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ABSTRACT

Mutations in the gene encoding the cystic fibrosis transmembrane conductance
regulator (CFTR) cause cystic fibrosis (CF). Despite affecting many organ systems, the
leading cause of death in the CF population is lung disease characterized by accumulation
of mucus in the airways, chronic infection, and chronic inflammation. For the current
studies we investigated elements of CF lung disease in a porcine model of CF and in

people with CF. Our primary analysis tool was chest computed tomography (CT).

Evidence suggests that CF lung disease begins very early in life, likely within
weeks of birth. Despite this, early CF lung disease is relatively poorly understood.
Because studies in neonates with CF are extremely limited, we investigated early-life CF
lung disease in pigs with CF. From prior studies we knew that newborn CF pig lungs
lack mucus accumulation, infection, and inflammation at birth, but have a number of
congenital airway abnormalities including airway size reduction, irregularly shaped
airways, and a massive, irregular tracheal smooth muscle bundle. For the current study
we tested two hypotheses: first, that airway growth is abnormal in CF, and second, that
lung disease would initiate spontaneously and be apparent on CT within weeks of birth.

We tested our hypothesis by comparing three week old non-CF and CF pigs.

We found three week old CF pigs to have proximal airway size reduction, airways
of reduced circularity on cross-section, and a large tracheal smooth muscle bundle that is
visible on CT. Three week old CF pig airways were less distensible but had a greater
coefficient of variation in distensibility. From these data we concluded that airway
development is dependent upon CFTR in pigs, and may contribute to lung disease

pathogenesis.

On CT, three week old CF pig lung parenchyma was more heterogenous in
density than three week old non-CF pigs, especially in the right cephalad lung. The
degree of lung tissue heterogeneity in CF pigs correlated with the degree of lung
infection, as quantified by the number of bacterial colony forming units. Three week old
CF pigs also had significantly more air trapping upon exhalation than non-CF pigs, and

the degree of air trapping correlated with the degree of mucus accumulation in the
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airways as seen on histology. These data suggest that CF pigs spontaneously develop
hallmark features of CF lung disease within weeks of birth, apparent on CT. This study
helped set the foundation for future comparative studies involving CF therapeutics, for
example, antibiotics and mucolytics.

In adults with CF we performed a before drug, after drug study. The drug was
ivacaftor, and it largely restores CFTR function in people with G551D-CFTR. We
hypothesized that abnormal airway smooth muscle behavior in people with CF, “CF
asthma,” is, in part, a primary consequence of CFTR disruption. We tested our
hypothesis by assaying smooth muscle tone before and after administration of ivacaftor.
We limited the time duration to two days. We reasoned two days was long enough for
ivacaftor to become effective, but not long enough to reverse long standing lung infection
and inflammation, which potentially could independently alter smooth muscle function.
The implication being, that observed changes would be primary to CFTR restoration. We
observed an increase in airway distensibility as measured from chest CT scans, and a
reduction in vascular smooth muscle tone, as measured by pulse wave analysis.
Furthermore, the change in airway distensibility correlated with the change in vascular
smooth muscle tone. These data suggest that smooth muscle tone is, in part, regulated by
CFTR, and that irregular smooth muscle behavior may represent one pathogenic

mechanism of CF lung disease.

Many of the people in our two day ivacaftor study returned for follow up after one
year of ivacaftor therapy. We hypothesized that radiographic features of lung disease,
including bronchiectasis, airway wall thickening, and air trapping, would improve
following one year of ivacaftor therapy. We observed no change in total lung capacity,
but a reduction in residual volume following one year of ivacaftor therapy. Interestingly,
approximately half of this reduction occurred within two days of ivacaftor therapy.

These data imply ivacaftor to relieve air trapping, and that a major component of
ivacaftor’s mechanism to be fast acting. Our airway measurements were confounded by
an error in scan reconstruction. Several published findings report airway wall thinning
following long term ivacaftor administration (quantified with CT scan scoring systems),

while published findings on the long term effects of ivacaftor on bronchiectasis are

Vi
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mixed. Taken together, these studies of pigs with CF and people with CF, help us

understand this disease.

vii
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PUBLIC ABSTRACT

Despite affecting many organ systems, the leading cause of morbidity and
mortality in the cystic fibrosis (CF) population is lung disease. For the current studies we
investigated elements of CF lung disease in a porcine model of CF and in people with
CF. Our primary analysis tool was chest computed tomography (CT).

To investigate early CF lung disease we examined three week old CF and non-CF
pigs. We found three week old CF pigs to have large, irregular tracheal smooth muscle
bundles, airways of reduced size, airways of irregular shape, and airways of abnormal

distensibility.

Three week old CF pig lung parenchyma was more heterogenous in density than
three week non-CF pigs, especially in the right cephalad lung. The degree of lung tissue
heterogeneity in CF pigs correlated with the degree of lung infection. Three week old CF
pigs also had significantly more air trapping upon exhalation, evidence of airflow
obstruction, than non-CF pigs. The degree of air trapping correlated with the degree of
mucus accumulation in the airways. These data show that CF pigs spontaneously
develop hallmark features of CF lung disease within weeks of birth, and that abnormal
airway growth and development in CF may contribute to lung disease. This study helped
set the foundation for future comparative studies involving CF therapeutics, for example,

antibiotics and mucolytics.

In adults with CF we performed a before drug, after drug study. The drug was
ivacaftor, and it restores the basic underlying defect in a subset of people with CF:
impaired function of a particular anion channel. We hypothesized that abnormal airway
smooth muscle behavior in people with CF, known as “CF asthma,” is, in part, a primary
pathogenic mechanism of CF lung disease. We tested our hypothesis by assaying smooth
muscle tone before and after administration of ivacaftor. We limited the time duration to
two days. We reasoned two days was long enough for ivacaftor to become effective, but
not long enough to reverse long standing lung infection and inflammation which could
affect smooth muscle function independently. The implication being, that observed

changes would be directly due to restoration of the CF defect. We found evidence

viii
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suggesting relaxation of airway and vascular smooth muscle tone. And, the change in
airway smooth muscle tone correlated with the change in vascular smooth muscle tone.
These data suggest that impaired smooth muscle function is a primary element of CF lung
disease.

Many of the people in our two day ivacaftor study returned for follow up after one
year of ivacaftor therapy. We hypothesized that radiographic features of lung disease
would improve following one year of ivacaftor therapy. We observed no change in lung
volume upon inspiration, but a reduction in expiratory lung volume, approximately half
of which occurred within two days. Our airway measurements were confounded by
errors in scan reconstruction, however, other published studies report airway wall
thinning over long term ivacaftor administration. Taken together, these studies of pigs

with CF and people with CF, help us understand this disease.
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CHAPTER 1: INTRODUCTION AND AIMS

Mutations in the gene encoding the cystic fibrosis transmembrane conductance
regulator (CFTR), an anion channel, cause cystic fibrosis (CF). Although CF adversely
affects a number of organ systems, the leading cause of morbidity and mortality in the CF
population is lung disease. CF lung disease is characterized by chronic infection, chronic
inflammation, and mucus accumulation. The life expectancy for a person born today
with CF in the U.S. is about 40 years *.

The manner by which loss of CFTR impairs lung function can be divided into two
categories: those primary to loss of CFTR, and those secondary to loss of CFTR. Disease
manifestations primary to loss of CFTR are caused directly by loss of CFTR’s anion
channel function. These represent “root problems” of CF lung disease. An example of a
likely primary defect we discovered in the newborn CF pig pertains to bacterial killing *
%, Loss of CFTR results in a reduction of bicarbonate secretion resulting in abnormally
acidic airway surface liquid. This acidic pH, in turn, impairs the airway’s ability to kill
bacteria. Abnormally acidic pH illustrates one primary consequence of CFTR disruption,
because it was caused directly by loss of CFTR, in this case, loss of bicarbonate

secretion.

Primary effects of CFTR disruption lead to secondary consequences. Secondary
consequences are not caused directly by loss of CFTR. For example, loss of bacterial
killing may lead to chronic infection. Chronic infection is not caused directly by loss of
CFTR. Thus, infection is a secondary consequence of CFTR disruption. Infection may
lead to inflammation and accumulation of airway mucus. In CF, the triumvirate of
infection, inflammation, and mucus accumulation form a vicious, self-perpetuating,

progressive cycle of lung injury, remodeling, and functional decline.

Identification of primary defects is of great importance, because it may lead to
therapeutics that target “root” problems rather secondary manifestations. To date, CF
therapeutics have been mostly restricted to treatment of secondary consequences (e.g.
antibiotics for infection). This is largely because identification of primary defects is

confounded by the presence of secondary defects. The timing of disease onset also poses

1
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a challenge. CF lung disease begins very early in life, likely within weeks or months of
birth °. Thus, the window to identify primary defects prior to the onset of secondary
manifestations is extremely small. In short, we poorly understand the origins and events
that are important in the pathogenesis of CF lung disease. In the current studies we

worked toward illuminating these unknowns.

We had a two pronged approach to studying initiation of CF lung disease: one in
pigs with CF, and one in people with CF. For our pig studies, we used a porcine model
of CF; pigs that lack CFTR. We then investigated the initiation of CF lung disease
mainly through CF to non-CF pig comparisons. In humans, we implemented the
converse: restoration of non-functional CFTR. In this study we investigated CF lung
disease by comparing adults with CF before and after CFTR restoration. We used a
recently developed drug, ivacaftor, to restore CFTR function. lvacaftor is effective, but
only for people with the G551D mutation of CFTR (and some related mutations), about
5% of the CF population.

A major goal of our CF pig project was to characterize early CF lung disease.
What do we already know of the CF pig lung phenotype? We know the newborn CF pig
lung lacks overt, CF characteristic lung disease. That is, it lacks evidence of mucus

accumulation, infection, and inflammation &

. It does, however, have a number of airway
congenital abnormalities including airways of irregular size and shape "°. We also know
that over months to years the CF pig develops hallmarks of CF lung disease including

mucus accumulation, infection, and inflammation .

Thus, for the CF pig, we know the beginning, and we know the end. We do not
know the “in-between.” Understanding this “in-between” period is critical to
understanding the transition from relative health at birth, to advanced CF lung disease
later in life. Hence, we investigated the CF pig lung phenotype at three weeks of age, an
“in-between” time point. Our central analysis tool was the chest CT scan, with

augmentation by bacterial analysis, and histology.

In people we performed a before drug, after drug study using ivacaftor in adults

with CF with at least one G551D-CFTR allele. Based upon airway smooth muscle
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abnormalities in people with CF X%’ and in newborn CF pigs ® '8, we hypothesized that
abnormal airway smooth muscle is a primary consequence of CFTR disruption, and
hence, represents one pathogenic mechanism of CF lung disease. We therefore tested
smooth muscle tone before and after administration of ivacaftor. Importantly, we limited
our study duration to two days. We reasoned that longstanding lung infection and
inflammation would minimally change over two days, but CFTR function would. Thus,
observed physiological changes would be primary, but unlikely secondary, to CFTR
restoration. We assessed smooth muscle tone with chest CT, spirometry, and pulse wave

analysis.

When these people began taking ivacaftor, they were in fact beginning ivacaftor
for life. Many of the people in the two day ivacaftor study, returned after one year of
ivacaftor therapy for chest CT scans and spirometry. From these we sought to
characterize the long-term effect of ivacaftor on lung structure and function. Would
ivacaftor halt progression of CF lung disease? Would it reverse CF lung disease? Would
it have no impact? Observed changes over a one year period would likely represent the

summation of changes in primary and secondary consequences of CFTR restoration.

Our central analysis tool for the human and pig studies was the chest CT scan.
We used chest CT because it is a common clinical tool, is relatively non-invasive
(radiation), and permits quantification of various disease measures in a standardized
manner. Collectively, our goal for these studies was to identify radiographic
features/correlates of CF lung disease and CFTR-dependent anatomy/physiology in CF
pigs and people with CF. Specific aims are detailed below and the experimental design

summarized by Figure 1.

Specific Aim 1: Investigate CFTR-dependent lung/airway development and disease in

newborn and three week old pigs with CT based tools.

Specific Aim 1a: Does loss of CFTR affect airway growth in CF pigs?
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Congenital airway abnormalities may represent an underappreciated aspect of
early CF lung disease. Identification and characterization of these congenital
abnormalities will elucidate their potential contribution to lung disease. In addition, a
number of developing therapeutics, similar to ivacaftor, are designed to target CFTR
directly %', Even if these approaches are successful in restoring CFTR function,
because they would be administered postnatally, their effect on congenital airway defects
is unclear and probably limited. Thus, developmental airway defects may represent a
long term disease manifestation, even after CFTR restoration. For the current study, we
hypothesized airway growth in pigs to be CFTR-dependent, and thus, without functional
CFTR, CF pigs will have abnormal airway growth. We present the results of this study in
Chapter 3.

Specific Aim 1b: What are the early radiographic features of CF lung disease? Do

radiographic features of CF lung disease in pigs correlate with infection, inflammation,

and histological findings?

There is increasing evidence that CF lung disease begins very early in life *"?%,

Despite this, relatively little is known of early CF lung disease. This, in large part, is
because studies are extremely difficult to conduct in the neonatal period. A main goal of
the “three week old CF pig project” was to characterize early CF lung disease. We
hypothesized there to be lung infection, inflammation, and mucus accumulation in three
week old CF pigs. We hypothesized three week old CF pigs to have radiological
evidence of disease including air trapping, and parenchymal density abnormalities. We
hypothesized these radiological abnormalities to correlate with measures of infection,
inflammation, and mucus accumulation. This study helped establish the “normal

progression” of early CF lung disease. We present the results of this study in Chapter 4.

Specific Aim 2: Investigate the effects of acute CFTR restoration on human CF airway

disease.

Specific Aim 2a: Does two days of ivacaftor treatment improve pulmonary function?

www.manaraa.com



Ivacaftor is a bioavailable, small molecule that induces a conformational change
in G551D-CFTR (a specific mutation of CFTR). This conformational change, in effect,
greatly increases CFTR function *%. Early trials of ivacaftor in people with G551D-

2631 |vacaftor

CFTR indicate a rapid and sustained improvement in pulmonary function
is the first therapeutic that targets the underlying CFTR defect, rather than treat

symptoms of its disruption.

We performed a before ivacaftor-after ivacaftor study over a two day time
interval. This abbreviated time window was designed to minimize changes in airway
mucus accumulation, lung infection, and lung inflammation. Ivacaftor is estimated to
reach blood serum steady state levels in three to five days *?, and there was no published
data over a two day time interval. Hence, we did not know if ivacaftor would be
efficacious over only two days. We hypothesized that it would. We tested this
hypothesis by obtaining spirometry and measuring sweat chloride concentration (a
biomarker of CFTR function) before and after ivacaftor. We present the results of this

study in Chapter 5.

Specific Aim 2b: Does CFTR potentiation affect smooth muscle function?

Given airway smooth muscle abnormalities in people with CF, and the newborn
CF pig, we hypothesized that abnormal airway smooth muscle function in people with
CF, including evidence of increased tone, was caused, at least in part, directly from
CFTR impairment. Based upon this, we hypothesized ivacaftor to have a smooth muscle
relaxing effect. We tested for smooth muscle tone with spirometry before and after
bronchodilator, with airway measurements obtained from chest CT scans, and from pulse
wave analysis, a method used to assay vascular smooth muscle tone. Importantly, we
reasoned that alterations in longstanding infection and inflammation would be minimal
over only two days, thus observed changes would likely reflect augmentation of CFTR
function. If loss of CFTR function directly impacts smooth muscle behavior, it follows
that abnormal smooth muscle behavior is a primary pathogenic mechanism of CF lung

disease. Twelve people were in this study. We present the results in Chapter 5.
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Specific Aim 3: Investigate the effects of long term (~one year) CFTR restoration on

human CF airway disease.

Seven of the twelve people who participated in the two day study returned for
chest CT scans after one year of ivacaftor therapy. The effect of ivacaftor on lung
structure and function over a one year interval is not well described. We hypothesized
that long term administration of ivacaftor would limit progression, if not reverse, aspects
of CF lung disease. This study will enable us to compare lung structure and function
from three time points: baseline, after two days of ivacaftor therapy, and after one year of
ivacaftor therapy. We present the results of this study in Chapter 6.
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Figure 1. Study designs. We examined non-CF and CF pigs at birth, prior to the onset of
airway mucus accumulation, infection, and inflammation, and at the three week time
point, when airway mucus accumulation, infection, and inflammation are likely present.
In adults with CF, we performed a before ivacaftor, after ivacaftor study over a two day
time interval. The abbreviated time interval was designed to limit changes in airway
mucus accumulation, infection, and inflammation. With these “secondary”
manifestations held constant, we could infer that observed changes were likely caused
directly by CFTR restoration. In addition, we examined these adults one year after
initiation of ivacaftor therapy. Changes at this time point could reflect changes both

primary and secondary to CFTR restoration.
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CHAPTER 2: BACKGROUND INFORMATION

A brief background section was included to provide information of topics relevant
to the presented work. This includes general background about CF and the CF pig. This
chapter also includes description of several experimental techniques used to complete
these studies such as sweat chloride concentration, chest CT, spirometry, and pulse wave

analysis. Additional background is provided on an as-needed basis in other chapters.

2.1. CYSTIC FIBROSIS

CF is caused by mutations in the gene encoding CFTR, a protein that channels
anions including chloride and bicarbonate. Lack of CFTR function results in ion and
water imbalances at the cellular level. These imbalances, in turn, adversely affect a

number of organ systems (Figure 2).

At the gastrointestinal level, approximately 10% of newborns with CF have
meconium ileus, a life-threatening condition in which newborns fail to pass their first

stool 3%

. In the pancreas, duct obstruction impairs secretion of digestive enzymes, often
leading to pancreatitis, and contributing to malnutrition ¥. Nutrition is further impaired
in people with CF due to abnormally acidic intestinal pH *°. CF affects the reproductive
tract of women and men with CF. Reduced fertility occurs in women with CF, in part,
because of abnormal cervical mucus, and over 90% of men with CF are sterile due to

congenital bilateral absence of the vas deferens 3

. In addition, sweat concentration of
sodium and chloride is elevated. The “salty sweat” phenotype is relatively benign, but is

used extensively diagnostically *'.

Although affecting many organ systems, the leading cause of morbidity and
mortality in the CF population is progressive lung disease, often most pronounced in the
upper lobes “>*%. One hallmark of CF lung disease is abnormal airway mucus. Ina
healthy lung, the airways are lined with mucus. This mucus provides a protective layer to

the epithelial surface and entraps inhaled particulate and bacteria. In health, the airway
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mucus is continually cleared from the airways through the action of mucociliary
clearance. In CF, airway mucus is abnormal. CF airway mucus is commonly excessive in
volume, tenacious, and mucopurulent *®, This abnormal mucus impairs mucociliary
clearance and accumulates in airways often resulting in partial or complete obstruction
(Figure 3). A study by Rowe et al. illustrates abnormal mucus behavior in CF. They
found CFTR potentiation (augmentation of CFTR function) to improve mucociliary
clearance and lung function in adults with CF **. These results suggest that 1) CFTR
maintains airway mucus homeostasis, and 2) that abnormal mucus in CF impairs lung

function .

Static and abnormal airway mucus predisposes individuals with CF to bacterial
infection, another hallmark of CF lung disease. Lung infection begins early in life for
people with CF and is often chronic in nature. For example, Kerem et al. reports 10% of
people with CF to have chronic lung infection by Pseudomonas aeruginosa at age 6 and

approximately 55% by age 25 *

. Although people with CF may be infected with an
array of bacteria, P. aeruginosa is among the most prevalent, and for a number of
reasons, among the most damaging. First, P. aeruginosa itself elicits an injurious
inflammatory response. Second, P. aeruginosa through the release of toxins, may
damage the host independent of inflammation. Third, P. aeruginosa spontaneously forms
biofilms. These biofilms shelter the bacteria from antibiotics and innate defense “>*°,
Chronic lung infection, by P. aeruginosa and by other bacteria, is a major component of

CF lung disease.

Chronic lung infection contributes to chronic lung inflammation in people with
CF. CF lung inflammation also commonly begins early in life. For example, in 1997
Armstrong et al. discovered elevated inflammatory markers on bronchoalveolar lavage in
infants (~ 3 months old) with CF including elevated neutrophil counts, IL-8, and
neutrophil elastase *. While inflammation is an important component of the immune
system, imbalanced or protracted lung inflammation may result in irreversible tissue
damage. For example, neutrophil elastase is associated with bronchiectasis and airway
dilatation in people with CF *. Airway remodeling in response to inflammation impairs

lung function, is often irreversible, and may include wall thickening, dilatation, cyst
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formation, and more . Inflammatory tissue damage often results in reduced lung

function in people with CF.

Abnormal airway smooth muscle behavior is also a common feature of CF lung
disease and is referred to as “CF asthma '*.” Airway hyper-responsiveness, the excessive
narrowing of airways in response to a stimuli *®, is present in an estimated 40-60% of
adults with CF **°. Moreover, the presence of bronchodilator reversible airway
obstruction in people with CF suggests increased basal airway smooth muscle tone >,

Narrowed airways increase the work of breathing by increasing resistance to airflow.

In summary, although CF adversely affects many organ systems, the leading
cause of morbidity and mortality in the CF population is lung disease. CF lung disease
begins early in life and is characterized by a vicious cycle of infection, inflammation,
airway hyper-reactivity, remodeling, and mucus buildup. Collectively, these result in
functional decline. The life expectancy of someone born today with CF in the U.S. is

about 40 years *.

