BCC- acquisition interval between the BCC group and non-infected controls, but
showed a steeper decline in %predFEV, over time in the BCC group following chronic
infection with BCC. A closer examination of the rate of decline in %predFEV, for the post-
acquisition of BCC interval showed a similar rate of decline (2% per year) in BCC infected
CF patients as shown for the rate of decline in CF patients infected chronically with P.
aeruginosa. In addition CF patients chronically infected with both BCC and P. aeruginosa
showed a steeper rate of decline in %predFEV, over time, which seemed in our cohort to be
additive (i.e., 4% per year) compared to rate of decline observed in CF patients infected

chronically with either BCC or P. aeruginosa (i.e., 2% per year).

The mortality rate was similar in patients infected with either BCC or P. aeruginosa, but
higher in the BCC infected group that was co-infected with P. aeruginosa compared with
non-infected CF patients or patients infected only with P. aeruginosa. CF patients infected
with both pathogens did not show a significant difference in risk of death or lung transplant
compared with infection with BCC only. We also showed higher mortality in CF patients
transiently infected with BCC compared with non-infected CF controls. Although mortality
was higher in CF patients infected with genomovar IIIA versus genomovar II, the estimated
decline in %predFEV, over time was similar between CF patients chronically infected with
BCC genomovar II and IIIA. The rate of decline in %predFEV, was similar for CF patients
infected with BCC genomovar IIIA across RAPD types.

In our study we were unable to control for CFTR genotype as all patients infected
chronically with BCC had a severe CFTR genotype. It is unclear whether this finding is
confined to our study cohort or a common finding in the CF population, since previous
literature has not always reported or controlled for CFTR genotype or grouped CFTR
genotype by CFTR class mutations.

Our findings provide a clear rationale for segregating BCC infected CF patients irrespective
of BCC genotype and RAPD type. The time of acquisition of BCC was defined in our study
and we were therefore able to show that BCC infection is not necessarily a marker of disease
severity, but that chronic infection or even transient infection with BCC affect pulmonary
disease progression and mortality and co-infection with P. aeruginosa has an additive effect

on both pulmonary disease progression and risk of death or lung transplant. We therefore
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conclude that worse prognosis usually associated with chronic BCC infection is not directly

related to BCC infection but to the overall clinical state of the CF patient.

7.3 RECENT RELAVENT RESEARCH PUBLISHED DURING THIS WRITE-UP

There have been a number of studies published during this write-up. In this section, these

studies will be reviewed and discussed.

There have been 2 recent studies that have been published investigating BCC infection.
Kalish and associates (16) grouped their BCC infected CF patients into BCC infected with
GEN II versus GEN VI. They showed higher mortality in GEN II and GEN VI groups
compared to matched CF controls infected with P. aeruginosa. Jones and associates
investigated two common BCC colonizers in the United Kingdom (GEN IIIA and GEN II).
This group showed higher mortality in the GEN IIIA group compared to matched CF
controls infected with P. aeruginosa only (17). There were, however, no comparisons made
in these two studies (16, 17) between the BCC cohorts investigated. Both these studies
showed that infection with BCC has a more severe outcome (survival and decline in
pulmonary function) than infection with P. aeruginosa. Our study confirms their findings
and also showed that infection with pathogens, BCC and P. aeruginosa, has an additive
effect; more rapid progression to an event (death or lung transplantation) and a steeper
decline in %predFEV, over time compared to infection with one pathogen. Our study design
also allowed us to investigate their clinical status pre and post-acquisition of BCC and to
further investigate differences based on RAPD type for genomovar IIIA. In our study we
also investigated the modifier gene MBL2 and showed no difference in susceptibility to
BCC acquisition among MBL2 wild-type and deficient CF patients and a steeper decline in
%predFEV, over time but only following chronic infection with BCC (no differences in the

pre-acquisition interval).

MBL2 deficiency has been investigated in a number of different CF cohorts. There is
inconstancy in the definition of MBL2 deficiency. In early studies including our own
classification of MBL2 wild-type included homozygosity or heterozygosity for the high
expression promoter allele Y at -221 and the wild-type allele (A) for the 3 codon

