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Abstract

Until recently the normal human lung was thought to be sterile below the larynx, but
recent reports from other laboratories indicate that a diverse microbiome exists and
becomes less diverse in smokers. These reports led naturally to the hypothesis that
pathogens emerging from the abnormal microbiome in smokers could drive the innate
and adaptive immune response that has been associated with the pathology of peripheral
lung abnormalities observed in Chronic Obstructive Pulmonary Disease (COPD). The
purpose of the present study was to examine this hypothesis in human lung tissue. This
began with a preliminary experiment in which DNA isolated from 2 samples from a
control lung were compared to DNA isolated from 5 different samples of a severe COPD
lung, using 75 based pair-end tag sequencing (metagenomic sequencing). For bacteria, a
weighted average genome size representing bacterial species identified was applied and
the results validated using PCR and gPCR assays. This preliminary experiment was
followed by a qPCR, T-RFLP, and targeted sequencing analysis of the bacterial 16S
rRNA gene in DNA isolated from single samples of frozen lung tissue obtained from 8
non-smoking and 8 smoking controls, 8 COPD (GOLD 4), and 8 cystic fibrosis patients.
The metagenomic sequencing conducted in the preliminary study showed that the 5
samples from a single COPD patient had an average of 2.4 £+ 0.7 bacteria/1000 human
genomes while the smoking control had 1.6 + 0.8 bacteria/1000 human genomes. The
gPCR results obtained from a single sample from 32 different subjects showed that on
average the 8 samples/group of non-smokers, smokers, and COPD (GOLD 4) patients
had 34.5 + 21.8, 44.3 + 47.0, and 24.1 + 36.9 bacteria/1000 human cells, respectively,

while cystic fibrosis patients had (20 + 54) x 10 * bacteria /1000 human cells. T-RFLP



analysis showed three distinct community compositions: smokers and non-smokers,
cystic fibrosis, and COPD (GOLD 4) patients. These results confirm the presence of a
small number of bacteria within the human lung of non-smoker and smoker controls and
in COPD patients with a shift in bacterial composition in lungs of those with COPD

(GOLD 4).
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Chapter 1: Background

1.1 Natural History of COPD

1.1.1 Background

It is generally thought that chronic obstructive pulmonary disease (COPD) is preventable
and can be treated with varying effect with bronchodilators and corticosteroids [1]. The
disease itself is characterized by airflow limitation that is not fully reversible and is
associated with an abnormal inflammatory response of the lungs to different types of
harmful particles, of which cigarette smoke is the most prominent [1]. An international
committee called the Global initiative for chronic Obstructive Lung Disease (GOLD)
classifies the severity of COPD into four different levels ranging from GOLD 1 (mild) to
GOLD 4 (very severe) COPD [2]. The diagnosis and classification of COPD is currently
based on measurements of the forced expiratory volume in one second (FEV;) and its
ratio to the forced vital capacity (FVC) or total volume of air expired when no time limit
is applied (measured by spirometery) [2]. The specific measurements of disease severity

can be seen in the following table [Table 1].

Table 1: Breakdown of disease according to spirometry [1]

Severity Postbronchodilator FEV1/FVC | FEV1 % Predicted
Mild COPD (GOLD 1) <0.7 >80
Moderate COPD (GOLD 2) <0.7 50-79
Severe COPD (GOLD 3) <0.7 30-49
Very Severe COPD (GOLD 4) <0.7 <30




Historically, there were early indications that COPD was associated with smoking [3, 4].
The classic studies of the natural history of COPD by Fletcher, et al. [S] compared the
decline in FEV; in non-smokers to that observed in current and former smokers to
establish that only a minority of smokers developed the rapid decline in FEV; that was
associated with the disability and death due to airflow limitation. Also, these studies
determined that this rapid rate of decline could be slowed but not completely reversed by
smoking cessation [5]. Kanner & Anthonisen, et al. [6] subsequently confirmed and
extended many of Fletcher, et al’s findings in the NIH sponsored Lung Health Study.
These observations established that only a susceptible minority of smokers develop
COPD and provided a clear indication that factors other than smoking such as air
pollution, exposure to dusts in either the home or work place, childhood infections and
genetic abnormalities such as alpha-1 anti-trypsin disease contribute to the pathogenesis
of COPD [7]. Studies by Churg, et al. have shown that an exposure to asbestos, titanium
particulate matter, and even particulate air pollution can increase fibrosis in the large and
small airways [8, 9] which could lead to COPD within susceptible populations. Further
studies have shown that these susceptible populations (e.g. coal miners) do indeed have
worse disease and that smoking can have an additive or even synergistic effect [10].
Incidental and occupational exposure to cigarette smoke, dust, particulate matter, and air
pollution are now well established risk factors for COPD. Currently COPD is projected
to have an increasing prevalence world-wide and based on current projections will soon

be the 4™ leading cause of mortality in the world by 2020 [11].



1.1.2 Phenotypes of COPD

1.1.2.1 Chronic Bronchitis

Chronic bronchitis is defined clinically by the presence of chronic or recurrent mucus
hypersecretion and productive cough that occurs daily for 3 months of the year for three
years [12, 13]. Its pathologic correlates include enlargement of mucus secreting glands
and goblet cell metaplasia of the lining epithelium of the cartilaginous airways of the
lower respiratory tract. This begins with the trachea and main stem bronchi and extends
down to the smaller cartilaginous airways (i.e. bronchi) down to airways of
approximately 3 mm in diameter [14]. This enlargement of the mucus secreting
apparatus is associated with inflammatory immune cell infiltration, and remodeling of the
muscle and connective tissues in the walls of the airways that make up the trachea-
bronchial tree [15-17]. Both the increase in mucus production and mucus cell
proliferation are caused predominately by cigarette smoke [18]. Mullen, et al showed
that in approximately 50% of patients with chronic bronchitis the inflammatory immune
cell infiltration and tissue remodeling observed in the cartilaginous airways extend down
to the bronchioles (non-cartilaginous conducting airways) [19]. Moreover data initially
presented by Niewoehner, et al, followed by several others, have identified very similar
inflammatory immune cell infiltration and tissue remodeling in the gas exchanging tissue
[20]. Although infections are implicated in the pathogenesis of the inflammatory
immune cell infiltration and tissue remodeling observed in chronic bronchitis, they have
mostly been associated with acute exacerbations of COPD [17, 21, 22], which are
clinically defined by increased sputum volume and increased purulence in association

with symptoms of dyspnea that are increased over baseline [23]. The precise role that



acute exacerbations play in the pathogenesis of COPD are poorly understood, but more
frequent exacerbations are associated with greater morbidity and mortality in both non-

hospitalized and hospitalized patients with COPD [24].

1.1.2.2 Emphysema

In contrast to the clinical symptoms that define chronic bronchitis, emphysema is defined
by irreversible destruction of the lung tissue beyond the terminal bronchioles without
associated fibrosis [25]. Prior to the introduction of computed tomography the early
diagnosis of emphysema was restricted to pathological post mortem examination of lungs
in the fixed inflated state [26, 27]. The pre-mortem diagnosis of emphysema was based
on symptoms of dyspnea, wheezing, and signs of lung hyperinflation associated with
advanced emphysematous destruction of the lungs with formation of emphysematous
bullae. Further pathological studies of lungs resected for lung cancer showed that
emphysema could be demonstrated in lungs from smokers without airflow limitation [28].
This observation of emphysematous destruction in the absence of airflow limitation was
confirmed in vivo with the introduction of computed tomography [29-31]. From the
classification of emphysema there are two major types that are commonly discussed:
panlobular and centrilobular [32]. However a third type known as paraseptal

emphysema was also characterized but has been mentioned less frequently than both
panlobular and centrilobular emphysema. It is characterized by abnormal dilation of
alveoli that extend to fixed structures such as the pleura, blood vessels, or the septum [33].
Panlobular emphysema is characterized by uniform enlargement of all acini contained

within a lung lobule [32]. In contrast, centrilobular emphysema is characterized by



dilation and destruction of the respiratory bronchioles located in the centre of the lobules
[17, 32, 34, 35]. The spatial distribution of disease also differs between centrilobular and
panlobular emphysema. Centrilobular emphysema is more common in the upper regions
of the lung near the apex [35-37] while panlobular emphysema affects the entire lungs
[35] with a greater tendency to destroy the mid and lower portions [35, 37].

Subsequent molecular follow up studies have shown that panlobular emphysema is
associated with a genetic deficiency known as alpha-1-antitrypsin [38, 39]. Although
genetic components to the disease have been identified (e.g. alpha-1-antitrypsin) and
other environmental factors such as dust, coal, and particulate matter have been
associated with airway remodeling and emphysema [8-10], smoking is the leading risk

factor for the disease [15].

1.1.2.2.1 Elastase/Anti-Elastase Balance

The destruction of the elastin frame work within the lung resulting in an imbalance
between elastin degrading enzymes (elastase/proteases) and elastin preserving enzymes
(anti-elastase/antiprotease) [15] is one of the leading hypothesis as to the cause of
emphysema [40, 41]. The two major molecules that are studied in this area are neutrophil
elastase and MMPs (extracellular matrix degrading proteins) [15]. It has been shown
that smoking can influence neutrophil transit time as well as increase their retention
within the lungs [42]. Furthermore, neutrophil elastase can be released in response to
infection and can also inhibit and damage the ciliary activity of respiratory epithelial cells
[43]. This build up of neutrophils within the lungs coupled with their response to

cigarette smoke and infection could cause large amounts of tissue damage [44]. One of



the major points of the vicious cycle hypothesis [45] is that these defensive impairments
may promote pathogenic microbial colonization which in turn activates the immune
system [45], causing an additional release of neutrophil elastase and MMPs that further
degrade the extracellular matrix protein structure within the lungs. Excess neutrophil
elastase and MMP 8 can also be released in response to cigarette smoke [46, 47].
Essentially, there is an existing environment (either from dust inhalation, smoking, or
other environmental exposures) as well as a possible genetic disposition (alpha (1)-
antitrypsin) in which extracellular matrix degrading proteins are being released and
actively destroying structural components of the lung. This process can then be further
accelerated by pathogenic microbial infection which can cause an inflammatory response
(both innate and adaptive) that can lead to a further increase in elastolytic activity [43,
45] which manifests in a worsening of COPD severity [45] in the form of a decrease in

lung function and acute exacerbations.

1.1.2.3 Small Airways Disease

These airways measure less than 2 mm in diameter and are found from the fourth to
twelfth generation of airway branching [48]. The small airways are made up of both
ciliated and non-ciliated epithelial cells and have a thin layer of connective tissue and
smooth muscle surrounding the epithelial cells [48]. In COPD, an increase in
inflammation around the small airways and thickening of the airway wall can be
observed [49-51]. Research has shown that the small airways play a very crucial role in
individuals with COPD [48, 52-54]. For example, both the increased inflammation and

fibrosis seen in small airways disease has been shown to correlate with a decrease in



FEV: [51]. These abnormalities in the small airways are not limited to just inflammation
and fibrosis but also mucus plugging, which can be associated with the severity of
airflow obstruction [55]. This obstruction of the small airways also causes decreases in
FEV; as well as the ratio of FEV1/ FVC [48, 55]. The reduction of elastic recoil in these
airways are due to the large amount of fibrosis, inflammation, and mucus plugging, seen
in susceptible smokers [48, 55]. Further , the small airways of individuals at different
stages of disease has shown that airways thicken and the lumen narrows as the disease
severity progresses [50]. A large amount of the limitation of airflow in COPD can be
explained by a prolonged time constant for the lung to empty [56], which is mainly due
to an increasing resistance found in the small airways and loss in elastic recoil pressure
due to emphysematous destruction [56]. However, in disease, these two processes can
occur both independently of each other as well as together. The main reason why the
resistance increases with changes in the small airways is because when these airways are
added together, they have a very large cross sectional area which enables them to have a
lower total airway resistance [56]. Thus in healthy individuals the small airways do not
contribute a great amount to total airway resistance [48]. However, large scale
destruction of these small airways, mucus plugging, or increased fibrosis and remodeling
can have a very drastic effect on the total airway resistance [56] which can ultimately
lead to an impairment of lung function in disease. As a result the small airways play a

significant part in total airway resistance in COPD [52].



1.1.3 The Dutch Hypothesis

The discussion of pathogenesis and natural history of COPD were dominated by two
fundamentally different hypotheses in the latter third of the 20" century. The first of
these came to be known as the Dutch hypothesis and is based on the notion that bronchial
hyperreactivity is an underlying feature of both COPD and asthma [57]. Quite simply
this hypothesis considers asthma and COPD as a single disease entity [58, 59]. Although
it is unlikely that asthma and COPD are the same disease, there is evidence that
concordance between the two diseases exist. This was best shown in a 20 year
prospective study that found that the strongest risk factor for developing COPD, based on
the hazard and attributable risk ratio, was asthma [60]. Although concordance exists
there are still very clear differences between the two disease sets [58]. For example, in
asthma there is commonly an increase in eosinophils, T-helper 2 lymphocytes (Th2), and
activated mast cells [61]. However, in COPD, infiltration in to the lungs comes mostly
from neutrophils, macrophages, and cytotoxic T-cells [61]. Interestingly, it has been
noted that in severe asthma the cell infiltration begins to approximate that seen in COPD
[58]. Additionally, COPD in asthmatics who smoke do have a more severe asthma
response, an increased rate of admission to hospital, and a reduction in their general
response to corticosteroid treatment [62]. Further, it has been found that the decline in
lung function of smokers who are asthmatic are more severe but the effect seems to be
additive [63]. A family history of asthma as well as smoking status can increase the
incidence rate of COPD in a population [65]. It has also been shown that maternal
smoking can increase the odds ratio of a child presenting with wheezing and coughing

[64] which are common of both COPD and asthma. Additionally, there are some



encouraging results for the Dutch hypothesis from the candidate gene approach which has
yielded interesting information. One such finding is with respect to SNPs (single
nucleotide variation that occurs between individuals) in the ADAM33 gene. Researchers
have shown that ADAM33 SNPs effect the development of low lung function
(specifically airway resistance) in children ages 3-5 [66, 67]. Concurrently, ADAM33 has
also been shown to be associated with an accelerated FEV; decline in a select adult
population [68]. The ADAM33 gene mutations may play a role in the development of
asthma in early life while in later life predispose select populations to an accelerated lung
function decline. At the moment more studies need to be completed into the exact
function of the ADAM33 gene [66] to confirm this hypothesis. Although there are some
promising areas of research regarding the Dutch Hypothesis, to date, not a single GWA

study has been able to identify common genes between both asthma and COPD [66].