2.2 THE CYSTIC FIBROSIS PIG

Our lab generated a porcine model of CF °2°%, CF pig gastrointestinal pathology
resembles that of humans with CF **. CFTR-/- pigs experience meconium ileus,
pancreatic duct obstruction, micro-gallbladder, and congenital absence of the vas
deferens in males **. We are unable to compare CFTR-/- pig sweat chloride to humans

with CF because pigs lack sweat glands anatomically *.

What is the CF pig’s lung phenotype? At birth, the CF pig lacks lung infection,
inflammation, and airway mucus accumulation °. However, despite this, the newborn CF
pig lung is not normal. On the anatomical level, it has a trachea of reduced caliber and
irregular shape 2. The tracheal size reduction extends into the proximal, but not distal
airways ". The newborn CF pig also exhibits a number of functional deficits. First,
newborn CF pig tracheal airway smooth muscle exhibits irregular contractile behavior,

including evidence of increased basal tone . Second, the newborn CF pig lacks
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bacterial infection, but does exhibit an impaired ability to kill bacteria >*°. This
impairment has been tied to abnormally acidic airway surface liquid pH 3. Third, the
newborn pig lacks accumulation of mucus in the airway, but does exhibit abnormal
mucus behavior. Submucosal glands secret mucus onto the airway surface. Once there,
the mucus helps to entrap particulate before ultimately being expelled by the action of
mucociliary clearance. CF animal submucosal glands secret mucus as non-CF animals
do, but once secreted, the CF mucus strands fail to efficiently detach from the gland,
resulting in impaired mucociliary clearance *°°. Fourth, acidic pH increases the

viscosity of airway surface liquid in newborn CF pigs °’.

Although the newborn CF pig lacks overt signs of lung disease, it has several
functional deficits that, in effect, set it up to develop lung disease over time. Evidence of
disease in months old CF pigs include classic signs of human CF lung disease ® *°, These
include accumulation of airway mucus, that at times, results in complete airway
obstruction (Figure 4). Evidence of lung disease on chest CT includes airway wall
thickening and parenchymal consolidation with the right upper lung zone often showing
the most involvement (Figure 5) °. Infection occurs with an array of bacteria, suggesting
a host vulnerability to a wide assortment of bacteria. The CF pig recapitulates many

aspects of human CF lung disease.

2.3 SPIROMETRY

Perhaps the most commonly used method of assessing lung function in people is
spirometry. To obtain spirometry, one must perform breathing maneuvers through a
specialized mouthpiece known as a spirometer. The spirometer converts the subject’s
breathing maneuvers into volume-time curves, or flow-volume loops, referred to as
spirograms (Figure 5). Spirograms provide various measures of lung volume and
function. We acquired spirometry from the people who participated in our ivacaftor

project. (We did not perform spirometry on our pigs.)
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Spirometers can obtain a number of lung volume measurements (Figure 5). Tidal
volume (TV) is the volume of gas that is inhaled or exhaled during normal, quiet
breathing at rest. Lung volume at the end of tidal exhalation is functional residual
capacity (FRC). Total lung capacity (TLC) is the lung volume after a maximal
inspiration. Inspiratory reserve volume (IRV) is the difference between TLC and the
peak of tidal volume. The lung volume after a maximal expiration is known as the
residual volume (RV), and the difference between TLC and RV is vital capacity (VC).
The difference between FRC and RV is the expiratory reserve volume (ERV). It should
be noted that spirometry can measure changes in volumes but not absolute lung volumes.
Consequently, neither TLC, FRC, or RV can be measured using spirometry. RV can be
measured by volume analysis of CT scans, body plethysmography, and other methods,
and once known, can be used to calculate FRC and TLC using other spirometric
measures (e.g. RV + VC = TLC) **.

Changes in specific lung volumes are associated with specific pulmonary
functional deficits. For example, air trapping is the excessive retention of air upon
exhalation, and as such, results in an elevated RV, elevated FRC, but not necessarily an
elevated TLC. Consequently, VC is reduced. In contrast, hyperinflation is associated

with elevated TLC, and an elevated RV, while V/C is relatively unaffected *.

A dynamic spirometric measure relevant to this work is forced expiratory volume
in 1 second (FEV;). FEVis the volume of air (liters) that can be forcibly exhaled from
TLC in 1 second (Figure 5). FEV; is measured in liters, but is commonly converted from
liters to “% of predicted” after normalization by height, age, race, and gender. FEV1%
predicted is often regarded as a “whole lung average” assessment of lung function. An
FEV of 80% predicted or greater is considered relatively normal, while an FEV; below
80% of predicted may indicate lung disease. To illustrate, the FEV1% of predicted at
baseline (before ivacaftor treatment) for the adults with CF in our ivacaftor study ranged
from the 34% (severe disease) to 101% (relatively healthy) .

Another dynamic spirometric measure relevant to this work is FEF;5.75. FEF;5.75
is the average flow rate (L/s) between the 25™ and 75™ percentile of a forced expiratory

maneuver from TLC (Figure 5). FEF,s.75is regarded as a measure of small and medium
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airway obstruction “®, and like FEV4, is often expressed as % of predicted. To illustrate,
the FEF,5.75 % of predicted at baseline for the adults with CF in our ivacaftor study

ranged from 9% (severely impaired function) to 69% (comparatively better function) .

2.4 CHEST CT SCANS AND MEASUREMENT

CT scanners obtain X-ray radiographs from a number of different angles, and then
use computer algorithms to reconstruct the information from the X-rays into a stack of
cross-sectional images. In contrast to conventional X-ray radiographs where the three-
dimensional anatomy is projected onto a two-dimensional image resulting in
superimposition of anatomy, CT scans produce a volumetric image where each “slice”
within the scan is a two-dimensional image that represents a two-dimensional cross-

section of anatomy with no superimposition ®,

CT images are grayscale, where the voxel intensity is typically in Hounsfield
Units (HU). HU is a measure of radiodensity, or the ability of a material to absorb X-ray
photons. The HU scale is standardized such that the same material should have the same
HU (or close to it) across scanners and between scanning centers. Lower HU values
appear relatively dark on CT and correspond to materials with little ability to absorb X-
ray photons (radiolucent). High HU values, appear relatively bright on CT, and

correspond to materials that efficiently absorb X-ray photons (radiodense).

Generally, there is correspondence between radio and physical density
(mass/volume), such that materials of high physical density also have high radiodensity,
and vice-versa °>®*. For example, air, of relatively little radio and physical density, has
an HU of -1000. In contrast, water, of greater radio and physical density, has an HU of 0.
Blood has an HU of approximately 30, bone may range from 500 to 3000 HU. The lung,
largely composed of air and blood, generally ranges in HU from -1000 to 30. Figure 6

illustrates various HU values in a pig chest CT scan slice.

CT scans are a common means by which to assess lung structure and function. In

the current studies we assessed lung density profiles through HU histogram analysis. A
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lung HU histogram, as the name suggests, is simply a histogram of the lung HU values
from CT. HU is a measure of radiodensity, but because of the correspondence between
radio and physical density, HU histograms may be used to assess lung density profiles.
For example, the lung density profile naturally changes through the course of breathing.
The lung is generally less dense upon inspiration than upon expiration, largely on account
of changes in lung gas volume. Differences between inspiratory and expiratory lung HU

histograms reflect respective differences in lung density (Figure 7).

Disease may alter the lung density profile. For example, emphysematous
parenchymal destruction reduces lung density, and consequently would likely result in a

6566 |n contrast, fluid accumulation in ARDS,

leftward shift in the lung HU histogram
would make the lung relatively more dense, causing a rightward shift of the HU curve ®”
% In addition, general lung infection and infiltration may lead to neutrophilic
infiltration, consolidation, and alveolar flooding, all of which could increase lung density.
Histogram statistics (e.g. mean HU, mode HU, etc.) may be used to compare two

histograms (e.g. non-CF vs. CF) against each other statistically.

Airway measurements can also be obtained from lung CT scans. We collected
airway measurements for the current studies primarily using VIDA Diagnostic’s Apollo
Software. It produces a wide array of airway measurements. The ones we report in the
current studies include airway lumen cross-sectional area, airway diameter, airway wall
thickness, and airway circularity. Airway circularity is a unitless 2D shape descriptor
that ranges in value from 0 (not at all circular) to 1 (a perfect circle). We are interested in
it because newborn CF pigs have reduced airway circularity compared to non-CF controls
8 Mathematically, circularity = 4tA/P?, where A = lumen area, and P = lumen perimeter.
Apollo does not directly produce a measure of airway circularity, but it does produce
measures of lumen perimeter and lumen cross-sectional area, which can be used to
calculate lumen circularity. The Apollo measurements we used were obtained
perpendicular to the airway lumen tree centerline. These measurements represented the

average of a number of measurement samples over the airway segment’s middle third.
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2.5 SWEAT CHLORIDE CONCENTRATION

People with CF have elevated sweat sodium and chloride concentration. The
mechanism behind increased sweat salt concentration in CF is well understood. The
sweat duct interstitium naturally reabsorbs both sodium and chloride from the sweat
gland duct. Without functional CFTR, reabsorption of chloride is impaired, and as a
consequence, sodium is also poorly reabsorbed (Figure 8) ®. In contrast to other ducts in
people with CF, sweat gland ducts do not become obstructed, inflamed, or pathological
aside from elevated sodium and chloride concentration. However, people with CF are
more vulnerable to salt depletion, particularly during strenuous exercise or in hot

weather.

For decades, the “sweat test” has been a gold standard, diagnostic test for CF.
The diagnostic threshold of sweat chloride concentration for CF is 60 mmol/L. Sweat
chloride concentration in people without CF is generally between 10 and 30 mmol/L .
The average baseline sweat chloride concentration of the adults with CF in our ivacaftor
study was 94 mmol/L ®. As previously mentioned, pigs lack sweat glands anatomically.

2.6 PULSE WAVE ANALYSIS

Pulse wave analysis, also known as applanation tonometry, is the assessment of
arterial blood pressure waveforms, a relatively non-invasive means to measure many
aspects of cardiovascular health (Figure 9) ", We used it to assess arterial stiffness in
adults with CF before and after ivacaftor therapy. One modulator of vascular stiffness is
smooth muscle tone 2. We hypothesized ivacaftor to relax smooth muscle tone, and thus

we expected a reduction in arterial stiffness.

We obtained two measurements. The first was pulse wave velocity. This is
simply the propagation velocity (m/s) of the blood pressure pulse through the vasculature.
The second was augmentation index (Alx). The blood pressure pulse emanates from the

heart and is directed toward the distal arteries. Part of the blood pressure pulse is
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reflected in a retrograde fashion through the vasculature. This reflected pressure
augments systolic blood pressure. Alx measures the magnitude of this reflection.
Vascular stiffening leads to increased pulse wave velocity and increased Alx. We have
not adapted pulse wave analysis for use on pigs.

An experiment by Wilkinson et al. provided proof of concept for the pulse wave
analysis portion of our ivacaftor project "2. Nitric oxide (NO) is naturally produced by
vascular endothelium and results in vascular smooth muscle relaxation. Wilkinson et al.
showed that pharmacologic inhibition of NO synthase results in a dose dependent
increase in vascular stiffness, as measured by Alx (pulse wave velocity not reported) .
In short, they pharmacologically increased smooth muscle tone and observed an increase
in Alx. In our ivacaftor study we hypothesized the converse, that a reduction in vascular

tone, through administration of ivacaftor, would decrease pulse wave velocity and AlXx.
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Figure 2. Cystic fibrosis affects many organ systems. Adapted from **.
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Figure 3. A freshly excised sample from a human CF lung explant. Accumulation of
mucus may result in complete obstruction, even in relatively large airways (arrows).
Photo obtained by the Laboratory of Jeffrey Wine.
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Figure 4. Lung disease in CF pigs that are months old. (Top) Tenacious mucus that
completely obstructs an airway and maintains its shape when pulled with forceps.
(Lower Left) Transverse CT scan slice. Arrows highlight airway wall thickening.
(Bottom right) Transverse plane chest CT slice. Arrow highlights consolidation. Images
adapted from ©.
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Figure 5. Spirogram tracing. Y-axis is volume. X-axis is time. FEV; is the volume that
can be forcibly exhaled from a maximal deep inspiration. FEFs.75is the flow rate (L/s)
between 25% and 75% of vital capacity (VC) during this forcible exhalation. TLC = total
lung capacity. IRV = inspiratory reserve volume. TV = tidal volume. ERV = expiratory
reserve volume. RV = residual volume. FRC = functional residual capacity.
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Figure 6. HU profile. A slice from a pig chest CT scan. The HU values along the
dashed line are shown in the below graph. The CT slice and graph spatially correspond.
Consequently, the HU for a specific point in the CT slice is located directly below it in
the graph. The letters denote various tissues or air. T = general body tissue, B = bone,
and L = lung, A = air.

21

www.manaraa.com



Fraction

T i b L

-1000 -900 -800 -700 -600 -500 400 -300 -200 -100 0 100 200
HU

Figure 7. Lung HU histograms. Slices from a pig chest CT scan obtained at a pressure of
25 cmH,0 (top left) and 0 cmH,0 (top right). The lungs have been outlined from each
scan slice, and their respective HU histograms are shown below. The lung at 25 cmH,0
is filled with air, appears relatively dark visually, and is largely made up of low valued
HUs. In contrast, the 0 cmH-0 has less air, appears brighter visually, and its curve is
rightward shifted relative to the 25 cmH,0O curve.
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Figure 8. People with CF have salty sweat. In the normal sweat duct (left), functional
CFTR and epithelial sodium channel (ENaC) permit reabsorption of chloride and sodium
from the sweat ductal lumen into the interstitium. Without CFTR (right), reabsorption of
chloride is largely inhibited. This alters the electrochemical gradient across the mucosal
surface, impairing sodium reabsorption, resulting in salty sweat. Figure based upon one

from Rowe et al. %,
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Figure 9. Pulse wave analysis. Pulse wave analysis is the assessment of arterial blood
pressure pulses. We focused on two measurements. The first was pulse wave velocity.
This is the propagation speed of the blood pressure pulse, measured in m/s. The second
was augmentation index (Alx). The pressure pulse propagates from the heart through the
arteries. Part of this wave is reflected back from the vasculature, and augments systolic
pressure. The Alx measures the magnitude of this reflection. Pulse wave velocity and
Alx are each a measure of vascular stiffness, where increased stiffness results in greater
pulse wave velocity and a greater AlXx.
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CHAPTER 3: ABNORMAL AIRWAY GROWTH IN CF PIGS

3.1 INTRODUCTION

There is increasing evidence of abnormal lung structure and function in infants
and children with CF. For example, anatomically, a retrospective analysis revealed
infants with CF to have tracheas of reduced caliber ®. In addition, children with CF are
shown to have tracheas of reduced circularity on cross-sectional imaging 2, increased
airway smooth muscle mass on biopsy **, and to collapse (tracheomalacia) at over ten
times the rate of the general population "*™*. Functionally, as many as two of three

infants with CF have air trapping on CT, a sign of obstruction to airflow °.

The newborn CF pig lung phenotype has much in common with the early-life
phenotype of people with CF. Anatomically, newborn CF pigs have tracheas of reduced
size and circularity ®, and evidence of increased smooth muscle mass in the form of large,
longitudinally oriented tracheal smooth muscle bundles 8. Functionally, newborn CF pigs

have increased resistance to airflow, and air trapping upon exhalation ’.

Based upon these observations, we hypothesized airway and lung growth to be
abnormal in CF pigs. We tested our hypothesis by examining the airways and lungs in
three week old non-CF and CF pigs, primarily using CT imaging. We chose chest CT as
our primary analysis tool, because it is relatively non-invasive (radiation), permits

quantitative morphological assessment, and is a common clinical tool.

This study will be informative in a number of ways. First, establishing and
identifying abnormal airway structure is a prerequisite for determining the potential
contribution of abnormal growth and development to functional deficits. Second, this
study will help establish a basis of comparison for future CF pig studies involving
therapeutics, challenges, and manipulations (e.g. CFTR modulators), many of which
would be impossible to perform on people with CF. Lastly, this study will inform upon
the early-life phenotype of people with CF. Significantly, this period is very difficult to
study in people, yet likely represents the age at which CF lung disease begins.
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3.2 METHODS

CT Scan Acquisition and Analysis

The CT scans of the newborn CF and non-CF pigs used in the current study were
retrospectively analyzed from a prior study . The three week old non-CF and CF
animals studied for the current study were prospectively imaged with the same CT
scanning protocol as the newborn CF and non-CF pigs ’. In brief, animals were
anesthetized, paralyzed, and underwent a tracheostomy. A lung recruitment maneuver
was performed prior to scanning. Two scans were acquired per animal. The first was at
an airway pressure of 25 cmH,O (inspiratory). This scan was followed by a scan
acquired at an airway pressure of 0 cmH,O (expiratory). Scan specs were as follows: 190
mA, 120 KeV, 0.28 s of exposure time, slice thickness of 0.6 mm, slice spacing of 0.3

mm, and a pitch of one .

The chest CT scan of the 347 day old CF pig followed a different protocol. This
animal was anesthetized and then scanned while spontaneously breathing. This animal

was not paralyzed and did not undergo a tracheostomy.

Airway and lung measurements were obtained using VIDA Diagnostic’s Apollo
Software. Measurements obtained from Apollo for the current study included lung
volume, airway wall thickness, airway lumen area, inner airway circularity (circularity of
inner airway wall), outer airway circularity (circularity of outer airway wall), and airway
distensibility. We calculated airway distensibility based upon matched airway
measurements of inspiratory and expiratory chest CT scans. We defined distensibility as
follows: 100*[(insp. airway lumen area — exp. airway lumen area)/exp. airway lumen
area)]. Airway distensibility coefficient of variation was calculated for each airway
segment of the left and right main bronchus that was visible on both the inspiratory and
expiratory chest CT scans. Airway distensibility was calculated on a per animal average
basis as follows: STDEV(X)/AVG(X), where X equals all of measured bronchial airway

segment’s distensibility within an animal.
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Tracheal Smooth Muscle Bundle Scoring

Three genotype blinded reviewers scored inspiratory pig CT scans for the
presence of tracheal smooth muscle bundles. Scans of newborn non-CF and CF as well
as scans of three week old non-CF and CF animals were scored. For scoring purposes, a
bundle was defined as a protuberance into the airway lumen space. The presence of a
bundle was indicated by a positive score from at least two of the three reviewers. If a
bundle was observed, the bundle width was measured in ImageJ with the tape-measure
tool, and the circumferential location within the trachea was recorded, where the anterior
aspect of the trachea was 0°, the right 90°, the posterior 180°, and the left 270°. When
“Average Bundle Angle” is reported, this represents the average bundle angle across all
four scored locations, across all scorers. “Average Bundle Width” was similarly

calculated.

Histopathology

One newborn non-CF and CF trachea were fixed in 10% neutral buffered
formalin. Ten histological sections were prepared from each trachea. Staining was with
hematoxylin and eosin. The histology was prepared by the laboratory of Dr. David

Meyerholz.

3.3 RESULTS

Trachea Size and Shape

The newborn CF pig has a trachea of reduced caliber and circularity, despite
having normal lung volume "®. We asked if this phenotype persisted through three

weeks of age. Three week old CF pigs weighed less than three week old non-CF pigs.
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Consequently, we report our findings after body mass normalization. All airway and
lung measurements were performed at an airway pressure of 25 cmH,0O unless otherwise
noted. Despite no difference in lung volume, three week old CF pigs had tracheas of
reduced cross-sectional area, (Figure 10A-E). There was no significant difference
between genotypes in average tracheal wall thickness (Figure 10F), but CF pigs did have

reduced inner circularity (Figure 10G).

Tracheal Smooth Muscle Bundles on CT

Our research group previously discovered the presence of a large, longitudinally
oriented, tracheal airway smooth muscle bundle in newborn CF pigs that at times
protrudes into the luminal airspace ®. There is no evidence of these bundles in newborn
non-CF pigs ®. Based upon these observations we formed two hypotheses. First, that
three week old CF pigs would also have these bundles. Second, that the bundles would

be visible on CT in both newborn and three week old CF pigs.

To test these hypotheses we had genotype blinded reviewers score CT scans for
the presence of bundles. Chest CT scans from newborn non-CF, newborn CF, three week
old non-CF, and three week old CF pigs were scored. If observed, bundle width and
circumferential angle of location within the trachea were measured. We assessed CT
scans for the presence of bundles at four tracheal locations based upon anatomical
landmarks. These four locations included: just above the tracheal bronchus, just below
the tracheal bronchus, halfway between the tracheal bronchus and the carina, and just
above the carina. The tracheal bronchus is an airway pigs have but humans do not. It
branches directly off of the trachea proximal to the carina and is the central airway of the
pig’s tracheal lobe (porcine equivalent of the right upper lobe) . Placement of the

endotracheal tube prohibited assessment more proximally.

Only 1 of 8 newborn non-CF and 1 of 11 three week old non-CF pigs were
positively scored for a bundle at any of the four tracheal locations. In contrast, 8 of 8

newborn CF pigs and 15 of 17 three week old CF pigs were scored to have a bundle
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present at any of the four measured locations (Figure 11A). In general, these data agreed
with our previously published observation that CF pigs have tracheal bundles and non-CF

pigs do not ®,

We realized that tracheal airway smooth muscle bundles could reduce tracheal
lumen circularity independent of an intrinsic airway shape defect. Hence, we also
measured tracheal outer wall circularity, which we reasoned would be minimally affected
by the bundle’s presence. Outer wall circularity was significantly reduced in three week
old CF pigs.