polymorphisms on exon 1. More recent studies have grouped their CF patients for the three
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exon 1 polymorphisms as A/A (homozygous wildtype for all three exon 1 polymorphisms)
and A/0, and 0/0 (homozygous for condon 52, 54 and 57 polymorphisms). This grouping
was also used by some of the studies already presented in this thesis(18). In the study by
Buranawuti and coworkers they showed worse survival for CF patients (total N=164) with a
0/0 genotype, and no significant differences in (cross-sectional) %predFEV, (61% Vs 58%)
and succeptibility to infection with BCC (2.6% Vs 2.8%) or P. aeruginosa (94% Vs 89%)
for MBL2 A/A or A/0 versus 0/0 genotype, respectively. Muhlebach and colleagues
measured MBL2 serum levels in children and adult CF patients (total N=102 with
pulmonary function data)(19). They showed higher levels of serum MBL2 in CF patients
than expected in healthy controls. They suggest that there is an age-dependent effect of
MBL2 levels with CF phenotype as defined by %predFEV,; CF children with low MBL2
levels are somehow protected from lung damage caused by excessive complement
activation, but experience more pulmonary infections. With the onset of puberty there is a
switch and CF patients with high MBL2 levels seem to show better pulmonary function,
which the authors suggest is related to changes in hormone levels (growth hormone,
thyroxin, glucocorticoids) with puberty which affect circulating levels of MBL2(19).
Another possibility is that low MBL2 levels possibly associated with a MBL2 deficient
genotype are protective in the early years as they suggest, and this could be also because
these children are free of infections at the time. With increasing age MBL2 deficiency
contributes to pulmonary disease progression and the reason for this could be that there is an
inadequate response to recurrent and chronic infection with P. aeruginosa and
Staphylococcus aureus leading to increased lung damage due to chronic inflammation and
recurrent and chronic infection. Our study showed that in the case of BCC infection MBL2
deficiency is protective and MBL2 wildtype genotype may be associated with intracellular
invasion by the BCC pathogen and more advanced pulmonary disease over time with
chronic infection with BCC. Olesen and associates showed that a polymorphism in the
serine protease MBL2-associated serine protease (MASP-2) gene (Asp120Gly, A359G) was
associated with variable levels of the protease (20). MASP2 levels were reduced in
heterozygotes (211 Vs 348ng/mL) and homozygosity for the MASP2 polymorphism was
associated with the lowest levels (43ng/mL) and also showed no functional activity for this
latter protein. The study, however, did not show an association between the MASP2
polymorphism and pulmonary function in their CF cohort (20). CF patients were also

genotyped for the three exon 1 polymorphisms and the three promoter polymorphisms for
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MBL2 and serum levels measured. Multiple analyses were done with various pulmonary
function parameters and MBL2 groupings. Their total sample size was small (100 patients
with pulmonary function values) and associations were shown for various grouping of
MBL2 genotype and pulmonary function (20). This study does show the importance of
defining CF phenotype in one’s study and controlling for confounding variables to avoid
spurious associations. Interestingly the latter study supports our grouping for MBL2 based
on levels of the protein as presented by Garred and associates. Infection with multiple
pathogens needs to be considered in the study model and also precisely defining pulmonary
function when only investigating cross-sectional %predFEV, is important for BCC as we
have shown that infection with the pathogen affects pulmonary disease progression, which

may be hidden if the study design is not properly designed.

Choi and associates(21) investigated the MBL2 promoter (-221X/Y) and exon 1
polymorphisms and SPA-1 and 2 haplotypes in 137 CF patients as reported by Flores et
al(22). They showed lower mean pulmonary function values for CF subjects homozygous
for the delta F508 mutation who were homozygous or heterozygous for exon 1
polymorphisms (mean %predFEV; of 64% versus 48% of predicted, p=0.03). For the
pulmonary surfactant A1 and A2 genes the common haplotypes were investigated. They
showed lower mean %predFEV, in CF patients with at least one 6A° allele of SPA1 (55%
versus 71% of predicted, p=0.01). They also showed lower mean %predFEV, in CF patients
with at least one 1A' allele of SPA2 (54% versus 68% of predicted, p=0.01) compared to CF
patients carrying any other SPA-2 haplotype. In addition, Choi and associates(21) showed
CF patients with at least one SPA-1/SPA-2 haplotype 6A°/1A' to have lower mean
%predFEV, (53% versus 67% of predicted, p=0.009) compared to other SPA-1/SPA-2
haplotypes. The authors showed similar results for other measures of disease severity such

as modified Schwachman-Kulczycki scores(21).

The 3 prime enhancer polymorphism in the a;-AT gene (G 1237 A) was investigated by
Courtney and associates (23). Three hundred and twenty CF patients were genotyped for the
polymorphism. They showed a small significant association between the variant allele and
%predFEV . In our larger study this difference was not statistically significant and this has

been confirmed by the more recent study by Drumm and associates (24). Acute o-AT
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levels and levels during a pulmonary infection requiring I'V therapy were collected on a sub-
sample (N=16), following a similar protocol to our study and subjects grouped based on the
polymorphisms into two groups (variant allele: AA or AG genotype and wild-type: GG
genotype). They did not show an association with the polymorphism and levels of the

protein, which are in agreement with our study findings (25).