1.1.4 The British Hypothesis

The second hypothesis is known as the British hypothesis which states that recurrent
infections of the bronchial airways are the driving force behind why some smokers
develop COPD [69, 70]. These infections were thought to present themselves clinically
as acute exacerbations [70]. The hypothesis was first established in the 1960’s by British
investigators and later Fletcher, et al. tested whether this hypothesis held true in a
prospective study of working males [5] where they looked at the frequency of respiratory
infections, sputum quantity and quality, and lung function decline. Fletcher, et al
ultimately rejected the hypothesis that there was a natural progression from tobacco

smoking to chronic bronchitis, repeated chest infections, progressive airflow limitation,



disability, and death. This was primarily based on his group’s observations that many
smokers that developed COPD never had symptoms of chronic bronchitis [5]. However,
recent data shows that individuals who have an increased production of mucus and cough
have a slightly accelerated decline in lung function and that the bacterial counts in the
sputum from these individuals can be related to this decline in lung function [71, 72]. It
has also been found in stable COPD, patients with identifiable pathogens have
significantly different quality of life and inflammatory profiles than those that have
bacteria but no identifiable pathogens [69]. Additionally, Kanner & Anthonisen, et al.
showed that smokers visited their physician more often for lower respiratory tract
infections than non-smokers [6]. When the smoking group was sub-divided, the
continuous smokers had the highest visit rates for lower respiratory infections versus both
sustained quitters and intermittent smokers [6]. Within this smoking group, those with
the most physician visits for lower respiratory tract infections had a slightly greater
decrease in their FEV1 [6]. Further, Donaldson et al. found that individuals who had
more frequent exacerbations also had an accelerated decline in FEV; [73]. This evidence
would suggest that lower respiratory infections influence the decline of FEV; and the
progression of COPD. The idea that bacteria could influence lung function was expanded
on from research showing that over the course of a year both the change in bacterial
count and absolute bacterial count correlated significantly with a decline in FEV; [74]:
where the largest decrease in lung function could be found in patients who had a
different bacterial species cultured at the start of the study versus the end of the study
[74]. Not surprisingly, some of these studies also show that with higher bacterial loads

there were higher measurable elastase activity and inflammatory cytokines [74, 76].
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Additionally, Sethi, et al. showed that new strains of the same bacteria could be
associated with a greater risk of exacerbations [21]. This research along with a recent
longitudinal study on patients with COPD that found a positive association between
increasing exacerbations and increasing COPD severity [75] provides strong evidence for
the original British hypothesis. Sethi, et al. propose that a vicious cycle is in action,
where continuous microbial insults amplify the inflammation and drive the remodeling
process [45]. Although they believe that bacteria are the root cause there are others who
propose a mechanism similar to the vicious cycle hypothesis but believe viruses are the
important pathogens [77]. Essentially, the vicious cycle hypothesis posits that after an
initiation factor (smoking) various impairments to normal lung function (e.g. mucociliary
clearance) can lead to bacterial or viral colonization (e.g. Haemohilus influenzae) which
can lead to airway epithelial injury [45] and progression of COPD. However, there is an
alternative hypothesis that deserves attention. As mentioned in the Wilkinson paper a
stable bacterial isolate or population that did not change over the course of a year meant
less of a decrease in FEV; [74]. It is possible that a stable bacterial population, within the
airways, could be protective and that constant smoke exposure could select for
colonization of the airways by new species as well as new strain growth that then leads to
the pathological changes associated with COPD. However, neither this hypothesis nor

the vicious cycle hypothesis has been verified.
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1.1.5 Innate Immune Defense Mechanisms

The major barrier defense in the lungs is the mucociliary transport system which consists
of cilia and mucus. The cilia transport mucus that has trapped foreign material out of the
lungs. Although smoking can cause a dysfunction in cilia [78] and cilia beat frequency
[79] it has also been shown that bacteria such as non-typeable Haemophilus influenzae
can also inhibit ciliary beat frequency [80]. Therefore infections can potentially cause an
increased inhibition of mucus clearance in smokers by causing a further reduction in cilia
functionality. Research has shown that mucus production and hypersecretion in the
progression of severity of COPD is not certain [61]. Although there is evidence to
suggest that mucus hypersecretion may be a risk factor for an increased decline in lung
function [81], it has been reported by the same group that chronic cough and mucus
production in smokers who have normal lung function does not predict a later
development of COPD [82]. The barrier defense is supported by the innate immune
system and its acute inflammatory cells. Previous data have shown that there is an
increase in acute inflammatory cells, such as neutrophils, macrophages, and eosinophils
as COPD severity increases [50, 83, 84]. However, some research suggests that the
innate host defense may be impaired or suppressed by smoking [85]. It should be noted,
that the authors of this study relate impairment of the innate immune system with
increased susceptibility to microbial infection [85]. In general, the majority of findings
show that there is an enhancement in the innate immune response, characterized by an
increase in macrophages and neutrophils, that can help drive the inflammation and
remodeling in COPD. Possible reasons for this stem from the secretions released by

neutrophils: serine proteases (of major concern is neutrophil elastase), cathepsin G
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(protease), proteinase-3 (serine protease), and matrix metalloproteases (in particular
MMP-8 and MMP-9, which are a collagenase and gelatinase respectively) [61].

Increases in macrophages have been observed using different sampling techniques (BAL,
airways, lung parenchyma, etc.) in patients with COPD [61]. Macrophages can correlate
well with COPD severity [86] and can be activated by cigarette smoke to release a
plethora of inflammatory mediators (e.g. TNF-a, IL-8, CXC chemokines, etc.) that can
modulate both the innate and adaptive immune response in COPD [61]. Macrophages
also use pattern recognition receptors (e.g. Toll-like receptor 4) in order to identify
pathogen associated molecular patterns (PAMPs) and engulf foreign organisms.
Therefore, upon exposure to microbial pathogens, the existing elevated inflammatory
state of smokers could be further increased by an exuberant macrophage response which
could lead to a manifestation of an acute exacerbation. The term macrophage
polarization has recently come to the forefront of chronic inflammatory research and it
has been identified that macrophages can be separated into two distinct subsets, either M1
or M2 macrophages [87]. The classically activated macrophages (M1) are induced by
IFNy (a soluble cytokine involved in innate and adaptive immune response) or with a
microbial stimuli [87]. The M1 macrophages typically have high amounts of IL-12, IL-
23, and a low amount of IL-10. They induce the production of reactive oxygen species
and nitrogen intermediates as well as other inflammatory cytokines. They also promote a
Th1 response and help to protect against intracellular parasites and tumors [87]. On the
other hand, it has been found that IL-4 and IL-13 can induce an alternative type of
macrophage, termed the M2 macrophage [88]. The M2 macrophages contain low IL-12

and 1L-23, but a high expression of IL-10. Some M2 macrophages can produce
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inflammatory cytokines while others cannot. They tend to have a high expression of
scavenger, mannose, and galactose-type receptors. M2 macrophages are thought to
participate mostly in the Th2 response and help promote tissue repair and remodeling
[87]. The polarization and the various functions that macrophages have in inflammation
and tissue remodeling can help explain the simultaneous loss in tissue in some areas and
gain of tissue in others within COPD lungs [89]. More specifically the polarization of
macrophages could help to explain why there is wall thickening in the airways that
happens at the same time that there is airway or parenchymal destruction.

With respect to eosinophils some studies have found an increase in activated eosionphils
while other studies have not [90]. There is evidence that due to neutrophil elastase
release there is an increased number of degranulated eosinophils and that the elevated
amounts of eosinophils can help predict whether or not a patient will be responsive to
corticosteroid therapy [91, 92]. However, neutrophils and macrophages are the two
major contributors towards disease with respect to innate inflammatory cells.
Neutrophils are actively recruited by neutrophil chemotactic factors to the airways but
what causes this recruitment aside from smoking is not well characterized [56, 61].
Similarly, an increased recruitment of macrophages to the lungs by cytokines could

explain the increased number of macrophages observed, as COPD progresses [56, 61].

1.1.6 Adaptive Immune Response
It has been established that smokers have an increased inflammatory cell burden within
their airways [52, 53] which is partially due to an active adaptive immune response [50].

This adaptive immune response consists mostly of lymphocytes that fall under the
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category of T-cells or B-cells that target very specific antigens on foreign molecules. The
most studied T-cells contain surface markers for CD4 (Thl and Th2) and CD8. However,
there have been discoveries of new subsets of T-cells that include Th17 (IL-17A), Tregs
(FoxP3), Th3 (marker unkown), and natural killer T-Cells (TCRaf3) [93-96]. In contrast
B-cells contain similar surface markers (e.g CD45" and SmigM) but produce antibodies
of different types (IgM, 1gG, IgE, IgA, and IgD) [93]. However, there is evidence to
suggest the existence of regulatory B-cells [97, 98]. Studies in COPD have found that B
cells, CD4" T-cells, and CD8" T-cells are present in the airway tissue and that these cells
are at a much higher prevalence in the most severe forms of COPD [50, 56]. It has also
been shown that an increase in these cells can be associated with a decline in FEV; [83,
84]. This adaptive immune response, which can include class—switched B-cells [99] are
coupled with an increased prevalence of antigen presenting cells ( e.g. dendritic cells) of
the innate immune system [100]. As disease severity progresses an increasing prevalence
of bronchial associated lymphoid tissue (BALT) also known as tertiary lymphoid follicles
can be found [50, 56, 101]. These tertiary lymphoid follicles are not seen in non-smokers,
sporadically in smokers, and have a drastic increase in prevalence in GOLD 3 (severe)
and GOLD 4 (very severe) stages of COPD [50]. A germinal centre can be found in
these tertiary lymphoid follicles and upon immunohistochemical staining, these follicles
have been found to contain the following immune cells: CD4" T-cells, CD8" T-cells, NK
cells, B-cells, and dendritic cells [50]. The appearance of tertiary lymphoid follicles that
are associated with the small airways and increase in prevalence as disease severity
increases would suggest that an adaptive immune response may be actively involved in

the pathogenesis of COPD. The Th1 adaptive immune response is thought to be the
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prominent player in COPD [102]. However, more recent studies have shown that it is the
Th17 side of the adaptive immune response that can have a larger role in various disease
processes [103]. This Th17 population has been shown to play a role in other chronic
inflammatory diseases such as, rheumatoid arthritis, multiple sclerosis, and inflammatory
bowel disease [105]. With respect to COPD, Th17 cells are very good at producing IL-6
which in turn can upregulate Muc5AC and Muc5B (mucins) production by lung epithelial
cells [104]. Thus there may be other important subsets, other than the classical Thl
response, active during the disease process. Regardless of what part of the adaptive
immune response may or may not be up regulated, the target of this adaptive immune

response has yet to be identified.

1.1.7 Antigen Targets

With respect to antigens from bacterial pathogens that may drive the adaptive immune
response, some interesting observations have been made. New strains of the same
bacteria have been shown to cause acute exacerbations in COPD patients [21, 106]. This
would suggest that colonization by bacteria in the lungs of COPD patients occur and that
in the majority of cases the bacteria do not illicit an immune response unless a new strain
of the same bacterial species develops [106]. These findings suggest that the new strain
antigens may drive the adaptive immune response characterized in the small airways [21,
50]. It may also be possible that in the most severe forms of the disease, antigen targets
of infectious and pathogenic microbial species could cause exacerbations [21, 107-109]
and result in disease progression. However, many of these studies only investigate single

pathogenic infections (e.g. latent adenovirus infection [108, 109]) or changes in gene
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expression of single pathogenic bacteria [21]. Since there has not been one clear
pathogenic microbial species that has been identified as being associated with disease
progression it is likely multiple microbial species are involved.

Alternatively, anti-elastin is a popular possible target for an autoimmune adaptive
immune response. However, the literature is unclear as to whether or not a response
against elastin is evident in COPD. For example, one study found an association with
anti-elastin when looking at pack years smoked [110] while another study found no
evidence of any difference in anti-elastin antibodies in the blood of patients with COPD

versus controls [111].

1.1.8 Acute Exacerbations in COPD

1.1.8.1 Overview

As previously mentioned acute exacerbations present clinically in the form of increased
sputum volume, increased sputum purulence, and increased dyspnea over baseline [23].
Recently, this definition has been expanded and a new working definition made: Acute
exacerbations are defined as a sustained worsening in an individual’s state away from
what can be seen or expected from day-to-day variations which happens quickly and
necessitates a change in the individuals regular medication for COPD [112]. Acute
exacerbations results in approximately 500,000 hospitalizations per year in the United
States alone [113] and severely influence the quality of life of patients that experience
recurrent exacerbations [114]. Although the data collected by Fletcher, et al suggested
that acute exacerbations had little effect on the subsequent decline in lung function, the

Lung Health Study showed that the decline in FEV; was accelerated in those who
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experienced exacerbations and continued to smoke [69]. Further evidence indicates that
acute exacerbations accelerate the progression of COPD [21, 73, 74] and that bacteria,
viruses, and other pathologic microorganisms are implicated in this process [115]. Itis
believed that bacteria account for around 50% of all acute exacerbations [116] while
viruses account for approximately 30% [117] with the last 20% having an unknown
associated cause.

1.1.8.2 Other Causes

Approximately 20% of all exacerbations cannot be attributed to a microbial agent.
However, there has been growing evidence that pollution may be involved in this process.
Anderson, et al. found that there was an increase in hospital admissions for COPD that
correlated with air pollution [118]. Specific follow up studies, investigating both the
sputum and bronchoalveolar lavage of individuals without COPD, have found that there
is a generalized increase in both inflammatory cells and inflammatory markers when
these individuals were exposed to air pollution versus filtered air [119, 120]. More
recently Arbex, et al. have shown that acute exacerbations increased on the same day that
particulate matter measurements increased [121]. These results need to be repeated, but
if they hold true this would show a reproducible correlation between pollution and acute
exacerbations in COPD.

1.1.8.3 Viral Infections

The current literature on the type of virus that is most prevalent during acute
exacerbations has been varied [122]. The majority of research shows that the
picornavirus (of which rhinovirus is a part of) is the most common virus [122, 123];

however, some research have shown that influenza or even RSV is the most common
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virus in acute exacerbations of COPD [124-126]. Although rhinovirus may be important
in exacerbations it has been shown that there is a seasonal variation in its prevalence
amongst patients [123]. The highest prevalence was during the autumn season and the
lowest prevalence was during the winter season [123]. Even though rhinovirus has been
shown to be very important in acute exacerbations many other viruses may still have their
own role to play in disease progression. For example, adenoviral infections along with
cigarette smoke exposure can lead to an accelerated lung function decline, as shown by
Fletcher and Peto [108] . It has been suggested that an integration of the adenoviral DNA
into the human genome, in particular the E1A region, could predispose these cells to
destruction by cytokines [108]. Extending these results PCR studies have shown that
heavy smokers have adenovirus DNA in their lung tissue [108] and this can be confirmed
using in situ hybridization staining methods of lung tissue [108]. What is fascinating
about the E1A region integration of adenovirus is that upon addition of LPS, ICAM-1
expression was affected in individuals that had this adenovirus E1A region integrated into
their genome [127]. This opens up the possibility that certain viruses that incorporate
themselves into the host genome, that may not cause acute exacerbations, could cause
dysfunction in host immune response.

1.1.8.4 Bacterial Infections

Acute infections with bacteria have been well documented to illicit various forms of
pneumonia [128, 129]. However, bacteria also seem to be an important factor in COPD.
Almost fifty percent of all acute exacerbations can be attributed to an acute infection with
bacteria [117, 130]. Although commensual bacteria can cause chronic disease [131],

within COPD, the most commonly studied bacteria are pathogenic bacteria such as
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Haemophilus influenza, Moraxella catarrhalis, Streptococcus pneumonia, and
Pseudomonas aeruginosa [21, 132]. Although acute exacerbations are important in
COPD and a number of them are caused by bacteria [133], treatment with antibiotics has
not been shown to be consistently advantageous to patients. This is because many studies
on antibiotic effectiveness in COPD have come back with mixed results [134]. One
possible reason for this could be attributed to a rise in antibiotic resistant respiratory
pathogens [135, 136]. However, two recent meta-analysis studies of the available trials
of antibiotics versus placebo have found an improvement in lung function in patients
treated with the antibiotic intervention [137, 138]. Antibiotic usage has been
demonstrated to have a very clear beneficial effect in COPD patients and mechanically
ventilated COPD patients with severe exacerbations [134, 139]. Though pathogenic
bacteria have been found and cultured in patients with acute exacerbations there is a
significant proportion of bacterial cultures that do not grow any bacteria [139]. This
finding is supported by the fact that approximately 20 percent of all acute exacerbations
are caused by unknown factors [117]. This leads to the possibility that at least some of
these exacerbations could be caused by unculturable bacteria. Subsequently, these
bacteria may form a resident bacterial microbiome in the lungs and changes that occur in
disease can facilitate the increased prevalence of pathogenic bacteria, both culturable and
unculturable, resulting in acute exacerbations. Finally, there is some information that
suggests coinfection, with both bacteria and virus and the interaction between the two
could play a crucial role in COPD, in particular with RSV and rhinovirus infections [130].
Whether a persistent viral infection leads to acute bacterial exacerbations or vice versa is

not clearly known. Some research has shown that bacteria can create a chronically
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inflamed airway, that has a higher than average inflammatory profile (measured by IL-8,
leukotriene B4, neutrophil elastase, and TNF-a) compared to individuals who did not
have bacteria in them [140]. This larger inflammatory state could predispose an
individual to coinfection [130], that is either viral or bacterial which could ultimately lead

to progression of COPD.

1.2 The Microbiome

1.2.1 Introduction

Microorganisms can live and form active communities known as microbiomes in many
different environments. A microbiome is a collection of different bacteria that come
together to form their own unique ecological community within a larger environment.
These microbiomes can be found in a variety of diverse environments from inert objects
like soil or subterranean caves to living organisms such as coral, fish, and humans [141,
142]. However, it is the microbiome that inhabits various niches of the human body that
is of great importance with respect to possible disease outcomes and mechanisms.
Recent investigations have now started to show how these bacteria interact both with

each other within their microbiomes and as a whole with the human host.