We next determined the location of bundles within CF pig tracheas. For both
newborn and three week old CF pigs, the longitudinal tracheal location most often found
to have a bundle was just below the trachea bronchus (Figure 11B). Circumferentially,

the bundles were always located on the posterior, right side (Figure 11C, 11D).

Tracheal bundle width was greater for three week old CF pigs than for newborn
CF pigs (Figure 11E). In addition, we observed a statistically significant, linear
correlation between bundle width and animal body mass (Figure 11F). Based upon this
finding we hypothesized the bundle to represent a long term phenotype. To test this
hypothesis we retrospectively assessed a chest CT scan from a 347 day old CF pig. We
found this CF pig to have a bundle present on CT. Similar to newborn and three week
old CF pigs, it was located on the posterior, right side of the trachea between the tracheal
bronchus and the carina (Figure 11G).

To verify our CT scan findings we performed a histological assessment from one
newborn non-CF and CF pig (Figure 12). For this, we took histological samples from
precise locations up and down the trachea including the four specific locations at which
CT scans were scored. Our findings from histology corroborated our findings from CT.
First, that CF pigs have airway smooth muscle bundles while non-CF pigs do not.
Second, in CF pigs, bundles are located circumferentially within the trachea on the
posterior, right side. Third, bundles are on the order of 1 mm in width. Last,

longitudinally, bundles are most prominent between the carina and the tracheal bronchus.
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Bronchial Size, Shape, and Distensibility

We found tracheas of reduced size and circularity in three week old CF pigs.
Does this phenotype extend into the bronchi? To answer this question, we collected
airway measurements from every airway segment of the right and left main bronchus
visible on CT (Figure 13A). We defined an airway segment as the portion of airway
from one airway bifurcation to the next, and measurements were made with VIDA
Diagnostic’s Apollo Software. We first measured bronchial airway wall thickness. We
found that, on average (average of all measured segments of the right and left main
bronchus combined), there was no statistically significant difference between genotypes
(Figure 13B). However, we did observe a reduction in average bronchial inner circularity
(Figure 13C).

We observed airway size reduction in the proximal but not distal measured
airways (Figure 13D). More specifically, we observed the proximal most measured
bronchial airway segments to be reduced in size for CF animals. This size reduction
lessened with distal airway tree progression, such that, there was virtual size equivalence
between genotypes in the distal-most measured airways. This pattern of proximal airway
size reduction is reminiscent to that previously found in a micro-CT study of the newborn

CF pig tracheal lobe (porcine equivalent of the right upper lobe) ’.

Airway smooth muscle tone is one factor that can influence airway distensibility,
the ability of an airway to change in size in response to a change in pressure. Increases in
smooth muscle tone can lead to a decrease in airway distensibility °* . We know from
prior work that newborn CF pigs have increased airway smooth muscle tone at baseline
18 Based upon this observation we hypothesized airway distensibility to be decreased in
three week old CF pigs.

To measure bronchial distensibility we collected CT scans at both 25 cmH,0
(inspiratory) and 0 cmH,O (expiratory). We measured airway distensibility in the trachea
and in each airway segment of the right and left main bronchus that were visible on both
the expiratory and inspiratory scan. We defined distensibility as follows: 100*[(insp.

airway lumen area — exp. airway lumen area)/exp. airway lumen area)], similar to
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previously published studies " "°. We found no difference in tracheal distensibility
(Figure 14A), but that airway bronchial distensibility was reduced in three week old CF
pigs (Figure 14B). We also observed the average airway distensibility coefficient of
variation to be increased in CF animals (Figure 14C). That is, the within animal variation

in distensibility between bronchial airway segments was greater for CF than non-CF pigs.

3.4 DISCUSSION

Tracheal Smooth Muscle Bundles

What can we infer about CF pig tracheal smooth muscle bundles based upon our
observations? We know bundles are unlikely formed in response to infection and
inflammation as newborn CF pigs have a tracheal smooth muscle bundles but not airway
infection and inflammation. We know the size and location of the bundles within the
trachea to be consistent between CF animals. This does not suggest a stochastic
developmental mechanism, but instead, a developmental mechanism that is distinct and
repeatable. What might this mechanism be? Perhaps the TMEM16A mouse offers a clue.
Interestingly, the TMEM16A-/- mouse (a chloride channel knockout) has tracheal airway
smooth muscle bundles reminiscent of the CF pig (CFTR channels chloride). These
observations may suggest chloride secretion to be important in the normal growth and

development of airway smooth muscle.

The presence of tracheal airway smooth muscle bundles may have a number of
functional implications. First, because they protrude into the lumen airspace, they could
be obstructive to tracheal airflow. Even modest reduction in effective airway radius,
which the bundle could cause, can appreciably increase resistance to airflow *°.
Moreover, bundle protrusion may alter tracheal airflow profiles and particle deposition
patterns. Second, because the bundle is composed of airway smooth muscle, it could
contribute to airway hyper-reactivity, which people with CF commonly exhibit **. Last,
children with CF have increased airway smooth muscle mass on biopsy **. Evidence of

increased airway smooth muscle mass in newborn and three week old CF pigs may
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suggest that increased airway smooth muscle mass in children with CF may, in part, be a

direct consequence of CFTR disruption.

Airway Size, Shape, and Distensibility

Three week old CF pigs have size reduction of proximal but not distal airways.
This unique pattern of size reduction is highly similar to that observed in newborn CF
pigs. In newborn CF pigs, we initially attempted to identify the pattern of airway size
reduction with conventional CT imaging. However, with this imaging modality we
lacked sufficient spatial resolution to visualize any but the proximal most airways of
newborn pigs. Instead, we used micro-CT, which has greater image resolution than
conventional CT, to image pig’s right upper lobe. In this lobe, we found proximal but not

distal airway size reduction .

Proximal airway size reduction in three week old CF pigs and newborn CF pigs is
likely to have the same causal mechanism. We previously speculated this pattern of size
reduction to be related to the temporal order of CFTR expression in-utero. There is
evidence that CFTR is more highly expressed in early gestation than later gestation """°.
Therefore, it could be that CFTR is more important to airway development in early
gestation than in later gestation. The temporal order of CFTR expression may overlap
with the temporal order of airway formation in-utero, where large airways form prior to

distal airways.

On the functional level airway size reduction would likely increase airway
resistance. We did not measure airway resistance for the current study, but newborn CF
pigs have airway size reduction and increased airway resistance ‘. In addition, airways of

reduced size may be more susceptible to obstruction by mucus.

In 1974, Malcolm Green et al. coined the term “dysanapsis” (Greek: dys,
“unequal;” anaptixy, “growth”) to describe disproportionate growth between the lungs
and airways®®. CF pigs have dysanaptic growth because their proximal airways are small

compared to their lung volume. At the functional level, decreased airway size would
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reduce anatomic deadspace, and thus increase the percentage of inhaled air participating
in gas exchange, while at the same time increasing airway resistance to airflow 8. Green
et al. observed that people with disproportionately large airways had greater maximal
expiratory flow rates .

The CF pig may inform upon the limits of lung and airway dysanapsis. Three
week old non-CF pig trachea cross-sectional area normalized by lung volume ranges
from 0.08 to 0.18 mm?/cm?® at 25 cm H,O. This wide range implies that under normal
conditions (non-pathological), there is a large amount of plasticity between airway and
lung growth: nature permits variation in size between the two. However, there must exist
an upper and lower limit. The CF pigs in this study range from 0.04 to 0.10 mm?/cm?,
and thus between both genotypes the range is 0.04 to 0.18 mm?cm®. We therefore
know, this range to be compatible with life in three week old pigs, with the CF pigs
possibly approaching the lower limit.

Airway distensibility was reduced in the right and left main bronchus of three
week old CF pigs. There are at least two likely contributors to this. First, reduced
distensibility may stem from abnormal CF airway allometry. If bronchial wall thickness
is no different between genotypes, yet the CF airways are reduced in lumen size, then the
ratio between wall thickness and airway lumen size would be elevated in CF pigs. This
may function like structural reinforcement, and consequently, the airways resist change in

size and are less distensible.

Second, abnormal airway smooth muscle may contribute. We know from prior
studies that newborn CF pigs have increased basal airway smooth muscle tone 2. We
also know that acute augmentation of CFTR using ivacaftor in adults with G551D-CFTR
results in increased airway distensibility, most likely caused, in part, by a relaxation of
airway smooth muscle (Chapter 5) ®°. We have not directly assessed smooth muscle tone
in three week old CF pigs, but studies of newborn CF pigs, and adults with G551D-CFTR
raise the possibility of increased tone, which could, in turn, contribute to decreased CF
pig airway distensibility.
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The airway distensibility coefficient of variation was greater for CF than non-CF
animals. What might cause increased CF heterogeneity? Abnormal airway structure may
contribute. Evidence of structural defects in newborn CF pigs includes abnormal tracheal
cartilage rings, and decreased airway circularity. We did not assess cartilage structure in
the current study, but we did find three week old CF pigs to have reduced tracheal and
bronchial circularity. These could be evidence of underlying structural irregularities.
Irregular airway structure could biomechanically destabilize airways, perhaps
predisposing them to collapse, even independent of an increased wall thickness to lumen
size ratio. In support, the TMEM16A-/- mouse has irregular tracheal cartilage and

tracheomalacia .

Abnormal airway smooth muscle behavior could contribute to this heterogeneity.
Perhaps, there is more variation in airway smooth muscle tone between bronchial
segments of CF airways than non-CF airways, and the differences in distensibility
heterogeneity reflect this. In support, asthmatics exhibit more variable airway size
reduction in response to methacholine than do non-asthmatic controls %, Granted, the
mechanisms of airway size change between the asthmatics study and our study in pigs
was different (methacholine vs. airway pressure), but the results are analogous, and both

consistent with heterogenous smooth muscle behavior.

Heterogenous CF airway distensibility could have a number of functional
implications regarding obstruction, particularly if our findings in the right and left main
bronchus are representative of the airway tree as a whole. Increased heterogeneity
suggests variability in the way airways change in size in response to pressure changes. It
suggests that some airways have limited size change in response to pressure changes,
while others change greatly. The ones that change greatly may be predisposed to
collapse, potentially causing obstruction of all downstream airways. Air trapping is a
consequence of obstruction and is present in newborn CF pigs ’, and as many as 2 of 3
infants with CF °. Perhaps heterogenous airway distensibility contributes to this

phenotype.
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Congenital Defects and CFTR Restoration

Over 5% of people with CF are taking the CFTR potentiator, ivacaftor.
Additional drugs targeting other CFTR mutations are currently being tested and
developed. Recent advances in gene therapy have shown evidence of CFTR restoration

in animal models 2% &

, raising the possibility of CFTR gene therapy for people with
CF. Clinicians and researchers envision a future in which CFTR can be rescued by a
drug, or replaced by a virus, theoretically providing cure-like treatment for people with

CF.

What effect would such therapies, presumably applied postnatally, have on
congenital airway abnormalities? Congenital defects, similar to those found in the pig,
may spontaneously correct themselves in the face of CFTR restoration. Such a result
would have several implications. It would suggest that chronic loss of CFTR is required
to “maintain” defects throughout airway growth and development. It would also
emphasize the importance of newborn screening for CF. Presumably, CFTR restoration
would be more effective at rescuing airway growth and development defects if applied

earlier in life than later.

In contrast, it is possible that post-natal CFTR restoration would not rescue
congenital airway defects. In this scenario, with CFTR restored, and presumably
minimized lung disease and general morbidity (e.g. pancreatitis, sinusitis, etc.), abnormal
airway growth and development may represent the most salient manifestation of in-utero
CFTR disruption. What impact might congenital defects have? Newborn pigs with CF
have reduced airway size "®. This abnormality likely contributes to their increased
resistance to airflow ’. Infants with CF may share this phenotype . In addition, infants
and children with CF have increased rates of tracheomalacia, potentially life-threatening
episodes of tracheal collapse 3. In this scenario, prevention of congenital defects would

require restoration of CFTR in-utero.
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3.5 CONCLUSION

Study strengths. First, our study benefited from high-quality, standardized chest
CT scans acquired at 0 cmH,0 and 25 cmH,0O. Second, studies of infants with CF are
hampered by a lack of non-CF controls. Here, we assessed CFTR-dependent airway
development through non-CF to CF comparisons. Third, we were able to gain additional

insight by comparing the respective phenotypes of newborn and three week old CF pigs.

Study limitations. First, analogous studies in infants and children with CF would
be greatly informative. However, such studies are limited by technical and ethical
challenges. Hence, we examined three week old CF and non-CF pigs. Second, we were
unable to assess airway cartilage in the current study. However, given tracheal cartilage
abnormalities in newborn CF pigs (imaged with optical coherence tomography) &, CF
mice %, CF rats ¥, and adults with CF ®, we believe it likely that three week old CF pigs
have airway cartilage abnormalities. Third, we focused our airway assessment on the
right and left mainstem bronchi. Additional studies are required to determine if the
phenotype of the left and right main bronchi extend to other airways. Last, we were
unable to rule out infection and inflammation as causal factors in the CF pig airway
phenotype described here. However, the airway phenotype in three week old CF pigs is
highly similar to that of newborn CF pigs, which lack evidence of lung infection and
inflammation, suggesting a predominantly CFTR-dependent mechanism.

In three week old CF pigs we observed proximal airway size reduction, reduced
circularity in the trachea, reduced bronchial circularity, no difference in airway wall
thickness, and reduced, but relatively more variable bronchial distensibility. These
findings reinforce the possibility that CFTR plays a role in airway growth and
development, and that when CFTR is disrupted, abnormal airway development ensues.
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Figure 10. Lung volume and tracheal measurements in three week old CF pigs. All
measurements and images obtained from CT scans acquired at an airway pressure of 25
cmH,0. (A) Tracheal lumen cross-sectional area vs. animal body mass. P<0.05 for non-
zero slope, for both genotypes, respectively. (B) Lung volume vs. animal body mass.
P<0.05 for non-zero slope. (C) Lung volume normalized by body mass. (D) CT scan
images of a three week old non-CF and CF pig trachea. (E) Tracheal lumen cross-
sectional area normalized by body mass. (F) Average tracheal wall thickness normalized
by body mass. (G) Tracheal inner wall circularity. Data are mean and SEM. *P<0.05

37

www.manaraa.com



A. Non-CF B.Longitudinal Location of Bundle in CF Animals

Anterior .
Location NB 3 Wk
R 29%| 29%
F e
88% | 76%

CF
¢
' 75% | 59%
‘ Carina

0% | 18%
C.Angle & Width D. BundleAngle E. Bundle Width F, Bundle Widthvs.

.

3 Weeks Newborn

Measurement sro (degrees) 16 (mm) 20 Body Mass
®
Tracheal . J x 1
Wall ", . _ ° 9 o
Bundle‘;O,Anterlor 240+ e %
i i Angle .
270°¢ 9 90°
Right\ v . Left 210+ =
e 180
Width™ Posterior 1804 . . .

NB 3Wk
G.

Anterfor

| . | Tracheal [
|Bronchus

Volume
Render
Of Scan

Figure 11. A CT-based description of tracheal airway smooth muscle bundles in CF pigs.
(A) Newborn and three week old CF animals have tracheal airway smooth muscle
bundles (arrows) on CT while non-CF pigs lack them. (B) Longitudinal location of
bundles in newborn (NB) and three week (3 WK) old CF pigs. Data presented as
percentage of CF animals scanned. (C) Diagram illustrating bundle angle and width
measures. (D) Bundle angle in newborn and three week old CF pigs. (E) Bundle width
in newborn and three week old CF pigs. (F) There was a statistically significant, linear
correlation between bundle width and pig body mass. (G) A bundle on CT (arrow) of a
347 day old CF pig (left), and corresponding CT scan volume render (right). In the
volume render the anterior half of the scan has been cut away to more easily visualize the
bundle (arrows), pseudo-colored. Data are mean and SEM. *P<0.05
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Non-CF CF
=

Figure 12. Tracheal histology from one newborn non-CF and CF pig. The non-CF
trachea lacks evidence of tracheal airway smooth muscle bundles. The CF trachea does
have a smooth muscle bundle, most prominent at location C, D, and E (arrows). Three
CF pig sections are enlarged. Scale bar is 1 mm for both non-CF and CF, respectively.
Staining with Masson’s trichrome.
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Figure 13. Bronchial airway measurements. (A) A three week old non-CF porcine
airway lumen tree. Many airways have been digitally pared to focus on the trachea and
airway segments (numbered) of the right and left main bronchus. (B) Average bronchial
wall thickness. (C) Average inner circularity. (D) Bronchial airway lumen size ordered
by bronchial segment numbers that correspond to the airway lumen diagram in Part A.
Data are mean and SEM. *P<0.05
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Figure 14. Airway distensibility. (A) Tracheal distensibility. (B) Bronchial
distensibility is reduced in three week old CF pigs. (C) Three week old CF pigs have
increased distensibility coefficient of variation. Data are mean and SEM. *P<0.05
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CHAPTER 4: CF PIG LUNG DISEASE ON CT IMAGING AT THREE WEEKS OF
AGE AND CORRELATIONS WITH HISTOLOGY AND BACTERIA

4.1 INTRODUCTION

People with CF are thought (with limited evidence) to have relatively normal and
healthy lungs at birth. Over years and decades their lungs transition from health to
advanced disease. While advanced CF lung disease is well characterized, the transition
from health to disease is not. Understanding the mechanisms behind this transition is

required to prevent CF lung disease pathogenesis.

Characterizing this transition would be very difficult in children and neonates
with CF, the time at which CF lung disease likely begins. Reasons like this are why we
created a porcine model of CF. We know that at the newborn time point, CF pigs lack
lung infection and inflammation. We also know that over months to a year they develop
advanced lung disease °. Similar to people with CF, we do not how the CF pig lung
transitions from relative health at birth to advanced disease later on.

To better understand this transition process we studied non-CF and CF pigs at the
three week age point. Primarily using chest CT, we sought to answer a number of
questions. Do three week old CF pigs show signs of disease on CT? If so, can we
quantify it? Do CT findings correlate with measures of infection and inflammation?
Answering these questions will help us better understand early aspects of CF lung
disease. This study will help establish the “normal progression” of CF pig lung disease
through three weeks of age, setting the table for invaluable future comparative studies

involving various therapeutics.
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4.2 METHODS

This is intended to be a brief methodological description. Additional
methodology is presented on an as needed basis throughout the Results and Discussion

sections.

CT Scan Acquisition and Analysis

We previously described the CT scan acquisition methodology in Chapter 3. It is
also as described in a previously published manuscript from our group ’. We generated
left and right lung masks with Apollo. Apollo generated an initial lung mask, and then
these masks were edited manually as needed. We then used the lung masks and scans to

generate HU histograms in Matlab.

We generated a number of HU histograms for each lung CT scan. These included
whole lung histograms, histograms on a lung thirds basis (both cephalad, middle, and
caudal, as well as anterior, middle, posterior), and histograms on a lung sixths basis —
along the same axis as the lung thirds. Our Matlab code generated 18 descriptive
statistics for each histogram. These included the following: % of voxels between -1024
and -950 HU, % between -950 and -850HU, % between -850 and -500HU, % greater than
-500HU, maximum HU, minimum HU, histogram skewness, histogram kurtosis, mean
HU, standard deviation of HU, HU coefficient of variation, lung volume, % of voxels less
than -856 HU, mode HU, HU quartile 1, HU quartile 2 (median), HU quartile 3, and HU
IQR. Although we generated many histogram statistics, we report only upon mode HU,
mean HU, and HU IQR. We generated histograms at 25 cmH,0 and 0 cmH,O for 8
newborn non-CF pigs, 8 newborn CF pigs, 17 three week old non-CF pigs, and 11 three
week old CF pigs, a total of 110 scans. Sandeep Bodduluri of the Reinhardt Laboratory

helped with histogram data generation.
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Bacterial Analysis

Small tissue samples were obtained from six lung zones at necropsy. These zones
included: the right and left cephalad (toward the head), the right and left middle, and the
right and left caudal (toward the tail). Lung homogenate samples were serially diluted
and plated onto agar. Standard microbiological procedures were used to identify and
quantify bacteria, including the number of colony forming units (CFU). Bacterial
analysis was similar to that described in Stoltz et al. ®. Drake Bouzek of the Stoltz

Laboratory led this portion of the project.

Histological Scoring

Lung tissue samples were collected at necropsy and prepared for histology.
Histology was scored for the presence and degree of mucus accumulation in the airways.
Mucus scores ranged from 0 to 3 where 0 indicated normal mucus, 1 indicated a mild rim
along the wall or mucus string into the lumen, 2 indicated partial, but less than 50%,
lumen obstruction, and a score of 3 indicated greater than 50% obstruction of the airway
lumen by mucus. Histology was also scored for the presence and degree of
inflammation. A score of 0 was considered normal. A score of 1 indicated rare
exocytosis of polymorphonuclear cells (PMNs) into the airways. A score of 2 indicated
multifocal PMN aggregates in the airways. A score of 3 indicated locally extensive
regions of PMN infiltration into airways. Histological scoring was completed by the
laboratory of Dr. David Meyerholz.
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4.3 RESULTS

Air Trapping and Airway Mucus in Three Week Old CF Pigs

Air trapping is the excessive retention of air upon exhalation, and is caused by
obstruction to airflow. In people with CF air trapping is among the earliest signs of
disease on CT % is predictive of future pulmonary exacerbations %, and is a risk factor
for bronchiectasis *. Air trapping may also contribute to abnormal airway smooth muscle
behavior. By reducing vital capacity, air trapping impairs the ability of a deep inspiration

to relax airway smooth muscle *.