The human beta defensin 2 gene located on chromosome 8p23.1 was investigated by Hollox
and associates on a CF sample (N=355)(26). A 260kb repeat unit which varies in copy
number in people from 2-12 was investigated in a CF cohort (N=355). Their hypothesis was
that copy number variation was associated with pulmonary disease(26). There were no

significant associations shown in this study(26).

A repeat polymorphism in the promoter region of the macrophage migration inhibitory
factor (MIP) gene was shown as a potential modifier gene in CF by Plant and associates
(27). They showed that homozygosity or heterozygosity for the low repeat (i.e., 5 copies of
CATT repeat), which is associated with lower MIP promoter activity in vitro (28), was
associated with decreased incidence of infection with P. aeruginosa and they noted a trend
for milder pulmonary disease based on cross-sectional measurement of %predFEV; . While
there is functional data to suggest a biological plausible role for this modifier in CF
pulmonary disease progression, their study design and sample size are a limitation and this

study needs to be further studied and replicated in independent CF cohorts.

Blaisdell and colleagues investigated an alternate chloride channel protein (CLC-2) with
known polymorphisms in the promoter region and intron 1 (N=4), which is expressed in the
respiratory epithelia (29). The study compared CF patients with mild and severe pulmonary
disease and the frequency of the polymorphisms in these two groups (29).

A dinucleotide (GT) repeat polymorphism in the 5 prime untranslated region of the nitric
oxide synthase 1 gene was investigated CF (N=59) and healthy controls (N=59) (30). The
study showed a positive association between number of repeats and exhaled NO levels (30).
Subjects were grouped for analysis of pulmonary function over 5 years based on having 0, 1,
or 2 alleles with more than 27 repeats and showed a slower decline in pulmonary function

over 5 years in CF patients who had two alleles with greater than 27 repeats (30).Grasemann
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and associates (31) investigated a polymorphism in the nitric oxide synthase 3 gene (G894T)
in a CF cohort (N=70). Although they showed no significant differences for this modifier
gene and measured parameters (%opredFEV, and frequency of P. aeruginosa infection) for
the total group, when stratified for gender they showed higher exhaled nitric oxide levels in
female CF patients with the T-allele (TT or GT genotype). These results were not confirmed
by the larger study by Drumm and associates (24).

Yarden and coworkers (32)and Buranawuti and associates (33) investigated tumor necrosis
factor alpha (TNFa) promoter (C851T, G308A and G238A) and intron (+691 G ins/del)
gene polymorphisms in CF populations. Buranawuti and associates showed improved
survival (GG Vs GA) for the TNFa (G238A) polymorphism (33). Yarden and coworkers
did not show differences in pulmonary function and TNFa (G238A) polymorphism, but
showed better pulmonary function associated with heterozygosity for the intron
polymorphism (32). These findings are interesting but need to be investigated in larger
subsets of patients and better defined CF phenotypes, including CFTR class genotype

grouping.

In a large multicenter study, which included our study cohort, polymorphisms in ten
modifier genes previously investigated as modifiers in CF cohorts were investigated in this
study (0-AT, MBL2, angiotensin-converting enzyme, transforming growth factor 1
(TGFB1), beta-2 adrenergic receptor, GSTM1, GSTPI, interleukin 10, TNFa and nitric
oxide synthase 3)(24). A significant association with severe pulmonary disease was shown

for the TGFB1 gene polymorphism at codon 10 (CC genotype)(24).

The results have been published from numerous CF sibling and twin studies and have shown
that shared genes (CF and other genes) and environment explain a large part of the
variability observed in pulmonary disease independent of CFTR genotype, therefore the
search for modifier genes is validated. Picard and associates (34) showed high familial
concordance with among CF siblings and pancreatic insufficiency, meconeum ilieus, age of
CF diagnosis, infection with CF related pathogens and respiratory symptoms. They showed
that usually because of the first sibling already diagnosed with CF, the younger sibling