1.2.2 The Gastrointestinal Tract
With respect to the human bacterial microbiome, the largest amount of data that has been
collected is on the gut. It is well known that we need the bacteria in our gut in order to

properly absorb nutrients, such as vitamin K. It is also known that the diverse bacterial
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flora can inhibit pathogenic bacteria from gaining a foot hold and causing infection.
Recent reports indicate that this microbiome may even be protective against chronic
inflammatory diseases like Crohn’s disease [143]. Upon birth our gastrointestinal tract is
almost immediately colonized and a microbiome starts to form [144, 145]. This primitive
microbiome is relatively different from infant to infant [144]. However, each of these
new microbiomes, as measured at one year of age, converges towards the bacterial make-
up of an adult microbiome [144]. This adult microbiome that colonizes our gut also
varies greatly from person to person [141, 146]. Some research has shown that this
variance may be caused by how the differences between individuals (genes, gene
environment interactions, etc.) affect the makeup of their gut microbiome [147].
However, other groups postulate that this variability can be explained by what is known
as the neutral theory of community assembly, which states that species have a functional
redundancy [141]. This theory states that even if the individual species are different for a
given niche their functionality or what they do in this respective ecosystem would be
similar [141, 148]. Thus even if there is a large difference in individual bacterial species
between humans the different bacteria’s functionality within this ecosystem or
microbiome would still be the same [141]. Additional research has found that the unique
bacterial species that live in the gut seem to be very resistant to changes but can still be
affected with large dosages of antibiotics [149]. A clear shift in the microbial flora can
be immediately measured after antibiotics are given to individuals [149]. A microbiome
shift can also be seen in diseases, such as obesity. In mouse models it has been shown
that by changing the gut microbiome of control mice to the microbiome of mice that had

the ob/ob gene mutation, obesity as measured by an increase in body fat percentage could
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be induced in the control mice [150]. However, it has not been conclusively
demonstrated that the microbiome is what causes the obesity in these mice. There is very
likely a complex interplay between genetics and environment that is occurring, where the
predisposition of the ob/ob gene allows for a shift in the microbiome that is better suited
for energy harvest [150]. Other researchers, through anecdotal observations, have
noticed that some infants experience a large drop in their total number of bacteria and the
type of bacteria present with antibiotic exposure [144]. Thus, one day, it may be possible

to alter our initial gut microbiome to a particular make up of bacterial species.

1.2.3 Other Microbiomes

It has been shown that the microbiome on humans can vary by location [151]. For
example, the microbiome of the gut will be different from what was sampled from the
skin [151]. Even the sampling of the skin itself can show regional variation, such as
differences in the microbial community between the arm pit and palm [151]. This would
suggest that there are many different bacterial micro environments existing on and within
the human body. This adds a further complexity to what has already been mentioned
with respect to the bacterial microbiome and its role in disease. Thus not only are there
differences in microbiomes between individuals but also differences in microbiomes
within individuals. This section will give a brief overview of the microbiomes of other
micro environments within and on the human body. The surface of our reproductive
organs is another micro environment where it has been shown to have a microbial
community that shifts in disease. A shift in the vaginal microbiome away from the

normal flora, is associated with a change in pH [152] which can result in disease [152,
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153]. More specifically an increase in community composition of the vaginal microbiota
away from the normal bacterial inhabitants of L. crispatus and L. iners has been shown to
be associated with bacterial vaginosis [152, 153]. The oral cavity also contains a large
number of bacterial species and has been shown to contain a microbiome that is quite
heterogeneous in nature [154]. Though biofilms are a natural occurrence and needed for
health, in the oral cavity, their presence can help shield harmful bacteria from being
recognized by the host immune system [154]. The nose microbiome has been shown to
be very diverse in healthy subjects and less diverse within the hospital population, in
particular this change has been most noticeable in inpatients [155]. This reduction in
community compostion could be caused by an influx of pathogenic bacterial growth (e.g.
S.aureus) and over abundance which may lead to disease [155]. From this literature one
can surmise that disease can result from a shift in the microbiome away from normal.
However, this shift is not always due to a drop in community composition like that seen
in the nose microbiome. Instead disease can also come from a shift that leads to an
increase in community composition like that seen in the vaginal microbiome. Although
there is clear evidence that a microbiome can exist in the mouth, the nose, the skin, and
the genitals of human individuals can a microbiome possibly exist in the lower
respiratory tract of the lungs? Additionally, can changes in this microbiome composition
have an impact on disease like in the gut and other areas of the body? Very recently the

answers to these questions have started to emerge.
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1.2.4 The Lung and Airborne Microbiome

It has generally been thought and taught that the lower respiratory tract is a sterile
environment due to the mucocilliary transport system, which acts as a defense response
against environmental insults. The mucus acts as an adherent, trapping various chemicals
and organisms (bacteria, fungi, and viruses) while the cilia beat in a synchronized fashion
to clear the mucus and move it into the oropharynx where it can be swallowed or spat out
[156]. It is the impairment of this system and the subsequent exposure of the sterile
lower respiratory tract to pathogens that is generally thought to be the major cause of
infectious disease pathogenesis [156]. The impairment of this system clearly causes the
buildup of bacteria and mucus in diseases such as cystic fibrosis, which ultimately leads
to the colonization of the lower respiratory tract by bacteria [157]. However, what needs
to be investigated is whether or not we may have a resident microbiome that already
exists in the lower respiratory tract and whether this bacterial community is changed,
destroyed, or affected by the introduction of foreign, possibly pathogenic, bacteria or
other microorganisms. Current research now suggests that there could be a microbiome
of low density that lives in the lower respiratory tract and shifts in diseases like asthma
and COPD [158, 159]. Hilty, et al. performed qPCR on bronchial brushing samples from
control, asthma, and moderate COPD individuals and found no significant difference in
total number of bacteria [158]. However, after utilizing primers for PCR amplification
from previous microbiome research [160] and cloning of the PCR products for
sequencing, identification of the bacterial genera and even species was achieved [158].
They found that though the total number of bacteria did not change between controls and

disease (asthma and COPD) there was a shift in the community composition of bacteria
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present in control individuals and disease individuals [158]. This paper was followed by
Huang, et al. which identified a microbiome in eight COPD subjects. There has now
been a quick flurry of research into the microbiome in the lower respiratory tract, and the
interaction that these two may have on each other with respect to health and disease [161-
164]. Although many of the findings are preliminary they tend to agree with what was
published earlier by the Hilty group, that there is a microbiome in the lower respiratory
tract that exists in health, and shifts in disease.

Concurrently, there have been a number of papers that have shown that there is, in fact, a
possible airborne microbiome that can exist indoors in urban settings and that this
airborne microbiome can be relatively diverse [165, 166]. The exact source of this
airborne microbiome has been postulated to come from numerous sources [165].
However, a popular theory that has been put forward is that the actual source of the
bacteria from the airborne microbiome are from humans themselves [166]. The
fascinating aspect of the airborne microbiome is that if the source is from humans then
the lung microbiome may be a contributing factor. The lungs, mouth, and nose may play
a larger part in the formation of niche communities within this airborne microbiome
which may help to harbor harmful microbial pathogens that could subsequently be passed
on to susceptible individuals. Alternatively, this also opens the possibility that shifted
microbiomes in disease could have an adverse effect on the bacterial communities within
the air and this could then be translated to new susceptible individuals. However,
whether the lungs have a measurable microbiome that shifts in disease needs to be
verified first before any subsequent studies are explored with respect to possible links

between the airborne microbiome and the lung microbiome.
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Chapter 2: Experimental Approach

2.1 Working Hypothesis

I hypothesize that a microbiome exists within the lungs and that changes in this
microbiome are associated with the pathogenesis and progression of the severity of

COPD.

2.2 Specific Aims

The experiments designed to test this hypothesis had the following specific aims:

1.) To validate recent reports that the lung contains a microbiome by utilizing PCR,
gPCR, and metagenomic sequencing.
2.) To determine the variance of the severity of the lesions in different regions of

lungs from patients with COPD is associated with changes in the microbiome.
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Chapter 3: Methods

3.1 Introduction

Rather than utilizing sputum, broncheoalveolar lavage, and bronchial brushings [158, 159,
161, 162] as starting material the present experiments began with samples of human lung
tissue. This was done in order to reduce the possibility of contamination from the sputum,
lavage fluids, and bronchial brushings which have to pass through either the nose or
mouth in order to collect samples. Moreover, the opportunity to measure the microbiome
in tissue specimens provided the additional advantage that allows the tissue response to

be measured in the same tissue as that used to demonstrate the presence of a microbiome.

3.2 Tissue Processing and Labeling

The James Hogg Research Centre Biobank was started in 1979. It contains over 30 years
of patient information as well as tissue samples (cores). This unique resource allows for
the parallel investigation of both molecular and pathological aspects of disease. The lung
tissue from smokers, COPD (GOLD 4), and cysitic fibrosis patients were obtained from
individuals who underwent either lung reduction surgery or transplantation. The non-
smokers tissue was obtained from donors whose lungs were not used for transplantation.
The patients whose tissue is held within the Biobank have all given their consent for their
tissue to be used in research. Further precautions are taken by utilizing unique identifiers

for every subject so that the patient’s privacy is protected.
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The unique processing of the lungs allows for optimal preservation of morphology and
data extrapolation. Lungs were inflated using OCT, then frozen over liquid nitrogen,
then sectioned into transverse slices. The sectioned lung tissue was cored as samples
with a diameter of approximately 2 cm. Two different numbering methods were utilized
to label the samples. The first method assigned a unique four digit identifier with an
associated lung section position number and a tissue sample location letter (e.g. 1111-
2AA). The unique four digit identifier corresponds to the individual from whom the lung
the sample was taken, the associated lung section position number (e.g. -2) corresponds
to the height within the lung the lung section was taken from (with lower numbers being
closer to the apex and higher numbers being closer to the base) and the tissue sample
location letter corresponds to the position on the lung section from which the tissue
sample came (e.g. AA). Thus the smaller numbers (e.g. -1) corresponds to a higher lung
section location relative to larger numbers (e.g. -5) and if both have the same four digit
identifier (e.g. 1111) then they both came from the same individual but were taken at
different heights. The second methodology retains the unique four digit identifier but the
associated number after the identifier corresponds to tissue sample location within the
lung as a whole (e.g. 1111-2). For example, if one associated number was low (e.g. -2)
and another associated number was high (e.g. -5) and both had the same four digit
identifier (e.g. 1111) then the low associated number (e.g. 1111-2) would be higher in the
lung versus the higher associated number (e.g. 1111-5) which would be lower in the lung.

An overview of the two different numbering methods can be seen in [Figure 1].
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Figure 1: Diagram of lung tissue numbering

It should be noted that for method 2 the numbering was sometimes reversed so that the
higher numbers were closer to the apex and lower numbers closer to the base. For
method 2 numbering was also dependent on whether a whole lung or a piece of lung
tissue was obtained.

These lung tissue samples were subsequently cut in a biosafety cabinet to give lung

samples weighing between 10-30mg. DNA extraction was then performed using a

DNeasy extraction kit produced by Qiagen (Maryland, USA). Once DNA was extracted,

it was analyzed by Nanodrop (Delaware, USA) for quality and quantity using OD

260/230, OD 260/280, and OD 260 readings. Once quality and quantity had been

assessed various downstream DNA applications could then be used (llumina Sequencing,
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454 Sequencing, PCR, qPCR, etc.). Furthermore, these lung samples could be sectioned,
placed on slides, and stained using different histological techniques if needed. These
slide sections could then be analyzed using quantitative histology and compared to the
various downstream DNA processes. An overview of these methods can be seen in

[Figure 2].

Lung sections are cored

Histological Slide Sections ~10-30 mg of tissue cut from
(Various Staining) coresin a Biosafety Cabinet
PCR, PCR, and = DNA Extracted using
llumina - Nanodrop Qiagen DNeasy Extraction Kit
sequencing

Figure 2: Diagram of tissue processing.

Additionally, extraction negative controls were included during the tissue extraction
process. An extraction negative control was a sample put through the same tissue

processing without any tissue.
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3.3 DNA Extraction and Storage

For the DNA extractions from lung tissue the Qiagen DNeasy kit protocol (Maryland,
USA) was followed with the following exceptions. First, the incubation at 55 °C lasted
for 2 hours with intermittent vortexing, not necessarily every 10 minutes. Second, RNase
treatment of samples was excluded. Finally, the final volume was 100 pL of AE buffer
(Qiagen elution buffer) for all samples except those in the expanded sample set (see
below) which had a final volume of 200 uL of AE buffer. All samples were originally
stored in a -20 freezer. However, after September 10", 2010 these extracted DNA
samples were moved to long term storage in the -80 freezer and aliquots of either 1:5 (not
bacteria or CF samples) or 1:10 dilutions were made and stored in the -20 freezer for

short term usage.

3.4 Study Design

Characterization of the entire microbiome in the lung was first attempted by
metagenomic sequencing (i.e., sequencing of the entire DNA present in the specimen,
followed by the separation of microbial from human DNA and determining the
composition of the possible microbiome present in the tissue). This preliminary study
was completed in collaboration with Genome BC. Due to the high costs of this type of
study it was limited to five samples of lung from one person with very severe COPD
(GOLD 4) treated by lung transplant and two samples from a donor lung from a smoker
without evidence of COPD. These seven DNA samples were sequenced on an llumina
based platform. As these results suggested that the microbiome of the lung contained

viral and fungal elements as well as bacteria, the costs of pursuing all of these
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possibilities led to a decision to reduce the focus of the study and to concentrate on the
bacterial component of the microbiome. This lead to the second part of the study which
consisted of the same COPD (GOLD 4) individual and the same five samples from this
individual and one cystic fibrosis patient of whom 6 samples of lung tissue were
processed and DNA extracted. For this study we were interested to see if we could
validate, using both PCR and gPCR techniques, what was discovered in the preliminary
metagenomic sequencing study. The cystic fibrosis patient was used as a positive control
since it has been well established that these individuals have a large number of bacteria
within their lungs [157, 167]. Thus bacteria from these lung tissue samples should be
detected by assays which utilize the universal 16S rRNA gene primers. After the second
study was completed and the data analyzed, it was decided to expand our sample set to
better address the second aim of our hypothesis. This third part of the study included an
expanded sample set of eight non-smokers, eight smokers, eight COPD (GOLD 4), and
eight cystic fibrosis patients. All groups were matched for sex as well as matched for the
tissue sample location within the lung section. The tissue sample was taken from a
middle region section of either a left or right lung. Additionally, the non-smoking,
smoking, and COPD (GOLD 4) groups were all matched for exact age. We used gPCR to
generate a relative total bacteria count in all the groups. We then utilized terminal
restriction length polymorphism (T-RFLP) analysis to assess, on a generalized scale, the
bacterial community composition contained within each individual and group. Finally,
454 targeted sequencing was used to identify the type of bacteria present in the samples
and provide a link back to the community composition profiles and total bacterial

numbers that were generated [Figure 3].
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1 COPD GOLD 4 (5 cores) & 1 Smoker Control (2 cores)

: k

Metagenomic Sequencing (Pilot)

1 COPD GOLD 4 (5 cores) & 1 Cystic Fibrosis (6 cores)

: ! .

PCR qPCR

8 Non-Smokers (1 Core), 8 Smokers (1 Core), 8 COPD GOLD 4 (1 Core), 8 Cystic Fibrosis (1 Core)

: 1 ! 1 1

gPCR T-RFLP 454 Sequencing

Figure 3: Diagram of the three different parts of the study.

3.4.1 16SrRNA Gene

This gene was chosen because it contains conserved regions in every bacterial genome
plus variable regions that differ from genus to genus and family to family. The conserved
regions can be used to design specific PCR primers that will target all 16S rRNA genes
and allow quantification of total bacterial counts. However, correction factors need to be
applied since many bacteria have genomes that contain different numbers of the 16S
rRNA genes [168]. One method that was employed to get around this was the use of
calculated total bacterial cells rather than copies of 16s rRNA genes in the gPCR assay
per sample. Similarly, PCR primers can be designed to target different combinations of

the nine different variable regions to determine the different community composition
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profiles as well as to identify the bacteria within each DNA sample [169]. Both the T-
RFLP analysis and 454 targeted sequencing utilized these variable regions in their

analysis.

3.5 Experiment 1: Preliminary [lumina Sequencing Project

3.5.1 COPD (GOLD 4) vs. Smoking Control

For the COPD (GOLD 4) individual the following samples were used: 6968-6AA, 9BB,
2BB, 8BB, and 11B. The smoking control individual had the following samples used:
6989-8B and 2C. For all these lung tissue samples approximately 10mg of tissue was

used for DNA extraction [Table 2].

Table 2: Breakdown of tissue weight and DNA sent to Genome BC.
It should be noted that all these DNA samples are in a final volume of 100 uL of AE
buffer.