We previously reported that newborn CF pigs have more lung zones (left, right,
upper, middle, lower) with air trapping than newborn non-CF pigs ’. We hypothesized
this phenotype to persist through three weeks of age. Similar to studies of infants with
CF °, and consistent with prior published work from our lab ’, we implemented a scoring
system to quantify air trapping in non-CF and CF pigs. We had genotype blinded
pulmonologists independently score for the presence of air trapping within each lung
zone on expiratory (0 cmH0) scans (Figure 15A, 15B). Air trapping was considered
present if at least two of the three scorers indicated air trapping. We found that, on
average, three week old CF pigs had more lung zones with air trapping present than three

week old non-CF pigs.

Air trapping is often caused by airway obstruction. One chief cause of airway
obstruction in CF is accumulation of mucus in the airways. Based upon this, we
hypothesized that the degree of airway mucus accumulation would correlate with the
degree of air trapping. We quantified the degree of airway mucus accumulation with a
histological based scoring system. The scores ranged from 0 to 3 where 0 indicates no
mucus abnormality, and a score of 3 indicates that over 50% of the airway lumen was
obstructed by mucus. Histological scoring was completed by the laboratory of Dr. David
K. Meyerholz. We found three week old CF pigs to have significantly more mucus in
their airways than three week old non-CF pigs (Figure 16A). In addition, we found a

statistically significant, positive, linear correlation between the degree of mucus
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accumulation in the airways on histology, and the degree of air trapping as scored from
chest CT scans (Figure 16B).

Lung Hounsfield Unit Analysis — 0 cmH,0

We performed lung HU analysis of chest CT scans taken of three week old non-
CF and CF pigs at an airway pressure of 0 cmH,O (Figure 17). We assessed HU
histograms on both a whole lung and regional lung basis. Perhaps HU analysis will
reveal disease-caused alterations in CF pig lung density.

We first asked if there were genotype differences in whole lung HU histograms
(Figure 18). Upon visual inspection, the HU histograms do not clearly differ from each
other. Although we collected many HU histogram shape descriptors (listed in methods),
here we focused on average HU, mode HU, and HU IQR. Whole lung average HU,
mode HU, and HU IQR did not significantly differ between genotypes at 0 cmH,0.

We know that CF lung disease can affect some regions of the lung more than
others. Given this, we next repeated HU histogram analysis but on a regional basis.
Toward this, we digitally divided the lung into thirds on CT. The thirds consisted of the
upper (toward the head), middle, and lower (toward the tail) (Figure 19). There were no
statistically significant differences between genotypes in average HU, mode HU, or IQR
HU for any lung third (Figure 20).

There were statistically significant regional differences within non-CF and CF
pigs, respectively. In non-CF and CF pigs, average HU and mode HU were greatest in
the lower lung, intermediate in the middle lung, and the least in the upper lung. HU IQR
significantly differed between lung thirds in non-CF pigs, with the middle third having
the greatest IQR. However, there was no statistically significant difference in HU IQR
between lung thirds in CF pigs (Figure 20).

We next repeated our histogram analysis but for the lung zones (left, right, upper,

middle, lower). We found no differences between genotypes in average HU and mode
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HU for any of the six lung zones (Figure 21, 22). HU IQR was significantly greater in
CF pigs than non-CF pigs in the right upper zone, but none of the other five zones. We
plotted average HU, mode HU, and HU IQR as paired data points (Figure 23), and found
no statistically significant differences between genotypes. We did not find significant

correlations between HU histogram statistics and the air trapping scores.

Lung Hounsfield Unit Analysis — 25 cmH,0

We performed HU histogram analysis at an airway pressure of 25 cmH,0O (Figure
24). Upon visual inspection, the whole lung histograms for non-CF and CF pigs
appeared similar to each other. Whole lung average HU, mode HU, and HU IQR were
not statistically different between genotypes (Figure 25). Lung third HU histograms were
not clearly different between genotypes upon visual inspection (Figure 26). Moreover,
there were no statistically significant differences between genotypes in average HU,
mode HU, and HU IQR for any lung third (Figure 27). There were statistically
significant differences in average HU, mode HU, and HU IQR between lung regions
within non-CF but not CF pigs (Figure 27).

Histogram analysis by the six lung zones (Figure 28) revealed no statistically
significant differences in average HU, or mode HU between non-CF and CF pigs for any
of the six lung zones. HU IQR was significantly greater in the CF pig right upper zone
compared to non-CF, but was not significantly different between genotypes for the other
five lung zones (Figure 29).

Closer examination of the histogram shape descriptors suggested additional
genotype differences. The IQR, though only statistically different between non-CF and
CF pigs in the right upper zone, was elevated, on average, for all six lung zones. If CF
pigs were no different than non-CF pigs, we might expect the IQR HU for CF pigs to be
greater than the non-CF IQR HU in half of the zones, and less than the average non-CF
IQR HU in the other half. An elevation in all six zones was statistically significant with a

Chi-square test (P<0.05). Average HU was increased for CF in five of six zones
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(P>0.05). Average HU and HU IQR, but not mode HU, were significantly different
between genotypes if plotted as paired per animal averages (Figure 30). These data
suggest there are differences in the lung density profile between three week old non-CF
and CF pigs at 25 cmH,0.

Lung Hounsfield Unit Histogram Analysis — Variability Score and Lung Infection

HU histogram analysis suggests that three week old CF pig lungs may be more
variable in tissue density than non-CF animals. What might cause such variability? One
possibility is infection. Infection may result in radiographic opacities in the lung, which
in turn, may cause more variability in HUs (Figure 31). We therefore hypothesized tissue
variability on CT to correlate with bacterial infection in CF pigs. We measured bacteria
by enumerating the number of bacterial colony forming units (CFU) from lung samples
acquired from respective lung zones, where a higher CFU corresponds to more bacteria
(more severe infection). We found CF pigs to have a trend for elevated levels of bacteria
(P=0.06).

We first asked if whole lung HU IQR correlates with a whole lung average of
CFU. We found that the linear correlation between these two variables did not reach
statistical significance. Knowing that manifestations of CF lung disease often exhibit
regional dependency, we next assessed correlations between CFU and HU IQR on a
regional basis. Figure 32 illustrates the IQR within each of the six lung zones for each
three week old non-CF and CF pig included in the study.

How should we correlate HU IQR with CFU? Should we correlate per animal
average of IQR across the six lung zones with CFU? We should not, because to correlate
that with whole lung CFU would require a weighted average where each zone is weighted
by its respective fraction of total lung volume. If we did that, then it would become a

whole lung average. We already investigated that and did not find a correlation.

Should we correlate the “Animal Max” (from Figure 32) with lung CFU? The

problem with this approach is that density variation within the lung is regional dependent.
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Would an “Animal Max” from Figure 32 represent variation due to infection, or natural
variation between lung regions? For example, recall from Figure 27, that the lower lung

is naturally more variable than the middle and upper lung.

To solve this problem we created a Difference Matrix (Figure 33C). To generate
the Difference Matrix we subtracted respective CF animal regional IQRs from the across
animal average non-CF IQR of the corresponding region. The Difference Matrix
measures the relative difference between CF and non-CF variability within specific

regions. See Figure 33 caption for additional explanation and an example.

Given the natural differences between respective lung regions, we then
normalized the Difference Matrix by the non-CF standard deviation on a regional basis,
Figure 33D. The rationale for normalization of the Difference Matrix by standard
deviation is to place all of the difference measures on the same scale. This way, we can
fairly compare across regions within the lung. The concept is similar to a Z-score in
statistics. For example, is the value of “12” in the Difference Matrix a large or small
difference? Answer: it depends upon the underlying distribution. If the standard
deviation of the underlying distribution is, for example, “500,” then we can infer a
difference of 12 to be relatively small, only 12/500 of one standard deviation. In contrast,
if the standard deviation of the underlying distribution is 3, then we know that a
difference of 12 is 4 standard deviations above the mean, a large difference. Figure 34

further illustrates the rationale behind standard deviation normalization.

Normalization using standard deviation is meaningful if the underlying
distributions are normally distributed. To test this we formed QQ-plots of non-CF IQR
on a regional basis, (Figure 35). A straight QQ plot line indicates a normal distribution.
Our QQ plots resemble straight lines, suggesting they do not greatly differ from a normal
distribution. This implies there is utility in normalization of the Difference Matrix by

non-CF standard deviation.

Figure 36 summarizes the process by which we converted regional IQR measures
into the standard-deviation-normalized Difference Matrix, henceforth referred to as the

“Variability Score.” Figure 36A shows the equation used to calculate the Variability
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Score. Itis very similar to a Z-score in statistics. This score indicates the variability of
lung tissue HUs within specific lung regions of CF animals, relative to the average tissue
variation across non-CF animals within the same region. By mathematical definition, a
CF animal with a Variability Score of 0 would have the same tissue variability as the
non-CF average. A Variability Score below zero indicates less tissue variability than the
average non-CF animal, and a Variability Score above zero indicates more tissue
variability than the non-CF animal average (Figure 36B). Figure 36C shows the
Variability Scores for each lung zone within each CF animal. Importantly, the
Variability Score controls for natural variations between different regions within the lung,

and consequently we are able to fairly compare across different lung zones.

Does the Variability Score pass the “eye test?” Does the gross appearance of the
scans visually match the Variability Score? Figure 37 shows an example. In this figure
we juxtaposed CT scan images with their respective Variability Scores. Upon visual
inspection, the regions with low Variability Scores appear to have little parenchymal
variation, and the regions with high Variability Scores have more parenchymal variation.
In Figure 38, we extended this juxtaposition to the entire data set. Again, upon visual
inspection the Variability Score appears to match the appearance of HU variation.

Does the Variability Score correlate with infection? We performed a regional
bacterial analysis from the same six regions of the lung that we used for CT scan analysis
(six lung zones). We quantified bacteria by enumerating the number of bacterial colony
forming units (CFU) that the lung samples produced. There was a statistically
significant, positive, linear correlation between Variability Score and CFU when we
included every lung zone from every animal (Figure 39C). In addition, there was a
statistically significant, positive, linear correlation between the region of maximum
Variability Score within an animal with the region of maximum CFU within an animal
(Figure 39D).

Which region of the lung was the most variable? To answer this question we
identified the region within each CF animal with the highest Variability Score (Figure
40A). The right upper zone was the most variable in 5 of 9 animals, the right lower in 2

of 9 animals, the left middle and left lower in 1 of 9 animals, and the left upper and right
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middle in 0 of 9 animals. This distribution significantly differed from that of a random
distribution (Chi-square test, P<0.05, Figure 40B).

We next computed the Variability Score for newborn CF pigs, using newborn
non-CF animals as the reference (analogous to using three week old non-CF pigs as the
reference for three week old CF pigs). We then compared the newborn CF pig
Variability Score to the three week old CF pig Variability Score (Figure 41A, 41B). We
know from previous publications that newborn CF pigs lack infection and inflammation
at birth. Given this, we hypothesized Variability Scores in three week old CF pigs to
exceed those of newborn CF pigs. On average, Variability Scores in three week old CF
pigs were elevated compared to newborn CF pigs in all six lung zones (P<0.05, Chi-
square Test, Figure 41C). After regionally pairing, Variability Scores were significantly
greater in three week old CF pigs than newborn CF pigs, especially in the right upper
zone, Figure 41D. Right upper zone Variability Scores had a linear, statistically
significant relationship with bacterial CFU in three week old CF pigs (Figure 41E).

4.4 DISCUSSION

Mucus and Air Trapping

At birth, CF pigs have more air trapping than non-CF pigs. This phenotype
persists through three weeks of age. What might cause air trapping in CF pigs? We
know that air trapping in newborn CF pigs is not due to accumulation of mucus,
infection, or inflammation, because newborn CF pigs lack evidence of these in the lungs
’_ However, it is possible that congenital airway abnormalities including reduced airway

size and circularity contribute to air trapping in newborn CF pigs .

One likely contributor to the air trapping phenotype in three week old CF pigs is
accumulation of mucus in the airways. CF animals had more accumulation of airway
mucus than non-CF animals, and the degree of airway mucus accumulation in CF animals
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correlated with the degree of air trapping. Accumulation of mucus in the airway can

cause air trapping by preventing airflow downstream to the site of mucus obstruction.

Previously published papers illustrated a mucus defects in the newborn CF pig.
First, in submucosal glands in the airways of newborn CF pigs secrete mucus, however,
after secreted, the mucus strands often fail to detach from the submucosal gland resulting
in a stagnant strand of airway mucus *°. Second, newborn CF pigs have increased airway
surface liquid viscosity °”. These phenotypes, which are present at birth in the CF pig,
may have contributed to the increased accumulation of airway mucus in three week old
CF pigs, and to their air trapping phenotype. This is further supported by the observation
that three week old CF pigs had significantly more air trapping than newborn CF pigs,

which lack evidence of mucus accumulation &,

Air trapping caused by mucus obstruction in CF pigs parallels findings in human
CF studies. Robinson et al. published a study examining the relationship between airway
mucus and air trapping in children with CF %2, They performed a double-blind, placebo
controlled, before drug-after drug study using Dornase alfa, an aerosolized DNase.
Dornase alfa reduces airway mucus viscosity by selectively cleaving DNA suspended in
mucus. This DNA is largely from dead neutrophils and bacteria. In the Dornase alfa
group they observed an increase in FEV; and a reduction in air trapping. These results

suggest that abnormal mucus can cause airflow obstruction and result in air trapping.

Regional variation in HU within non-CF and CF animals

The upper lungs were less dense on CT at both 0 cm H,0 and 25 cmH,O in non-
CF animals. This likely reflects natural density gradients between the dependent and
nondependent regions of the lung. The nondependent lung is less dense because 1) due to
gravity more blood is drawn to the dependent lung than the nondependent lung, and 2)
the intrapleural pressure is greater in the nondependent lung which helps pull open the

alveoli, lowering the density "* %.
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For a pig scanned supine, the dependent zone would be the posterior aspect, and
the nondependent zone the anterior aspect. We performed our histogram analysis on an
upper (cephalad), middle, lower (caudal) basis. This begs the question, why do our
histograms follow the pattern of dependent and nondependent lungs? The likely answer
is that the lower lung (caudal), by natural porcine anatomy, is half or more made up of
posterior (dependent) lung of a supine scanned pig (Figure 42) while the upper third has
the greatest percentage of nondependent lung, and the density pattern we observed in the
histograms is a reflection of this.

The natural density gradient between dependent and nondependent regions can be
altered by various lung pathologies, for example, emphysema and ARDS **®°. Given
this, it is interesting to note that in non-CF pigs, at 25 cmH,0, there were statistically
significant differences between the upper (cephalad), middle, and lower (caudal) lung in
average HU, mode HU, and HU IQR, but not in CF pigs. Might this be an early sign of

CF lung disease?

Lung Hounsfield Units: Genotype Differences

Three week old CF pig lungs had greater variability in parenchymal density
profiles at 25 cmH,0. Increased heterogeneity was likely caused mostly by an increased
number of focal opacities. These focal opacities increased the average HU but had little
effect upon mode HU which is relatively outlier robust. Genotype differences were less
pronounced on 0 cmH,0 scans. Why might this be? Likely, regional opacities in CF
animals were “camouflaged” at 0 cmH,O, a pressure at which lung volume is naturally

reduced and lung density naturally increased.

How do these data compare with the literature? To our knowledge, there are no
studies featuring HU analysis in people with CF. In fact, there are few quantitative CT
scan studies in the CF literature, and even fewer that include non-CF controls. However,
our finding of increased HU heterogeneity in CF pigs agreed with a qualitative

assessment made by Lynch et al. in a CT scan study of 12 infants with CF (median age 8
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months): “The most common abnormal finding [in CF] was a poorly defined

heterogeneity of lung density *".”

Our findings seem to be consistent with a number of studies that invoked scoring
systems for quantification of CT findings. For example, Davis et al. used the Brody
Score to quantify lung disease in children under 4 years old with CF *®. These children
with CF were CT scanned following a pulmonary exacerbation (visit 1), and then CT
scanned again after intravenous antibiotics and airway clearance therapy (visit 2). On
visit 1 they found airway wall thickening, focal opacities, airway dilatation, and
hyperinflation. Note that all of these could contribute to HU heterogeneity. After
antibiotics and airway clearance therapy, Brody Scores decreased, reflecting
improvement. They did not perform HU histogram analysis. However, the Brody Score
assesses CT manifestations tied to HU heterogeneity (e.g. focal opacities). Therefore, a
reduction in Brody Score may be consistent with a reduction in HU heterogeneity.
Because this was a before antibiotics, after antibiotics study, it then follows that a
possible reduction in parenchymal heterogeneity was associated with a reduction in

bacterial infection, although additional studies would be required for verification.

Lung Infection and Tissue Variability on CT

From prior studies we know CF pigs lack lung infection at birth, but do have an
impaired ability to kill bacteria, and over time (months) develop lung infection with an
array of bacteria > °. Given this, it was not surprising that three week old CF pigs had
evidence of bacterial infection. Early life lung infection in the CF pig is consistent with a
number of studies that report lung infection in neonates with CF. First, Sly et al. reports
21% of infants with CF (median age 3.6 months) to be classified as infected, including
with Staphylococcus aureus, and Pseudomonas aeruginosa °. Second, using broncho-
alveolar lavage, Dakin et al. found lower respiratory bacteria in 14 of 22 infants with CF,
mean age 23 months *. Third, Hilliard et al. classified 12 of 25 infants with CF in their

study as infected *°.
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We found the degree of infection in three week old CF pigs to correlate with the
degree of lung parenchymal heterogeneity, as measured by HU IQR. These observations
have a number of implications. First, correlation between infection and lung tissue
variability may suggest that the status of one can be inferred, to a degree, by measuring
the other. Second, HU heterogeneity on CT may have been caused, in part, by bacterial
infection. Third, the structural lung disease commonly observed in adults with CF, may
initiate very early in life, and this initiation likely involves bacterial infection. This initial
infection may contribute to inflammation, tissue remodeling, and functional deficits.
Fourth, one three week old CF pig had no detectable lung infection and had very little
HU heterogeneity on CT. Interestingly, in the aforementioned studies by Sly, Dakin, and
Hilliard, not all neonates were classified as infected. Are some with CF spared early
infection, and if so, why? Answering these questions, while beyond the scope of the
current study, could inform upon CF lung disease pathogenesis. Fifth, this study raises a
number of questions regarding early life treatment of people with CF. At what age is it
appropriate to begin antibiotics? Should we begin antibiotics prior to evidence of
infection? What are the effects of chronic antibiotics on growth and development in

5-6, 101
H

infants and children? These, and similar questions, have been raised before and

additional studies are required to answer them.

Right Upper Lung Zone Disease

The lung zone with the most variable tissue in three week old CF pigs was the
right upper. This finding was consistent with prior CF pig and human CF studies & 4**.
More specifically, a prior study of older CF pigs (months to a year old) qualitatively
found the upper right zone to often have the most disease involvementon CT °. Ina
human CT scan study, Maffessanti et al. reported the right upper zone to have the most

disease in children (avg. 13 y.0.) with CF **.

What does the current study teach us about CF right upper lung disease? The CF
pig has a host of congenital airway abnormalities, might upper right lung disease be in

part congenital? This is unlikely, as Variability Scores of newborn CF pigs show the
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right upper zone to be, on average, the least variable zone. In three week old CF pigs, the
right upper zone was found to have the highest Variability Score in 5 of 9 pigs. The right
upper zone was most variable in only 1 of 8 newborn CF pigs. From this observation we
may infer the right upper tissue variability found in three week old CF pigs to develop

postnatally.

People stand upright, while pigs stand on four legs, yet people with CF and CF
pigs both get upper (toward the head) right lung disease. How should we interpret this?
Does this suggest a gravity nondependent mechanism? How might gravity affect disease

progression in the lung?

One illustration of gravity dependent pathology is infection by Mycobacterium
tuberculosis. This regional preference is associated with the ventilation to perfusion ratio
(V/Q). In lung physiology, V/Q is greatest in the nondependent lung (apex of the human
upright lung), and least in the dependent lung (bottom of the human upright lung, *°).
This, in large part, is due to increased perfusion in the dependent lung, simply because
gravity pulls more blood to that region. An increase in V/Q in the upper lung means
there is a relative paucity of deoxygenated capillary blood exchanging its CO, with the
oxygenated air. As a consequence, PO, is greater in the nondependent lung than the
dependent, and PCO; is greater in the dependent lung than the nondependent.
Mycobacterium tuberculosis naturally prefers higher oxygenation, and thus preferentially

infects the nondependent lung (upper) in humans .

If a similar process occurred in pigs, not necessarily with M. tuberculosis, but
with any O, loving bacteria, we would expect the pigs to get posterior disease
(nondependent lung), rather than right cephalad disease. To test this we calculated
Variability Scores as we did before, but instead of dividing the lung into six lung zones,
we divided the lung into the following sixths: left, right, anterior, middle, posterior. We

found the posterior lung third to have a below average Variability Score (Figure 43).