tended to be diagnosed earlier, but also tended to be come infected with respiratory
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pathogens earlier, which they attributed to cross-infection from the already colonized CF
sibling(34). Earlier exposure to specifically to Staphylococus aureus was associated to
earlier exposure of the second younger CF sibling to the hospital environment (34, 35).
Vanscoy and coworkers (36) have assembled a study cohort of monozygotic (MZ) and
dizygotic twins (DZ), and affected with CF siblings in the U.S.A. and have shown high
familial concordance for pancreatic sufficiency, nutritional status (BMI) and pulmonary
function (%predFEV)). Stratifying for gender also increased concordance and they showed
that same sex DZ twins and same sex siblings produced higher correlations for nutritional
and pulmonary function parameters than values shown for the entire group of siblings (DZ
and sibships) (36). MZ and DZ twins have been shown to demonstrate similar levels of
concordance for %predFEV, suggesting that increased gene sharing does not contribute to
substantially increase similarity for this parameter, but that other shared factors contribute to
explanation of variability (37). To that effect, preliminary results presented in a review paper
by Cutting (37) shows that environment contributes to variability in %predFEV,; lower
concordance was shown for MZ twins who live apart (r=0.73) versus living together
(r=0.96). Twin studies have added to the rationale for investigating other genes to explain
for the variability shown in pulmonary function and disease progression in CF and that

environment also contributes to this variability.

7.4 STRENGTHS AND WEAKNESSES OF THE THESIS STUDY

7.4.1 Study strengths

The major strength of our study was the collection of clinical data on a relatively large
multi-center CF cohort encompassing CF patients with variable disease course and age (5
years and greater) and collection of a substantial longitudinal time interval for study. We
were able to control for numerous parameters which would contribute to pulmonary disease
severity and progression such as: a) chronic infection with pathogens p. aeruginosa and BCC, b)
CFTR genotype with patients classified by CFTR class mutations, ¢) PSS and nutritional

status (BMI) and d) clinical status at encounters used for the longitudinal time interval.

The clinical status at each encounter was coded and thus were able to identify encounters
where the patient was clinically stable or ill, and whether an encounter was part of a

hospitalization (which was further classified) or home IV therapy. For the investigation of
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pulmonary disease progression we selected only encounters classified as stable thereby
reducing variability in %predFEV, for each subject’s longitudinal data due to poor clinical
status. From the clinical status variable we also identified periods of IV therapy for
pulmonary infections and used this data to calculate the frequency of pulmonary infections

requiring I'V therapy over 2 and 5 years for the study cohort.

A major objective of the study was to examine a significantly long time interval in order to
be able to observe changes in clinical status for the study cohort. Since CF patients with
mild (%predFEV;>70%) and severe pulmonary disease (%predFEV;<40%) show small
changes in pulmonary disease progression over short intervals (1 or 2 years) the goal was to
collect clinical data prospectively and retrospectively for up to 10 years. In addition we
collected descriptive data by reviewing the patient charts for age of first infection and
chronic infection with P. aeruginosa and BCC and recorded the infection status for each
encounter and the patients’ clinical status at each encounter. We used stable clinical status
encounters to investigate pulmonary disease progression, thus reducing variability in
pulmonary function due to poor health status. In our investigation of BCC infection on
pulmonary disease progression, the time point of BCC acquisition was determined and
encounter data collected both for the pre-acquisition and post-acquisition with BCC

intervals.

Many of the findings in the investigation of pulmonary disease progression and survival and
MBL2 deficiency status in BCC infected CF patients would not have been observed if we
had not allowed for the following considerations in the study design and data collection
process:
= Considered the time of BCC acquisition.
= Grouped subjects for BCC infection into transient and chronic BCC infected
and non-infected control CF patients and in addition considered infection
status for the pathogen P. aeruginosa for these groups.
= Distinguished between the pre- and post-acquisition with BCC longitudinal
interval and collected clinical data for the pre and post-acquisition interval.
= Further classified CF patients infected with BCC for genomovar and RAPD
typing of BCC.
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7.4.2 Study Weaknesses

A potential limitation of this study was overlooking the potential importance of controlling
for Staphylococcus aureus infection status for pulmonary disease progression models.
Inclusion of Staphylococcus aureus infection status may have been relevant for MBL2
models investigating pulmonary disease progression, age of onset and age of chronic
infection with P. aeruginosa and mortality. Collecting data for age of first infection of
Staphylococcus aureus, and infection status for the pathogen for the longitudinal interval
collected would potentially have allowed for the investigation of the effect of this organism
on pulmonary disease progression and age of onset of chronic infection with P. aeruginosa
and relationship with MBL2 deficiency status. It may have also been important to include
Staphylococcus aureus infection status for other modifier genes investigated (eg., mucin

genes) as well.