Sample Group | CorelID |Tissue (mg) | DNA Concentration (ng/pl)

Smoker Control | 6989-8B 10 96.1

Smoker Control | 6989-2C 10 116.9
COPDGOLD 4 |6968-6AA 10 87.7
COPDGOLD 4 |6968-9BB 10 927
COPDGOLD 4 |6968-2BB 10 94.7
COPDGOLD 4 |6968-8BB 10 107.8
COPDGOLD 4 |6968-11B 10 76.0
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Samples were each given a unique number label once at Genome BC which could be
traced back to that of the original sample. A 0.7% agarose gel of a representative sample
(one sample and one of a A DNA Hind III digestion) was submitted along with the
genomic samples used for testing. The agarose gel was used to help assess the amount

and quality of DNA that was being submitted.

3.5.2 Metagenomic Sequencing Platform

The lllumina Genome Analyzer lIx (California, USA) platform utilizes a form of
sequencing known as massively parallel sequencing or shot-gun sequencing. DNA
samples were taken and fragmented into approximately 75 base pair fragments. These
fragments were then denatured and had a common adaptor ligated to them. These
fragments were then added to the flow cell, where the actual sequencing reaction would
take place (area that is coated with oligonucleotides that are exactly complimentary to the
ligated adaptors on the fragments) [170-173]. A special PCR, known as bridge
amplification, was performed to generate clusters for each individual fragment that was
attached to the flow cell [171-173]. Next, the clusters were denatured and the sequencing
primers, polymerase, and fluorescently labeled nucleotides (a different colour for each
base) were added. The fluorescently labled nucleotides contain a chemically inactivated
3’OH thatn can be reversibly terminated [174]. This reversible termination allows for
sequencing one nucleotide at a time to occur, since after each round the termination can
be reversed for addition of the next nucleotide. After each round of a nucleotide addition,

the surface of the slide is imaged and the colour of each cluster recorded [171-173].
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3.5.3 Down-stream Analysis

Each sample was run on a separate flow cell and the DNA quality was assessed. First, all
reads that were sequenced and that aligned to the human genome were subtracted out of
the sequenced fragment pool. Second, those that aligned to E.coli, more specifically lab
strains of E.coli were also subtracted out of the sequenced fragment pool. Finally, those
that were left over were run through a BLAST search through a non-redundant database
that was utilized by GenomeBC. From this BLAST search a list of up to the ten most
likely bacterial species were given for each particular read that was identified as being
from bacteria. This same BLAST search methodology also aligned a number of reads to
fungi and virus. A final conversion was made on the information of the sequence reads
from Genome BC so that the number of bacteria per 1000 human cells could be used.
The conversion process consisted of the following steps. First the average total number
of human reads (29.5 x 10°) was corrected for genome size (6.4 x 10° base pairs). This
gave 4.6 x 107 reads per human genome. Second, the average number of bacterial reads
that were not E.coli was corrected for genome size using an average bacterial genome
size of 4 x 10° base pairs as the reference. This gave a number of reads per bacterial
genome. The number of reads per bacterial genome was divided by the number of reads
per human genome to give a number that represents the number of bacteria per human
cell. This number was then multiplied by 1000 to get the desired conversion of bacteria

cells per 1000 human cells.
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3.6 Experiment 2: Validation of Metagenomic Sequencing with

PCR and qPCR

3.6.1 GenomeBC COPD (GOLD 4) vs. Cystic Fibrosis Samples

This group included the same five samples from the one COPD (GOLD 4) individual

(6968-2BB, 6AA, 8BB, 9BB, 11B), which had been sequenced in the llumina project,

compared to 6 samples from one cystic fibrosis individual (5928-2 to -7). The amount of

tissue used and DNA concentration can be seen in [Table 3].

Table 3: Breakdown of the tissue weight and DNA used to verify metagenomic

sequencing.

All DNA samples were in a final volume of 100 pL of AE buffer.

SampleGroup | CorelD | Tissue (mg) | DNA Concentration {ng/pl)
COPDGOLD 4 |6968-6AA 10 87.7
COPDGOLD 4 |6968-9BB 10 92.7
COPDGOLD 4 |6968-2BB 10 847
COPDGOLD 4 |6968-8BB 10 107.8
COPDGOLD 4 |6968-11B 10 76.0
Cystic Fibrosis | 5928-2 20 30.0
Cystic Fibrosis | 5928-3 20 44.0
Cystic Fibrosis | 59284 20 10.0
Cystic Fibrosis | 5928-5 20 13.0
Cystic Fibrosis | 5928-6 20 52.0
Cystic Fibrosis | 5928-7 20 142.0
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3.6.2 PCR

3.6.2.1 Overview

Polymerase chain reaction (PCR) involves replication of a specified target in DNA. In
our case we are using the 16S rRNA gene of bacteria as our target gene. We started with
6 different primers during the PCR troubleshooting phase. For the PCR assay reaction
we used the following primer pairs 27F (5’-AGAGTTTGATCMTGGCTCAG-3’) with
1390R (5’-GACGGGCGGTGTGTRCAA-3’) which gave a product of 1364 base pairs
[175, 176], 339F (5’-ACTCCTACGGGAGGCAGCAGT-3") with 907R (5°-
CCGTCAATTCMTTTGAGTTT-3") which gave a product of 569 base pairs [158], and
63F (5’-GCAGGCCTAACACATGCAAGTC-3’) with 355R (5°-
CTGCTGCCTCCCGTAGGAGT-3") which gave a product of 293 base pairs [158]. The
notation of a number followed by either F or R denotes the nucleotide in the gene
sequence where the primer starts and whether it is the forward (F) or reverse (R) primer.
The qPCR assay used the primer pair specifying the 293 base pair amplicon which is
relevant to both the validation experiment and expanded sample set experiment.
Furthermore a 100 base pair target of the human Rpp40 gene (forward primer: 5°-
CGTAAGCAAGTTTAGTGAATACCTGAA-3’ and the reverse primer: 5’-
GCACAGCTTCCATCTTACTCAATC-3’) was used as a control for all PCR reactions to
insure that the samples contained human DNA. The Rpp40 subunit is part of the RNAse
P gene family which is a single copy gene [177]. Thus bacterial numbers can be
normalized to human cells since the Rpp40 gene is a single copy gene. The primers were
chose and the specificity was checked by using the NCBI primer BLAST database. All

primers were ordered from SIGMA Life Sciences (Ontario, Canada).
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3.6.2.2 PCR Conditions
The following are the PCR cycling conditions that were used after the optimization

and troubleshooting phase:

100 base pair product RPP40:

1 x (15 minutes at 95 °C)
40 x (15 seconds at 95 °C, 30 seconds at 60 °C, 30 seconds at 72 °C)

293 base pair product (63F and 355R):

1 x (15 minutes at 95 °C)
40 x (15 seconds at 95 °C s, 1 minute at 63 °C)

569 base pair product (339F and 907R):

1 x (15 minutes at 95 °C)
40 x (15 seconds at 95 °C, 30 seconds at 60 °C, 1 minute at 72 °C)

1363 base pair product (27F and 1390R):

1 x (15 minutes at 95 °C)

40 x (40 seconds at 94 °C, 30 seconds at 57 °C, 2 minutes at 72 °C)

1 x (5 minutes at 72 °C)
The Bio-Rad MyCycler Thermal Cycler was used for all sample runs after
troubleshooting was completed. The final PCR reaction volume was 50 pL and the
volume of each reagent in this total mixture was as follows: 5 pL of the Qiagen 10x PCR
buffer, 1 uL of dNTP mix for a final concentration of 200 uM of each dNTP, 2 uL of the

forward primer or reverse primer for a final concentration of 0.4 uM, 0.25 pL of
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HotstarTag DNA Polymerase (2.5units/reaction), 34.75 puL of RNase free water, and 5
ML of template DNA.

3.6.2.3 Experimental Sampling PCR Runs

The GenomeBC samples were run six separate times; three times with the 1363 base pair
16S rRNA gene product protocol, once with the 569 base pair 16S rRNA gene product
protocol, and twice with the 293 base pair 16S rRNA gene product protocol. The cystic
fiborsis samples were run five times in total once with the 1363 base pair 16S rRNA gene
product protocol, once with the 569 base pair 16s rRNA gene product protocol, and twice
with the 293 base pair 16S rRNA gene product protocol. The six JM109 E.coli serial
dilution samples were run at the same time with the last run of the 293 base pair rRNA

gene product for both the Genome BC sample and cystic fibrosis sample.

3.6.3 qPCR
3.6.3.1 qPCR Conditions
After a number of different trial runs it was decided that two separate plates would have
to be run for each sample, one for the 16S rRNA 293 base pair product (primers sequence
found in PCR section) and one for the RPP40 100 base pair product. The cycling
conditions for the qPCR of the 293 bp target of 16S rRNA gene were the same as for the
respective PCR described above (section 3.6.2.2). For the 100 bp target of the human
RPP40 gene, they were the following:

1 x (15 minutes at 95 °C)

40 x (15 seconds at 95 °C, 1 minute at 60 "C)
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In this case, RPP40 was used as an internal control and normalization factor to which the
number of bacteria cells could be compared.

The gPCR was run on an ABI Prism 7900HT Sequencing Detection System (California,
USA) using a 384 well plate. The total reaction volume was set at 10 pL and had the
following volumes of reagents: 5 pL of 2x Quantitect SYBR green PCR master mix
(Maryland, USA), 0.4 uL of the forward primer for a final concentration of 0.4 uM, 0.4
ML of the reverse primer for a final concentration of 0.4 uM, and 4.2 pL of template
DNA. It should also be mentioned that every sample, for both the 16S rRNA and RPP40
assay, was run in triplicate including the serial dilutions for the standard curve

E.coli colonies were grown on LB medium plates and six medium sized colonies were
pooled, DNA extracted, and DNA concentration measured using Nanodrop. Standard
curves were created using a 6-fold serial dilution of this stock DNA solution of JM109
E.coli genomic DNA as well as human genomic DNA. An example of the standard curve
for the 16S rRNA gene can be seen in [Figure 4] and for the RPP40 gene in [Figure 5].
For both sample dilutions the lowest serial dilution value had to be excluded since the

curve flattened out and was not linear.
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Figure 4: An example of the standard curve for the 16S rRNA gene qPCR assay.
This assay was run under conditions specified in the methods section. The standard
curve is derived from serial 10 fold dilutions of the E.coli DNA.

Ct Value

0 1 2 3 4
Log (Number of Cells)

Figure 5: An example of the standard curve for the RPP40 gene gPCR assay.
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This assay was run underconditions specified in the methods section. The standard curve
is derived from serial 10 fold dilutions of the human DNA standard.

All runs included a dissociation curve run. The dissociation curve for the 16S product
had a peak between 84 and 85 °C [Figure 6] while the dissociation curve for the RPP40
product had a peak at 78 °C [Figure 7]. After the first of the two gPCR runs the PCR
products were run on a 1% agarose gel to verify that the product size corresponded to the

dissociation curve peak for both the 16S and RPP40 product [Figure 8].
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Figure 6: An example of the dissociation curve of the 16S rRNA gPCR product.
There is one clear peak at approximately 84-85 °C.
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Figure 7: An example of the dissociation curve of the RPP40 qPCR product.

There is one clear peak at approximately 78 °C.
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Figure 8: Verification of dissociation curve peaks after gPCR completion using a
1% agarose gel.

3.6.3.2 Cell Number Calculation for the Standard Curves

Each nucleotide is equal to 330 daltons. Therefore a single base pair is equal to 660
daltons. When converted to grams this works out to 1.0959 x 10" grams per base pair.
The E.coli genome is 4.5 million base pairs. Thus 1.0959 x 10" grams per base pair
multiplied by 4.5 million base pairs equals 4.932 x 10™ grams of DNA per cell of E.coli.
A similar conversion can be made for the human genome if 6 billion base pairs are used
instead of 4.5 million base pairs. Thus after a similar amount of calculations it can be
worked out that there is 6.58 x 10™2 grams of DNA per human cell. After obtaining a
DNA concentration from the Nanodrop (Nanodrop, Delaware, USA) the ng/pL value was
converted to a pug value based on the total volume. This pg value was then divided by
grams of DNA per cell of E.coli and the resulting final number gave the number of cells

per uL. Thus a serial dilution would result in 10 fold less cells each dilution. The same
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process can then be applied for the number of human cells with the exception that the
grams of DNA per human cell would be a different value.

3.6.3.3 The Correction Factor

All groups had two corrections performed on them. The first involved subtracting the
average number of bacteria cells in the negative controls with no DNA added from the
number of bacteria found in each sample (triplicate average). Once this was done this
new value was divided by the number of human cells (determined using the RPP40 gPCR
assay). Once these corrections were made all values represented bacteria cells per human
cell. In order to work with whole numbers the value of bacteria cells per human cell was
multiplied by a value of 1000 and the resulting value represented the number of bacteria

cells per 1000 human cells.

3.7 Experiment 3: Expansion of Sample Size to Detect Bacterial

Differences Between Sample Groups

3.7.1 Patient Information

This group included one lung sample from eight non-smokers (7180-2, 6788-2, 1977-10,
3037-6, 3263-7, 3480-7, 5909-10, and 6376-8), eight smokers (2014-9, 6894-15, 2431-9,
5771-2, 6651-9, 5882-7, 6043-3, and 6077-13), eight COPD (GOLD 4) (7013, 7014,
7015-31, 6968-30, 6971-26, 6967-5, 6969-30, and 6965-26), and eight cystic fibrosis
individuals (2877-4, 5915-9, 5901-8, 5928-7, 5723-7, 5938-4, 6058-7, 5894-10). A

single sample from a middle lung section slice was taken from all individuals and the
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tissue sample was labeled according to tissue numbering method 2 (section 3.2 and
Figure 1). The non-Smokers, smokers, and COPD (GOLD 4) groups were matched for
age. Some samples in the different groups were reversed numbered so the smaller
numbers are from tissue samples taken from a middle lung section slice. The COPD
(GOLD 4) tissue samples from 7013 and 7014 were taken from a middle lung section
slice that had not been sampled previously so do not have an associated number with the
four digit identifier. Both the COPD (GOLD 4) and the cystic fibrosis groups include
one individual each who was part of experiment 2 but a different lung sample from these
individuals was used in this experiment. A table of the DNA concentration and amount

of tissue used can be seen below [Table 4].
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Table 4: The amount of tissue and DNA extracted in the expanded sample set.
All samples except the cystic fibrosis samples were in 100 pL of AE buffer. The cystic
fibrosis samples were in 200 pL of AE buffer.

Sample Group Core ID Tissue (mg}) DNA Concentration (ng/pL})
Non-Smoker 71380 17 379
Non-Smoker 6788 28 469
Non-Smoker 1977 23 374
Non-Smoker 3037 44 1343
Non-Smoker 3263 13 316
Non-Smoker 3480 29 75.0
Non-Smoker 5909 30 90.2
Non-Smoker 6376 11 342

smoker 2014 18 1223
Smoker 6891 25 71.6
Smoker 2431 12 126
Smoker 5771 11 182
Smoker 6651 28 74.4
Smoker 5882 21 936
Smoker 6043 17 36.6
Smoker 6077 27 336

COPDGOLD 4 7013 30 814

COPDGOLD 4 Joi4 40 1222

COPDGOLD 4 7015 30 153

COPDGOLD 4 6968 30 74.2

COPDGOLD 4 6971 40 81.0

COPDGOLD 4 0967 40 300

COPDGOLD 4 6969 20 30.5

COPDGOLD 4 6965 30 116.7

Cystic Fibrosis 28717 30 157.2

Cystic Fibrosis 5915 40 1518

Cystic Fibrosis 5901 30 1274

Cystic Fibrosis 5923 30 1727

Cystic Fibrosis 5723 40 200.6

Cystic Fibrosis 5938 30 2213

Cystic Fibrosis 6053 30 2038

Cystic Fibrosis 5894 30 3333
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3.7.2 qPCR

The standard curve generation and correction factor application were mentioned
previously (Section 3.6.3). Thus they will not be mentioned any further in this section as

the methodology was the same for the expanded sample set.