Regional differences in V/Q could potentially affect bacterial infection by another
mechanism. The PCO;gradient in the lung (caused by natural regional variation in VV/Q)

causes the dependent lung to be more acidic than the nondependent lung. We know from
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prior studies that acid-base balance plays a key role in airway defense. Newborn CF
pigs, which have decreased HCOs- secretion due to lack of CFTR function, naturally
have acidic airways, and an impaired ability to kill bacteria. When their ASL pH is
raised pharmacologically, their ability to kill bacteria is rescued %, In addition,
abnormally acidic pH impairs the effectiveness of antimicrobials B-defensin-3 and LL-37
192 Hence, a gravity dependent pH gradient in the lung could possibly lead to regional
dependent susceptibilities to infection. If this occurred in pigs, we would expect lung
disease to occur anteriorly (dependent lung). We found Variability Scores in the anterior
lung of three week old CF pigs to be below the overall Variability Score average. In fact,
under this regional stratification, the lung zone with the greatest degree of variability was

in the right, middle (along the anterior-posterior axis) zone.

If infection in the CF pig occurred in a gravity dependent manner, we may expect
the most disease either in the posterior, or anterior side. This is not what we observed.
We observed the most disease, as measured by the Variability Score, in the right upper
(cephalad) zone. Moreover, if the mechanism were related to gravity should it affect both

the left and right lung equally, rather than one side preferentially?

If right upper lung disease in CF is not congenital and not due to the effects of
gravity, then what could cause it? One potential explanation is abnormal particle
deposition patterns in CF. In a computational fluid dynamics (CFD) study, Awadalla et
al. observed that inhaled particles (which could represent dust, bacterial, and
miscellaneous particulate) preferentially travel to the right side of the lung. This
preference was likely, in part, because the CF pig branching angle at the carina
significantly differed from non-CF pigs, and preferentially directed particles to the right
side 1. Although this study observed a preference for right lung particle deposition in
CF rather than a right upper lung preference, it still raises the possibility of abnormal
particle deposition as a potential contributor to right upper lung disease in CF. Davis et
al. cite aspiration of gastroesophageal reflux (GER) as a possible explanation for CF right
upper lung disease . Children with CF have increased incidence of GER 1%+2%,
although why GER would preferentially affect the right (as opposed to right and left) is

unclear.
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This study does not pinpoint a cause for right upper lung disease, but its
prevalence in both humans and pigs with CF suggests that it is unlikely caused by a
gravity-dependent mechanism. The fact that newborn CF pigs lack evidence of right
upper lung disease at birth suggests that it develops postnatally. Infection likely
contributes to upper right lung disease because the degree of right lung zone variability

on CT correlated with the level of infection on bacterial culture.

Pathogenic Mechanisms of CF Lung Disease

It is extremely difficult to separate primary from secondary defects of CFTR
disruption in people with CF. Even infants show signs of lung infection and
inflammation. Inability to separate primary from secondary, has limited researcher’s
ability to identify “the roots” of CF lung disease. Identification of these “roots” is
required to treat underlying problems, rather than symptoms of underlying problems.

Recognition of this limitation was a key reason why our research group developed the CF
pig.

The hallmarks of CF lung disease are relatively well characterized and include
accumulation of mucus in the airways, chronic infection, and chronic inflammation.
Although the newborn CF pig lacks evidence of these in its lungs, it is primed to develop
them. The newborn CF pig has an impaired ability to detach mucus strands from
submucosal gland ducts *°, increased airway surface liquid viscosity >/, and has an
impaired ability to kill bacteria .

Three week old CF pigs have a trend for increased bacterial CFU, and increased
accumulation of mucus in the airways, but do not have elevated levels of inflammation.
These observations have a number of implications. First, researchers debate whether
infection precedes inflammation in CF, or vice-versa * 29”10 The results of this study,
and previously published work ®, suggest that infection precedes inflammation in CF
pigs. Second, the data in newborn CF pigs and the current study may suggest that an

impaired ability to kill bacteria, accumulation of airway mucus, and inflammation are, to
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a degree, independent of each other. In support, we were unable to find a correlation
between bacterial CFU, airway mucus accumulation, and inflammation in three week old
CF pigs. In addition, newborn CF pigs exhibit mucus and bacterial killing abnormalities
without infection, inflammation, and mucus accumulation. It then follows, that treatment
of a single defect (e.g. antibiotics to help offset impaired bacterial killing) may be
insufficient to entirely prevent lung disease. While mucus accumulation, infection, and
inflammation likely form a vicious cycle, each may be, to an extent, respectively
pathogenic independent of the other two.

This study in three week old CF pigs provides a basis of comparison for future
studies involving therapeutics. In such future studies we could systematically target
individual, putative, pathogenic mechanisms of CF lung disease. For example, we could
test the effect of bacteria on lung disease progression by treating pigs with antibiotics, or
raise them in a strictly bacteria free environment. We could test the effects of airway
mucus accumulation by treating pigs with mucolytics. We could test the effects of
congenital abnormalities by generating G551D-CFTR pigs, keeping them off ivacaftor
until birth, and then putting them on ivacaftor postnatally, and vice-versa. We could raise
CF pigs while on anti-inflammatories to test the effects of inflammation on lung disease.
We could assess the effectiveness of CFTR gene therapy approaches. All of these studies
would be extremely difficult to execute with humans as subjects, would inform upon
mechanisms of CF lung disease pathogenesis, and would inform on therapeutic options
for people with CF.

4.5 CONCLUSION

This study has a number of strengths and limitations. Strengths include: 1) High
quality, pressure controlled chest CT scans enable visualization and quantification of lung
characteristics. 2) Many studies of infants with CF are hampered by a lack of non-CF
controls. In the present study we drew inferences primarily based upon non-CF to CF
comparisons. 3) We were uniquely positioned to match histology to CT and bacterial

findings. Such studies are extremely limited in humans. 4) A correlation between air
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trapping scoring and histological mucus scoring suggest that each are meaningful and
sensitive measures. 5) Similarly, correlations between Variability Score and infection
suggest that each are meaningful and sensitive measures. 6) Comparison of the newborn
and three week old age points facilitated our analysis of early CF lung disease.
Limitations. 1) We used lung tissue heterogeneity as a marker of early CF lung disease
in pigs. Future studies are required to determine if this approach is well suited for
assessment of advanced CF pig lung disease or human CF lung disease. 2) Our animals
were CFTR-/-, while many mutations of CFTR maintain a degree of residual function
(e.g., AF508), CFTR-/- does not. Although, we previously report that the AF508-CFTR
pig phenotype mimics that of CFTR-/- animals %,

There is a growing appreciation that CF lung disease begins very early in life. We
have shown, in prior studies, that newborn CF pigs lack hallmark features of CF lung
disease including infection and mucus accumulation. This study shows these to
spontaneously develop in CF pigs within weeks of birth, and that several features of CF
lung disease are apparent on CT within weeks of birth in CF pigs. This study has helped
lay the groundwork for future CF pig studies testing various early-life therapies. Early-
life therapeutics may one day be part of normal care for people with CF, especially with
broadening implementation of newborn screening for CF. Early medical intervention

may alter the course and scope of lung disease in people with CF.
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Figure 15. Air trapping scores in newborn and three week old CF pigs. (A) For scoring
purposes we divided the lung into six zones. (B) CT scan slices highlighted regions of air
trapping (arrows) in a newborn CF pig at 0 cmH,0. (C) The average number of lung
zones scored as positive by genotype blinded pulmonologists. Data are mean and SEM.
(D) The percentage of pigs scored positive for air trapping in respective lung zones for
newborn and (E) three week old non-CF and CF pigs. Images from A, B, and D were
reproduced from ’. *P<0.05

61

www.manaraa.com



A. Histological B. Air Trapping Score
Mucus Score vs. Mucus Score
31 6- .
Q
* o
Q
) 44
o)
[
a
3
= 27
=
0 P<0.05
Non-CF CF 0 1 2 3
Mucus Score

Figure 16. Mucus and air trapping. (A) Genotype blinded histological scoring by a
pathologist revealed three week old CF pigs to have more airway mucus than three week
non-CF pigs. Data are mean and SEM. (B) There was a statistically significant,
positive, linear correlation between the number of lung zones with air trapping present
and the histological mucus score. *P<0.05
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Figure 17. CT images at 0 cmH,0O. Three week old non-CF (Left) and CF pig (right).
Scale bar 1 cm.
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Figure 18. Whole lung HU histograms for three week old non-CF and CF pigs. Average
+ SEM of whole lung HU histograms (top) with accompanying histogram statistics
(bottom).
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Figure 19. HU histograms by lung thirds at an airway pressure of 0 cmH,0. Box over
lung third at left denotes region of lung HU histogram. Lines are average + SEM.
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Upper -473£19 -46116
-401+19 -403131 NS
Lower -284+123 -317132 NS
P-Value S S
S A O T
Upper -525+30 -534134
-489+25 -487135 NS
Lower -261+38 -330150 NS
P-Value S S
I N N T
1779 21016
22019 211+12 NS
Lower 193*10 215%21 NS
P-Value S NS

Figure 20. Histogram statistics for lung thirds at 0 cmH,0O in three week old non-CF and
CF pigs. Data are mean £ SEM. P-values in the right column reflect genotype
differences within respective regions (Mann-Whitney Test). P-values in the bottom row
reflect regional differences within respective genotypes (Friedman Test). P<0.05 denoted
as “S.” P>0.05 denoted as “NS.”
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Figure 21. Regional HU histograms for three week old non-CF and CF pigs at an airway
pressure of 0 cmH,O. The solid lines represents an across animal average, and the
dotted lines represent SEM. Lung segmentations are on the left side of each histogram
and are color coded by lung region. A box encloses the corresponding lung region.
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Average | Non-CF CF P-Value P-Value

HU

Right -492+18 -4561+42 NS Right -538+29 -518167 NS

Upper Upper

Left -417+21 -459+31 NS Left -420+26 -457+39 NS

Upper Upper

Right -402+17 -403+33 NS Right -506+20 -458+68 NS

Middle Middle

Left -397+20 -399+28 NS Left -424+27 -444+33 NS

Middle Middle

Right -282+19 -321+31 NS Right -273130 -317+47 NS

Lower Lower

Left -284+26 -317+31 NS Left -2621+42 -316150 NS

Lower Lower
T G T

Right 16019 202+16 S

Upper

Left 16619 16318 NS

Upper

Right 22017 212+12 NS
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Left 209110 202+10 NS

Middle

Right 19119 206120 NS
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Figure 22. HU histogram shape descriptors for three week old non-CF and CF pig lungs
at 0 cmH,0O. These data correspond to the histograms shown in the previous figure.
“NS” denotes P>0.05, and “S” denotes P<0.05 with Mann-Whitney Test.
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Figure 23. Hounsfield Unit histogram results at 0 cmH,O for three week old non-CF and
CF pigs. These data correspond to the tabular results in the prior figure. Dots represent a
per-animal average within respective genotypes, and lines connect respective lung
regions between genotypes. Initials mark respective lung regions. *P<0.05
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Figure 24. Chest CT scan slices of a three week old non-CF and CF pig in the transverse
and coronal plane. Scans acquired at an airway pressure of 25 cmH,0O. Scale bar is 1 cm
for all images.
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Figure 25. Whole lung histogram analysis at an airway pressure of 25 cmH,O. (Top)
Average (solid line) plus/minus SEM (dotted lines) HU histograms for three week old
non-CF and CF pigs. (Bottom) Descriptive statistics of the above HU histograms. There
were no statistically significant differences between genotypes in these three descriptive

statistics. Bars represent averages £ SEM.
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Figure 26. HU histogram at 25 cmH,0 by lung thirds in the three week old non-CF and
CF pig. The solid lines represents an across animal average, and the dotted lines
represent SEM. Lung segmentations are on the left and color coded by lung third. A box

encloses the region of interest.
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Figure 27. HU histogram shape descriptors by lung thirds. Data are mean = SEM. P-
values in the right column reflect genotype differences within respective regions (Mann-
Whitney Test). P-values in the bottom row reflect regional differences within respective
genotypes (Friedman Test). P<0.05 denoted as “S.” P>0.05 denoted as “NS.”
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Figure 28. HU histograms of three week old non-CF and CF pigs at 25 cmH,0O for six
lung regions. The solid lines represents an across animal average, and the dotted lines
represent SEM. Lung segmentations are on the left side of each histogram and are color
coded by lung region. A box encloses the corresponding lung region.
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Average | Non-CF CF P-Value P-Value

XI
c
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Figure 29. HU histogram shape descriptors for three week old non-CF and CF pig lungs
at 25 cmH,0. These data correspond to the histograms shown in the previous figure.
“NS” denotes P>0.05, and “S” denotes P<0.05 with Mann-Whitney Test.

75

www.manaraa.com



Region Matched  Region Matched Region Matched
Average HU Mode HU HU IQR
-600- -700- 200-
*
LL
RL
-650- E 3 1504 E:\i
Ry -750- m
2 -700- R 2 @ 2 100-
LU
-800- e
-750- 504
-800-— ; 8501— . 0L— ;
Non-CF CF Non-CF CF Non-CF CF

Figure 30. Hounsfield Unit histogram results at 25 cmH,0 for three week old non-CF
and CF pigs. These data correspond to the tabular results from the prior figure. Dots
represent a per-animal average within respective genotypes, and lines connect respective
lung regions between genotypes. Initials label the six lung regions. *P<0.05
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Figure 31. Variability in lung density and variability in lung HU histograms. (Top), one
slice from a chest CT scan of a three week old CF pig. The right lung is traced with a

blue line and the left lung is traced with a green line. The right lung is relatively
homogenous in HU. The left lung is patchy and has radiologic opacities. (Bottom), HU
histograms for the right lung (blue line) and left lung (green line). The IQR is overlaid
Compared to the right lung, the left lung HU histogram has more variability, as indicated

by its greater IQR.
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A. Three Week Old Non-CF Pigs Regional HU IQR

Animal Animal Animal

Animal ID RU LU RM LM RL LL Ave. Max STDEV
Al 71 79 74 72 72 76 74 79 3
Bl 72 80 78 70 88 83 79 88 7
c| 82 106 92 95 138 177 | 115 177 36
p| 77 83 89 8 94 85 85 94 6
E| 94 101 98 8 96 90 95 101 5
Fl 119 91 103 97 104 100 | 102 119 9
G| 85 105 112 111 142 158 | 119 158 27
Hl 85 126 96 84 109 99 100 126 16
| 98 130 151 132 162 137 | 135 162 22
Reg.Avg.| 87 100 99 93 112 112
Reg. Stdev.| 15 19 23 19 29 36
B. Three Week Old CF Pigs Regional HU IQR
Animal Animal Animal
Animal ID _RU LU RM LM RL LL Avg. Max STDEV
)| 99 92 100 8 71 75 87 100 12
K| 177 95 87 79 76 82 99 177 39
L| 330 137 323 198 224 300 | 252 330 78
M| 90 92 114 109 257 312 | 162 312 97
N| 94 83 74 75 76 82 81 94 8
ol 145 127 162 140 295 228 | 183 295 65
Pl 105 98 141 133 183 170 | 138 183 34
Q| 73 100 132 133 143 133 | 119 143 27
R| 251 176 98 138 82 95 140 251 64
Reg.Avg.| 152 111 137 121 156 164
Reg.Stdev.[ 87 30 75 39 87 o5

Figure 32. Regional HU interquartile range (IQR) in three week old non-CF and CF pigs.
(A) 1QR for each of the six lung zones denoted as RU, LU, RM, LM, RL, and LL.
Animal average, max, and standard deviation (STDEV) as well as regional averages and
standard deviation. (B) Shows the same data but for three week old CF pigs.
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A. Three Week Old Non-CF Pigs C. Regional CF Animal IQR Subtracted from Non-CF

Regional HU IQR Regional Column Average. “Difference Matrix”

Animal Animal

ID RU LU RM LM RL LL ID__RU LU RM LM RL LL Max_STDEV

Al 71 79 74 72 72 76 J 12 -8 1 -10 -41 -37 12 21

B| 72 80 78 70 88 83 K 90 5 12 -14 -36 -30 90 a6

cf 82 106 92 95 138 177 L 243 37 224 105 112 188 243 80

p| 77 83 89 8 94 85 M 3 -8 15 16 145 200 200 88

E| 94 101 98 8 96 90 N 7 17 25 -18 -36 -30 7 15

Fl 119 91 103 97 104 100 o 58 27 63 47 183 11§ 183 58

G| 8 105 112 111 142 158 P 18 2 42 4 71 58 71 27

H 8 126 96 84 109 99 Q -4 0 33 40 31 21 40 21

| 98 130 151 132 162 137 R[ 164 76 -1 45 -30  -17 164 73
Reg. Avg.| 87 100 99 93 112 112 Reg. Avg. 65 11 38 28 45 52
Reg. Stdev.| 15 19 23 19 20 36 [Reg.Stdev. 87 30 75 39 87 95

B. Three Week Old CF Pigs D. Difference Matrix Normalized by non-CF
Regional HU IQR Regional Column STDEV. “Variability Score.”
Animal Animal
D RU LU RM LM RL LL D RU WU RM LM RL LL mMax STDEV
)| 99 92 100 8 71 75 J| 08 -043 003 -049 -1.38 -1. 0.80 0.77
K| 177 95 87 79 76 82 K| 599 -027 -054 -0.70 -1.21 -0.8 599 275
Ll 330 137 323 198 224 300 2636 195 987 543 38 517 1616 5.17
M| 90 92 114 109 257 312 M| 020 -043 065 0.85 495 5.50 550 258
Nf 94 83 74 75 76 82 N[ 047 -091 -111 -0.90 -1.21 -0.81 047  0.61]
O| 145 127 162 140 295 228 ol 38 142 277 244 624 3.19 624 164
P| 105 98 141 133 183 170 Pl 120 -0.11 1.84 208 243 1.60 243  0.90
Qf 73 100 132 133 143 133 Q -093 -001 145 208 107 059 208 1.07
R 251 176 98 138 82 95 R| 1091 4.02 -0.05 2.34 -1.01 -0, 1091  4.48
Reg.Avg.| 152 111 137 121 156 164 Reg.Avg.| 429 o058 166 146 152 1.44
Reg. Stdev.| 87 30 75 39 87 95 Reg.Stdev.| 579 159 331 202 296 2.60

Figure 33. Interquartile range data, Difference Matrix, and Variability Score. (A) IQR
for each lung zone for each three week old non-CF, and (B) CF animal. (C) The IQR
Difference Matrix for CF animals. To obtain this matrix we subtracted respective
regional IQRs of CF animals from the average regional 1QR across non-CF animals. For
example, Animal J has a difference of “12” in the right upper zone. To obtain this we
subtracted Animal J’s right upper zone IQR, which is “99”, from the average IQR across
all non-CF animals for the right upper zone, this is “87.” 99-87 = 12. (D) We next
normalized the Difference Matrix by the WT standard deviation (Regional Stdev from
Part A). Continuing our example with Animal J...the difference in the right upper zone
is “12.” We then normalized this by the non-CF standard deviation for the right upper
zone; this value 1s “15.” 12/15 = 0.8. We refer to this value as the “Variability Score.”
This table has been color coded by value, where the greatest value is red, the lowest
green, and intermediate values intermediate colors.
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Figure 34. Rationale behind normalization of the Difference Matrix by standard
deviation. (A) In this example, the difference is 12. Is that a large difference or a small
difference? Anwer: it depends upon the underlying distribution. If non-CF has a wide
distribution, then a difference of 12 is not far from the non-CF mean. If non-CF has a
narrow distribution, then a difference of 12 is large. (B) In this example, the non-CF IQR
standard deviation, denoted as o, is 15. Continuing this example, 12/15 = 0.8, hence, we
know that a difference of 12 is a little less than one standard deviation. Normalization by
standard deviation provides scale.
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Figure 35. QQ plots of the non-CF HU IQR for each of the six lung regions. QQ plots
resemble a straight line suggesting that the non-CF IQR distributions within each zone do
not differ greatly from a normal distribution. There are 9 points within each plot, each
representing a single non-CF animal.
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A. (CFIQR-WTIQR AVG)
Variability Score =
WT IQR STDEV

B. VariabilityScore Scale

6-5-432 10123456
A+

5
>

— —_—
CF is less variable CF is more variable
than Avg WT than Avg WT

CF variability = Avg WT variability

C. Variability Matrix

ID RU LU RM LM RL LL Aman;(al
J] 080 -043 003 -049 -1.38 -1.01 0.80
K| 5.99 -027 -0.54 -0.70 -1.21 -0.81 5.99
L| 1616 1.95 9.87 543 3.82 517 16.16
M 020 -043 0.5 0.85 4.95 5.50 5.50
N| 047 -091 -1.11 -0.90 -1.21 -0.81 0.47
ol 38 142 277 244 624 3.19 6.24
Pl 120 -011 184 208 243 160 2.43
Q -083 -001 145 208 1.07 059 2.08
R| 1091 4.02 -0.05 234 -1.01 -0.46 10.91
Reg.Avg.| 429 058 166 146 152 1.44

Figure 36. Variability Score. (A) The equation used to calculate Variability Score is a
modification of a Z-score calculation. It finds the difference in IQR between an
individual CF animal from the average non-CF animal and then normalizes this
difference by the non-CF standard deviation. (B) A Variability Score of O indicates that
the CF animal tissue variability equals the average non-CF tissue variability. A score less
than O indicates CF tissue variability that is less than the non-CF average, and a score
greater than 0 indicates that CF tissue variability exceeds the average non-CF variability.
(C) Color coded Variability Scores for three week old CF animals. The most variable
region is colored red, the least variable green, and intermediate variability is colored with
intermediate colors.
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A. Variability Score for Animal ID K

Animal
ID RU LU RM LM RL LL Max
JJ o080 -043 0.3 -0.49 -1.38 -1.01] 0.80
Ix[ 599 -027 -054 -0.70 -1.21 -0.81 5.99
L| 16.16 1.95 9.87 3 3.82 5.17 16.16
M| 020 -043 0.65 5 495 5.50 5.50
N[ 047 -091 -111 0 -1.21 -0.81 0.47
0 3.86 1.42 2.77 4 6.24 3.19 6.24
Pl 120 -011 184 8 243 1.60 2.43
Ql 083 -001 145 8 1.07 0.59 2.08
R| 10.91 4.02 -0.05 4 -101 -046 10.91
Reg‘ Avg_ 4.29 0.58 1.66 6 1.52 1.44
’ Right Left
Upper 5,99 -0.27
Middle .g.54 -0.70
Lower .1.21 -0.81

-1.21 -0.81 -0.70 -0.54 -0.27 5.99

--ml

€ |east variable most variable m=p

Figure 37. Using the Variability Score, an example. (A) The Variability Score matrix
with animal K highlighted. (B) A coronal plane slice from Animal K’s inspiratory chest
CT scan with the Variability Score listed adjacent to their respective lung zones. (C) This
CT image was “cut” into the six lung zones, and ordered from smallest to greatest
Variability Score. The visual appearance of the scans corroborates the score; the tissue
with the lowest Variability Score is homogenous and dark, while the tissue with the
highest Variability Score is patchy in appearance.
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Figure 38. CT images of three week old CF pigs with their Variability Score. This figure
is an extension of the previous figure, except rather than showing a scan and Variability
Scores for one CF animal, here we are showing scans and Variability Scores for all three
week old CF animals. Each zone from each three week old CF animal is shown as a
separate image. There are six zones per animal and nine animals total resulting in 54
zones in total. Images are arranged in order from lowest to highest Variability Score. In
general, upon visual inspection, the appearance of the tissue in the scan image
corresponds to the Variability Score, where more heterogenous tissues have higher
Variability Scores and the homogenous tissues lower scores.
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A. Variability Score Matrix for CF Animals

D RU W RM LM RL L “gma
J| o8 -043 0.03 -0.49 -1.38 -1.01 0.80
K| 599 -027 -054 -0.70 -1.21 -0.81 5.99
L| 2616 195 9.87 543 3.82 5.17 16.16
M| 020 -043 065 0.85 495 5.50 5.50
N| 047 -091 -1.11 -090 -1.21 -0.81 0.47
ol 38 142 277 244 624 319 6.24
Pl 120 -011 1.84 208 243 1.60 2.43
o -093 -001 145 208 107 0.59 2.08
R| 1091 4.02 -005 2.34 -1.01 -0.46 10.91

Reg| 429 o058 166 146 152 144

Avg.