CF patients with mild CFTR mutations were not represented sufficiently in this study to
investigate as a subgroup in many analyses. Some of the problems encountered included:
= CF patients with specific CFTR functional types were not represented in sufficient
for individual modifier gene groupings.
= CF patients with specific CFTR types were not represented in sufficient numbers to
correlate with other study variables included in the models, such as P. aeruginosa
infection status, survival endpoints (i.e., death or lung transplantation). When
modifier gene grouping was considered there were empty cells and the statistical

model could not be investigated due to estimation errors.

Since patients who are homozygous or heterozygous for class 4 or 5 CFTR mutations,
represent a very small percentage of the Canadian CF population, it is important for future
research to try and recruit this group aggressively. In addition, grouping these patients
consistently across studies is important. Commonly these patients are either excluded from
study or if used in a study cohort are grouped with patients who are characterized with one
or 2 unknown or unclassified CFTR mutations. The assumption that CF patients who
possess one or 2 unknown or unclassified CFTR mutations have mild CFTR mutations
(class 4 or 5) is not assured and may bias the results. In this study, CF patients who
possessed 2 unknown or unclassified CFTR mutations were either included in the analyses

and studied as a group or excluded if their numbers were small for study variables including
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modifier gene groupings. CF patients with class 4 or 5 CFTR mutations are an important
group to study (i.e., partially functioning CFTR) since the effect of the modifier gene(s) on

the clinical variables may be potentially more apparent in this group.

The study cohort was genotyped for a relatively small number of polymorphisms in the
pulmonary surfactant genes. Since little was known about the functional significance of the
polymorphisms in these genes, the purpose of our study was merely to explore 1 or 2 amino
acid changing polymorphisms per gene. Our preliminary results show that further research is

warranted to investigate these genes as potential modifiers of CF pulmonary disease.

7.5 APPLICATIONS OF OUR RESEARCH FINDINGS

= An exogenous source of o-AT may be of potential benefit in malnourished CF
patients who have more severe pulmonary disease during pulmonary infections,
while measures are taken to normalize their body weight.

= Aggressive treatment of infections with Staphylococcus aureus, especially in CF
patients who are not yet chronically infected by P. aeruginosa or BCC, may be of
potential benefit by prolonging time to acquisition and chronic infection with P.
aeruginosa or BCC. Therefore genotyping for MBL2 deficiency alleles in CF
children may be of potential benefit for identifying CF patients at increased risk for
Staphylococcus aureus recurrent infections, especially in early childhood, and BCC
infection.

= CF patients who are chronically infected with BCC regardless of genomovar group
should be cohorted separately to prevent cross infection with a different BCC

species.

7.6 FUTURE DIRECTIONS

Further studies investigating MBL2 genotypes in CF are warranted and the following

directions are proposed:
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A study replicating our design to study pulmonary disease progression and mortality
with BCC infection and MBL2 deficiency in an independent CF cohort to confirm
our findings.

A study incorporating follow-up of 10 or more years controlling for BCC infection
status and time of BCC acquisition in the model, but also including Staphylococcus
aureus infection status for the interval investigated to assess whether recurrent or
chronic co-infection with Staphylococcus aureus with and without co-infection with
P. aeruginosa is associated with more severe pulmonary disease progression and
increased risk of death or lung transplantation.

Study the susceptibility of CF patients to Staphylococcus aureus infection based on
MBL2 genotype and to investigate the association of frequency of infection with this
pathogen with age of first and chronic infection with P. aeruginosa and/or BCC.
Further studies investigating known polymorphisms in pulmonary surfactant genes
A-1, A-2 and D. Using our study design to investigate pulmonary disease severity
and progression, mortality and age of onset of first and chronic P. aeruginosa
infection, with regard to SPA1-SPA2 haplotypes as presented by DiAngelo and
associates(38) and known SPD polymorphisms.

Further studies investigating o;-AT deficiency. We propose that a cohort of young
CF patients be followed prospectively from birth (or time of CF diagnosis) to when
they become chronically infected with CF pathogens recording yearly baseline o.-
AT levels and acute phase response levels to pulmonary infections. A similar
longitudinal design to our study would be used and patients followed for pulmonary
disease progression controlling for CFTR genotype, CF pathogen infection status,
and body mass index. With this design we may be able to evaluate whether a;-AT
deficiency genotype is a modifier of pulmonary disease in the early stages of CF
disease.

Further study of the GCLC GAC repeats polymorphism with greater representation
of CFTR class mutation groups, especially CF patients classified with mild CFTR

genotype and replicate our study design.
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