3.7.3 Terminal Restriction Fragment Length Polymorphism Analysis

3.7.3.1 Introduction

For the T-RFLP analysis a normal PCR is performed except that the forward primer is
fluorescently labeled on the 5” end. The nucleotide sequence of the primer pair that was
used is specified in section 3.8.3. Once the PCR is completed a restriction enzyme, Hhal,
which cuts at a GCGC repeat, with the cut coming between the second GC was used to
digest these products. These PCR fragments were then concentrated using a commercial
kit (GE Health Care llustra GFX PCR DNA & Gel Band Purification Kit,
Bukinghamshire, UK). The concentrated products were then run on a capillary gel
electrophroesis machine. Since the products were digested only the products labeled at
the 5° end would be visualized. The method itself takes advantage of the variation found
between species to species and genus to genus in the sequence of the 16S rRNA gene.
Output is shown with the y-axis representing fluorescence intensity while the x-axis
represents fragment size. Thus, in general, the number of peaks observed at different
sizes in each respective sample would give an indication of the total bacterial community

composition, with the more diverse samples containing more total number of peaks. This
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methodology is similar to that reported and used in other bacterial community
composition studies [178].

3.7.3.2 T-RFLP Conditions

Samples from the PCR were run on a 1% agarose gel to check for product prior to T-
RFLP analysis. The T-RFLP analysis was contracted out to the NAPS unit at the
University of British Columbia.

The expanded sample set was run under the following conditions:

PCR Protocol-16S rRNA Gene, 881 Base Pair Product:

1 x (15 minutes at 95 °C)

40 x (40 seconds at 94 °C, 30 seconds at 57 °C, 1 minute 30 seconds at 72 °C)

Digestion Protocol-HHal Restriction Enzyme:

Digestion conditions followed the protocol provided by New England BioLabs
Inc. (Massachusetts, USA). However, the digestion time was modified to ensure
complete digestion to the following:
4 hours at 37 °C
20 minutes at 60 °C
10 minutes at 4 °C
The PCR DNA purification kit utilized was the Illustra GFX PCR DNA and Gel Band
Purification kit, from GE Healthcare, which can be commercially bought. No
modifications were made to the provided protocol. It should be noted that only the
expanded sample set, consisting of the eight Non-Smokers, eight Smokers, eight COPD

(GOLD 4), and eight Cystic Fibrosis patients, had T-RFLP analysis performed on it.
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3.7.3.3 The Correction Factor(s)

The intensities of all the different fragments in a sample were converted to a relative
intensity versus the total intensity of the sample (relative intensity = (individual peak
intensity) / (total intensity of all peaks)). After this correction the samples were analyzed
and the positive (E.coli control) and negative (non-template control) peaks that
corresponded to peaks in the samples were reduced to 0. The relative intensity was then
recalculated and a new analysis using non-metric multidimensional scaling (NMS)
ordination graphs were created to reflect this change. This removal was done to see if the

positive and negative control products could influence the results that were observed.

3.7.4 GS-FLX 454 Targeted Sequencing

3.7.4.1 Background

An initial PCR reaction was performed with modified primers to the 16S rRNA gene.
There was an approximately 40 base pair extension to the forward primer and an
approximately 20 base pair extension to the reverse primer. Some of these extensions
were used to attach the amplicon products to the bead system that the 454 sequencing
machines at Genome Quebec (Montreal, Canada) used. The forward primer also
contained a unique nucleotide sequence that allowed for identification of different
samples. This allowed for a pooling of PCR products from multiple samples to be
sequenced at the same time and then sorted after by computer. Pooling allows for a
reduction in cost by splitting the number of total available reads, in a given reaction area
for a sequencing run, between approximately 1-100 different samples. The more samples

pooled results in less total reads per individual sample. The 454 sequencing machine is
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similar in some respects to the Illumina sequencing platform. That is to say that an
amplification reaction is used to generate clusters. These clusters can then be sequenced
by the sequential addition of nucleotides and visualized using the generation of light,
normally via fluorescence [171]. However, the lengths of sequencing reads obtained are
much longer than that of the Illumina platform (550 bp length for the 454 sequencing
versus 75 bp for the lllumina sequencing). This, together with the fact that the
sequencing is targeted to the 16S rRNA gene, allowed for greater identification power
with respect to bacteria. In order to identify the sample source of the sequence that will
be generated the forward primer for every sample is different in that it has a sequence
unique to that sample. However, the sequence downstream of this unique identifier is the
same for all samples and is targeted to the 16S rRNA gene starting at nucleotide 27 of the
gene. The reverse primer which is the same for every sample has the following
nucleotide sequence: 5°-
CCTATCCCCTGTGTGCCTTGGCAGTCTCAGGWATTACCGCGGCKGCTG.
The blue denotes the special sequence that was added to the reverse primer to allow the
PCR amplicons to bind the beads in the 454 sequencing reaction. The dirty gray
sequence is complimentary to the 16S rRNA gene up to nucleotide 519 of the gene. The
table below shows the exact sequences of the 40 forward primers used [Table 5]. Two to
three of the best PCR reactions (based on 1 % agarose gel band intensity) for each sample

were chosen and pooled to be sent to Genome Quebec.
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Table 5: The different forward primers used to identify the sample source in 454

targeted sequencing.

Not shown are which primer sequence was used for which sample. The blue color marks
the sequence used to attach the PCR amplicon product to the beads sequencing system of
the 454 machine. The red color marks the unique identifier tag which would be used
after sequencing to identify which amplicon sequence belonged to which case and group
in the pooled sample sequencing reaction. The green colour marks the 27F primer

sequence.

Genome Quebec Identifier Sample Group Forward Primer Sequence {5'3')

MID-1 Negative CCATCTCATCCCTGCGTGTCTCCGACTCAGACGAGTGCGTAGAGTTTGATCMIGGCTCAG
MID-2 Non-Smoker CCATCTCATCCCTECGTGTCTCCGACTCAGACGCTCGACAAGAGTTIGATCMIGGCTCAG
MID-3 Non-Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGAGACGCACTCAGAG T TIGATCMIGGCTCAG
MID-4 Non-Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGAGCACTGTAGAGAG TTTGATCMIGGCTCAG
MID-5 Non-Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGATCAGACACGAGAG T TTGATCMIGGCTCAG
MID-6 Non-Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGATATCGCGAGAGAGTTTGATCMIGGCTCAG
MID-7 Non-Smoker CCATCTCATCCCTGCGTETCTCCGACTCAGCGTGTCTCTAAGAGT TTGATCMIGGUTCAG

MID-8 Non-Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGCTCGCGTGTCAGAGTTTGATCMTGGCTCAG

MID-10 Non-Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTCTATGCGAGAGT TIGATCMIGGCTCAG

MID-11 Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGTGATACGTCTAGAGTT TGATCMIGGCTCAG
MID-13 Smoker CCATCTCATCCCTOCGTGTCTCCGACTCAGCATAGTAGTGAGAG T TTGATCMIGGCTCAG
MID-14 Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGCGAGAGATACAGAGTTTGATCMIGGCTCAG
MID-15 Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGATACGACGTAAGAGTTTGATCMIGGCTCAG
MID-16 Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGTCACGTACTAAGAGTTTGATCMIGGCTCAG
MID-17 Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGCGTCTAGTACAGAG T TTGATCMIGGCTCAG
MID-18 Smoker CCATCTCATCCCTGLGTGTCTCCGACTCAGTCTACGTAGCAGAG T TTGATCMIGGCTCAG
MID-19 Smoker CCATCTCATCCCTGCGTGTCTCCGACTCAGTGTACTACTCAGAG T TTGATCMIGGCTCAG

MID-20 COPDGOLD 4 CCATCTCATCCCTGCGTGTCTCCGACTCAGACGACTACAGAGAGTTTGATCMIGGCTCAG
MID-21 COPDGOLD4 CCATCTCATCCCTGCGTGTCTCCGACTCAGCGTAGACTAGAGAGTTTGATCMIGGCTCAG
MID-22 COPDGOLD 4 CCATCTCATCCCTGCGTGTCTCCGACTCAGTACGAGTATGAGAG T TIGATCMIGGCTCAG
MID-23 COPDGOLD 4 CCATCTCATCCCTGCGTGTCTCCGACTCAGTACTCTCGTGAGAGT TTGATCMIGGUTCAG

MID-24 COPDGOLD 4 CCATCTCATCCCTGCGTGTCTCCGACTCAGTAGAGACGAGAGAGTTTGATCMIGGCTCAG
MID-25 COPDGOLD 4 CCATCTCATCCCTGCGTGTCTCCGACTCAGTCETCGCTCGAGAGTTTGATCMITGGCTCAG
MID-26 COPDGOLD4 CCATCTCATCCCTGCGTGTCTCCGACTCAGACATACGCGTAGAGTTTGATCMIGGCTCAG
MID-27 COPDGOLD 4 CCATCTCATCCCTGCGTGTCTCCGACTCAGACGCGAGTATAGAGTTTGATCMIGGCTCAG
MID-28 CysticFibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGACTACTATGTAGAGTT TGATCRMITGGCTCAG
MID-29 Cystic Fibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGACTGTACAGTAGAGTTTGATCMITGGUTCAG
MID-30 Cystic Fibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGAGACTATACTAGAGTTTGATCMIGGUTCAG
MID-31 Cystic Fibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGAGCGTCGTCTAGAG T TTGATCMIGGCTCAG
MID-32 Cystic Fibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGAGTACGCTATAGAGTTTGATCMITGGCTCAG
MID-33 Cystic Fibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGATAGAGTACTAGAG T TIGATCMIGGCTCAG
MID-34 Cystic Fibrosis CCATCTCATCCCTGCGTETCTCCGACTCAGCACGCTACGTAGAGT TTGATCMIGGCTCAG
MID-35 Cystic Fibrosis CCATCTCATCCCTGCGTGTCTCCGACTCAGCAGTAGACGTAGAGTTTGATCMIGGCTCAG
MID-36 Negative CCATCTCATCCCTGCGTGTCTCCGACTCAGCGACGTGACTAGAGTTTGATCMIGGCTCAG
MID-37 Negative CCATCTCATCCCTGCGTGTCTCCGACTCAGTACACACACTAGAGT TTGATCMIGGCTCAG
MID-38 Negative CCATCTCATCCCTGCGTGTCTCCGACTCAGTACACGTGATAGAGTTTGATCMIGGCTCAG
MID-39 Cystic Fibrosis Control CCATCTCATCCCTGCGTGTCTCCGACTCAGTACAGATCGTAGAGT TTGATCMITGGCTCAG
MID-40 COPDGOLD 4 Control CCATCTCATCCCTGCGTGTCTCCGACTCAGTACGCTGTCTAGAGT TTGATCMIGGCTCAG

MID-41 Smoker Control CCATCTCATCCCTACGTGTCTCCGACTCAGTAGTGTAGATAGAG TTTGATCMIGGCTCAG
MID-12 Non-Smoker Control CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGATCACGTAGAG T TTGATCMIGGCTCAG
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3.7.4.2 454 Targeted Sequencing Conditions

The following PCR cycling conditions were used:

PCR Protocol-16S rRNA Gene, 550 Base Pair Product:

1 x (15 minutes at 95 °C)

40 x (40 seconds at 94 °C, 40 seconds at 61 °C, 1 minute at 72 °C)

1 x (10 minutes at 72 °C)
PCR products were run on a 1% agarose gel under similar conditions of the 1% agarose
gel in the PCR for Experiment 2. Using the Qiaquick Gel Extraction kit the bands of
interest, from each sample, were extracted and purified for Genome Quebec. Analysis
was done using the open source mothur platform to filter out, screen, and perform general

quality control of the sequencing reads (www.mothur.org) [179]. Identification of the

filtered 16S amplicon reads was then performed using the RDP platform

(http://rdp.cme.msu.edu/) which is constantly updated and maintained with up to date

bacterial phylotypes. It has been published that a 50% confidence cut-off is used to
produce accurate taxonomic identifications [164, 180]. However, due to the large
number of reads that was returned from the targeted sequencing (55484 + 7911 reads) a

higher confidence cut-off of 80% was used.

3.7.5 Statistics

For most of the results, a simple T-test was used to compare differences between groups.
Bonferroni correction was used where appropriate. For the gPCR results that involved
comparing the cystic fibrosis group to other groups a non-parametric test

(Wilcoxon/Kruskal Wallis Test) had to be used since the cystic fibrosis data was not
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normally distributed. For the T-RFLP analysis a NMS graph was created to group the
samples based on dissimilarity. It is an ordination method that takes into the account the
number of peaks and the size of the fragments to group similar samples. Thus, the closer
the samples or points are to each other the more similar they are. Finally, a Multi
Response Permutation Procedure (MRPP), which is a type of multivariate analysis that
involves pairwise comparisons, was run to compare whether the groups were
significantly different from each other. The methodology, in particular the NMS and
MRPP analysis, to analyze the T-RFLP data was similar to those previously used by

others [181].

3.8 Troubleshooting

3.8.1 PCR

The first experiment run was on the GL Applied Research GTC-2 Genetic Thermal
cycler machine followed by gel electrophoresis with a 1% agarose gel for visualization of
the PCR products (0.5 grams of agarose in 50 mL of 1x TAE buffer solution and 2 uL of
Gel Red). The primers first utilized were the 63F and 355R 16S rRNA gene product
primers along with the 100 base pair product for the RPP40 gene. Oil was added to the
reaction to avoid evaporation. The cycling conditions consisted of 15 minutes at 95
degrees followed by 40 cycles of 94 degrees for 15 seconds, 60 degrees for 30 seconds,
and 72 degrees for 30 seconds (the final cycling conditions had this step omitted (section
3.6.2.2)) for the first attempt at the 16S rRNA gene PCR. A positive control was not

used and a negative non-template control (water) was used. This experiment was
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repeated under various different conditions to verify the results that were obtained. First,
a 70% ethanol wipe down step of the bench area was introduced. Second, the number of
negative controls was increased. Third, oil was not used. Fourth, the preparation was
performed in a different location. Fifth, bleach was used as a wipe down agent along
with 70% ethanol in two separate steps. Sixth, PCR of different water sources along with
an RNaseZap (Ambion, Ontario, Canada) wipe down step was introduced. After these
experiments a positive control was introduced. Our positive control consisted of JM109
E.coli that was grown and then extracted using the same DNA extraction conditions as
stated previously. However, there was one exception that instead of tissue weight, six
colonies of medium size were used for DNA extraction. A six fold serial dilution of the
stock JM109 E.coli was created to help assess the sensitivity and specificity of the PCR
assay and the cycling conditions used in section 3.6.2.2 were used. For these PCR
reactions the Bio-Rad My Cycler Thermal Cycler and the PCR Express ThermoHybaid

were utilized.

3.8.2 (gPCR
The first run assessed the efficiency of the reaction for both the human RPP40 100 base

pair product and the 16S rRNA gene 293 base pair product.

3.8.3 T-RFLP
Through collaboration with Dr. Bill Mohn (Life Sciences Centre, UBC) an aliquot of all
samples were brought to the Mohn laboratory to work out problems related to the

technology of T-RFLP. The results of the collaborations led to the conclusion that the
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27F (5°-AGAGTTTGATCMTGGCTCAG-3’) and 907R (5°-
CCGTCAATTCMTTTGAGTTT-3") primers for the 16S rRNA gene, that gave an 881
base pair product, were the most suitable for our purpose. Using the normal protocol
adapted in the Mohn laboratory the restriction enzyme HHal was used (cut site at a
GCGC repeat with cleavage between the second G and C). A PCR with a temperature
gradient was run under 40 cycles to determine the optimal annealing temperature of these
two primers in a PCR reaction together. It was decided that 57 °C would be the ideal

temperature based on the results of the PCR temperature gradient experiment.

3.8.4 454 Targeted Sequencing

The first few rounds of PCR were with an E.coli positive control to determine an
annealing temperature to use with these primers. One forward primer was chosen and the
annealing temperature that was found was assumed to be the same for all other forward
and universal reverse primer pairs. In order to attempt to get rid of the secondary
products in the reactions both gel extraction and a modified PCR product purification
protocol was used. The protocol for the modified PCR product purification was adapted
from the Machery-Nagel Nucleo Spin Extract Il kit (California, USA) protocol handbook.
Various dilutions of the Buffer NT were made and the dilution that cleared the secondary
product best was used (1:6 dilution with DNase and RNase free water). Gel extraction of
the bands of interest and usage of the Qiaquick Gel Extraction kit (Maryland, USA) was
ultimately chosen after Genome Quebec indicated that this modified PCR product

purification protocol was unable to separate the secondary PCR products.
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Chapter 4: Results

4.1 Experiment 1: Preliminary [lumina Sequencing Project

The majority of the reads in the seven samples were classified as high quality (Qso rating
or above) meaning the probability of a wrong base call for the reads was 1 in 1000 or that
there was a 99.99% accuracy that the base was assigned correctly. The total read range
of 25-35 million reads with an average of 31.3+2.6 (SD) million reads per sample.
Approximately 200,000 reads matched to other known databases with the large majority
mapping to primate DNA. A further 1.3 million reads did not align to a known sequence
in the non redundant database. The total bacterial reads in each COPD (GOLD 4) sample
was as follows: 6968-2BB had 78 total bacterial reads, 6AA had 38 total bacterial reads,
8BB had 61 total bacterial reads, 9BB had 38 total bacterial reads, and 11B had 44 total
bacterial reads [Figure 9]. The total reads in the two smoking control samples was as
follows: 6989-2C had 18 total bacterial reads while 6989-8B had 44 total bacterial reads.
The number of bacterial reads was graphed versus the relative lung height from where the
sample was taken and also was separated based on whether the sample belonged to the

COPD (GOLD 4) or the smoking control individual [Figure 9].
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Sample ID Total Bacterial Reads
6968-2BB 78
6968-6AA 38
6968-8BB 61
6968-9BB 38
6968-11B 44

6989-2C 18

6989-8B 44

Bacterial 75 bp Reads
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Figure 9: Total bacterial 75 nucleotide reads per sample and versus lung height.
The table represents the total bacterial reads found in each core while the graph

represents the bacterial reads with respect to lung height.