B. Regional Lung CFU from Three Week Old CF Pigs
D RU WU RM LM RL L Apimal
J 0 0 na na 0 0 0.00
K| 4.83 4.74 na na na 4.88 4.88
L| 6.53 4.85 na na 6.70 5.28 6.70
M| 226 | 417 | 223 | 281 | 305 [ 330 | 417

N|na na na na na na
ofl 149 [ o 0 | 171 | 348 | 205 | 3.8
Pl 367 | 132 | 345 | na | 230 | 191 | 367
Q 0 0 1.04 0 1.04 0 1.04
Rl 349 | 336 | 338 [ 354 | 332 | 323 ] 354
Reg| 278 231 202 201 284 257
Avg.

N
T

-
(3]
1

-
o
1

Variability Score
a

o

Max Variability

P<0.05
T T T 1

2 4 6 8
Max CFU

Figure 39. Variability Score and infection correlation. (A) Variability matrix for three
week old CF pigs. (B) Regional CFU data for three week old CF pigs. Count in log+1.
“na” designates “not any”, meaning no specimens were collected for bacterial analysis.
(C) There was a statistically significant, linear, positive correlation between regional
Variability Score and regional CFU. (D) There was a statistically significant, positive,
linear correlation between the within animal maximum Variability Score and the within
animal maximum CFU. Pearson’s Correlation Coefficient was used to determine the
significance of correlation.

85

www.manaraa.com



A. Variability Score Matrix for CF Animals

Animal
U RM LM RL LL ‘Max:

-043 0.03 -049 -1.38 -1.01 0.80
-0.27 -0.54 -0.70 -1.21 -0.81 5.99
195 987 543 382 5.17 16.16
-043 065 0.85 4.95@ 5.50

091 -1.11 -0.90 -1.21 -0.81 0.47
142 277 2.4 3.19 6.24
011 184 1.60 2.43
-0.01 145| 2.08 107 059 2.08

4.02 -0.05 234 -101 -0.46 10.91

Reg| 429 o058 166 146 152 144
Avg.

B. Does the above distribution differ from random?

Chi-square Table

Region Expected Observed
R. Upper 1.5 D
L. Upper 1.9 0
R. Middle 1.5 0
L. Middle 1.5 1
R. Lower 1.5 2
L. Lower 1.5 1
mm) P<0.05

Figure 40. Regional analysis of Variability Score. (A) Boxes enclose the highest
Variability Score within animals. (B) Using a Chi-square test we determined that the
regional distribution of within animal maximum Variability Score for the three week old
CF pig population differed significantly from a random distribution. Chi-square table
entries represent number of animals. With 9 animals in the study and six lung zones, we
would expect 1.5 animal’s most variable zone to be the right upper, and 1.5 the left upper,
etc.
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A. Newborn CF Pig B. Three Week OId CF Pig

Variability Score Variability Score
ID RU Il U RM LM RL LL ID RU LU RM LM RL LL
s| 0.70 0.34] 354 075 0.52 071 I 080 0.0 R
7/ -134 057 -059 -034 028 0.25 Kl 5.99 (1-027 RS O T DR et
ul 010 023 047 036 071 012 ~l| Mozo' .;':: :':: ‘;":: i':: :;:
v| 1.06 184 028 075 057 213 N on I
w| 223 011 018 036 0.18 0.87 ol azs 142 277 24sEEE 813
x| 0.63 08 0.85 075 1.05 1.75 Pl 120l 13s 208 248 160
Y[E0:25 0.921-0.0111.30 052 0.41 Q| 093 -001 145 208 107 059
z| -1.48 -1.38 -0.40 0.52 -0.16 0.41 R| 1091 402 -0.05 234/-1.01 -04s
Reg.| 0.18 0.40 054 056 0.46 0.83 Reg| 429 o058 166 146 152 1.44|
Avg. Avg. |
C. 13 D. & X
. Newborn CF .
[J] (] U
513 3 Week CF S 4
Q o
["a] Ld w)
> . > 31
s =
AR ST S N Y
3 L ™ —
© . . . T 14 LM
> & ot 'I‘ wl T 27 >
oy
1'?,“. ';i-é BL T, LSS o v
RU LU RM LM RL LL NB 3WK

E. Variability Score vs. CFU in
Right Upper Zone of Three
20qWeek Old CF Pigs

Variability Score

Figure 41. Newborn and three week old CF pig Variability Scores. (A) The newborn CF
pig Variability Score table. As the three week old CF pig Variability Score is relative to
three week old non-CF animals, the newborn CF pig Variability Scores are relative to
newborn non-CF pigs. Color coded by degree of variability. (B) Variability Scores in
three week old CF pigs. (C) Variability Scores of newborn and three week old CF pigs.
This is a graphical form of the matrices from Part A and B. There were no statistically
significant differences between animal groups within any of the six lung zones.
However, notice that within each zone three week old CF animals are greater than
newborn CF animals on average. Bars represent average + SEM. (D) Paired newborn
(NB) and three week old (3 WK) CF pig average Variability Scores. Each dot represents
a regional average from the matrices in A and B, or the average bars in Part C. (E)
Variability Score significantly correlates with CFU in the right upper zone of three week
old CF pigs. *P<0.05
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Nondependent 0.005-
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Figure 42. Dependent and independent lung zones in the pig. (Top) In the supine
scanned pig, the anterior lung is nondependent and the posterior dependent. HU
histograms at 0 cmH,0 of the anterior, middle, and posterior thirds, show the anterior to
be the least dense, the posterior the most dense and the middle, intermediate. (Bottom)
The lung divided into upper, middle, and lower thirds with accompanying HU histograms
at 0 cmH,0. Dotted lines approximate anterior, middle, and posterior thirds on the lung.
The HU histograms indicate the upper lung to be the least dense, the lower the most
dense, and the middle of intermediate density.
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Toward

Head
b

-

=

Animal Animal
ID RP LP RM LM RA LA Max STDEV

)| 077  -1.02 -0.37 0.98 0.85

K| -0.93 -0.75 3.24 1.59

Ll 3.76 2.93 16.54 | 5.54

M| 2.18 -0.56 4.46 1.95

N| -1.00 -0.52 -0.19 0.48

o] 0.20 4.89 2.11

Pl 1.11 0.63 1.52 0.64

Q| 0.4 2.12 2.55 1.08

R| -0.54 0.54 2.42 2.07 6.94 2.57
Reg. Avg.| 1.02 1.42 3.25 0.64 1.28 1.18
Reg. Stdev,| 217  2.27 5.15 1.39 3.76  2.50

Figure 43. Three week old CF pig Variability Scores at 25 cmH,0 for anterior, middle,
and posterior lung thirds. (Top) Lateral view of lung divided into thirds. (Bottom)
Variability Scores for respective zones within respective animals color coded by relative
intensity. Boxes enclose the region of greatest Variability Score within an animal. RP =
right poster, LP = left posterior, RM = right middle, LM = left middle, RA = right
anterior, LA = left anterior.
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CHAPTER 5: ACUTE ADMINISTRATION OF IVACAFTOR
5.1 INTRODUCTION

Ivacaftor is a new drug for treatment of people with CF and the G551D mutation
(and some related mutations) 2 '****, G551D-CFTR reaches the cell surface, as
functional CFTR does, however, once there conducts chloride and bicarbonate with very
low efficiency. Ivacaftor is an oral, bioavailable, small molecule that induces a
conformation change in G551D-CFTR. This conformational change, in turn, increases
the channel’s open probability 2, and in doing so largely restores function (Figure 44).
This process is referred to as “potentiation.” Ivacaftor is the first drug for CF that
effectively targets CFTR directly, rather than treat symptoms of CFTR’s disruption.
People with G551D-CFTR who take ivacaftor exhibit a rapid and sustained improvement

in pulmonary health 262" 114115,

People with CF commonly exhibit a number of lung and airway abnormalities. It
is often unclear which of these are primary to CFTR disruption, and which are caused by
longstanding lung infection and inflammation (a.k.a. secondary to CFTR disruption),
which can cause abnormalities independent of CFTR disruption. Separating the two is
important. Abnormalities primary to CFTR disruption represent the “roots” of CF lung
disease. Identification of these primary defects may enable treatments that target “root”

problems.

People with CF commonly exhibit abnormal airway smooth muscle behavior
including evidence of airway hyper-reactivity, evidence of increased basal tone, and
bronchodilator reversed obstruction to airflow 3. These collectively have been
referred to as “CF-asthma **.” Whether abnormal smooth muscle behavior in people with
CF is a primary or secondary consequence of CFTR disruption is unknown. This was the

central question of our study.

There are at least two ways to separate primary from secondary defects
experimentally. One is to perform studies in neonates with CF. At this age the effects of

lung infection and inflammation would likely be limited, thus observed abnormalities
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would likely be primary to CFTR disruption. But, studies of people with CF at this age

are extremely limited.

An alternate approach is to acutely restore CFTR in adults with CF using a CFTR
potentiator. This is the approach we used in the current study. We did a before-after
drug test in adults with G551D-CFTR using ivacaftor. We chose a two day time interval.
We reasoned that two days was long enough to “activate” CFTR yet not long enough to
appreciably change longstanding (decades) lung infection and inflammation. The
implication is that observed changes would likely reflect augmentation of CFTR activity
rather than alterations in infection and inflammation, that is, changes would be primary to
CFTR.

We formed two hypotheses. First, that ivacaftor would be efficacious over a two
day interval. We tested this hypothesis primarily with spirometry and by measuring
sweat chloride concentration. Second, based upon evidence of increased basal airway
smooth muscle tone in people with CF and newborn CF pigs *®, we hypothesized acute
administration of ivacaftor to decrease smooth muscle tone. We tested this by measuring
airway distensibility from chest CT scans, with spirometry before and after
bronchodilator, and with pulse wave analysis, a method for assessing vascular smooth
muscle tone. Twelve people participated in this study. The study presented in this
chapter has been previously published, and was funded, in part, by an unrestricted grant

from the Vertex Pharmaceuticals Investigator-Initiated Studies Program °.

5.2 METHODS

Study Design

Twelve adults with CF with at least one G551D-CFTR allele were included in this
study. None had taken ivacaftor prior to this study. They completed the following tests
before and after two days of ivacaftor administration: sweat chloride concentration,

inspiratory (TLC) and expiratory (RV) chest CT, spirometry before and after salbutamol
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administration, and pulse wave analysis. The people in this study did not otherwise alter
their regular treatment regimen. This study was prospective in nature and took place in
Dublin, Ireland at St. Vincent’s University Hospital. All procedures were reviewed and
approved by the Research Ethics Committee of St. Vincent’s University Hospital. Study
adherence was 100%. Additional methodological description has been previously
published .

Chest CT and Analysis

Chest CT scans were acquired first at coached TLC (inspiratory scan), and then at
coached RV (expiratory scan). Participants were scanned in the supine position. In—
plane voxel dimensions were matched on a subject by subject basis between baseline and
the two day scans by implementing consistent reconstruction diameters. Participants took
three deep breaths prior to scanning to standardize lung history, and for recruitment.
Breathing maneuvers were practiced prior to scan acquisition. The CT scanner was a GE
HD750. Scan specifications are as follows: 120 kV, 180 mA, 0.625 mm slice thickness
with an interval of 0.5 mm, and a pitch of 0.984:1.

Airway and lung measurements were obtained using VIDA Diagnostic’s Apollo
Software. Measurements, including airway wall thickness, and airway lumen area, were
obtained for 42 airways within each scan. These airways included the trachea through
RB10 and LB10, plus an additional two airway generations beyond RB1, RB4, RB10,
LBI1, and LB10 (e.g. LB10a, LB10ai), resulting in one airway “path” for each of the five
lung lobes, similar to *'°. Similar to ", airway distensibility was defined as: (100x[insp.

lumen area — exp. lumen area]/exp. lumen area).

Pulse Wave Analysis

We assessed arterial stiffness via pulse wave analysis using a SphymgorCor

machine (Core Medical). Participants were in a supine position during measurement
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acquisition. Alx measurements were corrected for a heartrate of 75 beats per minute.

Pulse wave velocity was calculated as transit distance divided by transit time.

5.3 RESULTS

Demographics

Twelve people participated in this study. All had at least one G551D-CFTR
allele. For eight of the twelve, the other allele was F508del-CFTR. The remaining four
second CFTR alleles respectively had G551D, P67L, R117H, and 3659delC mutations.
Baseline sweat chloride was elevated in this population, and was on average 94 mmol/I.
Average baseline FEV; was 64 % of predicted, and ranged from 34 to 101 % of

predicted. Participants averaged 31 years of age.

Sweat Chloride and Spirometry

We first had to determine if ivacaftor does anything over only two days, as it is
estimated to reach blood serum steady state in 3-5 days *?, and there were no published
findings over a two day interval. To test CFTR function we assayed sweat chloride
concentration. Sweat chloride is naturally elevated in people with CF. We hypothesized
that two days of G551D-CFTR potentiation with ivacaftor would reduce sweat chloride
concentration. We observed a significant reduction in sweat chloride (Figure 45A). We
assessed lung function with spirometry. We found a significant improvement in FEV,
FVC, and FEFs.7s, (Figure 45B, 45C, 45D).

Air Trapping on CT

Alir trapping is the excessive retention of air upon exhalation, is caused by
obstruction to airflow, and is one of the earliest radiographic manifestations of CF lung
disease in people and pigs > " ®°. We hypothesized two days of ivacaftor therapy to
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reduce air trapping. We assessed air trapping using expiratory (residual volume) chest
CT scans, where, like previous studies, we defined air trapping as the percent of lung
volume with an HU below -856 (Figure 46) '*". Air, by definition, has an HU of -1000,
and water an HU of 0. Thus, a threshold of -856 HU is designed to enumerate relatively

aerated lung regions.

In our study we observed a trend for reduction in whole lung air trapping
(P=0.052), (Figure 47A). We also assessed air trapping for the upper (toward the head),
middle, and lower (toward the feet) thirds of the lung, respectively (Figure 47B). We
observed a similar absolute reduction in the level of trapped air for each lung third,
however, for only the lower third was this change statistically significant. Hypoperfusion
could also reduce the density of lung tissue on CT. However, we observed a statistically
significant, linear, positive correlation between air trapping (-856%) and RV/TLC,
suggesting that the decrease in air trapping we observed with ivacaftor therapy was likely

due to changes in air volume rather than perfusion.

Average inspiratory lung volume increased, and expiratory lung volume
decreased with ivacaftor therapy, albeit neither to a statistically significant degree (Figure
47D, 47E). Seven of the twelve participants improved in air trapping and FEV; %
predicted. Furthermore, there was a significant correlation between change in FEV; %
predicted and change in air trapping, such that the people who improved the most in

FEV1% also improved the most in air trapping (Figure 47F).

Assessing Smooth Muscle Tone Before and After Acute lvacaftor Therapy

We found that two days of ivacaftor therapy improved CFTR function and
improved lung function as assessed by spirometry and CT-based measures of air
trapping, but does it relax airway smooth muscle? We assayed smooth muscle in three
ways. First, we measured airway distensibility from chest CT scans. Second, from
spirometry before and after bronchodilator, and third, we assessed vascular tone using

pulse wave analysis.
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Bronchodilator. Salbutamol is a bronchodilator that is commonly used by
asthmatics in an aerosolized form **¥°_ Primarily through bronchodilation, it can
increase FEV in people with airway narrowing due to increased smooth muscle tone. In
the current study, we performed spirometry before and after administration of salbutamol
at baseline and after two days of ivacaftor therapy. We hypothesized the improvement in
FEV; following salbutamol would be decreased after two days of ivacaftor therapy on
account of an airway smooth muscle relaxing effect by ivacaftor — ivacaftor will have

“pre-relaxed” the airways.

At baseline (before ivacaftor), salbutamol increased FEV by an average of 3.9 +
0.7% predicted. After two days of ivacaftor therapy the salbutamol response was
significantly reduced: 2.1 £ 0.5 % predicted (P<0.05, Figure 48). However, from this
study we are unable to say if the salbutamol response was reduced on account of “pre-
relaxed” airways, or because ivacaftor increased FEV; independent of salbutamol, and
the reduction in the salbutamol effect was decreased with ivacaftor because of an FEV;
ceiling effect. None-the-less, a reduction in the salbutamol effect with ivacaftor was

consistent with a relaxation of airway smooth muscle by ivacaftor.

Airway distensibility. Smooth muscle tone is a regulator of airway distensibility,
the ability of an airway to distend, or reduce in size, in response to pressure changes "
120121 “\we hypothesized acute administration of ivacaftor to increase airway
distensibility, a result that would be consistent with a decrease in airway smooth muscle
tone. To test this hypothesis we acquired chest CT scans at TLC (inspiratory) and RV
(expiratory), and calculated airway distensibility of 42 select airway segments (Figure
49). We stratified these airways into three groups based upon their baseline, inspiratory,
lumen diameter where “small” airways were <4.5 mm in diameter, “medium” between
4.5 and 6.5 mm in diameter, and “large” airways >6.5 mm in diameter. We found a
significant increase in airway distensibility for small airways, but not for medium or large
airways (Figure 50A). Expiratory small airway lumen cross-sectional area decreased, on
average, with ivacaftor, and average inspiratory lumen cross-sectional area increased,

albeit neither change reached statistical significance. There was little change in
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expiratory and inspiratory lumen size with ivacaftor for medium and large airways
(Figure 50B).

There are at least two ways that airway distensibility could change independent of
changes in smooth muscle tone. First, reductions in air trapping could increase airway
distensibility. A reduction in air trapping could enhance the effects of periodic deep
inspirations, which have been shown to relax airway smooth muscle **. However, there
was no correlation between change in air trapping and change in airway distensibility. In
addition, changes in airway wall thickness could influence airway distensibility. We
measured airway wall thickness before and after acute administration of ivacaftor and

found no statistically significant changes (Figure 50C).

Vascular smooth muscle tone. Based upon our findings in the lung, we
hypothesized that ivacaftor would have an effect on smooth muscle tone systemically.
We tested this hypothesis by assaying vascular smooth muscle tone (vascular stiffness)
with pulse wave analysis; the assessment of blood pressure waveforms as they propagate
through the vasculature.

We first measured augmentation index (Alx). Alx is a measure of the reflected
wave’s augmentation to systolic blood pressure. A decrease in vascular smooth muscle
tone would cause a decrease in Alx. Alx significantly decreased with ivacaftor therapy
(Figure 51A). We next measured pulse wave velocity, the propagation velocity of a
blood pressure pulse. We observed a significant reduction in pulse wave velocity, a

result consistent with a relaxation of vascular smooth muscle (Figure 51B).

We observed an increase in airway distensibility, suggestive of a relaxation of
airway smooth muscle tone. We also observed a decrease in pulse wave velocity,
suggestive of reduction in vascular smooth muscle tone. If both findings were caused by
a relaxation in smooth muscle tone, then we may expect their respective changes with
ivacaftor to correlate with each other. We observed a significant correlation between
change in small airway distensibility and change in pulse wave velocity on a per person
basis (Figure 51C).
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5.4 DISCUSSION

The primary objective of this study was to assess smooth muscle function in
people with G551D-CFTR before and after acute administration of ivacaftor. We tested
this in three ways. These included spirometry before and after bronchodilator, airway
distensibility as assessed with chest CT scans, and with pulse wave analysis. The results

of all three were consistent with a relaxation of smooth muscle tone.