The average number of bacterial reads for the COPD (GOLD 4) individual from the five

samples was 51.8. Upon correction with the conversion factor the COPD (GOLD 4) had

2.8 bacteria cells per 1000 human cells. In contrast the Smoking control individual from

the two samples was 31 and upon correction gave 1.7 bacteria cells per 1000 human cells.

The average total number of reads based for the COPD (GOLD 4) individual was not

significantly different (P=0.32) then the Smoking control individual. Further the bacteria

cells per 1000 human cells of the five samples from the COPD (GOLD 4) versus the two

samples from the smoking control was not significantly different from each other (p=0.3)

[Table 6].
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Table 6: Metagenomic sample breakdown of the bacterial cells per 1000 human

cells.

Bacterial Cells/1000 Human Cells

COPD GOLD 4 Smoking Control
4.2 1.1
2.1 24
3.3
2.1
2.4
|Average + SD: 28109 1.8+0.9

When the COPD (GOLD 4) samples and the Smoking normal controls were combined

the average bacterial reads was 45.8 and 2.4 bacteria cells per 1000 human cells after

conversion. When these corrected values of the number of bacteria reads per 1000

human genome were compared with Lm (a measure of the degree of emphysema,

measured by John McDonough) of a corresponding sample for each sample analyzed

there was a positive correlation with an R value of 0.74 (p = 0.055) [Figure 10].
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Figure 10: Graph of the bacteria cells per 1000 human cells versus the Lm.
The R? value was 0.55 and the R value was 0.74. The P value was equal to 0.055. There

is a trend that with higher Lm there are more bacteria cells per 1000 human cells

When the individual reads were put through a BLAST search multiple species, genera,
and phyla were identified for each 75 nucleotide read. Therefore definitive identification

beyond assigning these reads to bacteria was not possible.

4.2 Experiment 2: Validation of Metagenomic Sequencing with

PCR and qPCR

For this sample group both PCR analysis and gPCR analysis was performed. The COPD

(GOLD 4) (6968-2BB, 6AA, 8BB, 9BB, 11B) PCR analysis yielded a faint band for all
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the samples while the cystic fibrosis (5928-2, 3, 4, 5, 6, 7) yielded a variation in band
intensity [Figure 11]. The band intensity of the cystic fibrosis individual was highest in
the samples that corresponded to a lower lung height (closer to the bottom of the lung).
There was a secondary product observed in all reactions that corresponded to

approximately 120 base pairs in length.

Extract

Ladder 5928-2 5928-3 59284 5928-5 5928-6 5928-7 Negative

Negative

. 1208p,

Ladder 6968-288 6968-6AA 6968-888 6968-988 6968-118 Negative Negative

Figure 11: 1% Agarose gel of the cystic fibrosis versus the COPD (GOLD 4)
individual.
The cystic fibrosis individual (6 samples) is shown above and the COPD (GOLD 4)

individual (5 samples) below. The target amplicon was approximately 293 base pairs in
length. There was a secondary product that is approximately 120 base pairs in length.
The extract negative control was a DNase, RNase free water solution put through the
DNA extraction process.

A gPCR analysis was performed and the results were similar. The standard curve for the
bacterial 16S rRNA gene assay was y = -4.2144x + 36.807 with an R*= 0.99. The
average efficiency of the 16S rRNA gene assay was 88.5+11.5 percent. The standard
curve for the human RPP40 gene assay was y = -3.6259x + 34.514 with an R? = 0.99.
The average efficiency of the RPP40 gene assay was 87.1+2.7 percent. The COPD

(GOLD 4) average total number of bacteria was found to be 37 cells, the negative, non-
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template controls was found to be 48 cells, and the Cystic Fibrosis was found to be 5049
cells. Analysis showed that there was no difference between the average total number of
bacteria in the COPD (GOLD 4) group and the negative, non-template controls.
However, the cystic fibrosis group was significantly different then both the COPD
(GOLD 4) group and the negative, non-template control group (p<0.0001). A non-

parametric test was used since the cystic fibrosis data were not normally distributed

[Figure 12].
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Figure 12: Graph of the average total number of bacteria measured by gPCR.

The correction factor has not been applied. The five samples from the COPD GOLD 4
(36.8+11.8 (SE)) were not significantly different that than negative controls (48.4+14.5
(SE)). However, the 6 samples from the cystic fibrosis individual (5049+3843 (SE)) was
significantly different then both the COPD (GOLD 4) group and the negative, non-
template control group (P<0.0001) using nonparametric analysis since the Cystic Fibrosis
data was not normally distributed.

When the average bacterial cells in the individual samples from the COPD (GOLD 4) and
the Cystic Fibrosis individual were examined it was found that the COPD (GOLD 4)
samples average bacterial cells remained relatively constant while that of the Cystic
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Fibrosis individual fluctuated [Table 7]. This is before any corrections were applied to

the data set.

Table 7: Difference in the bacterial loads of cystic fibrosis versus COPD (GOLD 4)

patients
Sample Group Core ID Average Bacterial Cells | Standard Error
COPD (GOLD 4) 6968-2BB 83.34 51.45
COPD (GOLD 4) 6968-6AA 21.00 3.56
COPD (GOLD 4) 6968-8BB 33.43 22.03
COPD (GOLD 4) 6968-9BB 24.82 3.20
COPD (GOLD 4) 6968-11B 21.55 4.40
Cystic Fibrosis 5928-2 429.66 29.10
Cystic Fibrosis 5928-3 2.37E+03 3.64E+02
Cystic Fibrosis 5928-4 133.88 16.19
Cystic Fibrosis 5928-5 152.48 11.03
Cystic Fibrosis 5928-6 2.41E+04 1.51E+03
Cystic Fibrosis 5928-7 3.12E+03 1.55E+03
N/A Negative 21.64 3.83
N/A Negative 82.02 51.38
N/A Negative 18.22 3.01
N/A Negative 15.63 2.11

After the correction factor was applied only one COPD (GOLD 4) sample was above a

value of zero and that corrected value was 3.26 bacteria cells per 1000 human cells. In

contrast all the cystic fibrosis samples after correction were above zero [Table 8].

Table 8: qPCR results from cystic fibrosis and COPD (GOLD 4) patients after

correction.
Sample Group Core ID Bacteria Cells/1000 Human Cells
COPD (GOLD 4) 6968-2BB 3.26
COPD (GOLD 4) 6968-6AA -2.88
COPD (GOLD 4) 6968-8BB -1.00
COPD (GOLD 4) 6968-9BB -2.93
COPD (GOLD 4) 6968-11B -1.07
Cystic Fibrosis 5928-2 102.09
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Sample Group Core ID Bacteria Cells/1000 Human Cells
Cystic Fibrosis 5928-3 317.48

Cystic Fibrosis 5928-4 71.91

Cystic Fibrosis 5928-5 57.58

Cystic Fibrosis 5928-6 4836.56

Cystic Fibrosis 5928-7 1883.46

After correction the cystic fibrosis samples showed that there was an increase in the
number of bacteria in the samples closer to the bottom of the lung [Table 8], which was
similar to what was observed from the PCR analysis on the 1% agarose gel [Figure 11 &

13].

Cystic Fibrosis Lung
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Bacteria Cells/1000 Human Cells
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4 5 ] 7
Lung height

Extract

Ladder 5928-2 5928-3 59284 5928-5 5928-6 5928-7 Negative

Negative

Figure 13: Cystic fibrosis PCR 1% agarose gel and gPCR SYBR green analysis.

A comparison of the results from the two types of analysis on the 6 different samples
from one individual with cystic fibrosis. The top graph shows the number of bacterial
cells per 1000 human cells determined by gPCR of the lung samples taken from different
lung heights where the numbering starts at the top of the lung (method 2 from [Figure 1]).
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The bottom represents a stained (gel red) 1% agarose gel of the products of conventional
PCR from the same samples.

4.3 Experiment 3: Expansion of Sample Size to Detect Bacterial

Differences Between Sample Groups

4.3.1 Patient Information

The clinical characteristics of the different patient groups are shown in the following
table [Table 9]. The clinical data such as lung function for the cystic fibrosis individuals
were either missing or not known. Further, at the time of this writing, lung function data
for two individuals in the COPD (GOLD 4) group have not been sent to our research
centre.

Table 9: Clinical breakdown of the four groups in the expanded sample set.

There were 8 patients/group and the star denotes a value that was significantly different
then all others groups.

Non-5moker Smoker | COPDGOLD 4 Cystic Fibrosis P-Value

Age 56.25 56.875 58.75 32.63* <0.015
Gender S5F/3M S5F/3M 3F/5M 3F/AaMf1Unknown

FEV1 2.55 2.83 0.50* N/A < 0.0001
FEV1pp 88.78 94.30 15.43* N/A <1x10-6

FVC 3.17 3.70 1.97* N/A <0.03
FVCpp 8717 98.47 A7.67* N/A < 0.0001

4.3.2 qPCR

The standard curve for the 16S rRNA gene assay used to quantify bacteria in these

groups of individuals was y = -3.1638x + 36.373 with a R? of 0.99. The corresponding
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standard curve for the human Rpp40 gene assay was y = -3.7119x + 34.579 with an R? of
0.99. The average bacteria cells for each group, without the conversion factor, was 398 +
239, 271+121, 353+547, 2363501+6052259, and 61+68 for the non-smoking, smoking,
COPD (GOLD 4), cystic fibrosis, and negative (Non-Template control) group
respectively. With the conversion factor the average number of bacteria cells per 1000
human cells was 35122, 44+47, 24+37, and 205312+536960 for the Non-Smoking,
Smoking, COPD (GOLD 4), and cystic fibrosis groups respectively. The data were not
normally distributed and a non parametric (Wilcoxon-Kruskal Wallis Tests) analysis was
used to compare these groups. The non-smoking (P<0.0001), smoking (P<0.0001),
COPD (GOLD 4) (P<0.002), and cystic fibrosis (P<0.0001) groups were all significantly
higher than the negative, non-template control group. The non-smoking, smoking, and
COPD (GOLD 4) groups were not significantly different from each other (P>0.05) while
the cystic fibrosis group was significantly different from these three groups (P<0.0001)
[Figure 14]. The significance of the relationships stays the same with the addition of

Bonferroni correction.
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Figure 14: Average number of bacteria in the four groups of the expanded sample
set.

The correction factors for normalization to 1000 human cells and subtraction of the
average of the negative controls have not been applied. All the groups are significantly
greater than the negative, non-template control group (*, P<0.002) shown in dark purple.
The cystic fibrosis group was significantly different then all groups (**, P<0.0001) while
the non-smoking group, smoking group, and COPD (GOLD 4) group were not
significantly different from each other (P>0.05).

A breakdown of the individual samples in each respective group can help show that there
was a great deal of variation both between groups and within groups themselves. Further
there was a large variation between individual sample measurements using this method

[Table 10].

Table 10: The breakdown of average total bacteria and variance within the
individual samples (N=3) of each group.

Sample Group Core ID Number of Cells Standard Error
Non-smoker Control 7180 293.34 167.81
Non-smoker Control 6788 808.51 436.19
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Sample Group Core ID Number of Cells Standard Error
Non-smoker Control 1977 307.66 126.47
Non-smoker Control 3037 5.20E+02 3.02E+04
Non-smoker Control 3263 399.27 164.79
Non-smoker Control 3480 818.66 292.69
Non-smoker Control 5909 339.97 160.06
Non-smoker Control 6376 180.13 152.61

Smoker Control 2014 549.09 410.26

Smoker Control 6894 152.02 81.65

Smoker Control 2431 440.24 78.72

Smoker Control 5771 308.21 34.32

Smoker Control 6651 263.06 42.94

Smoker Control 5882 260.07 71.49

Smoker Control 6043 358.74 212.29

Smoker Control 6077 322.67 157.04

COPD (GOLD 4) 7013 216.54 43.89
COPD (GOLD 4) 7014 184.51 165.25
COPD (GOLD 4) 7015 76.90 28.14
COPD (GOLD 4) 6968 137.14 65.94
COPD (GOLD 4) 6971 1.33E+03 5.95E+03
COPD (GOLD 4) 6967 23.78 12.09
COPD (GOLD 4) 6969 84.47 13.07
COPD (GOLD 4) 6965 1.25E+03 5.75E+02

Cystic Fibrosis 2877 1.73E+07 8.04E+06

Cystic Fibrosis 5915 2.10E+05 8.44E+04

Cystic Fibrosis 5901 3.98E+04 3.19E+04

Cystic Fibrosis 5928 2.71E+03 8.89E+02

Cystic Fibrosis 5723 8.54E+04 3.86E+03

Cystic Fibrosis 5938 1.71E+05 5.57E+04

Cystic Fibrosis 6058 1.08E+06 1.18E+05

Cystic Fibrosis 5894 7.54E+03 2.43E+02

N/A Negative 1 48.91 17.03
N/A Negative 2 60.87 55.59
N/A Negative 3 21.75 11.35
N/A Negative 4 81.71 54.37
N/A Negative 5 0.91 0.55
N/A Negative 6 40.74 40.57
N/A Negative 7 1.60 1.41
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Upon addition of the correction factor (normalization to 1000 human cells and
subtraction of the average of the negative controls) as mentioned in the methods section
the results remained the same with the cystic fibrosis group being significantly greater
than the COPD (GOLD 4), non-smoking, and smoking groups. The cystic fibrosis group
was significantly higher than the other three groups (P<0.0001) but the non-smoking,
smoking, and COPD (GOLD 4) groups were not significantly different from each other
(P>0.05) [Figure 15]. The significance of the relationships stays the same with the

addition of Bonferroni correction.
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Figure 15: Total bacteria after correction in the four groups of the expanded sample
set.

The bacterial cells per 1000 human cells were corrected for the negative controls and
RPP40 human reference gene. The cystic fibrosis group contained more bacteria per
1000 human cells than all the other groups (P<0.0002). Although there was a large
variance within the cystic fibrosis group there was no overlap with the results from the
other groups. There was no significant difference between non-smokers, smokers, and
COPD (GOLD 4) (P>0.05).
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The individual breakdown of each sample can be seen in the table below. It can easily be
seen that there is a large range in the cystic fibrosis samples despite controlling for
location sampled. In contrast, there is not as much sample to sample change in the other

three groups (Non-Smokers, Smokers, and COPD (GOLD 4)) [Table 11].

Table 11: Breakdown of the total bacteria in each sample after correction for
negative controls and normalization to human cells.
The samples are organized from lowest bacteria cell per 2000 human cells to highest.