CFTR and Smooth Muscle

Abnormal smooth muscle behavior has been described in people with CF %, in
CF mice 22, and CF pigs ® . The data from this study suggest that the obstruction
commonly observed in people with CF may, at least in part, be caused by abnormal

smooth muscle behavior including increased airway smooth muscle tone.

We observed an increase in small airway distensibility, but not in medium or large
airway distensibility. Why might this be? Anatomically, in absolute terms, smaller
airways have less smooth muscle than larger airways, however, they have more after
normalization by airway size ****%*. Hence, perhaps the small airways were more
affected because they had relatively more smooth muscle, although, the effects of chronic
infection and inflammation on this pattern of smooth muscle distribution is unknown. In
addition, larger airways are known to have more airway cartilage than smaller airways.
Perhaps, increased presence of cartilage masked changes in larger airway smooth muscle
relaxation. An increase in small but not large airway distensibility following ivacaftor
treatment is consistent with a study in asthmatics in which smaller airways responded

more to bronchodilators *?°.

An increase in small airway distensibility is consistent with a relaxation of airway
smooth muscle, however, airway distensibility could also potentially be influenced by
changes in other factors such as mucus. We included our measure of vascular stiffness in

large part to address potential confounders like these - there is no mucus in the
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vasculature. Correlated reductions in small airway distensibility and pulse wave velocity

suggest an effect of ivacaftor on smooth muscle tone.

Interestingly, the increase of FEV; in response to ivacaftor exceeded that of FEV;
to salbutamol at baseline. Why might this be? It could be because ivacaftor affects many
aspects of lung physiology (e.g. smooth muscle, mucus, etc.) and the increase in FEV;
represents a summation of all of these effects. In contrast, salbutamol’s effect is
primarily on smooth muscle, and hence, its effect on FEV; represents only a fraction of
ivacaftor’s. In addition, ivacaftor may have been more effective because through the

vasculature it reaches airways that aerosolized salbutamol cannot.

Additional Potential Mechanisms

Our results suggest that improvement in lung function following ivacaftor therapy to be
mediated, at least in part, by relaxation of airway smooth muscle. However, it is possible
that additional factors contributed to this improvement. One such factor could be
inflammation. In fact, a separate study of the same cohort found significant reductions in
y inducible proteins on blood monocytes **°. However, the GOAL study, which
examined a large cohort of people before and after ivacaftor therapy, found no significant
changes in sputum inflammatory markers over 6 months of ivacaftor therapy *.
Moreover, the response of smooth muscle to an acute reduction in inflammation

following decades of inflammatory exposure is unknown.

Acute alteration of mucus behavior possibly contributed to improvement in lung function.
The GOAL study found improvement in mucociliary clearance over 1 month of ivacaftor
therapy in people with G551D-CFTR *. While enhanced mucociliary clearance may
have contributed to the improvement in lung function in the current study, we did not
assay mucus, and thus we can only comment on the acute effects of ivacaftor on mucus in
a limited manner. However, correlated changes in pulse wave velocity, and airway

distensibility, suggest that ivacaftor relaxes smooth muscle.
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5.5 CONCLUSIONS

This study had a number of strengths and limitations. Strengths: First, the
abbreviated study duration limited changes in factors secondary to CFTR restoration, thus
enabling examination of primary factors. Second, assessment of vascular smooth muscle
tone using pulse wave analysis provided a measure of smooth muscle tone outside of the
lung, and thus independent of pulmonary factors such as mucus, which ivacaftor may
have affected. Third, prospective, standardized, high-quality chest CT scans enabled
high quality measurement of lung volumes and airway sizes. Fourth, our findings are
supported by human and animal studies. For example, a number of studies show smooth
muscle to modulate airway distensibility "*°. Most airway distensibility studies in
asthmatics report reductions in distensibility **>***. Moreover, bronchial thermoplasty,
which is designed to reduce smooth tone and is used primarily in asthmatics, reduces
methacholine induced reductions in airway distensibility ®. Fifth, in our before-after

drug study, subjects served as their own control, thus limiting confounders.

Limitations. First, we did not investigate other proposed mechanisms of CF lung
disease including alterations in airway surface liquid pH, airway mucus, or mucociliary
clearance. Second, we observed significant changes in smooth muscle tone over a two
day interval. Additional studies are required to determine if these changes persist over
longer periods of time. Third, our assays were designed to test smooth muscle. Other
cell types, such as neurons, exhibit CFTR dependent behavior™®’ %8, Additional studies
are required to determine the effects of ivacaftor on neurons and other cell types. Last,
our study had a relatively small sample size of twelve individuals. Despite this, we were
still able to detect significant changes. Moreover, we were satisfied with the number of

participants given the rarity of the G551D mutation, and the study nature.

The results of this study have a number of implications. First, the improvement in
lung function we observed after only two days of ivacaftor was nearly the same as that
observed over six months in other ivacaftor studies 2* 2% ¥ This observation suggests
that a major component of ivacaftor’s mechanism is fast-acting. Second, this study

shows that even a study with a limited number of participants and a short study duration
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can be informative, particularly when the drug is very effective, like ivacaftor. Third,
these data suggest that abnormalities in airway smooth muscle in people with CF are at
least in part a direct consequence of CFTR disruption, and that abnormal airway smooth
muscle behavior may represent one element of CF lung disease pathogenesis.
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Figure 44. CFTR and ivacaftor. (Left) Functional CFTR at the cell surface channels
chloride and bicarbonate. (Middle) G551D-CFTR has a gating mutation that greatly
reduces the function of CFTR. (Right) lvacaftor, red pentagon, induces a conformational
change in CFTR structure which increases the open probability of the channel. This

process is referred to as “potentiation.”
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Figure 45. Sweat chloride and spirometry results at baseline (do) and after two days (d2)
of ivacaftor therapy. (A) Sweat chloride concentration. (B) FEV; % of predicted. (C)
Forced vital capacity (FVC) % of predicted. (D) Percent of predicted forced expiratory
flow between 25 and 75%. Bars are mean + SEM. *P<0.05. Figure adapted from .
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Figure 46. Air trapping before and after ivacaftor. CT scan based renderings of the lungs
(semi-transparent), the airways (red), and regions of trapped air (blue) of an individual at
baseline (Day 0) and after two days of ivacaftor therapy (Day 2). Trapped air was
defined as CT scans voxels with HU below -856. Figure adapted from .
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Figure 47. Air trapping and lung volumes from CT at baseline (d0) and after two days of
ivacaftor therapy (d2). (A) Whole lung air trapping defined as the percentage of lung
volume with an HU below -856 at residual volume. (B) Air trapping by lung thirds. (C)
Baseline, percent whole-lung air trapping had a statistically significant linear correlation
with baseline RV/TLC. (D) Inspiratory (TLC) lung volume. (E) Expiratory (RV) lung
volume. (F) There was a statistically significant linear correlation between change in
FEV: and change in air trapping with two days of ivacaftor therapy. Bars are mean +
SEM. *P<0.05. Figure adapted from .
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Figure 48. Bronchodilator response. FEV; % pred. at baseline (d0) and after two days
(d2) of ivacaftor therapy before (blue) and after (orange) salbutamol. Figure adapted
from .
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Figure 49. Airway tree nomenclature. We measured 42 airway segments for this study,
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Figure 50. Airway measurements. (A) Airway distensibility in airways categorized as
small, medium, and large based upon baseline inspiratory diameter. (B) Airway lumen
cross-sectional area on expiration and inspiration for airways designated as small,
medium, and large. (C) Airway wall thickness for small, medium, and large airways.
Bars are mean + SEM. *P<0.05. Figure adapted from .
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Figure 51. Pulse wave analysis. (A) We observed a reduction in augmentation index
adjusted for 75 heartbeats per minute. (B) We observed a reduction in pulse wave
velocity. (C) There was a statistically significant, linear correlation between change in
small airway distensibility and change in pulse wave velocity on a per person average
basis. Bars are mean = SEM. *P<0.05. Figure adapted from
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CHAPTER 6: LUNG STRUCTURE AND FUNCTION IN ADULTS WITH G551D-
CFTR AFTER ONE YEAR OF IVACAFTOR THERAPY

6.1 INTRODUCTION

Seven of the twelve adults with CF and the G551D mutation who participated in
our two day ivacaftor study returned approximately one year following initiation of
ivacaftor therapy for follow up (Figure 52). Their follow up included a measure of body
mass, spirometry, and chest CT. Like the two day study, chest CT scans were obtained at
coached TLC and RV. In contrast to the two day study, participants did not do a pulse

wave analysis, a sweat chloride test, and spirometry before and after bronchodilator.

Because ivacaftor is a relatively new therapeutic option, its long term effects
(~one year) on lung structure and function are largely unknown. The goal of this study
was to characterize these effects. Similar to the two day study, this study included airway

measurements, lung volumes, lung HU analysis, and spirometry.

Comparison of three time point (baseline, two days of ivacaftor, and one year of
ivacaftor) may inform upon underlying mechanisms of improvement in lung function.
For example, it could be that all of the changes occur within two days, and there are no
changes between two days and one year of ivacaftor. This would suggest that ivacaftor’s
physiological mechanism is predominantly fast acting. In contrast, if there are changes
between all three time points, it would be possible that ivacaftor would have “fast” and
“slow” acting mechanisms. We hypothesized that long term administration of ivacaftor
would result in sustained improvement in lung function and would limit, and possibly

reverse, aspects of CF lung disease apparent on CT.

We encountered problems in the CT scan portion of this project stemming from
inconsistent scan reconstruction diameters between study time points. These problems
prevented us from completing this project as originally intended. We will discuss this in
the upcoming text. Given this, we present the results and discussion in two parts: non-CT

assays (body mass and spirometry), and CT assays. The CT scanning and spirometry
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methodology were largely the same as the two day study. Hence, we did not include a

“Methods” section in this chapter.

6.2 RESULTS AND DISCUSSION — BODY MASS AND SPIROMETRY

Body Mass

People with CF have a nutritional deficit and often fail to gain weight. At
baseline the seven people in our study were, on average, 60 + 6 kg, and after one year of
ivacaftor therapy were 62 £ 7 kg (an increase of ~5 Ibs., Figure 53). These data are
consistent with a study by Rowe et al. that reports a mean increase of 2.5 kg (n = 133)
over a six month period *°, a study by Ramsey et al. that reports a gain of approximately

3 kg (n = 77) over a 48 week interval %, and additional studies that report weight gains 2*
139-142

How might CFTR potentiation cause weight gain? One possibility is
normalization of intestinal pH. CFTR, largely through its bicarbonate channeling
activity, is a modulator of pH. When CFTR is disrupted, pH abnormalities ensue. These
pH imbalances are one factor that impair pancreatic and intestinal function in people with
CF, which in turn, contribute to malnutrition 1**. One month of ivacaftor therapy has
been shown to elevate intestinal pH in people with G551D-CFTR *°. This was a before-
ivacaftor, after-ivacaftor study in which participants ingested a “smart pill” that tracks pH
as it passes through the digestive tract. It is possible that a normalization of intestinal pH

improved nutrient absorption in our cohort, which contributed to their weight gain.

Spirometry

One year of ivacaftor therapy resulted in improved spirometry measures. FEV;
was 58 + 7 % predicted at baseline and increased to 73 + 8 % predicted following one

year of ivacaftor therapy (P<0.05, Figure 54A). FVC was 78 + 7 % predicted at baseline
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and 91 £ 7 % predicted after one year of ivacaftor (P<0.05, Figure 54B). FEF,5.75
improved from 28 + 7 to 41 + 11 % predicted (P<0.05, Figure 54C). Interestingly,
approximately half of the improvement made over one year in FEV;, FVC, and FEF,5.75

occurred within two days of ivacaftor treatment initiation.

The improvement in spirometry made by the seven people in our study was
consistent with reported gains over a similar time period (48 weeks) made in other

ivacaftor studies 26%’

. It also exceeded the effects of conventional CF therapeutics (non-
CFTR modulators). For example, treatment with dornase alfa (a mucolytic) resulted in a
5.8 % of predicted improvement in FEV; over 24 weeks of treatment **, hypertonic
saline (a mucolytic) was shown to improve FEV; by 3.2 % of predicted through 48 weeks
143 and inhaled tobramycin (an antibiotic) was shown to improve FEV; by 12 % of

predicted *°

. lvacaftor may affect lung physiology in a number of ways (e.g. mucus
rheology, host defense etc.), and thus its effects on FEV; may exceed those of treatments

that target just one aspect of pathology, e.g. mucus.

A number of factors may have contributed to improvement in lung function.
First, our two day ivacaftor study suggests that ivacaftor relaxes airway smooth muscle,
perhaps relieving airway hyper-reactivity and narrowing. It is possible that further
relaxation may have occurred over the course of a year. Second, alterations in mucus
rheology and behavior likely contributed. In support, Rowe et al. reported improvement
in mucociliary clearance following one month of ivacaftor therapy *. Third, reductions
in pulmonary inflammation may have improved lung function. Indeed, in the current
study, we observed significant reductions in inflammatory cytokines on bronchoalveolar
lavage. Fourth, reduction in pulmonary infection may have improved lung function.
Whatever the mechanism(s), the fact that approximately half of the improvement in
spirometry occurred within two days of ivacaftor initiation suggests that a major

component of ivacaftor’s mechanism is fast acting.
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6.3 RESULTS AND DISCUSSION — CT SCANS

Airway Wall Thickness

Study participants were CT scanned at coached TLC and RV after one year of
ivacaftor therapy, and thus between the three study time points had received a total of six
chest CT scans (Figure 55). Similar to the two day study (Chapter 5), we sought to

collect airway measurements using Apollo Software.

The first airway measure we report is airway wall thickness. What is known
about the effects of ivacaftor on airway wall thickness? Several published studies have
either qualitatively or semi-quantitatively (scoring systems) evaluated airway wall
thickness on CT before and after ivacaftor therapy. Hoare et al., qualitatively observed
airway wall thinning on CT (n=1) over 2 years of ivacaftor therapy '**. Sheikh et al.
quantified airway wall thickness on CT using the Brody Scoring system. They report a
statistically significant reduction in airway wall thickness over one year of ivacaftor
therapy (n = 10) **2. To our knowledge, there are no published reports of airway wall
thickening in response to ivacaftor therapy. Based upon the findings of these studies, we
hypothesized airway wall thinning over one year of ivacaftor therapy.

Similar to the two day ivacaftor study, we measured airway wall thickness in 42
specific airway segments (see Figure 49 for a list and schematic of these airways). Over
two days of ivacaftor therapy there were no statistically significant changes in airway
wall thickness in these 42 airways. However, one year of ivacaftor therapy resulted in
airway wall thickening (Figure 56A). This was a surprising finding, because it disagreed
with published findings, and is difficult to explain physiologically especially given the
reduction in inflammation and improvement in lung health we observed in these

individuals.

Based upon our discovery, we formed a new hypothesis: in this population,
ivacaftor therapy reduced the rate of airway wall thickening (Figure 56B). For this study,
we collected CT scans at baseline, after two days of ivacaftor therapy, and after one year

of ivacaftor therapy. We were going to test our new hypothesis by obtaining additional

112

www.manaraa.com



chest CT scans from before initiation of ivacaftor (e.g. from one year prior to our baseline
scans), and additional scans from after ivacaftor therapy (e.g. two years after initiation of
ivacaftor). Then to test our hypothesis, we would then collect airway wall thickness

measurements and determine the rate of change in wall thickness over time.

Before we were able to obtain these additional chest CT scans, we realized there
was a problem with our new hypothesis. The increase in wall thickness between baseline
and one year of ivacaftor therapy were so pronounced (an absolute increase of nearly 0.1
mm), that it did not seem that a rate greater than 0.1 mm/year, as we hypothesized the
pre-ivacaftor rate to be, was physiologically plausible.

Based upon this, we began searching for non-physiologic explanations. We
discovered that the XY dimension (mm units) of the CT scan voxels were matched within
each scan subject between the baseline, and two day scans, but not the one year scans
(Figure 56C). The XY voxel size was increased for each individual in the study, and the
increase in voxel size strongly correlated with the increase in airway wall thickness
(Figure 56D). Thus, it appeared that a measured increase in wall thickness was, at least

in part, “caused” by a non-physiologic factor: inconsistent voxel size.

Voxel Size in CT Scans

We were unable to say if changes observed over one year of ivacaftor therapy
were due to physiological changes, or due to measurement errors stemming from
inconsistent CT scan parameters. Our interpretation was confounded. This realization
also raised a number of questions. Is inconsistent voxel size our only problem, or were
additional scanning parameters not matched as well? Can we “correct” our scans without
having to rescan our study participants? What effect does voxel size have on image
quality? How does a change in XY voxel size, but not slice thickness, affect Apollo’s
airway and parenchymal measurements? Where do we go from here? We will next

address these questions in turn.
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Is inconsistent voxel size our only problem, or were additional scanning
parameters not matched as well? Generation of CT scans is a multistep process (Figure
57). It can be simplified into two broad steps, each having their respective parameters.
Inconsistencies in the parameters for either of these broad steps could potentially alter
image qualities. The two broad steps are scan acquisition and scan reconstruction. We
found that all parameters at the level of scan acquisition were consistent between the
baseline, two day, and one year scans. These included parameters such as scan voltage,
current, and others. In addition, all scans were acquired using a single CT scanner at a

single CT scanning facility.

After scan acquisition, the information for the CT scan is stored in a non-viewable
raw data format. These raw data need to be reconstructed in order to produce a viewable
CT scan. There are a number of parameters at the level of reconstruction that can
influence CT scan qualities. One such factor is reconstruction kernel. Reconstruction
kernels can be thought of as an image filter. There are “sharp” reconstruction kernels that
maintain high frequency information, and there are “blurry” reconstruction kernels that
generally reduce spatial resolution (but also image noise). Importantly, we used the same

reconstruction kernel for all of our scans.

A reconstruction parameter that was not matched was reconstruction diameter.
This inconsistency caused our alteration in voxel dimension. In CT scanning there is a
“Field of Measurement (FOM),” and there is an image “Field of View (FOV).” These
are different from each other. The FOM is the entire area that was CT scanned. The
FOV is the area that is reconstructed into a viewable CT image. The FOV is usually a
fraction of the FOM, and cannot exceed FOM. Both the FOM and the FOV are circular
in cross-section and centered about the same axis. The diameter of the FOV is known as
the reconstruction diameter and can be set by the CT scan technician at scan
reconstruction. Reconstruction diameter directly affects the physical dimensions of XY
voxel size (e.g. in mm). Each scan (at least on the scanner we used for this study) is 512
x 512 voxels by default in the XY plane (the transverse plane in a typical chest CT scan).
Voxel size is determined by dividing the reconstruction diameter by the number of

voxels, in this case 512 (Figure 58). Thus, an increase in reconstruction diameter, which
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is what we observed in our one year scans, results in an increase in XY voxel size.
According to Hsieh et al., one can reduce voxel size by maintaining a constant
reconstruction diameter while increasing the matrix size, however, this is rarely done in

practice due to “reconstruction complexity and storage” issues™*’. (The contents of this

paragraph were based upon the texts of Kalender and Hsieh.**" )

Can we “correct” our scans without having to rescan our study participants? |f
the error had occurred at the level of scan acquisition, then we would likely have to
rescan the study participants in order to correct the scans. Of course, if we rescanned the
subjects today, the scans would no longer be one year, post ivacaftor scans, but ~four
year post ivacaftor scans. However, the error occurred at the level of scan reconstruction.
In this case, the scan technicians should be able to complete a new scan reconstruction
with the correct reconstruction diameter, provided they kept the raw image data. (These
scans were acquired in Dublin, Ireland. Our collaborators in Ireland have kept the raw

data, and have been working to correct these scans.)

What effect does voxel size have on image quality? Alterations in reconstruction
diameter result in alterations in voxel size. VVoxel size, in turn, may affect image
resolution. Generally, there is a tradeoff between FOV and resolution. Large FOVs
image a wider area but at less resolution. Smaller FOVs image a smaller physical space
but at increased resolution. Figure 59 and Figure 60 illustrate this in photography. In our
study, the reconstruction diameter happened to be larger in the one year scans than the
baseline scans for all 7 participants. This led to increased voxel size, likely reducing
image resolution, which in turn, may have introduced measurement artifact. Note that
reconstruction diameter is only one of many factors that influence image resolution.

Importantly, all of these other factors were consistent between our scans.

How does a change in XY voxel size, but not slice thickness, affect Apollo’s
airway and parenchymal measurements? It is likely complex, and is possibly dependent
upon the orientation of the airway respective to the X, Y, and Z-axis (Figure 61). Would
an airway wall thickness measurement along the z-axis be affected by alterations in XY

voxel size? How much would the measurement be affected if acquired along an axis
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oblique to the z-axis? Would airway wall thickness measurements be affected differently

than airway lumen diameter measurements, and lung parenchymal measurements?

Given the complexity in predicting the effect of voxel size on Apollo’s airway
and parenchymal measurements, we elected to explore it empirically. We did a “quick
and dirty 7, n=1, experiment where we performed airway and lung measurements in a
chest CT scan, and then altered the XY voxel size dimensions in the scan and repeated
the measurements. While in our ivacaftor scans, the voxel size changed due to
differences in reconstruction diameter, in this n=1 study we altered the voxel size by
downsampling in a post-processing step. The mechanism is different, but both result in
an increase of XY voxel size. The goal of this mini-study was to help determine which of

our one year ivacaftor measurements are likely accurate and which are not.