Sample Group Core ID Bacteria Cells/1000 Human Cells
COPD (GOLD 4) 6967 -2.46
COPD (GOLD 4) 6969 3.42
COPD (GOLD 4) 7015 4.24
COPD (GOLD 4) 6968 4.99

Smoker Control 6894 6.13
COPD (GOLD 4) 7014 7.10
COPD (GOLD 4) 7013 11.15

Smoker Control 5882 12.97

Non-smoker Control 3037 15.45
Non-smoker Control 5909 17.34
Non-smoker Control 6376 17.66
Smoker Control 2014 19.14
Smoker Control 6651 19.48
Non-smoker Control 1977 27.47
Non-smoker Control 7180 28.47
Smoker Control 6043 34.63
Non-smoker Control 3480 43.99
Smoker Control 6077 44,38
Non-smoker Control 3263 4497
COPD (GOLD 4) 6965 66.99
Smoker Control 5771 67.44
Non-smoker Control 6788 80.33
COPD (GOLD 4) 6971 97.05

Smoker Control 2431 149.88

Cystic Fibrosis 5928 172.34

Cystic Fibrosis 5894 422.63

Cystic Fibrosis 5901 3617.11

Cystic Fibrosis 5723 5877.63
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Sample Group Core ID Bacteria Cells/1000 Human Cells
Cystic Fibrosis 5938 10570.51

Cystic Fibrosis 5915 20154.49

Cystic Fibrosis 6058 68634.84

Cystic Fibrosis 2877 1533044.70

4.3.3 Terminal Restriction Fragment Length Polymorphism Analysis

Not every PCR reaction for T-RFLP analysis was successful. Only the product of the
PCR with the highest intensity on a 1% agarose gel for each sample was used. A brief
breakdown of the average number of positive reactions is presented [Figure 16]. What
this graph shows essentially is that if 10 reactions were carried out for a particular group
how many of them would turn out as positive. After Bonferroni correction four
comparisons were still significant. The COPD (GOLD 4) and cystic fibrosis groups had
a significantly higher percentage of positive reactions when compared to the non-smokers
(P =0.0002 for both the COPD (GOLD 4) and cystic fibrosis) and negative controls (P =
0.001 for the COPD (GOLD 4) and P = 0.0015 for the cystic fibrosis group). There was
no significant difference seen between the Non-Smokers when compared to both the
Smokers (P = 0.01) and Negative controls (P = 0.84). There was also no significant
difference seen between the Smokers when compared to the COPD (GOLD 4) group (P =

0.15), the cystic fibrosis group (P = 0.28), and negative Controls (P = 0.02) [Figure 16].
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Figure 16: Percent of total PCR positive reactions befor T-RFLP analysis.

The bars show the mean £SD of the number of positive reactions expected /100 attempts
for each of the 4 experimental groups plus the negative controls. Following Bonferroni

correction the COPD (GOLD 4) and cystic fibrosis groups were significantly different
from both the non-smoking control group (*, P = 0.0002 for both) and the negative
controls (+, P = 0.001 for the COPD (GOLD 4) group and #, P =0.0015 for the cystic

fibrosis group).

Upon completion of T-RFLP one COPD (GOLD 4) sample did not have enough material

to be measured, so this group’s total number went from eight to seven. When the relative

peak intensity is graphed against the fragment length clear similarities between the non-

smoking and smoking group can be seen [Figure 17]. Differences distinguishing the

COPD (GOLD 4) group from the smoking, non-smoking, and cystic fibrosis group can

also be visualized. Finally, the cystic fibrosis group can be seen as distinct compared to

the other three groups that were analyzed.

75



Relative Peak Intensity

Figure 17: 3-D graph of relative peak intensity versus fragment length by group.
The COPD (GOLD 4) group only had an N = 7 since one sample did not have enough
product to be analyzed by T-RFLP. The dirty green represents the two E.coli positive
controls, the light blue represents the non-smokers, the red are the smokers, the orange
are the COPD (GOLD 4), the green are the cystic fibrosis, and the dark purple are the
negative controls.

The negative controls that were submitted had two samples that were negative and two
samples that had a single high intensity peak. The negative controls that were positive
had their single peak correspond to a peak found in many of the cystic fibrosis samples.
The positive controls which were E.coli DNA had more peaks and showed similarity to
the non-smoking and smoking groups. However, both the non-smoking and smoking
groups had additional peaks that did not correspond to the positive controls group. The
COPD (GOLD 4) group had peaks that also matched to the positive controls group.
However, as an observation, the COPD (GOLD 4) group had more peaks then the non-

smoking, smoking, cystic fibrosis, negative control, and positive control groups.
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Upon subtraction (as explained in section 3.7.3.3) of those peaks that were associated
with the positive and negative control samples the cystic fibrosis samples lost their major
peak. There are still similarities between the Smoking and Non-Smoking group, however,
these similarities do not seem as strong as before subtraction. The cluster observed in the
COPD (GOLD 4) group that was different then all the other groups remain upon applying

the subtractions [Figure 18].
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Figure 18: 3-D graph of relative peak intensity versus fragment length of each group
after subtraction of the positive and negative controls.

The blue group is the non-smokers, the red group is the smokers, the yellow group is the
COPD (GOLD 4) and the green group is the cystic fibrosis individuals. Since the peaks
are relative intensity some peaks are more noticeable upon the removal of the dampening
effects of the peaks associated with the E.coli positive controls. The COPD (GOLD 4)
group shows a cluster difference versus the non-smokers and smokers that was also seen
before subtraction of the negative and positive controls.

When the peak intensities of the T-RFLP results from the positive and negative control
groups were not removed from those of the patient samples, the NMS ordination plot
showed that the individuals in the smoking and non-smoking group clustered together in
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a two dimensional graph [Figure 19]. The cystic fibrosis individuals clustered away from
the smoking, non-smoking, and COPD (GOLD 4) groups. The COPD (GOLD 4)
individuals clustered away from the smoking, non-smoking, and cystic fibrosis groups.

In essence the NMS graph showed, in two dimensions, three distinct groups: one made up
of the smokers and non-smokers, one made up of the COPD (GOLD 4), and one made up
of the cystic fibrosis. The positive and negative control groups were not included in the
NMS ordination plot since there were only two samples in each group. This was not

enough to get an accurate profile of how these samples clustered.

| NMS Analysis: The Expanded Sample Set |
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Figure 19: NMS ordination plot of the T-RFLP results not including the positive
and negative controls.
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Table 12: Multiple comparison MRPP analysis without positive and negative
controls.

All values except the smoker versus the non-smoker group were significant after
Bonferroni correction was applied.

T-Value A-Value P-Value

Smaokers vs. Cystic Fibraosis -7.92 0.24 1.26E-05
Smokers vs. COPD GOLD 4 -7.80 0.35 0.000139
Smokers vs. Non-Smokers 1.04 -0.03 0.859892
Cystic Fibrosis vs. COPD GOLD 4 -5.68 0.19 0.000173
Cysitic Fibrosis vs. Non-Smokers -1.37 0.21 8.86E-06
COPD GOLD 4 vs. Non-Smokers -7.80 0.34 0.000126

An MRPP analysis was performed on the four different groups [Table 12]. This table
shows a value called the A-value. This value shows the within group agreement of the
different points when compared to another group. When the A-value is close to 1 or
positive the individual points within the groups are similar to each other. If the A-value
is exactly 0 then the differences between the individual points (the heterogeneity) within
groups is equal to that expected by chance. Finally when the A-value is less than 0, that
is negative the lack of difference (the heterogeneity) between the individual points
between the two groups is greater than that expected by chance [181]. The T-value, on
the other hand, shows the difference between groups with the larger negative values
showing groups with a larger difference from one another [181]. The P-value shows
whether these differences can be attributed to chance or not, with a lower P-value
illustrating a lower probability that the event happened by chance. All group
comparisons, except that between the Smoking and Non-Smoking groups, had a P-value
that was less than 0.0002. The result from this MRPP analysis agrees with the previous

MRPP analysis with when both the negative and positive controls are included. That is to
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say that the comparisons that showed a significant difference remained regardless of

whether the positive and negative controls were included.

When peak intensities of the negative control and positive control groups were removed
from that of every patient sample and revised relative intensities were generated, the
cysitic fibrosis samples, due to their close relation to the negative controls could not be
analyzed with NMS. Thus only the non-smokers, smokers, and COPD (GOLD 4) groups
could be analyzed using the NMS ordination [Figure 20]. The differences between
groups were less than in the previous NMS analysis and there was more overlap between

groups.
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Figure 20: NMS ordination after the peak intensities of the negative and positive
controls were removed from those of the samples.

When the MRPP analysis was performed on the NMS ordination with the controls

removed it was found that even though there was more crossover between groups there

was still a significant difference between the COPD (GOLD 4) group and both the non-

smokers and smokers [Table 13].
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Table 13: Multiple comparison MRPP analysis with negative and positive controls
removed.

All values except the Smoker versus the Non-Smoker group were significant after
Bonferroni correction was applied.

T-Value A-Value | P-Value |Significant
Non-Smokers vs. Smokers -1.06 0.05 0.15
Non-Smokers vs. COPD GOLD 4 -3.46 0.16 3.54E-03 *
Smokers vs. COPD GOLD 4 -3.32 0.14 3.52E-03 >

4.3.4 GS-FLX 454 Targeted Sequencing
As with the T-RFLP analysis the original PCR reactions to generate PCR products for

454 targeted sequencing were not positive every time [Figure 21].
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Figure 21: Percent PCR positive reactions before 454 targeted sequencing.
The bars show the mean £SD of the number of positive reactions expected /100 attempts

for each of the 4 experimental groups plus the negative controls

Further, there were not very many strong positive reactions, as visualized on a 1%

agarose gel. Thus not every reaction could be pooled together. The Cystic Fibrosis
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group was significantly greater than all other groups (P < 0.05) [Figure 21]. All other
group comparisons showed no significant difference (P > 0.05). Upon correction with
Bonferroni only the cystic fibrosis versus the COPD (GOLD 4) and the cystic fibrosis
versus the smoking group remained significant. During the troubleshooting process,
described in section 3.8.4, a secondary product was observed besides the primary product
(regardless of whether human DNA was present or not). This can be seen ina PCR
experiment using serial dilutions of E.coli cells with the modified 454 sequencing
primers (MID-1 with the universal reverse primer) [Figure 22].

Due to this secondary band both a modified PCR purification protocol and a gel
extraction protocol were tested. The gel purification protocol did not yield an adequate
amount of DNA amplicon material required for sequencing. After following the dilution
guidelines for the Buffer NT, to remove the 100bp product, both a 1:5 and a 1:6 dilution
with DNase and RNase free water, successfully removed the 100bp products during the

PCR purification [Figure 23].
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Ladder

36.4 Ecoli Cells 364 E coli Cells 3640 E coli Cells

Figure 22: 1% Agarose gel of 454 targeted sequencing PCR products from serial
dilutions of an E.coli positive control.

The primary product can be seen that is slightly smaller than the 600bp ladder marker.
The secondary product is a very strong intensity band that is slightly larger than the
100bp ladder marker.
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Figure 23: 1% Agarose gel of 454 targeted sequencing PCR products from serial
dilutions of NT Buffer.

The PCR reaction was done on genomic DNA from approximately 3640 E.coli cells. The
dilutions were 1 part NT buffer followed by either 5 or 6 parts DNase and RNase free
water.

Further experimentation with the cystic fibrosis samples and the 1:6 dilution of the NT
buffer showed that it is possible to remove the secondary product but there was a large
reduction, as in the gel purification, in the yield and thus concentration of DNA amplicon

product obtained [Figure 24].
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Figure 24: 1% Agarose gel of 454 targeted sequencing PCR products from a cystic
fibrosis sample.
The negative controls are PCR reactions done on water without any template DNA.

Even with gel extraction, purification, and pooling of samples there was not enough
amplicon DNA that could be used for sequencing except with the cystic fibrosis group.
Thus, using the standard GS-FLX 454 targeted sequencing approach, it was not possible
to sequence any of the other products from the expanded sample set.

It was found that the cystic fibrosis sequencing results showed relatively good agreement
with the bacterial community composition demonstrated by T-RFLP analysis [Figure 25].
That is to say that samples that had different bacteria as identified by 454 sequencing

clustered apart from the other cystic fibrosis samples in the T-RFLP analysis.
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NMS Analysis: The Expanded Sample Set
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Figure 25: Targeted sequencing results superimposed onto the T-RFLP analysis

graph.

The samples from the cystic fibrosis patients are represented by pie charts that are colour
coded to represent the percentage of the different genus of bacteria found in each sample.
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Chapter 5: Discussion

5.1 Summary

Using the Illumina platform for metagenomic sequencing we were able to quantify that a
small number of bacteria were present in the samples from two individuals, one with
COPD (GOLD 4) and the other, a smoker without airway obstruction, but we were
unable to unequivocally identify the bacteria. Using both PCR and qPCR methods, we
successfully confirmed the results of the metagenomic sequencing. A small number of
bacteria could be identified in lung tissue samples. However, with the addition of both
positive cystic fibrosis controls and negative non-template controls to our assays we
found that the total bacteria quantified was close to what could be detected in the
negative controls, possibly from random contamination, but significantly less than the
total bacteria found in cystic fibrosis samples. An expanded sample set was created to
determine if these results held up on a larger scale and to explore Hilty, et al’s statement
that total number of bacteria stays relatively constant while the community composition
shifts in disease [158]. The data we generated showed that with more samples, total
numbers of bacteria in the lung samples were significantly higher than the negative non-
template control background. Further, there was no significant difference among our
non-smoking and smoking control groups and our COPD (GOLD 4) group. This agrees
with Hilty et al’s finding that the number of bacteria does not change [158]. Using T-
RFLP analysis to assess the bacterial community composition we found three distinct
groups: one with the cystic fibrosis patients, one with the non-smoking and smoking
controls, and one with the COPD (GOLD 4) patients. Using this method we have

partially confirmed the other aspect of the Hilty et al’s findings that bacterial community
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composition shifts in disease [158]. This is a partial confirmation since we were unable
to sequence these samples to identify phyla, class, or genus of bacteria that may be
associated with this shift in bacterial community composition. However, the cystic
fibrosis patient samples that we were able to sequence showed good agreement with our

T-RFLP analysis for bacterial community composition.

5.2 General Comments

An advantage the present sample acquisition method has over previous studies of the
lung microbiome [158, 159] is that samples are not exposed to the risk of contamination
involved in traveling through the distinct microbiomes that inhabit the nose and mouth.
However, the difficulties involved in eliminating all possible contamination from a
variety of random sources within the laboratories in which the lung tissue samples were
processed remained a concern. The fact that the negative controls often showed low
levels of products from PCR, gPCR, and T-RFLP (see results section) analyses was
interpreted as contamination, because they were consistently lower in quantity and
community composition. Indeed, it is not unreasonable to attribute the amount and
difference in community composition in the negative control samples to contamination
because it is so small when compared to other microbiomes, like the gastrointestinal tract,
[141, 147, 182] which contains between 10-100 trillion bacteria cells [141]. Previously
published studies on the lung microbiome have shown that a large and diverse population
of bacteria exist in the lungs [158, 161]. Yet this is different from our present study
which demonstrates a relatively small bacterial community in the lungs of both donor

controls (smokers and non-smokers without airway obstruction) and individuals with
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very severe COPD. This disagreement between previous studies may be due to the
differences in methodology used. Further, with the demonstration of a microbiome that
was four orders of magnitude greater in lungs from patients with cystic fibrosis than in
either the control or COPD cases examined strongly suggests a fundamental difference in
the nature of the microbiome in cystic fibrosis compared to COPD and controls [Figure
14]. Although it is very unlikely that eliminating all sources of contaminating organisms
can account for the very high levels of bacteria found in cystic fibrosis it is possible that
this type of contamination might explain some of the differences between this study and

the levels previously reported for the microbiome in COPD.

5.3 Experiment 1: Preliminary [lumina Sequencing Project

Although the cost of metagenomic sequencing has decreased substantially in recent years
it remains the major barrier to studying the lung microbiome. The preliminary studies
reported here show that the vast majority of the sequenced reads were human DNA
(greater than 99% of reads for all 7 samples). Indeed the relatively small numbers of
microbial reads made it impossible to separate the bacterial reads according to class,
phyla, genus, etc. due to the fact that the length of the reads were too short. Therefore
metagenomic sequencing was only able to provide the total number of bacterial reads per
sample. The Illumina platform showed that the five COPD (GOLD 4) samples from one
individual were generally higher (2.8+0.9 bacterial cells / 1000 human cells) than the two
samples from the smoking control individual (1.8 £ 0.9 bacterial cells / 1000 human
cells). However, this difference was not significant (P = 0.32). This could be for a

number of reasons. First, our sample size was relatively small and it is possible that with
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a larger sample size we may be able to show a significant difference. Second, not only
are we comparing one COPD (GOLD 4) to one smoker but also are only comparing the
average of five samples to two samples. Again the sample size is too small to draw any
definitive conclusions. Third, there may not be a measurable microbiome present in lung
tissue and the bacterial sequences that showed up could have been due to contamination
introduced from the reagents used during DNA extraction or during the processing of the
DNA for sequencing. Though [Figure 9] and [Figure 10] show sample-dependent
properties, with respect to bacterial counts and either lung height or Lm, caution should
be shown in trying to interpret these results. Both graphs in the figures are highly
influenced by the one high bacterial read result from the COPD (GOLD 4) patient, more
so for [Figure 10]. Finally, the assumption that bacterial reads are an adequate estimate
of the total number of bacteria present in the lung tissue is not necessarily correct. Since
the number of reads is not only affected by the numbers of genomes of the organisms of
interest that are present, but also is influenced by their genome sizes, that is larger
genomes yield relatively more reads than smaller ones, corrections for genome size, as
discussed in section 3.5.3 should be applied. Since 75 base pair reads are not long
enough to allow for proper differentiation of the bacteria from the respective reads, an
accurate correction was not possible. Therefore, it is possible that the difference we
observe between the one COPD (GOLD 4) individual and the one smoking control
individual may not actually reflect a real difference in total bacteria present within the
tissue. It is possible that the total number of bacteria in both samples is equal even if the
number of reads associated with bacteria is not. The other major problem with using this

method was that we were unable to generate enough coverage of the human genome to be
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able to accurately sequence the genome of the two individuals that were being compared.
In order to adequately and accurately sequence the human genome using this approach a
3-fold coverage of the genome is needed, on average we reached a 1-fold coverage for
the five COPD (GOLD 4) samples and the two smoking control samples. It may be
worthwhile to expand the sample size tested if this method is to be explored in more
detail. It would also be important for future studies to incorporate enough DNA so that
the coverage is large enough so human DNA can be used for further analysis. In general,
as a proof of concept the experiment showed that it is possible to detect small numbers of

bacterial reads in a large pool of human reads in DNA extracted from human lung tissue.

5.4 Experiment 2: Validation of Metagenomic Sequencing with

PCR and qPCR

5.4.1 PCR

The major problems with the PCR assays were background noise and reproducibility of
the results. Even under the cleanest conditions within our laboratory the negative
controls (RNase and Dnase free water) were often as positive as the tissue from the
COPD (GOLD 4) individuals and the smoking and non-smoking controls. This suggests
that either there was random contamination of the samples or reagents or that the
bacterial DNA in the sample was different in bacterial composition but near background
levels, with respect to total bacteria present. Although all three primer pairs that were
used generated similar results (data not presented) the 27F with the 1390R primers

generated a secondary product that was approximately 120bp in length. This secondary
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product was only observed when sample DNA, which contained human genomic DNA,
was used as a template and was not observed in the positive control (E.coli genomic
DNA) that yielded the expected 1364bp product (data not shown) and in the negative
controls to which DNA was not added. This particular primer pair had not been
previously used in a background of human genomic DNA [175, 183, 184]. Further
evaluation of this primer pair by one of my supervisors (Dr. Shizu Hayashi) showed that
the 1390R primer had a 100% homology to a sequence in a similar region of the human
18S rRNA ribosomal gene and that the 27F forward primer had 7-8 mismatches with a
sequence about 120 bp 3’ of the 100% homology sequence. This suggests that PCR
reactions using these primers can yield a secondary product from the human 18S rRNA
gene that might explain some of the problem with reproducibility with these primers in
situations where the ratio of human to bacterial DNA was very large and why the human
lung samples came up negative for bacterial DNA multiple times. Using other primer
pairs generated a similar result, with respect to contamination [Figure 11]. However,
when the PCR mix was changed to a new batch this secondary product only persisted in
the 27F and 1390R primer pairs and vanished in all other primer combinations used, as
evidenced by [Figure 8] (although this was a 1% gel after a gPCR reaction the result is
the same as PCR with new mix).

When PCR was completed on the multiple samples from the one cystic fibrosis
individual the samples consistently came back as positive. However, there was a
substantial difference with respect to band intensity for the different samples within a
single individual cystic fibrosis patient. This would tend to suggest that the bacteria were

not evenly distributed within the lung of a cystic fibrosis patient and that some areas
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remained relatively free of bacteria. In contrast, multiple samples from the COPD
(GOLD 4) individual did not yield bands with different intensity when they were positive.
Instead, all COPD (GOLD 4) bands were evenly weak. This agrees with the
metagenomic results that show only a small difference in bacterial reads among samples

from the same individual.

5.4.2 qPCR
The qPCR results from the single lung affected by cystic fibrosis confirmed the PCR
experiments on the same samples [Figure 13]. The gPCR on the samples of the COPD
(GOLD 4) individual that were sent to Genome BC for the metagenomic sequencing,
before correction, showed a small total number of bacteria that was similar from sample
to sample. This agrees with the metagenomic sequencing data that found a low number
of total bacterial reads in the same COPD (GOLD 4) samples. What is interesting is that,
upon application of the correction factor, all the COPD (GOLD 4) gPCR results for the
samples sent to Genome BC were effectively zero. Two possible reasons for this arise.
First, we may be sampling the random background noise in our Genome BC COPD
(GOLD 4) samples. Second, the bacteria that were found within the lungs were so few in
number that they were equivalent to what could be found from sampling background or
random contamination.

An important consideration that should be made when quantifying the bacteria utilizing
the 16s rRNA gene is that different bacteria contain different numbers of the 16s rRNA
genes and rarely do bacteria only contain one copy. For example, the E.coli that was

used for the standard curve generation in the gPCR experiments contain seven copies of
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the 16s rRNA gene. Thus, quantifying an exact number of bacteria using this method
may not be possible. However, it is likely that, even with this variation in 16s rRNA
gene copies among bacteria the estimated bacteria/1000 human cells are the right order of
magnitude.

Despite problems with the gPCR assay it is quite clear that two different methods, the
Illumina sequencing and the gPCR assay agree with respect to the relative amount of

bacteria that can be found in a COPD (GOLD 4) individual.

5.5 Experiment 3: Expansion of Sample Size to Detect Bacterial

Differences Between Sample Groups

5.5.1 qPCR

It was found that there was no significant difference between the non-smoking, smoking,
and COPD (GOLD 4) group with respect to total number of bacterial cells as measured
using the 16s rRNA gene as a target. In contrast, the cystic fibrosis group showed a
multiple order of magnitude difference from all other groups as well as much greater
variability. This could be expected since PCR experiments had shown that in a single
individual the bacterial loads of the cystic fibrosis varied from sample to sample. Thus
even though we selected samples from a similar location in the lung in different
individuals with cystic fibrosis it is likely that each individual’s distribution of bacteria in
their lungs varies. Another interesting result was that all of the groups were significantly

higher than the negative control group. However, the non-smoking, smoking, and COPD

94



(GOLD 4) groups were relatively close to the negative control group while the cystic
fibrosis group was clearly much larger than the negative controls.

Re-sampling of the same cystic fibrosis sample (5928-7) was done since it was also used
for the expanded sample set and the numbers compared relatively well for total bacteria,
(3.12x10"3) £ (1.55 x1073) [Table 8] versus (2.71x1073) £ (8.89 x1072) [Table 10].
There is a rather large standard deviation but this was also seen in other studies of the
lung microbiome [158]. The amount of bacteria found in the qPCR assay was relatively
robust, as shown by the close agreement of two independently extracted and sampled
genomic DNA samples from 5928-7. Upon application of the correction factor, the non-
smokers, smokers, and COPD (GOLD 4) groups had a drastic drop in their bacterial
cell/1000 human cells. The non-smoking group had 35+22, the smoking group had
44+47, and the COPD (GOLD 4) group had 24+37 bacteria cells/1000 human cells.
However, the bacteria cell/1000 human cells in the cystic fibrosis group were drastically
larger at (2.05x1075) + (5.37x1075). This data agrees with the metagenomic sequencing
data that found only a small number of bacterial reads in the different samples of the one
COPD (GOLD 4) individual (5 samples) and the one smoking individual (2 samples).
However, the estimated bacteria/1000 human cells from the metagenomic sequencing
were smaller than that found in the gPCR experiments with the expanded sample set
([Figure 9] vs. [Table 7]). A different sample from the same individual (6968) was used
in the metagenomic sequencing and the gPCR assay. Both results showed relative
closeness to each other, with the metagenomic sequencing giving an average lung tissue

sample reading of 2.8+0.9 bacteria/1000 human cells [Table 6] and the gPCR on the
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single different sample from the same individual being 5.0 bacteria/1000 human cells

[Table 11].

5.5.2 Terminal Restriction Fragment Length Polymorphism Analysis

As seen in the results section, not every initial PCR reaction was positive. The COPD
(GOLD 4) group and cystic fibrosis group had the highest percent positive reactions
(81.3£25.9 and 75+25.9 respectively) than the non-smokers [Figure 16]. The standard
deviations were quite large but may be indicative of large spatial variation in the amount
of bacteria present in each sampled individual. The negative controls were positive a
similar number of times as both the non-smoking and smoking groups. When the relative
peak intensity of the restriction fragments generated, by this analysis, was graphed
against the fragment length, certain similarities and differences could be seen. First, the
positive control that used E.coli had bands that matched very well to bands in the non-
smoking, smoking, and COPD (GOLD 4) group. The positive control did not have peaks
that matched well with the cystic fibrosis group. Second, the negative controls had two
samples that were below the level of detection and two samples that had a single peak
that matched a peak found only in the cystic fibrosis samples. Third, there were small
differences that could be seen between the non-smoking group versus the COPD (GOLD
4) group and the smoking group versus the COPD (GOLD 4) group (most notable in the
87-120bp fragment range). The fact that the positive controls matched well with those in
the lung samples, excluding the cystic fibrosis group, may mean that either background
contamination from the positive interfered with these results or that a bacterium affiliated

with E.coli was present in the lung samples. The most likely reasoning as to why the

96



negative controls had a peak identical to that found in the cystic fibrosis group would be
that the negatives were contaminated by the cystic fibrosis samples. Alternatively, it
could be proposed that the negative controls could be contaminating the cystic fibrosis
samples.

When an NMS ordination graph was created [Figure 19] there were three distinct groups
identified. The non-smokers and smokers made up one group, the COPD (GOLD 4)
samples comprised another group, and the cystic fibrosis samples comprised the last
group. Although not shown the negative non-template controls clustered with the cystic
fibrosis group and the positive E.coli controls spanned both the group made up of the
non-smokers and smokers as well as the group made up of the COPD (GOLD 4). This
suggests that the difference seen between the non-smoking and smoking group versus the
COPD (GOLD 4) group could be due to species that are similar to E.coli. With that
being said further positive controls would need to be included to allow for a complete
group analysis to be done using this method.

When both the positive and negative controls were subtracted from the results and a
relative intensity re-calculated, the difference between the non-smoking and smoking
group versus the COPD (GOLD 4) group remains and was still statistically significant
(non-smokers versus COPD (GOLD 4), p-value = 3.54x10° and smokers versus COPD
(GOLD 4), p-value = 3.52x107®) [Table 13]. This indicates that the peaks affiliated with
E.coli within samples do not explain the variation that was observed. The MRPP analysis
confirmed that the groups were significantly different from one another. This analysis
used statistical terms used in ecology (T-value and A-value) to help define differences

between groups. Regardless of the manipulations done, the analysis showed that both the
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non-smokers and smokers were similar both between group (A-Value) and across group
(T-Value). Further these analyses consistently showed that the COPD (GOLD 4) group
differed from the non-smoking and smoking group and cystic fibrosis group. Also the
individual samples within each of the different groups were similar to each other. This
consistency in MRPP analysis suggests that the differences between the groups may not
be an artifact of simple E.coli contamination of samples.

There are a few important limitations that need to be stressed with respect to this
technique in assessing bacterial communities. First, the initial PCR will tend to amplify
the more abundant species over the less abundant species or differentially amplify certain
fragments over others [185, 186]. This can lead to an incorrect picture of community
structure. Second, there can be partial digestion of products by the restriction enzyme
which could overestimate the true community composition of the sample [185, 187].
This partial digestion cannot be entirely corrected for [187, 188]. This is important to
remember since it would increase the community composition observed in the T-RFLP
analysis. Along this line, pseudo-terminal restriction fragments can also be observed
[188]. These additional restriction fragments of unexpected size are detected when using
cloned copies of a specific bacterial 16S rRNA gene where only one labeled fragment of
known size should be detected [188]. These unexpected fragments can originate from
single stranded amplicons due to secondary structure formation of the template molecule.
This allows for partially single stranded DNA to be cut by the restriction enzyme (as long
as this secondary structure contains the GCGC cut site of the HHal restriction enzyme
that was used). Thus, it is possible that some of the peaks in the positive control were

due to pseudo-T-RFLP and what should have been a single clear peak turned out to be
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multiple peaks. Again, the presence of the pseudo-T-RFLP fragments may mean that
there was an overestimation of the bacterial populations. It is important to keep in mind
that though we have found bacterial 16S rRNA gene community composition differences
between groups there are some drawbacks to this technique that could explain some of
the possible variances between these groups. Therefore the ability to sequence these

samples to identify the possible class and phyla of bacteria present is important.

5.5.3 GS-FLX 454 Targeted Sequencing

For the non-smoker, smoker, and COPD (GOLD 4) samples our attempt to use 454
sequencing resulted in a number of problems, as detailed in the results section. Although
these problems also occur with the cystic fibrosis samples, their impact was not as great
since adequate PCR products were generated. One of the problems that occurred for
every sample was the amplification of a secondary product around the 100 bp range.
These secondary products could be due to the large primers that had to be used for this
experiment. Attempts to purify the PCR products resulted in variable success.
Sometimes the Machary-Nagel PCR purification kit worked, however, it did not work on
some samples and the primers and secondary product remained even after PCR
purification. Further there was not enough amplicon DNA after one PCR reaction for
sequencing. This meant pooling the best two to three reactions together. Even with
pooling we were not able to obtain enough PCR amplicon products to allow for good
sequencing for the majority of the samples. The underlying problem for both roadblocks
was either due to the low amount of bacterial DNA in the samples to begin with or due to

an inefficiency of the primers to amplify the DNA optimally. Further there may have
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been problems with the Machary-Nagel PCR purification Kit itself since it had a variable
PCR purification reliability. This was a major reason why a switch to the Qiaquick Gel
Extraction kit was done. The results from the sequenced bacteria in the cystic fibrosis
samples do suggest that the T-RFLP analysis does agree relatively well with the targeted
sequencing. This helps to provide support that the differences we observe in the groups
other than that of the cystic fibrosis group by T-RFLP analysis may be real. Thus a major
priority should be to try and work out a solution to sequencing very low starting bacterial

DNA within a background of a large amount of human DNA that can be reproducible.

5.6 Positive “Negative” Controls

It was not possible under our conditions to obtain a consistent negative signal for our
negative non-template controls. Cycle number could not be reduced since the level of
signal from our non-smokers, smokers, and COPD (GOLD 4) groups were too close to
that of the negative controls. Further both the negative controls and the samples,
excluding the cystic fibrosis samples, were positive a similar number of times. This is
best shown in [Figure 16 & 21]. The only sample group that had a significantly
consistent higher positivity than the negative controls was the cystic fibrosis group. Thus
not only were the non-smoking, smoking, and COPD (GOLD 4) groups close in total
bacteria to the negative controls but also were very similar in the number of times
samples would come up positive. However, the negative controls had peaks that were
most similar to the cystic fibrosis samples and not the non-smokers, smokers, and COPD
(GOLD 4) samples [Figure 17]. The differences seen in [Figure 17] suggest that the PCR

products are from bacteria that are initially present within the samples and are not the
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same as the bacteria that contaminated the negative controls. Further, the T-RFLP
analysis showed the there was a difference between the non-smoking and smoking group
versus the COPD (GOLD 4) group. These findings provide support for the Hilty, et al’s
conclusion that the total number of bacteria does not change but the bacterial community
composition narrows or shifts in disease [158]. This would mean that the total number of
bacteria is similar to background but may be different between the different groups (non-
smokers, smokers, and COPD (GOLD 4)). However, without sequencing and subsequent
identification of the bacteria present in the non-cystic fibrosis samples, the T-RFLP

findings cannot be confirmed.
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Chapter 6: Conclusion

We have been able to successfully produce a methodology that can be used to identify
and quantify bacteria within lung tissue of patients. Further, we were able to confirm
what Hilty, et al has reported in a previously published work using bronchial brushings
and BAL instead of lung tissue samples. The data in this thesis extend the current
literature on the lung microbiome by showing, within lung tissue, that a distinct bacterial
signature can be detected in the most severe form of COPD which is significantly
different than the non-smoking and smoking controls. However, even though total
bacteria can be identified from lung tissue and a difference in community composition
can be demonstrated the one major thought that prevails is whether or not such a low
number of total bacteria can have a significant impact on disease progression and

outcome.
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