More specifically, we took one inspiratory chest CT scan (from our ivacaftor scan
set), performed airway measurements and HU analysis. The XY voxel size was 0.566 x
0.566 mm. We then downsampled by a factor of two, in a post-processing step, resulting
in a voxel size of 1.13 x 1.13 mm, and repeated our measurements. We did not
downsample the z-axis, so the original and downsampled scan each have the same
number of slices (566); this is akin to our one year ivacaftor scans, as altered

reconstruction diameter does not affect the voxel z-dimension.

We recognized that downsampling as a post-processing step is different than
altering the reconstruction diameter, and that downsampling by a factor of two probably
reduces resolution considerably more than a ~5% reduction in reconstruction diameter.
This downsampling exercise is simply intended to provide some direction regarding
which data we can use for this thesis. One could conduct a rigorous study testing the
effects of reconstruction diameter on Apollo’s airway and lung measurements, however,

such a study is beyond the scope of the work presented here.

Figure 62 shows a slice from the original CT scan and the downsampled scan with
resulting airway tree and lung segmentations. Visually, it is difficult to see differences in
scan resolution. Although, if looked upon very closely, the downsampled scan is more
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“blurry.” The downsampled airway tree segmentation has less branches, and the lung

segmentation appears more quantized.

We measured lumen cross-sectional area, lumen diameter, and airway wall
thickness for the 42 airways we measured in the two day ivacaftor study. Lumen
diameter, lumen area, and airway thickness were all significantly greater in the

downsampled scan (Figure 63).

Might the effect of voxel size on airway measurements depend upon the size of
the airway measurement? According to Kalender, “...a negative influence of
[reconstruction diameter] is largely excluded when the pixel size is smaller than the
diameter of the smallest resolvable detail by a factor of two or more (Nyquist condition)
148 » Based upon this we thought an alteration of voxel size would have a greater effect
on large measurements (e.g. trachea diameter) than small measures (e.g. diameter of
airway RB10). Thus, we stratified our airway measurements based upon airway size.
We divided the 42 airways into three groups, (n = 14 per group) based upon airway
diameter in the original scan. The 14 airways with the smallest diameter were labeled as
“small.” The 14 largest airways were labeled, “large,” and the intermediate 14 were

labeled “medium.”

Lumen diameter was significantly greater in the downsampled scan for small
airways but no different for medium or large airways. Lumen area was significantly
greater in the downsampled scans for small, and large airways, but no different in
medium airways. Wall thickness was greatly elevated in the downsampled scan for

small, medium, and large airways (Figure 64 & 65).

To further examine the relationship between the size of measurement and voxel
size, we also made XY plots where the x-axis was airway measurement in the original
scan, and the y-axis was percent change between the downsampled, and original scan.
We made an XY plot for airway lumen diameter in the original scan vs. % change in
airway lumen diameter between scans, and similar graphs for lumen cross-sectional area,
and wall thickness. None of the graphs had a statistically significant correlation (graphs

not shown).
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Does voxel size affect HU histogram statistics? To test this we collected whole
lung histograms from the original and downsampled scan. Upon visual inspection, we
found the HU histograms from the original and downsampled scan to be nearly identical

(Figure 66). Histogram statistics were nearly identical between the scans as well.

What do we learn from this mini-study? We have learned that in measuring
airways, Apollo is sensitive to alterations in voxel size. Thus, when using Apollo, it is
important to match scan parameters, particularly in before-after matched scans like in the
present study. Might changes in voxel size affect our pig CT scans? We believe that
alterations in voxel size minimally affect HU and lung volume measures. Thus, we
believe those measures to be accurate for our CF and non-CF pig scans. Alterations in
voxel size could potentially affect our airway measurements. However, our key findings
in the three week old CF pig airways included reduced airway circularity, and proximal
airway size reduction. We believe these findings are correct, because they agree with 1)
results from newborn histological analysis showing reduced airways size and circularity
2) agree with CT scan based studies in newborn non-CF and CF pigs, 3) agree with our
micro-CT analysis of newborn non-CF and CF tracheal lobes, and 4) agree with fetal pig

histological data.

Where do we go from here? First, as mentioned previously, we are working with
our collaborators in Dublin, Ireland to correctly reconstruct the CT scans from the raw
image data. If we obtain these scans, we plan to continue with our study as originally
intended. Second, we could complete a rigorous study evaluating the effects of
reconstruction diameter on Apollo airway and parenchymal measurements. This study
could have the following general study design: compare Apollo airway and parenchymal
measurements for a set of scans reconstructed at varying diameters. Third, given the
scenario, how should we proceed with this project for this written thesis? In our quick
and dirty, n=1 study, we found that voxel size significantly affects airway measurements,
even of large airways, but minimally affects lung parenchymal measurements. Based
upon this observation, we will not interpret our airway measurement findings from our
one year ivacaftor study. Instead, we will discuss the results we expected to get.

However, we will interpret the lung parenchymal results (chiefly, lung volume, and HU
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histogram statistics) from our one year ivacaftor study, albeit, keeping in mind the

obvious caveat.

Expected Airway Measurements After One Year of Ivacaftor Therapy

What effect would we expect ivacaftor to have on bronchiectasis? We expect it to
have the same effect reported by other studies. Interestingly, study results have been
mixed. Sheikh et al. reported an improvement in bronchiectasis, first on an n=1 case
study **1. They later used the Brody Scoring system to evaluate 10 people with CF
before and after at least one year of ivacaftor therapy, and found a significant
improvement in bronchiectasis **2. Hoare et al., in an n=1 case study, reports
“stabilization” of bronchiectasis over one year of ivacaftor therapy **°. Chassagnon et al.
used CT scan scoring to quantify bronchiectasis on CT in adults with CF (n=22) before
and after ivacaftor therapy. They found that bronchiectasis became significantly worse
over an average of 33 months of ivacaftor therapy *°. Taken together, there are reports
of improvement in bronchiectasis, stabilization of bronchiectasis, and worsening of

bronchiectasis following approximately one year of ivacaftor therapy.

Let us more closely consider the publications of Chassagnon and Sheikh, which
have differing results regarding the effects of ivacaftor on bronchiectasis. What might
account for their differences? Methodologically, these studies differ from each other.
First, the Chassagnon CT scan scorers were blinded to the study design, while the Sheikh
scorers were not. Second, the Chassagnon CT scans included numerous slices, while the
Sheikh studies were limited to 4 slices. Hence, methodological differences may have
contributed to their differing results. In addition, the Chassagnon study, which was
published after the Sheikh studies, discusses why their results differ from those of
Sheikh. Chassagnon et al. mention the possibility that airway wall thinning and
clearance of accumulated airway mucus may have been erroneously scored as

improvement in bronchiectasis by Sheikh et al. 1*°.

119

www.manaraa.com



Sheikh et al. report improvement in bronchiectasis. Is reversal of bronchiectasis

150151 there are a

possible? Although bronchiectasis is generally regarded as irreversible
few reports of reversible bronchiectasis in the literature. For example, Gaillard et al.
report a reversal of bronchiectasis in children (average age 5.8 years) . They
longitudinally examined 22 children with a radiological diagnosis of bronchiectasis. A
number of these children had asthma, and a number had recurring infection (none had
CF). They report improvement in bronchiectasis in 14 of 22 children (median scan
interval of 21 months), including 6 that had complete resolution of bronchiectasis. This
study suggests that bronchiectasis can be reversible under certain conditions (e.g. young
age, and mild severity). This study may suggest the reversal of bronchiectasis reported

by Sheikh et al. to be plausible.

What would we expect in our study? We believe the Chassagnon study to have a
stronger methodology than the Sheikh study, and hence, we believe it more likely the
results of our study to agree with those of Chassagnon than Sheikh. A worsening of
bronchiectasis over one year of ivacaftor therapy would likely manifest as an increase in

airway dilatation. We would expect our airway measurements to reflect this.

What are the published effects of ivacaftor on airway wall thickness? Here, there
is general agreement between different published findings. Hoare et al. reports airway
wall thinning on CT after two years of ivacaftor therapy in an n=1 case study *°>. Sheikh
et al. reports significant wall thinning on CT **2. Similarly, Chassagnon et al. also
reports significant wall thinning with ivacaftor 1*°. Based upon the results of these
studies, we would expect airway walls to thin in our ivacaftor population over one year of

ivacaftor therapy.

Of course, airway lumen diameter and airway wall thickness are not independent
measures. It is possible that reduction in airway wall thickness would result in an
increase in airway lumen diameter independent of intrinsic airway dilatation (Figure 67).
It is possible that the worsening of bronchiectasis reported by Chassagnon was a
consequence of this. If we observed an increase in airway lumen diameter in the one year
ivacaftor scans, we would have to determine how much of it was simply due to reduction

in airway wall thickness.
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What causes airway wall thickening and what are the functional consequences of
airway wall thickening? Airway wall thickening is generally regarded as remodeling
caused by infection and inflammation. A study by Horsley et al. provides supportive
evidence of this. They examined inflammatory markers and airway anatomy on CT (with
a scoring system) at the time of exacerbation and after IV antibiotics in adults (median
age 23 years) with CF **2. Following antibiotic therapy, they report a significant

152

reduction in inflammatory markers and airway wall thickness =“. (They did not report a

. . . . . . 152
bronchiectasis score, but in the text regarded it as “irreversible.”

) Functionally, wall
thickening and remodeling may interfere with smooth muscle behavior **3, and may

contribute to airway narrowing and airway hyper-responsiveness ***.

Lung Volumes and HU Histograms

Inspiratory lung volume did not significantly change after two days or one year of
ivacaftor therapy (Figure 68). Inspiratory HU histograms changed very little with
ivacaftor therapy. Inspiratory, whole lung, mean HU, mode HU, and IQR HU did not
change significantly with ivacaftor.

Expiratory lung volume reduced over one year of ivacaftor therapy. The whole
lung, expiratory histograms also shifted rightward. The histogram statistics reflect this
rightward shift as there was a statistically significant increase in mean HU, and mode

HU. There was not a statistically significant change in whole lung IQR HU.

Similar to other studies we used an -856 HU threshold to quantify the volume of
trapped air in the lung ®® . We observed a significant reduction in whole lung air
trapping (Figure 70, Figure 71). Approximately half of the reduction in air trapping that
occurred over one year of ivacaftor therapy occurred within two days of ivacaftor

therapy.

What might have caused the improvement in air trapping? Alterations in airway
mucus may have contributed. We did not assay the effects of ivacaftor on airway mucus

for the current study, but other research groups have. Both Sheikh and Chassagnon et al.
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reported statistically significant improvement in airway mucus accumulation following
one year of ivacaftor therapy ** **°. Additionally, Rowe et al. report improved
mucociliary clearance using gamma scintigraphy imaging *°. The Sheikh, Chassagnon,
and Rowe studies did not report air trapping, and thus, these studies do not provide a link
between air trapping and mucus in CF. However, Robinson et al. report improvement in
air trapping following mucolytic therapy, thus providing some connection between
airway mucus and air trapping *2. Reduction in airway reactivity may have contributed to
the improvement in air trapping. We observed relaxation of airway smooth muscle
following two days of ivacaftor therapy with concomitant reduction in air trapping .
Perhaps, over one year of ivacaftor therapy, there was further relaxation of smooth

muscle, which contributed to a further improvement in air trapping.

6.4 CONCLUSION

Strengths of this study include: 1) high-quality, prospectively obtained,
standardized, chest CT scans at both TLC and RV enable a rigorous and detailed analysis.
2) This would be the first long term (~1 year) ivacaftor, CT scan study with results based
upon actual measurement (e.g. volume in cm?, wall thickness in mm etc.) rather than
scoring systems. Limitations of this study include: 1) Inconsistent voxel size between
scans confounded our interpretation of airway measurements. 2) We had only seven
study participants. However, we were satisfied with the number of participants given the
rarity of the mutation and the nature of the study. Moreover, we observed significant
changes over only two days of ivacaftor therapy with a limited number of participants. 3)
It would be interesting to “reverse” the study design. More specifically, take these people
off of ivacaftor, and see if the changes observed while on ivacaftor revert. This could be
done over two days and one year. Over two days, we would hypothesize an increase in
smooth muscle tone, evidenced by an increase in Alx, pulse wave velocity, and a

decrease in airway distensibility. This result would provide strong supportive evidence
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of an effect of CFTR on smooth muscle function. While such a study would be
informative, it would be unethical to conduct in people, although, it could be done with a
G551D-CFTR pig with ivacaftor treatment.

Through this study we have learned an important lesson: it is important to match
CT scanning parameters, especially in before-after studies, and especially when using
computerized airway measurement approaches. It is also important to keep the raw
image data. After identifying the voxel size confounder, we decided to investigate the
effects of voxel size upon Apollo’s airway and lung measurements. We learned that
Apollo’s airway measurement apparatus is likely more sensitive to changes in voxel
dimension than its lung volume and HU histogram measurement apparatus. Interestingly,
if we “correct” for voxel size, then there is airway wall thinning after one year of
ivacaftor therapy. This result would be consistent with that of other publications. If
indeed our lung and HU histogram measurements are correct, our data suggest that a
major component of ivacaftor’s mechanism is fast acting, as approximately one-third of
the change in RV between baseline and one year occurred within two days. Our two-day
study suggests that changes in airway smooth muscle are one contributing factor. As
previously mentioned, we plan to repeat scan reconstruction, except with correct
reconstruction diameters. This will be the first long term (~one year) ivacaftor study to

report actual measurements (e.g. in mm) rather than the results of visual scoring.
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Figure 52. lvacaftor project study design. Adults with CF and the G551D mutation were
assessed with chest CT and spirometry at baseline, after two days of ivacaftor therapy,
and after approximately one year of ivacaftor therapy.
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Body Mass (kg)

do 1yr

Figure 53. Body Mass. At baseline participants (n = 7) average 60.0 = 6.0 kg, and after
~one year of ivacaftor therapy were, on average, 62.3 £ 7.4 kg. Changes not statistically
significant.
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Figure 54. Spirometry at baseline (d0), after two days of ivacaftor therapy (d2), and after
one year of ivacaftor therapy (1 yr). (A) FEV1 % of predicted. (B) FVC % of predicted.
(C) FEF25.75 % of predicted. *P<0.05. Statistical testing with Friedman Test with

Dunn’s Multiple Comparison Post-Test. N=7 at each time point.
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Baseline 2 Days of Ivacaftor 1 Year of Ivacaftor

Figure 55. Chest CT. Chest CT scan slices acquired at TLC and RV at baseline (pre-
ivacaftor), after two days of ivacaftor therapy, and after one year of ivacaftor therapy.
Shown slices are anatomically matched as well as possible.
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Figure 56. Airway wall thickness and voxel size. (A) Average airway wall thickness at
baseline (d0), after two days (d2), and one year (1 yr) of ivacaftor therapy. (B) Perhaps
ivacaftor reduced the rate of airway wall thickening. Day 0 and Day 2 are known time-
points. Minus 2 years, minus 1 year and plus 1 year are speculative. (C) CT scan XY
voxel dimension. (D) 1yr/d0 average airway wall thickness vs. 1yr/d0 XY voxel size.
*P<0.05 with Friedman test with Dunn’s Multiple Comparison Post-Test.
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Figure 57. CT scan generation pipeline. Generating CT scans is a multi-step process.
The first is scan acquisition. There are a number of “scanner settings” that can be altered
(e.g. scanner voltage, current, etc.) that affect image characteristics. The information
obtained from scan acquisition is stored in a non-viewable “raw” data file. This file is
then “reconstructed” into a viewable CT scan. A number of “reconstruction settings”
may affect CT scan image characteristics. For example, there are various reconstruction
kernels that each uniquely affect image characteristics such as sharpness and noise. An
additional reconstruction setting is the reconstruction diameter. This sets the diameter of
the viewable scan and may impact the voxel dimensions.
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Figure 58. Reconstruction diameter and XY voxel dimension. Consider two examples.
On the left the reconstruction diameter was set to 500 mm. The reconstruction diameter
sets the field of view (FOV), a sub-region of the Field of Measurement (FOM). The
image matrix is 512 x 512 voxels. Thus, each resulting voxel is 0.98 mm in XY side
length, relatively “zoomed out.” On the right, the reconstruction diameter was set to 300
mm, resulting in a tighter fit around the scan subject. The image matrix is still 512 x 512
voxels, and thus the resulting voxel, in the XY plane, has sides of 0.59 mm. This scan is
relatively “zoomed in,” and as a result would have relatively better spatial resolution.
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“zoomed in”

Figure 59. “Reconstruction Diameter” in photography. This is a photographic analog to
the reconstruction diameter in CT. Each picture has the same number of pixels (4000 x
2248), similar to CT scans of differing FOV (512 x 512). However, the top photo imaged
a larger physical space. It is relatively “zoomed out.” Thus, each pixel in the top photo
represents more physical space (0.49 mm/pixel), than in the lower image (0.11
mm/pixel). The change in XY pixel size affects resolution characteristics.
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“zoomed out”
0.49 mm/pixel

| “zoomed in”
0.11 mm/pixel

Figure 60. Pixel size and resolution. A subsection of each photo from the prior figure
were enlarged and respectively magnified until size matched (the quarter is the same size
in each photo). The “zoomed out” image has noticeably worse spatial resolution. This
example also illustrates that magnifying a “zoomed out” image does not restore its spatial
resolution.
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Figure 61. XY voxel size and axis of measurement. In our scan set, in-plane voxel size
was increased but slice thickness (z-axis length of voxel) was not. The impact of voxel
size on measurement may depend upon the axis of measurement. Consider several
examples. Airway A is longitudinally oriented along the z-axis, and its cross-section, as
shown, is in the XY plane. Both of its airway wall measurements are in the XY plane,
and so may be affected by alterations in XY voxel size. In contrast, airway wall
thickness measure “iii” is along the z-axis. Would this measurement be altered even if
there was no change in slice thickness? Airway B has wall thickness measurements that
are along the z-axis, but also oblique to the z-axis, and perpendicular to the z-axis: iv.
The effects of changes of in-plane, but not cross-plane voxel size on Apollo’s airway
measurements is likely complex.
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Figure 62. Original and downsampled scan. XY voxel size and number of slices in the
original and downsampled (by 2x) scan are listed alongside a slice from each scan and
Apollo’s automatically generated airway segmentation, and lung segmentation. The
airway tree from the downsampled scan has relatively less branches. The lung
segmentation from the downsampled scan is relatively more quantized.
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Figure 63. Airway measurements in the original and downsampled scan. We measured
lumen diameter, lumen area, and wall thickness in 42 airways in the original and
downsampled scan. All three were significantly greater from the downsampled scan
than from the original scan. The graphs on the left show these data as connected line and
dot graphs, with the corresponding bar graphs on the right. Bars are mean + SEM.
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Figure 64. Airway measurements in the original and downsampled scan stratified by
airway size. We divided our 42 airways into three groups of 14 based upon their lumen
diameter in the original scan. Groups included “small,” “medium,” and “large.” “O”
denotes original scan, and “DS” denotes downsampled scan. *P<0.05 with Wilcoxon
matched-pairs, signed rank test.
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Figure 65. Airway measurements for airway size groups from the original and
downsampled scan. Data represent mean + SEM. “S” denotes significant with Wilcoxon
matched-pairs, signed rank test, and “NS” denotes not significant.

137

www.manaraa.com



0.010-
= OQriginal
— Downsampled 0.008-
0.0064 <
ke
°
s
0.004{ *
0.002-
-J . . . . ————e e ———
-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100 O 100
HU
Median HU -847 -848
HU IQR 93 91

Figure 66. HU histograms and statistics from the original and downsampled scan. This
scan was acquired at coached TLC. There are two HU histogram curves in the graph,
however, it is difficult to distinguish both due to overlap.
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Figure 67. Possible changes in airway wall thickness and lumen diameter following one
year of ivacaftor therapy. Diagram shows a longitudinally cut airway with the wall
thickness (WT), and lumen diameter (LD) highlighted. Dashed lines highlight the center
of the airway walls and baseline inner airway walls, respectively. Airway wall thinning
following ivacaftor therapy could result in an increase in airway lumen diameter, even if
the lumen diameter measured from airway wall centerline to centerline does not change.
Airway wall thinning exaggerated for illustration purposes.
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Figure 68. Inspiratory HU histograms at baseline, after two days, and after one year of
ivacaftor therapy. (Top left) Lung volume. (Top right) HU histograms at each of the
three time points. Lines and dotted lines are avg. £ SEM, respectively. (Bottom) HU
histogram statistics. N=7. P-value from a Wilcoxon matched-pairs, signed rank test.
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Figure 69. Expiratory HU histograms at baseline, after two days, and after one year of
ivacaftor therapy. (Top left) Lung volume. (Top right) HU histograms at each of the
three time points. Lines and dotted lines are avg. £ SEM, respectively. (Bottom) HU
histogram statistics. N=7. P-value from a Wilcoxon matched-pairs, signed rank test.
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Figure 70. -856 HU threshold segmentation. Three dimensional rendering of the lungs
(semi-transparent) and airways at baseline, after two days and one year of ivacaftor
therapy. HU values less than -856 are highlighted in blue.
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Figure 71. Air trapping at baseline, two days, and one year of ivacaftor therapy. We
used a -856 HU threshold to estimate the percent volume of trapped air in the whole lung.
N=7 at each time point.
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